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Abstract: Achieving time-domain control of quantum states with atomic-scale spatial resolution 

in nanostructures is a long-term goal in quantum nanoscience and spintronics. Here, we 15 

demonstrate coherent spin rotations of individual atoms on a surface at the nanosecond timescale, 

using an all-electric scheme in a scanning tunneling microscope (STM). By modulating the 

atomically-confined magnetic interaction between the STM tip and surface atoms, we drive 

quantum Rabi oscillations between spin-up and spin-down states in as little as ~20 nanoseconds. 

Ramsey fringes and spin echo signals allow us to understand and improve quantum coherence. We 20 

further demonstrate coherent operations on engineered atomic dimers. The coherent control of 

spins arranged with atomic precision provides a solid-state platform for quantum-state engineering 

and simulation of many-body systems. 

One Sentence Summary: Quantum spin states of atoms individually positioned on a surface are 

coherently manipulated using a scanning tunneling microscope. 25 

Main Text: Detecting and controlling the coherent dynamics of artificial spin systems with single-

spin resolution could provide fundamental insight into quantum magnetism (1, 2). A key technique 

for realizing coherent control is pulsed spin resonance, which traditionally uses short bursts of 

oscillating magnetic fields to induce transitions between selected quantum spin states (3). Coherent 
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spin manipulation lies at the heart of spin-based quantum information processing and coherent 

spintronic devices (4). In the solid-state environment, coherent control of single spins has been 

performed on molecules in break junctions (5), quantum dots and dopants in semiconductors (6, 

7), as well as nitrogen-vacancy centers in diamond (8, 9). It would be desirable to image and 

precisely modify the local environment and energy-level structures at the atomic scale. 5 

 

Fig. 1. An STM circuit to manipulate spins of individual atoms. (A) Schematic showing the 
low-temperature (T = 1.2 K) STM integrated with a radio-frequency (RF) generator and an 
arbitrary waveform generator (AWG), as well as an STM image (8.4 nm ×10 nm) of Ti and Fe 
atoms on a bilayer MgO on Ag(001) (setpoint: VDC = 60 mV, IDC = 10 pA). Exchange coupling 10 
(red wavy line) with the tip magnetic moment (white arrow) drives Ti spin resonance. The tip 
magnetoresistively senses the different Ti spin orientations, indicated by the red (|↓〉 state), blue 
(|↑〉 state) and green (superposition state) arrows. (B) Top: Orbital occupancy of the 3d1 
configuration. Bottom: Zeeman energy of the Ti spin. (C) CW-ESR spectrum of a single Ti atom, 
fitted to an asymmetric Lorentzian (equation (S14)) (VDC = 50 mV, IDC = 5 pA, VRF = 50 mV, Bext 15 
= 0.82 T). Inset: resonant frequency f0 as a function of IDC at a constant VDC = 50 mV. Fitting (red 
curve) to equation (S17) yields an angle θ = 73° between tip’s magnetic moment and Bext. 

Atomic-scale structures can be constructed and imaged with a scanning tunneling 

microscope (STM), which can probe spin-spin interactions (10, 11), spin dynamics (12-14) and 
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single-molecule motion (15, 16). Notably, artificial nanostructures built by STM have developed 

into a fruitful testing ground for exploring quantum magnetism (11, 12, 14, 17-22). Recently, 

continuous-wave (CW) electron spin resonance (ESR) was combined with spin-polarized STM to 

detect spin states with highly improved energy resolution (22-24). 

The time evolution of a spin state can be accurately controlled by applying pulsed 5 

electromagnetic fields (3). In semiconductor heterostructures, coherent spin dynamics have been 

measured with STM by using femtosecond light pulses (13). Single-spin coherent control has not 

been achieved in STM because the spin manipulation time was long compared to the coherence 

time (22). Here, we demonstrate coherent spin manipulations at the single-atom scale, achieved by 

modulating the magnetic exchange interaction between the STM tip and the Ti atom on a surface 10 

using the time-varying electric field in the STM junction (Fig. 1A) (25).  

The Ti atoms were separated from the Ag substrate with a bilayer MgO film, and were 

most likely hydrogenated (Supplementary Materials and Methods) (24). We referred to them 

simply as Ti. Each Ti atom has an electron spin S = 1/2, and was adsorbed either on top of a surface 

oxygen atom or at a bridge site between two oxygen atoms (24, 26). The two spin states |↓〉 and 15 

|↑〉, with electron spin quantum number ms = ±1/2, were separated by the Zeeman energy in the 

presence of an applied magnetic field (Fig. 1B). In addition to the direct-current (DC) voltage VDC, 

a radio-frequency (RF) voltage was applied with an amplitude VRF at the STM tunnel junction (22, 

24). 

 20 



Submitted Manuscript: Confidential 

4 
 

 

Fig. 2. Coherent control of a single Ti spin. (A) Rabi oscillations of a Ti spin at different VRF as 
indicated (VDC = 60 mV, IDC = 4 pA, Bext = 0.90 T). The RF frequency is on resonance at f0 = 22.57 
GHz (Fig. S6A). Solid curves are sinusoidal fits to the tunnel current signal ΔI. The data are offset 
vertically for better visibility. Each spectrum was measured for ~20 min. (B) Rabi oscillations 5 
represented in color scale shown, over a fine grid of τ and VRF. Inset: Ω at different VRF fitted to a 
quadratic polynomial with zero offset. (C) Schematics showing the homodyne detection of the 
Rabi oscillations by measuring current Ihomo, the time-averaged product of GRF and VRF. GRF(t) is 
the instantaneous tunnel conductance when VRF (t) is on. Pulse width τ was controlled by the AWG. 
(D) Ω and Rabi

21 T  at different tip-atom distances set by different IDC at VDC = 50 mV (VRF = 80 10 

mV, Bext = 0.82 T). Solid lines are linear fits. Lower panels show the Rabi oscillations with fitting 
at IDC = 3 pA (left) and 9 pA (right).  

The magnetic field experienced by a Ti spin (S) is the vector sum of the externally applied 

static field Bext and the effective tip field, which, in the presence of VRF with frequency f, has a 

static component Btip and an oscillatory component tip cos(2 )ftB . The Hamiltonian is given by 15 

(25) 

 tip cos 2H ft      B B S         (1) 
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where γ is the gyromagnetic ratio and ℏ is Planck’s constant. B = Bext + Btip is the total static field. 

As long as ΔBtip is non-collinear with B, it can drive transitions between |↓〉 and |↑〉 states when hf 

matches the Zeeman splitting set by B (Fig. 1B, bottom). This change in magnetic states is visible 

as a change in the steady-state current in the CW-ESR spectrum (Fig. 1C). 

To access the fast coherent spin dynamics of a Ti atom, we applied a series of RF pulses at 5 

the resonant frequency to induce Rabi oscillations between the two spin states (Figs. 1A and 2A). 

Between pulses, the Ti spin was reinitialized to the |↓〉 state by a spin-polarized current. The degree 

of polarization of the initial state was determined by the spin polarization of the tip (27). During 

the RF pulse, the Ti spin rotated coherently between the |↓〉 and |↑〉 states at the Rabi frequency Ω, 

so increasing the pulse width τ yielded an oscillatory current signal ΔI (Fig. 2, A and B). The 10 

exponential decay of ΔI gives the coherence time Rabi
2T ≈ 40 ns. When the RF frequency was 

detuned away from the Larmor frequency, Ω increased and the oscillation amplitude was reduced 

(Fig. S10). 

The Rabi oscillation of the Ti spin was read out magnetoresistively by using a homodyne 

detection technique (Fig. 2C and Supplementary Sec. 4), a standard technique for coherent 15 

detection in physics and engineering (28, 29). Here the asymmetric CW-ESR line shape is the 

result of homodyne demodulation (26). When the moment of the magnetic tip was canted with 

respect to the quantization axis of the Ti spin, the Larmor precession of the Ti spin yielded an RF 

conductance GRF. The Rabi oscillations of the Ti spin modulated the amplitude of GRF, and were 

then extracted by measuring the time-average current due to VRF (Fig. 2C). This homodyne 20 

detection yielded better signal-to-noise ratio than measurements using DC pulses (Supplementary 

Sec. 5), so homodyne detection results are reported below. 

The spatial orientation of the tip magnetic moment was crucial for observing the Rabi 

oscillations (Supplementary Sec. 6), because both the driving field and the amplitude of GRF 

increased with the angle θ between the tip magnetic moment and Bext (inset of Fig. 1C).  25 

We gained additional control of Ω by adjusting the tip-atom distance dtip, in addition to 

varying VRF. Ω increased linearly with the setpoint current IDC at a constant VDC and VRF (Fig. 2D). 

Because IDC depended exponentially on dtip, this result demonstrated the exponential dependence 

of Ω on dtip, an important characteristic of exchange-field-driven ESR (25). We note that Rabi
2T  

increased with larger dtip (Fig. 2D), because one of the dominant decoherence sources was the 30 



Submitted Manuscript: Confidential 

6 
 

tunneling current (Supplementary Sec. 7) (30). For any given tip, Rabi
2T and Ω scaled inversely with 

varying tip height. Thus, for a given tip and VDC, the number of observable Rabi cycles was nearly 

independent of the tip height, and could possibly be increased by using the magnetic dipolar 

coupling to the tip, or by placing a surface spin nearby to supply the magnetic field gradient (23). 

