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We present the first experimental determination of the intra-atomic exchange energy between the inner
4f and the outer 6s5d shells in rare-earth elements. Inelastic electron tunneling spectroscopy on individual
rare-earth atoms adsorbed on metal-supported graphene reveals an element-dependent excitation, with
energy between 30 and 170 meV, linearly increasing with the spin angular momentum of the 4f shell. This
observation is possible owing to the strong spin polarization of the outer shells, characteristic of rare-earth
adatoms on graphene. This polarization gives rise to a giant magnetoresistance of up to 75% observed for
Dy on graphene=Irð111Þ single-atom magnets. Density functional theory calculations of the 6s5d shell spin
polarizations and of their intra-atomic exchange constants with the 4f shell yield exchange energies in
agreement with the experimental values. These results prove that the description of the spin dynamics in RE
considering only the 4f − 5d interaction is oversimplified. A more realistic treatment requires us to
consider a multishell intra-atomic exchange in which both 6s and 5d shells are taken into account, with the
4f − 6s contribution possibly prevailing over the 4f − 5d one. Our findings are important for the general
understanding of magnetism in rare earths, whether they are in bulk compounds or as surface adsorbed
atoms and clusters. The results presented here also push for a revision of the description of the spin
dynamics in rare-earth-based systems.
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I. INTRODUCTION

Magnetic systems represent one of the fastest-moving
frontiers in solid-state physics andmaterials science. Recent
advancements have shown that spintronics and quantum
computation require strongly correlated systems in which
strong spin-orbit coupling, large crystal fields, and high
exchange energies come into play. Because of their high
spin-orbit coupling, rare-earth (RE) elements are hence key
ingredients for future applications in these fields [1–3].
The intra-atomic exchange interaction, in particular,

has a strong effect on the static and dynamic magnetic
properties of systems containing RE species. Awell-known
example is represented by RE-transition metal (TM) perma-
nent magnets such as SmCo5 or Nd2Fe14B. In these systems,
the direct magnetic coupling between the 4f orbitals of the

RE, bearingmost of the atommagnetic moment, with the 3d
shell of TM is negligible because of the strongly localized
nature of the 4f electrons. Instead, the 3d − 4f interaction is
mediated by the moment of the external 6s5d shells of the
RE, which is exchange coupled with both the 3dmoment of
the TM atoms (interatomic exchange) and the 4fmoment of
the RE itself (intra-atomic exchange) [4–6].
Recently, several investigations on elemental [7–12]

and alloyed [13–15] RE systems have highlighted the
importance of the intra-atomic exchange coupling also
for dynamic magnetic properties. For example, different
dynamics at the ps scale have been reported for the 5d and
4f magnetic moments in Gd, demonstrating the breakdown
of the intra-atomic exchange coupling at very short time-
scales [10]. Ultimately, understanding the spin dynamics in
magnetic materials is key to reaching high-speed writing
and reading in spintronics and magnetic recording.
Despite its importance, so far the intra-atomic exchange

energy could not be accessed experimentally. Consequently,
the description of the magnetism of all the above-mentioned
systems was exclusively based on calculated exchange
energies [16–19]. In solids and clusters, the measurement
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of this quantity is hampered by the concomitant effect of
several interactions such as interatomic and intra-atomic
exchange, crystal field, and spin-orbit coupling. Single
atoms adsorbed on a surface are simplified model systems,
enabling us to disentangle these interactions. Scanning
tunneling microscopy (STM) and inelastic electron tun-
neling spectroscopy (IETS) are ideal to study magnetic
excitations on individual atoms since the tunneling elec-
trons can exchange momentum with the spin localized on
the adatom. In the past, this technique allowed one to
investigate the energy spectrum generated by the combined
effect of crystal field and Zeeman interaction on TM
adatoms [20–23].
Here, we use IETS on RE adatoms on graphene to

measure the intra-atomic exchange interaction between
4f and 6s5d electrons. The absence of interatomic exchange

with surrounding atoms and the electronic configura-
tion proper to RE adatoms on graphene makes these
adatom-substrate combinations ideal for such an investiga-
tion. Measurements on several RE elements show that the
observed IETS excitation energies Eex are proportional to
the spin angular momentum S4f, as expected for the intra-
atomic exchange interaction, and their values are in the
predicted energy range. Moreover, our data imply a strong
spin polarization of the 6s5d outer shells, as also demon-
strated by the giant magnetoresistance observed in spin-
polarized STM measurements for the Dy adatom, the
only RE element reported to show long spin lifetime on
this substrate [24,25]. Density functional theory (DFT)
calculations of the outer-shell polarizations and of the
intra-atomic exchange integrals yield exchange energies
in agreement with the experimental values.
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FIG. 1. IETS spin excitations originating from breaking the intra-atomic exchange interaction. (a) 3D rendering of a constant current
STM image of Dy atoms on gr=Irð111Þ (V t ¼ −0.5 V, It ¼ 30 pA, T ¼ 6.5 K), together with a sketch illustrating the STM
measurements. (b) Conductance spectra acquired on La, Sm, Eu, Dy, Ho, Er, Tm, and Yb single atoms adsorbed on gr/polycrystalline
copper (thick lines) and on gr=Irð111Þ (thin lines). The IETS excitation corresponding to breaking the intra-atomic exchange is labeled
Eex on the Tm spectrum as an example. Each spectrum is the average of about ten spectra acquired on different atoms. Spectra are
background corrected and normalized to 1. Spectra on gr=Irð111Þ are vertically offset by 0.3 for clarity. Spectroscopy parameters:
Iset ¼ 200 pA, Vset ¼ −0.2 V for all spectra except for Sm on gr=Cu and Eu on gr=Ir (Vset ¼ −0.25 V), and for Ho on gr=Ir
(Vset ¼ −0.15 V), Vmod ¼ 5 mV peak-to-peak, T ¼ 6.5 K. All spectra are acquired using a W tip. (c) Eex vs S4f , the spin angular
momentum of the 4f shell, and n, the number of f electrons. The error bar is of the order of �1 meV, i.e., smaller than the size of the
symbols, and corresponds to the width of the observed energy distribution. Calculated values of the excitation energy ΔE obtained with
simplified and full models are also reported (see text).
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II. RESULTS AND DISCUSSION

