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Understanding and controlling decoherence in open quantum systems is of
fundamental interest in science, whereas achieving long coherence times is critical
for quantum information processing'. Although great progress was made for
individual systems, and electron spin resonance (ESR) of single spins with nanoscale
resolution has been demonstrated**, the understanding of decoherence in many
complex solid-state quantum systems requires ultimately controlling the environment
down to atomic scales, as potentially enabled by scanning probe microscopy withiits
atomic and molecular characterization and manipulation capabilities. Consequently,
the recentimplementation of ESR in scanning tunnelling microscopy® ® represents
amilestone towards this goal and was quickly followed by the demonstration of
coherent oscillations®™° and access to nuclear spins" with real-space atomic resolution.
Atomic manipulation even fuelled the ambition to realize the first artificial atomic-
scale quantum devices™. However, the current-based sensing inherent to this method
limits coherence times'*'®>. Here we demonstrate pump—-probe ESR atomic force
microscopy (AFM) detection of electron spin transitions between non-equilibrium
triplet states of individual pentacene molecules. Spectra of these transitions exhibit
sub-nanoelectronvolt spectral resolution, allowing local discrimination of molecules
that only differ in their isotopic configuration. Furthermore, the electron spins can be
coherently manipulated over tens of microseconds. We anticipate that single-molecule

ESR-AFM can be combined with atomic manipulation and characterization and
thereby paves the way to learn about the atomistic origins of decoherence in
atomically well-defined quantum elements and for fundamental quantum-sensing

experiments.

The experimental set-up is showninFig. 1a. Individual pentacene mol-
ecules were adsorbed onto adedicated supportstructure toelectrically
gatethe molecule against the tip potential and—at the same time—apply
radio-frequency (RF) magnetic fields. This is achieved by a gold micro-
strip on a mica disc, covered by an insulating NaCl film that is thick
enough to prevent electron tunnelling between the molecule and the
microstrip. A gate voltage V; was applied to the microstrip to control
single-electron tunnelling between the molecule and the conductive
tip of the atomic force microscope'. RF magnetic fields were gener-
ated fromanRF current sent through the microstrip. Experiments were
performed at atemperature of 8K.

Todriveand probe ESR transitions, we first bring the closed-shell pen-
tacene molecule to the excited triplet state T, by driving two tunnelling
events with pump pulses of V (refs. 15,16), first extracting an electron
fromthe highest occupied molecular orbital (HOMO) and theninject-
inganelectroninto the lowest unoccupied molecular orbital (LUMO).
The two unpaired electrons in the HOMO and LUMO form the triplet.
As shown previously®”, the subsequent decay from T, into the singlet
ground state S,can be measured by transferring the remaining popula-
tionin T, after a controlled dwell time ¢, to the cationic charge state,

whereas pentacenein S, remains neutral (see Extended DataFig.1). The
two charge states, cationic and neutral, can then be discriminated in
the AFM signal” owing to their different electrostatic force acting on
thetip duringaprobe period, allowing the population decay of state T,
tobemeasured asafunction of ¢, (ref. 15). Notably, the cationic stateis
only used to create the triplet state and facilitate the readout, whereas
the ESR spectroscopy and spin manipulation described below occurs
inthe neutral triplet state.

As seenin Fig. 1b (red curve), the population decay of the T, state
reflects the three lifetimes 7, = 21 pus, 7, = 67 ps and 7, =136 ps of the
three zero-field-split triplet states Ty, Ty and T, differing from each
other markedly (see Methods for the spin Hamiltonian). Driving an
ESR transition between two of these states by an RF magnetic field of
matching frequency effectively equilibrates their populations and
thereby strongly affects the overall population decay of the T, state'®".
ThisisshowninFig.1b (black curve), for which the T,-T, transition was
driven at 1,540 MHz. Around a ¢, of 100 ps, the change in the triplet
population owing to the RF field is maximal for this transition.

To measure an ESR-AFM spectrum of this transition, we therefore
fixed £, t0100.2 ps and recorded the triplet population as a function of
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Fig.1|Set-up, triplet decay underresonantdrivingand ESR-AFM spectra.
a, Sketch of the experimental set-up. Individual pentacene molecules were
adsorbed onaAu(111) microstrip onamicadisc, covered by aNaCl film

(>20 monolayers), preventing electron tunnelling between microstrip

and molecule. Atime-dependent gate voltage V,was applied to the strip
torepeatedly bring the moleculein the neutral triplet excited state T,
(represented by the two arrows) by two subsequent tunnelling events between
molecule and conductive tip. During an experimentally controlled dwell time
tp, the neutral molecule can decay to the singlet ground state. An RF current
I was run through the microstrip to generate an RF magnetic field. After ¢,
the finalstate of the molecule was read outas described in Methods. b, Decay

frequency fy of the driving field. In this single-molecule experiment, the
pump-probe cycle (Extended DataFig.1) was repeated 6,400 timesin
20 sforevery data point, whereas the AFM signal Af (see Methods) was
measured and time averaged, yielding (Af). This (Af) is mainly deter-
mined by the probe phases because they make up for approximately
95% of the total time. As indicated above, during these probe phases,
the outcome of the previous triplet-decay period is read out through
the charge state of the molecule. From (Af), adimensionless normal-
ized frequency shift Af,,., was derived, which scales linearly with the
triplet population; for details, see Methods and Extended Data Fig. 2.

Figure 1c shows the resulting ESR signal with an asymmetric shape,
which closely resembles the signal shape obtained with optically
detected magnetic resonance (ODMR)™**, This asymmetric shape
entails information about the nuclear spin system of the molecule; it
arises fromthe hyperfine coupling of the 14 proton nuclear spins to the
electron spins (see Methods and Extended Data Fig. 3). Note that this
signal was measured at low RF powers, at which power broadening®
was negligible (Extended Data Fig. 4).

The aforementioned data-acquisition scheme was optimized for
both swiftness and signal-to-noise ratio. We note that—at slower
timescales—every single triplet-to-singlet decay event can be probed
individually®”, providing absolute information about the spin popula-
tion, as exemplarily demonstrated by the right axis in Fig. 1c.

Also, the Ty—T, transition at 115 MHz can be probed with this tech-
nique (see Fig.1d), being very similar to that for pentaceneinaterphenyl
matrix®. Note that the smaller ESR signal in this case is because of the
smaller difference of the Ty and T decay rates.