The coherence time of Rabi oscillations Rabi
2T  is, in principle, sensitive to (i) scattering 5 

electrons from tip or substrate (31), (ii) tunneling current arising through VDC (30) and VRF, (iii) 

variations of the resonant frequency caused by the slow-varying tip magnetic field, and (iv) 

variations in Ω caused by changes of tip-atom distance (Fig. 2D) or variations in VRF. To 

understand and improve the spin coherence time, we applied multi-pulse spin manipulation 

sequences (Fig. 3). 10 

 

Fig. 3. Ramsey fringes and spin echo of a single Ti spin. (A) Pulse scheme (top) and Bloch 
sphere representation (bottom) of the spin evolution in the rotating frame for Ramsey fringes 
measurement. Red/blue arrow represents the Ti spin’s initial/final state. Purple dots indicate free 
evolution between pulses. Orange dots represent a rotation about the x axis. (B) Ramsey signals 15 
and Ramsey fringe frequency ΩRam (inset) at different detuning frequencies f – f0. (C) Pulse scheme 
(top) and Bloch sphere representation (bottom) for Hahn-echo measurement. (D) Spin-echo signals 
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at different total free evolution time τ. The exponential fit (red curve) gives a coherence time of T2 
~189 ns. Measured at VDC = 50 mV, IDC = 3 pA; VRF = 190 mV, f0 = 20.55 GHz, Bext = 0.82 T. 

Figure 3B shows the Ramsey fringes measured on a single Ti atom by applying two π/2 

pulses separated by a time delay τ, where π represents an RF pulse that flips the spin from |↓〉 to 

|↑〉. The RF frequency was intentionally detuned from the resonance so that during the free 5 

evolution τ, a phase was accumulated between the two spin components. The time delay τ thus 

determined whether the spin returned to the |↓〉 state or continued to evolve to the |↑〉 state, leading 

to interference fringes. We directly controlled the Ramsey fringe frequency by choosing the 

frequency detuning f – f0 (Fig. 3B, inset). 

The decay of the Ramsey signal with τ also gave a coherence time *
2T , which was about 40 10 

ns. *
2T  was not substantially longer than Rabi

2T , indicating that decoherence was dominated by 

sources other than current induced by VRF or slow variations in Ω. 

To improve the coherence time, we performed a Hahn-echo pulse sequence, consisting of 

a π pulse placed between two π/2 pulses: π/2−τ/2−π−τ/2−π/2, where τ is the duration of free 

precession (Fig. 3C). This sequence decoupled the Ti spin from any slowly changing magnetic 15 

fields (32). Here the last π/2 pulse served as a homodyne detection pulse (7). The echo signal 

decayed exponentially with a time constant T2 ≈ 189 ± 23 ns (Fig. 3D), which is several times 

longer than Rabi
2T  or *

2T . This result indicates that the Ramsey coherence time *
2T  was limited by 

slow field variations that can be cancelled by the echo technique. The main remaining decoherence 

source is the tunneling current and scattering electrons from the tip and substrate, and thus we 20 

would expect lower tunnel current and thicker MgO (31) to further extend T2. 

We further demonstrate coherent operations on coupled-spin states in designed atomic 

structures by assembling Ti atom pairs at chosen spacings (Fig. 4) (24). The spin Hamiltonian of 

a Ti spin dimer (S1 and S2) is 

Zee intH H H              (2) 25 

which consists of the Zeeman energy  Zee ext tip 1 ext 2z zH B B S B S      and the interaction 

energy  int 1 2 1 2 1 23 z zH J D S S    S S S S  (Supplementary Sec. 11) (24). The Ti spin under the 

tip is S1. intH  contains an exchange coupling with strength J and dipolar coupling with strength D, 
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and produced a four-level energy spectrum with an unequal energy spacing, which could be 

characterized by CW-ESR (24, 26). 

 

Fig. 4. Coherent control of spin dimers. (A) Left: Schematic showing an STM image (4 nm × 4 
nm) of one oxygen-site and one bridge-site Ti atom (VDC = 60 mV, IDC = 30 pA), and the magnetic 5 
tip. Middle: atom positions of Ti dimer on MgO. Gray circles represent oxygen atoms. Right: 
energy level diagram with a ferromagnetic coupling of ~0.1 GHz. Dashed arrows indicate ESR 
transitions. (B) CW-ESR measured on the oxygen-site Ti atom (VDC = 50 mV, IDC = 3 pA, VRF =10 
mV). (C) Pulsed ESR measured on the oxygen-site Ti atom at f = 20.50 GHz and 20.58 GHz, 
corresponding to the blue and red peaks in (B) (VDC = 50 mV, IDC = 3 pA), showing the coherent 10 

transitions from |↓⇑〉 to |↑⇑〉 (left), and from |↓⇓〉 to |↑⇓〉 (right). (D) Dependence of Ω on VRF for 
transitions iii and iv. Ω is extracted from a sinusoidal fit in (C). (E-H) same as (A−D) except 
measured on two oxygen-site Ti atoms having a closer spacing, with an anti-ferromagnetic 
coupling of ~0.9 GHz. (G) shows the coherent transitions from |↓⇓〉 to |↓⇑〉–α|↑⇓〉 (left) and from 
|↓⇓〉 to |↑⇓〉+α|↓⇑〉 (right), where α ≈ 0.7. (H) shows dependence of Ω on VRF for transitions I and 15 

III. VRF = 25 mV in (F). Measured at Bext = 0.82 T. 

The spin dimer in Fig. 4A had an interaction energy of ~0.1 GHz, much smaller than the 

Zeeman energy difference between the two spins induced by the tip field (~0.35 GHz). The energy 

eigenstates thus remained approximated as Zeeman product states (|↓⇓〉, |↓⇑〉, |↑⇓〉 and |↑⇑〉) (24). 

We performed controlled rotation of the spin under the tip (target spin), conditionally on the state 20 

of the other spin (control spin). When a pulse was applied at frequency fⅳ (Fig. 4B), matching the 

energy spacing between the first and third energy levels (Fig. 4A, right panel), only the |↓⇓〉 ⇢ 
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|↑⇓〉 transition was resonant with RF field. Correspondingly, the RF field flipped the target spin if, 

and only if, the control spin was in state |⇓〉 (Fig. 4C, right panel). Similarly, a π pulse at frequency 

fⅲ flipped the target spin when the control spin was in state |⇑〉. This capability provides a possible 

realization of a CNOT gate (33). 

The spin dimer in Fig. 4E had a larger interaction of ~0.9 GHz, which overcame the 5 

magnetic asymmetry created by the tip, and caused two of the quantum eigenstates to strongly mix 

to form states |↓⇑〉−α|↑⇓〉 and |↑⇓〉+α|↓⇑〉 with α ≈ 0.7 (24). The other two eigenstates remained the 

Zeeman product states (Fig. 4E, right panel). We coherently excited the system from the ground 

state |↓⇓〉 to either of the mixed states. When the RF pulse was tuned to transition I (Fig. 4F), |↓⇓〉 

evolved into |↓⇑〉−α|↑⇓〉 for a π pulse (Fig. 4G, left). In comparison, an RF pulse at the frequency 10 

of transition III coherently rotated |↓⇓〉 into |↑⇓〉+α|↓⇑〉 (Fig. 4G, right). The Rabi frequency Ω 

grew in proportion to VRF for these two transitions (Fig. 4H). For any given VRF, the ratio of Ω for 

these two transitions depended only on the state mixing α (Supplementary Sec. 11). As we 

increased the tip field, the state mixing was reduced (24), and thus the ratio of Ω between I and III 

became smaller (Fig. S13). This tunable tip magnetic field thus provided control of the energy-15 

level structures and Rabi rates. 

Combining pulsed ESR with STM manipulation paves the way for the coherent excitation 

and detection of many-body states of artificial spin structures, such as topological quantum states 

of atomic chains (34). The exchange-field-driven coherent manipulation should be applicable to 

other solid-state spin systems (Fig. S14) (5, 7). The time-domain ESR spectroscopy could extend 20 

the sensing capabilities of a single-atom quantum sensor (8, 9, 32) and possibly also be used for 

quantum information applications using surface atoms (33, 35). 
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Materials and Methods 

Measurements were performed in a home-built ultrahigh-vacuum (൏ 10ିଽ Torr) STM 
operating at 1.2 K. Bilayer MgO was grown on an atomically clean Ag(001) single crystal by 
thermally evaporating Mg in an O2 environment (31). Ti and Fe atoms were deposited in situ 
from pure metal rods by e-beam evaporation onto the sample held at ~10 K. Our previous study 
showed that Ti atoms studied here were most likely hydrogenated (24). DFT calculations (24) 
shows that clean Ti on MgO has a spin of 1, and the hybridization of the H with the Ti d orbitals 
results in an equivalent 3d1 configuration of Ti, and thus spin-1/2. Considering that hydrogen is 
the predominant component of the residual gas, and the high affinity of Ti for H in various 
environments, it is most likely the Ti atoms were hydrogenated. In addition, only Ti isotopes 
having zero nuclear spin were investigated (36). Fig. S1A shows a large scale STM images of 
our sample with atoms adsorbed on MgO/Ag(001). An external magnetic field (0.82 T or 0.90 T 
as indicated in the figure captions) was applied which was ~8° off the surface with the in-plane 
component aligned along the [100] direction of the MgO lattice. STM images were acquired in 
constant-current mode and all voltages refer to the sample voltage with respect to the tip. 

