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ABSTRACT: Control of single electron spins constitutes one of the most
promising platforms for spintronics, quantum sensing, and quantum
information processing. Utilizing single molecular magnets as their hosts
establishes an interesting framework since their molecular structure is
highly flexible and chemistry-based large-scale synthesis directly provides
a way toward scalability. Here, we demonstrate coherent spin
manipulation of single molecules on a surface, which we control
individually using a scanning tunneling microscope in combination with
electron spin resonance. We previously found that iron phthalocyanine
(FePc) molecules form a spin-1/2 system when placed on an insulating
thin film of magnesium oxide (MgO). Performing Rabi oscillation and
Hahn echo measurements, we show that the FePc spin can be coherently
manipulated with a phase coherence time T3 of several hundreds of
nanoseconds. Tunneling current-dependent measurements demonstrate
that interaction with the tunneling electrons is the dominating source of decoherence. In addition, we perform Hahn echo
measurements on small self-assembled arrays of FePc molecules. We show that, despite additional intermolecular magnetic
coupling, spin resonance and T5%° are much less perturbed by T spin flip events of neighboring spins than by the tunneling
current. This will potentially allow for individual addressable molecular spins in self-assemblies and with application for
quantum information processing.

KEYWORDS: scanning tunneling microscopy, electron spin resonance, iron phthalocyanine, quantum coherence, spin state, Hahn echo,
Rabi oscillations

molecular magnets (SMM), which in the simplest nine molecules®”'""'® and porphyrin complexes,'” were
case consist of one central metal ion surrounded by

ligands, are promising for nanoscale spintronics and future
electronic devices." First, they can be tailored with great
precision by their ligand structure, which makes their design
highly flexible. Second, they bear the potential of scaling up to

T he electronic and magnetic properties of single molecules. Tetrapyrroles, including, for instance, phthalocya-

intensively studied using scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS). They
are well-suited for STM experiments due to their simple planar
structure, easy preparation, and high stability. In addition, self-

very large numbers to form a molecular network while the assembled networks of metal—organic compounds can easily

individual SMM unit remains identical. For the emerging field be realized and investigated.'"'*'*'®'? Besides, single
. . . 2 .

of quantum information processing,” several techniques molecules have been used in SPM experiments as electric™’

including molecular break junctions”™ and ensemble ESR 21,22

measurements”® have been used to explore the coherent

properties of various SMMs. However, controlling the atomic-

scale environment and configuration of these molecules in

order to study sources of decoherence or to investigate and Received:  July 27, 2021

alter the inter-qubit coupling remained challenging up to now. Accepted:  October 13, 2021
Conversely, scanning probe methods (SPM) have been a Published: November 12, 2021

major tool to study individual molecules on an atomic scale.

They allow probing molecular bonding configurations,” as well

as the magnetic properties” ' and spin dynamics'’ of single

and terahertz-assisted STM has

o S 23
granted visualization of coherent molecular vibrations.

and magnetic field sensors,

© 2021 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acsnano.1c06394
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Figure 1. Electron spin resonance (ESR) of individual FePc molecules in a scanning tunneling microscope (STM). (a) Sketch of the
experimental setup. Single iron phthalocyanine (FePc) molecules are deposited on two monolayers of MgO on Ag(001). Single Fe atoms are
additionally deposited to prepare spin-polarized STM tips by transferring the atoms onto the STM tip. An external vector magnet allows
adjusting the field in-plane (B,) and out-of-plane (B.). In addition to the DC bias voltage Vj¢, a radio frequency (RF) voltage Vi at
frequency fis applied to the tunnel junction. Inset shows the molecular configuration of FePc. (b) STM topographic image showing several
FePc molecules in two orientations (I = 20 pA, V¢ = 100 mV, image size: 32.5 nm). Right image is a zoom on one of the FePc molecules (I
= 50 pA, V¢ = —5 mV, image size: 2.4 nm). (c) Continuous-wave ESR spectra taken on an individual FePc molecule at different values of
the external B, field (I = 27.5 pA, V¢ = —50 mV, Ve = 6 mV, T = 0.95 K). Black lines are fits to an asymmetric Lorentzian function.”” (d)
Resonance frequencies f as a function of B, and B.. Using eq 1, we extract the magnetic moments of (0.97 & 0.09) yy along x and (0.97 +

0.01) pg along z, which are nearly isotropic within the error bars.