These ESR spectra were acquired in the absence of a static exter-
nal magnetic field and therefore probe the zero-field splitting of T,
(refs. 18,19). This splitting arises predominantly fromthe dipole-dipole
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ofthe T, state as measured without RF (red) and withabroadband (see Methods)
RF pulse (black). T, is zero-field-splitinto three states Ty, Tyand T, having
differentlifetimes (inset), such that the RF pulse driving the T,-T, transition
changes theresulting overall decay. Solid lines represent fits to triple-
exponential decays. Each data point corresponds to 1,920 pump-probe cycles
andtheerrorbarswerederived fromthes.d.;seeref.15.c,d, ESR-AFM spectra
ofthe Ty-T,and T-T, transitions of a pentacene-h,,, respectively. The RF was
sweptataconstant ¢, =100.2 ps. The AFM signal Afwas normalized to Af;orm
asdescribedin Methods. It can be calibrated against the triplet population’
atty; seerightaxes. Theerrorbarswere derived fromthes.d. of sevenand
38 measurements, respectively.

interaction of the two unpaired electron spins. It is therefore governed
by the spatial distribution of the triplet state (see Extended Data Fig.3
and Methods) and canserve as afingerprint of the molecule. The shift
ofthe Ty-T,transition frequency by 60 MHz (about 4% of its value) with
respect to pentacene moleculesinahost matrix*** can berationalized
by the different environments. Figure 2 demonstrates such fingerprint-
ing for perylenetetracarboxylic dianhydride (PTCDA) in comparison
with pentacene, along with an atomically resolved AFM image.

ESR-AFM, as introduced here, relies on selective triplet formation
by electron tunnelling between the tip and the frontier orbitals of the
molecule®. Therefore, the spatial resolution of the ESR-AFM signals is
predominantly determined by the distance dependence of these tun-
nelling processes?, allowing the unambiguous assignment of a given
ESR spectrumto theindividualmolecule beneath the tip (see Extended
DataFig. 5). Similarly, the required tunnelling coupling restricts tip
heights to a certain range (see Methods).

The narrow ESR line in Fig. 1c already indicates a long coherence
time. To demonstrate the long coherence enabled by our new detec-
tion scheme, we measured Rabi oscillations?. The Rabi oscillations
measured onapentacene molecule showninFig.3a demonstrate that
coherent spin manipulation on a microsecond timescale is possible.
Inthis experiment (Extended DataFig. 6), the three triplet states were
allowed to decayindependently during ¢; = 45.1 s, resulting inastrong
imbalance of their populations, with the longest-lived T, being domi-
nant. Subsequently, an RF pulse of variable duration (¢ =0to 7 ps)
at resonance with the T-T, transition was applied, driving the popu-
lation to oscillate between T, and Ty. During the remaining roughly
50 psof afixed total ¢, =100.2 ps, the triplet states again decayed inde-
pendently from each other, such that—after each pulse sequence—
predominantly the T, population remained and was detected. Note
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Fig.2|ESR-AFM spectra of PTCDA and pentacene. a, ESR-AFM spectra of
pentacene-d,,and PTCDA over abroad frequency range. Each molecule shows
asharplineatacharacteristic frequency corresponding toitsintrinsic zero-
field splitting. Note that, for PTCDA, there is a very small signal at1,501 MHz
(notshown) thatis toosmalltobe observed at the parametersused here

(see Methods). The molecules were measured under identical parameters
(errorbarsares.d. of twelve repetitions for PTCDA and seven repetitions for
pentacene-d,,), except for V., (Whichis specific to the molecule) and the
dwell pulse parameters: V,,=2.5V, t,=100.2 us for pentacene-d,,, V,=2.35V,
t, =501 pus for PTCDA (see Methods). b, Spectral zoom-in of the feature around

that this Rabi-oscillation measurement scheme gives rise to an over-
all decaying trend of Af, .., (see blue line in Fig. 3a and Methods). The
assignment as Rabi oscillations is confirmed by the linear dependence
ofthe Rabi frequency on the RF amplitude (see Extended Data Fig. 7).
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1,250 MHz of the PTCDA molecule, revealing its asymmetric lineshape (error
barsares.d. of eightrepetitions). Note that the asymmetric shoulder appears
hereat the low-frequency side, indicative of the T,~T, transition (see Methods).
¢, Constant-height AFM image atomically resolving two PTCDA and a pentacene
molecule, measured with a CO-functionalized tip (z-offset Az=-3.1 Awith
respect tothe set point: Af=-1.05 Hzat V=0V, oscillationamplitude A = 0.55 A).
The two molecules, above which the spectrawere taken, are labelled as ‘A’ for
pentacene-d,, and ‘B’ for PTCDA. The weaker features seen around the molecules
arebecause of probe-tip imperfections. Scale bar, 10 A.

Adecay constantof2.2 + 0.3 us was extracted from thefitin Fig. 3a.
Even though a single-molecule experiment avoids ensemble averag-
ing, itstillaverages over possible fluctuations occurringin time. Here
the nuclear spin configurations will fluctuate from pump-probe cycle

Fig.3|Rabioscillations and ESR-AFM spectra of aprotonated and
perdeuterated pentacene molecule. a, Rabi oscillations fromdriving the
Tx-Ttransition (fz-=1,540.5 MHz) showing coherent spin manipulation. The
pump-probe pulseschemeisshownintheinset (¢, =100.2 s, ts=45.1 s, ty;
variable) and described in the main text (error bars ares.d. of four repetitions).
The predominant contributionto T,is T, at ;= O, then starting to oscillate
towards a predominant contribution of Tyand back, asindicated for the first
oscillation. Afit (greyline) yields adecay constant of the Rabi oscillations
of2.2+0.3 pus (see Methods for details on the fit of the baseline (blue line)).
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b, ESR-AFM spectrum of pentacene-d,, (red), exhibiting amuch narrower
resonance in comparison with pentacene-h,, (grey). The decreased hyperfine
interactionleadstoareduced width of the high-frequency tail. The left flank of
thesignal correspondsto abroadening of only 0.12 MHz. The error barsresult
fromthes.d. of eight (pentacene-d,,) and seven (pentacene-h,,) repetitions.

¢, The Rabi oscillations of pentacene-d,, have alonger decay time of 16 + 4 ps.
The pump-probe pulse scheme was the same as that used for a (error barsare
s.d. of eightrepetitions) but with ;=30 ps (see Methods).



a —
0.43 0.44
e ‘ ¥
o 042 °
= (0]
N © E0.41 042 8 &
[og ((é 2
oJ i =
g 0.40 0.40 8
a
& 0391 I
| 0.38 0.38
T T T T
5p 1,639 1,540 1,541 1,542 1543 1544 1,545 1,546 1,547 1,548
Frequency (MHz)
(]
KN K3 (:)
c 0.404 = S
4 5 g5
Y =
B g7
Q ggg— T T T T T T T T T ) g
E € % 'TN
oF g+
3 0.20 5
o
T T T T T T T T T
0 1 3 4 5 6 7 8 9 10
RF pulse duration tg: (us)
d —— Fit ——Fit —— Baseline ¥ Data
2 o
(0]
C
3
£S5
c =
O 0
o
1 o =
2 W
[0}
§ -
=
[0}
o
0

Fig.4 | ESR-AFM spectraand Rabi oscillations of differently oriented
moleculesand differentisotopologues of pentacene.a, AFMtopography
image of the NaCl-covered surface with several individual pentacene molecules
measured witha CO-functionalized tip (set point: Af=-1.45Hzat V=0V,
oscillationamplitude A =1.65 A). Theinset shows a constant-height AFM image
asaclose-up of molecule 2 resolving itsstructure (4=0.3 A, Az=-5.08 Awith
respecttotheset point Af=-1.45Hzat V=0V,A=0.3 A).Scalebars,30 A (main),
5A (inset). b, Although the ESR-AFM spectra of two individual pentacene-d,,
(red (denoted 2’ ina) and grey (denoted ‘3’)) molecules are very similar, that of

to pump-probe cycle, giving rise to the peculiar lineshape reflect-
ing all different nuclear spin configurations (Fig. 1c,d). Similarly, the
measured oscillations represent an average over finding the indi-
vidual pentacene molecule in different nuclear spin configurations
and, consequently, of a resonance and thus a Rabi frequency differ-
ing for every individual pump-probe cycle. Hence, the observed
decay of the oscillations is probably dominated by the dephasing
from the fluctuating Rabi frequency, limiting the coherence time*.
Reducingthe hyperfine interaction could thenincrease the coherence
time further.

