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Engineering atomic-scale magnetic fields by
dysprosium single atom magnets

A. Singha 12378 p Willke® 247 T. Bilgeri5'7, X. Zhang1'2, H. Brune® °, F. Donati"®, A. J. Heinrich® 0¥ &
T. Choi@ 6™

Atomic scale engineering of magnetic fields is a key ingredient for miniaturizing quantum
devices and precision control of quantum systems. This requires a uniqgue combination of
magnetic stability and spin-manipulation capabilities. Surface-supported single atom magnets
offer such possibilities, where long temporal and thermal stability of the magnetic states can
be achieved by maximizing the magnet/ic anisotropy energy (MAE) and by minimizing
quantum tunnelling of the magnetization. Here, we show that dysprosium (Dy) atoms on
magnesium oxide (MgO) have a giant MAE of 250 meV, currently the highest among all
surface spins. Using a variety of scanning tunnelling microscopy (STM) techniques including
single atom electron spin resonance (ESR), we confirm no spontaneous spin-switching in Dy
over days at ~ 1 K under low and even vanishing magnetic field. We utilize these robust Dy
single atom magnets to engineer magnetic nanostructures, demonstrating unique control of
magnetic fields with atomic scale tunability.
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ingle lanthanide atoms adsorbed on surfaces or incorpo-

rated in molecular complexes are being pursued in recent

years for applications in quantum information technology
and high-density magnetic data storage. Major advances in these
domains include all-electrical read-out! and coherent control of
their nuclear spins?, the use of atomic clock transitions to protect
their spins against dipolar decoherence?, the discovery of single
atom magnets*>, and the ability to manipulate their spin states®.
Recently, a distinct class of molecular magnets containing a single
Dy atom has even pushed the limit of operational temperatures
up to 80 K by enhancing the MAE”8. Higher uniaxial MAE acts
as a barrier against spontaneous reversal of magnetic spins®-11,
thus enhancing their magnetic lifetimes. The charge balance in
such molecular magnets, however, necessitates the use of anionic
counterparts, posing limitations on isolating and supporting them
on a solid-state substrate. In contrast, single lanthanide atoms can
be directly adsorbed on insulating MgO substrates, and due to the
linear bond formed at the oxygen site, large MAE values are also
expected!2. Among the late lanthanides, terbium (Tb), Dy, and
holmium (Ho) atoms exhibit large MAE in a uniaxial crystal field
(CF)1213, which led to the first few lanthanide-based single-chain
magnets with slow magnetic relaxation!41, In particular, Dy ions
and diatomic units deposited on MgO are predicted to possess
significantly larger MAE compared to their counterparts con-
taining Ho!2. Additionally, the seminal single-atom magnet, Ho
on MgO*, despite its long magnetic lifetime, lacks resilience
against slow sweep rates of tip-magnetic fields!®.

In this work, we report the first single-atom magnet on a
surface that maintains stability at zero external magnetic field as
well as against slow magnetic field sweeps, and hence can be used
to create atomically localized magnetic fields. We observe mag-
netic stability of several days in Dy atoms adsorbed on MgO at
~1 K with a giant MAE of 250 meV, using a low-temperature
STM combined with single-atom ESR capability!”. Using a spin-
polarized tip (SP-tip) we measure random telegraph signal of the
two magnetic states in Dy atom and reveal that the magnetization
reversal becomes possible only via scattering with tunnelling
electrons of energies higher than 140 meV, which is twice com-
pared to the case of single Ho atoms adsorbed on MgO/Ag
(100)!8. By employing tip-field sweeps!® on sensor Fe atoms??, we
directly measure the magnetic dipolar fields from Dy (Bpy), which
show absence of all major relaxation pathways at low and even
zero external magnetic field (Be)?!, unlike Dy-based single-
molecule magnets’2>23, We harness this zero-field magnetic
stability in single Dy atoms in several engineered Fe-Dy struc-
tures, to demonstrate atomically precise control of magnetic
fields.

Results

Figure 1 a shows a constant current STM image highlighting both
Fe and Dy single atoms adsorbed atop an oxygen-site of a bilayer
MgO patch grown on Ag(001) (see “Methods”). For character-
izing the magnetic stability of the Dy atom, we first investigate it
with an SP-tip prepared by transferring several Fe atoms from the
MgO surface to the tip-apex?4. SP-tips offer spin-sensitive read-
out via tunnelling magnetoresistance. Thus, a magnetic contrast
between two distinct Dy-spin orientations is recorded as
switching events in the time-trace of the tip—sample distance (Az)
for fixed tunnelling currents (Fig. 1b)®2>26, The switching rate
increases with bias voltage V4., while no magnetization reversal is
ever observed for |V4|<140meV. From the bias-voltage-
dependent switching events measured at 5T out-of-plane mag-
netic field (Fig. 1c), we identify two dominant thresholds, at 155
mV and 235mV (Table S2), which are twice compared to the
respective values reported for single Ho atoms on MgO/Ag