Accordingly, controlling the spin properties of a single
molecule in a quantum coherent manner as routinely done in
other architectures”'* would allow establishing a platform to
test single molecules for application in quantum information
processing. Different approaches of performing electron spin
resonance (ESR) on single molecules in an STM have been
reported in the last two decades™*** but have not led to further
work toward a coherent spin control.

Here, we use electron spin resonance scanning tunneling
microscopy (ESR-STM)*® to probe the spin properties of
single iron phthalocyanine (FePc) molecules on a magnesium
oxide (MgO) surface. While in earlier works we investigated
the magnetic structure and spin-spin interaction of these
molecules using ESR-STM,*” we here focus on their coherent
spin properties, which, using this technique, was up-to-now
only realized for single magnetic adatoms.”® It allows us to
investigate the spin configuration of the FePc, its spin lifetime,
Rabi rate, and phase coherence time. Moreover, we
demonstrate that the molecules in self-assembled lattices
mostly show the same Hahn echo decay as individual
molecules, which promises a straightforward way to realize
ESR in large spin lattices with potential use in molecule-based
quantum information processing.

RESULTS AND DISCUSSION

Single Molecule Electron Spin Resonance. Figure la
illustrates the experimental setup, consisting of individual FePc
molecules adsorbed on MgO atop a Ag(001) substrate. In
addition, we deposited Fe atoms, which we used to prepare
spin-polarized STM tips”® (see Materials and Methods). Figure
1b shows an STM topography of several FePc molecules and
Fe atoms on 2 monolayers (ML) of MgO. FePc adsorbs on the
oxygen site of MgO with two possible orientations related by

mirror symmetry.”” In order to probe the magnetic properties
of FePc, we perform tunnel-current-detected ESR by placing
the STM tip above the molecule. A radio frequency (RF)
voltage Vip is used here to drive spin transitions in the
molecule from the ground state |0) to the excited state I1),
which are split by an out-of-plane magnetic field B,. This leads
to a change in tunneling current AI when the frequency f of
Vge matches the Larmor resonance frequency f, of the FePc
Zeeman energy. We show representative ESR spectra for
different magnetic fields B, in Figure 1lc. By taking continuous
wave (CW)-ESR spectra as a function of B,, the resonance
frequency changes linearly as expected from the resonance
condition

hf() = 2'/’_iFePc‘B (1)

where h is Planck’s constant, figep. is the magnetic moment of
FePc, and B is the externally applied magnetic field. By
performing these experiments for an in- and out-of-plane
magnetic field direction (B, and B, see Figure 1d), we find
that the slopes of the measurement give magnetic moments of
Heepe ~ 1 ptp. Careful analysis of a large number of data sets and
compensation of the tip magnetic field reveals small deviations
and a small amount of anisotropy (pip. = (0.959 % 0.010) g,
Heepe = (1.020 + 0.023) p).”” Nevertheless, we conclude that
FePc molecules constitute in good approximation a spin-1/2
system on MgO. This agrees well with additional density
functional theory (DFT) calculations, which suggest that FePc
is singly negatively charged as a result of electron charge
transfer from the silver substrate to the molecule.”” In addition,
the DFT calculations showed that the unpaired spin is mostly
localized on the central Fe atom.

Rabi Oscillation Measurements. Next, we access the
coherent dynamics of the FePc electron spin by pulsed ESR

https://doi.org/10.1021/acsnano.1c06394
ACS Nano 2021, 15, 17959-17965
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experiments. We here employ the Rabi sequence introduced in
ref 28, that consists of repetitive RF voltage pulses of length 7
with amplitude Vip and a continuous background of DC
voltage Vpc (Figure 2a; see Supporting Information for

