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Electron spin resonance (ESR) spectroscopy in scanning tunneling microscopy (STM) has enabled probing the
electronic structure of single magnetic atoms and molecules on surfaces with unprecedented energy resolution,
as well as demonstrating coherent manipulation of single spins. Despite this remarkable success, the field could
still be greatly advanced by a more quantitative understanding of the ESR-STM physical mechanisms. Here,
we present a theory of ESR-STM that quantitatively models not only the ESR signal itself, but also the full
background tunneling current, from which the ESR signal is derived. Our theory is based on a combination of
Green’s function techniques to describe the electron tunneling and a quantum master equation for the dynamics
of the spin system along with microwave radiation interacting with both the tunneling current and the magnetic
system. We show that this theory is able to quantitatively reproduce the experimental results for a spin-1/2
system (TiH molecules on MgO) across many orders of magnitude in tunneling current, providing access to
the relaxation and decoherence rates that govern the spin dynamics due to intrinsic mechanisms and to the
applied bias voltage. More importantly, our work establishes that (i) sizable ESR signals, which are a measure of
microwave-induced changes in the junction magnetoresistance, require surprisingly high tip spin polarizations,
and (ii) the coupling of the magnetization dynamics to the microwave field gives rise to the asymmetric ESR
spectra often observed in this spectroscopy. Additionally, our theory provides very specific predictions for the
dependence of the relaxation and decoherence times on the bias voltage and the tip-sample distance. Finally,
with the help of electromagnetic simulations, we find that the transitions in our ESR-STM experiments, in which
the tunnel junction is irradiated by a nearby microwave antenna, can be driven by the ac magnetic field at the

junction.

DOI: 10.1103/PhysRevResearch.6.023126

I. INTRODUCTION

Electron spin resonance (ESR), also referred to as elec-
tron paramagnetic resonance, is a widely used spectroscopy
and imaging technique in chemistry, biology, and condensed
matter physics to characterize systems with unpaired electrons
[1]. The main advantage of ESR is its high-energy resolution,
only limited by the decoherence time of magnetic excitations,
while its spatial resolution is limited by the magnetic field
gradients that can be implemented (resulting in a resolution of
the order of 100 um3 [2]). In 2015, Baumann and coworkers
reported the first convincing implementation of ESR in the
context of scanning tunneling microscopy (STM) by address-
ing single magnetic atoms on a surface using an oscillating
electric field (20-30 GHz) [3]. In ESR-STM, the lifting of the
spin degeneracy by means of an external magnetic field and
the spin excitation through an external microwave source is
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done in analogy to conventional ESR. The detection of the
spin state, however, is realized through the measurement of
the tunneling current in an appropriately spin-polarized tip,
which ensures atomic scale spatial resolution, and is par-
ticular to STM. This is schematically shown in Fig. 1(a).
Since the first demonstration, many different groups have
reported experimental ESR-STM studies [4-22]. Thus, for
instance, ESR-STM has been used to measure the hyperfine
interaction in Ti atoms on a MgO surface [7], to achieve
the coherent spin manipulation of individual atoms on a
surface [13], to do magnetic resonance imaging of single
atoms on a surface [11], to demonstrate the electric control
of spin transitions at the atomic scale [21], and to do ba-
sic quantum computing operations with single atoms on a
surface [22].

However, the physical mechanisms underlying ESR-STM
are still under debate, for example, what drives the transitions
between the magnetic states in an all-electric ESR-STM ex-
periment. Many different mechanisms have been suggested
[3,14,23-27], but there is no real consensus on this issue
(for a detailed account of this debate, see Ref. [28]). Further
points that need more clarification include, but are not limited
to, what constitutes a suitable tip for acquiring ESR signals
[11,29,30], how to extract relaxation and decoherence times
of the spin excitations from continuous mode ESR spectra,
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FIG. 1. Modeling the ESR-STM data. (a) Schematic drawing of the ESR tunnel junction. The microwave is supplied from an antenna
radiating into the vacuum towards the tunnel junction. (b) The tunneling current and the spin system influence each other, while both interact
with the microwave. The tunneling current in our theory is modeled by nonequilibrium Green’s functions and the spin system dynamics is
described by a master equation to calculate the density matrix. (c) Measured ESR signal as function of bias voltage and magnetic field at
constant microwave frequency (61 GHz) in TiH molecules on MgO. (d) Calculated ESR signal using parameters fitted to the experimental data

in (c) and the theory presented in this work.

how the bias voltage influences the ESR mechanism, and why
some ESR signals are more asymmetric than others. Also, the
role of the substrate is still poorly understood and most of
the experiments have been done in the same type of substrate
(MgO), although other substrates (NaCl) have been success-
fully explored recently [31]. To address these questions, it
would be highly desirable to have an ESR-STM theory able
to quantitatively reproduce the measured signals. The goal of
this work is to provide such a theory and answer many of these
open questions.

Part of the problem in developing an ESR-STM theory
is that the interaction of the tunneling current with the spin
system does not just probe the spin state, but also has a strong
back-action on the dynamics of the spin state itself [32-34].
In ESR-STM, the microwaves introduce an additional com-
ponent that interacts both with the spin system as well as the
tunneling current. The complex interplay between the spin
system, the tunneling current and the microwave is schemat-
ically shown in Fig. 1(b). Thus a quantitative understanding
of the tunneling current has to take these three components
into account along with their interactions. Here, we present
a theory that quantitatively describes ESR-STM spectra. Our
theory is based on a combination of nonequilibrium Green’s
function techniques for the calculation of the tunneling cur-
rent and quantum master equations for the description of

the spin dynamics of the magnetic system. This theory takes
into account the role of microwaves both in the tunneling
processes and in the spin dynamics. To test our theory we
also present here experimental ESR-STM spectra measured
in TiH molecules on a MgO substrate, a known spin-1/2
system, as a function of the external magnetic field and the
bias voltage, see Fig. 1(c). Our theory is able to quantitatively
reproduce all the salient features of the experimental results
across many orders of magnitude in current, see Fig. 1(d) and
discussion below. This quantitative agreement allows us in
turn to unambiguously determine the relaxation and decoher-
ence times of the system. Moreover, we supplement our theory
with electromagnetic simulations to determine the magnitude
of the electric and magnetic field in the region of the tunnel
junction and to provide further insight as to what drives the
ESR transitions in our experiments. Our study leads to a
number of important conclusions for the field of ESR-STM,
among which are the following ones:

(1) The transitions in our ESR-STM experiments are
driven by the ac magnetic field that accompanies the mi-
crowave radiation.

(2) We confirm that the measured ESR signal is pre-
dominantly due to the change in magnetoresistance resulting
from microwave-induced transitions. We provide an ana-
Iytical formula for the ESR spectra that corroborates the
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phenomenological expressions often employed in the litera-
ture. Our formula includes voltage and current dependence of
the relaxation and decoherence times. It also reveals the need
for a high spin polarization of the tips to obtain sizable ESR
signals.

(3) A misalignment of the spins between the magnetic
impurity and the STM tip results in a coupling of the magneti-
zation dynamics to the microwave field, known as homodyne
detection, which gives rise to an asymmetry in the ESR spec-
tra often observed in this spectroscopy. This mechanism also
explains our experimental ESR signal near zero bias voltage.

The rest of this manuscript is organized as follows. In
Sec. II, we present our theory to describe the ESR-STM spec-
tra in an arbitrary spin system. Then, in Sec. III, we apply this
theory to the case of a spin-1/2 system. Section IV is devoted
to a brief description of our experimental ESR-STM results
obtained in TiH molecules on a MgO substrate and used to
test our theory. We present in Sec. V an analysis of these
experimental results in light of our theory and explain how the
different rates and timescales can be extracted from such an
analysis. In Sec. VI, we present electromagnetic simulations
that aim at determining the magnitude of the electromagnetic
fields at the junction region with the goal to clarify what deter-
mines the transitions in our ESR-STM experiments. Finally,
we summarize the main conclusions of this work in Sec. VII.
We also include two appendices to provide more details about
our experiment, as well as to report some analytical results for
the spin-1/2 system.