We carried out STM and IETS measurements on RE
adatoms on graphene (gr) grown on both Ir(111) and
polycrystalline Cu; see Fig. 1(a). The typical adatom
coverage was less than 0.5% of a monolayer (ML), with
1 ML defined as one adatom per graphene unit cell; see
the Appendixes A and C for more details about sample
preparation and characterization. Figure 1(b) shows differ-
ential conductance (dI=dV) spectra for eight RE species
adsorbed on gr=Cu and on gr=Irð111Þ. For six of them (Sm,
Eu, Dy, Ho, Er, and Tm), we observe prominent inelastic
excitations at energy �Eex (marked on the Tm spectrum as
an example) that depend on the RE element, while no
inelastic features are observed for La and Yb.
TheEex values are reported in Fig. 1(c), with full symbols

for gr=Cu and with open symbols for gr=Irð111Þ, as a
function of S4f, the 4f spin angular momentum calculated
via Hund’s first rule, and of n, the number of f electrons for
the RE atoms in the gas phase. For the RE elements
measured on both supporting substrates (Sm, Dy, and
Ho), the Eex values are 10% lower on gr=Irð111Þ than on
gr=Cu. No significative influence of the gr=Irð111Þ moiré
pattern on the inelastic excitations is observed. Concerning
the polycrystalline copper substrate, the surface is

inhomogeneous owing to the existence of microcrystals
with different terminations. However, on each Cu micro-
crystal, the spectra are equivalent (i.e., for a given RE
species, the differences in the inelastic step energy are in the
error bar of �1 meV), and the deviations in Eex over the
entire sample are smaller than 10%. The spectra reported in
Fig. 1(b) and the corresponding Eex values in Fig. 1(c) are
representative of the most frequent ones. From Fig. 1(c), the
proportionality between Eex and S4f is evident on both
supporting substrates. All the Eex values are also summa-
rized in Table I.
To rationalize this observation, we have to consider the

electronic and spin configuration of these adatoms. In the
gas phase, RE atoms are divalent (6s25d04fn), as sche-
matically shown in Fig. 2(a), a configuration in which there
is no magnetic moment associated with the outer-shell
electrons. Upon adsorption on a surface, depending on the
competition between atomic correction energy and surface
binding energy [26], both divalent [27] and trivalent
(6s25d14fn−1) [27,28] electronic configurations have been
reported. In particular, on graphene, the RE adatom forms
an ioniclike bond with the C atoms, resulting in a charge
transfer of about one electron from the atom to graphene
[29–31]. To a first approximation, this charge transfer

TABLE I. Comparison between experimental and calculated intra-atomic exchange energies. We show the experimental Eex from
IETS spectra for RE on gr=Cu and gr=Irð111Þ. Simplified model: ΔE ¼ ΔE6s ¼ 2J4f−6sΔS6sS4f, with J4f−6s from Ref. [18] and
electronic configuration 6s15d04fn, with a fully spin-polarized 6s shell (ΔS6s¼2S6s¼1). Full model: ΔE¼ΔEsd ¼ 2ðJ4f−6sΔS6s þ
J4f−5dΔS5dÞS4f , with J4f−6s, J4f−5d, and spins (S6s, S5d) from our DFT calculations (ΔS6s ¼ 2S6s, ΔS5d ¼ 2S5d). Note that S4f values
are calculated according to Hund’s first rule in both models. La and Yb (S4f ¼ 0) are not included. All energies are in meV.

RE S4f S6s S5d J4f−6s J4f−5d Eex ΔE

Sm gr=Cu � � � � � � � � � � � � � � � 171 � � �
gr=Irð111Þ � � � � � � � � � � � � � � � 160 � � �
Simplified model (ΔE6s) 3 0.5 � � � 38.3 � � � � � � 229.8
Full model (ΔEsd) 3 0.22 0.08 40 104 � � � 205.4

Eu gr=Irð111Þ � � � � � � � � � � � � � � � 170 � � �
Full model (ΔEsd) 7=2 0.23 0.07 39 99 � � � 222.6

Dy gr=Cu � � � � � � � � � � � � � � � 97 � � �
gr=Irð111Þ � � � � � � � � � � � � � � � 90 � � �
Simplified model (ΔE6s) 2 0.5 � � � 37.4 � � � � � � 149.6
Full model (ΔEsd) 2 0.23 0.04 37 85 � � � 95.3

Ho gr=Cu � � � � � � � � � � � � � � � 74 � � �
gr=Irð111Þ � � � � � � � � � � � � � � � 68 � � �
Simplified model (ΔE6s) 3=2 0.5 � � � 37.4 � � � � � � 112.2
Full model (ΔEsd) 3=2 0.21 0.03 37 81 � � � 61.2

Er gr=Cu � � � � � � � � � � � � 54 � � �
Simplified model (ΔE6s) 1 0.5 � � � 37.4 � � � 74.8
Full model (ΔEsd) 1 0.19 0.02 37 76 � � � 34.2

Tm gr=Cu � � � � � � � � � � � � � � � 32 � � �
Simplified model (ΔE6s) 1=2 0.5 � � � 37.6 � � � � � � 37.6
Full model (ΔEsd) 1=2 0.18 0.02 36 72 � � � 15.8
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leaves the adatom in an electronic configuration close to
6s15d04fn or to 6s15d14fn−1, depending on the tendency
of each RE species to be divalent or trivalent.
Owing to the exchange coupling between the 4f and