The iridium STM tip was coated with silver by indentations into the Ag sample until the tip 
gave a good lateral resolution in the STM image. To prepare a spin-polarized tip, Fe atoms on 
MgO were transferred onto the tip by applying a bias voltage (~0.55 V) while withdrawing the 
tip from near point contact with the Fe atom. The degree of spin polarization was verified by the 
asymmetry in dI/dV spectra of Ti with respect to voltage polarity (24). 

The continuous-wave electron spin resonance (CW-ESR) spectra were acquired by 
sweeping the frequency of an RF voltage 𝑉 ୊ generated by the RF generator (Agilent E8257D) 
across the tunneling junction and monitoring changes in the tunneling current. The current signal 
was modulated at 95 Hz by chopping 𝑉 ୊, which allowed readout of the current by a lock-in 
technique (22). All measurements are for hydrogenated Ti atom bound to an oxygen site of the 
MgO. For pulsed-ESR measurements (Fig. S1B), the frequency and amplitude of the RF voltage 
were set to constant values as indicated in the figure captions, and the RF generator was gated by 
an arbitrary waveform generator (Tektronix AWG7122C) to generate RF pulses. The current 
signal during pulsed-ESR measurements was modulated at 818 Hz and read out by a lock-in 
technique. The RF and DC voltages were combined at room temperature using an RF diplexer, 
and guided to the STM tip through semi-rigid coaxial cables with a loss of ~30 dB at 20 GHz 
(37). 

In addition to Ti atoms, we also performed pulsed-ESR measurement on single Fe atoms on 
MgO as shown in Fig. S14. 

 
 

 

Supplementary Text 

Section 1. Characterization of the pulsed RF output 
Before we applied the RF pulses into the STM junction, we used an RF diode (Agilent 

8473C) to characterize the RF pulses at room temperature. As shown in Fig. S2, the lock-in 
output varies linearly with the pulse width of the gating voltage for a fixed RF power, indicating 
the RF pulse width also varies linearly with the pulse width of the gating voltage. A larger RF 
power results in a proportionally larger lock-in output. 
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Section 2. Alignment of RF and DC pulses 
The RF and DC pulses travel along different electrical paths in our set-up until they are 

combined at the RF diplexer. This, together with the possible time delay between the gating and 
RF output of the high-frequency source, could result in a misalignment of the RF and DC pulses 
in the time domain.  Using a single Fe atom as an atomic-scale rectifier, we characterized the 
time misalignment between the RF and DC pulses. As shown in Fig. S3A, we varied the time 
delay between the DC pulse (15 mV and 2 ns in width) and an RF gating pulse (150 ns in width), 
and measured the lock-in output. When the DC pulse overlaps with the ~28 mV RF pulse, the 
lock-in shows the non-linearity of I-V curve of the Fe atom at 15 mV; when they do not overlap, 
the lock-in shows the non-linearity at 0 mV. The difference in the non-linearity at different DC 
voltages thus gives us the signal contrast to measure the alignment (Δt) of the DC and the RF 
pulse, which is ~100 ns in our STM set-up. This time delay was then compensated in the pulsed 
experiments.  

 
 

Section 3. dI/dV spectra of Ti on MgO 
The dI/dV spectra on the Ti atom show a pair of conductance steps placed symmetrically 

about zero bias (Fig. S4), which originates from spin-flip excitations. The asymmetry of step 
heights for opposite voltage polarities is due to the selection rule for spin excitations (27). The 
ratio of the step heights yields the magnitude and sign of the spin polarization of the magnetic tip 
(27), which we find to be typically 15–35% for Fe-terminated tips. 

 
 

Section 4. Homodyne detection of Rabi oscillations 
In this section, we discuss the detection mechanism of the pulsed ESR signals. The spin 

Hamiltonian of Ti influenced by an RF voltage at frequency f is (25): 
𝐻 ൌ 𝛾ℏൣ𝐁 ൅ Δ𝐁୲୧୮ cosሺ2𝜋𝑓𝑡ሻ൧ ⋅ 𝐒 (S1) 

The first term determines the quantization axis of the Ti spin, which is along the direction of 
the total magnetic field 𝐁 ൌ 𝐁ୣ୶୲ ൅ 𝐁୲୧୮. The tip field 𝐁୲୧୮ is tilted with respect to B by an angle 
𝜃, which can be determined from the experiments (see Section 8). The oscillating tip field 
Δ𝐁୲୧୮ cosሺ2𝜋𝑓𝑡ሻ has a component Δ𝐵୲୧୮

ୄ cosሺ2𝜋𝑓𝑡ሻ that is perpendicular to B, which 
corresponds to 𝐵୅େሺ𝑡ሻ that drives the spin resonance. 

When performing pulsed ESR measurement, the tip field 𝐵୲୧୮ ≪ 𝐵ୣ୶୲, and thus the 
quantization axis is close to the external field direction z. We define the plane spanned by the 
two vectors 𝐁ୣ୶୲ and 𝐁୲୧୮ as the xz plane (Fig. S5A). 

We first consider the simple case without spin decoherence. The following analysis shows 
that the measured lock-in signal is sinusoidal with a background slope and offset. Assuming at 
𝑡 ൌ 0, the Ti spin is in state หϕ෩ሺ𝑡 ൌ 0ሻൿ ൌ |↓⟩. In the rotating frame, this spin vector rotates 
around the direction (Ω, 0, 𝜔଴ െ 𝜔). Here Ω is the Rabi frequency, 𝜔଴ is the Larmor frequency 
and 𝜔 ൌ 2𝜋𝑓 is the angular frequency of the RF voltage. When the RF field is in resonance with 
the Zeeman energy ሺ𝜔 ൌ 𝜔଴ሻ, the spin state in the rotating frame at time t is: 

หϕ෩ሺ𝑡ሻൿ ൌ sin
Ω𝑡
2

|↑⟩ ൅ 𝑖 cos
Ω𝑡
2

|↓⟩  (S2) 

In the lab frame, the state is  
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|ϕሺ𝑡ሻ⟩ ൌ 𝑒ି௜ఠ௧ௌ౐౟
೥

หϕ෩ሺ𝑡ሻൿ ൌ 𝑒ି௜ఠ௧/ଶ sin
Ω𝑡
2

|↑⟩ ൅ 𝑒௜ఠ௧/ଶ 𝑖cos
Ω𝑡
2

|↓⟩  (S3) 

Thus, the expectation values of the Ti spin 〈𝑺୘୧〉 in the lab frame are  

〈𝑆୘୧
௫ 〉 ൌ െ

1
2

sin Ω𝑡 ∙ sin 𝜔𝑡 

〈𝑆୘୧
௬ 〉 ൌ

1
2

sin Ω𝑡 ∙ cos 𝜔𝑡 

〈𝑆୘୧
௭ 〉 ൌ െ

1
2

cos Ω𝑡 

(S4) 

The spin-polarized junction conductance depends on the relative orientation of the tip spin 
and the Ti spin: 𝐺 ൌ 𝐺୨୳୬ୡሺ1 ൅ 𝑎〈𝐒୲〉 ⋅ 〈𝐒୘୧〉ሻ (38). Here a is a normalization factor that relates 
the quantum-mechanical transition intensities to observable tunneling probabilities, and 𝐺୨୳୬ୡ is 
the spin-averaged conductance. The total voltage across the junction consists of DC and RF 
parts: 𝑉 ൌ 𝑉ୈେ ൅ 𝑉 ୊ሺ𝑡ሻ ൌ 𝑉ୈେ ൅ 𝑉 ୊cosሺ𝜔𝑡 ൅ 𝜑ୖ୊ሻ, where 𝜑ୖ୊ accounts for the phase 
difference between the applied RF voltage and the precession of the Ti spin in the lab frame. The 
tip spin 〈𝑺୲〉 has a constant 𝑧 component 〈𝑆୲

௭〉, and a constant x component 〈𝑆୲
௫〉. The tunneling 

current can thus be written as: 

𝐼ሺ𝑡ሻ ൌ 𝐺𝑉 ൌ 𝐺୨୳୬ୡ𝑉ୈେ ൤1 െ
1
2

𝑎〈𝑆୲
௫〉 sin Ω𝑡 ∙ sin 𝜔𝑡 െ

1
2

𝑎〈𝑆୲
௭〉 cos Ω𝑡൨

൅ 𝐺୨୳୬ୡ𝑉 ୊ cosሺ𝜔𝑡 ൅ 𝜑ୖ୊ሻ ൤1 െ
1
2

𝑎〈𝑆୲
௫〉 sin Ω𝑡 ∙ sin 𝜔𝑡 െ

1
2

𝑎〈𝑆୲
௭〉 cos Ω𝑡൨ 

(S5) 