II. GENERAL ESR-STM THEORY

In this section, we present our general ESR-STM theory,
which we will apply to a spin-1/2 system in the next section.
The goal of this ESR-STM theory is to describe the elec-
trical current through a spin system (or magnetic impurity)
deposited on a substrate and addressed by an STM tip in the
presence of a microwave field, see Fig. 1(a). Our approach
is based on the use of a tunneling Hamiltonian that describes
both the spin-flip processes that can occur in this system and
the microwave-assisted processes induced by the microwave
field. We use this tunneling Hamiltonian in combination with
linear response theory to express the current in terms of spin
correlation functions of the spin system. Those correlation
functions are the determined with the help of quantum master
equations that describe the dynamics of the spin system. In
the following, we explain how these different ingredients are
combined to provide an ESR-STM theory for an arbitrary spin
system.

A. Tunneling Hamiltonian

We model the tunnel junction depicted in Fig. 1(a) by a left
and a right reservoir Hy g, which correspond to the substrate
and the STM tip, along with a tunnel coupling Hr, such that
the total Hamiltonian becomes

H = Hy + Hg + Hr. ey

We do not specify the left and right reservoirs any further other
than by the corresponding spin-dependent quasiparticle cre-
ation and annihilation operators ¢; . and c; gy, respectively,

where o denotes the spin index 1 or | for spin-1/2 particles.
We describe the effective tunnel coupling between the two
electrodes as follows

. . A
Hr(t) = 1) Zcia(r)(awf + 7000 -S<r>>cRaf(r)

+ Hec. ()

Here, t denotes the time, ¢ is a hopping matrix element, A is
a dimensionless constant, 0 = (¥, ¢”, 0%) is a vector formed
by the three Pauli matrices, and S(t) = (5¥(7), $7(7), $%(7))
denotes the spin of the magnetic impurity (for simplicity we
consider here a single spin, but the theory can be readily
generalized to the case of an arbitrary number of spins). The
time-dependent phase accompanying the hopping is given
by ¢(t) = wot + a sin(w,t), where wy = eV /h (V being the
dc bias voltage), w, is the microwave frequency, and o =
eVie/hw, (V,. being the ac bias voltage generated across the
junction by the microwave field).

This tunneling Hamiltonian incorporates the two basic
ingredients in ESR-STM: the elastic and inelastic electron
tunneling, and the microwave field. The elastic and inelas-
tic electron tunneling is accounted for by the term in the
brackets in Eq. (2). The § function describes the regular
elastic tunneling, while the second term accounts for the in-
teraction with the spin system during which the tunneling
electrons may lose/gain energy. The dimensionless constant
A quantifies the relative contribution of this inelastic channel.
In the absence of microwaves, Eq. (2) is the starting point
of the established theory of single-spin inelastic tunneling
spectroscopy [35-37], which has been confirmed in numerous
experiments [32,37,38]. On the other hand, we also describe
the effect of the microwave field in terms of an ac bias voltage
Vie in the junction. Here, we have used a standard unitary
transformation to include the ac bias as a phase factor in the
hopping matrix element [39,40]. The parameter o describes
the strength of the coupling to the electromagnetic field.
This approach follows the well-established theory of photon-
assisted tunneling [41], which has extremely successfully
explained the physics of microwave-irradiated experiments in
atomic-scale systems [40,42—46]. We note that the approach
that we are about to describe naturally reduces to the theory
of single-spin inelastic tunneling spectroscopy in the absence
of microwaves and to the photon-assisted tunneling theory in
the absence of spin-flip tunneling.

For later convenience, we rewrite the tunneling
Hamiltonian of Eq. (2) by separating the degrees of freedom
related to the electrodes and to the spin system as follows

Hr(v) = 16T "3 "[e], (T)cro (T) + Chy (T)ero0(7)]

n o,0'
x AL, @ SH(1), (3)
where the index w goes from 0 to 3, and we have defined
A A
Ay = (sm,/, 2ot 267, Aot ) &)
2 oo 2 oo oo
5@ = (L1570, 15% (). 15°() 5)
)= (1, A 7), p 7), 5 7)),

+ _ _x s Y + _ F QY
where o), =0 , +io; , and §T =5 £i§.
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B. Tunneling current

Within our model, the current operator is given by [40]
I(v) = % XG:[CZU(I)CLJ(I), Hr(1)]. (6)

Using linear response theory [47] (i.e., first-order perturbation
theory in Hr), the expectation value of the time-dependent

J

current can be expressed as

10 =3 [ . mEmdr. o
hJ_o
where ( ), denotes an expectation value computed in the ab-
sence of the perturbation given by Hr. Making now use of
Eq. (3) and Wick’s theorem [47], it can be shown that the
time-dependent current in the presence of microwaves is given
by

2 oo [e9) o) o dr! ) ) N
I(t) = Ze ) n;_OOJm(a)J,,er(ot) ; /_OO dw /;OO da)’/o %Re{[e’"“’"’e’(‘”_“’ T Top(w, o + wy + mw,)
— e et T O (w, 0 + wg + mw)]| (STT(DSP(r — 1)), (8)

Here, J,(«) is a Bessel function of the first kind of order n
and (A), = Tr[p(r)A], with p(7) being the reduced density
operator of the spin system which will be determined below.
Moreover, we have introduced the spectral rates

Top(, ') = t*Trlg) ~ (@) A gg () AP, )

Tup(w, o) = 2Trlg; H(@)AP gk~ (@)AT],  (10)

associated with electron transitions from the left electrode to
the right one and vice versa. The same spectral rates will
also later be used to calculate the dissipator [cf. Eq. (15)]
in the equation of motion for the density matrix p(t). These
functions are expressed in terms of the lead Green’s functions
defined as

oo (@) =1i / ¢ (e (0)cj (D)) dT, (1)

oo

g (@) = —i f

—00

oo

&t <c,(,(r)c']‘i0,(0)>0dr. (12)

where j = L, R. The Green’s functions describe the electronic
structure of the electrodes and also contain the information
of the occupation factors. Finally, the trace Tr appearing in
Egs. (9) and (10) refers to the 2 x 2 spin space. Thus the
current is expressed in terms of the basic properties of the
electrodes via their Green’s functions, and spin correlation
functions of the magnetic system. The Green’s functions
will be specified in more detail below when we discuss the
comparison with the experiments. The calculation of the cor-
relation functions of the spin system will be detailed in the
next subsection.

C. Dynamics of a general spin system

To complete the calculation of the current we need to
compute the spin correlation functions (S%7(7)S?(r — '),
entering Eq. (8). To do so, we determine the reduced den-
sity matrix of the spin system p(t) by employing standard
techniques of the theory of open quantum systems. There
are different approaches to obtain the quantum master equa-
tion describing the dynamics of the reduced density matrix,
such as the Bloch-Redfield equations [48]. We find it more
convenient to use the Lindblad approach and we shall follow

(

closely Ref. [49]. Within the Lindblad approach, p(t) satisfies
the following equation of motion in the interaction picture
[49]

. .
Z(” = — L[H(t) + His. p(] + Dlp(D)].  (13)
T h

where H (t) describes the interaction with the microwave
(specified in more detail below), His is the Lamb shift
Hamiltonian, and D[p(7)] is the dissipator operator. The ex-
pressions for Hps and D[p(r)] depend on the system-bath
interaction H;. To proceed, we shall assume that H; can be
factorized as follows

Hi=Y 4,®B, (14)

where A is an operator related to the spin system and B is a
bath operator. With this decomposition, the dissipator and the
Lamb shift Hamiltonian are given by [49]

1 .
Dlp(0)] = -5 D0 Vap(@)[Ap(@)p(T)AL ()

o af

1
—Q{Al(w)Aﬂ(w),p(r)}], (15)
1 )
His =7 YD (@Al (@A), (16)
af

w

where
%Vaﬂ(a)) +ihp(w) = /Ooodtei”” (BL(1)Bg(0)). (17
In Eqgs. (15) and (16), we have defined the operator
Aa(@)= )" P(HAP(). (18)

&' —e=w

Here, P(¢) is a projection operator onto the eigenstate of Hg
belonging to the eigenvalue ¢ and the sum is over all pairs
of states with energy ¢ and ¢’ having the energy difference
w=2¢ —¢.