(001)!8. In order to identify the magnetization reversal mechan-
isms associated with these thresholds, we perform point-charge-
based multiplet simulations?”. Figure 1d illustrates the resulting
energy level distribution of a single Dy atom in 4f° configuration,
indicating an out-of-plane total MAE of 250-meV with a ground
state Kramer doublet of (J,) = +% and a magnetic moment of
9.9up. Note that the 4f10 configuration results in significantly
reduced MAE (Fig. S8). Due to the fourfold symmetry of the O-
adsorption site, the eigenstates of the system are linear combi-
nations of several J, states?8 separated by Am; = + 4. The resulting
state mixing is stronger for states with lower (J,) (Fig. 1d). In
presence of the tunnelling electrons, this opens up transitions
between an initial and a final state with probabilities defined by
the interaction operator J-o =],0, + %(]Jra_ +J_o,), where
J,— are the ladder operators of the Dy angular momentum J, and
o is the spin operator of the tunnelling electrons?®. The selection
rule for J- o allows transitions for AJ, =0, + 1(mod4), where AJ,
is the difference between initial and final state values of (J,).
Consequently, we identify seven major routes of different inten-
sities within 146-248 meV, which enable spin-flip events
(Fig. 1d). The corresponding calculated switching probabilities for
different Am transitions are in good agreement with experi-
mentally measured thresholds shown in Fig. 1c (see Supple-
mentary section 8).

Although the giant MAE of 250 meV largely reduces the
probability of spin-transitions over the anisotropy barrier, it does
not ensure magnetic stability against quantum tunnelling. How-
ever, following Kramer’s theorem3’, the ground state of Dy with
half-integer value of (J,) should remain doubly-degenerate at B,
=0T, thereby implying a vanishing transition probability
between (J,) = + 1—25 In order to verify this zero-field magnetic
stability of Dy, we employ a specific ESR detection method
operating in zero external magnetic field and using sweeps of the
tip magnetic field only (Bgp)'”. We probe the stability of the Dy
spin states via coupled sensor Fe atoms in engineered Fe-Dy pairs
of varying interatomic distances d (see Supplementary section 6).
As illustrated in Fig. 2a, the radio frequency (RF) is kept constant
(fo) and tip-field sweeps are achieved by varying the tunnelling
current at constant Vg, thereby changing tip-sample distance
(see “Methods” and Supplementary section 2). For the following,
it is important to note that the SP-tips used in this work for
measuring tip-field sweep ESR showed magnetic bistability in low
fields (|Bexe] <60 mT), with lifetimes typically shorter than the
timescales of our measurements (see Supplementary section 2).
This results in two different orientations of the tip-fields with
respect to all static magnetic fields (Bgeic). Thus, considering only
the out-of-plane projections from both By, and By = Bpy +
Bext» the generic condition for driving tip-field sweep ESR in Fe
atoms in strong tip-field regimes (|Bgp| > |Bstatic|]) can be written
as (see “Methods”):

hfo

=|+B;, +B
21“Fe o

| = |Btip| * |BDy + Bext| (1)

static

Here, h is Planck’s constant and pg. is the magnetic moment of
the sensor Fe atom. In the absence of any static magnetic field
(Bpy = 0 and By = 0), spin resonance occurs when the tip-field
induced Zeeman splitting between the two lowest lying states of
the Fe atom (2ugcByp)!” matches By = hfy, leading to a single
resonance (Fig. 2b). However, in the presence of a static dipolar
field from Dy, (Bpy # 0 and By = 0), the resonance results from
two different relative alignments of By, and Bp,. Consequently,
the resonance condition is satisfied at two distinct tip-fields
centred around %, ie., Btlip = 2%1 — Bp, and Btzip = g—;’e + Bpy-
This interpretation is in excellent agreement with our observation
of two ESR peaks for the Fe atom in a Fe-Dy pair at B, =0T
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Fig. 1 Magnetic contrast and large magnetic anisotropy in single Dy atoms on MgO. a STM image of single Fe and Dy atoms adsorbed on a bilayer MgO
patch grown on Ag(001). The intersections of the red lines mark the oxygen sublattice of the MgO surface (T=0.7 K, V4. =100 mV, I; =20 pA). b Spin-
polarized detection of time-dependent change in apparent height Az atop Dy atom exhibiting its two possible magnetic orientations (T=1.8K, Be,;y =5T,
[=15nA, V4. = =156 mV). ¢ Dy spin-switching rate 7 as a function of bias voltage V.. For recording switching rates spanning 3-4 orders of magnitude,
we acquired data at [y =15nA (150-250 mV), l;=0.15nA (250-320 mV) and ;= 0.015 nA (315-400 mV) and multiplied them by 1, 10 and 100,
respectively. Solid lines are calculated switching rates from different Am transitions using multiplet analysis (T =1.8K, at Be,; =5 T). Error bars on each
data point account for standard deviation and error propagation for fits to the residence times in both up and down state of Dy. d Level scheme inferred
from multiplet calculations at Be,; =5 T showing a giant MAE of 250 meV, ground state with (J,) =%15/2, and seven routes within 146-248 meV for
spin-flip transitions in Dy atoms. Bright colour-coded arrows with corresponding energies (in grey), represent transitions for different Am, same as in (c).
Following these transitions, a series of de-excitation processes (grey arrows) cause a complete spin reversal.

