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I. Basic characterization of Er(B)

A. Topography and differential conductance

Er(B) appears higher than both Er(O) and Ti(B) in STM topographic images acquired
at Vpe = 100 mV and Ipc = 20 pA, with an apparent height of 265 pm, as highlighted
by the blue circle in Fig. [Sla. The differential conductance (dI/dV) spectra measured on
Ti(B) and Er(B) with a spin-polarized tip are shown in Fig. [SIb. Ti(B) exhibits a clear
spin-polarized signature, manifested as a step-like feature around zero bias. By contrast,
the dI/dV spectra measured on Er(B) show no observable spin excitation or spin-polarized

contrast’, consistent with the closed-shell character of its outer electronic states.
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FIG. S1. Topography and differential conductance of Er(B) and Ti(B). a, STM topo-
graphic image of a MgO patch with Er, Ti and Fe atoms (Vpc = 100 mV, Ipc = 20 pA, 20 nm
x 20 nm). An Er(B) and a Ti(B) atoms are marked by the blue and red circles, respectively. b,
Differential conductance spectra using a spin-polarized tip on Er(B), Ti(B) and MgO in (a) (Vpc
= 100 mV (blue and black curves) and 30 mV (red curve), Ipc = 200 pA, Vose = 1 mV, Beyy =
0.25 T, # = 90° and ¢ = 52°).

B. ESR on Er(B)

Here we provide ESR spectra on both atoms in an Er-Ti pair. Figure [S2| shows a featureless
spectrum when we place the tip on Er(B), which is due to the closed outer electron shell of

an Er atom on an ultrathin MgO surface.
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FIG. S2. ESR spectra on Er(B) and Ti(B). a, STM topography of an Er-Ti pair (Vpc =
100 mV, Ipc = 20 pA, 3 nmx 3 nm). The gray grid represents the MgO lattice with the crossing
points representing oxygen atomic sites on the surface layer. b, ESR spectra at the two spots in

(a) (Vbc = 100 mV, Ipc = 20 pA, Var = 20 mV, Beg = 0.25 T, 6 = 90° and ¢ = 52°).
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II. Transition energies of f;

As shown in Fig. [S3] the transition energy of f5 remains locked to the two-transition sum,

f1 + fa or equivalently fs + f3, over the entire polar-angle 6 sweep.
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FIG. S3. Double-quantum transition f;. ESR peak position for each transition shown in

Fig. 1c in the manuscript.
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III. Fitting ESR spectrum

In this section, we describe the fitting procedure used to analyze the ESR spectra presented
in Fig. 4 of the main text, from which we extract the effective exchange interaction and the
anisotropic g-tensor. To determine the effective g factors of Er on the two-monolayer MgO
surface, we map the ground-state doublet of Er to an effective spin-1/2 degree of freedom,
denoted by Sg,. Within this effective-spin description, the Er-Ti pair is described by a spin

Hamiltonian consisting of the Zeeman term Hy and the spin-spin interaction term H;y:
H="Hz+ Hm = —psSti-g (Bext + Byip) — 18 Skr - " - By + Sti - J - Sk, (1)

with pp the Bohr magneton, Bey the external magnetic field, By;, the magnetic field from
the tip, g"!®") the g-tensor for Ti (Er) spin and J the spin interaction tensor. As in previous
works, the effective tip field By, only applies to the spin under the tip, in this case Ti*. The

Hine term can be decomposed into exchange and dipole-dipole contributions:

Hexc = STi : jexc : SEI‘) (2>

2
Haip = LB (g™ Sy - (g5 - Sy) — 307 - g™ Sm) (7 - g - ). (3)

Here 7 is the unit vector connecting the two spins and J° is the exchange tensor. In
this model, we assume that the tip-induced magnetic field, By;p, follows the direction of
the external magnetic field. The experimental data are fitted using this Hamiltonian, with
both the transition energies and the normalized Rabi frequencies included in the fitting
procedure. Here, the Rabi frequencies are normalized by the Rabi frequency of the f3
transition at § = 90° and ¢ = 52°, as shown in Fig. [S13c. Including the Rabi frequencies
provides direct constraints on the driving matrix elements, thereby enabling a more stringent
and physically faithful characterization of the microscopic driving mechanism.

Using this spin Hamiltonian, we fit the angular dependence of ESR transitions for the (3,

0) pair presented in Fig. 4 of the main text, and we obtain the Er g-tensor:

g 0 0
g =10 ¢= 0 (4)
0 0 g
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with g&f = 1.05 £ 0.02, gggj = 2.22 4+ 0.02, and g = 9.59 £ 0.04. The fitted 7 from the
fitting in MHz is:

Jo 000
J*=1 0 Jg 0 (5)
0 0 JI

with J;7¢ = 79.6 + 5.5 MHz, J 77 = 543.7 + 6.3 MHz, and J7¢ = 1272.5 &+ 7.8 MHz.
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IV. Decomposition of |+) state

In this section, we examine how the spin character of the f3 transition evolves with the polar
angle 6, while keeping the azimuthal angle fixed at ¢ = 52°. We first calculate the eigenstates
of the effective spin-1/2 Hamiltonian in Eq. , including the full spin-spin interaction with
fitted J and g™ tensors, and label the four resulting energy eigenstates as |00), |—), |+),
and |11), following the notation used in the main text. We then calculate the eigenstates of
the corresponding non-interacting Hamiltonian, for which the eigenstates are pure Zeeman

product states denoted by |00), |10), |01), and |11).

