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1.

Analysis of two-state switching
In Fig. S1a, we show time traces of the change in topographic height ∆𝑧 for

different tunnel voltages, taken atop a Dysprosium (Dy) atom with a spin-polarized tip
(SP-tip) at a magnetic field of 5 T. The traces reveal switching between two states that
stem from different alignments of the Dy spin with respect to the magnetic field of the
tip, as already shown in Fig. 1B in the main text. Moreover, the switching rate 𝛤
increases with increasing bias voltage, indicating that
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Figure S1 | Magnetic switching of Dy. a, Change in tip height Δ𝑧 due to the change in magnetic state
recorded atop a Dy atom (𝑇 = 1.8 K, 𝐵! = 5 T, 𝐼 = 1.5 nA). The switching rate increases as a function of
bias voltage. A linear background due to thermal drift of the z-piezo was subtracted. b, Switching rate Γ
as a function of tunneling current 𝐼. Black line is a fit to the data as described in the text (𝑇 = 1.8 K,
𝐵! = 5 T, 𝑉!" = −230 mV). c, Switching rate Γ as a function of bias voltage 𝑉dc (𝑇 = 1.8 K, 𝐵! = 5 T). In
order to observe the switching rate over 3-4 orders of magnitude, we took data at 1.5 nA (150 − 250 mV),
0.15 nA ( 250 − 320 mV ) and 0.015 nA ( 315 − 400 mV ) and multiplied them by 1, 10, and 100,
respectively. Black line is a fit to the model described in the text.

higher energy electrons facilitate switching of the Dy spin state. In order to further
characterize the switching rate Γ , we performed measurements as a function of
tunneling current 𝐼 (Fig. S1b) and bias voltage 𝑉dc (Fig. S1c). Here, the switching rate
contains the total number of switches, both from the up to the down state and vice
versa. We fit the tunneling current-dependent switching rate to a model of the form
Γ = 𝑎 ∙ (𝐼 𝐼! )! , which has been used previously to describe random telegraph signal
from two-state magnetic switching events in atomic structures1,2,3. Here, 𝐼! = 1 pA, 𝑎 is
the switching coefficient and 𝑁 is an exponent. In Table S1 we show the values for 𝑎
and 𝑁 obtained from fits to the data in Fig. S1b. In addition, we took data at opposite
bias voltage and without magnetic field. All measurements yield values for the exponent
𝑁~1, indicating that a single-electron processes is governing the switching.
𝟓 𝑻 (−𝟐𝟑𝟎 𝒎𝑽)

𝟓 𝑻 (+𝟐𝟑𝟎 𝒎𝑽)

𝟎 𝑻 (+𝟐𝟑𝟎 𝒎𝑽)

𝒂 (𝒔!𝟏 )

9 ± 4 ∙ 10!!

14 ± 12 ∙ 10!!

1.2 ± 1.4 ∙ 10!!

𝑵

1.08 ± 0.07

1.17 ± 0.12

1.11 ± 0.17

Table S1 | Evaluation of current-dependent two-state noise measurements
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The voltage-dependent measurements (Fig. S1c), which are also shown in Fig.
1c of the main text, reveal two prominent rate-increasing thresholds. Here, we model
them by a piecewise fit to1 Γ =

!
!!! 𝐻(𝑉

− 𝑉! ) ∙ 𝑐! ∙ (𝑉 − 𝑉! ) 𝑉! , where 𝐻(𝑉 − 𝑉! ) is the

Heaviside step function. We find |𝑉! | = (155 ± 3) mV and |𝑉! | = (235 ± 1) mV. These
thresholds lie much higher than the respective transitions for Holmium (𝑉! = 73 mV,
𝑉! = 104 mV and 𝑉! = 119 mV). Table S2 contains the evaluation of the fits to 𝑐! and 𝑉!
under varying magnetic field and bias polarity as all already used for the currentdependent data (Table S1). All of them yield comparable values for the thresholds
(𝑉! and 𝑉! ). In the limit of large voltages, we obtain a scattering probability of around
~ (𝑐! ∙ 𝑒) 𝐼 ≈ 10!! per tunneling electron, which decreases to ~10!! for the 0 T
measurement. This low probability is comparable to that obtained for Ho atoms1.
𝟓 𝑻 (+𝟏. 𝟓 𝒏𝑨)