[ 140 mV b
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Figure 2. Rabi oscillation measurements. (a) Schematic of the
pulse sequence employed for the Rabi measurements. RF pulses of
width 7 and amplitude Vi are applied to the STM tip; a constant
DC voltage Vp was applied during the sequence as an additional
spin initialization and readout. (b) Rabi oscillation measurements
showing the change in tunneling current AT as a function of 7 for
different Vip. Measurements were performed with an open
feedback loop (I = 5.2 pA, Vpc = 70 mV, f, = 16.227 GHz, B, =
574 mT, T = 390 mK, 7, = 700 ns). The measured Rabi

oscillations are fitted to I, sin(Qr + a)~exp(—ﬁ) + Lgerr A
2

linear background stemming from the increasing RF tunnel
current for increasing T was removed prior to the fitting (see
Supplementary Section 1). Note that the pulsed ESR measure-
ments are performed with an out-of-plane magnetic field B,. (c)
Extracted Rabi rate Q as a function of Vi The black line is a

linear fit to the data with a slope of (1.86 + 0.13)ﬂ:i:v.

details). Figure 2b shows Rabi oscillation measurements for
different Vig. The oscillations become faster for increasing Vi,
and we find a linear scaling of the Rabi rate with Vg, Q o Vig
(Figure 2c). This effect can be explained by an increasing

electric field in the junction for larger Vi, as it is the case for
single atoms.”®***” We here achieve a Rabi rate of Q = (0.25
+ 0.02) rad/ns for Vyz = 140 mV. This leads to a z-time of T,
= 7/Q = (12.6 + 1.1) ns, the time required for a coherent
rotation from the 10) to the I1) state and vice versa. The Rabi
oscillations in Figure 2b decay in time, so that we fit an

exponential decay function exp(—#) with the phase

coherence time TN = (42 + 15) ns. In order to increase
the phase coherence time and to further study the sources of
relaxation and decoherence in greater detail, we implemented
Hahn echo measurements.

Hahn Echo Measurements. Figure 3a shows a typical
echo decay using the pulse sequence sketched in the inset. We
use € as determined from the Rabi oscillation measurements

to create pulses of length T, = = and T, = From

b

Q 20
exponential decay fits, we find T5™ = (196 + 26) ns (details of
the Hahn echo evaluation described in Supplementary Section
2). The enhancement compared to T likely stems from the
cancellation of low frequency variations in the local magnetic
field by the Hahn echo sequence. Tip magnetic field variations
induced by minute vibrations in the STM tip position are a
likely candidate.”® By conducting T3 measurements as a
function of tunneling current I (Figure 3b), we find that the
decoherence time decreases for increasing tunneling current.
Figure 3c shows the decoherence rate 'y, = (T5™°)™! as a
function of I, which reveals a linear dependence (1 pA
corresponds to one electron every 160 ns on average).
Evaluating the slope of Figure 3c (see caption) leads to an
average decoherence probability of Pr, = (32 = 3)%, meaning
that, on average, every third tunnel current electron causes a
decoherence event. Moreover, additional T, measurements
obtained using a simplified relaxometry pulse sequence
(Supplementary Section 3) suggest that these dephasing
events are likely connected to T, events, which fully relax
the spin state. Thus, the tunneling electrons constitute a
dominating source of decoherence and need to be mitigated in
order to move toward more advanced pulse sequences.
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Figure 3. Hahn echo measurements. (a) Representative Hahn Echo measurement. Inset sketches the respective pulse scheme (I = 2.2 pA,

Vpc = 30 mV, Vge = 100 mV, f, = 16.179 GHz, T = 390 mK, 7,z = 500 ns). Black line is a fit to A = Io~exp<—ﬁ>, which here leads to
2

TE" = (196 + 26) ns and I, = —(0.56 + 0.03) ¢~ per Hahn sequence. (b) Hahn echo taken for different tunneling currents (Vgz = 100 mV,
B, =574 mT, f, = 16.169 GHz, T = 430 mK, data offset for clarity). All data sets were taken at constant tip-sample conductance G, = 0.076
n$ to maintain the same tip magnetic field. Different tunneling currents were obtained by changing the bias voltage while the feedback loop
was disengaged, maintaining the tip height constant. Extracted values for T5": 1.7 pA: (231 + 78) ns/5.3 pA: (84 + 22) ns/9.1 pA: (29 +
10) ns. (c) Decoherence rate (TE"°) ! as a function of tunneling current I. Black line is a fit to a simple dephasing model,”® Ty, = (T5h0)~! =
Pr,/el + 1/T5, which assumes a linear decay with the tunneling current. TS summarizes here all additional contribution to decoherence in
the absence of the tunneling current (I = 0 pA), and Pr, is the probability of a dephasing event per tunneling electron. We here find Py, =

(32 + 3)% and T = (1018 + 524) ns.