There are three natural baths that can contribute to the
relaxation and decoherence of the spin system: the tunneling
electrons, the microwave field, and the substrate. For sim-
plicity, we shall assume that the action of these different
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baths is additive (i.e., they are independent). We include the
impact of the tunneling electrons on the spin dynamics using
the general formalism above. In this case, the system-bath
interaction Hj is given by Hry in Eq. (3) without microwaves
(i.e., @ =0). Thus we find that A, = S¢, see Eq. (5), and
By(t) =1 Y, [}, (T)Cro(T) + Cho (T)cLo (T)IAL,,, where
the index o runs from 0 to 3 [cf. Eq. (4)]. The quantities
Yap(w) and hyg(w) can be expressed in terms of the spectral
rates of Egs. (9) and (10) as follows:

da)1
Yap(w) = _{Faﬂ(wl w1 + wy + o)
—0oQ
+Faﬂ(0)1, w + wy — w)}, (19)

ap(@1, @2)

w) =
o _ w+ wy —w; — wy

(Faﬂ(wls ®2) }

w — wy + w1 + wy

(20)

The interaction between the spin system and the substrate
can be treated essentially in the same way as the tunneling
electrons, while the impact of the microwave field (in the form
of spontaneous emission) is a textbook result that we shall
simply borrow here [48]. We shall be more specific on how we
model these two interactions in our discussion of a spin-1/2
system in Sec. III A.

III. APPLICATION TO A SPIN-1/2 SYSTEM

Let us now apply the general theory described in Sec. II
to the case of a spin-1/2 system. Upon application of a static
magnetic field, the two degenerate spin levels are Zeeman-
split and this two-level system can be described by the
Hamiltonian: Hs = hw, |a) (a| + hwy |b) (b] where state |a) is

J

the spin-up state (or ground state) and |b) is the spin-down
state (or excited state). This Hamiltonian can be written in a
standard matrix form as Hs = %ha)baoz, where wp, = wp —
w, > 0. The interaction with the radiation field is given by

H.(t) = —hQcos(w, 1), 21)

where €2 is the Rabi frequency carrying the information of the
intensity of the microwave drive. At this point, we do not need
to further specify the origin of the Rabi frequency. However, it
must be related to the ac magnetic field in the junction region,
as we discuss in Sec. VI. In the following, we shall discuss the
results of the general theory applied to this two-level system.

A. Spin dynamics

The density matrix of a spin-1/2 system is a 2 x 2 matrix.
For a pure system, it is defined as p = |¢) (¥|, where |¢)
is the wave function of the two-level system in the basis
{la) , |b)}. For this system, the dissipator and the Lamb shift
operators adopt the form

—Paa pub/z Paa loab/2
D = Fa—) r —a
(] h<pba/2 Pbb ) T (Pha —Pbb
_71ad 0 Pab
1—‘ab <,0ba 0 ) (22)
hAab 1 0
His = T(O _1>. (23)

Here, I'yesp = y”(—a)ba)/h2 is the transition rate from a to
b, T, = ;/zz(a);,a)/h2 + I'g is the transition rate from b
to a, 1"3,‘3 = y33(0)/2h% + y, is the pure decoherence rate.
The renormalization energy A, = AZ‘; + Aggm‘d consists
of two contributions: an adiabatic energy renormalization
A“‘}) = ho3(0)/ 7i* and a nonadiabatic energy renormalization
A“‘mad [A11(—wpa) — ha(wpa) /h Explicit expressions for
these parameters follow from Eqs. (19)-(20) and are given by

A\ dw
Fa»b=<ﬁ> / > S=l81, (@)8xy (@ + wo — wpa) + g1y (@)gg; (@ + @0 + wpa)], 24
—00
2
oo = () [ 22 g @)grF (@ + 00 + 0n0) + 877 (@)l (@ + 00 — op)] + T 25)
b—a = 7 7 8Lt 8ry (@ T @Wo T Wpa 8L (@W)Epy (W T Wy — Wpa 05
—00

2\ h

ad _ LM * dw + — + (Yot
Fab == [gL¢ (a))gR¢ (0 + ap) + 8Lt (w)gRT (0 + o) + gL¢ (a))gR¢ (0 + ) + 8L, (a))gIQ (0 + wo)] + o,
—00

Aad 22t? / / de' 811 (@)ggy (@) + g1y (@)gp) (@) —
ab —

(26)
81 (@)ggy (@) — g1 (@)ges (o )’ o

o —w—wy
T(0)gks (@) + gf (@)gx (@) 08)

Amd_(u) / / do' {gﬁ(@gm (@) + g7 (@) (@) g
ab - E -

o —w-— wo — Wpq

The parameters I'g and yy are introduced here as phenomeno-
logical decay and decoherence rates, respectively, that carry
contributions from both the substrate coupling and spon-
taneous emission. We have assumed that the lead Green’s
functions are diagonal in spin space (i.e., no spin mixing
in the electrodes). Also, the Lamb shift may be absorbed

o — w— wy~+ Wpgy

(

in the bare frequency w,p, as it is usually done in different
contexts [50]. However, the Lamb shift may be non-negligible
affecting the determination of the value for the tip mag-
netic field. In addition, the previous expressions are analyzed
in Appendix B in relevant limiting cases to give analytical
insight.
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In a rotating frame (rotating with the same frequency as
the microwave enabling us to use the rotating-wave approxi-
mation where wp, ~ w,), the quantum master equation for the
density matrix in terms of the quantities defined above adopts
the form

Here, Py = P> Pab(T) = ell@r—@)tp s the relation be-
tween the rotating frame and the interaction picture density
matrix. Furthermore, y is the effective decoherence rate
defined as

dpaa 19)
28— B a0 = (O = (™) y = T% 4 Ty + Tus)/2, (32)
T
Lo ap0p(T), (29) and § = w, — wp, + Ayp 18 the detuning of the microwaves
dow(t) i _ (including the second order perturbation to the energy gap
dt = 7[pba(7:) - pab(t)] - Fb%apbb(‘c) Aub)-
In this work, we focus on the case of continuous illumi-
+l 0 b0aa(T), (30)  nation, where in the long time limit, we reach a stationary
dpap(T) iQ situation for p,,, ppp and Pgp. The stationary solution for this
2 = =5 [ow(®) = pua(O] = (v +i8)Pup(r). (31)  rotating frame is given by
T
J
1 Y +20a(8% + ¥?) Qr'(s +iy)
Pt — 00) = o3 2 / - 2 2. .0 (33)
20°+y ) +2yQ Q' —iy) y Q=+ 20 p(8% 4+ v*)

where  Pua.pp(T) = Paapbs Pab(T) = )b, We also
used the abbreviation

F=Tpsa+Tasp and I'= Lpea — Lassp. (34)

The solution for the density matrix in Eq. (33) can be used
in Eq. (8) for the calculation of the dc current, which will be
done in the next subsection.

With knowledge of the decay and decoherence rates we
can determine the characteristic timescales for relaxation and
decoherence of the spin system. Following Refs. [28,38], we
define the following timescales:

T ! Ty ! T; ! (35)

1= 5 = S 2= ),

rr? oy y
where T represents the relaxation time, 7,* the pure decoher-
ence time, and 75> the total decoherence time. We note that
all of these times depend on the applied bias voltage and
correspondingly on the tunneling current through Egs. (24)

to (26).