𝟓 𝑻 (−𝟏. 𝟓 𝒏𝑨)

𝟎 𝑻 (+𝟏. 𝟓 𝒏𝑨)

𝒄𝟏 (𝒔!𝟏 )

7.5 ± 0.7

4.3 ± 0.5

3.4 ± 0.5

𝒄𝟐 (𝒔!𝟏 )

1109 ± 41

620 ± 27

172 ± 66

|𝑽𝟏 | (𝒎𝑽)

155 ± 3

151 ± 1

150 ± 2

|𝑽𝟐 | (𝒎𝑽)

235 ± 1

240 ± 2

229 ± 3

Table S2 | Evaluation of voltage-dependent two-state noise measurements.

2. Magnetic tip preparation and characterization
The STM tip used in this work was made of PtIr wire, which was covered with Ag
atoms due to indentions into the substrate required for tip shaping. For preparing SPtips, we picked up Fe atoms from the surface using atomic manipulations4. SP-tips with
which we performed tip-field sweep ESR measurements, typically contained ~30 Fe
atoms at the apex. For most of the tip-field sweep ESR measurements shown in this
work, our SP-tips showed magnetic switching on timescales faster than the timescale
of our measurements (~100 ms). As described in the main text, this leads to two
resonance peaks for Fe atoms in Fe-Dy pairs for all values of external magnetic fields,
except at the merging point. However, some SP-tips also showed longer lifetimes of up
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to several minutes allowing us to probe the resonance associated with the individual tip
state.

Figure S2 | Tip-field sweep ESR measurements with a slowly switching tip. a, ESR on an Fe-Dy
pair at Bext = 30 mT. The curve plotted at positive and negative tip field is the sum of three and two
individual traces, respectively. b, Full dataset at varying BZ. All curves are normalized individually.
(𝑇 = 1.3 K, 𝑉!" = 15 mV, 𝑉!" = −50 mV, 𝑓 = 21.4 GHz).

Figure S2 shows ESR measurements of an Fe atom in a Fe-Dy pair with an
interatomic distance d = 1.15 nm using a tip that switched only every few minutes. In
order to record ESR peaks for both tip states, the traces were measured several times
at each magnetic field and subsequently averaged. Exemplary spectra capturing the
two different tip states separately are displayed Fig. S2a. By measuring at various
external fields (Fig. S2b) we find the same behavior as in datasets in the main text.
From the zero-field splitting we find BDy = 5.6 ± 2.1 mT in good agreement with the
theoretical value BDy = 6.1 ± 0.2 mT and in line with the data plotted in Fig. 4c.
In order to convert the tip-atom distance to a tip magnetic field, we gauged the
tip magnetic fields by acquiring tip-field sweep ESR spectra on a reference Fe atom.
This characterization was done for five different radio frequencies and three different
out-of-plane external fields 𝐵!"# = 0 and ± 30 mT. Figure S3a shows the representative
case for 𝐵!"# = 0 mT. The ESR peaks appear at larger tunnel currents with increasing
fixed resonant frequencies. The peak positions 𝑓! obtained from the fit to the data are
shown in Fig. S3b. 𝑓! scales in good approximation linearly with tunnel current 𝐼! , which
is expected for a tip field dominated by exchange interaction5. Thus, we interpolate the
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data using a linear dependence between the tunnel current at resonance and the fixed
radio frequencies at a given 𝐵!"# as shown in Fig. S3b.
𝐵!"# =

!(m∗!! +f𝑜𝑓𝑓𝑠𝑒𝑡 )

(eq. S1)

!!!"

Here, m is the gradient of the fitted curve and f!""#$% is its y-axis intercept. From this
linear dependence we extract the tip-fields at any arbitrary tunnel current 𝐼! .

Figure S3 | Characterization of tip-fields. a, Tip-field sweep ESR measurements on a reference
isolated Fe atom at five fixed radio frequencies. Solid lines are fits to the data as described in the
Methods section (𝑉!" = −50 mV, 𝑉!" = 27.5 mV, 𝑇 = 0.6 K, and 𝐵!"# = 0). b, Tip-fields are determined from
the slope and offset of the linear dependence extracted from (a) following eq. S1.