To quantify the Er contribution to the f5 transition, we evaluate the overlap
2
P = [(+]01)[", (6)

as shown in Fig. [S4 At 6 = 83° and ¢ = 52°, which is the field condition for the Rabi
data presented in Fig. 2 of the main text, we find that the |+) state has predominantly Er

character, containing 96% Er-like character and only 4% Ti-like character.
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FIG. S4. Decomposition of |+) state. P = |(+|01)|? as a function of polar angle § with

azimuthal angle fixed at 52°, Beyt = 0.25 T.

Note that the Rabi rate map for SQT Er in Fig. 5 of the main text is obtained at each
field direction by:

Q) = (00] Hazive |01) (7)
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where |01) is the pure Zeeman energy state described above and Hgive is the driving Hamil-

tonian, which will be discussed in the following sections.
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V. Influence of tip-induced field

In Fig. [S5], we show that the tip-induced magnetic field has a pronounced influence on the
transition energies of f; and f,, while its effect on f3 and f; is negligible under the field
condition used in Figs. 1 and 2 of the main text (Bey = 0.25 T, § = 83°, and ¢ = 52°). This
suggests that f; and fy are predominantly Ti transitions while f3 and f; are predominantly

Er transitions.

5 6 7 8
Frequency (GHz)

FIG. S5. Influence of tip-induced field. ESR spectra taken under the field condition of Beyxt =
0.25 T, 8 = 83° and ¢ = 52° as a function of tip-atom distance parameterized by the conductance.

All data were taken using an RF voltage of Vgr = 20 mV.
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VI. Dependence of Rabi frequencies of f; and f; on

tip-atom distance

To investigate the influence of the tip on the Rabi frequency of the Ti-like transition f;
and the Er-like transition f3, we performed Rabi measurements on f; and f3 with different
tip-Ti distances (Vgp = 100 mV, Bey = 0.25 T, § = 83°, ¢ = 52°). As shown in Fig. [S6]
when the tip approaches closer to the Ti atom, the Rabi frequency first increases and then
decreases. In contrast, for the f3 transition, the Rabi oscillation frequency does not exhibit
a clear correlation with the tip-Ti atom distance, consistent with the discussion in the main
text. The extracted Rabi frequency as a function of conductance is shown in Fig. 2(e) of
the main text.

As the tip initially approaches the Ti atom, the enhanced exchange interaction between
the spin-polarized tip and the Ti spin increases the effective driving field?, leading to an
enhancement of the Rabi frequency of the f; transition. In this regime, the dominant effect
is the strengthening of the transverse driving component mediated by the tip polarization.
However, when the tip is brought even closer, the tip-induced exchange field becomes suffi-
ciently strong to modify the quantization axis of the Ti spin. This additional static polar-
ization effect alters the spin eigenbasis and can consequently change the effective transverse
driving amplitude. As a result, the Rabi frequency no longer follows a simple monotonic

trend with conductance.
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FIG. S6. Rabi oscillations of f; and f3 with different tip-Ti atom distances. a, Rabi
oscillations for f3 with different conductances. b, Rabi oscillation for f; with different conductance.

All data were taken with VgRp = 100 mV, Bey = 0.25 T, 8 = 83°, ¢ = 52°.
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VII. Spin dynamics of Er 4f spin

In this section, we present the spin dynamics of the Er 4f spin. We performed a standard
spin-echo measurement on the f3 transition under the magnetic-field condition (Bey; = 0.25
T, § = 90°, ¢ = 52°). From this measurement, we extracted an echo coherence time of
Tyeho = 112.9 & 13.4 ns, as shown in Fig. [S7b. Using a recovery pulse sequence, we further
measured the spin lifetime of the f5 transition, obtaining 77 = 57.2 + 9.8 ns, as presented
in Fig. [S7c. We attribute the relatively short coherence time and lifetime primarily to the
presence of Ti as the coupling partner of Er. Replacing Ti with a different neighboring
atom, such as Ho or Sm, may mitigate these limitations. Moreover, implementing an Er-Ho
or Er-Sm pair as a remote qubit, read out via a Ti sensor spin, could substantially enhance

the coherence properties of the system.
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FIG. S7. Er spin dynamics. a, Energy diagram of Er-Ti. b, Spin-echo measurement performed
on f3 (Vpc = 100 mV, Ipc = 20 pA, Vgr = 30 mV). ¢, Recovery-sequence measurement performed
on f3 (Vpc = 100 mV, Ipc = 20 pA, Vgr = 30 mV for pumping f3 and Vgr = 20 mV for probing).
All data were acquired under a magnetic-field condition of Beyy = 0.25 T, 6§ = 90°, and ¢ = 52°
(fres = 6.51 GHz).
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VIII. Multiplet calculations

