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Abstract: Atomic-scale control of multiple spins with individual addressability enables the 

bottom-up design of functional quantum devices. Tailored nanostructures can be built with atomic 

precision using scanning tunneling microscopes, but quantum-coherent driving has thus far been 

limited to a spin in the tunnel junction. Here we show the ability to drive and detect the spin 

resonance of a remote spin using the electric field from the tip and a single-atom magnet placed 

nearby. Read-out was achieved via a weakly coupled second spin in the tunnel junction that acted 

as a quantum sensor. We simultaneously and independently drove the sensor and remote spins by 

two radio frequency voltages in double resonance experiments, which provides a path to quantum-

coherent multi-spin manipulation in customized spin structures on surfaces. 
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One-Sentence Summary: Using a scanning tunneling microscope, we simultaneously control two 

spins using one tip, paving the way for multi-spin-qubit operations on surfaces. 

 

Main Text:  

Fabricating and controlling functional quantum devices with atomic precision is one of the 

long-term goals of quantum-coherent nanoscience (1). Quantum-coherent control of individual 

spins has been achieved in nanoscale systems, including dopants in semiconductors (2), color 

centers in insulators (3), semiconductor quantum dots (4), and molecular devices (5). However, 

building quantum systems with atomic scale control of their architecture and the microscopic 

interactions therein presents a major challenge (6). Individual spins, localized in atoms or 

molecules on surfaces, are a new candidate for realizing qubits, where atomically-precise 

fabrication can be achieved using a scanning tunneling microscope (STM). Quantum control of 

single atoms on surfaces driven by a magnetic tip has been demonstrated through continuous-wave 

(7-11) and pulsed (12) electron spin resonance (ESR) in STM. The STM can readily assemble 

multi-spin quantum systems (13, 14) but use of ESR to coherently control a spin that is remote 

from the tunnel junction has not yet been considered (15-18). 

Here we demonstrate the ability to drive the resonance and sense the resulting spin state of 

a remote spin that is not directly in the tunnel junction. The key ingredient for the remote driving 

is a single-atom magnet placed in atomic proximity to the remote spin whose spatially 

inhomogeneous magnetic field converts the applied radio-frequency (RF) electric field into a 

driving magnetic field. To detect the quantum state of the remote spin, we positioned a nearby 

spin-resonant atom as a quantum sensor in the tunnel junction and performed double resonance 

experiments. 
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 Experiments were performed in an ultra-high vacuum STM systems operating at 0.4 K 

(19). Two atomic spins were positioned on a surface so that they weakly coupled to each other 

with energy 𝐽𝐽1,2 (Figs. 1A and B). Both spins were a spin-1/2 hydrogenated Ti atom on bilayer 

MgO/Ag substrate (10, 20, 21), hereafter referred to as Ti-1 or “sensor spin”, and Ti-2 or “remote 

spin”. An Fe atom was placed in close proximity to Ti-2 to give a coupling strength of 𝐽𝐽2,Fe. The 

Fe atom's spin (𝑆𝑆 = 2) remained aligned perpendicular to the MgO surface due to its large easy-

axis magnetic anisotropy and flipped up and down infrequently compared to the Rabi times used 

here (7, 22). The resonance of the sensor spin was driven by the inhomogeneous magnetic field 

generated from the coupling with the tip (16, 18), whereas the remote spin was driven by its 

interaction with the nearby Fe. Ti-1 Ti-2 

To characterize the interactions in the three-atom structure, we first acquired ESR-STM 

spectra of the Ti spins in the structure by applying a single-frequency RF voltage to the tunnel 

junction (Fig. 1C; figs. S1 and S2). The spectrum of Ti-1 (red curve in Fig. 1C) shows two ESR 

peaks that are separated by the coupling between Ti-1 and Ti-2 of 𝐽𝐽1,2 = 0.112 GHz, in good 

agreement with previous studies (20, 21). Coupling between Ti-2 and Fe created additional 

splitting, as evidenced by the four ESR peaks measured with the tip positioned on Ti-2 (blue curve 

in Fig. 1C), resulting in 𝐽𝐽2,Fe = 3.891 GHz between Ti-2 and Fe (fig. S2). Coupling of Ti-1 to the 

Fe spin was negligible. ESR transitions of Fe were far from the frequency range used here (7) and 

are neglected in the following. The presence of the Fe atom resulted in significantly different 

