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Abstract

Electron spin resonance scanning tunneling microscopy (ESR-STM) has become a powerful tool
for probing spin dynamics and coherence of individual atoms and molecules on surfaces. In this
work, we perform Rabi oscillation and Hahn echo pulse protocols on individual iron phthalocya-
nine (FePc) molecules on MgO/Ag(001) using ESR-STM. While Hahn echo protocols are widely
used to extract spin coherence times, we show that in ESR-STM they are particularly susceptible to
misinterpretation due to tunneling electrons generated by the applied radio-frequency (RF) and
direct current (DC) voltage. The RF voltage not only drives the spin, but simultaneously probes
and relaxes it in combination with the constant DC readout. This consequently leads to an expo-
nential decay that reflects spin relaxation (T;) rather than intrinsic phase coherence (T5). We
moreover show that varying both delay times in the refocusing pulse sequence is a reliable way to
ensure a coherent nature of the echo signal. The extracted decay for the latter protocol suggests
that TH3h" is ~ 30 ns and is thus closer to the decoherence time T5*® observed in Rabi oscillation
measurements. This is significantly shorter than values reported in previous echo measurements.
Our findings underscore the need for caution in interpreting T times from Hahn echo and Carr-
Purcell protocols in ESR-STM and provide practical criteria for distinguishing true spin echoes
from tunneling-induced relaxometry signals.

1. Introduction

The combination of electron spin resonance (ESR) and scanning tunneling microscopy (STM) has devel-
oped into a powerful technique with high spatial, time and energy resolution [1, 2]. By coupling a radio-
frequency (RF) voltage to the STM junction, ESR-STM enables coherent control of single spins, which
has been demonstrated for both adatoms, such as Ti [3-5], and molecules [6-8], including iron phthalo-
cyanine (FePc), on surfaces. These developments establish ESR-STM as a versatile platform for exploring
quantum coherence at the atomic scale. Pulsed ESR-STM experiments have adopted a range of estab-
lished spin-control protocols originally developed in magnetic resonance [9] and quantum information
science [10, 11]. These include Rabi oscillations and Ramsey interferometry [3], Hahn echo protocols
[3, 5, 6], and extended refocusing sequences such as Carr—Purcell (CP) protocols [4]. In conventional
magnetic resonance, Hahn echo sequences are used to refocus inhomogeneous dephasing and to access
intrinsic phase coherence times by suppressing reversible contributions to decoherence.

In ESR-STM, echo-based protocols have similarly been employed with the goal to improve and
understand spin coherence. Hahn echo decoherence times TS*™ on the order of several tens to a few
hundred nanoseconds for both atomic and molecular spins have been reported [3, 4, 6].
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Coherent spin control is achieved by applying RF voltage pulses Vig(#) on a nanosecond timescale
to the STM tip in addition to a static bias Vpc, allowing spin rotations while maintaining a finite tun-
neling current. For readout and control via the STM tip, understanding the microscopic mechanism has
motivated several experimental and theoretical works. For instance, how the RF voltage can drive the
spin state has gained significant attention: Early models emphasized electric-field-driven or piezoelectric
mechanisms [1, 12], while more recent work has identified electron-transport-mediated excitation as a
dominant contribution in many systems [7, 13, 14].

For the detection of the spin state in ESR-STM the change in tunneling current AI through the junc-
tion is used. The latter is influenced by both the static DC bias and the applied RF voltage. RF-induced
tunneling currents have been shown to probe the spin state via a homodyne-like detection mechanism
[3], and for molecular spins the detection channel has been discussed in terms of spin-transfer torque
and field-like torque effects [7]. As a consequence, the RF voltage excitation in ESR-STM simultane-
ously acts as a coherent drive as well as a probe of the spin system. In addition, the tunneling currents,
induced by Vxr and Vpc have also been shown to introduce spin relaxation and decoherence [3, 6, 15].
Besides a direct coherent control of a spin system underneath the STM tip, also coherent control of
remote spins has been realized [5]. Here, the readout is not performed via the change in tunneling cur-
rent directly, but via a dispersive readout using a second atom as a readout spin.