B. DC current

We are now in position to provide the key results for the
current in a spin-1/2 system. We shall focus on the dc current
and consider first the special case, in which the spin of the
magnetic impurity is parallel to the spin quantization axis in
the STM tip (due to a high static magnetic field that aligns all
spins in the system). In this case, the dc current adopts a very
appealing form given by

IV.a)= > JHe) 1"V + nho,/e), (36)

n=—0oo

where 19%(V) is formally the current in absence of mi-
crowaves, but all the properties of the spin system have to
be computed taking into account the effect of the microwave
field. Notice that Eq. (36) has the form of the Tien-Gordon
formula that is well-known in the context of photon-assisted

(

tunneling [40—42]. The dark current is given by the sum of
three contributions

19NV = Ly(V) + L (V) + Ener(V), (37

which are given in terms of the electrode Green’s functions
and the elements of the stationary density matrix of Eq. (33)
as follows:

42et? o
laV)==——=2" | o1 —eV)ors(E)

X [f(E —eV) — f(E)E = I (V) + I}(V),
(38)

21
I (V) = 3 (

X (paa - ,Obb), (39)

S ULV = LVl = AL (v) = (V)]

A2 A2
Lina (V) = ) (V) — 7[1+(V) +1_(V)]

)\'2
+7[1+(V) —L-(V))(paa — ppp),  (40)

with the definitions
et [ —
L(V)= W (g7, (E)gry (E + €V — hawyq)
—00

—811 (E)gh; (E + eV + hawpa)ldE,

et2 oo
_ +— —+ —
(V)= 7/ [gLT (E)gR¢ (E+€V+Flwba)_gL¢

X (E)g;g(E + eV — liwy,)dE.

Here, 0j,(E) is the density of states (DOS) of elec-
trode j =L,R and f(E) is the Fermi function. The first
contribution I;(V') is the elastic current flowing through the
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junction, which is given by the standard tunneling formula.
The third contribution (V) is the inelastic current that re-
sults from the spin-flip processes undergone by the tunneling
electrons. The second contribution [ (V'), which we refer
to as interference current, can be seen as resulting from the
interference between the two previous processes. The second
term is expected to dominate the signal involving the spin
system because it is first order in A (this is confirmed below
by our comparison with the experiments). This interference
term is proportional to both the spin polarization of the spin
system along the z direction (S%) = g(p,m — ppy) and to the
current polarization I, (V) = IeTl V) - Ieil (V) in the absence
of microwaves. Therefore this contribution is only finite when
there is a population difference (o, # pp») and moreover the
elastic current has a finite spin polarization. This explains
the need for a spin-polarized tip to observe an ESR signal
and shows that ESR spectra are a measure of the change in
magnetoresistance that results from the resonant transitions
between the electronic levels induced by the microwave field.
It is also worth mentioning that the inelastic term of Eq. (40)
also contributes to the ESR signal, which requires a finite cur-
rent polarization as well. The contribution of the interference
and inelastic terms to the ESR spectrum can be computed
combining Egs. (39) and (40) with Eq. (36). Defining the
ESR lineshape by subtracting the off-resonant current (for
8 — 00), we arrive at the following expression describing the
ESR signal in terms of the relaxation and decoherence times
[cf. Eq. (35)]

(41)

QT T.
ESR(5) = Ism( 12 >

8T +1+ QN1

where we have defined

)\‘2
Lot = =1 Y JH@)hat(V + nhiw,/e) — = PIRAC))

X L (V 4+ nhw,/e) — [_(V 4+ nhw,/e)]. 42)
Equation (41) predicts an ESR peak height given by
QPN T,
Ipeak = Ly Ms (43)

where Iy is the saturation value of the current peak when
2 — oo. The corresponding line width is given by W =

TLZ\/ 1 + Q2T T». These results coincide with the phenomeno-
logical formulas that have been employed to describe the
experimental ESR spectra, see e.g., Refs. [3,6]. Thus our
derivation here can be seen as a rigorous justification of those
heuristic formulas. We point out here that the time scales 7}
and 73 in these formulas are not phenomelogical parameters,
but they are given by the expressions of Egs. (35) and (24)—
(26) which make clear predictions about their dependence
on the bias voltage and the tip-sample distance (encoded in
the hopping parameter t). Moreover, Eq. (42) contains the
information about the degree of spin polarization of a STM
tip to obtain sizable ESR signals. In Appendix B, we provide
additional analytical insight into these results.

The current in the absence of microwaves can be obtained
by setting o = 0 in the equations above. In that case, the
current is given by the dark current in Egs. (37)—(40), where

the density matrix elements p,, and pp, are computed in
the absence of microwaves. Furthermore, the result for the
current coincides with the results reported in the literature in
the absence of microwaves [35-37]. Lastly, the division into
three current contributions above is not generic of a spin-1,/2
system, but applies to any spin system.

C. Homodyne detection

In the previous section, we have assumed that the spins of
the system and the tip polarization are parallel. This led us
to a result for the ESR line shape summarized in Eq. (41)
that predicts symmetric spectra with respect to the detuning
6. However, asymmetric spectra have been reported in the
literature [6,8,12], in particular close to zero bias voltage,
which we will discuss below. In the following, we assume that
the asymmetry arises when the static magnetic field does not
completely align the tip and impurity spin. Other proposals
trace the origin of the asymmetry back to the failure of the
rotating wave approximation [S1]. Focusing on the two-level
system, if the impurity spin and the magnetization of the tip
are not collinear and form an angle 6 # 0, one can show that
this induces a Larmor precession of the impurity magnetiza-
tion, i.e., when w, = wy,, this leads to an expectation value
for $*(7) of the form

hicos6
(S(0)) = =5 Paa(®) = pus(®)
fisin O . .
R Bra(®)e ™ + pup(@)e . (44)

2

The second term here is time-dependent, which is determined
by the coherences (i.e., off-diagonal elements) in the reduced
density matrix. This time-dependent magnetization couples to
the microwave field to give an additional contribution to the dc
current. This effect has been referred to as homodyne detection
[6], in analogy to what has been observed in the context
of electric-field induced ferromagnetic resonance excitation
[52]. The dc current in this case can be obtained by insert-
ing Eq. (44) into Eq. (8). The main effect of the homodyne
detection is the modification of the interference term, whose
contribution to the dc current in the presence of microwaves
becomes

(Vo) =& Y J2(@) Lo (V + nhw, /e)

n=—oo

2
x [(paa — pby) 080 + —Re{ppa) sine]. 45)
o

The first term inside the brackets gives the contribution that
we have discussed in Sec. III B, but it is rescaled by cos6.
The second term is proportional to sin 6 and describes the new
contribution that depends on the real part of the coherence,
which is odd in §. As we shall show below where we analyze
our own experimental results, this term is responsible for the
asymmetry in the ESR spectra and explains the unconven-
tional spectral line shapes near zero bias voltage.
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IV. EXPERIMENTAL RESULTS

With the theory described in previous sections, we can
now not only quantitatively analyze the measured ESR signal,
but also understand this signal in relation to the background
signal. We can also describe the tunneling current with and
without microwaves, which carries important information that
allows us to independently determine the model parameters.
Additionally, we can use this theory to analyze the ESR signal
as a function of applied magnetic field and/or microwave
frequency, and also as function of applied bias voltage, which
provides a stringent test of the theory. In this section, we shall
briefly discuss the experiments that were carried out to test the
theory developed in this work.