Zeeman energies for Ti-1 and Ti-2, so their spin eigenstates are well-described as Zeeman product 

states |𝑆𝑆𝑧𝑧(Ti-1) 𝑆𝑆𝑧𝑧(Ti-2)⟩: |00⟩, |01⟩, |10⟩, |11⟩, as depicted in Fig. 1C. In this work we focus on 

the four ESR resonances (𝑓𝑓0↕, 𝑓𝑓1↕, 𝑓𝑓↕0, 𝑓𝑓↕1), where 0, 1, and ↕ indicate that the corresponding spin 

is in the ground, excited, and resonant states, respectively. 
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To demonstrate the remote driving of Ti-2, we performed double-resonance ESR 

measurements by positioning the tip above Ti-1 and monitoring one of its two resonances while 

sweeping a second RF frequency across the Ti-2 resonances (Fig. 2 and fig. S3C). This scheme is 

a nanoscale implementation of the double-resonance technique used in conventional ensemble 

ESR (23, 24). At 𝑓𝑓RF1 = 𝑓𝑓↕0, the spectra showed two peaks, separated by the coupling energy 𝐽𝐽1,2 

(Fig. 2A). Note that a single-frequency ESR signal is negative in our measurements (Fig. 1C), 

therefore peaks in a double-resonance spectrum correspond to a reduction of the ESR signal of 

Ti-1. This reduction in the Ti-1 ESR signal stems from a transfer of state population from |00⟩ to 

|01⟩ due to resonant driving of the remote spin, Ti-2 (19). For comparison, the spectra obtained at 𝑓𝑓RF1 = 𝑓𝑓↕1 (Fig. 2B) showed resonances at the same frequencies, but they appear as dips instead 

of peaks because of an increase in the ESR signal of Ti-1. We found that the resonance frequencies 

in these double-resonance spectra were ~400 MHz higher than those in the single-frequency ESR 

with the tip positioned on Ti-2 (Fig. 1C), indicating that the tip’s magnetic field (fig. S1) is absent 

when the Ti-2 spin is being remotely driven. 

To show the origin of the double-resonance contrast more directly, we acquired a series of 

ESR spectra of Ti-1 with increasing 𝑉𝑉RF2 at one of the Ti-2 resonances (Fig. 1D). For 𝑉𝑉RF2 = 0, 

this experiment is identical to single-frequency ESR of Ti-1 (Fig. 1C), where a larger peak height 

is seen at 𝑓𝑓↕0 (𝐼𝐼↕0) than at 𝑓𝑓↕1 (𝐼𝐼↕1), with the ratio 𝐼𝐼↕0 𝐼𝐼↕1⁄  given by the thermal population of the 

Ti-2 spin states. With increasing 𝑉𝑉RF2, we observed a pronounced, simultaneous decrease of 𝐼𝐼↕0 

and increase of 𝐼𝐼↕1 (Fig. 1D and fig. S4). Therefore, the double-resonance peaks and dips observed 

in Fig. 2 can be understood as the change of the ESR peak height with 𝑉𝑉RF2 in Fig. 1D (figs. S3 

and S4).   
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When 𝑉𝑉RF1  was increased beyond the level used in Fig. 2, a splitting of the double-

resonance peaks was observed, whose spacing increased linearly with 𝑉𝑉RF1  (Fig. 3). This is a 

manifestation of the AC Stark effect (25), where the states |00⟩ and |10⟩ were split into two 

doublets by the strong interaction between the Ti-1 spin and its resonant RF field (19, 26, 27). The 

splitting of the |00⟩ state was spectroscopically probed by the 𝑓𝑓0↕ transition (Fig. 3 inset). The 

splitting in the doublets directly corresponds to the Rabi rate Ω(1) of Ti-1, which we found to be 

proportional to 𝑉𝑉RF1, allowing us to measure the Rabi rate of Ti-1, Ω(1)/(2π𝑉𝑉RF1) = 0.160 ±

0.015 MHz/mV (Fig. 3B). By reversing the roles of the two RF voltages, the AC Stark splitting 

was also observed when sweeping 𝑓𝑓RF1 (Fig. 1D and fig. S8), giving the remote driving Rabi rate 

of Ti-2, which reveals Ω(2) (2π𝑉𝑉RF2)⁄ = 0.250 ± 0.013 MHz mV⁄ . This showcases that the 

strength of the remote driving is similar to that of the local driving by the tip. 

We conducted several control experiments to show the data reproducibility and to confirm 

that the remote driving of Ti-2 is due to the presence of the nearby Fe atom. First, we repeated the 

double-resonance measurements using another STM system on a Ti-Ti-Fe structure of different 

spacing between Ti-2 and Fe (figs. S9-S11). Second, we observed that the double-resonance 

frequencies of Ti-2 were independent of the tip position on Ti-1 (unlike Ti-1 single ESR spectra), 

showing the negligible effects of the tip’s magnetic field on the remote spin (fig. S12). Third, we 

positioned the tip on Ti-2 and attempted to remotely drive Ti-1, which showed no ESR signal 

presumably due to the weakness of the interaction with Fe (fig. S13). 