Quantum states of Er atoms were computed using the Quanty multielectron code*. Open-
shell multiplet calculations were performed by modeling the intra- and inter-orbital electron-
electron interactions using Slater integrals, whose values were obtained from the full-electron
Cowan atomic structure code®. All Slater integrals were calculated assuming a 4 f'5d? elec-
tronic configuration. The two electrons in the 5d shell were included to account for config-
uration interaction mediated by the ligand field, as discussed below. The Slater integrals
were rescaled to account for screening effects arising from surface electrons. A reduction
factor of 0.85 was adopted based on previous X-ray measurements®. In addition to electron-
electron interactions, the Hamiltonian used for the multiplet calculations includes spin-orbit
coupling, Zeeman energy due to the external magnetic field, crystal field effects acting on
the different shells, and configuration-interaction ligand field terms acting on the outer 5d
electrons. The spin-orbit coupling parameters were also computed using Cowan’s atomic
structure code®. The crystal field acting on the open valence shells of the lanthanide was

modeled according to the symmetry and orbital character of the corresponding states.

For localized 4 f electrons, we modeled the crystal field using a point-charge electrostatic

17,8

model™ including only the nearest neighbors of the adsorbed lanthanide atom. The posi-

tions of the neighboring ions surrounding the Er atom were obtained from DFT calculations®,
and the Born charges (+2e for Mg and O, respectively) were globally rescaled to account for
mutual screening and the finite spatial extension of the ions. In addition, the radial extension
of the 4 f orbitals was renormalized by rescaling the radial operator as ¥ — a7 to account for
dielectric screening by surface electrons. The reduced charge (g,.q) and the radial rescaling
parameter («) were treated as free parameters to fit the experimental g-tensor. To this end,
the three principal values of the g-tensor were calculated from the Zeeman energy along the
three principal axes by projecting onto a pseudo-spin 1/2 ground-state doublet. However,

with only these two degrees of freedom, it was not possible to reproduce the experimentally

measured g-tensor with satisfactory accuracy.

To address this limitation, we introduced a finite electron occupation of the 5d orbitals,
which provides an additional anisotropic interaction acting on the 4 f electrons. For the 5d

shell, an artificially large crystal-field splitting (10 eV) was imposed to separate the 5d,2 type
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orbital from the remaining 5d orbitals. This choice isolates the orbital with maximal overlap
toward the positively charged Mg atoms, which is expected to lie lowest in energy. Previous
DFT studies of lanthanide atoms on MgO/Ag(100)*¥ report a typical 5d occupation below
one electron and no net polarization within this shell.

To reproduce this situation, we included a ligand-field term with configuration interaction
between the 5d° and 5d? configurations. The exclusion of odd 5d configurations ensures
negligible net polarization. The 5d occupation was tuned by fixing the hopping parameter
to 0.5 eV and treating the on-site energy A as an additional free parameter in the fit. The
fitting procedure was performed using Bayesian optimization as implemented in MATLAB.
The error function was defined as the squared difference between calculated and experimental
principal values of the Er g-tensor. The parameters reported in Fig. 4 of the main text
correspond to the best-fit values a = 1.155, greq = 0.5932, and A = 6.6467 eV, yielding a 5d
occupation of 0.5344 electrons.

The eigenstates of the lowest 4]15/2 multiplet split due to the combination of crystal
field from the point charge and electrostatic interaction with the 5d electron into a set of
doublets, whose angular momentum distribution is best visualized by projecting along the
oxygen direction (z). Along this axis (Fig. [S8)), the eigenstates form an upturned parabola
representative of a hard axis. Similar to Er(O), the lowest two states are minimally projected
along the quantization axis, although the two atoms have different hard axis directions,
namely, out-of-plane for Er(O)* and in-plane along O-O direction for Er(B). The hard-axis
anisotropy along the oxygen direction also appears in the g-tensor shown in Fig. 4c of the
main text, where the z-component is the lowest among the three principal directions.

Minimally projected states in Kramers ions typically provide a natural two-level system
to enable spin transitions through exchange of a single unit of angular momentum™®, which
is the key to efficient quantum coherent control. To verify whether this holds for Er(B)
multiplet states, we expand the eigenstates |i) from the full Hamiltonian over the free atom

basis |J = 15/2,m ) obtained by taking the quantization axis along the oxygen direction:
i) =Y e[ =15/2,m,). (8)
J

The square moduli of the coefficients (|c;;|%) representing the relative weight of each
|J =15/2,m,) in the Er(B) eigenstates are shown in Table [l In line with our expecta-
tion, the lowest doublet shows the largest weights on the |J = 15/2,m; = £1/2) states,
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FIG. S8. Quantum levels of Er(B). Eigenstates of the lowest 4115/2 multiplet of Er(B) versus

their total angular moment projected along the oxygen z direction (J;).

which enables efficient first-order ESR transitions. In addition, this decomposition further
justifies modeling the ESR data with a spin Hamiltonian where the lowest two levels are

mapped into an effective S = 1/2 system.
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TABLE I. Eigenstates of Er(B) obtained using multiplet calculations. The left section shows the
expectation values of the projected angular momentum along the oxygen direction J;, the related
magnetic moment pu,, and the energy F in meV with respect to the ground state. The right
section shows the relative weight |c;;|? of the crystal-field eigenstates |i) expressed in the free atom
|J =15/2,m ) basis, and calculated for a quantization axis along the oxygen direction with a

magnetic field B = 0.25 T along the z-axis ( = 90° and ¢ = 0°).