For a direct readout scheme, the intertwined role of driving, detection, and relaxation requires care-
ful interpretation of pulsed ESR-STM experiments. In this work, we demonstrate how the role of the
Vbe and Vg voltage affects the results of Hahn echo experiments. Using FePc molecules on magne-
sium oxide (MgO) on Ag(001) as a model system, and drawing connections to established results, we
investigate Hahn echo protocols in greater detail. We find that they can yield exponential decay signals
that resemble coherent echo decays but may instead reflect incoherent spin relaxation processes. As a
result, decay times extracted from such measurements can significantly overestimate the intrinsic phase
coherence time. We further demonstrate that systematically varying the first and second delay time in
the Hahn echo sequence provides a stringent test of the genuine echo.

2. Experimental setup and Rabi characterization

All measurements were performed in a home-built low-temperature scanning tunneling microscope
setup equipped with a commercial STM head (UNISOKU USM-1600) and operated at a base temper-
ature of approximately 50 mK. An external magnetic field B was applied perpendicular to the sample
surface to define the spin quantization axis.

Figure 1(a) shows a schematic of the ESR-STM setup. In addition to a static bias voltage Vpc, a
RF voltage Vg is coupled to the STM junction via the tip, enabling coherent spin manipulation while
maintaining a finite tunneling current I. Spin readout is performed electrically through changes in the
tunneling current induced by the spin-dependent conductance of the junction. The spin system inves-
tigated in this work consists of individual FePc molecules adsorbed on a bilayer of MgO grown on
Ag(001). An STM topography of a single FePc molecule is shown in figure 1(b). FePc on MgO/Ag(001)
has previously been established as an isotropic spin-1/2 system via ESR-STM [6, 16]. Here, the FePc
molecule is adsorbed atop the oxygen site of the MgO. The adsorption causes a charge transfer from
the substrate to the molecule which leads to a negative charge [FePc]™ and a 3d7 electron configura-
tion of the central Fe atom where a single electron occupies a dz2-like orbital [16]. Coherent spin con-
trol and pulsed ESR-STM protocols have been demonstrated on this system, making it a suitable plat-
form to investigate pulse sequences. To implement these, the resonance frequency of the surface spin
is first determined through a continuous-wave frequency sweep, as shown in figure 1(c). Figure 1(d)
shows the pulse sequence used for Rabi oscillation measurements, adapted from [3]. Spin readout is
performed via a lock-in detection scheme that compares the time-averaged tunneling current between
two pulse cycles. The obtained signal therefore presents a time ensemble average of the single spin. In
the two cycles the RF voltage is only present in the A cycle, while the DC voltage is kept on continu-
ously. This yields a measured current difference AT =1, — Ip. The detected signal can be described as
(equation (§10) in [3])

Al o kpc [—sinQt+ QT (1 — cos Q)] + krp (1 — cos Q) + kyin t (1)

where (2 is the Rabi frequency, i.e. the speed with which the spin is rotated between ground and excited
state. T} is the spin relaxation time and the coefficients kpc, krg, and kj, account for contributions from
DC-bias-driven tunneling (kpc), RF-induced tunneling currents (kgp) and rectification effects (kiin),
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Figure 1. Rabi oscillation measurements of FePc on MgO/Ag(001). (a) Schematic of the ESR-STM setup. An RF voltage Vg is
applied to the STM junction in addition to a constant bias Vpc, while an out-of-plane magnetic field B defines the quantiza-
tion axis. (b) STM topography of an FePc molecule adsorbed on a bilayer MgO/Ag(001) surface (It = 50 pA, Vpc = 100 mV).
(c) Continuous wave ESR showing the change in tunnel current Al as a function of radio frequency frevealing a pronounced
resonance peak. The red solid line shows a Fano fit to the experimental data in black (I = 5 pA, Vpc = 60 mV, Vg = 10 mV,
B =523 mT). (d) Pulse sequence used in the A and B cycle of the lock-in scheme for Rabi oscillation measurements. The spin
is coherently driven by Vg for a pulse duration 7, while a background voltage Vpc is constantly applied. (e) Experimental Rabi
oscillation measurements: Change in current Al as a function of 7 for different Vgr amplitudes (30-90 mV). The traces show
oscillatory behavior characteristic of coherent spin rotations. Solid lines represent fits to AI(t) = Iosin(Qt + @) exp(—t/T5ed1).
Traces are vertically offset for clarity. A linear background due to current rectification (kj,) has been subtracted (I = 5 pA,