To this end, we studied pentacene-d,,, that is, fully deuterated pen-
tacene, the ESR spectrumof whichis showninFig.3b. Comparing with
pentacene-h,,, the peak shape is similar but its high-frequency tail
isreduced in width by a factor of approximately 14. We suggest this
reduction to be the result of the smaller hyperfine interaction of deu-
terium; the width is now probably dominated by nuclear electric quad-
rupole interaction®. The left flank of the signal exhibits a broadening
of 0.12 MHz (full width at half maximum; see Methods), corresponding
to less than a nanoelectronvolt in spectral resolution. The Rabi oscil-
lations on pentacene-d,, exhibitamuch longer decay time of 16 + 4 ps
(see Fig. 3c). This shows that, in the above-described experiments on

RF pulse duration tc (us)

anotherisotopologue, pentacene-h-d,; (blue (denoted ‘1")) differs clearly
(note thatthe grey datasetis offset by 0.19 withrespect to theright axes) (error
barsares.d. of four repetitions). ¢,d, Rabi oscillations of the Ty-T,and Ty-Ty
transitions (error barsares.d. of eight and tenrepetitions, respectively) of the
twoindividualmolecules 2 and 3. Although for the same RF power the Rabi
frequency of the T,~Ty transition for the two molecules is comparable, that of
the T-T,transition differs by almost a factor of three, in agreement with their
differentadsorption orientation and the selectionrules (see text). For the
reproducibility on other individual molecules, see Extended Data Fig. 9.

protonated pentacene, the coherence was limited by the molecule
itselfand not by the method.

Notably, inforce-detected ESR, asintroduced here, no decoherence
owingtotunnelling electronsisinduced, as noteven asingle electron
needs to be sent through the molecule during the ESR pulse. Further,
as ESR-AFM does not rely on a finite conductance to the substrate,
scattering with the electron bath ofaconducting substrate is absent as
adecoherence source®?* and there are no electronic states available
for scatteringin the thick NaCl film close to the Fermi level. Although
scattering with conduction electronsin the tip remains possible, deco-
herence owingtothelatter is expected to be small because of the weak
tunnel coupling. Indeed, varying the tip height and cantilever oscilla-
tion amplitude does not appreciably affect the Rabi oscillations (see
Extended Data Fig. 8). Moreover, the ESR-AFM technique introduced
here does not require a magnetic tip? and thereby avoids interaction
between the spin system and the magnetic stray field of the tip>>®.
Nonetheless, the molecules under study are subject to many further
interactions and decoherence sources, such as hyperfine coupling
inside the molecule? and to nucleiin the substrate, coupling to neigh-
bouring molecules® and to substrate defects such as step edges, and
theelectricfield penetrating from the tip. We believe that, by avoiding
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various strong decoherence sources, ESR-AFM will give access to these
interactions of the environment occurring on a much smaller magni-
tude of coupling. For example, we observed an appreciable Stark shift
of the Ty—T, transition? of pentacene-d,, (not shown) on the order of
0.3 MHz on changing the voltage by 1V in the tip-sample junction. It
seems likely that this Stark shift together with the cantilever oscillation
contributes to the small but finite linewidth, as well as the observed
decoherencein our experiments. The Stark shift might also be exploited
in future scanning-gate-type experiments®,

Demonstrating the combination of single-spin sensitivity and
atomic-scale local information, we locally identified a single
pentacene-h-d; of the otherwise deuterated pentacene molecules
fromits spectral signature (comparing with ODMR data®) and imaged
itinitsunique environment, as shownin Fig.4a,b. The hyperfineinter-
action generally offers away to manipulate and probe nuclear spins—
featuring even longer coherence times**—by means of the electronic
spin system®. Further, the interplay of selection rules and molecular
orientation can be visualized at atomic scales, as shown in Fig. 4c,d:
the T4~T; transition is driven by the component of the RF magnetic
field along the short molecular axis* (see Methods), which obviously
depends on the azimuthal orientation of the molecule, giving rise to
acorresponding Rabifrequency being proportional to the projection
of the RF field along the short axis of the molecule (see Fig. 4c). By
contrast, the T,~Ty transitionis driven only by the RF-field component
perpendicular to the molecular plane. As the latter always coincides
with the surface plane, the corresponding Rabi frequency should be
the same for all molecules, as exemplified in Fig. 4d.

Thessingle-molecule ESR-AFM asintroduced here opens several new
research directions simultaneously. The systemis brought to and stud-
ied at out-of-thermal-equilibrium and thereby eliminates the need to
measure at (below) liquid-helium temperatures and large magnetic
fields. Experiments in the absence of a static external magnetic field
enable fingerprinting molecules from their zero-field splitting. The
spin coherence on the 10-ps scale demonstrated here represents a
leap forward for local studies of future artificial quantum systems and
fundamental local quantum-sensing experiments. Directly resolving
theatomic-scale geometryinrelation to minute differencesin zero-field
splitting, spin—spin coupling, spin decoherence, as well as hyperfine
coupling will boost our atomistic understanding of the underlying
mechanisms. In combination with the toolset of atom manipulation,
such as spin® and charge-state control?, this willopen anew arena for
future fundamental studies.
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Methods

Set-up and sample preparation

Our measurements were performed under ultrahigh vacuum (base
pressure, p <107° mbar) with ahome-built conductive-tip atomic force
microscope equipped with a qPlus sensor** (resonance frequency,
fo=30.0 kHz; spring constant, k = 1.8 KNm™; quality factor, Q = 1.9 x 10*
and 2.8 x10*) and a conductive Pt-Ir tip. The microscope was operated
infrequency-modulation mode, in which the frequency shift Afof the
cantilever resonance is measured. The cantilever amplitude was 0.55 A
(L.1A peak to peak), except if specified otherwise. Constant-height
AFM images were taken at tip-height changes Az with respect to the
set point, as indicated. Positive Az values indicate being further away
from the surface.