6s5d electrons, the partially filled 6s5d outer shells become
spin polarized [32–34], with spin angular moment Ssd. The
intra-atomic exchange interaction between the spins of
inner and outer shells can be divided into isotropic (spin-
spin) and anisotropic contributions. Because the isotropic
term is dominating over the anisotropic ones [18,35], it
is a good approximation to write the exchange Hamiltonian
as H4f−sd ¼ −2J4f−sd Ssd · S4f [4,5,16], where a positive
value of the exchange constant J4f−sd favors a parallel
alignment of the two spin moments with respect to the
antiparallel configuration. The energy difference between
parallel and antiparallel coupling is ΔE; see Fig. 2(b). This
formulation is equivalent to the one commonly used to
describe the exchange interaction in RE compounds, where
the spin S4f is replaced by ðgJ − 1ÞJ4f, with gJ the Landé g
factor and J4f the total angular moment, leading to the well-
known dependence of the Curie temperature on the de
Gennes factor [32,36–39].
Except for La, the graphene-adsorbed RE species

reported in Fig. 1(c) possess a 4fn filling of the shell, as
expected from calculation of the total atomic correction
energy [26] and confirmed by our DFT calculations (see

Appendix B). These results are also in agreement with x-ray
absorption spectroscopy measurements for Dy, Ho, and Er
on graphene=Irð111Þ [25]. In a simplified model, the
electronic configuration of these atoms is 6s15d04fn, with
a fully spin-polarized 6s shell, meaning that Ssd¼S6s¼1=2.
Thus, the reversal of the S6s spin (ΔS6s ¼ 1) costs
ΔE6s ¼ 2J4f−6sS4f, as sketched in Fig. 2(b).
In IETS measurements, the conservation of spin

angular momentum imposes selection rules for single-
electron excitation processes, which can only change the
localized spin by 0, �1. Thus, a tunneling electron
having sufficient energy (i.e., ΔE6s) can transfer its spin
moment to the 6s electrons, breaking the ferromagnetic
coupling between the inner and outer shells and induc-
ing the S6s reversal.
Assuming the values obtained from Hund’s first rule for

S4f [4,5] and using the calculated values of J4f−6s reported
in the literature [18], we obtain ΔE6s values that have the
correct order of magnitude and qualitatively reproduce
the experimental trend [see Fig. 1(c), grey line, and Table I,
simplified model]. Both La (empty 4f shell) and Yb
(full 4f shell) have S4f ¼ 0, and no inelastic features are
expected, in agreement with the experiment. The good
correspondence between the results of the model and
observed values allows us to unambiguously identify Eex
as the energy required to change the alignment between S4f
and Ssd from parallel to antiparallel, i.e., to break the intra-
atomic exchange coupling.
After having used the simplified model of a fully

polarized 6s shell and an empty 5d one, for a more realistic
descriptionwe take into account that both shells are partially
occupied and polarized even for a 4fn RE adatom and,
consequently, that the electrons in both shells are exchange
coupled with the 4f ones. Therefore, the spin-excitation
energy corresponding to the reversal of the spin Ssd is
given by ΔEsd¼ 2J4f−sdΔSsdS4f, where J4f−sdΔSsd¼
J4f−6sΔS6sþJ4f−5dΔS5d. In order to evaluate ΔEsd, the
intra-atomic exchange coupling constants, as well as the
occupation and spin polarization of the outer shells for
the adsorbed atoms, are required. To get these quantities, we
carry out DFT calculations for a simplified configuration
with the RE atoms adsorbed on freestanding graphene (for
details, see Appendix B). Ignoring the effect of the Cu or Ir
substrate is justified by the large graphene-metal substrate
distance on both Ir [40] and Cu [41], being of the order of
3.3Å. This distance results in a graphene electronic structure
very similar to that of freestanding graphene [42,43]. The
main effect is a minor charge transfer between the substrate
and graphene,which is less than 0.01 electrons per C atom in
the case of Cu [41]. All data suggest a weak van der Waals
interaction between graphene and these substrates. The
slightly different screening provided by the two metal
substrates, inducing small differences in the charge transfer
and polarization of the 6s and 5d shells, is likely at the origin
of Eex values 10% lower on gr=Irð111Þ than on gr=Cu; see
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4f n

(b)(a)

6s2

S4f
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Ssd S4f

J4f-sd

ΔE

6s

4f

S4f

5d

FIG. 2. Intra-atomic exchange in RE atoms. (a) Top diagram:
Sketch of the radial distribution of the 4f and 6s atomic orbitals
for a gas phase RE atom (6s25d04fn). Bottom diagram: Corre-
sponding atomic shell filling (case of Dy, n ¼ 10). (b) Top
diagram: Adsorption on graphene, promoting the transfer of
approximately one electron to graphene, resulting in partially
filled, spin-polarized outer shells [ð6s5dÞ14fn]. Note that J4f−sd
is the intra-atomic exchange constant. Bottom diagram: Ex-
change-split energy levels for the case of an outer shell with
spin Ssd ¼ 1=2. The ferromagnetic and antiferromagnetic con-
figurations are separated by ΔE.
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Fig. 1(c). The same arguments hold to explain the small
variations of Eex observed between microcrystal grains on
gr=Cu. However, these variations in screening are not
expected to significantly change the intra-atomic exchange
energies, and therefore, accurate calculations of these
energies can be performed by neglecting the influence of
the Cu or Ir substrate.
Within this refined description, we obtain the ΔEsd

values reported in Fig. 1(c) (black crosses) and in Table I
(full model). The agreement between experimental and
calculated values is substantially improved with respect to
the one obtained with the simplified model. The main
reason stems from the reduced spin polarization of the Ssd
shell calculated for the graphene-supported RE atoms.
Nonetheless, we note that in the full model, the contribution
of the 6s shell to ΔE dominates over the 5d one. This result
reflects the IETS observations since a large 5d spin
polarization would result in much higher exchange energy,
as J4f−5d is 2 to 3 times larger than J4f−6s (see Table I). The
dominant 6s character of the magnetic moment is in
agreement with theoretical calculations of Eu on graphene
[44]. The still-remaining deviation between theory and
experiment reflects the complexity of these calculations
and, in particular, the difficulty of calculating the correct
bond distance between the RE atoms and graphene (see
Appendix D). Our findings on the outer-shell polarization
are in contrast with a recent theoretical work, which
suggests a very small polarization of the 6s and 5d shells
for Dy adatoms on gr=Irð111Þ [45]. The reason for this
discrepancy is that the computational method used in
Ref. [45] is a spin-polarized flavor of the Hubbard I
approximation (see Ref. [46] for the details of the
computational scheme). In this approach, the spin sym-
metry of the 4f manifold is broken by an ad hoc field
modeling the intra-atomic exchange, which leads to a
magnetic solution. While this method is sufficient to
describe the 4f magnetism, the spin polarization of the
6s and 5d shells is underestimated since it is driven by
the interatomic exchange, which is not taken into account
in Ref. [45].
Further refinement of the description would include a