Vset = 40 mV, B = 536 mT, f = 14.772 GHz, T¢ye = 800 ns). (f) Colormap of the data shown in (e). (g) Extracted Rabi fre-
quency €2 as a function of Vgp from the data in (e) with a linear dependence (black line; slope: 0.47 MHz/mV).

respectively, and are given by

G; n VDC
koo — G Ve o) @
be 2QTcycle < t>
Gjune Vre .
P §* 3
RE —4QTcyc1e sin gre (S7), (3)
Giunc Vi
Kin = —22€2PC (62) 4 Kree. (4)
27'cycle

Here, Gjunc denotes the spin-averaged conductance of the tunnel junction and 7.y the pulse repetition
period. The phase ¢rp accounts for the phase difference between the applied RF voltage and the preces-
sion of the spin in the laboratory frame. k.. accounts moreover for RF rectified background currents
due to the non-linearity in the [-V curve. The quantities (Sf) and (S?) denote the time-averaged trans-
verse and longitudinal components of the magnetic tip spin. A key aspect of equation (1) is the contri-
bution proportional to kgp, which allows the spin state to be probed by tunneling electrons generated
solely by the RF voltage, even in the absence of a DC bias. This homodyne-like detection mechanism
depends on the orientation of the tip magnetization relative to the surface spin and is maximized for an
in-plane tip magnetization (S¥) [3].

Figures 1(e)—(g) present Rabi oscillation measurements on FePc, revealing a linear dependence of
the Rabi frequency €2 on Vgp and a coherence time Th* x 30 ns, both in good agreement with earlier
work [6]. From these measurements, we determine the pulse durations required for 7/2 and 7 rotations
used in the Hahn echo scheme (figure 2(a)).
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Figure 2. Hahn echo and Carr-Purcell (CP) measurements. (a) Pulse sequence used for Hahn echo, consisting of two 7 /2 pulses
separated by a 7 pulse and a background DC voltage (blue). (b) Change in tunneling current AI for a Hahn echo sequence as a
function of total evolution time 7 for different tunneling currents (Vpc = 60 mV, Vg = 60 mV, B =523 mT, f = 13.813 GHz,
T = 15.9 18, Teyle = 2500 ns). Solid lines represent exponential fits of the form AI(7) = Ipexp (—T/ng“’). Datasets are

offset for clarity. (c) Extracted echo decay rates T, ! as a function of tunneling current I, showing a linear dependence. (d)
CP-measurements with increasing numbers of refocusing 7 pulses (CP-1 to CP-16). The inset illustrates the CP-N sequence

for N = 2 composed of an initial 7r/2 pulse, N evenly spaced 7 pulses with delay time 7/N, and a final 7 /2 pulse (I = 7 pA,
Vbc = 50 mV, Vg = 60 mV, B = 536 mT, f = 13.991 GHz, T = 8.6 ns. T¢ye = 0.8-7.6 us). (e) Extracted coherence time T
as a function of the number of 7 pulses in the CP sequence, revealing a monotonic increase in T with pulse number. The grey
line shows two times the relaxation time T = 67 £ 23 ns, determined from the relaxometry measurement shown in figure 3(c)
with the error indicated as a light grey background.

