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Understanding the coherent properties of electron spins driven by electric fields is crucial for their potential
application in quantum-coherent nanoscience. In this work, we address two distinct driving mechanisms in
electric-field-driven electron spin resonance as implemented in scanning tunneling spectroscopy. We study the
origin of the driving field using a single-orbital Anderson impurity, connected to polarized leads and biased
by a voltage modulated on resonance with a spin transition. By mapping the quantum master equation into a
system of equations for the impurity spin, we identify two distinct driving mechanisms. Below the charging
thresholds of the impurity, electron spin resonance is dominated by a magnetically exchange-driven mechanism
or field-like torque. Conversely, above the charging threshold spin-transfer torque caused by the spin-polarized
current through the impurity drives the spin transition. Only the first mechanism enables coherent quantum spin
control, while the second one leads to fast decoherence and spin accumulation towards a non-equilibrium steady
state. The electron spin resonance signals and spin dynamics vary significantly depending on which driving
mechanism dominates, highlighting the potential for optimizing quantum-coherent control in electrically driven

quantum systems.

DOI: 10.1103/nzhr-syhs

I. INTRODUCTION

Coherent manipulation of individual electron spins local-
ized in single atoms or molecules on a surface using electron
spin resonance (ESR) implemented in a scanning tunnel-
ing microscope (STM) is a novel platform for the study of
many-body physics with potential applications for quantum
simulations using artificially constructed interacting spin sys-
tems on surfaces [1-30]. Such a system can be modeled as a
magnetic impurity connected to two leads, which provide a
harmonic alternating current (AC) drive and a static external
magnetic field that Zeeman splits the up and down spin states.
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When one of the leads is ferromagnetic, a polarized current is
detected in the direct current (DC) signal. In this situation, ad-
justing the driving frequency of the AC voltage to correspond
with the Zeeman splitting leads to resonance behavior in the
electric current.

However, the mechanism mediating the coupling between
the AC electric field and the spin remains a topic of debate
[31-36], as selection rules indicate that such an interaction
should be forbidden. To reconcile this, some of us have pro-
posed an all-electric model for ESR in the STM, which can
efficiently drive the spin of an Anderson impurity model based
on the principle of barrier modulation [37,38]. We solved
the resulting quantum master equation either in the long-time
limit or by simulating real-time spin dynamics via direct time
propagation of the Hamiltonian [39], enabling the implemen-
tation of quantum gates and highly entangled states [40]. At
present, the model is limited to the weak-coupling regime,
imposing sequential tunneling processes, which implies no
cotunneling effects, although the model is extended to the
Coulomb blockade regime via the tail of the resonance [38].

Published by the American Physical Society
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A different line of work has proposed a time-dependent
Kondo-like Hamiltonian in which the spin impurity is
subjected to a driving that originates not from the Kondo
coupling itself, but from the magnetic field component of
the electric field, sufficiently amplified in the electromag-
netic cavity formed between the tip and the spin [35].
This model, which represents a valuable contribution, re-
quires the inclusion of this additional driving because a
purely time-dependent Kondo scattering Hamiltonian lacks
the necessary charge fluctuations to account for the ex-
perimentally observed Rabi rates, as discussed in [32]. In
other words, it discards the exchange field contribution de-
scribed in [41], which is essential in this context. However,
the main concern is that the presence of an AC mag-
netic field as a product of the AC electric field contrasts
with recent experimental findings [21-23], suggesting that
a magnetic atom must be placed near the spin impurity to
enable driving outside the tunnel junction but still under the
influence of the electric field generated by the tip body. A
long-range electromagnetic driving field appears inconsistent
with the requirement for a localized magnetic field source.

A subsequent approach, also based on a Kondo Hamilto-
nian, derived an effective magnetic field proportional to the
spin polarization of the tip and the AC voltage, which can
drive the magnetic impurity [36]. While this proposed driv-
ing mechanism aligns to some extent with our approach, it
does not fully capture all features of the experimentally ob-
served homodyne detection. Homodyne detection arises from
the misalignment between the STM tip’s spin and the mag-
netic impurity under AC driving. In particular, it predicts the
strongest ESR signal when the spin polarization of the tip and
the magnetic impurity are mostly parallel [22,42], whereas
Ref. [36] differs from previous reports by showing the max-
imum ESR signal at 90°. This discrepancy is likely again
related to the lack of a proper incorporation of the exchange
field, an issue that we believe is also present in Ref. [31].

As has been pointed out, much of the existing literature on
cotunneling (Kondo) in transport overlooks the exchange field
contribution from the first-order correction in perturbation
theory [31,35,36,43,44]. Indeed, the Schrieffer—Wolff trans-
formation applied to the Anderson impurity model to obtain a
higher-order cotunneling Hamiltonian neglects all first-order
coupling terms, including the exchange field contribution.
This was shown to be inaccurate when considering ferromag-
netic electrodes, spin polarization [41,45], since the exchange
field survives in the Coulomb blockade regime [41,45-47].
A comprehensive theory that consistently incorporates both
sequential and cotunneling processes, together with first-order
coherent contributions such as the exchange field, for period-
ically driven systems is still lacking, although recent works
have made progress toward this goal [46,48,49].

Coming back to our theoretical proposal, a fundamental
question was left unanswered: How does the barrier modu-
lation couple to the spin? Can this mechanism be linked to
any physical measurements? Does it capture the exchange
field contribution? In this work, we aim to explore these
questions by establishing connections with related models for
quantum dots connected to ferromagnetic leads [41,46,50—
52] where an exchange field mechanism between the tip and
sample is demonstrated and applied to experimental studies

[53,54]. This comparison is justified, as atomic or molecular
spin impurities can be seen as miniaturized versions of larger
lithographically defined quantum dots. We will show that the
ESR mechanism is highly dependent on the applied DC bias
relative to the ionization and charging energy thresholds of the
impurity i.e., it depends if we are above the energy thresholds
or within the Coulomb Blockade regime. Specifically, we will
contrast two driving mechanisms:

(1) Field-like torque dominates ESR for DC biases in the
Coulomb blockade regime. It is mediated by the exchange
magnetic field induced by the spin-polarized tip, leading to
a conventional ESR mechanism, Homodyne detection and
enabling coherent spin manipulation via electric pulses. We
refer to this driving mechanism as FLT.

(2) Spin-transfer torque drives ESR for DC biases outside
the Coulomb blockade regime. It is dominated by spin accu-
mulation on the impurity, driven by the current, which torques
the impurity spin and leads to strong spin polarization of the
impurity. We refer to this driving mechanism as STT.

We emphasize that the driving mechanism is a distinct
concept and exists separately from the transport regime. The
driving mechanisms (FLT, STT) are general and exist below
and above the ionization thresholds. The transport regime dic-
tates how strongly FLT and STT affect the magnetic impurity.
It is important to mention that both driving regimes have been
recently observed experimentally in a pentacene molecule
[26], and they are expected to emerge in other molecular
systems with well-defined orbital levels. The current work is
inspired by the combination of key physical concepts intro-
duced in Ref. [41] and the recent experimental realizations in
the ESR-STM in Ref. [26].

This paper is organized as follows. In Sec. II, we sum-
marize the theoretical approach, drawing the comparison to
quantum dot models. In Sec. III, we analyze the key physical
findings from this comparison, defining the driving regimes
and how they affect the quantum impurity. Finally, we perform
numerical simulations to verify the key features of the theory,
leading to the conclusions.

II. TRANSPORT MODEL

A. Model Hamiltonian

The model used here is a single-orbital Anderson impurity
model [55] (SAIM) of a quantum impurity (QI) Hqr connected
to two ferromagnetic or normal electrodes (tip or substrate)
that can be treated as fermionic baths by time-dependent
hoppings Hy(t) as introduced in previous works [37,38], see
Fig. 1(a). This model is general enough to describe a wide
range of physical systems, where the impurity spin can be lo-
calized in point defects, atoms, or molecules. The full system
is given by H(t) = Hy, + Hr + Hqp + Hr(t), where the first
two terms describe the spin-polarized or normal fermionic
baths, the second term is the QI, and the third term contains
the hopping connecting baths and QI,

H, = E 8akcl;kgcakav (D
ko

Ho =) edld, +Ud}dd[d| +gusB -8,  (2)

a

Hr(t) =Y (ta(t)cly,do + 15 (1)d] Care ). 3)

ako
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FIG. 1. (a) Schematic of a QI connected a left (L) and right (R)
lead with a bias voltage applied to the left lead. We consider the
impurity to be more strongly coupled to the R lead. (b) Energy
scheme of the QI. The hollow arrows represent unoccupied levels
of the QI at ¢ + U as a product of charging the QI with one more
electron to be doubly occupied with a total energy E, = 2¢ 4+ U.
Meanwhile, the filled arrows, which defined the spin of the QI,
are occupied single-electron states at €. Only the left electrode is
polarized in this example (P, > 0) and modulated [#, = #,(¢)] being
1. < tg. The applied positive bias (eVpc = up — pur > e +U > 0)
implies that the Rabi process €2 is dominated by STT, as for when
(eVpc < € < 0). Contrarily, if ¢ < eVpc < € + U, the Rabi process
is FLT driven, as indicated on the right side of the figure. The
transport through the QI in (b) is the following: 50% of electrons
up and down will tunnel from the right lead, overcoming the ¢ + U
energy, forcing the QI to be doubly populated. Since tip accepts
more up electrons, the population of the up state in ¢ + U will be
depleted, leaving it down populated. Since spin-down SUMO state
corresponds to a spin-up SOMO state, the QI ends up populated.
The full process provides an incoherence resonance in the current
when the L tunneling is modulated. (c) Convention for the magnetic
field direction with respect to the external coordinate system with the
azimuthal angle ¢ = 0.

The bath itself can be expressed using the common form
[Eq. (1)], where each state is described by an electrode la-
bel @ = L, R, spin projection along the z axis o = 1, |, and
momentum k. For both ferromagnetic electrodes, we con-
sider that their magnetizations point in the z direction. In
this case, the effective spin asymmetry, Doy # Dy, in the

spin-dependent density of states D, at the Fermi level can be
described by the spin polarization P, = (Dyy — Do)/ (Dgy +
Dy, ), where Dyy = Do(1/2 + 0 Py) with Py € [—1, 1] and
the extreme cases representing a fully spin-polarized lead
pointing down, —1, or up, +1. Each electrode is characterized
by a electrochemical potential x, and a temperature T,.

For the sake of simplicity, we focus on the simplest
[56] QI in Eq. (2), which includes the Coulomb repul-
sion U, the onsite energy &, and an external magnetic field
B = B(sin¢ sin 6, cos ¢ sinf, cosf) expressed in spherical
coordinates, pointing in an arbitrary direction, generally non-
collinear with the ferromagnetic lead magnetization. The
transport spin is defined as § = & Zw, dia(mzdor/Z, with o
the vector of Pauli matrices. This definition incorporates the
factor of 7 from the Bohr magneton into the spin operator.

Our convention for the applied bias is such that eVpe =
ur — g, meaning the DC bias is applied to the left electrode,
which we will assign as the tip, see Figs. 1(a) and 1(b). Conse-
quently, electrons move from the sample to the tip at a positive
applied bias. The onsite energy (ionization energy) ¢ is asso-
ciated with the singly occupied molecular orbital (SOMO),
while ¢ 4+ U is linked to the singly unoccupied molecular
orbital (SUMO). Changing the sign convention to one where
the DC bias is applied to the sample, eVpe = ugr — 1, only
requires swapping the labels for ¢ and ¢ + U energies to
keep the correct physical meaning of the orbitals. The right
electrochemical potential is assumed to be nearly aligned with
the Fermi energy and grounded, which goes in line with the
asymmetry tunneling conditions f;, < fg in [57] and follows
the experimental evidence of the impurity being more strongly
coupled to the substrate than the STM tip.

In this model, only the hopping terms, Eq. (3), include a
periodic modulation in the form

to(t) = 1,[1 4 Ay cos(1)], O]

with A, oc Vac. This functional is justified under appropriate
parametric conditions, and its dependence has already been
discussed in previous works [32,37,38,58]; therefore, we defer
a more detailed examination to a future publication. It is
important to highlight that this approach does not explicitly
include nor exclude the piezoelectric effect [33]; rather, it
accounts for all possible physical contributions to the driving
parameter.

The use of a reduced density matrix formalism allows
us to define any observable straightforwardly. To do so, we
consider all possible charge configurations: zero, one, and
two electrons in the QI [see Fig. 1(b)]. These configurations
are denoted as |p), with p = g, ¢, 0, 2. The first two are the
singly occupied states of the QI at ¢ energy, corresponding
to the ground and excited states, respectively, and their time
evolution fully describes the spin state of the system. The
states 0 (empty) and 2 (doubly occupied) are transient states
necessary to facilitate transport through the impurity. The
first state represents an empty quantum dot, aligned with the
grounded electrochemical potential g for convenience and
therefore chosen to be at zero energy, Ey = 0. Consequently,
removing one electron from the impurity requires an energy
cost of E; — Ey = ¢. Meanwhile, the doubly occupied state
is formed when two electrons with opposite spins occupy the
same level or orbital, with an energy given by E; = 2¢ + U.
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To create this state, an electron from the leads must overcome
an energy barrier of E; — E; = ¢+ U > 0 to be placed at
the singly occupied state. From the energy perspective, the
quantum impurity hosts two electrons, one at energy & and
another at ¢ + U, with the latter being an effective unoccu-
pied singly state. Thus, the relevant energies for transport
are the differences between states with different numbers of
electrons, i.e., ¢ and ¢ 4+ U, as shown in Fig. 1(b), rather than
the absolute energy of the STAM levels.