As a testbed system for our theory we measured the ESR
signal of a TiH molecule on MgO/Ag(100) as function of
magnetic field and applied bias voltage, which is summarized
in Fig. 1(c). The TiH molecule forms a spin-1/2 system on
the MgO surface as has been observed in a number of dif-
ferent experiments before [7,13,16,21,53]. The microwave is
fed through an antenna, which radiates towards the tunnel
junction through vacuum [54]. The microwave amplitude and
frequency were kept constant during the measurements, while
the magnetic field was swept. The data were acquired by
chopping the microwave (on/off) at a frequency of 107 Hz and
detecting the signal in the tunneling current using a lock-in
amplifier at that frequency [15,55,56]. The resulting measured
current Al is effectively the difference between the tunneling
current while the microwave is on I,, and the tunneling current
while the microwave is off I,

Al = Iy, — Lo (46)

Therefore we have to calculate the tunneling current with
and without the microwave radiating into the tunnel junction.
Due to the sinusoidal sampling of the lock-in amplifier, the
measured ESR signal will be smaller by a factor of /2
compared to the calculated difference of the tunneling current
with the microwave on and off. This has to be taken into
account for a quantitative analysis. We will do so implicitly in
the following. Further details on the experimental setup and
measurements can be found in Appendix A.

As one can see in Fig. 1(c), there is a clear ESR peak
whose height and width evolves with the bias voltage in a
nontrivial manner, which the theory must explain. Notice also
that there is linear dependence of the ESR peak position on the
the bias voltage. We attribute this dependence to spin-electric
coupling in the tunnel junction [21], which we will only take
into account phenomenologically here. On the other hand, the
horizontal stripes are due to the tunneling electrons interacting
with the microwave, which is not directly related to the ESR
signal. In Fig. 1(d), the corresponding calculated spectra using
the theory of Sec. III are shown for the same parameter range
as in Fig. 1(c), which are in good quantitative agreement with
the experimental data. The details of how we calculated the
theoretical spectra will be described in detail in the following
section.

TABLE 1. Model parameters The parameters that are related to
the tunneling current can be determined independently from a refer-
ence spectrum measured without microwaves (Ref.), the remaining
parameters are determined from the ESR spectrum itself (Data). The
temperature 7' and the microwave frequency w, are treated as in input
parameters (Input), which are given by the experimental setup. They
are normalized such that the parameter 7, provides the corresponding
channel transmission at the Fermi level. The microwave couples
differently to the tunneling current and to the spin system. As the
relation between these coupling mechanisms is still under debate,
we use two parameters V,. and /2 to describe the interaction with
the microwave.

Symbol Parameter Fitted value Source
)4 tip polarization -0.8 Ref.
7 transmission 1.85 x 1073 Ref.
/70 DOS linear coefficient —2.7eV! Ref.
/T DOS quadratic coefficient 5evV2 Ref.
A spin-flip parameter 0.46 Ref.
Al intrinsic decay rate 9 neV Ref.
T temperature 310 mK Input
W, microwave frequency 61 GHz Input
Wmax> Bmax ESR peak position V dependent Data
Vae microwave amplitude 199 mV Data
h<2 Rabi frequency 29 neV Data
nyo intrinsic coherence rate 70 neV Data
0 homodyne angle 4.5° Data

V. COMPARISON WITH THE EXPERIMENTAL RESULTS

In this section, we apply the results of the theory for a
spin-1/2 system discussed in Sec. III to the analysis of our ex-
perimental results. This analysis proceeds in two steps. First,
we fit the tunneling current in the absence of microwaves,
which allows us to determine most of the parameters of the
model, except those related to the microwave field. Then,
we use those parameters to reproduce the ESR spectra of
Fig. 1(c).

Despite the rather complex model involving a number
of different interactions with the environment, the amount of
parameters in the model remains manageable. A summary of
the parameters, which we will use in the following, is given in
Table 1. The parameters that are relevant the tunneling current
(marked “Ref.” in Table I) can be extracted from reference
spectra without microwaves. The other parameters (marked
“Data” in Table I) can be extracted from the ESR signal as
well as the background signal. This provides enhanced consis-
tency in determining the model parameters for a quantitative
analysis of the ESR data.

We describe this procedure in more detail in the remainder
of this section.

A. Current in the absence of microwaves

In Figs. 2(a) and 2(b), we show the experimental data for
the current and differential conductance, respectively, as a
function of the dc bias voltage in the absence of microwaves.
Notice that the current is nonlinear. It exhibits a conductance
step in the low bias voltage regime making it asymmetric with
respect to the voltage polarity. To model these current-voltage
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FIG. 2. Reference measurement without microwaves. (a) Current measurement and (b) simultaneous conductance measurement without
microwaves as a reference to extract the tunneling parameters. The data is shown in blue and the fit is shown in red. The different contributions
to the tunneling current are the elastic term (green), the interference term (yellow) and the inelastic term (purple). (c) Relaxation and
decoherence rates for the data set in (a). (d) The corresponding relaxation and decoherence times as defined in Eq. (35).

characteristics we shall take into account two features of the
lead Green’s functions defined in Egs. (11) and (12). The first
feature is an energy-dependent DOS and the second feature is
a spin-polarized DOS. Assuming that the lead Green’s func-
tions are diagonal in spin space, they are given by

§l, (E) = 2migjs (E)f(E), 47)
g5 (E) = 2migjo (E) f(E) — 11, (48)

where g, (E£) is the DOS of electrode j = L, R for spino =1,
| and f(E)=[1+exp(E/kgT)]~" is the Fermi function.
Then, to incorporate those two features, we assume that the
substrate’s DOS is constant and spin-independent (o7, (E) &
01.(0), where the Fermi level is at E = 0), while the DOS of
the right electrode (STM tip) is given by

1
Oro (E) ~ (1 & P)[QR(O) + 0r(0)E + EQQ(O)EZ] (49)

Here, p € [—1, 1] is the spin polarization of the tip, which
is responsible for the current polarization I,,; being nonzero.
The + sign applies to o =1, while the — sign to o =|.
The different terms in the expansion of Eq. (49) can be cast
into an energy dependent transmission coefficient T(E) =
7o + 11 E + 1, E? with the coefficients 7y = 472t20,(0)or(0),
71 = 47°1%01(0)04(0) and 7 = 27%t%0..(0)0j(0). The trans-
mission determines the magnitude of the elastic current, see
Eq. (38). Note that 1 is just the transmission coefficient at

the Fermi level that determines the constant conductance. We
also point out that the symmetry of the problem in principle
allows us to exchange the densities of states in tip and sample
without changing the result as long as the spin polarization
is energy independent. Therefore, to lowest order, the actual
energy dependence of the individual densities of states is not
relevant, as long as the convolution matches the data.

Using these assumptions for the electronic structure of
the electrodes, the temperature of the experiment (7" =
0.31 K), and the current formula in the absence of microwaves
described in Sec. I1I B in Egs. (37)—(40), we are able to quanti-
tatively reproduce the experimental results, see Figs. 2(a) and
2(b). The different current contributions (elastic, interference,
and inelastic) are shown in Fig. 2 as well. As expected, the
elastic term (green) gives the largest contribution followed
by the interference term (yellow) and then the inelastic term
(purple). Although visible in both panels, this is best seen in
the conductance spectrum [Fig. 2(b)]. The elastic term evolves
smoothly retracing the nonconstant DOS. The most prominent
feature in the differential conductance is a big step near zero
bias voltage, which originates from the interference term. This
is due to the rather strong spin polarization in the tip, which
transfers its polarization onto the spin system (see discussion
in Appendix B). It is worth stressing that we find a very high
spin polarization (|p| = 0.8), which may explain the difficulty
in preparing ESR-active tips. Let us also say that, although not
featureless, the inelastic term only gives a small contribution
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FIG. 3. Analyzing the ESR peak shape: (a) Measured ESR signal as function of bias voltage and external magnetic field at a constant
frequency (61 GHz) with the off resonance background subtracted from Fig. 1(c). (b) Calculated ESR signal with the off resonance background
subtracted. The parameters are chosen for a best fit to the data in (a). Comparison of the ESR peak height (c) and ESR peak width (d) extracted
from the data in (a) and (b). The fit parameters have been determined from panels (c) and (d).

to the overall signal. From this fit we obtain most of the pa-
rameters of the model except those related to the microwaves.
The values of those parameters are summarized in Table 1.