3. Hahn echo and Carr-Purcell sequences

Hahn echo sequences performed on FePc are shown in figure 2(b) for different tunneling currents

I. The Hahn echo sequence consists of an initial 7/2 pulse that rotates the spin into a superposi-

tion of states |0) and |1), followed by a refocusing 7 pulse and a second 7 /2 pulse that converts the
refocused spin state into the measurement axes. In conventional magnetic resonance, this protocol
suppresses inhomogeneous phase noise from static or slowly varying field fluctuations and enables
access to the intrinsic phase coherence time. In ESR-STM experiments, Hahn echo sequences per-
formed on single Ti atoms on MgO/Ag(001) reveal an exponentially decaying signal with a reported
coherence time T, /200 ns [3]. This is substantially longer than the corresponding Ramsey or Rabi
coherence times (T8 ~ 40 ns) and was interpreted as an effective suppression of slow magnetic-field
fluctuations.

The measured Hahn echo sequences in figure 2(b) exhibit an exponential decay on the nanosec-
ond timescale, with increasing signal amplitude and decreasing decay time as the tunneling current is
increased. The extracted decay rates T, ' scale linearly with I (figure 2(c)), consistent with previous ESR-
STM studies [6]. This behavior has commonly been interpreted as tunneling-current—induced scatter-
ing: The inelastic scattering of tunneling electrons, which arrive at a rate I' = I/e, induces spin flips of
the FePc spin (e.g. I =1 pA corresponds to 1 electron tunneling every 160 ns on average). It is note-
worthy that decoherence does not require relaxation and for high-spin systems such as Fe adatoms on
MgO, it was found that the tunneling decreases T, while Tj is still much longer [17]. However, for
spin-1/2 systems (Ti adatoms, FePc molecules) the extracted values of TS were found to be close
to Tl [3, 6]



10P Publishing

New J. Phys. 28 (2026) 083501 P Greule et al

In general, T, is affected by pure dephasing (adiabatic processes), characterized by
Ty or by relaxation of the spin state described by T;. The total coherence time is then given by:

1—1+ ! (5)
T, Ty 2T)

For Ti adatoms and FePc molecules the extracted values of TS approaches the maximum value:
>echo = 2T1- (6)

Thus, reducing the tunneling current should further enhance T,. From the slope of the cur-
rent dependence, we extract a probability of a decoherence event per tunneling electron of Pr, =
(AT, '/AI) - e~ 20%, consistent with values reported previously for FePc on MgO/Ag(001) [6]. This
probability for spin relaxation induced by tunneling electrons is very effective due to the high transition
matrix element for spin S = 1/2 when interacting with tunneling electrons [18]. While this interpreta-
tion is internally consistent, it implicitly assumes that the observed Hahn echo signal arises from genuine
phase-coherent refocusing.

To further probe the nature of the observed decay, we extend the Hahn echo protocol by implement-
ing CP sequences, which apply a train of equally spaced refocusing 7 pulses (figure 2(d)). Figure 2(e)
shows the extracted coherence times TS* as a function of the number of 7 pulses. In conventional set-
tings, increasing the number of refocusing pulses further suppresses low-frequency noise and leads to an
enhancement of the coherence time that ultimately saturates at a value bounded by 27T, [10, 19].

Contrary to this expectation, we observe a monotonic increase of ng with pulse number, without
any indication of saturation. We reach Igp ~ 650 ns for N = 16. Further, we determined a relaxation
time of T} = 67 =23 ns via a relaxometry measurement (see figure 3(c)). This is consistent with results
found previously for FePc in [6] for the same conductance setpoint and also agrees well with T times
determined on other spin-1/2 probed via ESR-STM (Ti/pentacene [3, 7]). This apparent violation of
the expected bound T,<2T; raises questions about the interpretation of both the Hahn echo and CP-
measurements, and motivated the control experiments and alternative interpretation discussed in the
following sections.