As asample substrate, we used a cleaved mica disc, on which we
deposited gold in aloop structure (diameter, d =10.5 mm; thickness,
t=300 nm) by means of electron-beam physical vapour deposition.
This gold structure contained a100-pm-wide constriction, on which
the measurements were performed. Anon-conducting spacer material
was introduced below the micadisc to preventeddy-currentscreening
ofthe RF magnetic field. The sample was prepared by short sputtering
and annealing cycles (annealing temperature, T= 550 °C) to obtain
aclean Au(111) surface. On half of the sample, a thick NaCl film (>20
monolayers) was grown at a sample temperature of approximately
50 °C; the other half of the sample was used for tip preparation, pre-
sumably resulting in the tip apex being covered with gold. Part of the
data was measured with a CO-functionalized tip apex. To this end,
asub-monolayer coverage of NaCl was also deposited on the whole
surface at asample temperature of approximately 35 °C, to grow two
monolayer NaCl islands also on the half of the sample used for tip
preparation. After preparingatip by indenting into the remaining gold
surface, a CO molecule was picked up from the two monolayer NaCl
islands, after which the tip was transferred to the thick NaCl film*. The
NaClfilminhibits any electrons to tunnel to or fromthe gold structure.
The voltage thatis applied to the gold structure with respect to the tip
represents a gate voltage (V), gating the molecular electronic states
against the chemical potential of the conductive tip. The measured
molecules (pentacene-h,,and PTCDA-hg, Sigma-Aldrich; pentacene-d,,,
Toronto Research Chemicals) and CO for tip functionalization were
deposited in situ onto the sample inside the scan head at a tempera-
ture of approximately 8 K. Pentacene was reported to adsorb centred
above a Cl” anion with the long molecular axis aligned with the polar
direction of NaCl, resulting in two equivalent azimuthal orientations®.

The AC voltage pulses were generated by an arbitrary waveform
generator (TGA12104, Aim-TTi), combined with the DC voltage, fed
to the microscope head by a semi-rigid coaxial high-frequency cable
(CoaxJapan Co. Ltd.) and applied to the gold structure as V. The
high-frequency components of the pulses of V; lead to spikes in the
AFM signal because of the capacitive coupling between the sample
and the sensor. To suppress these spikes, we applied the same pulses
with opposite polarity and adjustable magnitude to an electrode that
capacitively couples to the sensor.

The RF signal was produced by a software-defined radio (bladeRF
2.0 micro xA4, Nuand), low-pass filtered to eliminate higher-frequency
components and amplified in two steps (ZX60-P103LN+, Mini Circuits;
KU PA BB 005250-2 A, Kuhne electronic). The RF was pulsed using RF
switches (HMC190BMSS8, Analog Devices), which were triggered by the
arbitrary waveform generator, allowing synchronization with V;and
control over the pulse duration. The pulsed RF signal was fed into the
microscope head by a semi-rigid coaxial high-frequency cable (Coax
Japan Co. Ltd.) ending in aloop, inductively coupling the RF signal to
the gold loop on the sample. These two loops are in the surface plane
of the sample, such that the inductive coupling adds a vertical zcom-
ponent to the magnetic field. The field generated by the microstrip is
associated tofield lines looping around the microstrip (Ampére’s law).

Atthe position of amolecule placed above the strip, the local magnetic
field resulting from the microstrip is expected to be homogeneous, in
the surface plane and perpendicular to the direction of the microstrip.

The RF signal transmission of the cablesincluding the loop for induc-
tive coupling was detected by a magnetic field probe and can be well
approximated to be constant over intervals of tens of megahertzaround
the T-T,transition, thatis, wider than the spectral features observedin
the experiments. Although the microstrip will contribute to the overall
transmission of the signal to the local magneticfield, it is expected to
notintroduce any resonancesin the frequency range of interest. Note
that the RF signal at afrequency of 1,500 MHz has awavelength roughly
three times the entire circumference of the loop of the microstrip.

Toexcite theentire broadened ESR resonance for the lifetime meas-
urements of the triplet state T, with RF, shownin Fig.1b, we used IQ mod-
ulation to generate abroadband RF pulse. We created a chirped pulse
with awidth of 12 MHz, arepetition time of 5 pusand a centre frequency
of1,544 MHz. Thereby, the RF signal spans the range 1,538-1,550 MHz
in frequency space.

ESR-AFM pulse sequence and data acquisition

The description of the measurement of the triplet-state lifetime can
be found inref. 15. The ESR-AFM experiments were performed with a
similar voltage-pulse sequence, whichis shownin Extended DataFig. 1.
Between eachindividual voltage-pulse sequence, the voltage is set to
Vieg, the bias voltage, at which the respective ground states of the
positively charged (D,) and the neutral (S,) molecules are degenerate.
This way, the spin states of the molecule are converted to different
charge states and detected® by charge-resolving AFM (ref. 17). The
dwell voltage pulse duration ¢, was fixed to 100.2 ps for pentacene and,
simultaneously, an RF pulse with a variable frequency was applied. In
the case of PTCDA, the triplet lifetimes were determined to be
350 +43 ps,170 £ 13 psand 671 + 62 ps, and t, was set to 501 s for the
ESR-AFM spectra shown. To reduce the statistical uncertainty for a
given data-acquisition time, we repeated the pump-probe pulse
sequence 160 or 320 times per second (instead of eight times per sec-
ond for the lifetime measurements of the triplet state T;). Note that, to
prevent the excitation of the cantilever, the durations of the voltage
pulses were set to aninteger multiple of the cantilever period (33.4 ps).
At this high repetition rate of the voltage-pulse sequence, the charge
states cannot beread out individually. Instead, the AFM signal, that s,
the frequency shift Af, was averaged over aninterval of 20 s. This aver-
age frequency shift (Af) reflects the ratio of the charged and neutral
states and thus the triplet and singlet states, but because the change
in Afis very small, itis also sensitive to minor fluctuations in the tip-
sample distance (see Extended Data Figs. 2c and 5b). To minimize the
fluctuationsintip-sample distance, the tip-sample distance was reset
by shortly turning on the Affeedback either after every sweep of the
RF or after afixed time (15 to 60 min). To minimize the dependence of
(Af) on the remaining fluctuations in tip height, (Af) was normalized
using the frequencoyshifts ofthe charged Af " and neutral Af® molecule,
asAf o= ffff: Afo . These frequency shifts were determined at the
beginning and end of every 20-s data trace (see Extended DataFig. 2a);
the charge state was changed by applying small voltage pulses
(Vo= Vigeg+ 0.3V, Ve = Vyeg — 0.3 V). Tunnelling events during the
readout of these frequency shifts were minimized by using a tip-
sample distance at which the decay constant for the decay of the D,
stateintothe S, state duringa pulse of V. +1.2 Vwasaround 4 ps (note
that thisrequirementrestricts the possible distances to asmall range,
asthe tip height should also be small enough such that the tunnelling
processes are considerably faster than the triplet decay; see also dis-
cussion of the spatial resolution in the main text).

If still a charging event happened, the data trace was discarded. To
maximize therate of the tunnelling processes during the voltage-pulse
sequence, the beginning and end of the voltage pulses were synchro-
nized with the closest turnaround point of the cantilever movement.
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The data-acquisition and renormalization scheme to derive Af, ;. is
shownin Extended DataFig.2. As canbe seenin Extended Data Figs. 2c
and 5b, also the raw (Af) signal exhibits the ESR features but with
stronger baseline drift.