We performed simulations of an open two-spin quantum system (28) based on the Lindblad 

formalism (29), which reproduced all double resonance spectra (Figs. 1D and 2) (19). Using the 

Rabi rates and resonance frequencies determined from the experiments, we derived energy 

relaxation times for the Ti-1 spin, giving  𝑇𝑇1(1)
= 8 ± 1 ns from fits to the linewidth in the double 
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resonance data (fig. S14). We found a much longer lifetime for Ti-2, the remote spin, obtaining 𝑇𝑇1(2)
=  150 ± 10 ns by fitting the double-resonance spectra (fig. S14) and the peak height ratio 𝐼𝐼↕0 𝐼𝐼↕1⁄  (solid curve in Fig. 1E; fig. S4D). In the Lindblad simulations we did not need to include 

a pure dephasing channel, indicating that 𝑇𝑇1 processes were the dominant source of dephasing 

(fig. S15). We note that the average interval between successive tunneling electrons at a tunnel 

current of 20 pA is 8 ns, suggesting the dominant role of tunneling electrons in the energy 

relaxation process of the sensor spin, Ti-1 (10). On the other hand, the large relaxation time of Ti-2 

strongly indicates the absence of tunnel current-induced relaxation for the remote spin. In addition, 

an easily accessible RF voltage, 𝑉𝑉RF2 ≈ 40 mV  (Fig. 1E), was enough to remotely drive the 

populations of Ti-2 states to saturation (Fig. 1E). An intuitive understanding of these population 

transfers can be developed using a rate equation approach (19). 

 To further investigate the underlying mechanism of the remote driving, we formed an 

isolated Ti-Fe pair and performed single-frequency ESR spectroscopy on Ti (Fig. 4A). We 

measured ESR spectra on Ti as a function of tip-sample distance and found two resonance peaks, 

corresponding to the two Fe spin states |⇑⟩ and |⇓⟩, respectively. We observed a strongly non-

monotonic change of the height for one of the peaks, which vanished at an intermediate tip-atom 

distance (Fig. 4, figs. S18 and S19). This non-monotonic behavior was not observed for isolated 

Ti (11) (fig. S1) and strongly implies the presence of two competing transverse RF driving fields, 

one induced by the tip (𝑩𝑩RF,tip(⊥)
) and the other by Fe (𝑩𝑩RF,Fe(⊥)

). For this particular tip, the two driving 

fields were parallel, adding to each other for the Fe in the |⇑⟩ state, and canceling each other for 

Fe |⇓⟩ (Fig. 4C insets; fig. S18). This specific behavior was observed only with selective tips (fig. 

S19) and not for the tip used in Figs. 1-3. Other tips showed a similar behavior but generally 
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yielded incomplete cancellation (fig. S20). The finite ESR peak heights when the tip is far away 

from the atom demonstrates a sizable 𝑩𝑩RF,Fe(⊥)
 at the Ti position by the nearby Fe. 

The remote spin driving can be understood by the piezoelectric driving mechanism of ESR-

STM. The tip-supplied RF electric field acts on an extended area with a radius of a few nanometers 

across the surface (Fig. 1A) (30) and induces an adiabatic piezoelectric motion (16). This motion, 

in the presence of an inhomogeneous magnetic field that originates either from a magnetic tip or 

from a single-atom magnet on the surface, results in an oscillating transverse magnetic field that 

drives the ESR transitions. Other single-atom magnets with larger magnetic moments and longer 

spin relaxation times, such as Ho (31) and Dy (32), might provide stronger remote driving than Fe. 

Our results demonstrate the ability to drive the resonance of spins that are not in the tunnel 

junction. These experiments, combined with simulations using an open quantum spin model, 

reveal that the remote spin, free from the tunnel current, has a 10-fold longer relaxation time than 

the sensor spin while retaining a comparable Rabi rate. Our discovery enables coherent 

manipulation of coupled multiple spins using one STM tip. Quantum sensing (33) and simulation 

(34) using multiple spins on a surface are now within reach. 
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Fig. 1. Engineered atomic structures for double resonance experiments. (A) Schematic of 

double resonance spectroscopy of two coupled Ti spins on a surface using an ESR-STM integrated 

with two RF sources, 𝑉𝑉RF1 and 𝑉𝑉RF2. (B) STM topographic image of an engineered nanostructure 

composed of sensor spin (Ti-1), remote spin (Ti-2), and Fe adatom. The Ti-1 to Ti-2 spacing is 