State Jz pz E (meV) my component weight (|¢;;|%)
_15 13 _ 11 _ 9 r _5 _3 _1 1 3 5 z 9 11 13 15
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
1 —0.350 0.419 0.000, 00 00 00 00 0.0 101 0.0 798 00 26 00 7.0 00 04 0.0 0.0

2 0.333 —0.399 0.012 00 00 05 00 72 00 28 00 794 0.0 101 0.0 00 0.0 0.0 0.0

3 —0.728  0.872 1435 0.0 0.0 0.0 00 51 0.0 688 0.0 116 0.0 11.4 00 3.0 00 0.0 0.0

4 0.699 —0.837 1460 0.0 0.0 0.0 32 0.0 121 0.0 11.2 0.0 685 0.0 50 0.0 00 0.0 0.0

5 —1.535 1.840 7.459| 00 18 00 226 0.0 480 0.0 03 00 99 00 148 00 25 0.0 0.0
6 1.518 —1.821 75121 00 00 27 0.0 152 00 91 00 03 0.0 487 0.0 223 0.0 1.8 0.0
7 | —2.887 3.461 13.090| 1.1 0.0 356 0.0 36.0 00 119 00 34 00 08 0.0 86 00 27 0.0
8 2.891 —3.465 13.190| 00 29 00 85 00 05 0.0 32 0.0 11.5 0.0 36.8 0.0 354 0.0 1.1
9 —4.542  5.441 19.140| 0.0 53.3 0.0 19.1 0.0 184 0.0 30 00 20 00 0.1 00 36 00 0.5

10 4.570 —5.474 19.298| 05 00 35 00 00 00 19 00 29 0.0 183 0.0 19.7 0.0 533 0.0

11 | —-6.396 7.654 26.011| 7.7 0.0 105 0.0 137 00 22 00 05 00 02 00 0.1 00 1.1 0.0

12 6.382 —7.638 26.232( 00 11 00 02 00 01 00 05 00 22 00 139 0.0 11.0 0.0 711

13 | —=1.750 2.094 32.262| 0.0 30.2 0.0 323 00 62 00 03 00 01 0.0 51 0.0 146 0.0 11.2

14 0.348 —0.417 32299 | 146 0.0 21.2 00 83 00 04 00 01 00 45 0.0 258 0.0 25.0 0.0

15 | -0.764 0.914 33.474|12.1 0.0 26.0 0.0 145 0.0 30 0.0 18 00 6.1 0.0 205 0.0 16.0 0.0

16 2.211 —2.644 33.526| 0.0 105 0.0 142 00 45 00 16 0.0 32 0.0 173 0.0 325 0.0 16.1
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IX. Coherent control mechanism

As established in Figs. 2 and 3 in the main text, the effective field acting on the Er spin
depends not only on the Er-Ti distance, but also on the direction of the Er-Ti bond. This
indicates that the spin interaction should be described by an anisotropic exchange tensor
whose value depends on both the relative position of the two atoms and their local orbital

configurations. The static Hamiltonian for spin-spin interaction is:
Hine = S1iJ SEr, (9)

where

j - j<’r7nTi7nEr) . (10)

Here r is the vector connecting the Ti and Er atoms, while iy and ng, characterize the
orientations of the Ti and Er ground-state orbitals with respect to the lattice.

Under RF excitation, the microscopic configuration of the Er-Ti pair is perturbed. We
describe this perturbation as a time-dependent infinitesimal trajectory Xgrrp(t) in the con-
figuration space ¢ = (v, n1i, ME:). Because J is a rank-2 tensor acting in spin space, an
RF-induced rotation of the local spin/orbital frames changes not only its components but
also the spin basis in which those components are defined. Its modulation is therefore
described by a covariant, or Lie-derivative, change rather than by an ordinary directional
derivative alone. The complete first-order variation is given by the Lie derivative of 7 along

the RF-induced trajectory,

0T (t) = ‘CXRF(t)j' (11)

Consequently, the most general RF driving Hamiltonian to first order in the RF amplitude
is

Ha(t) = Sti [Lxpe)T | Skr- (12)

The RF perturbation can change the exchange tensor in two physically distinct ways. First,
it can modify the tensor components by changing the bond geometry or the local orbital
configuration. Second, it can rotate the spin frames in which the tensor indices are defined,

creating off-diagonal terms in J(q(t)). The Lie derivative provides a compact way to keep
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track of both effects:

LxpeyT = Xrr(t) - VI + ALMT +TA(t) . (13)
——_— ——

i

~
component change from geometry/orbital modulation  rotation of the Ti and Er spin indices

Here Ari(t) and Ag,(t) are the corresponding infinitesimal generators that rotate the Ti and
Er spin frames. The first term is therefore the ordinary directional derivative of J along the
RF trajectory, whereas the second term accounts for the fact that J is a rank-two tensor

whose two spin indices transform with the local Ti and Er frames.