Discarding terms that give zero when time-averaged over a cycle of the RF voltage leaves 
𝐼ሺ𝑡ሻ ൌ 𝐼ሺ𝑡ሻୈେ ൅ 𝐼ሺ𝑡ሻ୦୭୫୭, where the current due to 𝑉ୈେ is 

 𝐼ሺ𝑡ሻୈେ ൌ 𝐺୨୳୬ୡ𝑉ୈେ ൬1 െ
1
2

𝑎〈𝑆୲
௭〉 cos Ω𝑡൰  (S6) 

and the current due to 𝑉 ୊, called the homodyne component, is 
𝐼ሺ𝑡ሻ୦୭୫୭ ൌ 𝑉 ୊ሺ𝑡ሻ ⋅ 𝐺ୖ୊ሺ𝑡ሻ

ൌ 𝑉 ୊cosሺ𝜔𝑡 ൅ 𝜑ୖ୊ሻ ⋅ ൬െ𝐺୨୳୬ୡ
1
2

𝑎〈𝑆୲
௫〉 sin Ω𝑡 ∙ sin 𝜔𝑡൰

ൌ െ𝐺୨୳୬ୡ𝑉 ୊
1
2

𝑎〈𝑆୲
௫〉 sin Ω𝑡 ∙ sin 𝜔𝑡 ∙ cosሺ𝜔𝑡 ൅ 𝜑ୖ୊ሻ

ൌ െ𝐺୨୳୬ୡ𝑉 ୊
1
2

𝑎〈𝑆୲
௫〉 sin Ω𝑡 ∙

1
2

ሾെsin 𝜑ୖ୊ ൅ sinሺ2𝜔𝑡 ൅ 𝜑ୖ୊ሻሿ 

(S7) 

The time-averaged tunneling current for a Rabi measurement with a pulse width 𝜏 and pulse 
repetition period 𝜏୰ used in lock-in A-cycle (Fig. S1B) is then: 

𝐼୅ഥ ൌ
1
𝜏୰

න ሺ𝐼ሺ𝑡ሻୈେ ൅ 𝐼ሺ𝑡ሻ୦୭୫୭ሻ
ఛ

଴
𝑑𝑡 ൅

1
𝜏୰

න 𝐺୨୳୬ୡ𝑉ୈେ ቊ1 െ
1
2

𝑎〈𝑆୲
௭〉 ቈ1 ൅ ሺcos Ω𝜏 െ 1ሻe

ି
௧ିఛ

భ் ቉ቋ
ఛ౨

ఛ
 𝑑𝑡

ൎ
1
𝜏୰

൤𝐺୨୳୬ୡ
𝑉 ୊

Ω
1
4

𝑎〈𝑆୲
௫〉 sin 𝜑ୖ୊ ሺ1 െ cos Ω𝜏ሻ൨

൅
1
𝜏୰

𝐺୨୳୬ୡ𝑉ୈେ ൜𝜏୰ ൬1 െ
1
2

𝑎〈𝑆୲
௭〉൰ ൅ 𝜏

1
2

𝑎〈𝑆୲
௭〉 െ

1
2

𝑎〈𝑆୲
௭〉 ൤

sin Ω𝜏
Ω

൅ ሺcos Ω𝜏 െ 1ሻ𝑇ଵ൨ൠ 

(S8) 

The time-averaged tunneling current in B-cycle (Fig. S1B), in which 𝑉 ୊ ൌ 0, is 

𝐼୆ഥ ൌ 𝐺୨୳୬ୡ𝑉ୈେ ൬1 െ
1
2

𝑎〈𝑆୲
௭〉൰  (S9) 

The lock-in amplifier measures the difference in the averaged current in A and B cycles, 
which is 

ሺ𝐼୅ഥ െ 𝐼୆ഥ ሻ ൌ 𝑘ୖ୊ሺ1 െ cos Ω𝜏ሻ ൅ 𝑘ୈେሾെ sin Ω𝜏 ൅ Ω𝑇ଵሺ1 െ cos Ω𝜏ሻሿ ൅ 𝑘୪୧୬𝜏  (S10) 
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where 𝑘ୖ୊ ൌ
௔ீౠ౫౤ౙ

ସ

௏౎ూ

ஐఛ౨
sin 𝜑ୖ୊ 〈𝑆୲

௫〉, 𝑘ୈେ ൌ
௔ீౠ౫౤ౙ

ଶ

௏ీి

ஐఛ౨
〈𝑆୲

௭〉, and 𝑘୪୧୬ ൌ
௔ீౠ౫౤ౙ

ଶ

௏ీి

ఛ౨
〈𝑆୲

௭〉. 

Considering further the RF rectified current due to the non-linearity in the I-V curve (37) of 
the Ti atom, the lock-in signal is then: 

𝑉୪୭ୡ୩ି୧୬ሺ𝜏ሻ ∝ 𝑘ୖ୊ሺ1 െ cos Ω𝜏ሻ ൅ 𝑘ୈେሾെsin Ω𝜏 ൅ Ω𝑇ଵሺ1 െ cos Ω𝜏ሻሿ ൅ ሺ𝑘୪୧୬ ൅ 𝑘୰ୣୡሻ𝜏

∝ െටሺ𝑘ୖ୊ ൅ 𝑘ୈେΩ𝑇ଵሻଶ ൅ 𝑘ୈେ
ଶ sinሺΩ𝜏 ൅ 𝛼ሻ ൅ ሺ𝑘୪୧୬ ൅ 𝑘୰ୣୡሻ𝜏 ൅ 𝑘ୈେΩ𝑇ଵ ൅ 𝑘ୖ୊ 

(S11) 

where tan 𝛼 ൌ ሺ𝑘ୖ୊ ൅ 𝑘ୈେΩ𝑇ଵሻ 𝑘ୈେ ൌ ୱ୧୬ ఝ౎ూ

ଶ
ൗ ௏౎ూ

௏ీి
tan 𝜃 ൅ Ω𝑇ଵ. Here 𝜃 is the tilting angle of the 

tip magnetic moment with respect to the direction of the external field, i.e. tan 𝜃 ൌ
〈ௌ౪

ೣ〉

〈ௌ౪
೥〉

. 

When the tip spin is perpendicular to the external field, i.e. 𝜃 ൌ 𝜋 2⁄ , there is only 
homodyne detection (𝑘ୈେ ൌ 𝑘୪୧୬ ൌ 0), and the lock-in signal is then 

𝑉୪୭ୡ୩ି୧୬,୦୭୫୭ሺ𝜏ሻ ∝ 𝑘୰ୣୡ𝜏 ൅ 𝑘ୖ୊ሺ1 െ cos Ω𝜏ሻ  (S12) 
Note that if the tip spin is fully aligned with the external field, there is no effective AC 

magnetic field to drive the ESR of the Ti atom, i.e. Ω ൌ 0. Thus, there is no pure DC detection 
case. 

The quantum decoherence modulates the Rabi oscillation with an exponential factor, and 
we used the further simplified equation (S13) to fit the Rabi oscillations, and removed the linear 
slope in the figures in the manuscript, using  

𝑉୪୭ୡ୩ି୧୬ሺ𝜏ሻ ൎ 𝑘ଵ𝑒
ି ఛ

మ் sinሺΩ𝜏 ൅ 𝛼෤ሻ ൅ 𝑘ଶ𝜏 ൅ 𝑘ଷ  (S13) 

The homodyne detection mechanism can also be seen in the CW-ESR spectra of a single Ti 
spin (Fig. 1C and Fig. S6) (24, 26). The ESR lineshape is described by  

𝐼୉ୗୖ ൌ 𝐼଴  ൅ 𝐼ோ ∙
1 ൅ 𝑞 ⋅ 𝛿
1 ൅ 𝛿ଶ  (S14) 

where q is a parameter related to the phase difference between the RF voltage and the precession 
of the Ti spin, 𝐼଴ accounts for the background current due to the non-linearity of the junction 
conductance, and 𝛿 ൌ ሺ𝑓 ୊ െ 𝑓଴ሻ ሺ𝛤/2ሻ⁄  is the normalized frequency. 𝛤 and 𝐼ோ are the full width 
at half-maximum (FWHM) and the amplitude of the resonance, respectively: 

𝛤 ൌ
1

𝜋𝑇ଶ
ඥ1 ൅ Ωଶ𝑇ଵ𝑇ଶ  (S15) 

𝐼ோ ൌ 𝐼௣
Ωଶ𝑇ଵ𝑇ଶ

ඥ1 ൅ Ωଶ𝑇ଵ𝑇ଶ

 
(S16) 

As shown in Fig. S6B, q is small at small 𝑉 ୊, and the ESR lineshape has a symmetric 
Lorentzian lineshape. With increasing 𝑉 ୊ and thus q, the ESR lineshape becomes more 
asymmetric due to the homodyne detection of the steady state precession of the Ti spin driven by 
the RF voltage. 