1.22 nm, and Ti-2 to Fe is 0.59 nm. The black grid indicates the oxygen sites of the underlying 

MgO lattice (𝐼𝐼DC = 10 pA, 𝑉𝑉DC = 100 mV). (C) Single-frequency ESR spectra measured on Ti-1 

(red) and Ti-2 (blue). Inset: energy diagrams of two weakly coupled spins with four spin states 

labelled according to |𝑆𝑆𝑧𝑧(Ti-1), 𝑆𝑆𝑧𝑧(Ti-2)⟩ and ESR transitions corresponding to two peaks for each 

spin. ⇑ and ⇓ indicate the Fe spin states. (D) Dual-frequency ESR driving of coupled two-spin 

system. Ti-1 ESR spectra with an increasing 𝑉𝑉RF2 , with 𝑓𝑓RF2  fixed at a Ti-2 resonance 𝑓𝑓0↕ =

15.071 GHz. Successive spectra are shifted by –0.5 pA (𝐼𝐼DC = 20 pA, 𝑉𝑉DC = 50 mV, 𝑉𝑉RF1 =

30 mV, 0.4 < 𝑇𝑇 < 0.5 K. (E) 𝑉𝑉RF2-dependence of peak height ratio 𝐼𝐼↕0 𝐼𝐼↕1⁄  extracted from spectra 

in (D) and fig. S4. Gray curves in (D) and (E): Lindblad simulation results (see fig. S14, simulation 

parameters: 𝑇𝑇1(1)
= 8 ns , Ω(1) (2𝜋𝜋𝑉𝑉RF1)⁄ = 0.16 MHz mV⁄ , 𝑇𝑇1(2)

= 150 ns , Ω(2) (2𝜋𝜋𝑉𝑉RF2)⁄ =

0.24 MHz mV⁄ , 0.4 < 𝑇𝑇 < 0.5 K). 
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Fig. 2. Electron-electron double resonance spectroscopy. (A, B) Double resonance spectra with 

the tip positioned on Ti-1 at varying 𝑉𝑉RF1, with 𝑓𝑓RF1 fixed at 𝑓𝑓↕0 = 16.289 GHz in (A) and 𝑓𝑓↕1 =

16.401 GHz in (B). Gray solid curves: Lindblad simulation results (19). Successive spectra are 

shifted by –0.4 pA. Upper insets depict the ESR transitions involved at the peak frequencies. Lower 

inset in (A) shows the measurement scheme (𝐼𝐼DC = 20 pA, 𝑉𝑉DC = 50 mV, 𝑉𝑉RF2 = 30 mV, 0.4 <𝑇𝑇 < 0.5 K). (C, D) Simulated populations of the four spin states at 𝑉𝑉RF1 = 40 mV. Simulation 

parameters same as Fig. 1D.   
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Fig. 3. AC Stark effect at strong driving of Ti-1. (A) Double resonance spectra of the Ti-2 

resonance at 𝑓𝑓0↕, showing that the peak splits as 𝑉𝑉RF1 is increased. Inset: schematic illustrating the 

origin of the splitting according to the dressed-atom model (27). (B) Frequency difference between 

the two sub-peaks, Δ𝑓𝑓𝛼𝛼𝛼𝛼 = 𝑓𝑓1↕𝛼𝛼 − 𝑓𝑓1↕𝛼𝛼 (fig. S7). A linear fit to Δ𝑓𝑓𝛼𝛼𝛼𝛼(𝑉𝑉RF1) gives the Ti-1 Rabi rate Ω(1) (2π𝑉𝑉RF1)⁄ = 0.160 ± 0.015 MHz mV⁄ .   
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Fig. 4. ESR of Ti under the influence of a nearby Fe atom. (A) STM topographic image and 

schematic of magnetic interactions among Ti, Fe and tip. (B) ESR spectra measured on Ti at 

varying tunnel conductance. Successive spectra are shifted by 1.5 pA (𝐼𝐼DC = 20 pA, 𝑉𝑉DC = 50 mV, 𝑉𝑉RF = 30 mV, 𝑇𝑇 = 0.7 K). (C) ESR peak height at resonances 𝑓𝑓⇑ (purple) and 𝑓𝑓⇓ (magenta) as a 

function of tunnel conductance (data from (B) and fig. S18). Peak height at 𝑓𝑓⇓ showing a crossover 

near 0.7 nS, where the peak vanishes. The insets illustrate how the two transverse RF magnetic 

fields 𝑩𝑩RF,tip(⊥)
 and 𝑩𝑩RF,Fe(⊥)

 add to (or cancel) each other. 𝑩𝑩0 is the static magnetic field. Solid curves 

are fits to the data using the model in Supplementary Text Section 6. 
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