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Valence Orbitals Driving the Spin Dynamics in a Rare-Earth Single-Atom Magnet
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We combine spin-polarized scanning tunneling microscopy with quantum master equation analysis to
investigate the spin dynamics of the single atom magnet Dy on graphene/Ir(111). By performing reading
and writing experiments, we show that the strongly spin polarized 5d6s valence shells, as well as their intra-

atomic exchange coupling to the 41 shell, determine the pathways for magnetization relaxation and thus the

spin dynamics. The good quantum number that determines which states are stable and which mechanisms

for reversal exist in a given crystal field is the atomic total angular momentum J%* and not the commonly

considered J¥ of the 4f shell only.

DOI: 10.1103/PhysRevLett.130.106702

Because of their strongly localized and therefore well-
protected 4f electrons, rare-earth atoms enabled the reali-
zation of single-ion molecular magnets (SIMs) [1-4] and
single-atom magnets (SAMs) [5-12]. A fundamental
understanding of their spin dynamics is mandatory in
the operation of single rare-earth atoms as qubits and
memories [13-28].

The occupation of the 4f orbitals is well described by
Hund’s rules, resulting in atomiclike spin and orbital
momenta that are strongly coupled. A spin polarization
of the valence shells (5d and 6s) is also frequently
expected, however, yielding only a small extra contribution
to the total momentum. Consequently, the rare earth atoms’
magnetic properties are described exclusively in terms of
the total angular momentum of the 4f shell, |J4/). Hence,
spin dynamics in SAMs and SIMs is explained as tran-
sitions between states defined by the |J*) projection onto
the quantization axis |J3') (4f model) [2-6,10,11].

While this approach applies to those cases where the
lanthanide atoms are in a +3 oxidation state, as in most
SIMs, recent theoretical works suggest that this description
is not always valid [29,30] and that the valence electrons
can play an essential role. For instance, they medi-
ate ferromagnetic exchange coupling in dilanthanide
complexes [31,32]. In view of the strong valence-4f
intra-atomic exchange coupling, the magnetic state of a
rare-earth atom should then be described in terms of the
total angular momentum |J©) = |[J¥) ® |$°9) ® |S%),
where the total angular momentum of the 5d and 6s shells
is approximated by the spin momentum only, since the
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orbital momentum of these shells is either zero (6s), or
strongly quenched by hybridization with the surrounding
atoms (5d). This scenario implies a paradigm shift and was
labeled FV-magnetism [29,30]. If it holds, the spin dynam-
ics is determined by the transition probabilities between
the projections of [J*) onto the quantization axis, |J%©')
(4f5d6s model).

The most important difference between these descrip-
tions is that the associated Hilbert spaces have different
channels for quantum tunneling of the magnetization
(QTM). In the traditional 4f model, and for an atom in
a crystal field (CF) with k-fold symmetry, QTM involves
states differing by AJY = kn, with n € Z. In the 4f5d6s
model, QTM takes place via states with AJ?" = kn.

Here we present direct experimental evidence that the
spin dynamics of a rare-earth SAM is determined by FV-
magnetism. We use spin-polarized scanning tunneling
microscopy (SP-STM) to investigate the magnetization
switching rates of individual Dy atoms on graphene on
Ir(111) [6] as a function of temperature and tunnel voltage.
We find evidence for two low-lying channels for QTM that
only exist in the 4f5d6s model. Within this model, all
switching rates are reproduced by quantum master equa-
tions. In contrast, the conventional 4f model, which
exhibits only one low-energy channel for QTM, fails to
describe the experimental results.

We choose Dy/gr/Ir(111), as previous knowledge of this
system determines the Hamiltonians predicting the mag-
netic level schemes for both models, thus enabling the most
realistic comparison between the two. X-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) reveal a 4f'° filling with |[J* =8) and a
|J¥ = +7) ground state with out-of-plane easy magneti-
zation axis. The XMCD magnetization curves exhibit two
steps due to level crossings that determine the energy
separation of the low-lying doublets [6]. STM reports

Published by the American Physical Society
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FIG. 1. Sketches (left) and magnetic level schemes (right) of
(a) the 4f and (b) the 4f5d6s model, as determined from
published XMCD data. In (a) there is only one QTM path
available, via |JAf = 46) (green arrow) while in (b) two such
paths exist, via |[J% = £9) (yellow) and |J®*' = £6) (red). States
with the same color are mixed by the sixfold crystal field.