4. Control experiments and relaxometry interpretation

As a first control experiment, we detuned the RF drive frequency f away from the resonance frequency
fo in the Hahn echo sequence (figure 3(a)) by many FWHM of the resonance peak. Off resonance, the
signal vanishes within the noise floor, whereas on resonance a clear exponentially decaying response is
recovered. This shows that the observed signal is linked to resonant spin transitions and is not caused by
purely electrical rectification or instrumental artifacts.

We next tested whether the observed exponential decay is uniquely tied to phase-coherent refocus-
ing, as expected for a genuine Hahn echo. To this end, we deliberately introduced imperfections into
the pulse sequence (figures 3(b)—(e)), including unequal pulse spacings (figure 3(b)), incorrect durations
for the final pulse (figure 3(d)), and pulse trains that do not implement a 7/2—-m—m /2 echo condition
(figures 3(c) and (e)). Strikingly, all of these deliberately flawed sequences still yield a similar exponen-
tially decaying signal (figure 3(f)). Note that we take the result displayed in figure 3(c) as a reference
value for the relaxation time T;. Overall, the presence of the decay under conditions that should sup-
press or eliminate coherent refocusing indicates that the dominant contribution to the observed signal
does not rely on a true phase-coherent echo.

These observations motivate an alternative interpretation in which the measured decay reflects a
relaxometry-like response. To test this interpretation, we performed simulations of the spin dynam-
ics by computing the time evolution of the spin state using QuTip and a spin Hamiltonian solver [20,
21]. In these simulations, we consider a static spin Hamiltonian Hy = —wpS* and describe the RF pulses
by adding a time-dependent Rabi drive H(t) = Hy + P(t) - Qcos(wot)S* where P(t) encodes the pulse
sequence by specifying whether the RF signal is applied or switched off. Longitudinal relaxation, char-
acterized by T;, and pure dephasing, characterized by Ty, are implemented through collapse operators
within the Lindblad formalism. Figure 4(a) shows simulations of the employed Hahn echo measure-
ment, where a time trace of the expectation value §* is shown, that is affected by the 7/2 and 7 pulses
as well as relaxation (T} = 100 ns) during the free evolution times. In figure 4(b) we plot the time-
averaged expectation value (S”) as a function of pulse separation A, since in the measurement scheme
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Figure 3. Control experiments for Hahn echo measurements. (a) Hahn echo sequence recorded on-resonance (black, f =
14.772 GHz) and off-resonance (gray, f = 15.4 GHz). A pronounced signal is observed only at the resonance frequency. The
on-resonance trace yields an apparent echo decay time T5"® = (85 = 22) ns from an exponential fit (red line), while the off-
resonant dataset shows no signal (I = 5 pA, Vpc = 40 mV, Vg = 60 mV, B = 536 mT, 7 = 19 ns, T¢yde = 2000 ns). (b)—(e)
Control measurements testing the robustness of the exponential decay against imperfections in the pulse sequence. (b) unequal
spacing between the two 7r/2 pulses and 7 pulse; (¢) use of two 7 pulses instead of a 7w /2—m—m /2; (d) incorrect pulse length
for the final 7r /2 pulse; (e) three pulses of equal length 27 /3. Insets illustrate the respective pulse schemes. [(b)—(d): I = 5 pA,
Vbc = 40 mV, Vg = 60 mV, B = 536 mT, f = 14.772 GHz, 7= = 19 ns, Teyde = 2000 ns; (¢): I = 5 pA, Vpc = 60 mV,

Vre = 60 mV, B = 523 mT, f = 13.813 GHz, 7 = 15.8 ns, T¢yee = 2500 ns. (f) Extracted ng“’ times from the measurements
shown in (a)—(e). All datasets exhibit similar exponential decay behavior.

described above (figure 2) the spin is probed in between by both Vpc and Vgg. This yields an exponen-
tial decay that agrees well with the imposed relaxation time. We note that in all simulations the observed
decay was independent of Ty. The key point here is that the applied RF voltage Vzr and DC voltage

