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Individual magnetic molecules are promising building blocks for quantum

technologies owing to their chemical tunability, nanoscale dimensions
and ability to self-assemble into ordered arrays. However, exploiting
their properties in quantum information processing requires precise
local control of their spin. Here we demonstrate spin-electric coupling
for two molecular spin systems—iron phthalocyanine (FePc) and Fe-FePc
complexes—adsorbed on a surface. We use electron spin resonance

combined with scanning tunnelling microscopy tolocally address them and
electrically tune them using an applied bias voltage. These measurements
reveal anonlinear voltage dependence of the resonance frequency, linked to
the energetic position of the molecular orbitals. We attribute this effect to a
transport-mediated exchange field from the magnetic tip, providing a large,
highly localized and broadly applicable spin-electric coupling mechanism.
Finally, we demonstrate that the spin-electric coupling enables all-electrical

coherent spin control. In Rabi oscillation measurements of both single and
coupled Fe-FePc complexes, we show that the spin dynamics can be tuned
using the exchange field, demonstrating a pathway towards electrically
controlled quantum operations.

Electronand nuclear spinsin single molecules have attracted substan-
tialinterest as potential building blocks for applicationsin spintronics,
quantumsensing, and quantum computing'. Magnetic molecular sys-
tems are of nanoscopic size, benefit from self-assembly and offer unique
structural as well as chemical tunability via modern synthetic
chemistry®*. Akey challenge lies in achieving reliable and local control
over individual spin centres. A potential solution is the use of electric
fields, which—in contrast to magnetic fields—can be efficiently applied
inaconfined region®. Thus, spin-electric coupling (SEC) inmolecules
hasinrecentyearsemerged as a promising control mechanism, which
has been discussed theoretically’” and realized experimentally® ¢ in
avariety of systems. These specifically tailored molecular platforms
typically rely on structural distortions that modulate key parameters
of the spin Hamiltonian, such as zero-field splitting, g-factor, orbital

angular momentum, hyperfine interaction or exchange coupling.
Often, effective SEC requires a soft, electrically polarizable molecular
environment and spin energy levels that are highly sensitive to struc-
tural changes. However, the experimentally observed shifts Af inspin
resonance frequencies due to electric fields have so far remained rela-

tively modest, amounting to less than %C <1%ofthe qubit’s unperturbed

resonance frequencyfo=ngB/h.This(iimitation arises partly because
most SEC mechanisms across platforms are found to be linear”, and
exceptions of higher-order contributions have been rarely observed
and discussed®'*?°.

Recently, SEC has been studied using electron spin resonance
scanning tunnelling microscopy (ESR-STM): This combination of ESR
with STM has emerged as a powerful tool providing sub-angstrém
resolution while also permitting coherent control of single spin
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Fig. 1| Molecular spins on Mg0O/Ag(001). a, STM topography of the surface
with the deposited Fe atoms and FePc molecules and a built Fe-FePc complex
(image conditions: / = 20 pA, Vpc = —100 mV). The inset shows a close-up
topography of asingle FePc molecule (2.2 nm x 2.2 nm, /=50 pA, V,c =100 mV).
The blue dot marks the tip position of the experiments showninband d.b, Left:
differential conductance (d//dV) spectraacquired on the centre of the FePc

(Iser = 30 pA, Vier = 2V, Vipog = 10 mV). The arrows indicate the removal
(addition) of an electron leading to the transition from the [FePc] * (withan
unpaired spin in the molecule’s a, orbital) to the [FePc]° and [FePc] ? charge
state. Right: the d//dVmaps show the spatial extent of both states (2,000 mVand
+400 mV) alongside the topography with aninserted chemical structure drawing.

¢, Left: schematic drawing of the experimental set-up with aspin-polarized
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STMtip above the FePc molecule atop MgO/Ag(001). A d.c. bias voltage Vpc and
RF voltage Vyr are applied across the tunnel junction. The magnetic tip, realized
by picking up individual Fe atoms from the surface, creates a highly localized tip
field By acting on the surface spin together with an externally applied magnetic
field B. Right: Thisisillustrated by the energy level diagram of the spin V2.

Top right: chemical configuration of the FePc molecule. d, Electron spin
resonance (ESR) measured on an FePc molecule for different Vpc showing

the change in tunnel current A/ as a function of frequency f (ESR conditions:
Iser = 20 pA, Vier = 60 MV, B = 484 mT, Vi = 10 mV). The frequency sweeps
were taken at constant height (open feedback loop) and are vertically shifted
for clarity.

&

states?*, For SEC, shifts of up to = = 3% have been reported for indi-

0
vidual atomic and molecular spins dominated by alinear response®*.

Different theoretical models have been proposed to account for SEC
in an STM junction, including piezoelectric distortion?”*® and
transport-mediated exchange interaction” ', While the latter promises
a nonlinear, universal and highly localized mechanism for tuning
atomic-scale quantum systems**°, neither this predicted behaviour
nor its application in coherent control has been demonstrated
experimentally.