exclusive adsorption in the sixfold graphene hollow site,
determining the CF symmetry [6], and SP-STM reveals a
large spin polarization of the 5d6s shells [33] that is
rationalized by the transfer of 0.74 £ 0.03 electrons to
the substrate [34]. This valence spin is exchange coupled by
almost 100 meV to the spin of the 4f shell, and density
functional theory (DFT) calculations show that this
exchange originates from both, 5d and 6s shells [33].
The magnetic quantum level schemes accounting for
these findings are presented in Fig. 1. The orbital resolved
composition, energies, and the splittings of the doublets are
given in Table I. The slightly different energies of the
excited states in the two models are required to reproduce
the steps in the XMCD magnetization curve due to

TABLE I.  Out-of-plane projected eigenstates [J/) (4f model)
and |J¥") (4£5d6s model), their orbital resolved composition in 7
units, eigenvalues E, and energy splitting 7@ of the doublets.

g 554 S8 E (meV)  hw (peV)
)
|£7)  +70 .- . 0 0
|+8) 480 .- 3.0 0
| +6) 0 - - 55 13
12
|+8) 471  +05 05 0 0
| +9) 0 0 0 32 0.0036
|+7) 463  +04  +04 5.8 0
| +6) 0 0 0 17.2 13

the different Zeeman splittings. In the 4f model, the

|J¥ = +7) ground state doublet is protected from QTM
and spin reversal takes place via excitation to the split

doublet originating from the mixed |J3/ = 46) states. For
the 4f5d6d model, an exact evaluation of the spin
polarization of the 5d and 6s shells from DFT is difficult
due to the large spatial extent of these orbitals and their
hybridization with C 2p states; thus, we assume for
simplicity a half-integer spin for each valence shell, $°¢ =
Y2 and S% = 15. Now we get a |J = £8) ground state
doublet that is again protected from QTM, however, there
exist two pathways for magnetization reversal, namely, via
the |/ = £9) and the |J®' = £6) split doublets.
Constant-height tunnel current traces recorded with the
STM tip centered on top of isolated Dy adatoms show a
two-state telegraph signal due to the magnetization reversal
of Dy, see Fig. 2(a). The high conductance (HC) and
low conductance (LC) states correspond to parallel and
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FIG. 2. (a) Telegraph signal of Dy (T = 6.3 K, bias voltage
V, =1 mV, set current /; = 10 pA in the LC state). I, is the
nonpolarized and Iz the magnetoresistive current. Right: align-
ment of tip spin polarization at Er and Dy momentum in both
states. (b) Arrhenius plot of the spin lifetime. Experiment: black
and grey dots (V, =1 mV, set current /, = 10 pA in the LC
state). 4 f5d6s model: red-to-yellow curve, the shaded area shows
the accuracy of the fit with By, = —60 +5 mT. Yellow and
red dashed lines show 7z* with QTM exclusively via |J© =
+9) or |JP = 46), corresponding to activation energies
AEg = E(|J7" =9)) — E(|J" = 8)) and AEqq = E(|J7" =6))—
E(|J'=17)), respectively. 4f model: green curve. p; = —0.8 for
both models.
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TABLE II. Hamiltonian terms in the two models.

4f model 4f5d6s model
J JY =8 JOU=9 (J¥ = 8,85 =15, §5 = 1)
A, T (97— 1)[\74f—6s(‘74f - 89) + «74f—5d(~74f 8] + Tsaes (874 - §5)
Hep BY0Y + BYOY + BYOY + BSOS BY0Y + B0 + BYOY + BSOS
H, 19, T By (9,97 + gS:%) By,
By QY 4+ (392 + 0954} + (04341} ()2 + (Y2 4+ (39, 09y + (0% 3%}
Hy o &-JY &8

antiparallel alignment of the tip and Dy spin polarizations.
Note the large spin contrast, expressed by the large fraction
of the magnetoresistive to the nonpolarized current, Iy
and /), respectively. The individual lifetimes of both states,
e and 77 ¢, are determined by fitting histograms of resi-
dence times. To describe the spin dynamics, it suffices to
consider a single characteristic lifetime, 7" = tyctic/
(tuc + 7ic) [35]. The occupancies of the individual states
are given by 7*/tyc and /7.