Since the impurity Hamiltonian does not depend on time,
it is convenient to diagonalize the QI Hamiltonian and in-
troduce the reduced density matrix. Thus, we can write
Hqill) = Zj E;pj;|l) = E;|l). The Hubbard operators p;; =
|1)(j|, with the Latin characters (/, j, and later u, v, .. .) refer-
ring to eigenstates of the impurity, are closely related to the
reduce density matrix [37,38,59,60]. These operators describe
transitions between many-body eigenstates |/) and |j) of the
isolated quantum impurity, and reduce to a projector on a
single state when [ = j. If we assemble all these operators
p1j = Tr[pr()pr;], with pr(¢) being the density matrix of the
full system given by the total Hamiltonian H (¢), then the coef-
ficients p;; are exactly the elements of the impurity’s reduced
density matrix in that eigenbasis. For the isolated impurity,
subspaces with different electron numbers are decoupled, so
o1; = 0 whenever |[) and |j) differ by one electron. When
we couple the impurity to the electrodes, these previously
disconnected subspaces become linked by single-electron tun-
neling, and these operators mediate the transition probability,
as the transformation of the tunneling Hamiltonian in terms of
Hubbard operators indicates

Hr(t) = ) (ta(t)cyhijo prj + He),
akolj

The matrix element X;;, = (l|ds|j) = (I|0){o]]) +
(l16)(2|j) reflects the change of the many-body configura-
tions on the QI, they are computed in Appendix B. Unlike
ordinary fermionic creation and annihilation operators,
Hubbard operators do not obey Wick’s theorem but instead a
graded Lie algebra. As a result, perturbation theory is more
challenging, making, for example, a cotunneling expansion
with exchange-field corrections more cumbersome.

The specific case in Fig. 1(b), where the ground and ex-
cited eigenstates, g and e, are labeled | and 1, respectively,
corresponds to a positive out-of-plane magnetic field (i.e.,
oriented along the positive z axis). For an isotropic g factor
and when the coupling to the electrodes is weak, the Zeeman
interaction aligns a spin-1/2 parallel to the magnetic-field
direction. Therefore, if the external field is arbitrarily oriented
the spin aligns with B rather than with the fixed z axis,
and in general Hq; is no longer diagonal in the z-projection
basis. Accordingly, by our definition, we represent the re-
duced density matrix in the coordinate system where Hgp is
diagonal (the QI eigenbasis), which here coincides with the
magnetic-field direction. In systems with strong anisotropy or
for higher-spin cases, however, the spin(s) will not in general
point along B and the eigenbasis of Hg need not coincide with
the magnetic-field axis. Thus, one must work with two coor-
dinate systems: the fixed Cartesian frame (x,y, z) in which
the z axis defines the computational basis (chosen parallel

to the tip magnetization for convenience), and the QI eigen-
basis (the axis where Hqy is diagonal). Quantities defined in
the QI eigenbasis must be projected onto the fixed Cartesian
frame when comparing to measurements, because the trans-
port current probes the z component of the spin since the tip
magnetization is along z, as we will show later. Consequently,
expectation values of spin components must be computed
with care, see Appendix A; one cannot simply insert Pauli
matrices in the computational-z basis without the appropriate
basis rotation or change in the basis set.

B. Quantum master equation (QME)

At this stage, we derive a QME for the reduced density
matrix by treating the coupling between the QI and the reser-
voirs up to the lowest order in perturbation theory in Hy in the
Born-Markov approximation [61,62], meaning h_lFrB < 1,
where I" is proportional to the rate of change of the reduced
density operator due to the coupling to the bath and tp is the
characteristic decay time of the bath [63]. Following Refs.
[37,38,59,64-69], we write

Rpij(t) — iArjpr(t)
=Y [Turju®) + T 1y (Ol pu(t)

vu

=Y T hoau®pu) + Ty L Opuj @), (5)

vu

where A;; = E; — E; and every Latin character refers to
eigenstates of the QI. The QME, Eq. (5), is physically
meaningful in the limit of weak coupling between QI and
electrodes, and, as we mentioned, it is represented in the
eigenstates basis set, parallel to the external magnetic field
for an isotropic spin-1/2. In a previous work [37], we de-
rived a Floquet version of the QME, which has proven useful
in the long-time limit for efficiently computing spectra by
transforming the equations to the frequency domain. This
formulation incorporates Floquet components of the density
matrix, labeled by the Floquet number n. The rates [70] in
Eq. (5) can be written as the sum of two contributions per
electrode «,

Lot ju®) =D [Ty e + T (O] (6)

which are
L iea® =D Mook o Vao (DT (A ), (7
Coiea® =D Ay o hjus Yoo (DT (Aju). ®)

Equations (7) and (8) contain the coupling y,, () = (1 +
Ag cos(a)t))zy(fa, where yo?g = 27r|t2|2Da(1/2 +oP,) =
v2(1/2 4+ o P,) represents the level broadening because of
the time-independent hopping 0 for spin o in the electrode
. The Fermi distribution function f, (€) = 1/(ef«(¢=Ha) 4 1),
being B, = 1/kgT;, and p, the electrochemical potential, is
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encoded in the integrals Ij(A ju), which are of the form

Io:(b(Aju) == :

1 o0
B def*
2w 1+ Ay cos(wt) /,oo €fa(©

eitha/z
€ FAj, Fhoxili/t.

1
X
(e F A il

N €7itha/2 (9)
€F Ay thotih/t.)
Notice that if /i < |Aj,|, Eq. (9) simplifies to [71]
TH (D) = £ /ood £Ee) (10)
ju) = £-— efg (&) ———F———,
T 21 ) o Y €F Aju Ll

approximation valid for all the simulations in this work. Equa-
tion (10) contains fj(e) = fo(e) and f, () =1— fu(€)
following [41]. Further details on the transition rates, the
derivation of the quantum master equation (QME), and its
solution in the long-time limit can be found in [37], albeit with
some differences, as the theory and physical interpretations
have evolved over time.

It is important to mention that /i/t., up to first order in
perturbation theory, should be infinitesimal in Egs. (9) and
(10). However, in this work, /i/t. < |Aj,| ~ |¢| or € + U but
nonzero, allowing us to explore two distinct regimes for a
first-order perturbation theory: the one above the thresholds
le], e + U where an full electron can hop in or out from
the QI and the one below the thresholds where the QI is in
the so called Coulomb blockade (CB) regime and we tunnel
through the tail of the resonance [38]. Therefore, the transition
between both regimes is controlled by the DC voltages and
happens when it equalizes the ionization energy e or the
charging one ¢ + U, which correspond to the situation of
removing and adding one electron on the QI respectively.

We are aware of the limitations a finite 7/7, introduces, as
a proper characterization of the CB requires the use of cotun-
neling transport or a Kondo scattering Hamiltonian [32,45].
However, as long as /i/t. < |¢|, e + U, we can overcome
this limitation of the model and explore, to some extent, the
implications of the FLT regime that governs the ESR signal in
the CB regime. In this context, we expect low current at low
DC biases, consistent with previous studies [41,45,46,72,73].
Future extensions of this model will aim to circumvent this
issue for a better characterization of the system. However,
first-order perturbation theory already provides rich results
that follow experimental evidence, as we will explore next.

C. Expression for the current

The electric current flowing out of an electrode « is de-
fined following the usual formula [74] as I,(¢) = —edg‘” =
—i([Hr (t), Ny]), which leads to

2
(1) = = Y ReApu(OITS, o) = 7, OB (D)

lju

This expression corresponds to the lowest order in the cou-
pling (sequential tunneling) and is therefore expected to
decrease rapidly in the CB regime, while remaining large
and constant outside of it. Equation (11) contains both DC
and AC terms as a consequence of the hopping modulation.

The measurable quantity in the experiment is the electric
current signal in the long-time limit, which depends on the
resonance condition as well as the relative orientation of the
QI spin to the direction of the tip spin polarization. We refer
to this current as ESR signal in the following. The coherences
(off-diagonal elements of the density matrix) are explicitly
included in the expression and are crucial for the correct
calculation of the ESR signal, as pointed out in a previous
work [38]. The coherences in Eq. (11) also lead to the so
called homodyne detection of the electric current, a product of
the misalignment of the tip’s spin and the spin of the impurity
under it [22,42,75]. Following Appendix C one arrives at

I.(t) = %VL(l + AL cos(@n))*[(p1 — 2PL{s:))Re{Z; (Agy)}

—(p1 + 2P, (s;))Re{Z; (Apg)}]
= —I(t) = I(¢). (12)

I; = —Iy is because of electric current conservation and p; =
Pgg 1+ pee & 1 if the populations of the transient states (0, 2)
are negligible, which we assume in the following. Equa-
tion (12) employs again the notation g to refer to the ground
state for a more general treatment instead of |, accounting
for the situation in which the spin is tilted by the magnetic
field with respect to the spin polarization on z. We do this
because the eigenstates are always defined in the axis where
the QI Hamiltonian is diagonal (see Appendix A) parallel to
the magnetic field here, as we have mentioned before. As
a consequence of choosing the z axis as the magnetization
direction of the leads, where the spin polarization lies, the
electric current becomes a measurement of the expectation
value (s;) as Eq. (12) shows. In general, for any magneti-
zation orientation of the spin-polarized lead, we expect that
the current will measure the spin component parallel to it, in
agreement with the physical interpretation in the experiments
[1-30].

Assuming that the magnetic field lies in the xz plane, B =
B(sin 8, 0, cos @), see Appendix A, we obtain

h h .
(s7) = E(pee - pgg) cos 6 + E(pge + peg) sing, (13)

which does not depend on py and p,, the populations of the un-
occupied and doubly occupied states, since they provide zero
spin to the simplest QI. 6, also referred to as homodyne angle,
is the angle formed between the direction of the left elec-
trode’s magnetization, fixed along the z axis, and the impurity
spin when the g factor is isotropic. We should emphasize that
in Eq. (13), the main contribution to the populations comes
from the Floquet number n = 0, while the contribution from
the coherences arises from n = 1 [38]. Thus, the coherences
are intrinsically time dependent in the long-time limit. For
the sake of completeness, the in-plane components of the spin
expectation value are

h . h
(sx) = E(pee - ng) sinf — E(pge + ;Oeg) cos@, (14)

ih
(5,) = 5 (bre = Peg) = —hiIm(py.). (15)

The reader might wonder why the expectation value of the
spin along z depends on the coherences and not only on the
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difference in populations or why the x component depends on
the population. The reason is the inclusion of mixed states as
a consequence of the magnetic field being tilted from the z
axis. Mathematically, Eq. (13) arises from changing the basis
set from the classical up and down states of the Pauli matrix
to the eigenstate basis set of the quantum impurity (QI) since
§; has to be expressed in the same basis as the reduced den-
sity matrix, meaning that we cannot simply use the standard
Pauli matrices representation. This can be interpreted as a
projection of the populations and coherences, defined in the
axis where the QI Hamiltonian is diagonal, onto the Cartesian
coordinates. Equivalently, one could rotate the cartesian co-
ordinates to the magnetic field direction, changing the basis
of the reduced density matrix instead, a procedure done in the
literature [19,22,26,42,76]. We emphasize that (s)// describes
a quantum-statistical average and every component can adopt
any number between —1/2 and 1/2.

Introducing Eq. (13) into Eq. (12) allows us to obtain an
electric current equation that clearly shows the dependence
on 0. To simplify the result, we place ourselves in the long
time where the populations are constant, i.€., Pee(ge) = Pe(g)-
Additionally, we consider that the linear driving term domi-
nates (A7 ~ 0) so that the coherences are continuously Larmor
precessing only, i.e., Pge(t) = Pge.—1€"" + pge 1€, Where
the +1 in the coherences refers to its Floquet number [38].
This yields

I, ~ (Re{Z] (A2)} — Re{Z; (Aqe)})
— PL[(P, — Py)cos 8 + 2A1(0ge,1 + Peg,—1) sin 6]
x (Re{Z; (Aze)} + Re{Z; (Aqe)}) =

Iy ~ Iy — PL[APycos 0 + 2A1(0ge,1 + Peg,—1) sinO]1,

Al
(16)

where the new definitions Iy, I,, containing a nontrivial DC
bias dependence, see Egs. (9) and (10), and AP, can be
deduced by comparing terms. Later on, we conveniently write
Al = I} — Iz, where the background current (i.e., baseline
or off-resonant current) is defined as Isg =1 — Al = Iy —
2AI, which depends on the spin polarization P, and the ho-
modyne angle 6.

Equation (16) highlights the role of spin polarization. For
P, = 0, the electric current simply has a constant unpolarized
value, originating from electron or hole hopping from the left
to right (or vice versa) through the QI. In this case, the current
is independent of the QI populations and coherences, render-
ing it insensitive to changes in the QI state. Consequently, it
cannot induce spin flips or resonant behavior, even under AC
driving. A finite spin polarization P;, # 0 breaks this situation,
producing an imbalance between up and down states that
modifies the tunneling magnetoresistance.

In this regime, a polarized electric current emerges and
(s;) becomes relevant in Eq. (16). On resonance and in the
long-time limit in the CB regime, the two singly occupied
levels are equally populated (1/2 each) and (s,) — 0, assum-
ing finite but small coherences. By contrast, for P, # 0 and
Ay, = 0, the QI retains a net spin polarization (s;) # 0, but the
absence of coherences prevents population exchange, and no
resonance occurs at the Larmor frequency. Equation (16) also

reveals the dependence on the homodyne angle 6. For 6 = 0,
sin@ = 0, no population exchange takes place, mirroring the
undriven case. At 6§ = /2, the current becomes independent
of the populations and the ESR signal is governed solely by
the coherences. Thus, Eq. (16) demonstrates that homodyne
detection arises from both the misalignment between the tip
and impurity spin and the presence of AC response being
measured into the DC current.

D. Mapping onto a spin problem

Following Ref. [41], we now aim to map the QME, Eq. (5),
onto a system of equations for the spin. This will become
particularly useful for building some physical intuition on
the definitions of the Rabi rate and the renormalization of
the resonance energy. Using Egs. (13)—(15), the system of
equations for the spin components and the population of the
transient states is [77]

($z) = Dge(sy) sin@ — Tifsz)/Tret + A(S2)ace

hs,) = |2 Z Im(T .y 1g(t))/ SN0 — A, cos @ | (sy)
v=0,2
_h(sx>/trely
R(sy) = =2 ) Im(Tey ug())(s1)/ 5in 0 — Fi(sy) /Tre
v=0,2

—Age({s;) sin @ — (sy) cos ),
hpy = 2Re( goog(t))(l

+4ZRe T oo () Pase) /1,

(17a)
po = p2) — 4Re(TG 5, (1) po

hipy = 2Re(T 520 (D) (1 — po — p2) — 4Re(T' 550 (1)) 2

_4ZR€ (Tf530 () Puts:) /h. (17b)

The notation 1",1; mf) () indicates zero spin polarization for the
rates in Eq. (6). It is important to emphasize that the rates
[y 0g(?) that “flip” the excited state to the ground one or
vice versa are proportional to the spin polarization and sin 6,
making them a consequence of both the lead spin polarization
and the homodyne angle, i.e., those rates are exactly zero
when P, =0 and 6 = 0. Thus, 2 Zv=0,2 Im(T,,,,g(¢))/ sin 60
does not depend on 6.