A. Modulation of diagonal components in J

The first term in Eq. can be written as
Xpp(t) - VT =0r(t) - Vo T +0n1i(t) - Vi I + 00ee(t) - Vi, J - (14)

In Eq. , the first term describes a piezoelectric modulation of the Er-Ti bond, whereas
the second terms describe direct RF-induced changes of the local orbital configurations

which are determined by the coupling between the microwave and the atomic orbitals™*4.

The piezoelectric contribution is in general a weak effect®4

, and therefore we neglect this
term. In addition, within a minimal description, the direct orbital-deformation terms mainly
modulate the diagonal values of J (Jpz, Jyy and J..), and therefore they do not mix spin
indexes.

To investigate the driving term involving the spin-index-preserving terms: i.e. S%.0 7S5,
SY.0T,,St, and S%,07..SE,, we calculate the ESR spectrum within linear response the-
ory by treating the RF excitation as a weak time-dependent perturbation: Haive

7.0 Tz €08 (Wrpt) SE,, Harive = SH0Tyy €08 (wrpt) Sy, and Harive = 55,07 cos (wrrt)SE,
added to the static spin Hamiltonian H. After diagonalizing H, the absorption intensity at
frequency wgr is obtained by summing over all allowed transitions between eigenstates |n)
and |m),

1@) ¢ 3 (b = Do) [ ] Haie [ L{w - (1)

n,m

Em_En
FL 9

where p,, « exp(—FE, /kgT) is the Boltzmann population and L(w) is a Lorentzian lineshape
accounting for the finite linewidth, which we set to be 10 MHz. This approach directly

connects the calculated ESR peak positions to the eigenenergy differences of H, while the
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peak intensities are determined by the transition matrix elements of the RF driving operator
and the population difference between two levels. Here we neglect the tip polarization for
the readout process, which does not qualitatively change the results. To compare with the
experimental ESR map and Rabi frequencies as a function of polar angle 6 (with ¢ fixed at
52°, Fig. ), we simulate ESR map and normalized Rabi frequencies (normalized by f3
at @ = 90° ) by modulating the S%,0 7,255, S%0Ty, Sk, and S§507..Sf, terms. The ESR
map and the normalized Rabi frequencies are presented in Figs. [S9b-c, [S10a-b and [SI1ja-b.

The simulation clearly fails to reproduce the key experimental observations:

e For the case of modulating S%,6.7,, 5%, (as in Fig. [S9), the ESR intensity as well as
the normalized Rabi frequencies are too strong compared with experimental results.
In addition, the ESR intensity of f3 shows almost no change when 6 approaches 90°,
while the experimental results show a clear decrease of ESR intensity when the field

is aligned in the in-plane direction.

e For the case of modulating S%,07,,Sk, (as in Fig. [S10), the ESR intensity of f4
decreases when field goes in-plane, and the f3 ESR peak shows no clear decrease when
field goes in plane. More importantly, the normalized Rabi frequencies for DQT are

twice as strong as in the experimental results.

e For the case of modulating S%,07..SE, (as in Fig. |[S11)), the ESR peak intensities
of f1 to f5 show all distinctly different trends compared with experimental results in

Fig. and the normalized Rabi frequencies cannot capture the experimental results.
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FIG. S9. Modulation of the §%,0.7,,Sf, term in the (3,0) pair. a, Experimental ESR map
as a function of the polar angle 6 (¢ = 52°, Vpc = 100 mV, Ipc = 20 pA, Vgr = 20 mV).
b, Simulated ESR map as a function of the polar angle 6 (¢ = 52°). ¢, The normalized Rabi
frequencies as a function of polar angle (normalized by the Rabi frequencies of f3 at ¢ = 52° and
0 = 90°). The solid lines are simulations while the colored squares are the experimental results.
All experimental data in (c) were acquired with Vpc = 100 mV, Ipc = 20 pA, Vgr = 100 mV,

Bext = 0.25 T and ¢ = 52°.

B. Modulating the off-diagonal term through rotational modula-

tion

Since all the terms in Eq. fail to account for the experimental observation, we therefore
focus on the second part of Eq. , namely the spin-index rotation of the anisotropic
exchange tensor: H,o = AL(t)T + J Ag:(t), which describes the local basis change when
traveling along the trajectory and creates off-diagonal components in J(q(t)). Note that for
a pure translational trajectory in the space of q, H,. is zero, since it does not change the
local spin basis of Er and Ti. We therefore consider the rotational trajectory. For a finite

rotation, this tensorial part of the Lie derivative can be represented as

T = Teot(t) = RE;(t)T Rie(1), (16)

where Rri(t) and Rg,(t) are SO(3) rotation matrices acting on the Ti and Er spin indices.