Figure 2(b) shows the Arrhenius plot of the spin lifetime
7* under reading conditions, i.e., with a tunnel voltage
below any of the excitation energies of the magnetic
quantum levels. The spin lifetime decreases with increasing
temperature, evidencing thermally assisted magnetization
reversal. The data show a transition between a shallow
slope at low 7 and a much steeper one at high 7', with the
change occurring around 8.3 K. This observation indicates
the presence of two reversal paths with different activation
energies.

To distinguish quantitatively between both models, the
spin dynamics is calculated via a master equation describ-
ing the transition probabilities between the eigenstates of
the system in the presence of phonon and electron scatter-
ing [14,17,21,64,65]. The Hamiltonian can be written as

ﬁ[:ﬁlex+ﬁCF+Hz+ﬁlsp-ph+l:lsp-el (1)

with the respective expressions used for these terms in both
models listed in Table II and detailed in [35]. The first three
terms define the Dy eigenstates displayed in Fig. 1, while
ﬁlsp_ph and H sp-el describe the Dy spin scattering with
phonons and electrons, respectively.

Only a limited number of free parameters is available to
reproduce the data, namely, the tip stray field By, and spin
polarization pr, the ratio { between inelastic and elastic
tunneling, the surface to adatom hopping probability ¢,
and the spin-phonon scattering efficiency v, [35]. Two
additional fit parameters are the energy E and splitting Aw
of |[J®' = +6), while for the remaining eigenstates these
quantities are determined from previous XAS and XMCD
experiments.

The observed change in slope in Fig. 2(b) is very well
reproduced by the 4f5d6s model (red-to-yellow curve),

while the 4f model (green line) completely fails. In both
models, the thermally activated spin dynamics is largely
dominated by scattering with substrate electrons, while
spin-lattice relaxation is almost negligible in the entire
temperature range [35]. This is expected since the high
stiffness of graphene implies a low phonon density in the
low energy range of interest.

In the 4f5d6s model and at low temperatures, scatte-
ring with substrate electrons induces spin transitions
(AJ® = +1) driving the Dy spin from the ground doublet
|/t = £8) to the first excited one |/ = £9), from where
the magnetization reverses via QTM. As we increase the
temperature, higher energy states become populated,
including the high energy split doublet [J©' = +6).
Despite being much less populated than |/ = +9), the
larger energy splitting of |J'' = 46) results in a more
efficient QTM. The reversal via |J®' = +6) starts to be
activated at about 8.3 K, has a nearly equal weight as
reversal via |J©' = 19) at roughly 9 K, and largely
dominates for 7 > 10 K.

The 4f model has a single thermal-assisted QTM

channel between |J4f = 46) resulting in a straight line
in the Arrhenius of z*. This line is too steep at low 7" and too
shallow at high 7" compared to the data.

The strength of the 4f5d6s model is further confirmed
by experiments under writing conditions, where the mag-
netic quantum states of Dy are manipulated by electrons
tunneling from or to the tip. Figures 3(a)-3(c) show the spin
lifetime, HC occupancy, and magnetoresistance as a func-
tion of bias voltage V;, at T = 6.7 K. The experimental data
show small variations in 7* and an almost flat HC
occupancy at 50% for |V,| <5 mV, while z* is strongly
reduced and strong spin-torque effects are observed at
higher biases. The experimental behavior is again very well
reproduced by the 4f5d6s model, while the 4f model is
clearly unsatisfactory [66]. The ratio of the magnetoresis-
tive to the nonpolarized current in Fig. 3(c) is only matched
by the 4 f5d6s model. Matching it in the 4 f model results in
too short relaxation times compared to the experimental 7*
in Fig. 3(a).