Vbe probe the spin-state constantly during the complete sequence. Therefore, the simulated signal cor-
responds primarily to longitudinal relaxation within the pulse separation A7 rather than to the intended
echo response after the total evolution time 7 governed by T,. As a consequence, the performed pulse
sequence represents a relaxometry-like measurement. Conceptually, this can be viewed as an initial popu-
lation preparation (first 7/2) followed by the constantly probed decay of S* under re-populating via /2
and 7 pulses. In particular, once the spin has relaxed back toward the ground state |0) during A7, the
following pulse again redistributes the population. As a result, the overall signal contains two consecutive
T, relaxation responses within a total Hahn echo sequence. This mechanism is independent of T, since
even if the phase of the spin-state is lost, the RF pulses still re-excite the spin. Consequently, a pulse
sequence nominally designed to refocus the coherent spin can—under realistic ESR-STM conditions—
act primarily as a sequence that excites and probes the spin population.

Still, the observed timescales and their dependence on the tunneling current are consis-
tent with relaxation induced by tunneling electrons: This mechanism was discussed above as
a source of T)-limited decoherence and is supported by the current-dependent measurements
(figure 2(c) and figure 3).

This picture also provides an explanation for the behavior observed in the CP measurements pre-
sented in figures 2(d) and (e): figures 4(c) and (d) show the evaluation of a CP-2 sequence, which yields
the same decay T; ~ 100 ns as observed for the Hahn echo sequence. However, the employed evalua-
tion of the CP sequences in which the signal is plotted over 7 =2N- A7, where N denotes the num-
ber of intermediate 7 pulses, leads to a misleading interpretation. The simulated signals in figure 4(e)
demonstrate that this approach leads to an artificial enhancement of the decay time as observed for the
measured results presented in figure 2(d). Here, the extracted decay time can appear to grow with pulse
number, without exhibiting the saturation expected for true dynamical decoupling. For higher N, the
whole measurement sequence is effectively repeated multiple times within the CP sequence where each
sequence segment is governed by a T;-type relaxation.

6
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Figure 4. Simulation of Hahn echo and CP measurements. (a) Hahn echo pulse sequence together with the simulated expecta-
tion value S* over time for a fixed pulse separation time A. (b) Mean expectation value (§*) plotted as a function of the pulse
separation time A7. The signal is averaged over the whole pulse sequence, emulating the readout via DC and RF electrons in the
experiment. An exponential fit to the simulated data points (black line) yields a decay time of 101.09 =+ 0.45 ns, closely matching
T, = 100 ns imposed by the simulation. (c), (d) Corresponding simulation and analysis for a CP-2 sequence. (e) (S*) plotted
over the total evolution time 7 for different CP sequences. The inset shows the extracted decay time T5 as a function of the CP-
sequence number N. We note, that as the number of 7 pulses increases the slope changes from A7 & 27 /N eventually become
AT & 7 /N, due to the difference in distance between consecutive 7w-pulses and 7w /2- and 7-pulses. The gray solid line displays
twice the relaxation time 2 - T}. Simulation parameters: T; = 100 ns, T> = 50 ns, Teyele = 2-26 ps,§2 = 31.25 MHz,f = 14 GHz.

Opverall, the control experiments and simulations demonstrate that an exponentially decaying sig-
nal observed under a Hahn echo protocol, such as that shown in figure 2(b), is not by itself sufficient
evidence for phase-coherent refocusing in ESR-STM. However, even though the exponential decay
extracted from the Hahn echo sequence is dominated by incoherent relaxation dynamics reflecting T,
a genuine transverse coherence involving T, may still decay on a shorter timescale.

5. Two-delay Hahn echo protocol

A defining characteristic of a genuine Hahn echo is the reliance on phase-coherent spin evolution during
both free-precession intervals. While Hahn echo protocols presented so far vary both interpulse delays
simultaneously, such measurements alone cannot unambiguously distinguish coherent refocusing from
incoherent relaxometry-like responses in the given ESR-STM experiment. A more stringent test of coher-
ence is provided by Hahn echo measurements with independently varied free-precession intervals [11].