The corresponding RF-induced modulation of the exchange tensor is therefore

5 Teot(t) = R ()T Re:(t) — J . (17)
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FIG. S10. Modulation of the §%.67,,Sf. term in the (3,0) pair. a, Simulated ESR map
as a function of the polar angle 6 (¢ = 52°). b, The normalized Rabi frequencies as a function of
polar angle (normalized by the Rabi frequencies of f3 at ¢ = 52° and 6 = 90°). The solid lines
are simulation while the colored squares are the experimental results. All experimental data were

acquired with Vpc = 100 mV, Ipc = 20 pA, VgRr = 100 mV, Beyy = 0.25 T and ¢ = 52°.
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FIG. S11. Modulation of the S§%.6.7..Sf, term in the (3,0) pair. a, Simulated ESR map as
a function of the polar angle 6 (¢ = 52°). b, The normalized Rabi frequencies as a function of
polar angle (normalized by the Rabi frequencies of f3 at ¢ = 52° and § = 90°). The solid lines
are simulation while the colored squares are the experimental results. All experimental data were

acquired with Vpc = 100 mV, Ipc = 20 pA, VrRr = 100 mV, Beyy = 0.25 T and ¢ = 52°.
The associated driving Hamiltonian is based on the rotational modulation of 7:
Hrot (t) = S1i0 Trot (t) Skr- (18)

To minimize the energetic cost of the RF excitation, we consider the rotational mode of

the local anisotropy frame that leaves the dominant Zeeman energy unchanged. Physically,

522



the RF electric field modulates the orbital structure that defines the principal axes of the

g-tensor and the exchange tensor J¢. Through spin-orbit coupling, this modulation is

equivalently described as an apparent wobbling of the magnetic moments around the external

field By (Fig.[S12). Since this wobbling changes only the azimuthal direction of p; while

preserving its projection onto By, the Zeeman energy is unchanged to leading order. For

this energetically favorable mode, we first write Eq in the form of magnetic moment

(MEx(Ti) = UBOE(TH) - S):
Hrot — IJ'TIJMIJ’EI‘

with JM = g Tog. /p3. In this framework, we write:
Rri(t) = Rg,(t) = Rploa(t)],
where Rp is a rotation around By, and
da(t) = day cos(wrrt)
is the RF-induced rotational modulation. Equation then becomes
0T (t) = Rploa(t)] TV R [ba(t)] — T™.
For small da, the rotation matrix can be expanded as
Rploa(t)] = I+ 0a(t)Gp + @[(5&(25)2] ,
where G g is the generator of rotations around ng. Since Gg is antisymmetric,
GL = —-Gp.
Substituting Eq. into Eq. , we obtain

0T () = [I = 8a(t)Gp] TM I + 6a(t)Gp] — T + O[a(t)?]
= (50&(25) (jMGB — GBJM) + O[éa(t)ﬂ .

Thus, to leading order,
5*71“1;{(t) = 60é(t) [jM7 GB] )
The rotational driving Hamiltonian is therefore:
Hrot(t) = Hi(t) = da(t)pri [JM, G| M-
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Equation shows that the RF drive is controlled by the commutator between the
anisotropic exchange tensor and the generator of rotations around the external magnetic
field. Note Equation is a generalized form of Eq. 2 in the main text that accounts
for the g-tensor anisotropy of both spins. This term vanishes for an isotropic exchange

interaction, J™M = JI, because in that case
[TM. G| =0. (28)

Therefore, the anisotropy of J is essential for this driving mechanism.
The same result can be understood in the co-moving anisotropy frame. In this frame, the

orbital landscape is static, while the magnetic moments appear to counter-wobble around

B, (as shown in Fig. [S12)):
Hy(t) = [Re(6a(t) pri]" TV [Rp(0a(t)) pre] - (29)

Equivalently, in spin-coordinate space this corresponds to the g-stretched rotations W;(t) =
g; 'Rp(t)g;. Thus the “spin wobbling” picture is not a literal direct rotation of the spin
by the microwave field, but an equivalent description of the RF-induced modulation of the

orbital anisotropy frame.

Hir + 6”Er

FIG. S12. Wobbling the magnetic moment around the external magnetic field. The
rotational modulation of J can be viewed in the rotating frame as the wobbling of magnetic
moment around the magnetic field Beyi. The change of Ti magnetic moment du; will exert an
oscillating field on the Er spin which drives the Er spin transitions. And similarly, the wobbling of

the Er spin exerts an oscillating field on the Ti spin.
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We simulate the ESR map using Eq. and compare it with experimental results. In
Figs. and [ST4] we present the experimental and simulated ESR maps as a function of
the polar angle 6, with ¢ fixed at 52°, for the (3,0) and (2.5, —0.5) Er-T1i spin pairs. In both
cases, the experimental ESR maps exhibit clear and systematic trends as the polar angle is

varied:

e For both the (3,0) and (2.5, —0.5) pairs, the DQT intensity diminishes as the polar

angle approaches the in-plane direction (90°).

e For the (3,0) pair, the ESR transition intensities from f; to f; increase as the magnetic

field approaches the in-plane orientation.