17961

https://doi.org/10.1021/acsnano.1c06394
ACS Nano 2021, 15, 17959-17965


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06394/suppl_file/nn1c06394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06394/suppl_file/nn1c06394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06394/suppl_file/nn1c06394_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06394/suppl_file/nn1c06394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06394/suppl_file/nn1c06394_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06394?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c06394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

b 0.1 T T T

5k isolated ok | 3 neilghbogl
n ol 2 neighbor

- 4 L4 g_oz_
§3'5' 1 neighbor % .
= 3l © £ -03F q
§2.5J\/\—‘ 8<0.4
G427 e, =
2 neighbors q

10 (e~ per pulse)

o
[}

o
2]
T

4
- o
2 G
e
\ a
9
/e
20
o
o o
g4 o

0 1 2 3
Neighbors (#)

0

-200 0 200 0 100 200 300 400 500 600

08 1 1 Il

f-f, (MHz) Free evolution time 7 (ns)
C oF ' ' : : ' d 300 — . ; ;
& experiment
~@— 100 ns
—_ 0.2 250 400 ns |
3 —@— 2000 ns
e ~10F T
g -04 £ |3 neighbor
g = 8t 9 — 200F 1
2 S 2
= & . £
5 06 £ 6/2 neighbar -
E E ol 150 .
©
S 08 £ _[1 neighbor
E [
G g8 | 100 F |
£, isolated
1 0 2 4 6 8 10
t(us)
1 1 1 1 1 1 1 50 1 ' 1 L
0 100 200 300 400 500 600 700 800 0 1 2 3

Free evolution time 7 (ns) Neighbors (#)

Figure 4. Hahn echo of self-assembled molecules. (a) ESR spectra of molecules with different numbers of neighbors. Each pair is separated
by a center-center distance of 1.44 nm (five MgO lattice constants). Additional peaks in the ESR spectra stem from magnetic coupling to
neighboring spins and population of their thermally excited states. Arrows indicate the spin direction of neighboring FePc. f, (~16 GHz)
was subtracted to align all spectra (I = 3 pA, V¢ = 60 mV, Vg = 20 mV, f, = 16—16.2 GHz, T = 1 K). (b) Hahn echo measurements

T

comparing molecules in self-assemblies to an isolated molecule. Black lines are a fit to AI = Io-exp(—7> (I=2.3pA, Vpc=30mV, Vg =

T{‘Cho

100 mV, f, = 16.188 GHz, T = 460 mK, data offset for clarity). The inset shows I, (amplitude of the ESR signal) as a function of number of
neighbors, and the expected decay is due to thermal population of excited states (topography of the data set for the 3 neighbors in
Supplementary Figure S4a). (c) Simulation of the Hahn echo signal in a fluctuating magnetic field B, of flipping neighbor spins (simulation
parameters: T2e88%°r — 100 ns, TR = 200 ns. Details on the simulation can be seen in Supplementary Section 4). The color scale for
different neighbors is the same as in (b). Inset: Example of time traces of simulated B,c stemming from T{"™" at the position of the
measured spin. Traces are offset for clarity. (d) T5%° as a function of number of neighboring spins for both experiment (black points) and
simulation (colored lines, simulated for different values of T3*"*"), (Experimental data points are averages over multiple data sets as shown
in Supplementary Figure S4b.)

interaction with the substrate electrons.”® A likely reason for
the higher TE is here the lower tunneling current reached in
our measurement, which, as shown above, has a dominating
influence. Compared to most other molecular spin systems
studied for quantum information processing, which can reach
up to ~3 orders of magnitude higher values,”’" this time scale

still remains short. Also, we would like to highlight that we do

To obtain a tunnel-current free estimate of the coherence
time T9, we extrapolate to the limit of vanishing tunneling
current in Figure 3c, which gives T9 ~ (1 + 0.5) us. The
sources that will cause decoherence and relaxation in the
absence of tunneling current electrons may stem from
interaction with the substrate electrons, phonons, and nearby
spins on the surface and on the tip, similar to the case of single

atomic spins on the same surface.””” From point contact
measurements, we estimate the average time scale for the spin
interacting with substrate electrons to be ~1-2 us (see
Supplementary Section $), which is in a good agreement with
the estimated value of T9.