 
 

 
Section 5. Different pulse schemes 

In this section, we compare the three different schemes of pulse sequences (Fig. S7), which 
are sensitive to either the homodyne or DC detection of the Rabi signals. Here VDC refers to both 
a constant DC voltage and to the constant-voltage pulses as shown. 

In the homodyne detection scheme without DC pulses (Fig. S7A, top panel), a constant VDC 
(~ 50 mV) is applied in the STM junction. This constant VDC is used to initialize the Ti spin by 
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the spin-polarized current (27) during the time between two RF pulses. The DC current due to 
VDC also causes some unintended decoherence during the coherent manipulations. Both VRF and 
VDC contribute to the lock-in signals of the detected Rabi oscillation as shown in (S11). 

In the homodyne detection scheme with DC pulses (Fig. S7A, middle panel), a DC pulse is 
applied before the RF pulse to initialize the Ti spin. In this case, only the homodyne detection by 
VRF contributes to the lock-in signals. 

In the DC detection scheme with two DC pulses (Fig. S7A, bottom panel), a DC 
initialization pulse as well as a DC detection pulse are applied before and after the RF pulse, 
respectively. Since VRF is not modulated at the lock-in frequency in this case, only the DC 
detection by VDC contributes to the lock-in signals. 

We showed the corresponding measured lock-in signals for the three pulse schemes in Fig. 
S7B, which displayed better signal-noise-ratios for the first two schemes. In most of our pulsed-
ESR measurement, we used the first pulse scheme.  

In all schemes we employ the time-average tunnel current due to VDC (and due to the DC 
pulses when present) as a feedback signal to stabilize the tip-Ti distance. Since the effective 
magnetic field applied on the Ti spin varies exponentially with the tip-Ti distance, this is crucial 
for increasing the spin coherence time by maintaining a relatively constant resonant frequency 
during the data collections (typically 15 min to 2 hours). 

Note that for the Ti on MgO under the setpoint conditions used in our experiment, the Ti 
spin is initialized by the spin-polarized tunnelling current, since the exchange scattering with 
tunnelling electrons occurs more frequently than the spin relaxation driven by the substrate or tip 
electrons (see Section 7). Successive RF pulses were separated by several T1 times of Ti atoms. 

The DC voltage was always on through the Ramsey and spin echo measurements. Thus the 
Ti spin was influenced by the DC current during the free evolution time. The tunneling current 
acts as a decoherence source during the free evolution time. 

. 
 

Section 6. Pulsed ESR measurements with different STM tips 
The large Ω in our experiment was obtained by choosing tip terminations giving a large 

effective magnetic field perpendicular to the spin quantization axis of the Ti atom. During our 
experiment, we made eleven different spin-polarized STM tips in total. The number of Fe atoms 
attached to the STM apex varied from 1 to 6. All of these STM tips were capable of obtaining the 
CW-ESR spectra of Ti atoms, and four of them showed usable Rabi signals on the Ti atoms. 
These four tips were used to collect the data displayed in the manuscript. We labelled these four 
tips as #1, #2, #3 and #4, which had 4, 4, 5, 6 Fe atoms at the tip apex, respectively. Data in Figs. 
2A and 2B were taken with tip #1; data in Fig. 1C were taken with tip #3; data in Figs. 2D, Fig. 3 
and Fig. 4 were taken with tip #4. Fig. S8 shows the Rabi frequency Ω and spin decoherence 
time 𝑇ଶ

ୖୟୠ୧ as a function of VRF for these four different STM tips, obtained by fitting the Rabi 
oscillations of a single Ti atom on MgO.  

 
 

Section 7. Decoherence sources of the Ti spin on MgO 
In this section, we discuss two major sources of decoherence of the Ti spin on 

MgO/Ag(001). Under most conditions, the tunneling current is the major source of decoherence 
(30), as shown in Fig. 2D. The exchange scattering with tunnelling electrons occurs more 
frequently than the spin relaxation driven by the substrate electrons (which originate from Ag 
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and return to Ag) (31). The latter corresponds to a scattering current of 
௞ಳ்

௘
∙ ீ౩

మ

ீబ
 ൎ  10 fA, as 

estimated using the theory of ref (31) using the point contact conductance (𝐺ୱ  ൎ 0.1 𝜇𝑆) of the 
Ti-MgO-Ag junction and at T = 1.2 K. Thus, the corresponding decoherence rate is negligible 
compared to the decoherence due to tunneling current (> 1 pA).  The tip-Ti-tip scattering can 

also be omitted since the corresponding scattering current is 
௞ಳ்

௘
∙ ீబீమ

ீ౩
మ  ൎ  10 fA.  

Figure 2D shows that the decoherence rate 1/𝑇ଶ
ୖୟୠ୧ has a linear dependence on the tunneling 

current. We understand this linear dependence as follows. The scattering between the tunneling 
electron (𝛔) and the Ti spin can be described by a Kondo type interaction: 𝐒 ⋅ 𝛔 (27, 39). This 
interaction acts as a stochastic magnetic field applied on the Ti spin, and thus each tunneling 
event could induce a phase shift in the atomic wave function with a certain probability. The 
decoherence rate due to the random field is proportional to the number of decoherence events per 
unit time (30, 40). This depends on two factors: the rate at which electrons available for 
scattering impinge on the Ti atom (which is dominated by the tunnelling current for the Ti atom 
on MgO in our STM junction), and the probability that the Ti spin transition occurs per 
impinging electron, which is close to unity as estimated from Fig. 2D. Thus, the decoherence rate 
is also proportional to the tunnelling current. 

In addition to the tunneling current, our spin-echo measurement (Fig. 3D) suggests that the 
low-frequency magnetic field noise due to the relative motion between the magnetic tip and the 
Ti atom is the other major source of decoherence in the current experiment. 

Note that a figure such as Fig. 2A was generated by averaging many measurements for each 
pulse width (τ) using the pulse scheme shown in Fig. S1B. The measurements typically consists 
of ~10 sweeps each averaging for ~1 s at each data point, to give ~10 s averaging time for each 
point presented. Thus, the decay of measured Rabi oscillations is, in principle, sensitive to: (a) 
genuine intrinsic dephasing (i.e. a loss of phase on the timescale of a single shot by decoherence 
sources such as scattering electrons); and (b) temporal ensemble average of many Rabi 
oscillations over many shots, and the decay of Rabi signal could result from slow fluctuations of 
the resonant frequency shot-to-shot due to the slow-varying tip magnetic field, and also slow 
variations in the Rabi rate Ω shot-to-shot. The spin-echo experiment can cancel these slow 
variations and thus give improved measured coherence time. 

 
 

Section 8. Characterizing the tip-atom exchange interaction 
The coherent Rabi oscillations of Ti spin on MgO is driven by the effective magnetic field 

from the STM tip (25). The direction of the tip magnetic field can be obtained as follows. 
The total Zeeman energy (𝐸୲୭୲ୟ୪) experienced by the Ti atom, including the contributions 

from both 𝐁ୣ୶୲ and 𝐁୲୧୮: 
 

𝐸୲୭୲ୟ୪ሺ𝑧ሻ ൌ ට𝐸ୣ୶୲
ଶ ൅ 𝐸୲୧୮

ଶ ሺ𝑧ሻ ൅ 2𝐸ୣ୶୲𝐸୲୧୮ሺ𝑧ሻ cos 𝜃 (S17) 

Here 𝐸ୣ୶୲ ൌ 𝛾ℏ𝐵ୣ୶୲ is the Zeeman energy due to 𝐁ୣ୶୲, and 𝐸୲୧୮ሺ𝑧ሻ ൌ 𝛾ℏ𝐵୲୧୮ሺ𝑧ሻ ∝
exp ሺെ𝑧 𝑑ୣ୶⁄ ሻ is the Zeeman energy due to 𝐁୲୧୮ (in the absence of 𝐁ୣ୶୲). 𝜃 is the angle between 
𝐁ୣ୶୲ and 𝐁୲୧୮. At constant DC voltage, we use the approximation 𝐸୲୧୮ሺ𝑧ሻ ∝ 𝐼ୈେ since the decay 

lengths (~0.5 Å) of the exchange interaction and the tunnelling current are nearly equal (25). 
The ESR peaks thus shift with varying tip magnetic field by changing the tip-Ti distance 

(Fig. S9A). By fitting the total Zeeman energy as a function of tip-Ti distance using equation 
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(S17) (Fig. S9B), we find a tilting angle 𝜃 of ~63.4 degrees for this STM tip (tip #4). Similar 
measurement performed using tip#3 yields a tilting angle of ~72.7 degrees. 