The simulated ESR maps based on our model of rotational modulation of the spin-spin cou-
pling tensor reproduce these trends well, as shown in Fig. and Fig.[ST4c. Furthermore,
for the (3,0) pair, the model also captures the angular dependence of the Rabi frequencies,
as presented in Fig. where we show the Rabi frequencies, normalized to the f3 Rabi
frequency at 6 = 90°, as a function of the polar angle § with ¢ fixed at 52°.
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FIG. S13. Simulation based on rotational modulation for the (3, 0) pair. a, Experimental
ESR map as a function of the polar angle 6 (Bexy = 0.25 T, ¢ = 52°, Vpe = 100 mV, Ipc = 20
PA, Vgr = 20 mV). b, Simulated ESR map as a function of the polar angle 6 (¢ = 52°) assuming a
wobbling angle of dag = 0.17. ¢, The normalized Rabi frequencies as a function of the polar angle
(normalized by the Rabi frequencies of f3 at ¢ = 52° and 6 = 90°). The solid lines are simulations
while the colored squares are the experimental results. All experimental data in (c) were acquired

with Ve = 100 mV, Ipc = 20 pA, Vip = 100 mV, Bex = 0.25 T, ¢ = 52°.
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FIG. S14. Simulation based on rotational modulation for the (2.5, —0.5) pair. a,
Schematic of the (2.5, —0.5) Er-Ti spin pair. b, Experimental ESR map as a function of the
polar angle 6 for the (2.5, —0.5) pair with ¢ fixed at 52° (Vpc = 100 mV, Ipc = 20 pA, Vgr = 20
mV). ¢, Simulated ESR map as a function of the polar angle # for the (2.5, —0.5) pair (¢ = 52°)
assuming a wobbling angle of dag = 0.1w. All experimental data were acquired under the condi-

tions of Beyy = 0.25 T, ¢ = 52°.
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C. Contribution of dipolar interaction

In this subsection, we evaluate the contribution of the dipolar interaction to the Rabi fre-
quencies of f1, f3, and f5 (normalized to the f3; Rabi frequency at 6 = 90°, with ¢ fixed at
52°). As shown in Fig. |[S15| the exclusion of the dipolar interaction does not qualitatively

modify the angular dependence of the Rabi frequencies as a function of the polar angle 6.

a. 0.5 b 1.2 x - - C 06
o — f, With Dipolar o = f With Dipolar g —— f, With Dipolar
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FIG. S15. Contribution of the dipolar interaction to the Rabi frequency. a-c, Normalized
Rabi frequencies calculated with (solid lines) and without (dashed lines) the dipolar interaction as
a function of the polar angle 6 for f; (a), f3 (b), and f5 (c). All simulations were performed under

an external magnetic field of Beyxy = 0.25 T with ¢ = 52° and a wobbling angle of dag = 0.17.
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D. Special cases of coherent control mechanism: 6 = 90°, ¢ = 0° or

¢ = 90°

As shown in Fig.[SI6a, when the magnetic field is aligned along the z- or y-axis, both the Er
and Ti spins are aligned with the field. In this configuration, rotational modulation around
the magnetic-field direction does not modify the spin orientations and therefore does not

produce any driving. Under these conditions, only the Ti transitions are detected as shown

in Fig. [ST6b.

b 1s0
B,.(6 = 90°, ¢ = 0°,90°) 160}
140}
120}
S 100}
Ser Sy 8 8ot
J eof 6 65 7 15

— P *— » w0l

Z 20 1

0 L r

204 5 8 0 12 14 16

5 x(y) Frequency (GHz)

ext

FIG. S16. Special cases of the coherent control mechanism with B aligned along the
T or y-axis. a, Schematic illustration. When the magnetic field is aligned along an in-plane axis,
both spins align with the field and therefore with each other. b, ESR spectrum measured at ¢ = 0°
and 0 = 90° (Bext = 0.3 T, Vpc = 50 mV, Ipc = 20 pA, Vgr = 20 mV). Only Ti transitions are

observed.

E. Special cases of coherent control mechanism: 6 = 90°, 0° < ¢ <

90°

When the magnetic field is aligned in-plane (6 = 90°) but with a finite azimuthal angle ¢,
the Er and Ti spins preferentially align closer to the y axis due to the in-plane g-tensor
anisotropies. In this configuration, the wobbling of each magnetic moment around the
magnetic-field direction induces a spin-vector variation with an out-of-plane component, as

indicated by the yellow circle in Fig. [S17 This generates an out-of-plane driving field B;.
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The resulting B; couples to the large out-of-plane g-tensor component g:7 of the Er spin
(g = 9.59), which is substantially larger than the in-plane components. Consequently, this

mechanism leads to the fast Rabi frequencies observed experimentally.

Bext(e = 900! ¢)

N

HEr HTi

ext

z ¢

FIG. S17. Special scenario of coherent control mechanism with B aligned in-plane 0

= 90° with 0° < ¢ < 90°.
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X. Readout process in Er-Ti pair

In this section, we discuss the readout process for the ESR measurement in Er(B)-Ti pair.
In the case of Er(O)-Ti pair, where Ti and Er(O) spin have a lifetime imbalance® so that the
spin pumping effect is taken into account for the read-out process. However, in the Er(B)-Ti
pair, both spins have a comparable lifetime, on the order of 50 ns, yet one can still read
out the Er spin states, even when Er and Ti have a substantial Zeeman energy difference
(see Fig. 5 of the main text). Here we show that because of this rotational modulation of
spin-spin interaction, even when two spins are in the Zeeman product state, one can still
read out the Er-spin population change from Ti. This is because rotational modulation of
spin interaction as shown by the driving Hamiltonian H; (Eq. (27)) involves driving both

spins simultaneously.