B. ESR spectra

The ESR calculation in Fig. 1(d) has been done using the
parameters extracted from the data without microwaves in
Fig. 2. The relaxation and decoherence rates determining the
spin dynamics can be readily calculated from the extracted
parameters in Fig. 2(a) and are displayed in Fig. 2(c). The
corresponding timescales are plotted in Fig. 2(d). For this
calculation, we have to include the microwave frequency as
an input parameter, which we set to 61 GHz here. The re-
maining parameters can be extracted from measurements with
microwaves. The peak positions wmyax, Bmax are extracted as
function of bias voltage. The functional dependence of the
peak position on the bias voltage is due to the electric field
in the tunnel junction induced by the bias voltage, which is
discussed elsewhere and will not be detailed here [21]. The
peak positions are used as input parameters in the calculations.

For the subsequent analysis, we subtract the off-resonance
background in the measured and calculated data in Figs. 1(c)
and 1(d), respectively. We take a slice as function of bias
voltage at a constant magnetic field that does not show any
resonance signal and subtract it from every other slice in the

data set. The corrected measured and calculated data is shown
in Figs. 3(a) and 3(b), respectively, with a smooth background
demonstrating that the subtracted off-resonance background
is independent of magnetic field. With the ESR peak positions
known, we can extract the peak height and the peak width
(full width at half) from the corrected data in Fig. 3(a), which
are shown in Figs. 3(c) and 3(d), respectively. The data is
shown in blue, while the fit is shown in red. The only free
parameters in this fit are the intrinsic coherence rate yy, which
is mostly given by the coupling to the substrate, as well as
the microwave amplitude 2 (Rabi frequency), that excites
the spin system. Their values are given in Table I. We find
that all parameters have more or less impact on all different
quantities, but some quantities are particularly influenced by
certain parameters, which allows us to determine their values
rather precisely. The impact is summarized in Table II.

The dynamics of the system due to the tunneling current
is entirely determined by the parameters that were already
independently determined by the reference spectrum. We find
excellent agreement between the data and the model calcu-
lations for the peak height and the peak width in Figs. 3(c)
and 3(d). The only deviation we find is in the peak height for
voltages larger than about 60 mV, which could be resolved by
making some parameters voltage dependent. However, for the
proof of principle here, we conclude that we have good agree-
ment between data and theory. The corresponding relaxation
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TABLE II. Impact of model parameter summary of the param-
eters used in the modeling and their impact on different measured
quantities. Every parameter has a rather unique impact on one feature
of the different measured quantities. This allows for a rather consis-
tent fit, which little interdependence between fit parameters.

Parameter Impact

p dI/dV (inelastic step height)

Ty dl/dV (overall scaling)

T12/T0 d1/dV (overall slope)

A dI/dV (inelastic step height vs. overall scaling)
hly dl/dV (step width)

Wmax»> Bmax Map (ESR peak position)

Vie Background (scaling)

nQ ESR peak height (overall scaling)

hyo ESR peak width (zero bias voltage offset)
% ESR spectrum near zero bias

rates I',_,; and I',_,, as well as the decoherence rate I‘zg are
displayed in Fig. 2(c). Notice that the impact of the tunneling
current is minimized at zero bias voltage.

As before, we separate the contributions to the ESR signal
into the three tunneling channels. The elastic current channel

Interference
Term

Bias Voltage (V)
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Ext. Magnetic Field (T)
<
2
<
o+
c
o
8 -1t ——Datal
(c) ——Fit
-0.15 -0.1 -005 O 0.05 0.1

Voltage (V)

does not interact with the spin system and, will therefore
not contribute to the ESR signal. However, the elastic cur-
rent channel is influenced by the microwave, so that it will
contribute to the off-resonance background. The interference
term carries the majority of the ESR signal as can be seen in
Fig. 4(a). The background in the interference term is relatively
smooth apart from a small step at zero bias voltage. The
inelastic term contributes mostly to the off-resonance back-
ground with a sizable feature at zero bias voltage as shown in
Fig. 4(b). However, the inelastic term also carries part of the
ESR signal. This ESR signal is substantially smaller than in
the interference term, but it cannot be neglected in the data
analysis if quantitative agreement is to be achieved.

Another important parameter to be determined is the
microwave amplitude V,. for the tunneling current. This
can best be extracted from the off-resonance background,
which is shown in Fig. 4(c). The nontrivial behavior of
the off-resonance background is an indication of a noncon-
stant DOS. A constant/linear/quadratic DOS results in a
zero/constant/linear offset in the off-resonance background.
The sharp dip at zero bias voltage is due to the step feature in
the interference term [cf. Fig. 2(b)]. The smaller wavy features
are higher order details in the DOS, which are not captured
by the quadratic approximation in Eq. (49). The behavior

Al (pA)
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——Data
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e
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FIG. 4. Components of the ESR signal. Contribution of the interference term (a) and the inelastic term (b) to the ESR signal in Fig. 1(d).
Most of the ESR signal is carried by the interference term. Note that there is a small contribution from the inelastic term to the ESR signal.
(c) Off resonance background taken from Figs. 1(c) and 1(d) for the experimental and the calculated data, respectively. The wavy modulation
in the data is due to the microwave interaction with small modulations in the DOS of the leads. (d) The homodyne signal near zero bias
voltage at Vpins = —2.713 mV. The angle between the tip spin and the spin system is & = 4.5°. The calculated spectrum was offset by 10 fA to

compensate for slight differences in the background signal.
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FIG. 5. Electromagnetic simulations: (a) System considered in the electromagnetic simulations in which a metallic sphere is placed above
a metallic substrate that features an 0.5-nm-thick MgO layer on top. The metal is assumed to be gold and the sphere radius is 10 nm. In
our simulations we vary the gap size (sphere-MgO distance) between 0.25 and 3 nm. In this panel we show the spatial distribution of the
electric field amplitude in linear scale, from minimum (black) to maximum (yellow), when the system is illuminated with a plane wave with
a wavelength of 5 mm, polarization along the z axis and incoming from the negative x direction. (b) Field enhancement ratio |Eg,p|/|Eol
as a function of the radiation wavelength for the system shown in panel (a). Here, |Eg,| is evaluated in the middle of the gap region. The
different curves correspond to different values of gap size, as indicated in the legend of (c). (c) The corresponding results for the field ratio
|Egapl/(c|Bgapl). (d) The field ratio as a function of the gap size for the cases with and without a MgO layer for a wavelength of 5 mm. [(e) and
(f)] The same as in (b) and (c), but replacing the MgO layer by air. The gap size indicated in the legend of panel (f) is measured from the top
of the 0.5-nm-thick air layer to the gold sphere to make a fair comparison with the results of (b) and (c).

of the off-resonance background also depends sensitively on
the microwave amplitude, so that we can extract a value of
Vae = 19.9 mV.

Near zero bias voltage, a small asymmetric ESR peak re-
mains, which is attributed to homodyne detection [6,8,13,14].
The presence of this small signal, which can be seen in
Fig. 4(d), indicates a finite angle between the tip spin and the
spin system resulting in a homodyne signal (cf. Sec. III C). To
determine this angle, we identify the zero crossing of the ESR
peak height from the calculated spectra at Vi,;,s = —2.713 mV.
The corresponding ESR signal is shown in Fig. 4(d). We then
set the angle to 6 = 4.5° to fit to the data showing excellent
agreement. We thus find an overall consistent model that
quantitatively explains the ESR features and the background
signal over several orders of magnitude in the tunneling
current.