Note that Af,,. typically deviates from the triplet population, but
that, for a given measurement, a linear relation between them exists.
This deviation arises from the voltage pulses that are for pentacene
turned onfor4.3% of the time, during which the frequency shift corre-
spondstothe applied voltages and thus crucially depends onthe exact
shape of the Kelvin probe force parabola”. This explains the differences
inthebaseline of the Af,., signal (without RF or RF off-resonance) for
different measurements—even for those above the same molecule—
owingtodifferencesinthe position above the molecule. Quantitative
results (right axis of Fig. 1c,d) can be obtained from a calibration meas-
urementinwhich the population was determined by counting the indi-
vidual outcomes after each pulse sequence at arepetition rate of eight
per second. This calibration was performed for an RF corresponding to
the maximum of the ESR signal, as well as an RF that was off-resonance.
For both cases, 7,680 pump-probe cycles were recorded.

Note that we do not observe any appreciable change in the damping
ofthe cantilever during an RF sweep.

Experimental uncertainties and statistical information
Todetermine the uncertainty on the ESR-AFM data points, the20-s data
traces were repeated several times and the error bars were extracted
as the s.d. of the mean of these repetitions. This way, any type of
non-systematic uncertainty will be accounted for, irrespective of its
source (see next paragraph). Note that the hydrogen spins can have a
different configuration for every individual readout”. Given our large
number of sampling events, we acquire an average over the possible
nuclear spin configurations.

The three main sources of uncertainty of Af, ., are the statistical
uncertainty from the finite number of repeats®, the remaining drift
of the tip height and the noise on the frequency shift Af. We choose
the number of repeats per data point such that the statistical uncer-
tainty becomes comparable with the other two sources of uncertain-
ties; depending on the exact experimental conditions, any of these
three sources can dominate. Probe tips that give a strong response to
charging (alarge charging step in the Kelvin parabola) provide abetter
signal-to-noise ratio and, therefore, a smaller relative uncertainty. To
minimize this contribution to the uncertainty, we only used tips for
which the charging step was large compared with the noise in Af (size
of charging step 0.2-0.4 Hz for tips witha Afsetpointaround -1.5 Hz at
zerobias; Afaveraged over1sexhibitsatypical uncertainty of 1 mHz).In
the case of the datain Fig. 4c, top and Extended DataFig. 8c, bottom, the
drift was clearly dominating the error margins. Therefore, the noise
resulting from drift was, for these datasets, further minimized by set-
tingthe average of every repeat equal to the average over all data points.

Inthe case of pentacene, the T,—T, transition was measured for 19 ind-
ividual pentacene-h,, molecules, 20 pentacene-d,, and 1 pentacene-
h-d,;; for 18 of these molecules, we also measured the T,~T, transition.
The T,-T, transition of PTCDA was measured in 20 individual spectra
for2molecules, whereas Ty-Tyand Ty-T, transitions (not shown) were
measured 3 and 5 times, respectively. In total, 16 different tips were
used for these measurements. Molecule-to-molecule variations of the
resonance frequencies for two different tips are shown in Extended
DataTablel.

Spin Hamiltonian and eigenstates

The pulse sequence prepares the moleculeinto an electronically excited
state with one unpaired electron in both the HOMO and the LUMO.
These electrons couple through exchange interaction, leading to a
large energy difference of AE = 1.1eV (refs. 37,38) between the excited
singlet S, and the excited triplet T, states. We note in passing that this
energy difference allows us to selectively occupy T, instead of S,. With

respect to exchange interaction, all three triplet sub-states of T, are
degenerate. These are typically represented in the basis of magnetic
quantum numbers mg=-1, 0 and +1, which—in the representation of
thetwo coupledspins—is T =¥ ), To= (M) + ¥ ™)) /N2and T, = [11),
respectively.

As explained in the following, the magnetic dipole-dipole interac-
tion between the two electron spins, which is orders of magnitude
weaker than the exchange interaction, lifts this degeneracy, leading
to asplitting of the triplet states, called the zero-field splitting. We
note that the zero-field splitting may also have contributions from
spin-orbitinteraction. The dipole-dipole interactionis described by
the Hamiltonian®

Hole
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H =

with thetwo spins S;and S, at adistance rinarelative direction#=r/r.
U, is the magnetic constant, y, the gyromagnetic ratio, i the reduced
Planck constant and r the vector connecting the two spins. Notably,
the magnetic dipole-dipole interaction is highly anisotropic, that s,
for given spin orientations, it strongly differs and even changes sign
for different relative positions of the two spins (see Extended Data
Fig. 3a). The spatial positions of the electron spins are given by the
orbital densities of the two electrons, the confinement of whichis very
different along the three molecular axes (see Extended Data Fig. 3b).
Note that, for pentacene and PTCDA, the z direction is perpendicular
tothemolecular plane and, thereby, perpendicular tothe surface plane;
xpointsalong the long molecular axis?. The anisotropy of the dipole-
dipoleinteraction together with the non-uniformity of orbital densities
gives rise to an energy difference in the range of microelectronvolts
for the spins pointing in different real-space dimensions. This zero-field
splitting is thus a fingerprint of the orbital densities and thereby the
molecular species (see Fig. 2).

The corresponding eigenstates are no longer T_;, Toand T,, but Ty,
T,and T, The latter eigenstates expressed in the basis of the former
read Ty=(T_ - T,)/v2,Ty= (T, +T,)i/v2and T, =T,, whereas expres-
sed as the states of the two individual spins |[my; my,), they are Ty =
(N = IMN/N2, Ty= (V) +[r))i/vV2and T, = (|M V) + [V 1))/v2. Fur-
ther, they have the property that the expectation value of the total spin
(T/SITy vanishes for all three states T, y,, whereas (Ti|S§|T,-) =(1-6y).
Here 6;is O for i #jand 1for i=j.(S) = O renders these triplet states
relatively insensitive to external perturbations; an external magnetic
field affects the system and energies only to the second order.

The spin Hamiltonian .7 for the zero-field splitting and an external
magpnetic field B (excluding hyperfine terms) is .#’=SDS +8.1;SB,
with the dipole-dipole-interaction tensor D. Explicitly expressed in
the basis of the zero-field split states Ty, Tyand T, it reads®

€x _ige”BBZ igel'lBBY
A= 8, UgB7 ey ~ig ugBx
—ig ugBy g, 1gBx €z

Here pj is the Bohr magneton, g. is the electron g-factor and ¢y, €,
and ¢, are the zero-field energies of Ty, Ty and T, respectively. With
increasing external magnetic field, the eigenstates will gradually change
and asymptoticallybecomethestates T_;, T,and T, in the limit of large
magnetic fields (for example, see Extended Data Fig. 3c).

Selection rules

It follows from the above Hamiltonian that any two of the three
zero-field split states are coupled by means of the magnetic field
component pointing in the remaining third real-space dimension®.
Forexample, Tyand T, are only coupled through By, such that only the
latter candrive the Ty-T, transition. Because x,y and zare defined with



respect to the molecular axes, they might not coincide for different
individual molecules (for example, see Fig. 4c).