better evaluation of the spin of the 4f electrons of the RE
adatoms. Multiplet calculations fitting x-ray absorption
spectra for RE on graphene [25] show that S4f is reduced
by less than 5% with respect to the atomic values deduced
from Hund’s rules. To verify this analysis, we performed
additional electronic structure calculations, where the 4f
electrons are treated in the Hubbard I approximation; see
Appendix B. The largest reduction of S4f is found for Dy
and amounts to less than 3%, accompanied by a change of
the orbital moment L4f of about 1%. This result also
confirms that the RE 4f shell is only weakly perturbed by
the adsorption on graphene.
Analysis of the IETS excitation linewidth δEex gives

access to the lifetime τ of the excited state (antiparallel

configuration of Ssd and S4f). Experimentally, δEex results
from the intrinsic width ℏ=τ, broadened by thermal effects
and by the modulation voltage applied for the lock-in
detection [23,47,48]. We find τ ≈ 0.15 ps, independent of
the RE element and of the supporting metal substrate. This
value is slightly smaller than the one reported for the decay
constant (0.8 ps) of the 5d electrons in Gd [10]. In our
system, the excitation originates mainly from the intra-
atomic exchange between 4f and 6s electrons. Given that
the 6s orbital is spatially more extended compared to the 5d,
a stronger interaction with the support and thus a shorter
lifetime is expected.
To further reinforce our interpretation of the IETS exci-

tations, we investigate Tb, known to have a 6s15d14fn−1

type of configuration when adsorbed on graphene [25].
Indeed, our DFT calculations (not shown) predict that both
6s and 5d shells are partially occupied and spin polarized
upon adsorption (S6s ¼ 0.31, S5d ¼ 0.47). In the simplified
description, this corresponds to S6s ¼ S5d ¼ 1=2, spins that
are strongly ferromagnetically coupled by a J6s−5d of about
0.5 eV to form a spin for the outer shell Ssd ¼ 1 [19]. Only a
partial breaking of the sd − f exchange coupling can then be
induced by a single spin-electron scattering event, corre-
sponding to the transition of Ssd from state�1 to state 0. This
transition costs ΔE¼ 2ðJ4f−6sþJ4f−5dÞΔSsdS4f≈0.7 eV,
which is estimated using ΔSsd ¼ 1, S4f ¼ 3, and published
values of the Tb intra-atomic exchange constants [18,19].
Owing to instabilities in the junction induced for tunnel
voltages exceeding 0.3 V, we could not verify this excitation
experimentally, signifying that, if that excitation exists, its
energy is higher than 0.3 eV, as expected.
We note that other descriptions of the prominent IETS

features displayed in Fig. 1 do not match our observations.
Transitions between crystal-field split levels of the ground
multiplet could have a linear dependence on S4f in a
uniaxial anisotropy scenario with similar anisotropy bar-
riers for all RE species. However, previous works have
shown that for each element, the energy-level scheme
results from a richer set of anisotropy terms than the simple
uniaxial one [24,25]. These higher-order terms have a
strong impact on the level splitting, as clearly exemplified
by the observation of high, low, or intermediatemJ4f values
for the adatom ground state, depending on the RE species
[25]. Even in the realistic description of the crystal field
including axial and transverse terms, transitions between
levels can be excluded because (i) the observed excitation
energies are 1 order of magnitude higher than the crystal-
field splittings and (ii) no systematic dependence on S4f is
expected. Finally, excitations to the first excited multiplet
can also be ruled out since the strong spin-orbit coupling, of
the order of 200 meV, would lead to transitions at energies
significantly higher than the observed ones [4,33,39].
A vibrational origin can be excluded as well. In a simple

description, with all the RE species adsorbed in equivalent
graphene sites and with similar bond strength, the
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vibrational energies scale with the inverse square root of the
RE atomic masses [49]. The atomic masses increase only
slightly (20%) in going from La to Yb; thus, the vibrational
energies would follow a monotonic trend with a ratio
of 1.1 between maximum (La) and minimum (Yb) values.
This behavior is clearly at variance with the trend and range
of the experimental energies. Moreover, one would expect
excitations for La, Yb, and Tb, but we do not observe any.
Finally, we also note that vibrational modes are expected at
much lower energies. For example, for Cs, an alkali species
having both atomic mass and ionic bonding to graphene
similar to the ones of the RE adatoms [31,50], vibrational
modes were found at energies below 5 meV [51].
To conclude this part, we note that a closer inspection

of the spectra shown in Fig. 1(b) reveals the existence of
other, less intense, inelastic features at lower bias. Their
relatively low energy suggests a more involved origin
than the intra-atomic exchange alone, probably related
to transitions between the crystal-field split levels of
the adatom.
The spin polarization of the RE adatom’s outer shell can

be assessed by observing the magnetoresistance in spin-
polarized STM measurements. To this purpose, we per-
formed experiments using out-of-plane spin-polarized tips
made of Mn88Ni12, which is an antiferromagnetic alloy
[52]. Figure 3(a) displays a constant current STM image
acquired on a sample with coexisting Ho and Dy adatoms
on gr=Irð111Þ. The two species have similar apparent
heights; however, the dI=dV measurements shown in
Fig. 3(b) allow us to unequivocally identify the two species
by the characteristic energy of the inelastic features, as
already shown in Fig. 1. A closer inspection of the STM
image in Fig. 3(a) reveals that the Dy adatoms are unstable
under the tunneling conditions used, with “broken” line
scans testifying that they change apparent height several
times during the scan. On the contrary, the Ho atoms appear
with a constant height throughout the image.