(Fig. 2b). Note that the separation between the two resonance
peaks in Fe-Dy pairs directly provides a measure of the out-of-
plane magnetic field generated by a single Dy atom (Bpy). Within
magnetic dipole approximations this is proportional to the out-
of-plane magnetic moment of the Dy atom (upy) as
Bp, = #‘f% x d, where g, is the vacuum permeability.

The two-resonance feature also appears at small non-zero
values of By for isolated Fe atoms as shown in Fig. 3a (left
panel). This illustrates that the effect of the Dy dipolar field on a
neighbouring Fe atom (Fig. 2b, top) is the same as having a static
external magnetic field only. The positions of the two ESR peaks
evolve linearly with By, for all cases (Fig. 3a). However, for the
Fe-Dy pairs the two ESR peaks merge when the external mag-
netic field compensates the dipolar field from the Dy atom (Bey
= —Bpy,), thereby shifting them with respect to the isolated Fe
case (Fig. 3b). From these measurements we infer the dipolar field
of the Dy atom for several Fe-Dy pairs of varying interatomic
distance (Fig. 3c). Note that we observe an excellent agreement
between frequency sweep and tip-field sweep ESR at two different
set frequencies which suggests that tip-fields are not influenced by
the presence of the Dy atom (see Supplementary section 2). We fit
the |Bp,| values obtained from all ESR measurements to the

explicit distance dependence Bp,, = H‘f:" x d~* and obtain Hpy =

10.1 £0.3up, in agreement with the multiplet analysis and the
atomic value for Dy in gas phase.

Note that we never observe any spin-switching in Dy over days
against repeated cycles of By ramps within + 30 mT (see Sup-
plementary section 3), despite an isotopic composition which
bears the possibility of spin—flip transitions at low magnetic fields
via hyperfine interaction in 1®!Dy (19% natural abundance) and
163Dy (25% natural abundance). This is in contrast to the case of
single Ho atoms on MgO, where spin-switching was observed at
slow magnetic field sweeps!'®. Moreover, the magnetic state of the
Dy atom is also stable against high magnetic fields of 5T and
heating of at least up to 15K (Fig. S7). Altogether, these results
lead us to conclude that Dy is a single atom magnet atop O-site of
MgO, even in the limit of vanishing magnetic field. The observed
magnetic stability is supported by our multiplet analysis which
indicates that the g-factor is essentially uniaxial with negligible
transverse component (see Supplementary section 8).