Origin of asymmetric lineshape

The hyperfine interaction in protonated pentacene can be described
as an effective magnetic field B, created by the nuclei with non-zero
spins acting on the electron spins. Assuming a random orientation of
the 14 proton nuclear spins at a given point in time, B, will fluctuate
around zero-field (see Extended Data Fig. 3¢) and point in arandom
direction. Because of the many fluctuating nuclear spinsacting together
atrandom, the probability distribution of By has its maximum around
zero and falls off towards larger absolute values. The influence of
By is always small compared with the zero-field splitting such that
By, shifts the energies of the triplet states only to the second order,
thatis, to <B2, (ref. 21). This is depicted in Extended Data Fig. 3c for
the B, component in the z direction, By, ;, in which it becomes clear
thatthe broadeningis single-sided inthis case. Thexandy components
of B, contribute much less to the broadening. From Extended Data
Fig.3c,itbecomes clear that the curvature around B,;;; = 0 of the hyper-
bolicavoided crossingis responsible for the asymmetric broadening.
This curvature isinversely proportional to the energy difference of the
respective pair of states. Asthe Ty-Ty transition has the smallest energy
splitting of all possible pairs, the broadening is dominated by their
avoided crossing occurring along the zcomponent of By, (ref. 21).
Specifically, for the case of pentacene, this effect is smaller by roughly
one order of magnitude in the other two directions.

Different individual isotopes contribute differently to B, such
that different isotopologues give rise to a different probability distri-
bution of B,;;; when considering all possible nuclear spin configura-
tions. The assignment to theisotopologue is done in comparison with
previous work?, based on the line profile, which not only includes the
widthbutalsoitsshape. Because the hyperfineinteraction entersasa
second-order term, the mere presence of one nucleus (for example, a
proton) with strong hyperfine interaction also influences how strongly
all the other nuclei (for example, deuterons) affect the line, thereby
changingits overall shape.

Analogously, the hyperfine interaction of the eight proton nuclear
spinsin PTCDA givesrise toits asymmetriclineshape (see Fig.2b). Note
thatthe asymmetric shoulder appears here at the low-frequency side.
Such alineshape is expected for the T,-T, signal®, as becomes clear
from Extended Data Fig. 3¢ (when considering the T,~T, transition
instead of the T,~T, transition that is explicitly illustrated). The T,~T,
signalis the largest for PTCDA; small signals were also observed for the
T,~T, transition (at 252 MHz) and the T,-T; transition (at 1,501 MHz).
Note that this is in contrast to pentacene, for which the T,-T, signal is
the largest and the T,-T, transition was not detected (because of the
similarity in the lifetimes of its Ty and T, states).

Fitting of the lineshapes

As explained in the previous section, the hyperfine interaction is the
origin of theasymmetriclineshape of the ESR signals. The lineshape of
the T,~T,transition can be well approximated by asudden onset at the
frequency f,... followed by an exponential decay of width f.,, (ref. 20) as

O(f_ﬁmset)eXp(_ (f_ﬁJnset)/j‘;iecay) 4

inwhich ©(x) denotes the Heaviside function.

Asecond contributionto the overalllineshape results from the finite
lifetimes of the involved states. This leads to a lifetime broadening,
resulting in a Lorentzian of the form

T /(f-£, )7+ 1)

centred around each resonance frequency f,., with a full width at half
maximum of 2I. Accordingly, the experimental resonances are fit

to a convolution of the above two functions, allowing to extract the
broadening owingto the hyperfineinteraction and the finite lifetimes
separately. We note that non-Markovian processes?*** may lead to a
deviation from the idealized Lorentzian and that power broadening
was avoided in the measurements of the ESR-AFM signals. The effect
of power broadening isillustrated in Extended Data Fig. 4.

Rabi oscillations simulations and delay time

The Rabi oscillations were measured using an RF pulse applied around
the middle of the dwell voltage pulse with a varying duration and a
frequency corresponding to the maximum of the Ty-T, or T,-T, ESR
signal. Toillustrate the effect of such an RF pulse for the Ty-T, transi-
tion, the evolution of the populations of the three triplet statesand the
singlet state during the dwell voltage pulse were simulated, as shown
in Extended Data Fig. 6.

These simulations were performed using the Maxwell-Bloch equa-
tions*®, analogous to the model used for ODMR*., The Rabi oscillation
dataareatemporal average of asingle molecule, which—according to
theergodicassumption—isthe same as anensemble average. Therefore,
we can use the density-matrix formalism* to simulate our data. Note
that, on driving the T,-T, transition, Ty is decoupled from the T and
T, dynamics and simply decays independently. The Bloch equations
inthe density-matrix formalism cantherefore berestricted to the two
coupled states*, here Ty and T,, whereas the occupation of the third
triplet state is treated separately as a simple exponential decay func-
tion. With respect to the two coupled states, the systemis described

by the density matrix*
p= |:pZZ pZXi|
pXZ pXX

and evolves according to the Liouville equation*

dp i
- =—17,pl.
a - el

The Hamiltonian of the molecule interacting with the RF field (with
Rabi rate Q) at resonance with the T-T, transition (with resonance
frequency w, — wy) can be written as*

hwy —hQcos(wz - w,)

" | ~hQcos(@; - w,) hw,

The time evolution of the density operator in the rotating-frame
approximation, with phenomenologically added relaxation and
dephasing terms, can be described as*

dpyy iQ Pyx
de _7(pzx_pxz _?

dp,, iQ
ar 7(pxz Py

Pz
(54

deZ:_ l.{_L.{_L +i2( - )
de ~ PxT, T an T 2g, ) 2 P Pxx

deX—_ L+L+L +Q( — )
de = P\, T2g T 2g, ) 2 PPz

The time evolution of T is simply given by

oy __Pw
de Ty
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These last five equations were used for the simulation for Extended
DataFig. 6. Asinput parameters for the simulation, we used the param-
eters that were experimentally derived for pentacene-h,,: the decay
constants of the triplet states: 7, = 20.8 pis, Ty = 66.6 psand r, = 136.1 ys;
the decay constant of the Rabi oscillations: T, = 2.2 ps; the initial popula-
tions pyx = pyy = Pzz = 0.8/3 and coherences py; = p,x = 0; the starting time
ofthe RF pulse t;=45.1 ps and its duration of 4 and 4.5 Rabi-oscillation
periods, respectively. Note that interconversion between Ty and T,
resulting from spin-lattice relaxation is assumed to be negligible com-
pared with r, and 7,.

Here the initial occupation of the Ty, Ty and T, states are assumed
to be all equal to 0.8/3. Simulations and data in ref. 15 show that
the triplet state is initially approximately 80% occupied (this value
depends on the exact tip position, as the two competing tunnel-
ling rates to form the T, and S, states depend on the wave-function
overlap between tip and the LUMO and the HOMO, respectively).
We assume that the probability to tunnel in the three states is equal
(same spatial distribution and tunnelling barrier, as their energy dif-
ferences are negligibly small). The Maxwell-Bloch simulations were
performed to guide the understanding of our Rabi-oscillation meas-
urements. For this purpose, we disregarded non-Markovian effects?**
and modelled the relaxation with a single phenomenological time
constant 7.