3. Vanishing magnetic fields experienced by Dy single atoms
Even in the absence of external magnetic fields (Bext = 0) the Dy atoms are still
exposed to several additional sources of local magnetic fields, such as the magnetic
field from the SP-tip, the dipolar field originated by any neighboring Fe atom, and the
presence of its own nuclear spin inducing hyperfine coupling. Albeit being small, we
discuss in the following their influence in the different types of measurements and note
that their influence on the stability can be neglected.
Considering only dipolar coupling between the SP-tip and the surface spins, an
upper bound for the magnetic field experienced by the Dy atom during any tip-field
sweep ESR can be estimated to be at least a factor of ~5 lower (~20 mT) than that
experienced by the Fe atom. However, since the tip-field is likely coupled via exchange
5

interaction to the Fe sensor atom during tip-field sweep ESR (see exponential decay in
Fig. S3), which is stronger but decays faster than the dipolar interaction, we would
overestimate the tip-field on the Dy atom.
In addition, even after repeated cycles of Bext field ramping through zero within ±30
mT we did not observe any spin-switching in the Dy atoms. This range exceeds the
expected range of all additional field sources listed above (tip-field < ~20 mT, magnetic
dipolar coupling of Fe Sensor atom at 1 nm distance of 5 mT, Dy hyperfine splitting < 3
mT

6,7

), so that the Dy spin would already have been swept through its avoided level

crossing. Note that all tip-field sweep ESR measurements presented in this work were
conducted at fixed values of Bext. For measurements at different values of Bext such as
those shown in Fig. 3a, the external magnetic field was ramped at a speed of 10 mT/s.
In this regime of magnetic field ramps, we do not expect any Landau Zener tunnelling.
During such Bext sweeps, the SP-tip was either retracted or placed far away from any Dy
spin. This allowed the Dy atoms to experience the complete absence of any magnetic
field during these operations. Despite this, our repeated tip-field sweep ESR
measurements on several individual Fe-Dy pair always resulted in an unchanged sign of
the dipolar magnetic field from the Dy atoms, indicating the absence of any spin
switching in the Dy. Besides these, STM topography scans of Dy atoms performed with
magnetic SP-tips, which effectively change the magnitude of the tip-field by the change
in proximity of the tip, also did not exhibit any switches in the Dy atoms. This suggests a
negligible effect of the magnetic fields from the tip on the Dy spin state.
Given these evidences, we conclude that for |𝑉!" | < 140 mV, the magnetic
orientation of the Dy atom is always robust, even in the limit of vanishing magnetic fields.

4. Tip-field sweep ESR measurements of an Fe-Fe pair
To further exemplify the zero-field stability of Dy as observed in the tip-field sweep
ESR, we here contrast these measurements by a fast-switching spin on a surface, a
single Fe atom. In Fig. S4a we show tip-sweep measurements taken on a pair
consisting of two Fe atoms 0.81 nm apart. The stray field of a nearby stable magnet
such as Dy simply offsets the merging point towards finite positive or negative external
6

field. An unstable nearby magnetic atom with a stray field switching faster than the
timescale of our measurements will lead to both types of offsets being present at the
same time. Consequently, we find four resonances at large enough fields, three
resonances where the merging points would have appeared if the nearby magnet was
stable (as in the case of Fe-Dy pairs), and two resonances at zero external magnetic
field. Figure S4b shows extracted resonance currents as a function of the external
magnetic fields. The solid lines in Fig. S4b are calculated peak positions using equation
1 of the main text. These are in reasonable agreement with our measurements. The
deviations from the a strict linearity at larger tip-fields can be attributed to a strong
exchange interaction between the two Fe atoms in the pair at such a close distance of
0.81 nm, as also reported in Ref. [8].

Figure S4 | Low-field tip-sweep ESR measurements of an Fe-Fe pair. a, ESR measurements at
different external magnetic fields on an Fe atom in Fe-Fe pair (d = 0.81 nm). Solid red curves are fits as
described in the Methods. Data for different Bext are vertically offset for clarity ( 𝑇 = 1.7 K ,
𝑉!" = 15 mV, 𝑉!" = −50 mV, 𝑓 = 16.25 GHz). b, Measured resonance tip-fields plotted as a function of the
external magnetic field. The calculated values use eq. (1) from the main text and an Fe magnetic
moment of 5.44 µB.