Finally, we demonstrate the versatility of Dy single-atom
magnets by combining their long-term magnetic stability with the
ability to control their spin state by high-energy tunnelling elec-
trons. To illustrate this, we measure tip-field sweep ESR at By, =
0T on the Fe sensor with increasing number of surrounding Dy
atoms (N), as presented in Fig. 4a. These Fe-Dyy structures are
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Fig. 2 Zero-field magnetic stability of Dy atom. a Schematic representation of our experimental setup for tip-field sweep ESR acquired on an Fe sensor
atom at a fixed radio frequency fo. Arrows with opposite orientations at the tip-apex represent the bistable nature of the out-of-plane component of the tip-
field at vanishing external magnetic fields. Arrows on Fe and Dy atoms indicate respective out-of-plane magnetic moments. b Tip-field sweep ESR
measured on an isolated Fe atom (green, bottom) and Fe atom in a Fe-Dy pair (blue, top) at Be,; = O T. Solid lines are fits to the data using a
Fano-Lorentzian function (see “Methods"). Tip-field sweeps are achieved by varying the tunnelling current and thereby the tip-sample distance at a fixed
dc bias (T=0.4K, Vge =—-50mV, Vgr=27.5mV, fo =16.38 GHz). The schematics highlight two opposite spin orientations of the paramagnetic tip. For a
given spin-up configuration of the Dy atom, one of these tip-states satisfies the resonance condition at a lower tip-sample distance compared to the other.
From the separation of the two resonance peaks we extract Bpy =13.0 £ 0.3 mT. Insets show STM images of the single Fe atom and the Fe-Dy pair, where
the cross indicates the position of the tip during the ESR scan and d defines the distance between the Fe and Dy atoms (Image size: 2.5 x 2.5nm2, T=0.4K,
Vg =100mV, I;=20 pA).
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Fig. 3 Measuring the stable dipolar magnetic field of a single Dy atom. a B.,; dependence of tip-field sweep ESR for an isolated Fe atom (left panel), and
two Fe-Dy pairs of varying distances d (in middle and right panel; T=0.5K, fo =13.5 GHz, Vg = 27.5mV, V4. = —50 mV). For the case of Fe-Dy pairs, the
resonance condition is satisfied at two distinct tip-fields given by, Blip = % — (Bext + Bpy) and Bﬁp = % + (Bext + Bpy)- Solid lines are fits to the data (see
“Methods"). The colour-coded cross marks on the corresponding STM topographies indicate the position of the sensor Fe atom where the ESR
measurements were taken (Image size: 3 x 3nm?2, Vg. =100 mV, I;=20 pA, T=0.5K). b ESR peak positions as a function of tip-field as extracted from
the fits for all three datasets shown in (a). Error bars indicate standard deviation from fitting with equation (3). The intersection of the straight line fits
provide Bpy = —5.4£0.1mT (middle) and 10.4 + 0.4 mT (right), where the sign indicates two opposite Dy magnetic orientations, as in the schematics. ¢
The dipolar magnetic field of single Dy atom Bp, as a function of d in different Fe-Dy pairs from both tip-field sweep at two different set frequencies (red
and blue) and frequency sweep (black) ESR. For tip-field sweep data, error bars indicate propagated total errors from linear fits shown in (b). For frequency
sweep data, error bars indicate propagated total errors from fitting frequency sweep ESR spectra such as in Fig. S5. The solid line is a fit to the data

following magnetic dipole approximation, Bp, = % xd~3, resulting in poy =10.1+0.3pug.
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Fig. 4 Atomic engineering of local magnetic fields. a With increasing number of surrounding Dy atoms, tip-field sweep ESR at Be,; = O T demonstrates the
increase of Bp, experienced by the sensor Fe atom. Dy atoms are sequentially placed 1.15 nm apart from the central Fe atom where ESR spectra are
recorded. Solid lines are fits to the data (see “Methods"). (Fe-Dyn_o134: T* 13K, fo =21.4 GHz, Vge =15mV, V4 =—-50mV; Fe-Dy,: T=0.8K, fo =
16.25 GHz, Vge =10 mV, V4. = —50 mV). Insets show corresponding STM images. (Scale bar: 1 nm; Fe-Dyn_q123' Vac=—100mV, [;=20pA, Tx13K;
Fe-Dy4: Vae=80mV, I;= 20 pA, T~ 1.3 K). b Modifying Bp, by selectively manipulating the magnetic states of individual Dy atoms in Fe-Dy, (T~ 13K, fo
=214 GHz, Vgr =15mV, V4. = —-50mV). Insets show Fe-Dy, spin schematics (red spheres: Dy spin down configuration (cross); blue spheres: spin up
(dot) configuration; cyan spheres: Fe spin). For both (a) and (b), By corresponds to the tip-field required for driving ESR in a reference Fe atom. Solid lines
are fits to the data (see “Methods"). ¢, d The dipolar magnetic field of Dy measured in different Fe-Dyy structures shown in (a) and (b), respectively.
Additional data from an Fe-Dys is shown in (d). The solid lines in (¢) and (d) indicate calculated values using Bp, = % x d~3. Error bars in (¢) and (d)
indicate propagated total errors from fitting ESR spectra shown in (a) and (b), respectively.

built by positioning one Dy atom at a time at fixed Fe-Dy dis-
tance of 1.15nm (Fig. S6). Subsequently, we prepare their mag-
netic states into spin down configurations in a site selective
manner by injecting high-energy tunnelling electrons (|Vy.| > 150
mV). Thus the total magnetic dipolar field on the sensor Fe atom
increases in structures with higher number of Dy atoms, resulting
in larger separations between the two resonance peaks (Fig. 4a).
Furthermore, selective manipulations of individual Dy spins in
Fe-Dy, also allow us to modify the total magnetic field on the
sensor Fe atom (Fig. 4b). Consequently, the separation between
the two ESR peaks varies within ~+25 mT (Fig. 4d). As illustrated
in Fig. 4c, d, both approaches lead to a linear increase of the total
magnetic dipolar field with the number of Dy atoms, which can
be additionally tuned by their relative spin-orientation, thus
allowing unique local controls of atomic scale magnetic fields.
Such deterministic and local control of magnetic fields can be
highly desirable as atomic gates for nanoscale logic devices3!, as
well as for surface-based quantum architectures. In addition,
interacting Dy spin-centres within a surface-based quantum
network can exhibit collective magnetic behaviour with high
blocking temperature and slow magnetic relaxation, similar to
lanthanide-based single-chain magnets!*1>.