Inthisstudy, we use ESR-STM toinvestigate the SEC in two molecu-
lar spin systems on MgO/Ag(001)—iron phthalocyanine (FePc) and an
Fe-FePc complex. We show that varying the d.c. bias voltage in the STM
junction shifts the resonance frequency of the spin transition
fres = Vpc. In FePc, this shift becomes strongly nonlinear—reaching
closeto30%—whenthe electrochemical potential is close to the lowest
unoccupied molecular orbital (LUMO). We attribute this behaviour to
atransport-mediated exchange interaction between the magnetic tip
and the molecule spin**?°~*, which predicts such a logarithmic diver-
gence. This effect is not only large and highly localized (even more so

than electric fields), but also universal and consequently broadly appli-
cableto other spin systems such as quantum dots and solid-state spin
defects. Inthe second part, we demonstrate that the SEC canbe readily
employed in all-electrical coherent control of spin dynamics: Rabi
oscillation measurements on Fe-FePc complexes reveal that individual
spins can be selectively detuned using Vpc only. Finally, we extend this
to electric tuning of coupled dimer spins, highlighting the potential of
SEC for individual control with nanoscale precision in larger
spinassemblies.

Results and discussion

SEC of molecules on MgO/Ag(001)

AnSTMtopography of the sample is shownin Fig. 1a. We deposited Fe
atoms and FePc molecules onto two monolayers of MgO atop an
Ag(001) crystal. FePc molecules were shown to forman S =1/2 system
thatislocalized on the central Fe atom™. In addition, we include in this
work aspin complex that consists of one FePc molecule thatis strongly
coupled to an adjacent Fe atom via one of its ligands. As shown
previously®, these Fe-FePc organometallic complexes can be built
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Fig.2|Nonlinear SECin the ESRspectraonFePc. a, Colour map of the ESR signal A/
asafunctionof Vpcand f onasingle FePc molecule. Left: experimental data (ESR
conditions: /se; = 10 pA, Vier = 60 mV, B = 585 mT, Vg = 8 mV).Sharp horizontal
lines are rectifications of the RF transfer function. Right: simulationaccording tothe
exchange biasmodel. Theinsetillustrates an STM tip with aspin polarization P > 0
used for the simulation. b, ESRmap A/(f, Vpc)analogoustoa,butwithadifferent
magnetictipwith P < O (/se; = 20 pA, Vsee = 60 mV, B =399 mT, Vgr = 8mV).
¢, Frequency shift Af = fies — 2ugB/hover Vpc extracted from the spectraina
(red) and b (blue). The black lines show corresponding fits of the exchange

bias model, see equations (1) and (2). The second y-axis on the right-hand

side displays the relative change of the resonance frequency Af/f, with

>le}

fo =16.38 GHz (11.17 GHz) for the red (blue) dataset. d,e, Schematic drawings of
the virtual tunnelling processes leading to the tip-induced exchange field: The
molecular spinis described via a single-impurity Anderson model (SIAM)**¢, The
molecular energy levels, described by the ionization energy € and the Coulomb
repulsion energy U, lie between the electrochemical potential of the left
spin-polarized tip electrode and the right sample electrode, separated by the
vacuum tunnelling barrier and the MgO layer, respectively. The bias voltage V¢
moves the potential of the magnetic tip closer to the doubly occupied level for
positive voltages. The polarization of the tip determines the dominating virtual
tunnelling (spinupind, spin down in e), which favour different spin states of the
molecule. Thisleads to different By, as depicted in the energy level diagrams.

using tip-assisted assembly and form a mixed-spin (1,1/2) ferrimagnet
with awell-separated doubletof m, = i%, mimickingan$ =1/2 system.

Both FePc and Fe-FePc constitute ideal two-level systems that allow
coherent quantum control?>*. We employ both in this study, as the
molecular orbital structure of FePc best demonstrates the exchange
bias mechanism, while coherent control is facilitated in the Fe-FePc
complex due to its resilience to inelastic electron scattering™.
Theelectronic structure of the FePc molecule is characterized in
Fig. 1b by differential conductance d//dV measurements (see also
ref.32). We observe pronounced conductance peaks around -2,000 mV
(+1,000 mV) related to the process of removing (adding) an electron
to the molecule®. We assign these energy positions to the highest
occupied molecular orbital (HOMO) and the LUMO***, respectively
(see also Extended Data Fig.1and Supplementary Section 3). Density
functional theory (DFT) calculationsindicate that the FePc electronic
configurationinvolves one unpairedspininthe a,, orbital. Thisresults
from a charge transfer from the substrate ([FePc]™) and leads to an
S=1/2ground state’>**** (see also Extended DataFig. 2 and Supplemen-
tary Section 4). The resulting magnetic spin state can be probed by
ESR-STM (Fig. 1c). For ESR, the m, = + % ground states are split by an
external magnetic field B perpendicular to the sample surface

hf s = gltg (B + Byip) » (4))

where f.istheresonance frequency, his Planck’s constant, ygisthe
Bohr magneton and g is the g-factor. For both spin systems, g was
found to be approximately 2 (refs. 32,33). Moreover, By, accounts for

theinfluence of the highly localized magnetic tip field leading to a shift
Af = fres — foOf the surface spin’s resonance frequency. By, consists of
both magnetic exchange and magnetic dipole-dipole interaction®®?,
whichresults in differentamplitude and sign of B;;, depending onthe
particular magnetic tip apex.