Here 𝐵୲୧୮ is ~40 mT at the tip height where the data of Fig. 3 were measured (VDC = 50 mV, 

IDC = 3 pA), and ∆𝐵୲୧୮ ൌ ଶஐ

ஓ ୲ୟ୬ ஘
ൎ 1 mT at VRF = 190 mV. Thus both 𝐵୲୧୮ and ∆𝐵୲୧୮ are very 

small compared to the external magnetic field 𝐵ୣ୶୲ of 0.82 T. 
The tip magnetic field can be used to tune the Rabi frequency by changing the tip-Ti 

distance. As shown in Figs. S9C-D and Fig. 2D, closer tip-Ti distance results in a larger Ω but 
smaller spin coherence time. 

 
 

Section 9. Rabi oscillations at detuned RF frequencies 
In Fig. S10A, we show the measured Rabi oscillations on a single Ti atom at different 

detuning frequencies ∆𝜔 ൌ 𝜔 െ 𝜔଴. In the rotating frame, the Ti spin rotates at the bare Rabi 
frequency Ω when RF field is in resonance (𝜔 ൌ 𝜔଴). When detuned away from the Larmor 
frequency, the spin rotates about a tilted axis (Ω, 0, ∆𝜔). The oscillation frequency increases as 

Ωୢୣ୲ ൌ ඥΩଶ ൅ ሺ∆𝜔ሻଶ, and the oscillation amplitude is reduced (41, 42).  
The expectation values of the Ti spin 〈𝑺୘୧〉 in the lab frame is 
 

〈𝑆୘୧
௫ 〉 ൌ െ

1
2

൤sin 𝜉 sin Ωୢୣ୲𝑡 ∙ sin 𝜔𝑡 ൅
1
2

sin 2𝜉 ൫1 െ cos Ωୢୣ୲𝑡൯ ∙ cos 𝜔𝑡൨ 

〈𝑆୘୧
௬ 〉 ൌ

1
2

൤sin 𝜉 sin Ωୢୣ୲𝑡 ∙ cos 𝜔𝑡 െ
1
2

sin 2𝜉 ൫1 െ cos Ωୢୣ୲𝑡൯ ∙ sin 𝜔𝑡൨ 

〈𝑆୘୧
௭ 〉 ൌ െ

1
4

ൣሺ1 ൅ cos 2𝜉ሻ ൅ ሺ1 െ cos 2𝜉ሻ cos Ωୢୣ୲𝑡൧ 

(S18) 

where sin 𝜉 ൌ ஐ

ඥஐమାሺ∆ఠሻమ
ൌ ஐ

ஐౚ౛౪. 

Following the similar procedure in Section 4, the lock-in signal for the fully coherent case is 
then: 

 𝑉୪୭ୡ୩ି୧୬
ୢୣ୲ ሺ𝜏ሻ ∝ constant ൅ Κ ⋅ 𝜏 

(S19)  

െ sinଶ 𝜉 ඨ൬sin 𝜉 ⋅ 𝑘ୈେ െ
cos 𝜉

tan 𝜑ୖ୊
⋅ 𝑘ୖ୊൰

ଶ

൅ 𝑘ୖ୊
ଶ ⋅ sin൫Ωୢୣ୲𝜏 ൅ 𝛼ୢୣ୲൯ 

where the constant, the phase shift 𝛼ୢୣ୲ and the linear slope Κ are all functions of 
(𝑉 ୊, 𝑉ୈେ, 〈𝑆୲

௫〉, 〈𝑆୲
௭〉, Ωୢୣ୲, 𝜉, 𝜑ୖ୊). The linear slope Κ is also a function of the non-linearity of the 

I-V curve of the Ti atom on MgO. 
Thus, the oscillation amplitude is reduced by a factor of ~sinଶ 𝜉. 

By adding an additional exponential decay 𝑒
ି ഓ

೅మ, we simulated the Rabi oscillations of a 
single Ti spin as a function of RF detuning frequency (with zero constant and linear slope Κ), as 
shown in Fig. S10C. 

 
 

Section 10. Spin echo measurement with as a function of τ2 
We performed a spin echo pulse sequence, consisting of a π pulse placed between two π/2 

pulses (Fig. S11). The resulting sequence is π/2−τ1−π−τ2−π/2, where τ1 and τ2 are durations of 
free precession. When τ1 = τ2, this sequence decouples the spin from any slowly changing 
magnetic fields (32). We implemented this spin echo pulse sequence on the Ti atom. For a fixed 
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τ1, we varied τ2 in order to demonstrate the presence of a spin echo. The Ti spin is refocused to 
the |↑〉 state when τ1 = τ2, giving rise to an echo signal.  

 
 

Section 11. Spin Hamiltonian of Ti dimers 
In this section, we describe the spin Hamiltonian of a Ti dimer under applied external 

magnetic field and the effective magnetic field from the STM tip, which can be written as (24, 
26): 

 𝐻 ൌ 𝛾ଵℏ൫𝐁ୣ୶୲ ൅ 𝐁୲୧୮൯ ⋅ 𝐒ଵ ൅ 𝛾ଶℏ𝐁ୣ୶୲ ⋅ 𝐒ଶ                
൅ 𝐷଴൫ 𝐒ଵ ⋅ 𝐒ଶ െ 3ሺ𝐒ଵ ⋅ 𝒓ොሻሺ𝐒ଶ ⋅ 𝒓ොሻ൯ ൅ 𝐽 𝐒ଵ ⋅ 𝐒ଶ 

  
(S20) 

where the first and second terms are the Zeeman energy due to the magnetic field, and the other 
two terms describe the magnetic coupling within the Ti dimer. 𝐒ଵ is the spin operator of the Ti 
atom under the magnetic tip, and 𝛾ଵ is its gyromagnetic ratio. 𝐒ଶ and 𝛾ଶ describe the other Ti 
atom in the dimer on the surface. We use the approximation 𝛾ଵ ൌ 𝛾ଶ ൌ 𝛾 ൌ 2𝜇்௜/ℏ. The 

coupling constants 𝐷଴ ൌ ఓబఊమℏమ

ସగ௥య  and 𝐽 ൌ 𝐽଴ ⋅ expሺെ ሺ𝑟 െ 𝑟଴ሻ 𝑑ୣ୶⁄ ሻ, where 𝜇଴ is the magnetic 

constant, 𝑑ୣ୶ is the exponential decay constant of the exchange interaction, and 𝐽଴ is the coupling 
strength at the interatomic distance 𝑟଴. The effective tip magnetic field 𝐁୲୧୮ ൌ  𝐽୲ୱ〈𝐒୲୧୮〉 ሺ𝛾ℏ⁄ ሻ. 
Here, the tip spin is treated classically as a statistical average 〈𝐒୲୧୮〉 (24, 25, 43, 44), and where 
the 𝐽௧௦ is the coupling constant which is a function of tip-Ti distance. 

Hamiltonian (S20) is further simplified to the following form under secular approximation 
(45) (Ti spins are oriented approximately along 𝐁ୣ୶୲ since the Zeeman energy is dominant): 

𝐻 ൎ 𝛾ℏ𝑆ଵ௭൫𝐵ୣ୶୲ ൅ 𝐵୲୧୮൯ ൅ 𝛾ℏ𝑆ଶ୸𝐵ୣ୶୲ ൅  𝐽 𝑺𝟏 ⋅ 𝑺𝟐 ൅ 𝐷 ሺ3𝑆ଵ௭𝑆ଶ௭ െ  𝑺ଵ ⋅ 𝑺ଶሻ    
= 𝛾ℏ𝑆ଵ௭൫𝐵ୣ୶୲ ൅ 𝐵୲୧୮൯ ൅ 𝛾ℏ𝑆ଶ୸𝐵ୣ୶୲ ൅ ሺ𝐽 ൅ 2𝐷ሻ𝑆ଵ௭𝑆ଶ௭ ൅ ሺ𝐽 െ 𝐷ሻሺ𝑆ଵ௫𝑆ଶ௫ ൅ 𝑆ଵ௬𝑆ଶ௬ሻ (S21) 

where the direction of 𝐁ୣ୶୲ is defined as direction z. The coupling constant 𝐷 ൌ ஽బ

ଶ
ሺ1 െ 3cosଶ𝛽ሻ 

where 𝛽 is the angle between connecting vector 𝒓ො and 𝐁ୣ୶୲. We choose the Zeeman product 
basis: |↓⇓〉, |↓⇑〉, |↑⇓〉 and |↑⇑〉, where|↓⟩ and |↑⟩ (|⇓⟩ and |⇑) are the eigenvectors of spin 
operator 𝑆ଵ௭ (𝑆ଶ௭). The eigenstates of Hamiltonian (S21) are 

 
|↑⇑⟩ 

(S22) 

 
|൅⟩ ൌ cos

𝜂
2

|↑⇓⟩ ൅ sin
𝜂
2

|↓⇑⟩ 

 
|െ⟩ ൌ sin

𝜂
2

|↑⇓⟩ െ cos
𝜂
2

|↓⇑⟩ 

 |↓⇓⟩  
where the mixing parameter 𝜂 is given by tan 𝜂 ൌ ሺ𝐽 െ 𝐷ሻ 𝛾ℏ𝐵୲୧୮⁄ .  