Methods

Sample preparation. The Ag(001) surface was prepared by several cycles of
sputtering and annealing. For subsequent MgO growth, the crystal was heated to
700 K and exposed to Mg from a crucible evaporator in an oxygen partial pressure
of 1 x 10~% mbar. Under these conditions, 40 min exposure yields an average of
two monolayers of MgO. Next, the sample was cooled down to room temperature
within 15 min, and was transferred to the cold STM (4 K). Prior to single atom
deposition, the sample manipulator was pre-cooled by touching the sample for

20 min. Subsequently, the sample was quickly taken into an exchange chamber,
where depositions of Fe and Dy were performed within a few seconds on to the cold
sample using an electron beam evaporator and at a base pressure of <7 x 1010
mbar. For STM measurements we used a Ptlr tip, with a tip apex presumably silver-
coated due to repeated indentation into the silver substrate for tip preparation.
Tunnelling bias voltages were applied to the tip, however, the Vg values are
expressed with an additional negative sign, i.e., with respect to the sample, as it is
conventionally done.

ESR measurements. For the ESR measurements!”, an RF generator (Keysight
E8257D) was used to generate the radio frequency signal, which was subsequently
added to the DC bias voltage using a bias-tee (SigaTek SB15D2) located outside of
the vacuum chamber. A lock-in amplifier (Stanford Research Systems SR860)
operating with on-off modulation at 95 Hz was used for signal detection. For
conducting the tip-field sweep ESR, the RF-generator was fixed at a constant
frequency and output power. Next, the STM feedback loop was kept engaged with
low feedback gain and the tunnel current set point was swept. Consequently, the
tip-sample distance was swept while the lockin-signal was monitored.

Note that the tip-field sweep ESR measurements are typically performed in
strong tip-field regimes satisfying |Byp| > |Bpy + Bex|- Thus, for Fe atoms in Fe-Dy
pairs, the generic resonance condition can be written as

if Byp(Bpy + Bey) >0
if By (Bpy + B <0

h [Bgip | + [Bpy + Besl,
fo_{ tip Dy t 0]

QUpe [Bgip | — 1Bpy + Byl

Given its stable magnetic orientation, the Dy atom induces a constant dipolar
magnetic field on the Fe sensor. This results in two resonance peaks for all values of
By used in this work, except for the merging points, i.e., Bext = —Bpy. In contrast
to the case of Dy atoms, Fe atoms on MgO exhibit significantly shorter magnetic
lifetimes?4. Following Eq. (2), this gives rise to a maximum of four ESR peaks for Fe
atoms in Fe-Fe pairs as shown in Supplementary section 4.

Fitting ESR peaks. In order to determine the position of the resonance during the
tip-field sweeps, we fit the experimental data shown in Fig. 2b, 3a, and 4a, b to a
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Fano-Lorentzian of the form

1 (14 6x q)2
PRSI
P41 1462
Here, Ipeq is the amplitude at the resonant tunnelling current and g is the Fano
factor, arising from an additional homodyne detection of ESR32. In addition,

6= B"g/;B", where 7is the linewidth of the peak and B is the tip magnetic field for

VS S 3

which the resonance occurs in an isolated Fe atom. The ESR signal was always
normalized to the set point tunnel current for comparison. Finally for all datasets a
polynomial background of degree 2 was subtracted, since the signal intensity
increases with tunnel current, due to an increase of the number of read-out tunnel
current electrons.

Data availability
The datasets generated during and/or analysed during the current study are available
from A.S. (a.singha@fkf.mpg.de) upon reasonable request.

Code availability

There is no mathematical algorithm or custom code that is deemed central to the
conclusion of this manuscript. However, the custom codes that were simply used for data
analysis are available from A.S. (a.singha@fkf.mpg.de) upon reasonable request.
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1. Analysis of two-state switching

In Fig. S1a, we show time traces of the change in topographic height Az 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 I

increases with increasing bias voltage, indicating that
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Figure S1 | Magnetic switching of Dy. a, Change in tip height Az due to the change in magnetic state
recorded atop a Dy atom (T = 1.8K, B, = 5T, 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 '
as a function of tunneling current I. Black line is a fit to the data as described in the text (T = 1.8K, B, =
5T, V4. = —230 mV). ¢, Switching rate I' as a function of bias voltage V,. (T = 1.8 K, B, = 5T). 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 I', we performed measurements as a function of
tunneling current I (Fig. S1b) and bias voltage V,. (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 I' =
a- (I/1,)N, which has been used previously to describe random telegraph signal from
two-state magnetic switching events in atomic structures’?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.