Motivated by SEC, which was recently observed for individual Ti
atoms onMgO/Ag(001)” in ESR-STM, we investigated the dependence
ofthe ESR signal as afunction of bias voltage V¢ (Fig. 1d). Here, we keep
thetip-sample distance and the external field B constant while sweep-
ing the ESR frequency. Indeed, we find a linear dependence fes o Vpc
for the voltage range shown. This frequency shift canbeinterpreted as
acontribution to the Zeeman energy by the SEC (see sketch in Fig. 1c).
Theintensity of the ESR signal increases with| V|, mainly due toincreas-
ing tunnelling current / (Extended Data Fig. 3). For different magnetic
tips, we observe that the linear voltage dependence occurs with avary-
ing magnitude ranging from 0.5to 8 MHz mV™ (Supplementary Section
7). In the case of Ti atoms, a linear shift of similar magnitude was
explained by apiezoelectric coupling between the magnetic tipand the
surface spin®: as a consequence of Vp, the spin is displaced in the
magnetic field of the tip, whichincreases or decreases Byp,. This effect
isadditionally accompanied by achangein the g-factor. By contrast, in
recent works by some of the authors, it was theoretically proposed that
SEC canalso result from transport-mediated exchange interaction® >,

Nonlinear SEC
To elucidate the mechanism, Fig. 2 shows the voltage dependence of
theresonance frequency for FePc molecules over a wider bias voltage
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Fig. 3| Spin-electric Rabi detuning on an Fe-FePc complex.

a,ESR colour map A/(f, Vpc)ontheFesite of an Fe-FePc complex (ESR
conditions: /e, = 6 pA, Viee = —60mV, B = 469 mT, Vg = 10 mV). The chemical
structure of the Fe-FePc is overlaid on the inset topography. The added Fe atomis
highlighted by a red arrow, marking the site at which the measurements shown in
cand d were performed. White arrows indicate the detuningin frequency

8f = f— fresandvoltage 8V = Vpc — Vi fromthe resonance. b, Left: schematic
drawing of the Rabi pulse scheme. The RF signal consists of an RF pulse with duration
rand amplitude V¢ followed by an off-time 7,4. The total cycle time 7eycie = T+ Tog
iskept constant,and ad.c. voltage V¢ isapplied continuously for readout. Right:
Blochsphere representation of the spin evolution on resonance (orange)

and off resonance (purple). ¢, Rabi oscillations for different frequency detuning
6f (Rabi conditions: /sy = 4 pA, Viee = —60mV,B =473 mT, Vi = 60mV,
f=14.04GHz, ¢y = 250 ns). Left: colour map of A/ as afunction of 6f and

7. The arrows refer to the traces shown on the right. Right: single traces on (orange)
and off (purple) resonance, plotting A/ as a function of 7. Solid lines are fits based
onequation (3) (see Extended Data Table 1 for the parameters). Traces are vertically
shifted for clarity. d, Rabi oscillations for detuning the voltage 8V instead of &f
(Rabi conditions: /s, = SPA, Vs = —60mV,B = 450 mT, Vg = 20mV,
f=14.25GHz, 1cyqe = 400 ns). Left: colour map of A/(8V, 7). Right: single traces
analogoustoc.

range thanin Fig. 1d and for different magnetic tips. For the first mag-
netic tip in Fig. 2a, we find that the resonance peak position starts to
shiftdrasticallyandin anonlinear manner at voltages above =250 mV.
This shift Af isaccompanied by anincrease in peak linewidth and ampli-
tude as well as a change in its asymmetry. In addition, we find that Af
changes signwhenemploying a tip of opposite magnetic field direction
By (Fig. 2b). InFig. 2c, we compare the shift of the resonance frequency

Af(Vpc)forboth datasets. Due to the nonlinearity, the relative shift fA—f
0

inFig. 2cisratherlarge [+(10 — 30)%] compared with previous works
(=3%inref.25and =0.2% in ref. 9). We stress that such nonlinear behav-
iourasfoundinFig.2is notexpected froma piezoelectric displacement
model as previously used for Tiatoms®. Moreover, the latter relies on
the electric-field-induced displacement of the charged surface spin,
and we find this to be incompatible with the observed sign of Af for
FePc (Supplementary Section 6).