5. Frequency sweep ESR measurements on Fe-Dy pairs
In addition to tip-field sweep ESR measurements, we performed frequency-sweep
ESR on the Fe atoms in the Fe-Dy pairs. This type of measurement has been used
7

more frequently in former works1,8,9. Figure S5 presents a series of resonances
measured on an Fe sensor atom which is 1.82 nm away from a neighboring Dy atom. In
order to demonstrate the effect of the two distinct magnetic orientations of Dy on the Fe
sensor, we modified the Dy spin state by using a voltage pulse, |Vdc| > 150 mV. This
allows us to prepare the Dy atom in the "spin down" configuration, resulting in a higher
effective magnetic field experienced by the Fe sensor. Consequently, the ESR peak of
Fe shifts to a higher frequency compared to the initial case (lower vs middle spectra).
The original peak position can only be restored following another manipulation of the Dy
spin state by an additional exposure to high energy (|Vdc| > 150 mV) tunneling current
atop Dy, thus switching it back to the "spin up" state. These measurements demonstrate
again that we can controllably switch the longtime stable magnetic states of the Dy
atom. Note that the change in the resonance frequency Δ𝑓 of the Fe atom during such
experiments, is related to the out-of-plane magnetic moments of Fe and Dy atom as 8 :
Δ𝑓 =

!!
! ! !!

!

𝜇!" 𝜇!" = ! 𝐵!" 𝜇!"

(eq. S2)

The second equality in eq. S2 uses the expression for the dipolar magnetic field from
the Dy atom: B!" =

!! !!"
!! ! !

. In order to extract 𝐵!" from the Δ𝑓 values obtained from all

frequency sweep measurements, we use the known value of 𝜇!" from Ref. [8] in eq.
S2, which are shown in Fig 3c of the main text. Note that it is possible to perform such

Figure S5 | Frequency sweep ESR measurements on an Fe atom in an Fe-Dy pair. A series of
frequency sweep ESR scans on a sensor Fe atom placed at 1.82 nm distance from a target Dy. The
lowest spectrum was initially taken on the pair. The middle one was taken after reversing the magnetic
state by high energy electrons (|Vdc| >150 mV) that correlated with a change in topographic height as
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indicated in Fig 1b. The upper spectrum was taken after a second change in the magnetic state using the
x

z

tunnel current (T=1.8 K, Bext =1.4 T, Bext = 0.125 T, It = 20 pA, Vdc = 100 mV, VRF = 15 mV).

frequency-sweep measurements even without any external magnetic field5, unlike the
conventional approach which requires a significantly large external magnetic field.
However, in such cases the resonance is driven only by the magnetic field from the tip,
which typically results in a broad resonance with linewidths easily exceeding a few GHz,
as shown in Ref. [5]. This makes it challenging to infer any small frequency shift in the
Fe resonance peak (0.5 GHz for an Fe-Dy pair with d = 1.82 nm) that is expected for
any concomitant change of the magnetic orientation of a neighboring Dy atom.
6. Atom manipulations on Dy single atoms
Dy atoms on bilayer MgO were found to adsorb almost exclusively on the bridge
sites, that is atop the lattice position between two oxygen atoms of MgO. Thus, the
investigation of Dy on top sites as well as the creation of atomically precise structures
required the ability to perform single atom manipulation. Dy adatoms could be picked
up with almost 100% success rate when approaching the tip towards the Dy adatom
under application of a negative bias of a few hundred mV. Dropoff was performed by
approaching the tip towards bare MgO under application of negligible bias. Creation of
structures with specific Fe-Dy separations was done by first centering the tip on top of
the Fe atom and by subsequently moving it laterally towards the targeted lattice site.
Fig. S6 exhibits an example of such pick up and drop off sequences leading to the
creation of the Fe-Dy4 structure described in the main text. Different types of atoms and
lattice positions could be distinguished easily by their different apparent topographic
height (Fig. S6).
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Figure S6 | Atom manipulation sequence. (a) Topographic image showing an Fe atom surrounded by
Dy atoms adsorbed on bridge sites (denoted as Brg.) on bilayer MgO. The latter can easily be spotted
due to its characteristically large height of around 310 pm. (b,c) The surrounding bridge site atoms are
being picked up and moved to O sites at a distance of four lattice sites from the central Fe. Their height
is around 230 pm. (d) The finished structure with four top site Dy atoms placed at a distance of four
lattice from the central Fe atom. (𝑇 = 2 K, 𝑉!" = 100 mV, 𝐼 = 20 pA).