Equation (17a) introduces the spin relaxation rate 1/7
and the non-equilibrium spin accumulation (s, )., parallel to
the spin polarization as defined in Ref. [41],

Vta =) Re(TET0@+TEII0O)/A (g
v=0,2
(8)ace =2 ZPO, [Re(T'ge %04 (1) po — Re(T32 33 () o2

+ (Re(T%30 (1) —

2220 Fg)oga(f)))(l — po — p2)/2].

(19)

The non-equilibrium spin-accumulation term, Eq. (19), de-
pends on the populations of transient and single-occupied
states of the QI, and describes the spin accumulation via
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tunneling to and from spin-polarized leads, which renders it
proportional to the current. In short, the spin-accumulation
term is a source term that builds up the spin polarization
on the QI. The time-independent spin accumulation defines
a characteristic timescale, 7/(S;)sc, Over which it acts on
the spin. For DC voltages within the CB regime, the effect
of the spin accumulation can be partly neglected, since spin
relaxation time is much shorter than the spin-accumulation
time and dominates the spin dynamics.

The spin relaxation rate Eq. (18) describes the decay of
every spin component towards the steady state by electrons
with a specific spin tunneling out of the QI, a process with
v = 0, or by tunneling in of a second electron with an opposite
spin state, forming a doubly occupied state (v = 2). The spin
accumulation and relaxation govern the spin dynamics of the
QI if the spin polarization and magnetic field are parallel,
6 = 0. However, this is not the complete picture of the dy-
namics since the angle 6 enters Eqgs. (17a). This orientation
dependence can be encompassed in the components of the
following rotational term:

(S)rot = (8) X Zg,bLBBa(Z)/h . (20)

A direct comparison with Eq. (17a) shows that
2 Zv Im(Fev,vg,oz (t ))
gupsinf

In this expression, we identify the so-called exchange mag-
netic field as

B.(t) = <B sinf, 0, —}—Bcos@). 21

gMBBexch(t)
=2 ) [Im(Tep,g(1))/ sin O]z

v=0,2

_ N Y, [T €—¢ _
=2 P“/oode<(e—e>2+<h/n)2f“ ©

n e—¢e¢—-U
(e —e—U)+ (h/1.)?

where we have inserted the definition of the imaginary part
of the rate. The name of this effective field originates from
the fact that it arises because of virtual particle exchange
between the electrode and the QI. This field is directly pro-
portional to the electrode’s spin polarization and vanishes in
the electron-hole symmetry point eVpc = ¢ + U/2, where we
have assumed that the voltage is applied to the left electro-
chemical potential while the right one is grounded so eVpc =
ur — yq\fo Furthermore, the exchange field vanishes in the
absence of Coulomb interaction (U = 0), demonstrating that
its origin is a quantum many-body effect. It is important to
notice that Eq. (22) does not change the charge of the QI,
contrary to the spin-accumulation term. Therefore, it can be
finite even at zero voltage, indicating its independence from
the DC electric current. However, Eq. (22) does depend on the
charging energies ¢, ¢ + U and therefore can be understood
as an exchange field due to virtual particle exchange with a
spin-polarized lead.

In the CB regime, where the spin accumulation is small,
the dynamics of the spin are dominated by Eq. (20) as long
as 6 # 0, . These two extreme cases are interesting though

fi (e ))Z, (22)

since they imply a simple relaxation of the z component of
the spin to the steady without any evolution of the x and y
components, see Eqs. (17a). In the absence of driving, the
exchange field will generate a spin splitting of the QI, a
Zeeman splitting, even at B = 0. When the driving is turned
on, both the rotation and accumulation term will exhibit time-
dependent behavior that will yield FLT and STT resonance
signals in the frequency domain, respectively.

III. HOPPING-DRIVEN SAIM: RABI RATE, T, TIMES,
AND ENERGY DRESSING

In the following, we will discuss features of our model,
continuing to use a spin-1/2 impurity. This approach results in
shorter and more manageable expressions, leading to a more
intuitive understanding of the underlying physics. We empha-
size that while higher-spin systems can significantly alter the
equations presented here by introducing additional singly and
transient states, the central conclusions regarding the driving
mechanism (FLT and STT) and the transport (above or below
the energy thresholds) will remain valid.

A. Rabi rate

In previous studies, the Rabi frequency was introduced as
a mathematical consequence of the model, conveying that the
modulation of the tunneling barrier generates a driving of
reasonable amplitude [32,37,38]. While formally correct, that
presentation does not give an immediate, physical intuition for
how the tunneling modulation acts on the spin. It is therefore
instructive to recast the driving mechanism into a more intu-
itive picture and to examine explicitly the equations of motion
for the spin components in the two driving regimes considered
here: FLT and STT.

For the FLT-driven regime, which is predominant in the
CB regime, the equations reproduce the typical behavior of
a spin under a time-dependent magnetic field, the exchange
field. Thus, the impurity undergoes Rabi oscillations governed
by the torque term [the cross product in Eq. (20)], and the
observed ESR signal is strongly shaped by homodyne readout.
In this regime, the Rabi frequency is set by the component of
the time-dependent exchange field that acts perpendicular to
the instantaneous spin (i.e., the torque projection).

By contrast, in the STT-driven regime, dominant above
the energy thresholds that delimit the CB regime, the
time-dependent spin accumulation governs the ESR signal.
Physically, spin-transfer torque originates from the frequent
repeated transfer of tunneling electrons with a specific polar-
ization (orientation), generating a non-equilibrium, dissipative
torque that drives the impurity incoherently toward a new
polarized steady state. Since the populations are not being
affected, the ESR signal is fully controlled by the coherences
and proportional to sin 6; thus, it presents neither asymmetric
contribution nor homodyne dependence.

1. Rabi rate in the FLT-driven regime

There are two essential ingredients for the Rabi rate to
emerge naturally in the QME: the spin polarization of one
of the leads, and the driving amplitude. We already showed
the consequence of introducing polarization on the rates by
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mapping the QME onto a spin problem in Eqgs. (17a) and
(17b): the spin accumulation and rotation terms emerge as
convenient descriptors for the spin dynamics. In the CB
regime, the spin accumulation is rather small and can be
partly discarded. Thus, only the rotation and relaxation terms
strongly influence the time evolution of the spin.

When the exchange field and the spin form an angle
0 # 0, , the former exerts a torque-like force on the initial
spin, while spin relaxation ensures convergence to the steady
state. If this FLT generated by the exchange field is time
dependent, it follows that Rabi oscillations will be induced
during the relaxation process, 7 /2 radians out of phase with
the driving term and the STT-driven mechanism [26,75]. The
corresponding Rabi rate is determined by the component of
the exchange field acting as the torque on the spin, namely,
QFLT X Bexch €08(7 /2 — 6).

Looking at Eq. (22), we can easily identify

27t = gupBeensin(@) =2 Y Im(Tg ). (23)
v=0,2

This simple expression for the Rabi rate highlights its physical
meaning: It corresponds to the projection of the exchange
field onto the axis perpendicular to the spin alignment (the
eigenbasis axis) within the plane defined by the spin and
the exchange field. A comparison between the QME and the
optical Bloch equations leads to the same identification of the
Rabi rate as the imaginary part of the spin-flip rate, since only
the imaginary part generates oscillatory dynamics. As a direct
consequence, the Rabi rate is maximized at 7 /2 4 ms, with
m an integer. However, this maximum does not necessarily
translate into a stronger ESR signal amplitude because of the
homodyne detection mechanism: the ESR signal measured
through the tunneling current reflects only the z component
of the spin, as will be demonstrated in the simulation results.

Note that the exchange field includes up to second har-
monic generation since

A2 A2
Ve (t) = yO?I:l + 7‘)‘ + 24, cos(wt) + 7"‘ cos(2wt)i|, (24)

but it could be expanded to higher harmonics if one considers
the full Bessel function expression [78,79] or a more complex
oscillating behavior in Eq. (23). Following this, we can define
the Rabi rates per harmonic n = 0, 1, 2 as

Ry = LeusBl (AL = 0)(1 + A} /2) sino,
thﬁT = gupBi, (AL = 0)AL sin6,
hQE = jTg/LBBéxch(AL = 0)A?sin#.

Therefore, the exchange field provides zero-order and higher
harmonic signals directly, with the latter in agreement with
recent experiments on a strongly driven pentacene molecule
spin-1/2 system [80]. The nth harmonic signal appears at a
frequency of fi,/n, with fi, being the first harmonic reso-
nance frequency and n > 0 the harmonic number. In this way,
the second harmonic signal provides an additional resonance
at f1,/2 in the frequency spectrum. This can be easily verified
since this second harmonic signal will emerge when 2/iw =
Anhifo, = Aeg = fro = A¢e/2h = fi1/2. If the frequency is
fixed while sweeping the magnetic field, the nth resonance

magnetic field will roughly follow the relation nBj,, with By,
the magnetic field of the first resonance. The zero-harmonic
feature is a special case, and it is found at zero frequency in the
frequency domain and near zero in the magnetic field domain.

One can show that the resonance for the zero-harmonic
signal occurs when B = —Bexc, cosf when the frequency is
fixed. This suggests that this signal position can be used
as a measurement of the exchange field. From our model’s
perspective, the origin of this zero-field feature arises from
spin-polarized electron precession in a magnetic field gener-
ated by the exchange interaction with the spin-polarized tip.
Nonetheless, experimental observation of this “resonance” is
still lacking in the CB regime, but they could offer coherent
control of a single spin at zero AC driving, using only DC
voltages. In the absence of driving, no ESR signal is expected
for any harmonic when sweeping over the frequency for a
fixed magnetic field, even at zero frequency, since the cos(wt)
term vanishes in the rates.

2. Rabi rate in the STT-driven regime

When increasing the DC bias eVpc beyond the energy
thresholds, eVpc < € and eVpc > € + U, we are outside the
CB regime and the electric current through the system dras-
tically increases at constant tip-atom distance. In this regime,
the role of the exchange field is suppressed by the dominance
of the spin-accumulation term and the rotation term starts to
decrease logarithmically. This does not imply the lack of an
ESR signal when the QI is driven in the STT regime. In fact,
we can define the Rabi rates in this regime since the rates in
the spin accumulation term [Eq. (19)] can be written as the
real part of a rate linked to a Rabi process by applying the
following relations:

AQsTr(t) = ) Re(Tgy 0 (1))

v=0,2

=Y Pu[Re(T50 (1) = TE30 (1))]sin6,
o

R (1) = Re(Dygen(t) = £ Y Re(TVel (1)) P sin 6,

where the + sign applies to v = 0 while the — sign is for
v = 2. The definitions of the Rabi rates above are easily
confirmed by comparing our QME with the optical Bloch
equation and considering that the Rabi rate is a complex
number with a real and an imaginary part. If driving is applied,
the Rabi rates above will modulate the spin accumulation,
providing an ESR purely governed by the coherences [38]. On
resonance, this forces the spin to undergo Larmor precession,
in phase with the driving term, while it rapidly evolves to the
steady state. The precession occurs in the plane perpendicular
to the eigenbasis axis, parallel to the magnetic field, so the
populations, always defined with respect to that axis for us,
remain unaltered even on resonance, a result that persists in
the long time limit situation.

As a consequence of the populations remaining unchanged
even on resonance, the spin will not perform Rabi oscillations
since, essentially, it is being forcedly locked (accumulated) in
the direction set by the external magnetic field. Moreover, the
ESR signal does not follow the homodyne detection [22,42],
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leading to a fully symmetric resonance in the absence of
exchange field [38]. Another key feature of this regime is that
Rabi rates are proportional to the electric current, exhibiting
anharmonic behavior, since both the current and the Rabi rate
depend on the coupling to the tip. As a result, the STT-driven
regime naturally gives rise to zeroth and higher harmonic res-
onances [80], similar to what the FLT-driven regime does. In
Ref. [26], the authors observed a peak near zero magnetic field
with an intensity comparable to or slightly higher than that of
the first harmonic peak. Notably, this zero-field signal appears
even in the absence of driving. Since these measurements
were obtained in the STT-driven regime, explanations based
on spin bottlenecking [81] or the Hanle effect [46,50] are quite
suitable. Physically, our zeroth harmonic is consistent with
these interpretations.

It is important to emphasize the inherent competition be-
tween the external magnetic field and the coupling to the
spin-polarized electrode, which determines where the spin
will accumulate, as discussed in [41]. In the undriven regime,
if gupB > v, the spin-accumulation term is too weak to
align the spin with the z axis, and instead the spin accumulates
approximately parallel to the magnetic field orientation. This
alignment is not perfect: The residual influence of spin ac-
cumulation together with the torque exerted by the exchange
field prevent the spin from pointing fully along B. Conversely,
if gupB K yLO, the spin-accumulation term dominates, forcing
the spin to align with the z axis. This mechanism underlies the
Hanle effect outside the CB regime [46,50].

In both cases, the sign of the spin accumulation determines
whether the QI is spin-polarized positively or negatively, in-
dependent of the magnetic-field orientation. In this work, we
choose coupling and magnetic field values that realistically
reflect experimental conditions, reproducing FLT Rabi fre-
quencies consistent with experiment and placing us in the
gipB > y? regime. When AC driving is applied, however,
the situation changes in the rotating frame and on resonance
as 6 varies from out-of-plane to in-plane orientations. In the
latter case, the spin accumulates along the z axis in the rotat-
ing frame, while for intermediate angles there is competition
between accumulation along z and parallel to the magnetic
field.

3. Analytical form of the Rabi rate

We could encompass both the FLT and STT Rabi rates
in a complex rate term as A2(¢t) = W(Qsr(t) + iQprr(?)) =
> =02 Levwe(?). Every rate is calculated numerically in the
wide-band limit, which mandates a cutoff in the integral. If
the cutoff energy, E., is much larger than any other energy
in the QI, i.e. E. > |e|, |e + U], the rates will converge
to a value independent of the cutoff [41,46,47,73], which
is the situation in all our calculations. In this case, at ex-
tremely low temperatures, kgTy, <K |8 — ol, € + U — gl,
we can assume that the Fermi distribution function behaves as
a step function,' f(j(e) ~1—0>—uy), fle)=0(—

! An analytical expression for the imaginary part of the Rabi rate at
finite temperatures can be expressed using digamma functions [47],
but we are interested in the low temperature scenario.