Exchange-mediated SEC

Inthe following, we aim to explain the behaviour by the exchange inter-
action between the molecule and the magnetic tip, referred to as
exchange bias?**2%3*2 Notably, the nonlinear part of Af emerges
when the applied V¢ reaches the onset of the FePc LUMO shown in
Fig.1b. This indicates that the SEC mechanism is influenced by the
unoccupied electronic states. A similar effectis found in quantum dot
spin systems®*™*°, for instance in carbon nanotubes contacted with
ferromagnetic electrodes®. The concept of exchange bias relies on
virtual tunnelling processes into the excited states and was recently
described in the framework of ESR-STM?*?°~*!_ Figure 2d,e shows a
schematic of the exchange biasin the tunnelling junction for two mag-
netic tips with opposite polarizations. In both cases, increasing V¢
raises the electrochemical potential of the tip. Subsequently, the up

(down) polarization of the spin-polarized tip enhances virtual tunnel-
ling of spin up (down) electrons into the doubly occupied state. Due
to the imbalance of the spin densities in the tip electrode, the virtual
tunnelling processes cause different energy corrections for the spin
up and down state, which adds to the Zeeman energy. This
spin-dependent energy correction can be written as®®

Pﬁm(‘ €~ eV )+BO. @)

By, = — _£=C%c
tp 2 \le+U—eVpc

Here, the first termis the exchange field component along the quan-
tization axis of the surface spin. The spin polarization P = ﬁ
quantifies theimbalance of the density of spin up (n;) and down elec-
trons (n;) and sets the direction of the observed frequency shift
ascribed to the tip. The coupling between the molecule and the tip yt
can be controlled in the experiment via the conductance setpoint
Y1 « G, whichalters the width of the vacuumbarrier. eis the electron
charge, and B, accounts for a residual tip field, stemming for
instance from magnetic dipole contributions. Thelogarithmicrelation
between V¢ and the energy levels of the molecule,e (ionization
energy) and € + U (U is the Coulomb repulsion energy) results in a
nonlinear, diverging behaviour close to these energy levels (see
Extended DataFig. 4 and Supplementary Section 6.3 for details). Using
the model, we can describe the experimental data in Fig. 2a (Fig. 2b)
with a positive (negative) tip polarization: In Fig. 2c, we first use equa-
tions (1) and (2) to fit the nonlinear divergence of Af(Vpc). Here, we use
the FePc HOMO level, obtained in Fig. 1b, and fix £ =2,000 meV. We
subsequently find (¢ + U) = 553 + 6 meVand 477 + 10 meVfor positive
(P > 0) and negative (P < 0) tip polarizations, respectively. The
observed deviation can be explained by differences in the orbital
energies for the two different molecules, together with variations in
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Fig. 4 |Spin-electric Rabi detuning in a coupled spin system. a, Topography of
two coupled Fe-FePc complexes (image conditions: / = 10 pA, Vpc = =100 mV).
Theblack dot marks the tip position of the subsequent measurements.

b, Schematic drawing of the two spin %2 with their exchange coupling /

and thetip above the first spin S;. ¢, Schematic energy level diagram of the
combined spin states with the two ESR transitions fiand fj,.d, ESR colour

map A/(f, Vpc) measured on the coupled spin system (ESR conditions:

lser = 8PA, Vi = —40mV, B = 462 mT, Vi = 10 mV). Asingle frequency
sweep (right) at —50 mV reveals two distinct peaks corresponding to f;

and fj, thatis, transitions corresponding to different spin states of the

remote spin S,. White arrows indicate the detuning in frequency &f and

voltage 8V . e, Frequency detuning of Rabi oscillations (Rabi conditions:
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lser = 8PA, Vier = —40mV, B = 458 mT, Vi = 80 mV, f = 13.97 GHz). Left:
colour map of A/ asafunction of §f and 7. The pattern shows two chevrons
corresponding to the two ESR transitions. The arrows at the top refer to the
single traces to the right. Right: single traces of A/ versus 7 for three &f. Solid
lines show fits to the circular datapoints based on equation (3) (see Extended
Data Table1for the parameters). The traces were shifted vertically for clarity.
f, Electric detuning of Rabi oscillations, analogous to e (Rabi conditions:

I = 8PA, Viee = —40mV, B = 462mT, Vgr = 70 mV, f = 14.04 GHz). Left:
colour map of AI(6V, T) showing the continuous electrical tuning from one
ESR transition to the other. Right: A/ as a function of 7 for three different 5V
(also see Supplementary Section12).

the setpoint conductance. Overall, the obtained € + Uisingood agree-
ment with the conductance peak associated with the LUMO from
Fig.1b.Here, we attribute the difference to the observed maximumin
d//dV (Fig.1b, E; ~ 1,000 meV) to the onset of multiple orbital states
inside the d//dVpeak (Extended DataFigs.1and 2 and Supplementary
Sections4 and 9). We note that the transition from molecular orbitals
tothesingle-impurity Anderson model of the exchange bias model is
nottrivial. However, our DFT calculations (Extended Data Fig. 2) indi-
cate that the spin-carrying orbital is a single orbital with strong
d-character, which can be well approximated by a single-impurity
Anderson model. We reproduce the data in Fig. 2a,b by performing
full transport simulations, which aim to capture all features of the
ESR-STM spectrum. The results are presented in Fig. 2a,b alongside
the experimental data and show a close agreement in amplitude and
resonance frequency of the peak (Extended DataFig. 5). The convinc-
ing match between experiment and theory in Fig. 2a-c supports that
the SECis aresult of the exchange bias mechanism outlined above.