The highest measured value of T5 for the data set in
Figure 3c (399 + 180 ns) exceeds that obtained for hydrated
titanium atoms (~190 ns @ 3 pA).”® This is the case despite a
S times higher point contact conductance for FePc
(Supplementary Section 5), which leads to increased

17962

not see an effect of the hyperfine coupling to the 4 closest
nitrogen atoms in the Hahn echo sequence. From the lowest
achieved line width in our CW-ESR spectra (~25 MHz), we
can limit the nitrogen hyperfine coupling to A < 10 MHz,
smaller than values found for, e.g, CuPc in ESR ensemble
measurements.” For the latter, the nuclear spin bath limited
T5%° ~ 2 ys. Thus, given our even smaller upper bound for the
hyperfine coupling and the more severe influence by the tunnel
current electrons, the absence of a dominating decoherence by
the nuclear spin bath in our measurements is reasonable.

https://doi.org/10.1021/acsnano.1c06394
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Influence of Neighboring Spins. One notable difference
compared to most atomic spin centers is the ability of
molecules to self-assemble into ordered lattices on the
surface.””' "' Figure 4a shows STM topographies of FePc
molecules with different numbers of neighbors that naturally
arrange in distances with 1.44 nm spin center spacing,
eventually forming a square lattice (Supplementary Figure
S4a). In several STM works, the magnetic coupling between
neighboring molecules in a lattice was found to be strong
(~meV), caused by interaction via the substrate elec-
trons”'"'®"? or super-exchange interaction between stacked
layers of molecules.'® The high resolution of ESR-STM allows
us here to observe even the weak intermolecular magnetic
coupling of spins on an insulating surface, as evident from the
ESR spectra shown in Figure 4a. For these distances, the
magnetic interaction has dominant contributions from
exchange interaction compared to magnetic dipolar inter-
action, resulting here in Af = (64 + 2) MHz. According to our
previous work,”” the magnetic dipole interaction contributes

Ho
here Af = 7(1.44 nm)*h

~1 pg. The additional, more dominant contribution arises
from exchange interaction between the molecules that is
mediated via their ligands.”” We also previously observed an
avoided level crossing at tunnel current set points about 8—10
pA for magnetic dimers. In this paper, where the measure-
ments are done at I = 3 pA, far from the avoided level crossing,
the spin states can be described in good approximation as
Zeeman basis states (111), 111), I1]), and 1}])) so that the
ESR signals appear at the transition of [11) to [/ 1) and I1]) to
I11) as shown in Figure 4a.

When the neighboring spins are flipping rapidly through T
processes between their ground and excited state (faster than
the time scale of the measurement), their magnetic coupling
changes sign and consequently multiple resonances occur in
the ESR frequency scan.””*’

In order to investigate how the spin decoherence is affected
by neighboring weakly coupled spins, we perform Hahn echo
measurement on the FePc with additional neighbors (Figure
4b). We find that TS is only weakly influenced by spin-flip
(T7e8tbr) events of neighboring molecules, also known as
spectral spin diffusion,”® which affect the phase coherence
much less than the tunneling current (Figure 3). A strong
dependence on neighboring spins could be expected, if their
lifetime T7¢"" was so short that they would flip on a
comparable time scale as the Hahn echo sequence. Simulated
Hahn echoes (Figure 4c and Supplementary Section 4), which
calculate the influence of stochastically switching neighboring
spins, reveal a rapid decay, if a T;“8"™" event happens on the
time scale of the pulse sequence (~100 ns). Since this effect
also increases with number of neighbors n, we obtain a
shortened TE™ for Hahn echoes with more neighbors. Figure
4d summarized the results of the simulations and compares
them to the experimentally obtained T:™, averaged over
several measurements and molecules (see Supporting
Information). The comparison with the experimental data,
which shows a slight decrease of TEh with n, allows us to
estimate the range of T}8"™ of the remote molecules. Both a
short lifetime of ~100 ns and a long Toeighbor of 2 ys do not fit
the experimental data well. Good a%reement with the data was
obtained in a range of Toeishbor o 0.4-0.6 us (see
Supplementary Section 4). We estimated the intrinsic T,
independently from relaxometry, yielding > 0.3 us (see