The eigenenergies of Hamiltonian (S21) are: 
 

𝐸↑⇑ ൌ
1
4

ሺ𝐽 ൅ 2𝐷ሻ ൅
1
2

𝛾ℏ൫2𝐵 ൅ 𝐵୲୧୮൯ 

(S23)  
𝐸ା ൌ െ

1
4

ሺ𝐽 ൅ 2𝐷ሻ ൅
1
2

ටሺ𝐽 െ 𝐷ሻଶ ൅ ሺ𝛾ℏ𝐵୲୧୮ሻଶ 
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𝐸ି ൌ െ

1
4

ሺ𝐽 ൅ 2𝐷ሻ െ
1
2

ටሺ𝐽 െ 𝐷ሻଶ ൅ ሺ𝛾ℏ𝐵୲୧୮ሻଶ 

 
𝐸↓⇓ ൌ

1
4

ሺ𝐽 ൅ 2𝐷ሻ െ
1
2

𝛾ℏ൫2𝐵 ൅ 𝐵୲୧୮൯ 

When the RF frequency matches the energy difference between the coupled-spin states 
|𝑎⟩ and |𝑏⟩, the ESR transition will occur if there is a nonzero matrix element: ൻ𝑎หΔ𝐵୲୧୮

௫ 𝑆ଵ௫ห𝑏ൿ ്
0 (𝑆ଵ௫  is the spin operator of the spin being probed). The Rabi rate Ω ∝ 𝑉 ୊ൻ𝑎หΔ𝐵୲୧୮

௫ 𝑆ଵ௫ห𝑏ൿ. 
The four accessible ESR transition frequencies for Ti dimer with antiferromagnetic 

coupling (Fig. 4E) are defined in order from lowest to highest frequency as: 
 

𝑓 ൌ
1
ℏ

ሺ𝐸ି െ 𝐸↓⇓ሻ 

(S24) 

 
𝑓 ୍ ൌ

1
ℏ

ሺ𝐸↑⇑ െ 𝐸ାሻ 

 
𝑓 ୍୍ ൌ

1
ℏ

ሺ𝐸ା െ 𝐸↓⇓ሻ 

 
𝑓 ୚ ൌ

1
ℏ

ሺ𝐸↑⇑ െ 𝐸ିሻ 

The four accessible ESR transition frequencies for the Ti dimer with ferromagnetic coupling 
(Fig. 4A) are defined in order from lowest to highest frequency as: 

 
𝑓୧ ൌ

1
ℏ

ሺ𝐸↑⇑ െ 𝐸ାሻ 

(S25) 

 
𝑓୧୧ ൌ

1
ℏ

ሺ𝐸ି െ 𝐸↓⇓ሻ 

 
𝑓୧୧୧ ൌ

1
ℏ

ሺ𝐸↑⇑ െ 𝐸ିሻ  

 
𝑓୧୴ ൌ

1
ℏ

ሺ𝐸ା െ 𝐸↓⇓ሻ 

The ESR splitting ∆𝑓 ൌ 𝑓 ୚ െ 𝑓 ୍୍ ൌ 𝑓 ୍ െ 𝑓 ൌ ଵ

ℏ
ሺ𝐽 ൅ 2𝐷ሻ gives the strength of the 

interaction between two Ti spins on the surface (24). For the ferromagnetic case, ∆𝑓 ൌ 𝑓୧୴ െ
𝑓୧୧୧ ൌ 𝑓୧୧ െ 𝑓୧ ൌ െ ଵ

ℏ
ሺ𝐽 ൅ 2𝐷ሻ. 

The atomically-localized tip field introduces a magnetic asymmetry between the two Ti 
spins. When the coupling ሺ𝐽 െ 𝐷ሻ is much smaller than Zeeman energy detuning (𝛾ℏ𝐵୲୧୮) due to 
the tip field, as is the case in Fig. 4A, the eigenstates are well described as Zeeman product states 
(Fig. 4A, right panel). In contrast, when the coupling is larger at closer Ti-Ti distance, the 
eigenstates are linear superpositions of |↓⇑⟩ and |↑⇓⟩ (Fig. 4E, right panel). 

Consider the simple case when the energetic detuning (𝛾ℏ𝐵୲୧୮) between |↓⇑⟩ and |↑⇓⟩ is 
much larger than their coupling ሺ𝐽 െ 𝐷ሻ. The eigenstates of the system are then the Zeeman 
product states, |↓⇓〉, |↓⇑〉, |↑⇓〉 and |↑⇑〉. Hence, the two allowed transitions are between |↓⇑⟩ and 
|↑⇑⟩ as well as between |↓⇓⟩ and |↑⇓⟩. These two transitions correspond to peaks iii and iv (24). 

Each data point in the CW-ESR spectra was averaged over ~10 s. Thus, the measured CW-
ESR peak heights reflect the steady-state populations of the four eigenstates. The steady-state 
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populations of the four energy eigenstates are determined by the Pauli master equations, which 
contain transition rates between pair of eigenstates due to the scattering with electrons that tunnel 
between the STM tip and Ag, as well as scattering by Ag substrate electrons (46). 

 
 

Section 12. CW-ESR spectra on a Ti dimer vs tip height 
For a Ti spin dimer with fixed coupling, we can also control the state mixing by varying the 

tip magnetic field at different tip-Ti distance (24), since the state mixing is determined by the 
ratio of the coupling and the tip-field-induced energy detuning. In Fig. S12, we show the CW-
ESR spectra of two Ti spin dimers as a function of tip-Ti distance. For the weakly-coupled dimer 
with a coupling strength ~0.1 GHz (Figs. S12A and B), both detectable ESR peaks show linear 
frequency shifts with increasing tip magnetic field because the weak state mixing gives states 
that are approximately Zeeman products states. For the strongly coupled dimer with a coupling 
strength ~0.9 GHz (Figs. S12C and D), the coupling gives strong mixing of the states. This 
mixing causes shifting of the peaks that is non-linear in the tip field (the tip field is essentially 
proportional to IDC for a fixed VDC). For example, the energy difference between the two 
superposition states can be seen from the frequency difference between peaks I and III. The non-
linear frequency shift of these two ESR peaks illustrates that the two superposition states “repel” 
each other near the avoided level crossing.  

 
 

Section 13. Pulsed-ESR measurement on Ti dimers at closer distance 
We also performed pulsed-ESR measurements on the two Ti dimers at a closer tip-Ti 

distance (VDC = 50 mV, IDC = 6 pA) than the distance (VDC = 50 mV, IDC = 3 pA) used in Fig. 4. 
For the Ti dimer with the smaller coupling strength of ~0.1 GHz (Fig. S13A–D), the eigenstates 
are nearly Zeeman product states at either tip height so only transitions iii and iv are readily 
detectable (the transitions that simply flip the spin of the atom under the tip). As the tip height is 
changed, the Rabi frequencies for these transitions remain essentially equal, (Ω୧୧୧ ൎ Ω୧୴), as 
described by the transition matrix element in Section 11 (24). In contrast, for the closer dimer 
with a coupling strength ~0.9 GHz (Fig. S13E–H), transitions I and III are most prominent, and 
the ratio of their Rabi frequencies Ω୍୍୍/Ω୍ becomes larger than the ratio obtained from Figs. 4G 
and H, indicating less state mixing at larger tip magnetic field.  

 
 

Section 14. Pulsed-ESR measurement of a single Fe atom 
We also performed pulsed-ESR measurement on single Fe atoms on MgO (Fig. S14). The 

Rabi rate Ω of Fe is smaller by a factor of ~8−10 than that of Ti atoms (we tried three STM tips 
on Fe). The largest accessible VRF was applied on Fe and yet we were only able to observe ~1−2 
Rabi oscillations at most. This is probably due to the nearly vanishing coherent transition rate 
between the two involved states on Fe, since the main components of these two states differ by 
spin quantum number |𝑚௦| = 4 (22). The 𝑇ଶ

ୖୟୠ୧ times of Fe and Ti are similar (~50 ns) at similar 
tunneling conditions.  
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Fig. S1. 

(A) Large scale STM image (28 nm × 40 nm) of Ti and Fe atoms on MgO/Ag(001) (VDC = 0.1 V, 
IDC = 10 pA, Bext = 0.90 T, T = 1.2 K). (B) Pulse sequences for coherent spin control and 
detection. A constant VDC (~ 50 mV) is applied in the STM junction. This constant VDC is used to 
initialize the Ti spin by the spin-polarized current during the time between two RF pulses, and 
causes decoherence during the coherent manipulations. Both VRF and VDC contribute to the lock-
in signals as shown in (S11). 
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Fig. S2. 

Output from the RF diode by a lock-in measurement (818.3Hz) at varying pulse width of the 
gating voltage (1 V). RF frequency is set to 19 GHz. RF power is −20 dBm (blue points) or −17 
dBm (red points). A −20 dB attenuator is added before the RF diode to give −40 dBm or −37 
dBm at the diode. Inset shows the measurement diagram. 
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Fig. S3. 