Coherent spin control of molecules

To further demonstrate that a strong SEC enables all-electrical
spin control, we utilize the SEC in coherent control schemes, for
which we employ Fe-FePc complexes (Fig. 1a and Fig. 3a, inset).
The ESR colour map in Fig. 3a shows the shift of f.sas afunction
of Vpc. For the complex we also find an onset of nonlinear behav-
iour (Extended Data Fig. 6), while performing ESR at |Vjc| > 300 mV
remains challenging. Nevertheless, the spin complex is generally
easier to use in coherent control experiments than pristine FePc
(seeref.33 and Supplementary Section 5). The pulse scheme used
for Rabi oscillation measurements is depicted in Fig. 3b (refs.
21,22). The resulting coherent oscillation of the spin state leads

toachangeintunnel current A/ asafunction of the radio-frequency
(RF) pulse duration 7 (ref. 21):

Al = Asin (21 + ¢)e V"2, (3)

With the amplitude A, the Rabirate (2, the Rabi phase ¢ and phase

coherence time T,. Moreover, detuning from resonance §f = f — f;¢

leads to a change in both amplitude A and Rabi rate 2 of the
observed oscillation:

_ 2 a2
Q_\/QO+6 ,A_AOQ—‘;-

Here Apand 2y are the parameters at f,.,. Consequently, the Rabi
oscillations A/(t) can be tuned by &f, resulting in the typical chevron
pattern (Fig. 3c). Utilizing the SEC, we now realize an all-electrical
detuningviaachangeinvoltage 6V = V¢ — Vi (Fig.3d) while keeping
&f = 0. We obtain a chevron pattern as well for Al(r, 8V), in which the
amplitude A (Rabi rate 2) decreases (increases) for increasing |8V].
Compared withthe frequency tuning, the patternis slightly distorted.
We attribute thistoalinear contributionto 25 « Vpcpredicted for spin
resonance in the exchange bias model**°. In addition, we expect a
dependence of theamplitude with tunnelling current A o / o Vpc (see
Supplementary Section 10 for details).

4)

Coherent control of amolecule dimer

Finally, werealize the SEC detuningin atwo-spinsystem. In Fig. 4a, two
complexes are broughtinto proximity using tip-assisted manipulation
toestablish a coupled spinsystem. The resulting configuration (Fig. 4b)
consists of a readout spin S; that is ferromagnetically coupled to the
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second spin S, mainly through Heisenberg exchange interaction /
(Extended Data Fig. 7 and Supplementary Section 11). Because the
couplingis substantially smaller than the Zeeman energy, the system
exhibits four distinct energy levels (Fig. 4c). The two resulting ESR
transitions f;and fj; (Fig. 4c,d) primarily reflect the alignments of S,
ineither |1y and |V ) state***. fiand f; shift again as a function of Vp,
with the exchange bias from the tip acting on §;. The energy splitting
Jfu—f, = 130 MHz remains constant across the whole voltage range,
indicating that the spin-spin coupling between S; and S, is unaffected
by the SEC. In the corresponding Rabi oscillation measurements
(Fig.4e), wenowtune from fito f;,by changing &f, whichleadstotwo
chevron patterns. The weaker intensity of the left chevron arises from
the low thermal population of the excited state | | ) of S,. Again, the
SECenablesall-electrical detuning viaachangein voltage 6V (Fig. 4f).
The mainlimitationin this approachis theincreased tunnelling current
athigher voltages, which induces spinrelaxationand decoherence”-.
However, the bias-controlled exchange field still permits to tune from
the first transition (6V ~ 5mV) to the second (§V ~ —80 mV).

Conclusion

Ourmeasurements highlight that molecular spin systems canbe tuned elec-
trically viathe bias voltage V. In particular, the ESR measurements near the
LUMO of FePc suggest that the strong nonlinear SECarisesfromtheexchange
biasduetoenhanced virtual tunnelling. While thisdoes not exclude theexist-
enceofother contributions, our resultsindicatethat, in the presentmolecular
systems, exchange bias is the dominant effect. Notably, the exchange bias
mechanism has severalimportant implications. First, unlike piezoelectric
models, it doesnotrequiredisplacement of themolecule orany of itscompo-
nents, which extends applicability to abroader class of molecular systems,
includingrigid solid-state defects.Second, it permits theintegration of molec-
ularspinsintodevices, wherethey canbereadily tunedviathe polarization of
nearby ferromagnetic electrodes. Third, the SEC strength observed here
reaches close to 30% and is substantially larger than most reported electric
tuningeffectsformolecularspins. Inthisregime, theresonance peak broadens
duetoincreased decoherence fromtunnellingelectronsand enhancedelec-
trode coupling. Nevertheless, we believe that, by carefully optimizing both
thejunction properties and the molecular orbital structure, agood compro-
mise between SEC and preserving spin coherence can be achieved
(Extended Data Fig. 8 and Supplementary Section13).