In such a Hahn echo protocol, the first free-precession interval 7; and the second interval 7, are
swept independently. For a phase-coherent spin system, an echo signal emerges only when the accu-
mulated phases during the two intervals are properly refocused, resulting in interference features that
depend on the relative values of 7, and 7,. In contrast, a purely population-based or relaxometry-like
signal does not require phase coherence and is therefore expected to depend only weakly on the relative
timing of the two delays. Such delay sweeps have previously been demonstrated for atomic Ti spins in
ESR-STM, but were limited to short delay times (73 = 7, =~ 20 ns) [3]. This only demonstrates that spin
coherence is present after the given timescale 71 = 7, and that measurements should be performed on
the scale of the presumed T5%"™ (a2 200 ns for Ti adatoms). In the present work, two-delay echo mea-
surements could not be reliably implemented for FePc, as no measurable signal was obtained.

To nevertheless establish an unambiguous benchmark for coherence, we performed two-delay Hahn
echo measurements on Fe—FePc molecular complexes, which exhibit improved performance in coherent
control protocols due to partial protection against tunneling electron-induced scattering [8]. In com-
parison to the pristine FePc molecule discussed in the previous sections, the Fe—FePc complex hosts an
additional Fe atom located under one of the FePc benzene rings which has a spin of S = 1. An STM
topography of the complex is displayed in figure 5(a) where the respective benzene ring ligand appears
more pronounced. The proximity of the additional Fe atom to the FePc spin center causes a strong anti-
ferromagnetic exchange interaction between the S = 1 atom and S = 1/2 molecule spin. This leads to
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Figure 5. Coherent spin control in an Fe—FePc S = 1/2 molecular complex. (a) ESR-STM spectrum of the Fe—FePc com-

plex, showing a distinct resonance peak near 14.15 GHz. The inset displays an STM topography of the complex (I = 4 pA,

Vbc = —60 mV, Vg = 30 mV, B =461 mT). (b) Rabi oscillation measurements (I = 4 pA, Vpc = —60 mV, Vg = 60 mV,

B = 461 mT, f = 14.15 GHz,Tyde = 300 ns, Tprobe = 150 ns, Vprope = —60 mV). The red curve represents a sinusoidal fit to

the data yielding €2 = (48 + 4) MHz. The inset illustrates the used pulse schemes in A and B cycle with a DC readout pulse
instead of a constant DC background. (c) Two-dimensional Hahn echo measurements performed by varying the first delay time
71 (10-60 ns) while sweeping the second delay 7. The corresponding pulse schemes for lockin A and B cycles are shown at the
top. A dip in signal is observed when 7; and 7, are equal, i.e. under echo conditions (I = 4 pA, Vpc = —60 mV, Vgr = 60 mV,
B =461 mT, f = 14.26 GHz, T = 11 ns, Teyle = 450 1S, Tprobe = 150 08, Vprope = —60 mV). The traces were vertically shifted
for clarity. (d) Colormap of the full 71—7, dataset, revealing the evolution and decay of the interference pattern characteristic for
a coherent echo response. (e) Extracted echo position 7, as a function of the first delay 71, showing a near-linear relationship.
Gray line is a guide to the eye with 7y = 7.

a correlated m, = 4+1/2 ground state which behaves as a S = 1/2 system which has a reduced scatter-
ing probability with tunneling electrons [8]. In general, we note that we observed the same problems
discussed above for Fe—FePc complexes. Figure 5(a) shows the ESR spectrum of a Fe—FePc complex,
while figure 5(b) demonstrates coherent spin driving via Rabi oscillations.