7. Thermal and magnetic stability of Dy single atoms
We find that both magnetic states of Dy single atoms remain thermally stable at least
up to 15 K at 𝐵!"# = 5 T. Figure S7a depicts an STM topography showing a chain of 6
Dy atoms that were purposely arranged for testing the thermal stability of their spin
states. We detect the Dy spin state by acquiring tunnel current maps of the atoms
(Figure S7b). This method is similar to the change in topographic height shown in Fig.
1b in the main text and utilizes the fact that the tunnel current depends on the Dy spin
orientation. To conduct these measurements, the feedback loop is opened and the tip is
scanned at a fixed height across the sample. Their magnetic states were prepared at 1
K to have ‘101010’ configuration (“42” in binary), where ‘1’ and ‘0’ refer to spin-up and
spin-down state of a single Dy atom.
The sample is then heated up to 15 K in two steps (10 K, 15 K). Besides this, a high
magnetic field of 𝐵!"# = 5 𝑇 was applied to additionally facilitate Orbach processes for
the Dy spins. After each intermediate step, the sample is allowed to cool down again to
the base temperature of 1-2 K. Subsequently, the magnetic states of the Dy atoms are
probed for spin flips by acquiring tunnel current maps as described above (Fig. S7b,
second from top to bottom). As evident from the line profiles presented in Fig. S7c, all
Dy atoms retain their magnetic orientation. The stability was additionally checked with
another 5 Dy atom structure. In both cases no spin flip of any Dy atom was detected up
to 15 K at 5 T out-of-plane magnetic field.
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Figure S7 | Thermal stability in Dy single atoms. (a) Topographic image showing a structure of 6 Dy
atoms aligned by atom manipulation (T=1.0 K, Bext = 5 T, It = 20 pA, Vdc= -100 mV). (b) A series of
constant height STM images of the structure shown in (a). All measurements are performed using an SPtip at the base temperature of T = 1-2 K, upon sequential heating up to 15 K at 𝐵!"# = 5 T. Vdc= 50 mV. (c)
Line profiles indicate that the prepared magnetic states of the Dy atoms remain intact even after these
st

rd

th

thermal cycles. Horizontal dotted lines are guides to the eye, showing that the 1 , 3 , and 5 atom (“spin
nd

th

th

up”) always show larger currents than the 2 , 4 , and 6 atom (“spin down”), respectively.

8. Multiplet analysis
The spectrum of eigenstates of the Dy atoms has been obtained using the
multielectron Quanty code10. The Hamiltonian for the 4f electrons
ℋ = ℋ!!! + ℋ!" + ℋ!" + ℋ!""#$% ,
includes the effects of electron-electron interaction, spin orbit coupling, crystal field and
external magnetic field, respectively. In this approach, we neglect the average
configuration energy provided by the kinetic energy of the electrons, the hyperfine
interaction, as well as the spherical part of the electron-electron interaction, as those
contributions simply produce a constant shift to the eigen energies11. The non-spherical
part of the electron-electron interaction is treated using the Slater approach. The
parameters for the atomic value of the Slater integrals as well as for the spin orbit
coupling are obtained from the Cowan’s atomic structure code11 assuming [Xe]4f96s2
configuration12. Values of the Slater integrals have been rescaled to 70% of the free
atom values in agreement with previous X-ray spectroscopy data13. The first two terms
in the Hamiltonian lift the degeneracy of the multielectron states into a series of atomic
multiplets characterized by the spin, orbital and total angular momentum quantum
11

numbers 𝑆 ! , 𝐿! , and 𝐽! , respectively. For Dy in a 4f9 configuration, the lowest multiplet is
characterized by a 𝑆 = 5/2, 𝐿 = 5, and 𝐽 = 15/2 and multiplicity of 2𝐽 + 1 = 16. The
crystal field generated by the adsorption on the four-fold symmetric O site is treated in
!
the Wybourne approach14, including the Racah tensor 𝐶!
(θ, φ) allowed by the C4v