Finally, theresultsinFigs.3 and 4 demonstrate not only the feasibil-
ity of combining coherent spin control with SEC, but also the ability to
electrically tune one spin relative to another with nanometre precision.
This precision arises fromthe particularities of the exchange bias: while
a pure electric field from the tip apex would still act over distances
exceedingtens of nanometres, theinterplay between exchange inter-
actionand the bias voltage—mediated by the magnetic tip electrode—
localizes the SEC to the subnanometre scale. Further analysis of the
datainFig.4 shows that only the molecular spin under thetipistuned,
while the other one stays completely unaffected (Extended DataFig. 9).
Crucially, the ability to tune between two distinct spin resonances
represents akey step towards conditional spin controlin coupled spin
systems. Consequently, the potential for tuning spin dynamics viathe
exchange bias paves the way for fast all-electrical gate operations in
larger molecular quantum systems.
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Methods

Sample preparation

Sample preparation and all experiments were carried outin a Unisoku
USM1600 system with a home-built dilution refrigerator. The data
showninFigs.1and 2 were measured at abase temperature of 1K, while
the datain Figs. 3 and 4 were measured at 50 mK. The in situ sample
preparation was performed under ultrahigh vacuum conditions with
abase pressure of <5 x 10 mbar. The Ag(001) single crystal was first
cleaned through multiple cycles of argon ion sputtering and subse-
quentannealing using an electron beam. MgO was grown by evaporat-
ing Mginan oxygen-richatmosphere (=1 x 10® mbar) while maintaining
the substrate at 510 °C. A deposition time of 10 min resulted in partial
coverage (=50%), with MgOislands ranging from two to five monolayers
in thickness. FePc molecules were deposited onto the surface using a
home-builtKnudsen cell (depositiontime 90 s, pressure 9 x 107 mbar).
Afterwards, Fe atoms were deposited onto the cooled sample by
electron-beam evaporation for 21s.

Experimental set-up

For the ESR and Rabi measurements, we prepared spin-polarized tips
by picking up 1-20 Fe atoms from the MgO surface. In most cases, the
ESRactive tips also showed strong asymmetriesin d//dVspectraaround
0 VonFePcmolecules due toinelastic electron tunnelling scattering.
For the experiments shown, we applied the d.c. and RF voltage to the
tip and corrected this to the convention that the voltage is applied to
the sample. The RF signal was generated by a Rohde & Schwarz
SMB100B generator and mixed with the d.c. bias voltage V) viaa Marki
Microwave MDPX-0305 Diplexer. For ESR, amagnetic field Bisapplied
perpendicular to the sample surface. The presented ESR frequency
sweeps were measured with an on/off modulation at 323 Hz, where the
RF voltage Vyrin continuous-wave mode was present only inthe Acycle.
The applied v, was present in both the A and B cycles and therefore
applied throughout the entire measurement. During the
voltage-dependent frequency sweeps, the feedback of the STM control-
ler was turned off to keep the position of the tip the same when altering
Vpc- The signal was read out via a Stanford Research Systems SR860
digital lock-in amplifier.

Data evaluation
To analyse the frequency sweeps of our experiments, we fitted the
following Fano function to our resonance peaks:

A (get))
G241 1+e?

(S1)

+ ¢ with e=%,
0.5

withtheamplitude 4, the resonance frequency f,, the linewidth (full
width at half maximum) 1"and the g-factor, which captures the asym-
metry of the resonance peak.

For the Rabi measurements presented in Figs.3 and 4, we followed
the detection scheme introduced by ref. 21: instead of a
continuous-wave RF signal, we applied pulse trains (Fig. 3b) with
on-time r and off-time 7,4, keeping the sum (7. c) fixed. The RF pulses
wereonly presentinthe Acycle and triggered withaZurich Instruments
HDAWG. Therefore, the measured signal presents an average of the
spinstate-related tunnel current. For each data point r, the signal was
averaged for 3 s. After the dataacquisition, alinear background?® caused
by currentrectification with increasing pulse duration was subtracted.