Uy), With ©(x) being the Heaviside step function. This ap-
proximation allows us to write the simplest analytical form of
the Rabi rate for a spin-1/2 system as

1
AQ(t) = — Y —yJ(1 + Ay cos(at))*P, sin 0

4
Ue —€—U Ko — €
X |:arctan (T) —+ arctan ( Fl/‘L’C )
i (e —& — U + (l/7.)?
ol ( (e — &) + (R)7c)? ﬂ *)

In the limit 7%i/7, < |€|, € + U, the real part of the Rabi
frequency becomes close to zero in the CB regime, which
results in nearly zero current as well. In contrast, outside of
the CB regime, the sum of the arctan terms gives sign(u) =
msign(Vpc), which depends on the sign of the electrochemical
potential of the polarized electrode. On the other side, the
imaginary part of Eq. (25) does not vanish in the CB regime,
indicating its independence from the current, as we mentioned
before.

B. Spin relaxation time and quality factor 7>

Let us move on to the spin relaxation Eq. (18). Since
our model does not consider any pure dephasing mechanism
and we have not included cotunneling processes, the time
independent part of . is actually the coherence time 75,
which is purely lifetime limited so that 7> = 27;. Assuming
low temperature again, one arrives at an analytical expression
for >,

11 0 AL\ [ _ h/z
L h ;V“ (1 - 7) /oode[f“ e+ /oy

h/t.
e—U)yP+ (ﬁ/tc)z}

1 A2 " —
~ Xa: )’3(1 + 7“) |:71 — arctan (Mh/rcg)
w—e—U
+arctan <L>] (26)

h/z.

An important feature of Eq. (26) is that it saturates rapidly as
we increase |Vpc| outside of the CB regime to

L_1 o 1+A% 27
7, 2n't 2 )

+ fif (e)
(e —

where the right electrochemical potential is grounded and its
contribution can be discarded compared to the left one for
eVpc = ur < € and eVpc > € + U. Equation (27) does not
depend on the induced broadening /7., since the DC bias
is above the energy thresholds and is essentially controlled
by the time-independent left coupling ), which is where the
driving is applied and the tip-atom distance is encoded.

In the CB regime, however, the coherence times depend
on the induced broadening, and a finite value of /i/t. pre-
vents 7, from diverging. This feature is a clear limitation of
the model, as it was mentioned before in the Introduction,
and going beyond it requires extending to higher orders in
perturbation theory of the tunneling amplitude #,, which will
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lead to cotunneling [32,45]. Future extensions of this model
will aim to circumvent such limitation; nonetheless, we set
h/t. < |e], e + U so its influence on Eq. (26) is minimized.
In this way, we can explore the behavior of 7, in the CB
regime, although, at low DC voltage, we expect low current in
line with previous studies [41,45-47,72,73] as the cotunneling
regime becomes more significant in the deep CB regime.

The product Q7 per harmonic is the quality factor of a
qubit, giving the number of Rabi oscillation the spin performs
on resonance before reaching the steady state. We focus on
the Rabi frequency related to lw, the first harmonic, with
eVpc = 1, and the spin polarization and driving only applied
to the left lead. When the QI is driven under STT, the real part
of the Rabi rate dominates, and we obtain

sign(VDC) sin 6 ALPL

lw ~
BT

. (28)

Equation (28) is proportional to the ESR amplitude and
already suggests an optimal value for the driving. Addition-
ally, it indicates that the ESR signal is independent of the

J

couplings to the leads. If the driving is increased substan-
tially, Eq. (28) will tend toward zero, and the ESR signal
will diminish as well. Specifically, the driving value that max-
imizes the first harmonic signal is V2, yielding Qé‘f’TTz =
—sign(Vpc) sin 0Py, V2 /4. Even in the ideal scenario of a fully
polarized electrode and a magnetic field perpendicular to the
exchange field, |Qé$TT2| = «/5/4 ~ 0.35, meaning that in the
STT-driven regime, we are unable to create a robust spin qubit,
as it will complete barely 1/3 of a Rabi oscillation before fully
decaying to the steady state. This does not improve further if
we consider the surviving Rabi rate of the FLT regime instead.
Therefore, the spin is always overdamped in this scenario, and
the ESR driven by STT is mainly useful for polarizing the QI
as an initialization step, although the ESR signal can still be
reasonably strong under suitable conditions [37,38].

On the other hand, the quality factor in the FLT-driven
regime Q¢ 7> offers more flexibility to achieve larger values
because, first, the Rabi rate does not vanish in the CB regime,
and second, a reasonable 7, can be maintained in this regime
while keeping the induced broadening 7/7. low. Considering
again that the DC bias applied to the tip and the sample is
grounded, we arrive at

_jALnyiSn191n(Sﬁxi£tzﬁiﬂlgﬁ)/2

(eVpc+e)>+(h/1.)?

lw ~
QFLTT2 ~

h/t.

Equation (29) depends on both left and right couplings,
unlike Eq. (27), since now ¢ < eVpc < € + U and the terms
left and right are both of a similar order of magnitude. It is
also required to retain the broadening terms to avoid diver-
gences as we are considering low temperatures. Increasing
the coupling of the unpolarized electrode to values where
ve > v, suppresses the ESR signal since Q[ 7> — 0, while
increasing y;, causes the ESR amplitude to reach a saturation
point that becomes independent of the couplings. The former
implies influence from the substrate, indicating that extremely
strong coupling to it leads to no ESR. Equation (29) depends
on the DC voltage and enables further optimization of the
qubit’s quality factor beyond the limit of 1/3 of the STT-driven
regime, as we will detail in the results section. Both extreme
situations between the couplings yield an electric current in-
dependent of the spin polarization, suggesting an ideal factor
between yJ and y. that maximizes the ESR signal in the
FLT-driven regime.

It is worth noting that cotunneling influences the ESR
signal through the decoherence time 75, which yields, for ex-
ample, unexpected DC bias behavior with the ESR signal that
our model cannot reproduce, as shown in [35]. Nonetheless,
the strength of our model lies in the correct characterization
of the Rabi rates through the exchange field and the spin
accumulation, meaning that the driving is correctly accounted
for and naturally given by the model itself once an AC electric
field is considered.

Outside of the CB regime, Eq. (23) does not fully vanish,
but it logarithmically tends toward zero. However, the 7> drops
much faster, making Eq. (29) extremely small for any driven
regime, preventing any quantum control. Thus, both FLT and

yLO(l + A?i)[” — arctan (EVDC*E) + arctan (M

(29)

e )]+ v2[ + arctan (h/%) — arctan (i;f)]

(

STT regimes will give a measurable ESR signal in the electric
current, though their origins and utilities differ significantly,
as we will show in the Results section, STT-ESR provides a
strong spin polarization of the QI, whereas for the FLT-ESR,
the QI can be reliably used as a spin qubit.

C. Energy dressing

Returning to the exchange field, we observed that the FLT
Rabi rate can be interpreted as the projection of the exchange
field onto the axis perpendicular to the spin in the plane
containing both the exchange field and the spin itself. How-
ever, we initially ignored the projection of this field along
the eigenbasis axis. On it, the Hamiltonian is diagonal, and
the projection of the exchange on this axis will change the
energy of the states, usually referred to as dressing or Lamb
shift. This projection provides a Zeeman-like splitting even
in the absence of an external magnetic field, as long as the
exchange field and spin are not perpendicular. When an exter-
nal magnetic field is applied, the energy shift will modify the
resonance frequency of the spectrum, shifting it relative to the
bare resonance frequency given by fo = A, /h = gugB/h.
Following this geometric interpretation, we define the energy
(or frequency) shift as

SE(t) = héf(t) = h(fy — fo) = gitpBexen(t)cos d
=2 ZPO, [Im (T 550, (1) — T 50, (1)) cos 6, (30)

where f; is the dressed resonance frequency. The time-
dependent component in Eq. (30) does not affect the spin
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dynamics, as it aligns with the eigenbasis axis, though we
include it here for completeness.

By neglecting the Zeeman energy relative to the charge
energies, we obtain a useful relation between the Rabi rate
and the energy shift,

hf(t)sin6 = 2hQpr(t) cos b. (€28)

This relation was used to derive Eqgs. (17a) and (17b). Equa-
tion (31) provides a straightforward method to effectively
measure the Rabi frequency, given the knowledge of the fre-
quency shift and the angle between the tip and the external
magnetic field. Another important detail about the energy
dressing is how it affects zero-harmonic and higher-harmonic
signals. Writing Eq. (5) in Floquet components, as in [37,38],
shows that in general the resonance frequency per harmonic is
hfuw = (A + h8f)/n, which makes the energy shift depen-
dent on the harmonic n (or Floquet number). Interestingly, if
we move to the perspective of the magnetic field being swept
at a fixed frequency, the resonance magnetic field per har-
monic will be B,, = h(nf — §f)/gup. This implies that the
shifting in the magnetic field domain is the same per harmonic
since §f is not altered by n. Following the equations above,
the zero-harmonic feature in the frequency domain appears at
zero frequency, while in the magnetic field domain, it does at
—héf/gip = —Bexch cOs 0. As a consequence, this offset can
be used to measure the exchange field indirectly, a proposal in
line with other studies [46].

IV. RESULTS

In this section, we examine key points from the previous
discussion of the theory through numerical analysis, high-
lighting the differences between ESR signals of the first
harmonic only driven by STT and FLT. Model parameters
were chosen to ensure a strong ESR signal from an S = 1/2
system in the FLT-driven regime while keeping the system
weakly coupled to the leads under driving, as per similar
requirements in [38]. We summarize the parameters employed
in our simulations next.

The left lead represents the spin-polarized tip with a spin
polarization of P, = 0.8 in agreement with the findings in
[35]. The coupling strengths are set to y5 = 3 x ¥ = 15 pueV
for all simulations, and the temperature is equal to 7 = 1 K
for both the left and right leads. In the context of ESR-STM
experiments, this implies that the tip-sample distance is con-
stant and the background current will change accordingly
with the DC bias. The DC bias drop is applied to the tip so
eVpc = pup since we align the electrochemical potential of
the right lead with the Fermi energy, which defines the zero
energy. The singly occupied energy is ¢ = —100 meV, and
the Coulomb repulsion is U = 250 meV. These values offer a
realistic enough exploration of both tunneling regimes, not so
far off from DFT and other predictions [28,82].

We have increased the intrinsic width of the impurity states
to /1. = 0.25 meV, compared to the one used in [38], allow-
ing exploration of the CB regime while maintaining /7, <
le], € + U. The driving amplitude is set to A, = 50%, applied
only to the polarized lead, consistent with the experimental
setup. Finally, the Zeeman splitting provides a bare resonance
frequency of approximately fy = 16.8 GHz, with an isotropic

g factor of 2 and B = 0.6 T. The Zeeman energy that appears
in the rates is not neglected in the numerical simulations,
even though its contribution is extremely small. The energy
dressing will modify the resonance position to a value fj =
8f + fo, see Eq. (30), which is taken into account to perform
on resonance simulations. Additional parameters are specified
in figure captions.

A. Spin accumulation, current, and populations vs DC bias
under no AC voltage

As a preamble, we first look at the behavior of the impurity
spin in the absence of an AC driving field to separate the
dynamics induced by the electric current from those of the
ESR processes. As a consequence, only the spin accumulation
and relaxation terms will influence the dynamics since the
time independent exchange is much smaller than the external
magnetic field (teslas compared to milliteslas for the parame-
ters used). Figure 2(a) shows the effect of spin accumulation
on the spin dynamics on the Bloch sphere at eVpc > ¢ + U,
torquing the thermally initialized QI towards a positive spin
polarization, mostly aligning with |1), following the sign of
(8;)acc 1n Fig. 2(b) at large positive DC bias. The spin does
not accumulate along the magnetization direction of the tip
(z axis) because the strong magnetic field, with 6 = 7 /18 or
10°, dominates and aligns the spin approximately parallel to
it, pointing towards the excited or ground states depending on
whether the sign of (s.)acc 1S positive or negative, respectively.
If the Zeeman splitting is much smaller than the coupling to
the spin-polarized electrode, the spin impurity will be spin
accumulated out-of-plane, aligned with the magnetization of
lead.

The effect of spin accumulation persists even in the CB
regime, albeit weaker, vanishing completely at zero volt-
age. There is, however, a competition between the relaxation
time, which ranges from 0.2 to 50 ns [Fig. 7(a) below], and
B/ ($;)acc, leading to different results depending on the DC
bias. In the CB regime, 7i/(S;)acc > Trel, SO the spin evolution
is dominated by the spin relaxation time, as the accumulation
term acts extremely slowly on the QI. This opens the possibil-
ity of an FLT-ESR signal since the time-dependent exchange
field will have “time” to torque the spin coherently, produc-
ing Rabi oscillations. On the other hand, above the energy
thresholds outside of the CB regime, both the relaxation and
spin accumulation times are of the same order of magnitude,
forcing the QI to be spin accumulated in the eigenbasis axis
before any coherent evolution occurs. Therefore, AC driving
that leads to a time-dependent spin accumulation will provide
an incoherent STT-ESR signal, as we will see in the following
sections.