symmetry:
ℋ!" = 𝐴!! 𝐶!! (θ, φ) + 𝐴!! 𝐶!! (θ, φ) + 𝐴!! 𝐶!! (θ, φ) + 𝐴!! 𝐶!! (θ, φ) + 𝐴!! 𝐶!! (θ, φ).
Finally, the Zeeman term in the Hamiltonian describing the interaction between the 4f
electrons and the external magnetic field B reads:
ℋ!""#$% = 𝜇! (2𝑺 + 𝑳) ⋅ 𝑩
For the CF model, the values of the 𝐴!! coefficients determine the zero-field
splitting of the magnetic states. Initial values of these parameters 𝐴!! have been
computed using a point charge electrostatic model (PCEM)14. Positions and values of
the point charges have been obtained from an initial guess based on a previous work on
Gd/MgO/Ag(100)12. The distance between the Dy atom and the Oxygen underneath has
been increased by 10 pm with respect to Gd to match the experimental level splitting of
about 240 meV. Positions and values of the point charges are summarized in
Supplementary Table S3.
Charge

𝒅!

𝒅∥

O (underneath)

-2e

-225 pm

0 pm

Mg (2nd nearest neighbours)

+2e

-270 pm

208 pm

-2e

-270 pm

294 pm

Ion

rd

O (3 nearest neighbours)

Supplementary Table S3 | Charges values and positions used for the PCEM model. Vertical
distance (𝒅! ) and projected distance on the plane (𝒅∥ ) with respect to the Dy atom position are shown for
rd

the surface nearest neighbour up to 3 order.

Similar to the case of Gd, semi-empirical re-scaling parameters κ!! have been included
to overcome the well-known limitations of this model. These parameters have been
identified by comparison with the level splitting from a benchmark multiplet code
(MultiX) with in-built PCEM functionality15. The semi-empirical re-scaling parameters κ!!
12

, and the computed values for the 𝐴!! and 𝐴!! = κ!! 𝐴!! coefficients are summarized in
Supplementary Table S4.

PCEM

PCEM
modified

𝐴!!

𝐴!!

𝐴!!

𝐴!!

𝐴!!

349.0 meV

63.3 meV

4.4 meV

15.8 meV

1.4 meV

κ!!

κ!!

κ!!

κ!!

κ!!

2 2

2 2

4

4

𝐴!!

𝐴!!

𝐴!!

𝐴!!

𝐴!!

493.5 meV

179.0 meV

12.3 meV

63.0 meV

5.4 meV

493.5 meV

179.0 meV

105.3 meV

63.0 meV

5.4 meV
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Supplementary Table S4 | Crystal field parameters computed from the PCEM models.

The uniaxial terms 𝐴!! 𝐶!! (θ, φ) commute with the z–projected total moment operator 𝐽! ,
therefore they preserve the corresponding quantum number 𝑚! . Conversely, the
transverse terms 𝐴!! 𝐶!! (θ, φ) mix states separated by ∆𝑚! = 4 and open underbarrier
spin-flip transitions accessible with tunnelling electrons.
The zero-field splitting of the lowest atomic multiplet for a Dy in 4f96s2
configuration is shown in Fig. S9a, together with the comparison with calculations of the
Dy in 4f106s2 configuration using the same PCEM model, see Fig. S9b. The additional
electron in the 4f orbitals reduces the asphericity of the 4f charge and, consequently,
the energy separation of the magnetic levels16,17. The large difference in the expected
barrier height of the two configurations allows us to infer about the 4f9 occupation of the
Dy atoms on MgO/Ag(100). The larger charge anisotropy of the 4f9 configuration also
accounts for the difference in anisotropy barrier between Dy and Ho single atom
magnets1,12,18.
The value of the highest energy states in the 𝐽 = 15/2 multiplet calculated from
the bare PCEM model matches well with the energy of highest switching threshold
observed in our measurements (see Fig. 1c). However, as it will be discussed in the
13

following, the calculated switching rates are much lower than the experimental values
(See also Fig. S10). In order to increase the rate of switching, we increase the
contribution of the mixing term 𝐴!! until reaching a satisfying agreement with the
experiment. The corresponding CF parameters for this modified PCEM configuration is
shown in Table S3. This additional mixing does not significantly alter the splitting of the
states (see Fig. S8).