(A) Schematic showing the scheme for measuring the alignment of the RF and DC pulses. (B) 
The corresponding lock-in output before (left) and after (right) they are aligned (setpoint: VDC = 
15 mV, IDC = 200 pA; VRF = 28 mV, f0 = 22.34 GHz). 
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Fig. S4. 

dI/dV spectra of Ti on MgO (VDC = 10 mV, IDC = 100 pA, 𝐵ୣ୶୲ = 0.90 T, T = 1.2 K). Data were 
taken with tip#1. 
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Fig. S5. 

Homodyne detection of the Rabi oscillations of a Ti spin. (A) Schematic showing the spin 
rotation in the lab frame, which consists of Larmor precession and the Rabi oscillations. The 
external field direction is defined as z. The black arrow on the STM tip indicates the orientation 
of the magnetic moment. (B) Snapshots of the Larmor precession for two different Rabi rotation 
angles. (C) Schematic showing the time dependences of RF voltage 𝑉 ୊ሺ𝑡ሻ, the dot product of 
the x components of the Ti and tip spin which gives rise to the RF conductance 𝐺ୖ୊ሺ𝑡ሻ, and the 
homodyne component of the tunneling current 𝐼ሺ𝑡ሻ୦୭୫୭. The phase difference between the RF 
voltage and the precession of the Ti spin in the lab frame 𝜑ୖ୊ is set to be 𝜋 2⁄ . (D) The Rabi 
oscillations are detected by measuring the tunneling current Ihomo, which is the time average of 
the product of the RF conductance 𝐺ୖ୊ሺ𝑡ሻ and the RF voltage 𝑉 ୊ሺ𝑡ሻ.  
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Fig. S6. 

(A) CW-ESR spectrum of a single Ti atom, fitted to an asymmetric Lorentzian (equation (S14)) 
(VDC = 60 mV, IDC = 4 pA, VRF = 30 mV, 𝐵ୣ୶୲ = 0.90 T, T = 1.2 K). Data were taken with tip #1. 
(B) CW-ESR spectra at different RF voltages on a single Ti (setpoint: VDC = 50 mV, IDC = 5 pA, 
VRF = 10 to 180 mV with increment step of 10 mV; 𝐵ୣ୶୲ = 0.82 T, T = 1.2 K). ESR spectra were 
offset for clarity. Data were taken with tip #3.  
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Fig. S7. 

(A) Different RF and DC pulse schemes used in the experiment. (B) Measured Rabi oscillation 
signals using different pulse sequences. The DC voltages for different schemes are labelled in the 
figures. (setpoint: VDC = 50 mV, IDC = 5 pA, VRF = 150 mV, 𝐵ୣ୶୲ = 0.90 T, T = 1.2 K). (C) The 
lock-in trigger voltages for the pulsed-ESR measurements. Data were taken with tip #2. 
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Fig. S8. 

Rabi frequency Ω (A) and spin coherence time 𝑇ଶ
ୖୟୠ୧ (B) as a function of VRF using four different 

magnetic STM tips, obtained by fitting the Rabi oscillations of a single Ti atom on MgO. The 
curves in (A) are fit to a quadratic polynomial with zero offset. The curves in (B) are linear fit, 
giving 𝑇ଶ

ୖୟୠ୧ at VRF = 0 of 36.9 ns, 43.0 ns, 58.4 ns, 44.8 ns and 36.0 ns, respectively. The 
setpoints are labeled in the figures. 𝐵ୣ୶୲ = 0.90 T for tip #1 and #2, and 𝐵ୣ୶୲ = 0.82 T for tip #3 
and #4. 
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Fig. S9. 

(A) CW-ESR spectra and (B) fitted ESR frequencies at different tip-atom distances set by 
different IDC at VDC = 50 mV (𝐵ୣ୶୲ = 0.82 T, T = 1.2 K). (C) Rabi oscillations and (D) 
corresponding Ω and 1 𝑇ଶ

ୖୟୠ୧⁄  at different tip-atom distances at VRF = 80 mV. Data were taken 
with tip #4.  
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Fig. S10. 

(A) Rabi oscillations on a single Ti spin as a function of pulse width and RF detuning frequency. 
The RF detuning from the ESR frequency increases the frequency of the oscillation and 
decreases the oscillation amplitude (setpoint: VDC = 60 mV, IDC = 4 pA; VRF = 130 mV, f0 = 
22.57 GHz, 𝐵ୣ୶୲ = 0.90 T). (B) Data points are fitted Ω from (A) as a function of RF detuning 

∆𝜔. Black curve is fit to ඥΩଶ ൅ ሺ∆𝜔ሻଶ, giving Ω ൌ 0.17 േ 0.01 rad/ns.  (C) The simulated 
Rabi oscillations on a single Ti spin as a function of pulse width and detuning frequency (Ω ൌ
0.17 rad/ns, 𝑇ଶ ൌ 50 ns). Data were measured with tip #1.  
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Fig. S11. 

Spin-echo signals as a function of τ2 at τ1 = 20 ns. RF frequency is in resonance (setpoint: VDC = 
50 mV, IDC = 3 pA; VRF = 190 mV, f0 = 20.54 GHz, 𝐵ୣ୶୲ = 0.82 T). Red curve is fit to a Gaussian 
peak. Inset: Pulse scheme for spin echo protocol. Data were measured with tip #4.  
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Fig. S12. 

(A) Schematic of the set-up showing an STM image (4 nm × 4 nm) of two Ti atoms, with one at 
the oxygen site and the other at a bridge site, and showing the magnetic tip (setpoint: VDC = 60 
mV, IDC = 30 pA). (B) CW-ESR spectra measured on oxygen-site Ti atom at three different tip 
fields (setpoint: VDC = 50 mV, IDC = 3, 5 and 7 pA, VRF = 20, 18 and 14 mV, 𝐵ୣ୶୲ = 0.82 T, T = 
1.2 K). Spectra are vertically offset for clarity. The dashed blue lines indicate the positions of the 
two ESR peaks. (C) Schematic of the set-up showing an STM image of two Ti atoms with both 
at the oxygen site and the magnetic tip (setpoint: VDC = 60 mV, IDC = 30 pA). (D) CW-ESR 
spectra measured on one of the Ti spins at five different tip fields (setpoint: VDC = 50 mV, IDC = 
3, 4, 5, 6 and 7 pA, VRF = 25 mV, 𝐵ୣ୶୲ = 0.82 T, T = 1.2 K). Spectra are vertically offset for 
clarity in proportion to IDC. The dashed blue lines indicate the positions of the ESR peaks I and 
III. Data were measured with tip #4.   
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Fig. S13. 

Coherent control of spin dimers. (A) Left: Schematic showing an STM image (4 nm × 4 nm) 
of two Ti atoms with one oxygen-site and one bridge-site Ti atom (VDC = 60 mV, IDC = 30 pA), 
and the magnetic tip. Middle: atom positions of Ti dimers on MgO. Gray circles represent 
oxygen atoms. Right: energy level diagram with a ferromagnetic coupling of ~0.1 GHz. Dashed 
arrows indicate ESR transitions. (B) CW-ESR measured on the oxygen-site Ti atom (VDC = 50 
mV, IDC = 6 pA, VRF =14 mV). (C) Pulsed ESR measured on the oxygen-site Ti atom at f = 21.01 
GHz and 21.09 GHz, corresponding to the blue and red peaks in (B) (VDC = 50 mV, IDC = 6 pA), 
showing the coherent transitions from |↓⇑〉 to |↑⇑〉 (left), and from |↓⇓〉 to |↑⇓〉 (right). (D) 
Dependence of Ω on VRF for transitions iii and iv. Ω is extracted from a sinusoidal fit in (C). (E-
H) same as (A−D) except measured on two oxygen-site Ti atoms having a closer spacing, with 
an anti-ferromagnetic coupling of ~0.9 GHz. (G) shows the coherent transition from |↓⇓〉 to 
|↓⇑⟩ െ 𝛼|↑⇓⟩ (left); and transition III from |↓⇓〉 to |↑⇓⟩ ൅ 𝛼|↓⇑⟩ (right), where 𝛼 ൎ 0.46. (H) 
shows dependence of Ω on VRF for transitions I and III. VRF =25 mV in (F). Measured at 𝐵ୣ୶୲ = 
0.82 T, T = 1.2 K. Data were measured with tip #4.  
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Fig. S14. 

(A) STM image (12 nm × 12 nm) of Ti and Fe atoms on two layers of MgO on Ag(001) (VDC = 
50 mV, IDC = 10 pA). (B) CW-ESR spectrum (VDC = 5 mV, IDC = 2 pA, VRF = 10 mV) of the Fe 
atom shown in panel (A), fitted to an asymmetric Lorentzian (equation (S14)). (C) Rabi 
oscillations of a Fe spin at different VRF as indicated (setpoint as in panel (B)). The RF frequency 
is on resonance at 𝑓଴ = 17.16 GHz obtained from the CW-ESR spectrum. Solid curves are fits to 
the tunnel current signal ∆I based on the model for damped Rabi oscillations. The data are offset 
vertically for better visibility. Acquisition time was ~1 hr total for each of the three curves. Bext = 
0.90 T, T = 1.2 K.  