To simulate the ESR readout from the Ti spin in the coupled Er-Ti spin pair, we solve
a Markovian master equation in Lindblad form for the driven open quantum system!:4,
The static Hamiltonian includes the anisotropic Zeeman terms of the two spins in the ex-
ternal magnetic field together with their mutual interaction, using the Hamiltonian defined
throughout this work (Eq. 1 of the main text). The numerical simulations are implemented

using the Quantum Toolbox in Python (QuTiP ).

To incorporate relaxation and thermalization, we construct global thermal collapse oper-

1 with the relaxation

ators using the strategy from previous studies on similar platforms
rates given by the T} of the Er and Ti spins measured from experiments (Section VII). In
the absence of the RF drive, these dissipative terms relax the system toward the undriven
thermal steady state at the chosen temperature 7' = 1.0 K. This undriven steady state is
used as the initial density matrix for the continuous-wave ESR simulations. The driving
Hamiltonian is given by Eq.(27). For each frequency frr, we solve the Lindblad equation in
the time domain, discard the initial transient evolution, and then average the expectation
value of the readout operator over the subsequent periodic steady-state regime. The readout
operator is the tip polarization Hip, which is assumed to align with the magnetic field in
accordance with the assumption that the tip field lies parallel or antiparallel to the external

magnetic field. Repeating this procedure over the full frequency sweep yields the simulated

ESR spectrum. To highlight the resonant contribution, we subtract an off-resonant back-
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ground estimated from the spectral edges and normalize the resulting signal. The ESR peak
positions therefore correspond to drive frequencies that resonantly enhance the change in
the sensor readout, while the peak amplitudes reflect the strength of the driven response
under the combined action of coherent driving and thermal dissipation.

In Fig. [SI8] we present the experimental and simulated ESR spectra using the model
described above. The tip field is obtained from the fitting procedure described in Section
IIT and the tip driving is modeled by 0.17 St;, to fit the experimental Ti transition peak
heights (f; and f, in Fig. [S18)).
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FIG. S18. Simulated vs. experimental ESR spectra. The gray circles represent the experi-
mental data, while the red solid line represents the simulated ESR spectrum obtained using QuTiP.
The readout operator is chosen as the tip polarization operator Ptip, and the tip driving term is
taken as 0.17 Sty 5, which is chosen to reproduce the peak heights of the Ti transitions (f; and fa).
B =0.25 T, § = 84.5°, and ¢ = 52°.
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XI. Simulation of Er(O)-Ti pair

In this section, we apply our proposed mechanism to the Er(O)-Ti pair, where the Er
atom is adsorbed on an oxygen binding site. As reported in previous work¥, the spin-spin
interaction is Jo = 48 MHz. In the effective spin-1/2 description obtained by projecting onto
the ground-state doublet, the principal values of the g-tensor are gon*) = 9.6, ggé(o) = 9.6,
and gg (©) — 1,97, The simulated ESR transitions and Rabi frequencies as a function of the
polar angle 6 for different values of ¢ are presented in Fig. assuming the same wobbling
angle of day = 0.17. Comparing the Rabi frequencies of the Er transitions (f; and f; in
Fig. with those of the Ti transitions (f; and f, in Fig. [S19)), we observe that the Ti
transitions exhibit higher Rabi frequencies.

Using the same rotational modulation model with the same wobbling angle day = 0.1,
we compare the simulated Rabi frequencies between the Er(B)-Ti (3, 0) pair (Fig. and
the Er(O)-Ti pair (Fig. [S19(e)) with the azimuthal angle ¢ = 45° and Bey, = 0.32 T. The
Rabi frequencies for the Er(O)-Ti pair under the same condition are around 2 MHz as shown
in Fig. [S19(e), which are ~30 times smaller than the case of the Er(B)-Ti (3, 0) under the

same condition.
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FIG. S19. Simulation of Rabi frequencies and ESR transitions for the Er(O)-Ti pair
in previous work!. a-c, ESR transition for Er(O)-Ti pair as a function of polar angle 6 for
azimuthal angle of ¢ = 0° (a), 45° (b), 90° (c). d-f, Rabi frequency for Er(O)-Ti pair as a function
of polar angle 0 for azimuthal angle of ¢ = 0° (d), 45° (e), 90° (f). The simulation is done under

the condition of Beyxy = 0.32 T as in the literature and we assume a wobbling angle of dag = 0.17.
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FIG. S20. Simulation of Rabi frequencies for the (3, 0) Er(B)-Ti pair. Rabi frequency for
(3, 0) Er(B)-Ti pair as a function of polar angle #. The simulation is done under the condition of

Byt = 0.32 T and ¢ = 45° with dag = 0.17.
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