The different dynamics of the two RE species is also
evident in a movie that we generated from a series of 59
STM images acquired consecutively on the region indi-
cated by the dashed box in Fig. 3(a), enclosing one Ho and
four Dy atoms (see Ref. [53]). In those imaging conditions,
the spin dynamics is slowed down with respect to Fig. 3(a),
with the Dy atoms changing apparent height between
successive frames and only rarely in a single frame, while
the Ho atom keeps the same apparent height during the
entire sequence of 1 h 4 min. This observation is in
agreement with previous measurements [25], revealing that
on gr=Irð111Þ, the magnetic relaxation time of Ho adatoms
is at least 3 orders of magnitude shorter than the one of Dy.
On the timescale of our observation, Ho atoms have a
vanishing average projected magnetic moment as they
frequently switch between the spin-up and spin-down
states; consequently, they appear with a single average
height, as for a paramagnetic atom.
The slow dynamics of Dy allows us to characterize the

adatom polarization. Using a sequence of STM images
acquired at tunnel parameters resulting in low switching
frequencies, like the ones shown in Fig. 4(a), we determine
the variation in apparent height for parallel vs antiparallel
alignment of adatom and tip magnetic moments. Each
adatom is labeled with H (high) or L (low) according to the
height displayed when imaging its center (indicated by the
red dots in the first frame). Analysis of the apparent height
of the five atoms in eight successive frames yields the
height distribution shown in Fig. 4(b). Two distinct values
are found, separated by Δz ≈ 50 pm.
The two conductance states are caused by switching of

the Dy magnetization. The histogram in Fig. 4(b) shows
that the two states have nearly the same occupation. This
observation indicates that spin torque [54] and tip stray or
exchange field effects [52,55–57] are negligible at the
tunneling conditions used and that magnetization reversal is
mainly thermally induced.
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FIG. 3. Spin-polarized measurements on Dy and Ho on gr=Irð111Þ. (a) Constant current STM image showing the coexistence of Dy
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T ¼ 6.5 K. (b) dI=dV spectra acquired on Dy and Ho adatoms. The spectra are background corrected, normalized to 1, and vertically
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The magnetic ground state of the RE adatom is defined
by mJ4f, the magnetic quantum number related to J4f
resulting from the spin-orbit coupling of S4f with the
orbital moment L4f. Because S4f is coupled with Ssd via
the intra-atomic exchange, J4f and Ssd flip simultaneously;
see sketch on the right-hand side of Fig. 4(c). For the RE
adatoms, tunneling takes place from/into the 6s5d states
since the 4f electrons are highly localized and screened by
the outer shells; moreover, the 4f density of states (DOS) is
zero at the Fermi energy [58]. Therefore, the observed
contrast reflects the switching of mSsd caused by the
thermal reversal of mJ4f between the two states of the
ground doublet defined by the crystal field [24,25].
The experimental Δz ≈ 50 pm is very large with respect

to the contrast previously observed on 3d clusters [54,59]
and on Ho adatoms [60], suggesting a high spin polariza-
tion of the Dy 6s5d shells. In particular, the low contrast
observed for Ho=MgO can be ascribed to a weak polari-
zation of the Ho outer shell, likely due to the different
electronic configuration close to 6s25d14fn−1 and to the
nature of the bond with the oxygen.
To quantify the polarization of the Dy 6s5d shell, we

acquired constant-height current traces, showing a two-state
telegraph signal. The junction polarization is determined
from such current traces by the relation P ¼
ðIhigh − IlowÞ=ðIhigh þ IlowÞ, where Ihigh and Ilow are the high

and low tunneling current values, respectively [61]. For
Dy=gr=Irð111Þ, polarizations between 20% and 60% were
routinely observed. In some cases, higher values were
obtained, as for the data of Fig. 4(c), corresponding to
P ¼ 75%. Usually, the spin polarization of STM junctions
does not exceed 20%, whether the measurements are on
single atoms [52,60,62,63], nanostructures [54,59,64], or
bulklike systems [61]; very high values have rarely been
observed [65].
In a classical picture, the junction polarization can be

described as P ∼ PtipPatom cos θ, where Ptip and Patom are
tip and adatom spin polarization in the EF � eVbias range,
respectively, and θ is the angle between the tip and adatom
magnetic moments [66]. For our system, Patom corresponds
to Psd, the polarization of the outer shell, as tunneling
takes place only from or into the 6s5d states. Since only
the electrons in the energy range EF − eVbias contribute to
the tunnel current and we use biases in the mV range, the
observed magnetoresistance reflects the spin polarization
very close to the Fermi energy.
A lower limit for Psd is obtained by assuming a parallel

alignment of the tip and atom moment (θ ¼ 0) and a tip
spin polarization Ptip ¼ 100%. The PDOS of Mn88Ni12 is
unknown; however, 100% polarization at the Fermi energy
has been calculated for similar Mn-based alloys [67,68].
With this assumption, we obtain Psd ¼ 75% at EF. This
lower limit is fully compatible with the calculated
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spin-polarized DOS shown in Fig. 5 (see also Appendix D).
In fact, we see that spin polarization at EF is mainly
determined by the 6s states. The large exchange splitting
leads to a predominance of the spin-down states, resulting
in a calculated value for Psd of 100%.