Data availability
All data supporting this work are available via figshare at https://doi.
org/10.6084/m9.figshare.31554586 (ref. 47).
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Extended Data Table 1| Fit parameters of the Rabi measurements

Fig. f |8V A(fA) 0 (MHz) T,(ns) o (°)
0 MHz 24+ 4 33+1 54 £12 85+6.6
% -60 MHz 4+3 47+3 42+38 154+ 31
omV 27 £17 57+5 16+10 -29+25
o 30 mV 99 83+8 15+13 56 +43
0 MHz 8+5 51+4 38+36 147 £ 40
4de 60 MHz 17+10 75+6 16+9 -90+29
130 MHz 20+4 49+2 36+11 14 +£16
5mV 64 49+5 31+30 36+42
4Af -25mV 14+8 63+7 14+8 -93+35
-80 mV 2010 47+5 15+8 8+22

The table presents the found quantities of the Rabi oscillations in Figs. 3 and 4 from fits of Eq. (3) to the experimental data.
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Extended DataFig. 1| Differential conductance maps of FePc. a, Normalized d//dVmaps of the single FePc molecule shown ina. The signalis recorded in
differential conductance (d//dV) spectraacquired on anisolated FePc molecule closed loop at the bias voltages Vpc viaalock-in modulation V04
(blue) (/er = 3PpA, Vier = 2000 mV, V04 = 10 mV). Theinset shows the (2.2nm X 2.2nm, Ise; = 50 pA, Vinog = 10 mV).

measurement position as a colored dot on the topography. b, Spatially resolved
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Extended DataFig. 2| DFT calculations of FePc. a, Schematic representation of polarization iso-surface above demonstrates the strong dz? character of the

the spectral function for asingle impurity Anderson model (SIAM) with the two orbital. b, Correspondence to the DFT ASCF calculations, indicating ionization
relevant charge transitions ationization energy € and chargingenergy ¢ + U.The  potential (IP) and electron affinity (EA); their difference s U. ¢, Calculated
inset shows the energy level diagram of the [FePc]™ charge state with the single spin-polarized projected DOS (PDOS) for the three charge configurations:
occupied a,, orbital which has astrong dz* contribution (71%). The spin [FePc]?, [FePc]™and [FePc]®.
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the Fano function shownin Eq. (S1). The traces are vertically offset for clarity.
b, Analogous to a showing frequency sweeps from the experimental data
presented in Fig. 2b.

Extended DataFig. 3 | Voltage dependent frequency sweeps on FePc.

a, Waterfall plot of individual frequency sweeps from the experimental data
presented in Fig. 2a showing the change in tunneling current A/ as a function of
frequency f for various bias voltages Vpc. The black solid lines represent fits to
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exchange couplingisillustrated by the black curved arrows. ¢, Energy level
diagram of a spin under the influence of an external magnetic field B as well as
Vpcfor apositively spin-polarized tip (P > 0). The Zeeman splitting caused by
Bisfollowed by an energy correction due to the transport mediated exchange
coupling as afunction of Vpc. d, Resonance frequency f,es calculated for aspin
S=1/2system within the SIAM as a function of V. As areference, the dashed
black line shows the resonance frequency in the absence of tip field. The
exchange bias features alogarithmic divergenceat eand € + U.

Extended Data Fig. 4 | Single Impurity Anderson Model and Exchange Bias.

a, Density of states (DOS) of the single impurity Anderson model (SIAM) with the
ionization energy € and the Coulomb repulsion energy U.b, Schematic drawing
of the tunneljunction. The energy levels from the SIAM are located between the
spin-polarized tip (left) and the non-magnetic sample electrode (right). The
energy barriers stemming from the vacuum and MgO are illustrated by dark grey
boxes. The applied bias voltage Vp¢ shifts the tip’s chemical potential relative to
the molecule and sample. The virtual tunneling process which mediates the
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Extended Data Fig. 5| Comparison of the ESR peak parameters. a, Comparison
between experiment and simulation for the data presented in Fig. 2a. The panels

present the extracted parameters from Eq. (S1) (f,

T

es’

A, T,q) totherespective

frequency sweeps as a function of V. The resonance frequencies obtained from

the experiment are shown in red with error bars from the Fano fits. Simulation
results are shownin black. The leftmost panel showing f,.s additionally includes
the fit to the analytical formula presented in Eq. (2). b, Same analysis asin

a, applied to the data from Fig. 2b with the experiment in blue.

Nature Physics


http://www.nature.com/naturephysics

Article https://doi.org/10.1038/s41567-026-03353-w

a b Al (fA) c
2 _ _ _ _ 0 50 100 _ _ _ _ _
200mV B W 144t ]
15 | 150my A 14.4 14.3 | -
100mV N 14.2 ]
z \ 14.2 =
—_ I B h
T g Sy A 3 5 141
7 somv| & g 14y 1
4 M—M -— 14 —
1397 1
-100mV
0.5 -waJ\wuw-W
r -
A 150mV 13.8 B4 13.8 B Data
Transport Model
-200mV 13.71 — = —Linear 1
0 MMW . - - - ]
13.8 14 142 14.4 -200 0 200 -200 -100 0 100 200
f (GHz) Voc (MV) Ve (MV)
Extended DataFig. 6 | Spin-electric coupling measurement on aFe-FePc from Fano fits to the frequency sweeps displayed inb. A linear fit (dashed line)
complex. a, Waterfall plot of frequency sweeps showing A/ as a function of f for ranging from —100 mV to 100 mV deviates at higher voltages from the
several Vpc measured on the Fe-site of a Fe-FePc complex (ESR conditions: experimental data. A fit using the exchange bias model (solid line) described by
Iset = 6PA, Vee = —60mV, Vir =10 mV, B = 469 mT). The solid black lines Eq. (2) inthe main text captures the non-linear behavior at higher voltage