9

2

Figure S8 | Zero-field splitting of the Dy atoms. (a) Magnetic levels of Dy in the [Xe]4f 6s electronic
configuration calculated using both bare and modifies PCEM model (b) Comparison with the magnetic
10

2

levels of Dy in the [Xe]4f 6s configuration.

The voltage-dependent switching rate of Dy is evaluated from the multiplet model
by calculating the probability of inducing a reversal via spin–excitation events. We
consider reversal paths involving an excitation towards an intermediate state with a
single electron scattering process, and a successive decay to a spin state that has
opposite orientation with respect to the initial one. The probability of a reversal path that
starts from the initial state 𝑖↑ through an intermediate state 𝑗 ending in any final state 𝑓↓
with energy 𝐸! < 𝐸! is calculated as the product of the two spin-excitation events:
14

𝑃!"# 𝑗 = 𝑃 𝑖↑ → 𝑗 ×

𝑃 𝑗 → 𝑓↓
!∈ ↓, !! !!!

where 𝑃 𝑖↑ → 𝑗 =

𝑖 𝝈⋅𝑱 𝑗

!

𝐽 𝐽 + 1 , with 𝝈 being the spin of the tunnelling electrons

!

and 𝝈 ⋅ 𝑱 = 𝐽! 𝜎! + ! 𝐽! 𝜎! + 𝐽! 𝜎! is the transition operator related to the scattering with
a tunnelling electron19. The main reversal mechanisms can be separated into three
categories based on the change in the quantum angular momentum operator during the
excitation process, with ∆𝑚 = 0 transitions associated to the 𝐽! 𝜎! operator, and
∆𝑚 = ±1 associated to the 𝐽± 𝜎∓ ladder operators (see Fig. 1c and d).
The thresholds 𝐸! required to reach the intermediate state 𝑗, the probabilities 𝑃(𝑗)
for these transitions and the change in angular momentum during the transition are
shown in Table S5.
𝐸! (meV)

𝑃(𝑗)

𝑐! (s-1)

∆𝑚

146

5.62 x 10-9

2.4

+1

194

6.61 x 10-8

27.9

0

218

1.64 x 10-7

69.4

0

220

1.01 x 10-7

42.6

-1

226

1.40 x 10-7

59.1

+1

245

3.73 x 10-7

157.4

0

248

1.14 x 10-6

482.9

+1

Supplementary Table S5 | Switching rates obtained from multiplet calculations. Values of energy
thresholds 𝐸! , transition probabilities 𝑃 𝑗 , switching rates 𝑐! = 𝑐! ∗ (𝐼/𝑒) ∗ 𝑃(𝑗), and variation of the
angular momentum ∆𝑚 calculated for the modified PCEM model. For the switching rates, we used
𝑐! = 0.045 and 𝐼 = 1.5 nA.

We finally compute the voltage-dependent switching using the piecewise linear
function Γ(eV) =

!
!!! 𝑐!

∙ (𝑒𝑉 − 𝐸! ) 𝐸! , with the switching rates 𝑐! = 𝑐! ∗ (𝐼/𝑒) ∗ 𝑃(𝑗).

The corresponding values are also summarized in Table S5. Here we use 𝑐! = 0.045 as
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the only fit parameter serving as global pre-factor to match the experimental rates. This
pre-factor indicates the fraction of tunnelling electrons that can interact with the
magnetic states and potentially participate in the spin-excitation process. This low
number suggests that only a few rare tunnelling events that affect the 4f orbitals are
effective in the reversal of the Dy spin. The results of the computation using both bare
and modified PCEM model of the crystal field are shown in Fig. S9. As previously
anticipated, the results obtained using the bare PCEM model, are in poor agreement
with the experiment. Only by increasing the transverse 𝐴!! term of the CF field it is
possible to achieve a satisfying match with the data. The need of increasing the fourfold symmetric terms suggests that the level composition cannot be fully reproduced by
only considering the electrostatic interaction with the surrounding Mg and O ions. We
speculate that the origin of this additional term originate from the deformation of the
outer 6s orbitals due to the hybridization with the neighbouring Mg atoms12, which is
expected to provide an additional non-spherical contribution to the energy of the 4f
electrons not captured in the PCEM model.

Figure S9 | Switching rates of Dy atoms. Calculated voltage-dependent spin switching for both bare
and modified PCEM models. The switching rate of the bare PCEM model is shown magnified by a factor
20 to approach the experimental values.
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