III. CONCLUSIONS AND PERSPECTIVES

Our paper reports the first measurement of the intra-
atomic exchange energies for several RE atoms. We show
that a strong spin polarization can appear in the 6s shell,
leading to a dominant contribution of the 6s shell to the
intra-atomic 4f − 6s5d coupling. Therefore, the frequently
used description considering only the 4f − 5d exchange is
oversimplified, and interactions including all the external
shells must be taken into account. The experimental values
of these multishell interactions are of the order of tens of
meV. These energies are easily accessible, for instance,
thermally or by optical means; therefore, the resulting
excited states are expected to play a relevant role in the spin
dynamics.
For example, in RE-based storage media, control of

the ultrafast spin relaxation of each shell is necessary to
realize fast reading and writing in new-generation magnetic
memory devices. At the same time, single ions, adsorbed
on a surface or enclosed in a molecular cage, are prototype
systems for both classical and quantum bits. An improved
rationalization of the spin-reversal mechanisms is a neces-
sary requirement to open the path toward high-temperature
single-ion magnets and quantum applications. In this
context, only recently, the intra-atomic exchange interac-
tion has been proposed to be a key parameter in the
description of the magnetic level scheme and thus of the
spin relaxation paths [69–71]. The coupling via the intra-
atomic exchange between the spins of 4f and 6s5d shells
has an effect analogous to the one of hyperfine coupling
between electron and nuclear spins but on a different

energy scale, owing to the different strength of the
exchange interaction. In this description, the quantum
tunneling of magnetization (QTM) is not determined by
J4f alone but by the total moment J4f þ Ssd. For example,
the magnetic hysteresis and remanence observed in Ho
adatoms on MgO have been attributed to the missing QTM
between the states of the ground doublet withmJ4f ¼ �7 in
a crystal field with C4v symmetry [72]. However,
the Ho=MgO magnetic behavior can also be explained
by the missing QTM of a Kramer ground doublet, resulting
in the exchange coupled mJ4f ¼ �8 and mSsd, the latter
moment originating from the partially polarized 5d1 shell.
In addition, our findings demonstrate that spin dynamics

can also involve excited states originating from the intra-
atomic exchange and precisely quantify the energy required
for these processes.
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APPENDIX A: EXPERIMENTAL METHODS

We used both commercial graphene (gr) on polycrystal-
line Cu (6Carbon Technology) and in situ CVD-grown
graphene on Ir(111). The gr=Cu was annealed in vacuum
to 800 K to remove adsorbates after exposure to air. The
Ir(111) single crystal was prepared by Arþ sputtering and
annealing cycles [24,42]. Graphene was grown in situ
by chemical vapor deposition from ethylene (100 L at
1400 K). RE atoms were deposited from thoroughly
degassed high-purity rods (99.9%) using an e-beam evapo-
rator with a typical flux of 2 × 10−3 monolayers (ML)
per min, in a background pressure of 1 × 10−10 mbar. The
substrate temperature during deposition was approximately
10 K, a temperature at which surface diffusion is inhibited,
resulting in a random spatial distribution of adatoms [29].
The STM images were acquired in constant-current
mode with the tunnel voltage V applied to the sample
[73]. The differential conductance dI=dV spectra were
acquired using lock-in detection, with modulation Vmod ¼
1–5 mV peak-to-peak at 397 Hz added to the bias voltage
V. Chemically etched Wand Mn88Ni12 [52] tips were used.
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APPENDIX B: THEORETICAL METHODS

Electronic structure calculations were performed using
the DFT code RSPt [74]. RSPt is based on the full-potential
linear muffin-tin orbital (FP-LMTO) method and belongs
to the most accurate family of all-electron DFT codes [75].
The exchange-correlation potential was treated in the
generalized gradient approximation (GGA), using the
parametrization by Perdew, Burke, and Enzerhof [76].
The valence electrons of C were described using 2s, 2p,
and 3d derived states. The valence electrons of the RE
atoms were described using 6s, 6p, 5d, and 5f states in a
first energy set, and 5s and 5p states in a second energy set.
The localized 4f states were treated as open-core states,
using the fully relativistic Dirac equation [26,77,78]. The
size of the muffin-tin spheres, which in a full-potential code
are used to divide the physical space in the unit cell, was
optimized to minimize the leakage of the core states. This
procedure led to muffin-tin radii of 1.27 a.u. for C and
3.02 a.u. for RE atoms. A proper description of the wave
functions in the interstitial region required the usage of four
kinetic energy tails κ2 for the late rare-earth atoms and of
five kinetic energy tails κ2 for the early rare-earth atoms.
The experimental systems were modeled by considering

a single RE adatom on freestanding graphene. Supercells
were constructed with a 3 × 3 graphene sheet with a RE
atom in the hollow position, in analogy to Ref. [79] and in
agreement with experiments [24], and a vacuum region of
at least 17 Å. The Brillouin zone was sampled with a dense
Monkhorst-Pack grid of 24 × 24 × 1 k-points. With this
computational setup, full structural relaxations were per-
formed for both trivalent and divalent RE adatoms. The
analysis of the total energies as in Ref. [77] showed that
Sm, Eu, Dy, Ho, Er, Tm, and Yb prefer a 4fn configuration,
while La and Tb resulted in 4fn−1. The distance between
the graphene plane and the adatoms in their 4fn configu-
ration is around 4.70 a.u., with small variations depending
on the atomic number. These values are in good agreement
with the value of 4.58 a.u obtained in Ref. [79] for a Sm
atom on graphene.
The relaxed structures were then used to perform

magnetic, fully relativistic calculations, where the 4f states
were treated as a spin-polarized core [4]. In practice, this
means that spin and orbital moments of the 4f shell follow
Russel-Sunders coupling and are in accordance with
Hund’s rules, through the occupation of the solutions of
the Koelling-Harmon equations [80]. Because of the large
extension of the RE 6s states, locally projected quantities
were obtained by directly using the native LMTOs and not
projectors limited to the muffin-tin spheres, as is usually
done in augmented methods [74]. To ensure the conver-
gence of all quantities, finer k-meshes were tested up
to 81 × 81 × 1.
To analyze the quenching of S due to the crystal field, we

also performed DFTþ DMFT calculations [81] in the
Hubbard I approximation [82,83], still using RSPt. The