5T (-230mV) 5T (+230mV)  OT (+230mV)
a(s™1) (9+4)-1073 (14+12)-1073 (1.2+1.4)-1073
N 1.08 + 0.07 1.17 4 0.12 1.11+0.17

Table S1 | Evaluation of current-dependent two-state noise measurements




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 to' T=Y2,HWV —V,))¢;* (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 ¢; and V;
under varying magnetic field and bias polarity as all already used for the current-
dependent data (Table S1). All of them yield comparable values for the thresholds
(V; and ). In the limit of large voltages, we obtain a scattering probability of around
~(c;+e)/I = 1077 per tunneling electron, which decreases to ~1078 for the 0T

measurement. This low probability is comparable to that obtained for Ho atoms’.

5T (+1.5n4) 5T (-1.5n4) OT (+1.5n4)

ci (s7H) 75407 43405 34405
cz (s71) 1109 + 41 620 + 27 172 + 66
V4| (mV) 155 + 3 15141 150 + 2
IV,| (mV) 235+ 1 240 + 2 229 43

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 SP-
tips, we picked up Fe atoms from the surface using atomic manipulations?. 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). We note that the magnetic anisotropy energy of our
SP-tip which contains nearly 30 Fe atoms, can conservatively be estimated by 30 times
the atomic value for bulk Fe of < 2.6 peV>®. In this case the tip magnetization switches
more than once per second at T > 0.045 K. Therefore, under our measurement



conditions the tip should always show magnetic bistability at zero as well as vanishing
magnetic fields. Magnetic bistability has been reported for few-atom clusters of Fe on
different metal substrates?3”. It should be noted that such a magnetic bistability is not
expected for SP-tips possessing out-of-plane hard axis. This is due to the absence of
doubly degenerate magnetic levels in such tips which would result in an almost zero
net-magnetization. Moreover, we note that such tips would not be able to efficiently
drive ESR transitions in the Fe atom due to the absence of the longitudinal component
of the tip-field®. As described in the main text, such magnetic bistability of the SP-tip
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 to several minutes allowing us to probe the resonance associated

with the individual tip state.

a

Al (normalized)
Al (normalized)

80 100 120 140 160 180 200 80 100 120 140 160 180 200
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Figure S2 | Tip-field sweep ESR measurements with a slowly switching tip. a, ESR on an Fe-Dy
pair at Bex = 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 =
13K, Vgr = 15mV, V4. = =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.

4



From the zero-field splitting we find Bpy = 5.6 £ 2.1 mT in good agreement with the
theoretical value Bpy = 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 interaction®. Thus, we interpolate the
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.

_ h(m*lt+faffset)
Biip = B T— (eq. S1)

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

Note that the tip-fields are not influenced by the presence of the Dy atom in any
of the engineered Fe-Dy structures. Firstly, this is supported by the excellent
agreement between tip-field sweep and frequency sweep ESR, as shown in Fig. 3c of
the main text. If the out-of-plane component of the tip-magnetization during a tip-field
sweep ESR measurement is modified due to the magnetic field from the Dy atom,
systematic errors would occur in the estimation of the magnetic field sensed by the
sensor Fe atom. This would result in a strong deviation between the data obtained from
tip-field sweeps and those gathered from frequency sweeps, as larger tip-sample
distance for the latter leaves the tip-magnetization fully unaffected. In contrast, the
measurements shown in Fig. 3c exhibit an excellent agreement between tip-field sweep
and frequency sweep ESR carried out with different SP-tips for several Fe-Dy pairs of
varying interatomic distances. Moreover, we also find an excellent agreement between
tip-field sweep measurements obtained at two different fixed frequencies (13.5 GHz
and 16.38 GHz in Fig. 3c). Changes in the set frequency would necessitate
measurements at different range of tip-fields which implies different tip-sample



distances. Any spurious effects or systematic error would thus result in disagreements
between measurements taken at different values of fp, which is again contrary to our
observations. Furthermore, we also note that the effect of such systematic errors, if
any, would also be visible from the Bpy measurements shown in Fig. 4, where both the
number as well as the orientation of different Dy atoms were modified for various
structures. Consequently, if the Dy dipolar field would affect the tip field significantly, it
would affect the determined Dy field, leading to a non-linear behavior in Fig. 4c and Fig.
4d. In contrary, all measurements are in reasonable agreement with the magnetic
moment of Dy obtained through two independent routes, i.e., the measurements shown
in Fig. 3 ¢ and our multiplet analysis, as shown from the respective linear trends. Given
these experimental evidences, we conclude that our tip-field sweep ESR
measurements have negligible influence, if any, from the neighboring Dy atom in all

engineered structures.
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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, Vi = 27.5mV, 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
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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
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 1%1), 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
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. ['2].
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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 = 1.7K, Vg =
15mV,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 ys.