VI. WHAT DRIVES THE TRANSITIONS?

Our theory has been able to clarify many basic questions so
far, but we still need to address the most important question
in this field: what drives the transitions between electronic

states? It is somehow surprising that an all-electric ESR can
work at all. After all, the electric field should not couple
to the spin (electric dipole transitions are forbidden due to
selection rules). It has been argued that the ac magnetic field
that accompanies the oscillating electric field is not strong
enough to induce the transitions between the spin states [28].
For this reason, a plethora of alternative mechanisms have
been proposed [3,14,23-27], but the community has not yet
reached a consensus. In the context of our experiments, in
which microwaves are supplied by an antenna radiating into
the vacuum towards the tunnel junctions, the question boils
down to whether the ac magnetic field at the junction is suf-
ficiently intense to justify the value of the Rabi frequency 2
that we have deduced from our fits to the experimental results.
To shed light on this question, we have carried out classi-
cal electromagnetic simulations using the frequency-domain,
finite-element solver implemented in Comsol Multiphysics.
Mimicking recent models for STM luminescence [57], we
simulate our experiments through an Au nanocavity (with a
radius of 10 nm) separated by a gap d from a Au surface,
which features a 0.5-nm-thick MgO layer on top, see Fig. 5(a).
To model Au, we used a permittivity obtained from a Drude
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multi-Lorentz fit to the experimental data of Ref. [58]. Let
us stress that the choice of the metal here is simply for
convenience as all metals behave very similarly in the
microwave region. In order to determine the electric and
magnetic fields in the junction region, we have simulated the
propagation of a plane wave incoming along the x direction
[cf. Fig. 5(a)] with a wavelength A, a far-field magnitude of
the electric field equal to |Ey|, and with a polarization along
the axis of the junction, which is the z direction in Fig. 5(a).
The figure shows the electric field distribution for a gap of
d = 0.5 nm, a 0.5-nm-thick MgO layer, and an incoming
wave of A =5 mm wavelength (~61 GHz). Notice that the
electric field is enhanced in the gap region. It is basically
constant across the gap region and barely penetrates inside the
metallic regions.

To characterize the intensity of the electromagnetic fields
in the junction region, we present in Figs. 5(b)-5(f) results
for the ratios |Egpl/|Eo| and |Egypl|/(c|Bgapl), where |Egyp|
and |Bg,p| are the magnitudes of the electric and magnetic
field, respectively, evaluated half way from the nanocavity
and the MgO layer (c is the speed of light). Moreover, to
understand the role of the MgO substrate, we also present in
Figs. 5(d)-5(f) results without the MgO layer, which is simply
replaced by an air layer of the same thickness. Let us first
discuss the results shown in Figs. 5(b) and 5(e), which shows
the electric field enhancement with and without the MgO layer
as a function of the radiation wavelength ranging from UHV
light to the microwave range. The wavelength in our experi-
ments is ~5 mm, but to connect with field enhancements in
other contexts like nanoplasmonics, we present several orders
of magnitude in 1. The different curves correspond to different
values of the gap size d, which are listed in Figs. 5(c) and 5(f).
Notice that for the smallest gaps and microwave wavelengths,
the electric field is locally enhanced at the junction region by
a factor between 10 and 30 depending on the precise value
of the gap and the presence or absence of the MgO layer.
This enhancement in the microwave region is due to the well-
known lightning-rod effect and has nothing to do with the
excitation of local plasmons, which do not exist in this region
of the electromagnetic spectrum. Indeed, for all gap sizes,
the field enhancement is maximum in the near-infrared and
the red region of the optical window (600-900 nm). At these
wavelengths, the structure supports bright localized plasmons,
which couple efficiently to the incoming radiation. The local
electric field enhancement is progressively reduced as the gap
size increases. Furthermore, the presence of the MgO layer
increases the field enhancement.

In Figs. 5(c) and 5(f), we show the corresponding results
for the ratio |Egqp|/(c|Bgapl). This ratio is equal to one in the
far field and it increases in the gap region up to an order of
magnitude for small gaps in the microwave region, meaning
that the magnetic field is relatively reduced with respect to the
electric field. Going back to our relevant wavelength of about
5 nm, we summarize the decrease of the ratio |Egap/(c|Bgapl)
as the gap increases in Fig. 5(d) for the cases with and without
the MgO layer. Notice that the presence of a layer of the MgO
dielectrics leads to a more rapid decrease of the field ratio with
increasing gap size.

Let us now use these simulations to connect with the results
of Sec. V. We note that in our experiments we do not have

access to the values of the fields in the far-field region, i.e.,
we do not know |Ey| in our experiments. However, we can use
the fitted value for V,. to get an estimate for the magnitude
of the electric field in the junction and then use the results of
Fig. 5 to obtain the value of the magnetic field that determines
the Rabi frequency. We can estimate the magnitude of the
electric field in the gap region as: |Egyp| ~ V,c/d. We have
checked that in the microwave regime, this simple estimate
reproduces very well the rigorous result obtained integrating
the profile of the z component of the electric field along the
axis of the junction. Now, assuming a gap of d = 2 nm (to
account for the tiny field penetration in the metallic regions)
and using V,c = 19.9 mV, we obtain |Egyp| ~ 107 V/m. Then,
using a typical value of |Egapl/(c|Bgapl) ~ 5 for the field ratio
at the junction, we can estimate that |Bgyp| ~ 6 mT. This value
has to be compared with the magnetic field deduced from
the Rabi frequency: Q2 = ug|Bg,p|/fi, where we assume that
the g-factor is equal to two for our spin-1/2 system. Note
that the relevant magnetic field component relevant is in the
xy-plane (perpendicular to the static magnetic field), which is
precisely the one that is reported in the simulations of Fig. 5.
Using /2 =29 neV, we obtain |Bg,,| ~ 0.6 mT, which is
smaller than the estimate above that was obtained using ideal
conditions in terms of propagation direction and polarization.
Thus we conclude from these arguments that in our setup, the
ESR transitions can be attributed to the ac magnetic field of
the microwave radiation.

VII. DISCUSSION AND CONCLUSIONS

The discussion of the previous section applies to situations
in which the microwaves are supplied via a nearby antenna
radiating into vacuum. It would be highly desirable to carry
out a similar analysis to clarify what happens in those cases in
which an alternating electric field is fed directly to the tip, like
in the original experiment [3]. In those cases, we have no state-
ment about the driving of the transitions and cannot exclude
other proposed mechanisms. However, we emphasize here
that our theory applies irrespective of how the spin system
is driven. Furthermore, a number of theoretical works have
treated the ESR-STM theory recently [25-27,51,59], with
Refs. [25-27] being closest in spirit to our work albeit with an
excitation mechanism employing a time-dependent variation
of the tunnel barrier induced by the alternating electric driving
field. The most notable differences to the previous theories are
that we went beyond the small amplitude approximation for
the microwave, we allowed for a nonconstant density of states,
and we included the background current to achieve the best
possible quantitative agreement with the experimental data.

In summary, we have presented a comprehensive theory of
ESR-STM based on a combination of nonequilibrium Green’s
function techniques for the calculation of the current and
quantum master equations for the description of the spin dy-
namics. Our theory naturally includes the interplay between
the microwave field, the spin dynamics and the tunneling
electrons. It accounts not only for the ESR signals but also
for the background current that contains critical information
about the underlying physics. This theory can be applied to
any spin system and its validity has been established here
with a comparison with experimental results for a well-known
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spin-1/2 system (TiH on MgO). The quantitative agreement
between theory and experiment was found over many orders
of magnitude of the tunneling current and in a consistent
manner, such that most model parameters were determined
with reference spectra in the absence of microwaves. Such a
quantitative agreement allowed us to unambiguously extract
the relevant times scales (relaxation and decoherence times).
On more general grounds, our theory clarifies what the ESR-
STM spectroscopy measures by rigorously justifying some of
the heuristic formulas that have been customarily employed
to analyze ESR signals. This rigorous analysis has allowed
us, in particular, to determine the degree of spin polarization
of the STM tip in our experiments, which is surprisingly
high (~80%) and could explain the difficulties in fabricating
ESR-active tips. In addition, we have corroborated how the
asymmetry often observed in ESR spectra is due to homodyne
detection, i.e., to the coupling of the spin precession and
the microwaves when the spins are not aligned. Moreover,
with the help of first-principle electromagnetic simulations we
have shown for the scenarios, in which the microwaves are
supplied by an antenna, the origin of the spin transition can
be attributed to the ac magnetic field in the junction region
generated by the radiation field. Furthermore, our theory is
constructed in a modular way such that it can be readily gen-
eralized in many different ways: more complex spin systems,
inclusion of hyperfine interactions, analysis of pump-probe
experiments, including other environments (such as dynam-
ical Coulomb blockade), the analysis of the interplay between
ESR and superconductivity, etc. In this regard, we believe that
the theory presented here will help to expand the ESR-STM
capabilities in the coming years.