/,tBZ ~ 17 MHz, since both FePc spins are

Supplementary Section 3). The presence of the tip and
substrate shortens and limits T, due to electron scattering from
tip electrode and substrate, respectively.”” This means that our
estimation of T, of neighboring molecules that are not exposed
to tunnel current electrons (~0.4—0.6 us) should lie between
T, from relaxometry (>0.3 us, tip is over the molecule) and
substrate-induced scattering time (~1—2 ps, Supplementary
Section 5), which is indeed the case.

CONCLUSIONS

These experiments demonstrate that not only is a coherent
spin manipulation possible on a single molecule level but also
they can be used for sensing neighboring spin dynamics in self-
assembled lattices. We believe that such spin lattices on a larger
scale could Potentially permit one to simulate quantum states
of matter’>*° in future experiments and to study coupled spin
dynamics®” using single molecules. Accessing the coherent
properties of the individual and self-assembled molecules with
atomic-scale control could thus allow for analyzing more
complex molecular spin structures with potential application in
quantum sensing and quantum information processing.

MATERIALS AND METHODS

Sample Preparation. All sample preparation was carried out in
situ at a base pressure of <5 X 107'° mbar. The Ag(001) surface was
prepared through several cycles of argon-ion sputtering and annealing
through e-beam heating. For MgO growth, the sample was heated up
to 430 °C and exposed to an Mg flux for 20 min in an oxygen
environment at 10~ mbar, leading to an MgO coverage of ~50% and
layer thicknesses ranging from 2 to S monolayers. FePc was
evaporated onto the sample at room temperature using a home-
built Knudsen cell at a pressure of 9 X 107'° mbar for 90 s. Electron-
beam evaporation of Fe was carried out for 21 s onto the cold sample.
We determined the thickness of MgO layers through point-contact
measurements on single Fe atoms.>® All experiments were carried out
in an Unisoku USMI1300 low-temperature scanning tunneling
microscopy system equipped with high-frequency cabling and a
two-axis vector magnet.3

Pulsed Electron Spin Resonance Measurements. Spin-
polarized tips were prepared by transferring individual Fe atoms
onto the Ag coated Ptlr STM tip. The spin polarization was tested
through differential conductance measurements on FePc. Magnetic
tips showing a high spin contrast were subsequently tested in
continuous-wave (CW) ESR-STM measurements. The RF voltage
was applied on the tip side of the junction using an RF generator
(Keysight E8257D). The RF voltage was combined with the DC
tunnel bias using a Bias tee (Marki Microwave BT-0026). Note that,
while the bias voltage was applied to the STM tip, all bias signs were
inverted in the paper to follow the conventional definition of bias
voltage with respect to the sample bias.

For pulsed ESR measurements, we followed the manipulation
scheme introduced in ref 28. An arbitrary waveform generator (AWG,
Tektronix 70002A) gated the output of the RF generator to generate
the desired pulsed ESR scheme. We used a digital lock-in amplifier
(Stanford Research Systems SR860) to read out the ESR signal using
an on/off modulation scheme at 95 Hz. A National Instruments
DAQ-Box 6343 was used as a modulation source for the AWG and
the lock-in amplifier and to read in the output of the lock-in amplifier.
Typically, the acquisition time per data point was 5 s during which the
feedback loop was disengaged. Before each data point, the feedback
loop was briefly engaged to perform an atom lock sequence in order
to correct tip drift. In total, these measurements took ~12 s per data
point, so that a typical Rabi or Hahn measurement including 3
iterations of 100 points took around 1 h. For the current-dependent
measurements in Figure 3b,c, we altered the tunnel current by
changing the bias voltage once the feedback loop had been
disengaged. Consequently, all measurements have been performed
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at constant tunnel conductance and constant tip-atom distance,
which, in particular, helped to keep the influence of the tip field
constant.
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