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
more frequently in former works'®'3. 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, |V > 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 (|Vac| > 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 Af of the Fe atom during such

experiments, is related to the out-of-plane magnetic moments of Fe and Dy atom as ' :

4
Af = ﬁ#DyﬂFe = ;BDy Hre (eq 82)

The second equality in eq. S2 uses the expression for the dipolar magnetic field from

Ko Hpy
amd3’

the Dy atom: Bp, = In order to extract By, from the Af values obtained from all

frequency sweep measurements, we use the known value of ug, from Ref. ['?] in eq.

S2, which are shown in Fig 3c of the main text. Note that it is possible to perform such
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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 (|Va| >150 mV) that correlated with a change in topographic height as
indicated in Fig 1b. The upper spectrum was taken after a second change in the magnetic state using the
tunnel current (T=1.8 K, Bext* =1.4 T, Bex* = 0.125 T, It= 20 pA, Vac = 100 mV, Vrr= 15 mV).

frequency-sweep measurements even without any external magnetic field®, 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

10



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-Dys 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).

ap Brg. b Brg.

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 = 2K, V3. = 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,,; = 5T was applied to additionally facilitate Orbach processes for
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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 (7=1.0 K, Bext = 5 T, It = 20 pA, Va= -100 mV). (b) A series of
constant height STM images of the structure shown in (a). All measurements are performed using an SP-
tip at the base temperature of T = 1-2 K, upon sequential heating up to 15 K at B,,; = 5 T. V.= 50 mV. (c)
Line profiles indicate that the prepared magnetic states of the Dy atoms remain intact even after these
thermal cycles. Horizontal dotted lines are guides to the eye, showing that the 1%t, 3, and 5" atom (“spin

up”) always show larger currents than the 2", 41, and 6™ atom (“spin down”), respectively.

8. Multiplet analysis

The spectrum of eigenstates of the Dy atoms has been obtained using the
multielectron Quanty code'®. The Hamiltonian for the 4f electrons

H = }[e—e + }[SO + :]-[CF + :]-[Zeeman'

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
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contributions simply produce a constant shift to the eigen energies'®. 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 code'® assuming [Xe]4f°6s?
configuration’®. Values of the Slater integrals have been rescaled to 70% of the free
atom values in agreement with previous X-ray spectroscopy data'’. 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
numbers S2, L2, and J?, respectively. For Dy in a 4f° configuration, the lowest multiplet is
characterized by a S =5/2, L =5, and J = 15/2 and multiplicity of 2/ +1 =16. The
crystal field generated by the adsorption on the four-fold symmetric O site is treated in
the Wybourne approach'®, including the Racah tensor Ck (6, ¢) allowed by the Cay

symmetry:
Her = AGC3(0,9) + A5 Co(0,9) + A5 C4(0,9) + AF C5(6,9) + AZ C (6, ¢).

Finally, the Zeeman term in the Hamiltonian describing the interaction between the 4f
electrons and the external magnetic field B reads:

:]-[Zeeman = Up (25 + 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 Ak, have been
computed using a point charge electrostatic model (PCEM)'®. Positions and values of
the point charges have been obtained from an initial guess based on a previous work on
Gd/MgO/Ag(100)'6. 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.
lon Charge d, d,
O (underneath) -2e -225 pm 0 pm

Mg (2" nearest neighbours) +2e -270 pm | 208 pm
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O (3" nearest neighbours) -2e -270 pm | 294 pm

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

the surface nearest neighbour up to 3" order.

Similar to the case of Gd, semi-empirical re-scaling parameters k¥, 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 functionality’®. The semi-empirical re-scaling parameters x%,

, and the computed values for the Ak, and Ak, = «X A% coefficients are summarized in

Supplementary Table S4.
A2 A} A} AS AS
349.0 meV 63.3 meV 4.4 meV 15.8 meV 1.4 meV
K3 Ke K3 K5 K$
PCEM
V2 2V2 2V2 4 4
Aj A Aj A3 A

493.5 meV 179.0 meV 12.3 meV 63.0 meV 5.4 meV

PCEM
493.5 meV 179.0 meV 105.3 meV 63.0 meV 5.4 meV
modified

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

The uniaxial terms A% Ck (8, ¢) commute with the z—projected total moment operator J,,
therefore they preserve the corresponding quantum number m;. Conversely, the
transverse terms A C¥ (6, ) mix states separated by Am; = 4 and open underbarrier

spin-flip transitions accessible with tunnelling electrons.