As a final remark, Fig. 2(c) shows the populations as a
function of the DC bias, revealing a QI that is singly occupied
throughout the CB regime; the empty and doubly occupied
states become populated once the DC bias exceeds the thresh-
olds at ¢ and ¢ + U, respectively. This occurs when enough
energy is available to remove or add an electron to the QI.
The small overshoot in the ground-state population at negative
bias (also present, but smaller, at positive bias) results from the
positive spin polarization together with the excited state leav-
ing the CB regime slightly before the ground state owing to
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FIG. 2. Influence of the transport regime on the spin dynamics
without AC driving. (a) Time evolution of the impurity spin under
a positive DC bias above ¢ + U with a value eVpc = —2¢ > 0. In
the steady state, the initial state is polarized towards the |1) state
from the thermal initialization (S)erma = (—0.033, 0, —0.188) (red
arrow), which mostly points at || ), since 6 = 7 /18. This means
the quantum impurity rapidly forques when the DC bias is on and
positive spin-polarized electrons are injected from the tip. (b) Spin-
accumulation rate [Eq. (19)] and its inverse as a function of the DC
bias at constant tip-sample distance. The spin-accumulation term
dominates above the energy thresholds ¢ and ¢ 4+ U but drastically
drops off in the CB regime. The opposite behavior is observed when
looking at its inverse (in blue), which diverges at zero voltage. The
inset shows the transition region at positive voltages, where 7/ (S ) acc
saturates to 0.72 ns, indicating fast dynamics of the spin accumula-
tion acting on the QI. (c) Populations (left axis) and absolute value
of the current (in blue, right axis, log scale) as functions of the
normalized DC bias. Outside the CB regime, the current is large and
constant [~sign(Vpc) x 240 pA], and higher-energy states (doubly
and empty QI states) can be slightly populated. Inside the CB regime,
the population is fully governed by the singly occupied states, and the
current rapidly decreases, exhibiting an arctan behavior, see Eq. (C2).
The QI satisfies detailed balance (3, p; = 1) at all DC bias values.

the small Zeeman splitting. Consequently, the left lead, which
is positively polarized, reduces the population of the up-like
(excited) state, an effect difficult to visualize since this pop-
ulation already begins to decrease as eVpc — &, producing
a sudden increase in the ground-state population (down-like)
at eVpc = € + gupB/2. At the positive threshold energy, the
overshooting is less pronounced due to the inversion of popu-
lations at the ¢ 4+ U level. If the spin polarization is negative,
the behavior of Fig. 2(c) is essentially reversed with respect
to the DC bias, being the strongest sudden overshooting at
eVpc = ¢ +U — gupB/2. Figure 2(c) also displays the ab-
solute value of the current, Eq. (12), which remains constant
outside the CB regime and decays rapidly within it, in agree-
ment with the analytical expression in Appendix C, Eq. (C2).
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FIG. 3. ESR outside of the CB regime; out-of-plane magnetic
field. (a) Bloch sphere representation of the spin components, on
resonance with the AC field, in the laboratory frame for 6 =
/18 and positive eVpc/|e| = 2. The spin is initialized thermally
at (S)ermar/fi = (—0.033, 0, —0.188) (red arrow). The positive DC
bias causes the spin to flip to its spin polarization in the steady
state as a consequence of the spin-accumulation term. At the same
time, the spin continuously performs Larmor oscillations even in
the steady state. The Bloch sphere axes are reduced for clarity. (b)
Time evolution of the current, Eq. (12), from the thermal state,
reaching the steady state after 2 ns. (c) Corresponding ESR electric
current signal Al = I, — Igg in the STT-driven regime in the fre-
quency domain. The resonance frequency is slightly different to the
bare one at 16.8 GHz, being now fj = Af + fy = 17.07 GHz due to
the energy dressing.

Because of numerical limitations, the current at Vpc = 0 is
quite small but nonzero.

B. ESR in the STT-driven regime

We now examine the effect of adding an AC component
to the bias, which will lead to an ESR driven by current,
an effect also referred to as spin-transfer torque (STT)
in [26]. Specifically, we analyze two scenarios when the
AC field is on resonance with the Zeeman splitting: an
almost out-of-plane magnetic field (Fig. 3), and an in-plane
magnetic field (Fig. 4). The current outside of the CB region
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FIG. 4. ESR outside of the CB regime; in-plane magnetic field.
(a) Bloch sphere representation of the spin components, on res-
onance with the AC field, in the laboratory frame for 6 = /2
and eVpc/|e| = 2. The spin is thermally initialized at (S)ermal /%2 =
(—0.19, 0, 0) (red arrow). Here, the spin accumulation forces align-
ment with the eigenbasis axis of the spin in the steady state, leading
to continuous Larmor oscillations in the zy plane. (b) Time evolu-
tion of the current, Eq. (12), from the thermal situation. (c) ESR
electric current signal in the STT regime for the case of (a) in the
frequency domain Al = I; — Ipg. Since in-plane initialization leads
to no dressing, the resonance occurs at the bare one f; = 16.8 GHz.
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reaches amplitudes of nA with the chosen coupling values.
A completely out-of-plane magnetic field will give no ESR
signal for a spin-1/2 system, as the spin and the driving
field (from spin accumulation or exchange field) are aligned.
In Fig. 3(a), we choose the magnetic field to be mostly
out-of-plane (f = 7 /18° or 10°) as in Fig. 2 and show the
time evolution of the spin vector starting from the thermal
state on the Bloch sphere. The applied voltage reverses the
populations of the singly occupied states, similarly to the
nondriven case, which was initially mostly || ), resulting in
the spin of the quantum impurity being polarized towards |1)
for positive bias. Contrarily, for a negative DC bias, the spin
would polarize towards || ). As it was mentioned in the pre-
vious section, this behavior is dictated by the sign of the spin
accumulation, which is determined by the DC voltage and
spin polarization.

Figure 3(b) illustrates the spin dynamics, characterized by
fast Larmor oscillations that persist even in the long-time
limit. These oscillations occur in a plane perpendicular to
the eigenbasis axis, parallel to the external magnetic field,
see Fig. 3(a), and arise from the time-dependent spin accu-
mulation. This accumulation, proportional to the polarized
current, attempts to torque the accumulated spin toward the
spin-polarization axis, which in result makes the crossed prod-
uct s x B nonzero, forcing the spin to torque with an intensity
proportional to sin 6. In this regime, the populations remain
practically frozen, and the Larmor oscillations only modify
the coherences, making the ESR current fully governed by
them [38].

Figure 3(c) shows the corresponding frequency behavior.
Although the ESR signal is significant, the background cur-
rent is three orders of magnitude higher, resulting in an
extremely low ESR signal relative to the background. This is
expected in the STT-driven regime for the parameters used,
as reflected in the low-quality factor Q2grr7>. The signal ex-
hibits an asymmetric Fano profile due to the exchange field
and the residual presence of homodyne detection. However,
it becomes fully symmetric when eVpc > ¢ + U, where the
exchange field vanishes [see Eq. (25)].

For the in-plane configuration, Fig. 4(a), the strongest Lar-
mor oscillations and ESR signals [Figs. 4(b) and 4(c)] are
achieved. The Larmor precession now occurs in the zy plane,
again perpendicular to the magnetic field and the eigenbasis
axis. If the STT-driven regime would follow the homodyne
detection previously reported [22,42], the ESR signal would
be minimal or zero since the impurity spin and spin polar-
ization of the tip are perpendicular, and the ESR signal is
proportional to their scalar product. However, in this regime,
this limitation does not hold as the spin will be driven towards
the z axis by the spin accumulation. After this initial push,
the spin feels the torque from the external magnetic field,
from the cross product (s) x B. This torque is maximized
for in plane configurations, producing a stronger ESR signal
compared to the out-of-plane situation. This interaction allows
for the initial oscillatory evolution of the spin, observed in
both Figs. 4(a) and 3(a). Shortly thereafter, the spin settles
into oscillations within the zy plane in Fig. 4(a), driven by the
time-dependent spin accumulation and the torque exerted by
the external magnetic field.

The role of the exchange field in this scenario is analogous
to the out-of-plane case; however, the ESR signal in Fig. 4(c)

is nearly symmetrical. This symmetry arises because, when
the spin is initialized along a Cartesian axis, (s;) in Eq. (13)
depends solely on either the populations or the coherences, but
not on a combination of both. Consequently, no Fano profile
emerges. Specifically, for an in-plane magnetic field, the z
component of the spin depends only on the real part of the
coherences, while the x component reflects the populations.
Another way to view this is that the FLT-driven ESR is not
detected/observed at 90° because of the Homodyne detection,
and the measured response is the result of the STT-driven ESR
alone, which provides a fully symmetric ESR.

Importantly, in the laboratory frame, with an initial in-
plane configuration, the spin cannot polarize because the
spin-accumulation term is fully perpendicular to the external
magnetic field. Note that in the in-plane configuration, the
populations, measured in the x axis, also remain unperturbed
in the long-time limit as observed in the out-of-plane situation
Fig. 3. Interestingly, in the rotating frame, the torque exerted
by the spin accumulation becomes increasingly influential
as the angle changes from the out-of-plane to the in-plane
configuration, with the latter causing the spin to align with
the z axis in the rotating frame.

The reader may notice that the ESR signal in both cases
[Figs. 3(c) and 4(c)] are dips (a reduction of the current
on-resonance), which is a direct result of the STT-driven
regime at positive bias. In this regime, the coherences peak
on resonance while remaining zero off resonance. Accord-
ing to Eq. (12), this behavior produces a dip in the signal.
Conversely, under a negative DC bias (eVpc < ¢), the current
becomes negative and the ESR signal will flip from a dip to a
peak. However, the ESR signal cannot flip by merely changing
the sign of the spin polarization because an additional sign
change occurs in the z component of the spin, effectively
preserving the overall response. Higher-order tunneling pro-
cesses could induce additional flipping of the signal though.

C. ESR in the FLT-driven regime

We now shift our focus to the CB regime, where FLT-
driven resonance dominates. This regime favors quantum-
coherent manipulation of the spin over the spin polarization of
the impurity spin since the spin-accumulation term is signifi-
cantly minimized. This reduces the impact of the completely
decoherent polarized current on the impurity, enabling the
spin to be used as a qubit. FLT-driven regime is basically
equivalent to conventional ESR, where a time-dependent mag-
netic field induces a resonant transition. As highlighted in the
theoretical discussion, this allows for quality factors Q17>
to reach their upper limits, constrained only by the ability to
enhance 7, for a fixed Rabi rate. Notably, this enhancement
is strongly dependent on the DC bias, making it the critical
factor in achieving high coherence for spin manipulation.

In Fig. 5(a), we present the first example of Rabi oscilla-
tions in the spin system under a magnetic field tilted by 7 /18
radians relative to the spin-polarization axis. This is shown
at the optimal voltage, eVpc/le| = 1.275 < eVpc/(e + U) =
1.5, which maximizes the quality factor Qg 173, as will be
discussed in the next section. Specifically, Fig. 5(a) illustrates
the coherent exchange of populations between the mostly
[1) and |]) states. Importantly, during these oscillations, the
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FIG. 5. ESR in the Coulomb blockade regime; out-of-plane mag-
netic field. (a) Bloch sphere representation of the spin components
in the rotating frame for a magnetic field tilted by 6 = 7 /18 and a
bias voltage of eVpc/|e| = 1.275, where the maximum quality factor
QT, =~ 6 is achieved. The spin is thermally initialized at (S)nerma =
(—0.033, 0, —0.188) and experiences a torque due to the time depen-
dent exchange field. This torque causes the spin to precess in a plane
with the normal vector n = ( — sin(47/9), 0, cos(47 /9)). (b) Time
evolution of the current, Eq. (12), showing up to six Rabi oscillation
cycles before decaying to the steady state in the rotating frame. (c)
ESR signal, Al = I} — Igg, DC contribution, featuring a peak with
a subtle Fano profile. The resonance frequency is slightly tuned with
respect to the bare one to be f; = Af + f; = 17.146 GHz because
of the energy dressing.

transient states |0) and |2) remain nearly unpopulated, in
stark contrast to the STT-driven regime, where these states
significantly contribute to the spin-accumulation term. This
highlights the pivotal role of the DC bias value, as sweeping it
enables a transition from the STT regime to the FLT regime.
Such a transition allows the STT regime to serve as a spin
initialization and the FLT regime to facilitate precise spin
control, aligning with the suggestions made in [26].

The current in the rotating frame, as shown in Fig. 5(b),
directly reflects the Rabi oscillations of the spin, as it cor-
responds to the z component of the spin. Notably, the DC
contribution here is significantly smaller than that in Fig. 3(b),
as we are in the CB regime. This reduced DC contribution al-
lows for a relatively long coherence time 7, of approximately
35 ns without diminishing the contribution of the exchange
field. An interesting aspect is observed in the ESR signal
[Fig. 5(c)], which now exhibits a sharp peak instead of the
dips seen earlier. This occurs because the ESR signal depends
not only on the coherences but also on the populations of
the spin states when the spin Rabi oscillates. On resonance,
the populations tend toward a 50/50 distribution if the driv-
ing force is sufficiently strong, as expected in classical ESR
simulations. At positive bias and spin polarization, the off-
resonance population in the long-time limit leads to (s;) > 0, a
product of, albeit small, spin accumulation, and consequently,
the ESR signal on resonance manifests as a peak, see Eq. (12).
Conversely, at negative bias, the signal flips to a dip, with an
inverted Fano profile.

We now turn to the time evolution of an in-plane initial-
ized spin, Fig. 6(a). The Rabi rate Qg is maximized at
6 = m /2 radians, where the projection of the exchange field
perpendicular to the spin is greatest, effectively maximizing
the torque exerted by the exchange field. A notable feature
in this simulation is the spin being pulled toward the positive
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FIG. 6. ESR in the Coulomb blockade regime; in-plane magnetic
field. (a) Bloch sphere representation of the spin components in the
rotating frame for a magnetic field aligned with the plane (6 = 7 /2)
and a bias voltage of eVpc/|e| = 1.275, where the maximum quality
factor Q7T, ~ 36 is achieved. The spin is thermally initialized at
(S)thermal = (—0.19, 0, 0) and undergoes torque to the exchange field,
leading to precession in a plane with the normal vector n = (0, 0, 1).
(b) Time evolution of the current, Eq. (12), showing approximately
36 Rabi oscillations before decaying to the steady state in the rotating
frame, closely matching the z component of the spin, not the x
component. (¢) ESR signal, Al =1, — Igg, DC contribution, dis-
playing a dip without a Fano profile in the frequency domain. Since
in-plane initialization leads to not dressing, the resonance frequency
is 16.8 GHz.

z axis of the Bloch sphere. This phenomenon is attributed to
a non-negligible spin accumulation, which is expected given
the DC bias’s proximity to the threshold ¢ + U. This residual
spin accumulation explains a nonzero ESR signal even in the
perpendicular configuration between the tip’s magnetization
and the impurity spin, where typically no signal is found
because of the homodyne detection rendering the FLT-driven
component unobservable, even though the Rabi rate is max-
imized [22,42]. Since this measured response is the result of
the remanent contribution from the STT-driven regime alone,
a fully symmetric ESR is obtained, see Fig. 6(c), although
without the strong damping effect of the STT regime since
h/“z)acc > T2~

Since the current measures the z component of the spin, it
does not reflect the Rabi oscillations as clearly as in the out-of-
plane case, as confirmed in Fig. 6(b). However, the current’s
maxima and minima in the rotating frame still correspond to
the spin being in the ground and excited states, respectively,
demonstrating controllability of the spin, visible only because
of the small driving contribution from STT. Further reducing
this contribution by lowering the DC bias would completely
suppress the ESR signal. It is worth noting that while our the-
ory lacks a fully developed cotunneling framework, it captures
key aspects of the detection mechanism, particularly homo-
dyne detection. This is evident from the intensity minimum of
the ESR signal in Fig. 6(c), despite the higher quality factor
QprrT, in the in-plane configuration compared to the out-of-
plane case Fig. 5(c). Thus, we conclude that, while our model
has limitations, it successfully incorporates the homodyne
detection, and it aligns with experimental results, indicating
that out-of-plane magnetic fields yield stronger ESR signals
than in-plane configurations.