The delay time ¢, at which the RF pulses started, was fixed for one
Rabi-oscillation sweep. The optimal ¢ was experimentally determined
by sweeping the timing of a t RF pulse over the range of the dwell pulse.
Ats>0isneededtoinitiate animbalance betweenthe Ty and T, states.
Similarly, adecay time after the RF pulsesis required such that the final
triplet populationis dominated by only one of these two triplet states.
The optimal delay time is, therefore, shortly before the middle of the
dwell voltage pulse. Furthermore, it is important that, on increasing
the duration of the RF pulse, the sensitivity for differentiating Ty and
T,doesnotgreatly reduce, otherwise afurther decay of the Rabi oscil-
lationsisinduced by the readout. Therefore, we chose 30 ps as adelay
time for the Rabi oscillations of pentacene-d,,, which were probed up
to an RF pulse duration of 30 ps.

Rabi oscillations baseline fit
The baseline of the Rabi-oscillation experiment represents the situ-
ation of equal populations in the coupled states Ty and T, during the
pulse; evenifthe Rabisignalis not yet decayed, itis oscillating around
the baseline. The decay of the baseline arises from the decay of the
(on average) equally populated Ty and T, states into the singlet state
during the RF pulse. As the final population of Ty is independent of
the RF signal, it will only give rise to a constant background and will
be disregarded in the following.

Hence, the baseline is defined by the following: in the initial phase
0 <t<tgallthreetripletstates decay independently from each other.
Atthebeginning of the RF pulse, thatis, at ¢ = ¢, the sum of populations
inTyand T, is

Py7(ts) = Py/3 (exp (—kxts) + exp(—kits)),

inwhich k= 3l and k, = 75! are the decay rates of Tyand T, respectively,
and P, is the initial total population in the triplet state, such that P,/3
istheinitial populationineach Ty, Ty and T,. During the RF pulse, that
is, for tg <t <t; (with ¢ being the end of the RF pulse), the RF signal
equilibrates (on average) the populations of two of the states, thus at
the end of the RF pulse

Py7 (t) = Pz (t)exp(— (kg + k) (e — £5)/2) .

Finally, for t; <t < ¢;,, the states decay againindependently, giving at
the end of the dwell time

Py (tp) = Pyz (t) exp (= (kx + k) (= t5)/2)
{exp(_kx (tD_ t]-:)) + eXp(_kz(tD_ tE))}/zr

which canberearranged to

Pyz(tp) = Pxz(ts){exp(—k(tp — ts))exp(tre(ky — k7)/2)
+exp(—ky(tp— t5))exp(—tre(ky — k;)/2)}/2.

Note that Py,(t;) does not depend on ¢ = ¢ — ts and therefore just
represents a constant prefactor. The two terms provide contributions
tothe baseline thatrise and fall exponentially with ¢, respectively. For
the specific case and parameters considered here, the prefactor of the
rising term is much smaller than that of the falling term and is there-
fore neglected. Because the decay rates were determined (Fig. 1b) for
the pentacene-h,, molecule, for which the Rabi oscillations were meas-
ured, these rates were used for the fitting of the Rabi oscillations of the
pentacene-h,, molecule (Fig. 3a). In case of pentacene-d,, (Fig. 3c), we
set (ky — k;)/2=0.012 us ' based on the measured decay rates of another
individual pentacene-d,, molecule. In the experiment, other effects
(for example, athermal expansion owing to RF-induced heating) may
also add to atemporal evolution of the baseline. These contributions
were not separately accounted for but they are fitted as part of the
falling term described above.
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Extended DataFig.1|Schematic of the pump-probe sequence for the for the ESR-AFM experiments. During the reset pulse, the molecule was
ESR-AFM measurements. a, Voltage-pulse sequence (black) containing the broughttoD,. The dwell voltage pulselifted the D, state above the T,and S,
reset pulse (V,egee = —1.38 V, t;ecec = 33.4 p1s) and dwell pulse (V, =2.5V,t,=100.2 us  states;anelectron cantunnelinto the molecule, formingeither the T, or the

for pentacene, V,=2.35V, t,=501ps for PTCDA) applied as V; to the sample. Sostate®, preferentially occupying T, (see Methods), with rates ks and k,,
Duringthe probeinterval (2.96 ms for pentacene), the voltage was set to the respectively. During the dwell pulse, the moleculein T,candecayintoS,. Two
middle of the charging hysteresis of Sy and D, (V). An RF pulse (blue) was ofthetripletstates (here Tyand T,) canbe coupled during this time by the RF
synchronized with the dwell pulse, having the same duration as the dwell pulse pulse.Ifthe molecule was stillin the triplet state after the dwell pulse, an

for the measurement of the ESR-AFM spectra. b, Many-body picture showing electron can tunnel out of the molecule chargingit, allowing adiscrimination
the mutual energetic alignment of the cationic (P*) doublet ground state D, ofthetripletandsinglet states through the charged and neutral states,

the neutral (P°) singlet ground state S,and the neutral triplet excited state T, respectively. c, Populations of the involved states during the pump-probe
duringthe pump-probe sequence of a. The charge-transfer rates (k,-ks) were sequence, withand without RF. Note that, with RF, the Tyand T, states decay

chosentobe much faster thanthetriplet decay, with1/k,settoaround 4 ps withthe average decay rates of Tyand T,, assuming a sufficiently strong RF pulse.
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Extended DataFig.2|Raw data andsignal extraction towardsanESR
spectrum. a, Voltage-pulse sequence for the acquisition of one data point.
Atthebeginning and end, two voltage pulses were given to neutralize

(V2= Vaeg+ 0.3 V) and charge (Vi = V4ep ~ 0.3 V) the molecule, in between which
the voltage was set to the centre of the charging hysteresis (V,); hereatypical
value for pentaceneisshown. During the middle 20 s of the data trace, the
pump-probe sequence shownin Extended DataFig.1a was repeated 320 times
persecond.b, Oneoftherecorded Afdatatraces withthe pulse sequence
shownina. The frequency shifts of the neutral (Af°, black) and charged
(Af*,green) molecule were extracted as the average over the 1-sintervals at
thebeginningand end of the trace. The averaged frequency shift ((Af), red)
was extracted from theinterval during which the pump-probe sequence was
turned on.c, ESRspectrum of pentacene-h,, without normalizing the frequency
shift. The panelshows Af°, Af*and (Af) asafunction of the RF (error bars are
s.d.of sevenrepetitions). Owing toslight creep and drift, all three signals show
asimilar overall trend line (fit curves). Around 1,540 MHz, (Af) shows clear
deviations fromthisgeneral trend, representing the ESR signal. Normalizing

o
the frequency shift from these three values as Af oo™ Wﬁ - Afo largely reduces
thebackground trend owingto creep and drift. M-