The zero-field splitting of the lowest atomic multiplet for a Dy in 4f%s?
configuration is shown in Fig. S9a, together with the comparison with calculations of the
Dy in 4f'%6s? 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 levels?®?'. The large difference in the expected
barrier height of the two configurations allows us to infer about the 4f° occupation of the
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Dy atoms on MgO/Ag(100). The larger charge anisotropy of the 4f° configuration also
accounts for the difference in anisotropy barrier between Dy and Ho single atom

magnets 1222,

The value of the highest energy states in the ] = 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
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).

a) Dy 4f° b) Dy 4f™°
Tttt I ' I ! I ! I ! I ! I T T T T T T
= | L — PCEM i
250 1 —_— — PCEM modified
200 | - - 4 F ]
% 150 -
E [ = = i —_— i
> -
9 — e e
o 100 4 Lk —_— = — |
e —_ -
L — —
50 | 1 F .
0OF = —_d  |= — — —
| T SR I T [T TN N SN N T S TR NN T S | L 1 L 1 PR | L 1 L | - | - | L 1
8 6 4 2 0 2 4 6 8 8 6 -4 2 0 2 4 6 8
J, J,

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

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

15



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 Er < E; is calculated as the product of the two spin-excitation events:

Pa() =P >)Dx Y PG~ f)
fe{l, Ef<Ej}
where P(i; - j) = [(i|a -J|/)]°/JU + 1), with & being the spin of the tunnelling electrons
anda-J =],5, +%(f+6_ +J_6,) is the transition operator related to the scattering with
a tunnelling electron?®. 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 Am = 0 transitions associated to the f,5, operator, and Am =

+1 associated to the f, 6+ 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) ¢ (s™) Am
146 5.62 x 10° 24 +1
194 6.61x 108 27.9 0
218 1.64 x 1077 69.4 0
220 1.01 x 107 42.6 -1
226 1.40 x 1077 59.1 +1
245 3.73x 107 157.4 0
248 1.14 x 10°° 482.9 +1

16



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

The Dy atoms on MgO/Ag(100) being Kramer's ions with a ground state < J, > =
+ 15/2, they should be protected against quantum tunnelling of the magnetization
(QTM) by time reversal symmetry. Due to this, the tunnel splitting between the doubly
degenerate levels should be exactly zero. In real systems, however, the presence of
transverse magnetic perturbations such as the dipolar field from the neighbouring spins
as well as non-axial components of the tip-field, may lead to a finite QTM rate if the
ground state doublet is not perfectly axial. To verify the axiality of the doubly-degenerate
levels in the Dy atoms, we calculate the values of parallel (g;) and transverse (gx) g-
factors, as it is also commonly done for molecular magnets?°. Our multiplet analysis
shows that the doublet is essentially axial with g, = 19.7919 and gx = 1.9 * 107°. This
value of gx compares very well with the value reported by Guo et al.?4, where a value of
gx = 0 is reported up to the 5" decimal. Similar to that case, Dy atoms on MgO should
also be very insensitive to any transverse field, and hence quantum tunnelling should be
essentially suppressed. In line with this calculation, we note that all attempts to see
switching in the Dy atoms while sweeping the magnetic field across zero have failed.
This includes measurements at vanishing magnetic fields for 10 Fe-Dy pairs including
those shown in Fig. 3a, the four structures shown in Fig. 4a, as well as the Fe-Dys and
Fe-Dys shown in Fig. 4b and 4d. Nearly 100 sweeps on each of these structures within

30 mT never exhibited any switching of the Dy magnetic orientation.

KD Ox 9z

2 1.8751797319861e-006 | 19.791919179346
4 0.0024542465886489 16.8866852253
6 0.0038426437797675 | 14.065213700788
8 1.4738026540553 11.078514182201
10 0.54160241675803 7.0505239564175
12 10.041247337566 2.0972078608025
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14 9.580458229705 0.21734299992859
16 10.011784880366 0.4330854679717

Supplementary Table S6 | Transverse (x) and parallel (z) g-factors as obtained from multiplet

calculations. The values are reported according to the sequence of Kramer’s doublets (KD).

We finally compute the voltage-dependent switching using the piecewise linear
function T'(eV) = X%, ¢; - (eV — E))/E;, with the switching rates ¢; = co*x(/e) *P(j).
The corresponding values are also summarized in Table S5. Here we use ¢, = 0.045 as
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 four-
fold 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 atoms'®, which is
expected to provide an additional non-spherical contribution to the energy of the 4f

electrons not captured in the PCEM model.
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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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