If we examine the spin dynamics on the Bloch sphere in
the laboratory frame instead of the rotating frame, the spin
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exhibits an additional Larmor oscillation perpendicular to the
plane in which the spin undergoes Rabi oscillations. This
arises from the cross product between the spin and the external
magnetic field.

D. On the measurability of QI spin dynamics via the current

We wish to clarify the physical interpretation of the charge
current as a probe of the quantum impurity (QI) spin state,
particularly in the context of coherent dynamics. While the
current results from tunneling processes that inevitably affect
the occupancy of the QI, it nonetheless acts as a form of weak
measurement of the QI spin. Specifically, in the CB regime,
the impurity remains singly occupied for long durations, and
tunneling events are rare and weakly perturbative. In this
regime, the spin-dependent tunneling rates provide a continu-
ous readout of the QI spin projection along the axis defined by
the spin polarization of the lead. The average current is thus
sensitive to the expectation value of the spin component paral-
lel to this axis, a principle that underlies the interpretation of
ESR-STM magnetoresistant contrast and resonance features
in numerous experimental works [1,5,6,23,25]. Since in the
CB regime, where the QI remains mostly singly occupied,
tunneling-induced decoherence is rare and minimal, allowing
for coherent spin evolution over timescales much longer than
the average time between tunneling events.

This interpretation is analogous to weak projective mea-
surements in quantum computing, where the measurement
of a qubit’s state is performed via its coupling to a pointer
observable, such as a dispersive resonator or a charge de-
tector [83]. There, as in our case, the observable read out
(current or voltage) does not project onto a pure eigenstate in
a single shot, but rather accumulates statistically meaningful
information over many repetitions or over long-time aver-
ages. Our theoretical simulations incorporate this principle:
We compute the time-dependent current arising from the QI
spin dynamics and extract measurable features (resonance
position, linewidth, contrast) by ensemble averaging encoded
in the populations, coherences, or expectation values of the
spin components.

The situation is essentially similar in the STT regime,
but transport is now highly incoherent. Frequent tunneling
events rapidly degrade spin coherence, as reflected in the
short 7, times obtained in our simulations. Although 7, can
be partially enhanced, the incoherent nature of STT-driven
ESR persists. Nonetheless, the current remains sensitive to
the quantum evolution of the spin, particularly under resonant
driving. We therefore interpret the current not as a fully pro-
jective measurement of the spin state at each instant, but as a
time-resolved, spin-selective probe whose averaged behavior
reflects the underlying quantum dynamics. This perspective
is fully consistent with experimental ESR-STM protocols
[1-30] and provides a natural basis for using the current
as both a readout and a feedback channel for coherent and
incoherent spin manipulation.

Let us now take a closer look at the experimental mea-
surements and what setup enables precise spin readout. For
concreteness, we refer to Ref. [11]. In STM, Rabi oscillations
and other coherent control experiments are implemented using
pulsed-ESR, where the spin state is driven by nanoscale RF
pulses at the resonance frequency. The readout is based on

lock-in detection of the tunneling current, which alternates
between two measurement cycles. In cycle A, the RF drive
is applied for a finite duration before the spin is allowed to
relax, while in cycle B only the DC current is measured, RF
is off. Subtracting the signals from these two cycles isolates
the contribution of the driven spin dynamics. Rabi oscillations
are then reconstructed by systematically varying the RF pulse
length in cycle A. Longer pulses rotate the spin further on the
Bloch sphere before relaxation, producing a distinct modu-
lation of the tunneling current. Each data point corresponds
to the average over hundreds of repeated A-B cycles and
sweeping the RF pulse length in the cycle A, reconstructs the
full Rabi oscillation.

Homodyne detection ensures that the measured current
reflects the spin component parallel to the tip’s magnetiza-
tion axis. In our model, this detection operates only in the
FLT regime. In contrast, STT relies on a different detection
mechanism but it also encodes the spin state under an inco-
herent evolution [26]. In all cases, the extremely fast Larmor
oscillations are not resolved because of the limited temporal
resolution of the instruments. Consequently, FLT measure-
ments capture only the slower Rabi oscillations, as shown
in Figs. 5(b) and 6(b), whereas STT measurements exhibit
an exponential decay, i.e., without the fast precession seen
in Figs. 3(b) and 4(b). These results are in agreement with
Ref. [26].

E. Behavior of £ and 75 under DC bias

In the following, we explore the behavior of the Rabi
frequency 2 and coherence time 75 as functions of the easily
adjustable experimental parameter eVpc for the out-of-plane
situation studied in Figs. 3 and 5. The result for 75 is shown
in Fig. 7(a) while the one for the Rabi rates is depicted
in Fig. 7(b). We separate the contributions from the STT
and FLT driven regimes in Fig. 7(b), as these evolve quite
differently under varying DC bias. The behavior of 75 is
relatively straightforward to understand based on the previous
discussion. In the low-bias CB regime, the current through the
impurity is not a full one-electron process. Since scattering
between the transport electrons and the impurity is the primary
source of decoherence in this model, the coherence time is
maximized. Therefore, the CB regime effectively protects the
impurity spin from the decoherence induced by the polarized
current. As we approach the charging thresholds ¢ and ¢ + U
exiting the CB regime, 7, rapidly decreases. Because of the
single orbital nature of our model, 7, then reaches a constant
and very small value once the DC bias Vpc exceeds these
thresholds. This demonstrates that the choice of Vpc is critical
to achieve favorable conditions for quantum control.

Figure 7(b) illustrates the behavior of the Rabi rate in both
the STT and FLT driven regimes. In the CB regime, the FLT
Rabi rate dominates over the STT Rabi rates, following a
logarithmic behavior, as indicated by the imaginary part of
Eq. (25). For low biases, Qg exhibits a linear dependence
that does not vanish at zero DC bias, which explains the
presence of an ESR signal at Vpc = 0 meV, even though
the signal intensity is low because of the minimal current
passing through the impurity. As the bias approaches the CB
regime threshold, Qpr 1 becomes highly nonlinear, reaching a
maximum (minimum) at € + U (g). According to Eq. (29),
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FIG. 7. Rabi rate and coherence time behavior under DC bias.
(a) Coherence time 75> as a function of the DC bias. A maximum
of roughly 50 ns is achieved at the electron-hole symmetry point
(vertical red dash-dotted line). The thresholds at ¢ and ¢ + U are
marked as vertical blue dashed lines, after which the 7, time drops to
0.23 ns. (b) Rabi frequency behavior in both the FLT (solid line) and
STT (dotted line) driven regimes as a function of DC bias. Both Rabi
rates follow the equations from the theory section. (c) Figure of merit
QT,, which determines the number of Rabi cycles and the efficiency
of the ESR signal if the homodyne detection is not playing a role.
Even in the absence of clear Rabi oscillations due to a small 75, the
product Q7 can still be large enough to produce a significant ESR
signal.

Qprr would theoretically diverge at ¢ + U and ¢ for i/7, <
e + U, |¢|, but finite temperature will act as a natural cut-off
if considered, preventing this divergence. Above the energy
thresholds, the STT Rabi rate emerges strongly, leading to an
incoherent ESR signal, as shown in Figs. 3 and 4. The sign of
the Rabi rates in each driven regime determines the rotation
direction: a negative sign induces clockwise rotation in the
Bloch sphere, while a positive sign results in counterclock-
wise rotation.

0.1 From Equation (30)]

50
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FIG. 8. Shifting of the ESR resonance position with DC bias.
The ESR signal intensity, normalized to the background current, is
shown as a color map, revealing peaks at positive DC biases and
dips at negative DC biases. As the voltage approaches the thresh-
olds ¢ and ¢ + U, the ESR efficiency decreases substantially. The
observed frequency shift agrees with the prediction of Eq. (30), we
have computed 8f/fo = (fy — fo)/fo, which deviates by up to ap-
proximately 8% (about 1.3 GHz) from the bare resonance frequency
fo=gupB/h =168 GHz. Af = f — fyand Al = I, — Ipc.

At the electron-hole symmetry point, located at eVpc =
e+ U/2 =25 meV, the additional energy required to add or
remove an electron is equal, balancing the electron and hole
processes and causing the exchange field, Qg 1, to vanish,
resulting in zero ESR signal. Notably, at this symmetry point,
the coherence time 7, reaches its maximum value, indicating
that the impurity spin is most effectively shielded from the
influence of the decoherent polarized current when the elec-
tron and hole processes cancel out each other. It is important
to note that the electron-hole symmetry point may be absent
if we do not apply the wide-band limit approximation in the
density of states of the electrodes.

Figure 7(c) shows the figure of merit 75, indicating a
maximum of roughly six Rabi cycles before the steady state
is reached for the FLT Rabi rate, as clearly depicted in Fig. 5.
This underscores the importance of optimizing the DC bias to
operate in the CB regime to achieve the best possible condi-
tions for quantum control. Contrarily, the Qgrr behavior only
emerges outside the CB regime when the spin accumulation
dominates the dynamics, as Fig. 7(b) shows. Therefore, the
product Qgrr7> does not have a large value for any DC bias, as
we inferred from Eq. (28). Therefore, the STT-driven regime
is inadequate for quantum control, but it can be utilized to
polarize the QI to initialize the spin, as we already showed in
Fig. 3.

F. Full DC voltage mapping and energy dressing

In this section, we examine the ESR signal response under
varying DC bias for a fixed polar angle of 8 = 7 /18. The
results are presented in Fig. 8, where a 2D color map high-
lights the normalized ESR signal relative to the background
(baseline off-resonance) current, preserving the characteristic
peak and dip behaviors. The efficiency of the ESR signal
closely follows the figure of merit Qg 7> shown in Fig. 7(b),
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demonstrating low efficiency outside the CB regime beyond
the energy thresholds ¢ and ¢ + U for the parameter used here.

As the DC bias approaches zero, the background current
diminishes, albeit at a different rate compared to Al. This
results in a nonzero ESR signal at zero bias, a phenomenon
reported previously [20,35]. This observation aligns with the
earlier discussion that Qpir does not vanish at zero bias
but rather at the electron-hole symmetry point, eVpc/le| =
14+ U/2le| = 0.25. Indeed, there the signal completely dis-
appears, as predicted by the exchange field formula, Eq. (23),
and observed in Fig. 7. It is worth mentioning that if we boost
the STT-driven ESR in the CB regime by forcing a larger
h/t., the signal at the symmetry point can become finite since
it will be STT mediated. This outcome of the model is not
strictly physical, since increasing the broadening in this way
is not fully consistent within a sequential tunneling picture;
however, a similar effect could occur if cotunneling processes
were incorporated into the model.

An intriguing phenomenon observed in Fig. 8 is the
shifting of the ESR resonance position. We emphasize that
in these simulations, the tip-sample distance is kept constant;
therefore, the couplings remain unchanged while sweeping
the DC bias. This dressing of the resonance energy arises from
the projection of the exchange field onto the eigenbasis axis
of the spin and only vanishes at the electron-hole symmetry
point or when the spin is initialized exactly perpendicular to
the exchange field. In these cases, the resonance occurs at the
bare resonance frequency fo = gupB/h = 16.8 GHz.

This frequency shift has been consistently reported in the
literature [1-30], with various explanations proposed. Re-
cently, it was attributed to a change in the g factor induced
by the electric field of the DC bias [20]. However, experi-
mental results [28], supported by DFT simulations, show that
the net effect of the DC bias on the magnetic moment is
orders of magnitude too small, ruling out g-factor variation
as the leading cause. Reference [23] further excludes a g-
factor contribution: a g-modulation would preclude the use of
Fe atoms to drive the single spin-1/2 Ti atom, contradicting
experimental observations, a point discussed in detail by some
of us in Refs. [28,84]. This leaves the exchange field as the
most plausible mechanism for the phenomenon, though minor
contributions from other sources cannot be entirely ruled out.

In fact, recent measurements provide supporting evidence
for this mechanism [28,30], with the latter work clearly il-
lustrating the nonlinear region in Fig. 8. Additionally, the
observable resonance frequency shift has been employed as a
direct experimental method to extract the impurity parameters
e and ¢ 4+ U [28,30], in good agreement with DFT simulations
[82]. Since the shift depicted in Fig. 8 is proportional to Qg
shown in Fig. 7(a), see Eq. (31), measuring the resonance shift
provides a practical way to determine the Rabi rate. This pre-
diction could be tested using alternative Rabi-rate estimation
methods, such as that presented in [25].

G. Vector field dependence of the Rabi rate and ESR signal:
Homodyne detection

The polar angle 6 formed between the external magnetic
field and spin polarization of the tip appears naturally in all
quantities of interest and is closely related to measuring an

------- eVpe/lel = —0.775
—-eVpe/|e| = 1.275

180

0 (degrees)

FIG. 9. Example of the ESR signal behavior on resonance, cal-
culating the total amplitude Al, = \/AI? + AI2, at negative (dotted
line) and positive (solid line) DC bias as a function of the polar angle
6 formed between the magnetic field and the tip spin polarization.
The maximum ESR signal occurs at a predominantly out-of-plane
angle, as a result of homodyne detection. A sizable signal for an
in-plane angle arises because of the spin accumulation.

efficient ESR signal, as we observed by comparing Figs. 5(c)
and 6(c). As such, it is important to understand the behavior
of our model with respect to 6. Furthermore, since the static
magnetic field angle is a parameter easily adjusted in some
experiments, confirming the agreement we have between
model and experiment will provide validity of the driving field
emerging from the modulation of the exchange magnetic field
and the hopping.