In order to improve the sensitivity of the experiment, we optimize the pulse sequence shown in
figure 5(c) (top). In the A cycle, the first delay time 7y is kept fixed while the second delay 7, is swept.
In the B cycle both delay times are set equal to 7. This ensures identical total RF-pulse durations in
both cycles and suppresses contributions from rectification. Moreover, since the relaxation processes dis-
cussed above are present in both cycles, the measurement becomes sensitive exclusively to the true echo
signal. In addition, we here use a DC readout pulse at the end of the pulse sequence instead of a contin-
uous readout voltage (see also figure 5(b)). This ensures that the readout of the spin state is probed only
immediately following the coherent manipulation and prevents temporal overlap between RF and DC
pulses, which further reduces current rectification. Figures 5(c) and (d) present the results of the two-
delay Hahn echo measurements, where 7, is varied between 10 ns and 60 ns while 7, is continuously
swept. At short delay times, the data reveal dip features that depend on both 7 and 7.

The evolution of the echo is further quantified in figure 5(e), which shows the extracted echo posi-
tion of 7, for different 7. The approximately linear relationship between 7, and 7, is consistent with
coherent phase accumulation during the first free-precession interval and subsequent refocusing by
the pulse sequence. Notably, the coherent features decay rapidly and vanish for total evolution times
exceeding approximately 40 ns. This indicates a limited intrinsic spin coherence time in this system. We
attribute deviations from the perfect linear agreement 7, = 77 (indicated in the plot) to the overall weak
signal.

Taken together, these measurements demonstrate that two-delay sweeps provide a good criterion for
identifying genuine Hahn echo detection in ESR-STM. Though we used a different spin system for the
two-delay measurements than for the rest of this work, we still deem it important to showcase a work-
ing protocol that is more reliable in determining coherent pulse sequences. While one-delay echo decays
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can arise from incoherent relaxation processes mediated by tunneling electrons, the observation of echo
interference patterns in 77—7, space constitutes more robust evidence of phase-coherent spin dynamics.

6. Conclusion

In this work, we have examined the interpretation of Hahn echo and CP pulse sequences in ESR-STM.
While echo-based protocols are widely used to extract spin coherence times, our results demonstrate
that, in ESR-STM, such measurements can be strongly influenced by tunneling electrons generated by
the applied RF voltage. These electrons not only drive the spin system but also probe and relax it, giving
rise to echo-like signals that do not necessarily rely on phase-coherent refocusing.

Through a series of control experiments, we showed that exponential decay signals persist even when
the pulse sequence no longer fulfills the conditions for a coherent Hahn echo. This behavior is naturally
explained by a relaxometry-like mechanism, in which successive RF pulses as well as the DC background
voltage perturb and probe the spin population, leading to decay dynamics governed predominantly by
the longitudinal relaxation time T;. Within this framework, decay times extracted from conventional
one-delay Hahn echo and CP measurements can significantly overestimate T>.

We further demonstrated that two-delay Hahn echo measurements, in which both free-precession
intervals are varied independently, provide a more stringent test of coherence. The observation of echo
interference patterns in 7—7, space constitutes clear evidence of phase-coherent spin evolution, whereas
their absence indicates a dominant contribution from incoherent relaxation processes. Applying this cri-
terion, we find that the intrinsic coherence times are comparable to those extracted from Rabi oscilla-
tions and substantially shorter than values inferred from one-delay echo protocols. Another route to
establish more reliable pulse schemes is the use of a dispersive, remote readout [5], in which the tun-
neling current primarily interacts with the readout spin.

More broadly, our results establish practical guidelines for the reliable interpretation of pulsed ESR-
STM experiments. In tunneling-based spin detection schemes, the presence of an exponentially decay-
ing echo signal alone is not sufficient to demonstrate coherent refocusing. Independent verification of
phase coherence, for example through two-delay sweeps, is essential to distinguish genuine spin echoes
from tunneling-induced relaxometry signals. These considerations are expected to be broadly relevant
for future investigations of spin coherence in atomic and molecular systems using ESR-STM. Generally,
the obtained results provide useful information for current-based readout of spin qubits where constant
DC background and RF pulses cause tunneling electrons. Here, the RF pulses intended to just control
the spin state additionally probe the system together with the DC background voltage, which requires a
careful interpretation of coherent control experiments.
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