represent Fano fits to the experimental data (purple). With changing Vpc we see a magnitudes. The fitted parametersare: € = —344 + 47 meV,U = 998 + 269 meV,
clear shift of the resonance position. b, Corresponding colormap A/(f, Vpc)ofthe By =41+ 4 mT,yr = 66.5£14.8 mT, P = —1. Wefind e and U to be consistent
dataset, revealing a higher amplitude for negative voltages. ¢, Extracted with the values obtained from d//dV measurements (see Fig. S4a).

resonance frequency fyover Vpcshowninred. Values and error bars are obtained
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Extended DataFig. 7| Coupled spin model and simulation. a, Zeeman diagram show the possible transitions when performing ESR on the first spin.
oftwo coupled S =1/2 plotting the energies of the four eigenstates corresponding b, Simulation of the corresponding ESR signal as a function of frequency and tip

to Eq. (S12) over the external magnetic field Band the tip field Byp,. The tip field, field. Besides shifting the resonances to lower values, the tuning with By, causes
causing a mismatch of the two Zeeman energies of the spins, tunes the acontinuous evolution between the observable transitions with all four
eigenstates from mixed states to Zeeman product states. The colored arrows accessibleat B;,=0.
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Extended Data Fig. 8| Operation strategy of the exchange bias. a, Af from the
exchange bias as a function of Vpc according to Eq. (2). b, T, as afunction of Vpc
according to Eq. (S17). ¢, Af x T,(Vpc) with the maximum at V., marked witha
reddot. (a-c)use: U = 1eV, € = —0.5eV, A = 0.25meV, y; =10 peV,P = —1.

d, T, asafunction of Af for several coupling strengths y;.e, Plot of the

decoherence time over the frequency shift at V,,, for different couplings

y1 = 1peVto 20 peV. Theinsets show schematic drawings of the tunnel junction
illustrating a weak (left) and strong (right) coupling y1.f, T, as afunction of Af for
several U. The DOSin the inset illustrates how larger U shifts the energy states.

g, Af X T,(Vpc)forthe U valuesusedinf.
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Extended Data Fig. 9| Spatial dependence of the exchange bias.

a, Colormaps of A/ asafunctionof f and G showing the avoided level crossing
ofthe coupled spin system at V¢ = —40 mV and Vpc = 40 mV (ESR conditions:
Vre = 10 mV, B = 494 mT). The white dashed lines show the frequency position
ofthe avoided level crossing. b, Extracted frequency shift Af = fes — 2ugB/hasa
function of Vpc. Values and error bars are obtained from Fano fits to the

corresponding frequency sweeps. Blue: Second spin with the mean value

illustrated by the straight line. Red: Shift of the first spin for different G with
linear fits shown as solid lines for visual aid. The inserted sketch at the top right
corner reflects the measurement setup. The data shows that while the resonance
frequency of the probed spin shifts with G and V¢, the resonance frequency of
the coupled spin stays completely unaffected, demonstrating the strong

localization of the exchange bias.

Nature Physics


http://www.nature.com/naturephysics

	Exchange-mediated spin–electric control of single molecules on surfaces

	Results and discussion

	SEC of molecules on MgO/Ag(001)

	Nonlinear SEC

	Exchange-mediated SEC

	Coherent spin control of molecules

	Coherent control of a molecule dimer


	Conclusion

	Online content

	Fig. 1 Molecular spins on MgO/Ag(001).
	Fig. 2 Nonlinear SEC in the ESR spectra on FePc.
	Fig. 3 Spin–electric Rabi detuning on an Fe–FePc complex.
	Fig. 4 Spin–electric Rabi detuning in a coupled spin system.
	Extended Data Fig. 1 Differential conductance maps of FePc.
	Extended Data Fig. 2 DFT calculations of FePc.
	Extended Data Fig. 3 Voltage dependent frequency sweeps on FePc.
	Extended Data Fig. 4 Single Impurity Anderson Model and Exchange Bias.
	Extended Data Fig. 5 Comparison of the ESR peak parameters.
	Extended Data Fig. 6 Spin-electric coupling measurement on a Fe-FePc complex.
	Extended Data Fig. 7 Coupled spin model and simulation.
	Extended Data Fig. 8 Operation strategy of the exchange bias.
	Extended Data Fig. 9 Spatial dependence of the exchange bias.
	Extended Data Table 1 Fit parameters of the Rabi measurements.