As an example of the angle behavior, we have Fig. 9
showing the total ESR amplitude Al, = ,/AI? + AI? for
the optimal DC bias values that maximize the quality factor
QrrTs, see Fig. 7(c). Al denotes the symmetric part of the
ESR signal, while Al, provides the asymmetric part. Both
are extracted from fitting the raw ESR signal to a symmet-
ric and an antisymmetric Lorentzian center on the resonance
frequency following Ref. [26],

1 26
Al =1 — Iy = AIS]+52 Ala1+82,
where 8§ =2(f — f))/W =2(f — fo—8f)/W, with W the
full width at half maximum.

At6 = 0 or r, the ESR signal vanishes completely because
the driving field and the spin are parallel. Experimentally, this
is not observed, likely because the tip forms an angle with the
plane containing the spin i.e., in experiments the magnetiza-
tion direction of the tip is generally not exactly aligned with z
as in the model. This can be incorporated in the simulations by
tilting the plane in which the magnetic field lies by an angle
y relative to the spin polarization along z, so that the spin and
tip directions do not lie in the same plane, see Appendix D.

Outside 6 = 0, 7, the ESR amplitude at positive and neg-
ative DC bias follows the homodyne detection pattern, with
a maximum out-of-plane (6 ~ 10°), which matches the ex-
perimental evidence [22,42]. However, at 90°, we encounter
a local minimum, which goes against the conventional ESR-
STM measurements, since the homodyne detection predicts
zero amplitude for in-plane angles as the ESR signal is
proportional to the scalar product of the spin and the mag-

(32)
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FIG. 10. Full DC and vector field dependence (Homodyne de-
tection). (a) 2D color map of the ESR total amplitude Al, =
VAIZ + AIZ, normalized to the background current, keeping its
sign, as a function of the polar angle and DC bias, highlighting
regions of high ESR efficiency. Al; and Al, denote symmetric and
asymmetric component, see Eq. (32). At 6 =0, 7 and along the
electron-hole symmetry lines, no ESR signal is observed. White
dashed lines indicate the cuts shown in Fig. 9. (b) Figure of merit
QprT; as a function of the polar angle 6 and DC bias, showing a
sinusoidal dependence within the Coulomb blockade regime pro-
portional to sinf, and a rapid suppression outside of it. The red
dotted line marks the electron-hole symmetry line at eVpc/|e| =
1+U/2le| =0.25.

netization direction of the tip. As we already mentioned,
we identify this discrepancy as a consequence of spin ac-
cumulation, which is less pronounced in the experiments,
but produces a small current contribution along z axis in
the model, enabling visualization of the ESR response. To
suppress this feature we can lower the DC bias to move
deeper into the CB regime; however, the measured current
then becomes very small, Fig. 2(c). In this situation, the
model demands including higher-order tunneling processes
(cotunneling) to produce a measurable current. It is worth
noting that, since we are plotting Al,, we do not visualize the
flipping of the symmetric signal happening when the angle is
sweeping from 0° to 90°, going through a pure Fano profile,
see Appendix D.

Turning our sight to Fig. 10(a), we observe the ESR ampli-
tude dependence versus both the DC bias and 6. The voltage
dependence is similar to in Fig. 8 and independent of the an-
gle, but resolving the resonance shifting since we are plotting
Al, on resonance. If we focus on the angle dependence, we
see again the ESR signal vanishing in the case of parallel
(6 = 0°) and antiparallel (¢ = 180°) orientations, with a local
minimum for a perpendicular alignment (6 = £90°) influence
by the spin accumulation. As we mentioned earlier, reducing
the DC bias reduces the ESR amplitude at the perpendicular

alignment, even though the quality factor Qg 17>, maximizes
at 0 = 90°, see Fig. 10(b).

Additionally, Fig. 10(b) demonstrates the sinusoidal de-
pendence of the Rabi rate on 6, as experimentally reported
in [22], since T, is angle independent. The electron-hole sym-
metry line eVpc = ¢ + U/2, represented by a red dotted line
in Fig. 10(b), provides vanishing Rabi rate and ESR signal,
consistent with Fig. 10(a) at eVpc/le| = 0.25. Outside the
CB regime, the quality factor drops to extremely low values,
following the decrease in 7, observed in Fig. 7(a). Near zero
DC bias, the ESR amplitude relative to the background ex-
hibits a local maximum or minimum, depending on whether
6 € (—90°,90°) or falls within the range [90°, 270°], respec-
tively. This ESR signal behavior aligns with the fact that the
Rabi rate remains nonzero at zero bias.

V. CONCLUSIONS

In this work, we have derived an intuitive physical picture
of ESR in an STM, building on the solid mathematical as-
pects of non-equilibrium transport through a spin-polarized
electrode under harmonic modulation of the bias. Using a
single-orbital Anderson impurity model (SAIM), which is
fairly general and can describe a wide variety of localized spin
defects, we capture the emergence of ESR driven purely by
electric fields, which is experimentally realized in ESR-STM.
Our model accounts for the driving amplitude in both the FLT-
driven and the STT-driven regimes. However, it does not fully
incorporate the complete transport picture, as cotunneling is
not considered, leaving the door open for future extensions of
this work.

Two transport regimes emerge. Within the charging win-
dow (g, & 4+ U), the transport occurs in the Coulomb blockade
regime and the impurity is singly occupied, yielding ESR
driven by the perpendicular component of the exchange field
Bexen that arises as a consequence of the spin polarization
of the electrode. This produces FLT-driven ESR, following
results that align with conventional ESR, presenting homo-
dyne detection and Rabi oscillations. On the other hand, the
exchange field component parallel to the eigenbasis axis leads
to a renormalization of the resonance frequency fy, which
is logarithmically dependent on the applied bias relative to
the energy thresholds of the SAIM, ¢, ¢ 4+ U. This shift can
be used to spectroscopically probe the energy thresholds and
the Rabi rate. We further show that the quality factor Qg 17,
peaks near the charging energy thresholds. In general, in the
Coulomb blockade regime, the impurity spin is an ideal can-
didate for quantum-coherent control.

Outside the Coulomb blockade, transport allows elec-
tron hopping in and out of the quantum impurity from
the electrodes. Consequently, the current through the impu-
rity increases rapidly and 7, decreases drastically. ESR is
now STT driven, dominated by the spin-polarized current,
which torques the spin via the time-dependent spin accumu-
lation, preventing coherent control (Q2srt7> ~ 1/3). Despite
this, the quantum impurity can be strongly polarized along
the spin’s eigenbasis axis, where the Hamiltonian is diago-
nal, provided it is not initialized perpendicular to the spin
polarization. This offers an alternative method for initial-
izing the spin in a preferred orientation, independently of
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temperature. Previously, STT was analyzed semiclassically
using the Landau-Lifshitz—Gilbert—Slonczewski equation.
Later, a quantum STT treatment explained the ESR signal in
the cotunneling regime [31]. In contrast, our model captures
quantum spin-transfer torque in sequential tunneling, includ-
ing both coherent and incoherent ESR, highlighting the role
of FLT-driven regime in spin control, a feature particularly
relevant to ESR-STM.

Finally, our model is able to reproduce a range of ex-
perimental observations in both qualitative and quantitative
agreement, such as homodyne detection and resonance shifts.
This solidifies the validity of our driving-mechanism ap-
proach and provides a guide for the numerical optimization
of on-surface electron spin systems for quantum simula-
tions, quantum sensing, and quantum information processing.
Moreover, it constitutes a significant step toward a uni-
fied framework that treats both sequential and cotunneling
transport regimes, while explicitly accounting for first-order
coherent effects such as the exchange field or the Lamb shift.
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APPENDIX A: EXPECTATION VALUE (s;)

In the main text, we introduced the general expression for
the expectation values (s;) = Tr(p3s;) with i = x,y, z. Here,
we derive these expressions for a general magnetic field B =
B(sin¢ sinf, cos ¢ sin 0, cosf), where 6 is the polar angle
and ¢ the azimuthal angle.

A key consideration when computing the trace is ensur-
ing that both operators are represented in the same basis.
Otherwise, the expectation value would be incorrect. This is
particularly relevant when considering an external magnetic
field, as the spin aligns with the magnetic field for an isotropic

g factor and the QI Hamiltonian will be diagonal in the axis
parallel to B. Consequently, the density matrix and the Pauli
matrices do not necessarily share the same basis, since the
former is defined in the eigenstate basis, which is tilted by the
magnetic field.

To circumvent this problem, one could change the basis set
of either operator into the other one. In this work, we chose to
perform a basis transformation of the standard Pauli matrices
to the eigenvector basis set,

(18:l)) = Z(HU)(UI@IG’)(U’I}'),

where [, j are singly occupied eigenstates of the spin-1/2,
while o, o’ correspond to the spin-up and spin-down states,
and s; are the Pauli matrices. We focus exclusively on the
singly occupied states, as the empty and doubly occupied
states provide zero-spin to spin-1/2 QI. For a general magnetic
field, the singly ground and excited eigenstates in the up/down
basis set have the following expression:

0 , 0 o . 0
lg) = (sin=, —e®cos= ), |e) =(cos=,e?sin= ],
2 2 2 2

(AD)

where g and e denote the ground and excite states of the
QI, respectively. Meanwhile, the standard up- and down-spin
states of the Pauli matrices are ||) = (0, 1), |1) = (1, 0). The
density matrix is always expressed with the ground state as the
first matrix element,

o (Pgs Peg
P (pge pee)'

Thus, the first matrix element of the spin operator must cor-
respond to the ground state. Computing every matrix element
for the z component leads to

h
(8l3:1g) = S ({gIT){Tlg) — (gl ) (L 1g)

L. ,(0 A hicos@
= —(sin“|{ =) —cos” | = =— ,
2 2 2 2

. hisin6@
(gl8:le) = 7
. hisin®
(e|3:lg) = 7
. ficos
(e[S:le) = >

Thus we write
. hf—cos@® sin6
§.== ,
© 2\ sing  cos@
which is the general expression of the spin operator on z. This
implies that

e — E —Pgg COS O + e SINO  —pge cOSH + pee SN O
psz = 2\ Pgesinf + pg. cos O Peg SINO + pgecOsO )’
arriving at

h h .
E(pee - ng) cos + E(pge + Ioeg) sin 0
h

—— 2
0kl

<sz> =

(P11 = Pyy)
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which is the equation used in the main text. Only when 6
is sufficiently small we recover the up and down notation,
indicating that the spin is in the vertical axis of the Bloch
sphere. Turning our attention to the x component of the spin
we obtain

h
(8ls:lg) = 5 (eI T){{ [8) + (gld)(Tlg))

h( “ 4 _i"’)s'necose
=—=(%+e in — cos =
2 2 2

h sinf
——cos¢sind,
2
. h .
(gl8:ley = _E(COS 0 cos¢p —ising),
. h .
(el3c|g) = _E(COS 0 cos ¢ + isin @),
. h .
(e]|Sc|e) = 5 cos ¢ siné.
Hence, the transformed operator is

cos ¢ sin 6

R h
Se=—=
* 2<cos900s¢—isin¢ —cos¢sinf

cos 6 cos ¢ + isin ¢)

which leads to the expectation value

h .
(sx) = E(pee — Pgg) SINO COS @

i NG .
—z(pge + peg) cOS O cos ¢ — 15 (pee = Peg) SIN .

Finally, for the y component we have

h
5 (=i(gIM) () 1g) +i(gl){11g)

(glsy|g>=2
Jif . 6 6 0 6
=1—{e"S1In —-—Co0S— —¢ Sin — COS —
2 2772 )

f sin ¢ sin 6
——si in6,

2

. I .
(gl8yle) = —5(1 cos ¢ + cos 6 sin ¢),

. n. .
(el8ylg) = E(l cos ¢ — cos B sin @),

h
(e|Syle) = 3 sin¢ sin6.

Therefore,

sin ¢ sin 6

s __h —icos¢ + cos @ sin ¢
Y7 2 \icos¢ + cosOsing ’

—sin¢sinf

and we obtain

h o
(Sy> = E(pee - ,Ogg) sin @ sin ¢

h ) i
_E(pge + peg) cOS O sin g + lz(pge — Peg) COS P.

For simplicity, we have been considering the case of ¢ =0
for the derivation of Egs. (17a) and (17b) and throughout this
work, arriving at the expressions for the spin of x and y used
in the main text. From the spin components, we can obtain the
population difference as well as the real and imaginary parts
of the coherences, which are defined along the eigenbasis axis,

Pee — Pgg  (5:) €086 + (1) sin 6 cos ¢ + (sy) sin 6 sin ¢
2 h ’
Pge F Peg  (s2)sin6 — (s,) cos 6 cos ¢ — (sy) cos B sin¢p
2 h '
P P8 — 2 ((5,) sing — (5,) cos ). (A2)

APPENDIX B: COEFFICIENTS )" A, ,A}

uj,o

1+ 20F,)

These coefficients appear in the rates, and knowing how to
evaluate them is essential for computing certain equations in
this work. For the general eigenstates of a spin-1/2, Egs. (A1),

18 = (sin 2, e cos 2
= |sin —, —e'“ cos — |,
§ 2 2

0 . ]
le) = (cos =, e®sin — ),
2 2

the nonzero matrix elements between ground/excited states
and the transient ones are

0
Aog,t = (0]0)(1]g) = sin >
0
Aoe,r = (0]0){1]e) = cos 3
9
Mg, = (010)(} lg) = —e' cos >
o
Xoe.y = (010)( le) = € sin >

—i¢ 6
Agr = (8ld)(2[2) = —e™ " cos 2

_ip . O
herp = (el})(212) = e sin 3
0
Ay = (g|1)(2]2) = sin =,
0
hep.y = (€]1)(2[2) = cos 7.