computational parameters were defined as above but
replacing the 5f states in the basis with 4f states, which
were removed from the core. Calculations were performed
at room temperature in the paramagnetic phase, using the
same Coulomb interaction parameters previously used for
the RE metals [83]. The double counting was treated as in
the fully localized limit with nominal atomic occupations,
as routinely used for RE systems [83–85]. Overall, this
approach provides a good description of the multiplet
spectrum of the 4f shell and allows for the analysis of
the competition between Coulomb interaction and crystal
field, at least in the paramagnetic phase. In the magnetically
ordered phase, instead, this approach suffers from a loss of
precision, due to the unknown double-counting term, as
amply discussed in Refs. [45,46,86]. Thus, we chose to
perform the investigation of the magnetic properties
through the open-core treatment of the 4f states.
The calculations of the intra-atomic exchange were

performed [87] using atomiclike wave functions, which
coincide with the muffin-tin heads of the LMTOs [74]. The
extended part of the wave functions, which is important to
describe the magnetic moments (see discussion above), has
no relevance for the values of the exchange integrals since
our tests show that they decay much faster. Note that in the
formalism of Ref. [87], only the isotropic contribution to
the exchange is considered since the anisotropic terms were
shown to be negligible in the lanthanides [18]. Screening
was considered in a Yukawa form [88], where the screening
length was determined to ensure that the strength of the
average local Coulomb interaction of 4f electrons coin-
cides with values calculated via constrained density func-
tional theory.

APPENDIX C: DISTINGUISHING CLEAN FROM
CONTAMINATED RE ATOMS

Investigation of the intrinsic properties of clean, indi-
vidual RE adatoms on a surface requires the cleanest
possible conditions. A first essential step is a careful,
thorough degassing of the evaporation materials. For the
high-purity RE rods, clean depositions typically necessitate
day-long degassing cycles, in order to reach a background
pressure in the low 10−10 mbar during deposition.
In the following, we describe experiments that unam-

biguously distinguished clean from contaminated RE
adatoms. Figure 6(a) shows a typical STM image acquired
on a Dy on a gr=Irð111Þ sample prepared after careful Dy
degassing, Dy deposition at 10 K, and a Dy coverage of
0.5% ML. Most of the protrusions (88% of the objects)
have an apparent height between 450 and 500 pm at the
tunneling parameters used (orange arrow). They are iden-
tified as clean Dy adatoms [24,29]. Owing to a large direct
impingement area, many dimers are formed during depo-
sition [29]. They appear as lower (350 to 400 pm), slightly
elongated objects (yellow arrow) and can be split by
applying a tunnel voltage ramp [24]. For this coverage,
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they represent 7% of the objects. In addition to clean
monomers and dimers, there are very few protrusions
with apparent height similar to the one of dimers, but with
round shape (green arrow), as well as some protrusions
displaying even lower apparent heights (cyan and pink
arrows). The percentage of monomers vs dimers depends
on the coverage: For a coverage of 0.1% ML or less,
exclusively monomers will be found [29]. The histogram in
the bottom panel shows the occurrence of the different
species (statistics on approximately 450 objects). Overall,
this sample presents 95% clean Dy species and 5% of the
species with H adsorbates, as discussed below.
It is also essential to prevent contamination once

the atoms are on the surface. In our setup, the pressure
inside the LHe-cooled radiation shields, where the sample
is located, is estimated to be below 10−14 mbar. In these
conditions, no measurable contamination has been
observed [73,89]. However, to investigate the effect of
the residual gas on the RE adatoms, we have carried out
the following experiment: After having prepared the
sample with the standard procedure and having charac-
terized it at 6.5 K, we let the cryostat heat while
continuing the measurements. At around 16 K, the back-
ground pressure starts to rise because of residual gas

desorbing from the cryostat and the shield walls. At this
temperature, desorption of H2 is expected [89].
The sample evolution was monitored by imaging the

same spot during the temperature and pressure change. The
STM images in Figs. 6(b) and (c) were acquired, respec-
tively, during, at T ¼ 20 K and p ¼ 3 × 10−9 mbar, and
after the pressure peak, at T¼33K and p¼ 3×10−10 mbar.
In Fig. 6(b), most of the objects have changed apparent
height. However, dimers did not change their appearance
and can be used as landmarks: Some of them are encircled
in yellow. All the Dy adatoms show up with much lower
height. Also, the object indicated by the green arrow now
has a lower height. Two families of small objects can be
identified, with height of approximately 250 pm and
150 pm, corresponding to the heights of the protrusions
marked by the cyan and pink arrows, respectively, which is
clearly visible on the corresponding histogram in the
bottom panel. With time, since the residual H2 is still
present at the surface of the sample even after the pressure
peak, almost all the cyan protrusions transform into pink
ones, as demonstrated in the STM image and the histogram
in Fig. 6(c). A reduction of the apparent height upon single
and multiple H adsorption has been reported for transition
metal atoms adsorbed on similar surfaces [89,90].
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FIG. 6. Distinguishing clean and hydrogenated RE adatoms. Sequence of STM images of Dy on gr=Irð111Þ acquired before, during,
and after exposure to gas, mainly H2, desorbing from the cryostat walls upon heating up the STM. (a) Reference STM image: The arrows
indicate a clean Dy atom (orange), a Dy dimer (yellow), and contaminated atoms (green, cyan, and pink). Yellow circles highlight some
Dy dimers that are used as landmarks (T ¼ 6.5 K, p ¼ 1 × 10−10 mbar). (b) Same region during (T ¼ 20 K, p ¼ 3 × 10−9 mbar) and
(c) after (T ¼ 33 K, p ¼ 3 × 10−10 mbar) massive exposure to H2 desorbing from the cryogenic shields. The arrows indicate the same
objects as in panel (a), with the colors adapted according to the new apparent heights. Parameters for all images: V t ¼ −0.5 V,
It ¼ 20 pA, ΘDy ¼ 0.5% ML, W tip. The bottom panels show histograms of the observed apparent heights for each measurement, with
statistics on approximately 450 protrusions each.
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The contaminated Dy adatom can be cleaned by manipu-
lation, and various procedures have been tested [89].
Figure 7(a) shows a STM image acquired on Dy on
gr=Irð111Þ after exposure to residual gas, with the same
procedure described for Fig. 6. Applying a voltage ramp
(−0.5 to −2 V, closed feedback loop) on the hydrogenated
atom encircled in white results in a clean Dy monomer, as
visible in Fig. 7(b). Subsequently, a−4 Vpulse (50ms, open
feedback loop) applied at the location indicated by the red
star removes the hydrogen from the nearby Dy atoms, as
shown in the image in Fig. 7(c), on which seven clean Dy
monomers are visible. Note that on the image shown in
Fig. 7, the Dy adatoms show some ordering with respect to
the moiré pattern periodicity because of the sample prepa-
ration conditions [24,29].