Extended DataFig. 3 |Illustration of the zero-field splitting and explanation
oftheasymmetriclineshape. a, Schematicillustration of the anisotropic
nature of magnetic dipole-dipoleinteraction (black field lines) between the
two spins (red arrows) constituting the triplet state, as shown for the case of
pentacene (grey molecular skeleton). b, For aspherical density distribution of
thetwoelectrons, thethreetripletstates Ty, Tyand T, are degenerate. However,
foran oblate density, the probability distribution of the electrons’ mutual
distancediffersin the different spatial directions. In this case, because of the
anisotropy of the dipole-dipoleinteraction, the alignment of the spins with
respectto the spatial directions matters and T, splits offin energy. For a
probability distribution that differsin all three dimensions, the degeneracy

of allthree states (T, Tyand T,) islifted. Inthese considerations, thex,yand z
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TC TU
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T Probability
LD ,
0 / Bz
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[P Y] MMM

proton spins

directions refer to the high-symmetry directions of the molecule, as depicted®.
¢, The hyperfineinteractionin protonated pentacene canbe described asan
effective magnetic field B, created by the nucleiacting on the electron spins.
Owingto therandom orientation of the 14 proton nuclear spins (bottom),

By will fluctuate around zero-field and its probability distribution for the z
componentis depicted (orange, bottom). The Tyand Ty states show a hyperbolic
energy dependence (top) as afunction of amagnetic field in the zdirection,
By z- Weighting the different transition frequencies (blue double-headed
arrows) with the probability distribution of By ; givesrise to the asymmetric
lineshape as schematically illustrated for the Ty-T, transition by the projection
ontotheenergy axis (orange, top left). Of all directions, the zcomponent is the
mostimportantone for the hyperfine-related lineshape (see Methods).
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Extended DataFig.4 |Power broadening of ESR spectra.a,b, Spectra
acquired at different RF powers demonstrating the role of power broadening
for pentacene-d,, and pentacene-h-d,;, respectively. For the spectraat medium
andlarge powers, the amplitude of the RF pulse was doubled and octuplicated,
respectively. Although from low to medium power the ESR signal is mainly

Pentacene-hd,,
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Ire = 8l pars
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rescaledinamplitude, at the largest power, the broadening becomes
recognizable. When comparing different lineshapes, the exclusion of power
broadeningis necessary?*?. The error bars were derived from the s.d. of 12
repetitions for the lowest power of pentacene-d,, and six repetitions for the
other datasets.
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Extended DataFig.5|Spectraabove and next to a pentacene molecule.
a,AFM topography image of asurface areawithadsorbed pentacene molecules
measured witha CO-terminated tip (set point: Af=-1.45HzatV=0V,A=1.65 A).
Theinsetshowsaconstant-height AFMimage asazoom-in(4=0.3A,Az=-4.76 A
withrespecttotheset point Af=-1.45Hzat V=0V,A=0.3A).b, ESR-AFM
spectraabove (blue) and next to (red) the pentacene-d,, molecule shownina

(errorbarsares.d. of four repetitions). Although the former shows a clear
feature around 1,540 MHz, this feature is absent for the spectrumacquired
nextto the molecule. For adiscussion of the spatial confinement of the
ESR-AFMsignal, see the main text. Note that the frequency shift was not
normalized for these spectra.
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Extended DataFig. 6| Maxwell-Bloch simulations of two data points of the
Rabi oscillations. The occupations of the three triplet states and the singlet
state during the dwell voltage pulse (t, =100.2 ps) are shown. The simulation
parameters were chosen similar to those of the measured Rabi oscillations for
pentacene-hy,. At time zero, the beginning of the dwell voltage pulse, itis
assumed that the three triplet states are equally occupied; their population
summing to 80% of the total population'®. During the dwell time, the three
triplet statesdecay with 7, =21 ps, 7y =67 pusand 7, =136 usback to S,. At the
starting time ¢, an RF pulseis turned on with afrequency matching the T,-T,
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energy splitting. This RF pulse causes coherent oscillations between these
two tripletstates, asclearly visiblein theinset. The populationinthe Tyand T,
states at the end of the RF pulse depend, thus, on the duration of the RF pulse.
Thelarger the populationinthe fastest-decaying Ty state, the lower the triplet
populationat the end of the dwell pulse. This is exemplified by the simulations
showninaandb with RF pulse durations corresponding to 4 and 4.5 Rabi-
oscillation periods, respectively (Rabifrequency:1.33 MHz, decay constant
ofthe oscillations: 2.2 us).
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Extended DataFig.7 | Power dependence of Rabi oscillations. a-c, Rabi increases (almost) linearly withamplitude, whichis characteristic for Rabi
oscillationsacquired on pentacene-d,, witha CO-terminated tip at different oscillations. The slight deviation from alinearincreaseis attributed to

RF amplitudes demonstrating the increase of Rabi frequency with increasing nonlinearities of the RF circuitry.

RF amplitude (error barsaress.d. of eight repetitions). The Rabi frequency
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Extended DataFig. 8| Role of tip height and cantilever amplitude on

Rabi oscillations. a-c, Rabioscillations acquired on pentacene-d,, witha
CO-terminated tip atrelative different tip heights Az (referring to the zero
crossing from the set point of the cantilever: Af=-1.42Hzat V=0V,A=1.65A;

positive Azvalues are further away from the surface) and cantilever oscillation
amplitudes A, asindicatedin the panels (error barsare s.d. of eight repetitions).
The Rabi oscillations show no appreciable differences.
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Extended DataFig. 9| Demonstration of orientational dependence of demonstrate the reproducibility of the determined Rabi frequencies for
Rabi oscillations for aset of molecules. a, AFM topographyimageofasurface  thetwo orientations. The averaged values of the Rabi frequencies are
areawithadsorbed pentacene molecules measured witha CO-terminated tip 1.90 + 0.02 MHz and 0.60 + 0.02 MHz, derived for four and three molecules,

(set point: Af=-1.45Hzat V=0V,A=1.65A).b,c, Rabi oscillations of the T-T, respectively. The error bars onthe data points were derived fromthe s.d. of
transition of four pentacene-d,, molecules, two per orientation, exemplarilyto  eightrepetitions.
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Extended Data Table 1| Molecule-to-molecule variations of
the resonance frequencies

Tip Pentacene-d14 Tx-Ty Transition Tx-Tz Transition

a (metal tip) 1 118.1 MHz 1538.2 MHz
2 118.2 MHz 1538.5 MHz
3 118.0 MHz 1539.1 MHz
4 117.4 MHz 1539.9 MHz
5 116.4 MHz 1540.2 MHz

b (CO tip) 6 116.9 MHz 1540.1 MHz
7 116.8 MHz 1540.0 MHz
8 118.6 MHz 1539.6 MHz
9 117.1 MHz 1540.2 MHz
10 117.0 MHz 1539.9 MHz
" 116.6 MHz 1540.3 MHz

List of the Ty-Ty and T,-T; transition frequencies for 11 different individual molecules, showing
small but appreciable molecule-to-molecule variations. We attribute these small differences
to variations of the local environment. For example, the data hint to correlations between the
observed differences in resonance frequencies and the existence of nearby step edges of
NaCl, which is subject to further investigations. For data acquisition, two different tips were
used as indicated, of which one was terminated with a CO molecule. Note that the atomic
structure of the tip apex was not altered between the different datasets corresponding to

the same tip.