ACKNOWLEDGMENTS

The authors would like to thank Susanne Baumann, An-
dreas Heinrich, Klaus Kern, Sebastian Loth, Sander Otte,
Aparajita Singha, and Markus Ternes for fruitful discussions.
We are grateful to the European Research Council (ERC)
for their financial support. This study was funded in part
by the ERC Consolidator Grant AbsoluteSpin (Grant No.
681164). S.P. acknowledges the support from the Condensed
Matter Physics Center (IFIMAC) through an IFIMAC’s Mas-
ter Grants for 2022-2023. A.LF.-D. acknowledges funding
from the Spanish Ministry of Science, Innovation and Uni-
versities through Grants No. PID2021-1269640B-100 and
No. ED2021-130552B-C21, as well as the European Union’s
Horizon Programme through Grant No. 101070700 (MI-
RAQLYS). J.C.C. thanks the Spanish Ministry of Science and
Innovation (Grant No. PID2020-114880GB-I00) for financial
support and the Deutsche Forschungsgemeinschaft (DFG) via

J

_ (&) + 70)2 + [(1 = sgn(@)p)|| + 2T01[8* + (1&] + 70)°]

SFB 1432 for sponsoring his stay at the University of Kon-
stanz as a Mercator Fellow.

APPENDIX A: EXPERIMENTAL METHODS

Experiments were done using a commercial Unisoku
USM-1300 STM equipped with high-frequency cabling and
an antenna. The high-frequency setup allows for driving ESR
signals between 60 to 100 GHz [54]. We cleaned a silver
Ag(100) single crystal in ultrahigh vacuum (UHV) through
several cycles of Ar™ ion sputtering at 5 kV and annealing
at 820 K. Double layer MgO was grown on the clean silver
surface by simultaneous evaporation of Mg onto the sample
surface, leaking of O, into the UHV space, and heating of
the silver substrate. After the MgO growth, we deposited
single Fe and Ti atoms onto the surface using electron beam
evaporators. Furthermore, the sample was kept below 16 K
during Fe and Ti deposition to ensure that the atomic species
did not form clusters on the surface. The Ti species naturally
hydrate due to the residual hydrogen gas found in the UHV
space [53]. To create ESR sensitive tips we picked up between
one and ten Fe atoms [3]. All measurements were done with a
setpoint current of 100 pA at a setpoint voltage of 100 mV.

APPENDIX B: MORE ON THE SPIN 1/2 SYSTEM

In this Appendix, we elaborate on the case of a spin-1/2
system and provide some analytical results for more in-depth
insight. To proceed, we shall assume that the electrodes’ DOS
are energy-independent with a spin polarization p and that the
bias voltage is the dominant energy scale, i.e., vy = eV >
kgT, hwp,. Within these approximations the relaxation and
decoherence rates (and the corresponding characteristic times
T, and T5) are given by

2210 1 + sgn(wo)p

Fa%b = |w0|? (Bl)
T 2
2219 1 — sgn(wo)p
Tpog = g ool + o, (B2)
T 2
)\21’0
ry = |l + 70, (B3)
1 227
r=— =""2jwy| + I, (B4)
T] T
1 )LZ‘L’Q FO
=== =4+, BS
Y o - |600|+2+)/0 (B5)
)\2
I =Ty — = py (B6)
T

With these expressions we can obtain the different ele-
ments of the stationary density matrix [cf. Eq. (33)], which
adopt the form

aa —

Pbb =

——— - —— , (B7)
2(1@] + 70)22 + 2[|@] + Tol[82 + (18] + 70)*]
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FIG. 6. Analytical results for the spin-1/2 system: (a) Conductance in the absence of microwaves. The different contributions are the elastic
term (green), the interference term (yellow), the inelastic term (purple), and the total conductance (red). (b) The different rates determining
the dynamics of the two-level system. (c) The corresponding relaxation and decoherence times. (d) ESR peak width. (e¢) ESR peak width. (f)
Off-resonant background current. The parameters used to compute these results were those reported in Table I.

Here, we have defined @ = Azrowo/n and 9 = [o/2 + . It
is interesting to notice that in the limit of large voltages, the
stationary density matrix reduces to

1 —sgn(V)po*

p(V — £o00) = >

(B10)

This means that for sufficiently high bias voltages, the polar-
ization of the spin system follows the spin polarization of the
tip. In this limit, the expectation value of the magnetization in
the z-direction becomes (S°) = Fph/2, depending on the sign
of the bias. This corroborates the observation that the thermal
excitation of the spin system for kg7 > hwp,, reducing the
ESR signal becomes irrelevant at high enough bias voltages
making it still observable at higher temperatures [60].

With these expressions, we can compute the current. First,
the elastic current of Eq. (38) and related quantities in the
absence of microwaves are given by

. 1+p
I5(V) = Goro v, (B11)
14(V) = IJI(V) + Iell(V) = GytyV, (B12)
La(V) = IN(V) = I}(V) = GoropV, (B13)

where Gy = 2¢?/h is the conductance quantum. The interfer-
ence term, see Eq. (39), can be written as

L (V') = 2GoTopV (Paa — Pob) (B14)

while the inelastic current, see Eq. (40), adopts the form

3)\.2G()7,'0 )\.ZGQTOP
Lina (V) = 4 V+
where V = > J,%(o:)IV + nhw,/e|. Thus the total dark cur-

rent within this approximation is given by

322 apl AZpl”
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(B16)
The previous analytical results for the conductance as well as
for the relaxation and decoherence rates and timescales are
illustrated in Figs. 6(a)—6(c).
Both the interference and inelastic terms contribute to the
ESR lineshape that is given by Eq. (41) where the peak height
can be expressed as

V(Paa — ), (BIS)

I (V) = —3Gozop(v + 2L ) Lo = P2
ea - - T A~ 1= .~
pesk PN )Tt 1al
QZ
S . (BI7)
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while the corresponding linewidth adopts the form
2
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These expressions qualitatively reproduce the nonmonotonic
behavior of the peak height shown in Fig. 3(c) and the ap-
proximate linear dependence of the linewidth with the bias
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voltage, see Fig. 3(d). This is illustrated in Figs. 6(d) and 6(e).
However, for a quantitative agreement with our experimental
results the energy dependence of the DOS cannot be ignored
and the full theory described in the main text has to be used.

It is worth mentioning that within the approximations used
in this Appendix the background or off-resonant current is
solely due to the inelastic term and it is given by

MGorop TV
2 r
This result is illustrated in Fig. 6(f).

Ibackground(v) = (‘7 - |V|) (B19)

Finally, it is also interesting to address the homodyne de-
tection discussed in Sec. IIIC. Assuming a constant DOS,
Eq. (45) becomes

Lini(V, @) = AGoTopV (0aa — pb) €OS O
+ AGotopVacRe{Ppa) sin 6. (B20)

As discussed in Sec. III C, the second term is responsible for
the asymmetry in the ESR spectra.
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