Finally, we have also characterized the contaminated Dy
atoms by their differential conductance spectra. Figure 8(a)
shows a STM image on which many Dy adatoms, two Dy
dimers (slightly elongated shape), and a hydrogenated
Dy atom are visible. Some of the objects are identified
by labels. Figure 8(b) shows dI=dV spectra acquired on a
Dy atom, a Dy dimer, a hydrogenated Dy atom, and on the
graphene substrate. Only the spectrum measured on the
clean Dy atom displays the characteristic inelastic steps,
like the ones shown in Fig. 1, which gives an additional tool
to distinguish between clean Dy adatoms and other species.
The absence of the steps due to intra-atomic exchange
coupling on the hydrogenated species can be rationalized
by hydrogen adsorption, implying bonding to the sd shell,
resulting in a loss of the shell spin polarization. Similarly,
the occupation and/or polarization of the outer shell is
modified for Dy dimers, resulting in the absence of inelastic
features related to the intra-atomic exchange.

APPENDIX D: ROLE OF ADATOM-GRAPHENE
DISTANCE IN DFT

The exchange integrals and the overall spin polarization
of the 6s and 5d shells of the RE adatom are influenced by

(a) (c)(b) 5 nm

FIG. 7. Manipulation procedures for H removal from Dy
adatoms. We show a sequence of STM images acquired on a
Dy on gr=Irð111Þ sample that was exposed to gas desorbing from
the cryostat walls upon heating up the STM. (a) Reference STM
image: A voltage ramp (−0.5 to −2 V, closed feedback loop) is
then applied on the encircled hydrogenated atom to clean it, as is
visible in panel (b). (b) A-4 V voltage pulse (50 ms, open
feedback loop) applied on the graphene substrate at the location
indicated by the red star. (c) After the voltage pulse, several clean
Dy adatoms are present. Parameters for all images: V t ¼ −0.5 V,
It ¼ 20 pA, T ¼ 6.5 K, ΘDy ¼ 0.5% ML, W tip.

(b)(a)

Dy

DyH

Dy2

graphene

5 nm

1

0

dI
 / 

dV
 (

ar
b.

 u
ni

ts
)

-0.1 0.0 0.1
Bias (V)

Dy

DyH

Dy2

FIG. 8. The dI=dV spectroscopic signatures. (a) STM image
acquired on Dy on gr=Irð111Þ. Labels identify a Dy monomer, a
Dy dimer, and a hydrogenated Dy. Parameters: V t ¼ −0.2 V,
It ¼ 100 pA, T ¼ 6.5 K, ΘDy ¼ 0.5% ML. (b) dI=dV spectra
acquired on a Dy atom, a Dy dimer, a hydrogenated Dy atom, and
on the graphene substrate. All spectra are background corrected
and normalized to 1 and vertically offset for clarity. Parameters:
Iset ¼ 150 pA, Vset ¼ −0.2 V, Vmod ¼ 5 mV peak-to-peak,
T ¼ 6.5 K. All data were acquired using a W tip.

4-2 0 2
Energy (eV)

-4

-2

0

2

4

S
P

-D
O

S
 (

1/
eV

)

Dy-6s
Dy-5d
C-2p

d  5.0 a.u.
Spin up 

Spin down 

-4

-2

0

2

4

S
P

-D
O

S
 (

1/
eV

)

Dy-6s
Dy-5d
C-2p

d  4.5 a.u.
Spin up 

Spin down 

FIG. 9. Spin-polarized DOS around EF for 6s and 5p shells of
Dy, and a 2p shell of C, for two Dy-graphene adsorption
distances (4.5 a.u. and 5.0 a.u.). The dashed line marks EF. A
smearing of 1 mRy has been applied.

MEASURING THE INTRA-ATOMIC EXCHANGE ENERGY IN … PHYS. REV. X 10, 031054 (2020)

031054-11



the distance d between the adatom and the graphene layer.
For instance, calculations similar to the ones presented in
Fig. 1(c) and Table I, but with a bond distance reduced by
3%, reduce the intra-atomic exchange energy by 5%–10%
depending on the element (data not shown). Similarly, the
exchange splitting and the position of the Fermi level were
found to be rather sensitive to the bond distance, which is,
in turn, dependent on the DFT functional and on the
computational details used for the calculations (compare,
e.g., Refs. [30,79]). This effect is illustrated in Fig. 9, where
the SP-DOS of Dy on graphene is reported for equilibrium
distances d obtained with different computational settings.
Experience shows that theories based on GGA have too-
large bond distances (with 1%) for light rare earths, while
for late rare earths, the bond distance is reproduced with
almost perfect agreement. This aspect is discussed in detail
in Ref. [77].
The reason for the relatively strong influence of the 6s

projected electronic structure with respect to bond distance
is the different extent of the 6s and 5d wave functions. The
formation of hybridized states involving 5d orbitals
changes significantly when moving from large bond dis-
tances to short ones. This change is particularly evident in
the dependence of the number of 5d states hybridizing with
the 6s majority spin band with respect to the bond length.
Finally, we note that the SP-DOS shown in Figs. 5 and 9 is

limited to the region around the Fermi energy, which gives
the largest contribution to the local magnetic moments.
Stateswith 6s and 5d character also appear at lower energies,
but they contribute mainly to the local charge.
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