Taking into account that y2 = y%(1/2 + o P,), we can com-
pute all the relevant coefficients,

D hogohgo (1 +20Py)

0 0
=(1 +Pa)sin2§ +d —P(,)coszz =1—P,cosb

X Y Mo Mo (14 20Py)
o
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0 0
=(1 +Pa)coszz + (1 —Pa)sinzz =1+ P,cosb

XZ)"eZG w01 +20P,) =1~ Pycosb

x Z)‘gla)‘;z,a(l +20P,) =1+ P,cos6
* .0 6
x g)‘Og,akoe,a(l +20P,)=(1+P,)sin 5 €085

0 .06 .
—(1 = P,)cos =sin — = P, sinf
2 2

x Z)‘glo)‘:z,g(l +20P,) = —P,sinf.

APPENDIX C: DETAILS ON CURRENT EXPRESSION
FOR A SPIN-1/2

We will refer to results from the previous two Appendixes
A and B for ¢ = 0, as in the main text. The current leaving
the left lead is

2e
I(t) = 7 |:pee(t)Re{Fez 2e, L(t) - Fe_(),Oe,L(t)}

+ge(ORe{T 5 5, 1 (1) — T g, 1 (1)}
—i—Re{,oge(t)}Re{l‘g2 20 () — Fg_O,Oe,L(t)
L5261 = Ty 000}

+ Z (pO(t)Re{FOHO L} — ot )Re{FZjJ'Z’L})i|

j=eg
=)+ (1) = —Ix(@), (C1)

where we have separated hole and electron contributions to
the current and canceled out the ones that are zero as a
result of having matrix elements A;;, null. The major dif-
ference between the hole and electron rates comes from the
first one containing ¢ + U, while the second one ¢, but the
spin dependence is similar and encoded in terms such as
Za Avic A, jg(l + 20 Pp), which we have already computed in
Appendix B. These expressions, taking into account that the
magnetic field is in the GHz regime, so the integrals ILi(Av i)
will not depend on the Zeeman energy but only on ¢, U, and
o, allow us to write

1

Fiven () = 5 (1 F PLeos Oy (T (Av),
1

P () = 5 (1% PLeos )y (T (Ay),

1
PLyL(t)I (Ayg)sind,

eu vg L(t) -
Z FOj,jO,L(t) = (O)I] (Ay),
Jj=e.g
3 Do) = I (Ag),
Jj=e.g

where, on the first three equations, the ones where the first
subscript in the rates start with a singly occupied state, the +

-0.5-

-0.5
B, (T)

FIG. 11. Schematic of the magnetic-field plane tilted by y = 2°
(green), as shown in the zoom, formed between the tip’s magneti-
zation direction, along z, and the new 7’ axis (in red). The magnetic
field lies on the magenta curve with B = 0.6 T.

sign signifies the electron-like transport, implying that v =0,
while the — sign applies to the hole-like process, where
v = 2. Additionally, we introduce the time-dependent non-
polarized coupling y;. () = [1 + Ay cos(wt)]?y. Substituting
these rates into Eq. (C1) yields

() = -7 L (14 Ap cos(wt))*(RefZ; (Age)}
X [Pee(t) + pgg(t) + P cos 0(pee(t) — pgg(t))
+ 2Re{pg (1)} Py sin 0] — 2poRe{Z (Ac0)}).

Introducing Eq. (13) leads to

() = —%n(t)[(m + 2P, (52) Rel Ty (Age))
—2poRe{Z (A0},

and similarly

() = %n(t)[(m — 2P, (s.))Re{Z; (Ase))

—2pRe{Z; (A},

which together gives Eqgs. (12) and (16), the latter by in-
troducing Eq. (13) and when the population of the transient
states, oo and p,, are negligible and pe.(t) + pg(t) = p1 =
1 —py—po= 1. For E. > |el,e +U > h/t., I} (Aw) =
Z; (Ap) — 0 outside of the CB regime while pg = p, =0
inside of it, as Fig. 2(c) shows. This simplifies the equation of
the current, obtaining the following analytical form at low
temperatures:

L) = Sy

@) = ]TIVL( )

eVDc—8—U
h/z. >}

eVpc — €

S e

X |:(,01 — 2PL<SZ)){% + arctan (

— (o1 + 2PL<SZ)){% — arctan (
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FIG. 12. Homodyne detection for the tilted magnetic-field plane
of Fig. 11. (a) 6 dependence of the figure of merit Qg 75 (black, left)
and the total ESR intensity A, (blue, right). The overall behavior
mirrors that of Figs. 10(b) and 9, but with a finite signal now observed
at # = 0° and 180°, consistent with experiments. Parameters are
identical to those of the main text at positive DC bias. (b) ESR
intensity map, Eq. (32), vs homodyne angle and frequency, showing
the ESR maximum near 6 = 10°, the flipping of the symmetric
signal (peak-to-dip transition), and the evolution of the asymmetric
component.

Expression that gives zero if /7, = 0 and we are inside the
CB regime, and

I.(1) = me sign(Vpe)yL (1) (p1 — 2 sign(Vpc)PL(s;))/h,
for DC bias values far above the energy thresholds, i.e.,
leVpe| > lel, e + U.

APPENDIX D: HOMODYNE DETECTION FOR A TILTED
MAGNETIC-FIELD PLANE

In this Appendix we examine the dependence of the ho-
modyne angle 6 when the external magnetic field lies in a

J

plane not containing the tip magnetization, as illustrated in
Fig. 11. The plane is tilted by y = 2° with respect to the
spin-polarization direction. Increasing y gradually reduces
the ESR signal until & = 90°, at which point homodyne detec-
tion vanishes and reemerges beyond this angle. This behavior
arises because the ESR signal for in-plane orientations relative
to the spin-polarization direction is STT driven. Importantly,
here 6 denotes the angle between the tilted axis z' and the
magnetic field, not between the tip magnetization (along z)
and the field.

Figure 12(a) (blue) shows Al, = \/AI? + AIZ, where the
small tilt of the magnetic field yields finite ESR signals at
0 = 0° and 180°, absent in the main-text results. This occurs
because the magnetization direction of the tip can no longer
be perfectly parallel to the magnetic field, a more realistic
configuration in closer agreement with experiments [42]. For
further discussion, see Fig. S15 in Ref. [22], noting that in ex-
periments the tip is typically more in-plane, shifting the ESR
maximum closer to & = 90°. For comparison, we also show
QrrrT; in Fig. 12(a) (in black), illustrating that its maximum
does not coincide with the largest ESR signal.

Overall, the agreement between our model and experiment
is remarkably good, again highlighting the importance of
properly including the exchange field in homodyne detection.
Without it, the ESR signal would resemble an STT-driven
detection mechanism with a maximum at 6 = 90°, where
the torque is strongest, which contradicts the experimental
evidence, an issue we have already identified in other works
[31,36].

Figure 12(b) further presents a colormap of the raw ESR
signal, Eq. (32), versus frequency and 6. The plot repro-
duces the homodyne detection and reveals a sign reversal
of the symmetric signal as 6 approaches 90° from below,
consistent with Figs. 5(c) and 6(c). This flipping marks the
crossover from FLT- to STT-driven detection, since the FLT
contribution vanishes at 6 = 90° under homodyne detection,
as discussed in the main text. The asymmetric component
also evolves with angle, increasing from the out-of-plane
configuration, peaking near 6 = 42°, and vanishing again
for in-plane configurations, where the signal is STT medi-
ated. The exchange-field-induced frequency shift following
Eq. (30) is also visible in Fig. 12(b).

APPENDIX E: INSIGHTS ON MAPPING THE QME ONTO A SPIN PROBLEM

Here, we clarify the steps for mapping the spin-1/2 version of Egs. (5) into a spin system, leading to Egs. (17a) and (17b).
We derive equations depending only on the spin components and transient QI populations. First, we write the full set for the
populations and coherences for the simplest quantum impurity (spin-1/2),

hpgg =-2 Z Re(ng.vg(t))pgg - Z Fev,ug(t)pge - Z F:U,vg(t)peg + 2 Z Re(Fvgﬁgv(t))pva

v=0,2 v=0,2 v=0,2

v=0,2

hlbee =-2 Z Re(rev,ve(t))pee - Z F:v,vg(t)pge - Z Feu,vg(t)peg + 2 Z Rerve,ev(t)pv,

v=0,2 v=0,2 v=0,2

v=0,2

hlbO = ZRe(FeO.Oe(t ))pee + ZRC(FgO,Og(t )),Ogg + ZRC(FeO.Og(t ))(pge + peg) - 2Re(F0ggO(t) + IﬂOe,eO(t ))100
th = 2Re(F62,2€ (t))pee + 2Re(rg2,2g(t ))ng + 2Re(F62,2g(Z))(pge + IOEg) - 2Re(r2g,g2(t) + FZe,eZ(t ));027
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h,bge = - Z Fev,vg(t)pgg + iAge - Z (Fev ve(t) + F;v Ug(t)) pge Z Feu Ug(t)pee + 2 Z Re(rvg,ev(t))pm

v=0,2 v=0,2 v=0,2 v=0,2

hlbeg - Z Fgu vg(t)pgg - Z Fev,vg(l)pee - lAge + Z (ng vg(t) + ng Ug(t)) peg + 2 Z Re(rvg,eu(t))pv-
v=0,2 v=0,2 v=0,2 v=0,2

We need to make use of several relations for the rates that apply when both the magnetic field and the frequency of the
time-dependent field are small compared to the energy thresholds ¢ and ¢ 4+ U. Choosing =+ depending on v = 0, 2 respectively,
we have

Re(Tev,ve) + Re(Tgrug) = 2Re(I2530), Re(Fev,ve) — Re(Tgy u) = izzP Re(

ev,ve

)cos@,

gv vga

Im(Ceype) + IM(Tgy ) = 2Im(T530), Im(Tey pe) — Im(Tygy ) = j:2ZP Im(I%=0 ) cosd.

gu,vg ev, uea

and Ty g = gy ve. In fact, we can write py e = 3, [e=0 (1 £ Pycos0), Ty e =, [5=0 (1 F Pycosd). With these

ev,ve,a gu,vg,a
relations and Egs. (13)—(15) we write the spin system of equations,

(32) = cosO| — > Re(TH ) (pee — peg) +i Y IM(Cepug)pee —i Y Im(Tew )0
v=0,2 v=0,2 v=0,2

+ Z Py cos Re(rﬁéﬁga)(/&e + pge) + Re(rgz 220:)(1069 + pge) + ZRG(Fggg(())a) 2Re(1"§g gg) )i|

+Si1‘19 - Z Re(reu.vg)(pgg + pee) + 2 Z Re(Fvg,ev )pv
v=0,2 v=0,2

( e 2213 cos O (Im(I'550 ) — Im(T5250 ))Im(pge) —2 Y Re(IFi70)Re(pge) |
v=0,2

(5r) =sin0| — > Re(Tf20)(0ee — Pg) +i Y IM(Tevue)oge =i Y Im(Te )0,
v=0,2 v=0,2 v=0,2

+ZP¢¥ COS@( —Re ( féﬁga)(f)ee + pge) + Re( 20, a)(pee + pge) + ZRe(FO;;(())a) 2Re( .22, a)p2):|

—cost| — Z Re(rev,vg)(pgg + pee) + 2 Z Re(rvg,ev)pu
v=0,2 v=0,2

—(Ag — ZZP (Im(P50,) = Im(T2%30 ) Im(pg ) cos ) — 2 Z Re(T'5 29 Re(pg) |
v=0,2

(5,) = Z [IM(Teu,06) (Pee — Pgg) — 2Re(TEe70)Im(pge)] + (Age — ZZP Im( r;’ggga) —TIm (r;’ggga))Re(pge)cos 9,
v=0,2

which can be expressed independently of the singly occupied state populations and coherences by introducing /iRe(pg.) =
(s;) sin @ — (sy) cos B, (s,) = —Alm(pg), and p.. — g, = 2({s;) c0s 6 + (sy) sinB) /A, which follow from Egs. (A2) when ¢ = 0.
This leads to

() = | D 2c0s 0 Im(Teyug) + sin@(Age —2) P, cos0(Im(I'50 ) — Im (r;’;;@)) (s,)/h—2 ) Re(Tk=0)(s.)/h
v=0,2 a v=0,2

+ZP cos” 6 ([Re( Fgg;ga) Re(l"(f:0 oga)](l —po—p2)+ QRG(F{)};;(())Q) 2R6(F§§;3a)ﬂz)
+sin 6[2Re(I"40,0¢,¢0)00 + 2Re(IMg,e2) 02 — (Re(Te0,0¢) + Re(Ie2,20))(1 — oo — p2)],
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(sy)/h—2 ) Re(TE=2)(s,) /M
v=0,2

($) = Z 2sin 0 Im(Tey,vg) — cos@( o — ZZP cos 6 (Im(I" googa) Im(ng 2ga))>

v=0,2

— Re(I%30 V]l —

£0.0g.0 po— p2) + 2Re(Ti 0, ) Po

+ Z P, cosfsinf ([Re(l“ﬁgzga) 2Re( 2002, a),Oz)

—c0s O[2Re(I"40,04,60) 00 + 2Re(IMg 02) 02 — (Re(Ie0,04) + Re(Te2,2,))(1 — po — p2)1,

(8y) == Y 20m(Teyv)((s:) cOSO + (5 sin0)/h — 2 " Re(TF30) (sy) /i
v=0,2 v=0,2

( e — 2213 cos O(Im(I'j 50 ) — Im(I'y 2gm))>(<s2>sme — (sy) cos 0)/.

Doing the same for the equations of the empty and doubly state yields

hipo = 2Re(Tg550) (1 — po — p2) +42Re T35 e ) P €O O((s) cOS 6 + (s.) sin 6) /I

+ 4Re(I¢0,04)({s;) sin @ — (sy) cos 0)/hi — 4Re( Ogg())po’

hp, = 2Re( & 2g)(l Po— P2) — 4ZRe 2. 2W)P cos O((s;)cos O + (sy)sin@)/h

+ 4Re(Te2.2¢)({s.) sin & — (s,) cos 0)/hi — 4Re(r§;;§)p2

By considering that ) P, [Im(F Oga — F;gj;a)] sinf = Zv:O,Z I.m(.r‘ev,vg(t)), one sees that the §econd and thir'd'lin'es in the
sy equation, both proportional to the polarization, cancel out, while in the s, equation, we obtain the non-equilibrium spin
accumulation. At the same time, this relation further simplifies the equations for the transient state by merging the second and

third terms in both equations, ultimately leading to Eqgs. (17a) and (17b).
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