The bias dependence of the HC occupancy illustrates the
difference between the two models very well. The measured
staircase behavior can only be reproduced by a multipath
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(a) Spin lifetimes, (b) HC occupancy, and (c) ratio of magnetoresistive to nonpolarized tunneling current vs V,, (black dots,

T = 6.7 K, set current /, = 10 pA in the LC state). Lines show calculations with the 4 f5d6s model (red to orange shaded according to

QTM via |/ = £9) or |[J®' = £6)) and the 4 model (green line) (B
within +5 mT. (d) HC occupancy vs bias predicted by the 4 f5d6s model for a fully spin-down polarized

of the fit with variations of By,

ip = —45 mT, py = —0.8). The shaded area shows the accuracy

tip (B, = —45 mT, pr = —1.0); top: alignment of tip spin polarization and Dy momentum vs bias. Sketches on the left (right) show the
spin reversal pathways for the indicated negative (positive) bias ranges.

reversal model, while a monotonic dependence is predicted
by a single-path reversal model. Calculations reported in
Fig. 3(d) show that the observed dependence results from
steps, appearing at characteristic biases, progressively
smoothed with increasing temperature. The origin of these
steps is elucidated by looking at the extreme case of 0.1 K
and for a fully spin-down polarized tip (p; = —1.0) shown
as a thick pink line. For e|V,| < 3.2 meV = AFEgy =
E(|J'=9)) — E(]J®" = 8)), only the ground state favored
by the tip stray field |/ = 8), with the Dy momentum
pointing up, is occupied. Increasing |V, | opens up inelastic
scattering to the next lying eigenstates, progressively acti-
vating magnetization reversal pathways. Reaching the first
threshold on the negative bias side, where the fully spin-
down polarized tip induces AJ® = +1 transitions, Dy is
pumped to |[J' =9), from where the Dy spin tunnels
through the barrier to |J®' = —9) before relaxing to
|/t = —8), see sketch on the lower left in Fig. 3(d). As a
result, the Dy spin state switches from |/ =8) to
|/t = —8), corresponding to a HC occupancy of 1 (spin
pumping). Backward paths are forbidden since (i) the

tunneling current only generates spin-increasing transitions,
thus preventing the way back via [J®*' = —8) to [J®' = —9);
(ii) at this bias, the electron energy is not sufficient to
promote transitions from |J©' = —8) to [J©* = —-7) and
farther to the top of the barrier; (iii) spin scattering with
phonons and surface conduction electrons has negligible
effect at this temperature. Therefore the Dy atom stays
frozen in the |J© = —-8) state until eV, < —-AE;; =
—11.4 meV, where tunneling electrons can promote tran-
sitions from there to |/ = —7) and successively to
|J®' = —6). QTM then induces transitions to |J®' = 6),
from where the spin can relax to |J%* = 8). Note that under
these bias conditions, the Dy spin cyclically reverses, see
sketch on the upper left in Fig. 3(d). However, the proba-
bility of finding it in |J©* = 8) is dominant. Writing is
obtained by simply stopping the injection of the tunneling
current in the desired HC or LC state, as identified via Iyg.

At positive bias, electrons of the considered tip drive
AJ® = —1 transitions, and consequently they gene-
rate transitions from |J©'=38) to |J©'=7), without
changing the HC occupancy. Upon reaching the threshold
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eV, = AE, the Dy gets pumped into |J©' = 6). The spin
can then tunnel to |J©' = —6), where it relaxes to
|/ = —8). Again, under the effect of a continuous
tunneling current, the spin will cyclically switch back to
|/t = 8), via the yellow dotted path shown in the right
sketch of Fig. 3(d). However, the probability of finding it in
|/t = —8) is largely dominant.

We have demonstrated that the spin dynamics of Dy
atoms on graphene on Ir(111) is governed by FV-magnet-
ism, determining the Hilbert space and the QTM channels
available for magnetization reversal. The same is expected
to apply to other isolated spins whenever several electronic
shells are spin polarized. This goes beyond lanthanides,
from 3d elements [28,67] to actinides [68], underlining the
general implications of our Letter. The role of the polarized
valence shells is reminiscent of the one played by delo-
calized radicals in SIMs where a lanthanide center is
exchange coupled with a delocalized radical ligand
[69-74], or in dilanthanide radical-bridged complexes
[71,75,76]. The radical modifies the spin reversal path
and consequently can be used to improve the magnetic
stability of the single molecule magnets. However, the
strength of this exchange only amounts to a few meV,
limiting its effect to temperatures lower than about 30 K
[71,76], while the larger FV coupling is expected to
determine the spin dynamics up to higher temperatures.
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Science Foundation (200020_176932, 200020_204426).
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