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ABSTRACT

The dynamics of a quantum system in a dissipative environment presents a rich and still largely unexplored phenomenology that is relevant
for the control of quantum devices. The simplest problem can be modeled as a two-level system—such as a spin—in contact with a thermal
bath. Here, we present experiments in which we monitor the spin reversal in a TbPc, single-molecule spin transistor, and we show that the
application of microwave pulses can cause the spin to flip between its two lowest-lying states (| T) and | |)) at a rate that increases with
increasing duration and power of the pulses. This process is neither resonant nor coherent with the microwave pulses. Moreover, an asym-
metry appears in the | [)—| 1) and | T)—| |) transition probabilities, suggesting that the process occurs out of equilibrium. We explain the
experimental results and provide an estimate of the local temperature increase induced by the microwave pulses by means of a model that
takes into account the energy exchange between the single Tb>* electron spin and the local environment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5064593

Due to their discrete and utterly quantum-mechanical nature,
individual spins represent genuine two-level systems. In particular,
single electron spins are a natural and attractive choice for
atomic-scale devices encoding quantum bits." Addressing single elec-
tron spins confined to quantum dots in high-mobility heterostruc-
tures has been a widely investigated playground.”™” The electrical
single-shot readout of the state of an individual electron spin in a
semiconductor quantum dot was achieved by converting the spin
information into charge information and subsequently probing the
charge on the dot by means of quantum point contact detection.”’

The solid-state spin qubit devices carved out in these semicon-
ducting heterostructures are several tens of nanometers in size. An

attractive road to improve the spatial resolution in addressing spin
centers is the use of scanning tunneling microscopy (STM).
Recently, STM-based experiments have indeed demonstrated the
possibility to assemble and address the magnetic states of artificial
few-atom magnets.”'" In particular, spin-polarized STM can
measure the orientation of the spin magnetic moment of bistable
magnetic nanostructures through a change in the tunnel current
due to tunneling magnetoresistance at the single-atom scale.'’
Transitions between their magnetic states can be induced using the
spin-polarized STM as a source of spin-polarized current and con-
trolling the sign of the tip-sample voltage.”” An analogous
STM-based protocol allowed one to write and read out the
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magnetic state of an individual Ho atom deposited on a MgO
surface: current pulses are applied to flip the atom’s spin (writing
process) and tunnel magnetoresistance is exploited to detect its
state (readout phase). The information thus encoded in the single
Ho atom spin state can be retained over several hours at liquid
helium temperatures.' " Finally, using resonant radio-frequency
STM, resonant spectroscopy was performed on a single molecular
ma\gnet.]4

Molecular (spin-)electronics—i.e., devices with molecules
embedded between nanoscale electrodes'”™'’—provides alternate
ways to read individual spins. Since the use of electromigration to
fabricate nanometer separation of metallic electrodes,'® single-
molecule transistors have been fabricated, enabling the realization
of large charging energy quantum dots, with, in addition, the possi-
bility of tuning the potential of the molecule with a local gate
electrode.'”™*' Molecular magnets have also been embedded
between nanoscale electrodes, resulting in the readout or control of
magnetic properties.”” > These molecular spins, consisting of an
inner magnetic core with a surrounding shell of organic
ligands,”™*” can be largely tailored via chemical synthesis and opti-
mized to be grafted on surfaces,”® to enhance their conducting
properties or to engineer their coupling to the environment.” At
low temperatures, compounds of this class exhibit an extremely
slow relaxation of the magnetization’® and long coherence times,”’
which makes them attractive for density information storage and
quantum computing applications.”” Their high versatility makes it
easy to integrate them in a wide variety of nanoscale devices.”

In this work, we report the spin reversal induced by micro-
wave (MW) pulses. We performed low-temperature experiments on
the individual electron spin of a bis(phthalocyaninato) terbium
molecule (hereafter TbPc,) embedded in a gold nanojunction
obtained via electromigration to create a molecular spin transistor
device.

Our spin transistor [Fig. 1(a)] can be described as resulting
from the coupling between two quantum systems:

1. The magnetic moment of an isolated TbPc, molecule:”’ " the
electronic structure [Xe]4f® of the rare earth ion results in a total
spin of S=3 and a total orbital angular momentum of L=3,
whose combination, due to the strong spin-orbit coupling, gives
rise to an electron spin of global angular momentum J = 6. This
magnetic moment is subject to the ligand field generated by the
two neighboring Pc ligands, which lifts the degeneracy between
the |J, m;) states, inducing an energy gap of ~600 K between the
ground-state doublet |6, + 6) and the first excited state
|6, + 5). As a consequence, at low temperature, the magnetic
properties of this molecular complex are determined exclusively
by this electron spin ground-state doublet, and the TbPc, single-
ion magnet can be described as an Isinglike system, with the
electronic magnetic moment of the Tb*>" ion (hereafter referred
to as “spin” for simplicity) aligned either parallel (| 1)) or anti-
parallel (| |)) to the easy axis of magnetization of the molecule
which is perpendicular to the Pc planes. A finite external mag-
netic field can finally lift the degeneracy of the ground-state
doublet through the Zeeman effect [Fig. 1(b)]. Moreover, the
Tb>* ion also carries a finite nuclear spin of I=3/2. Though,
when applying microwave pulses with frequency equals to 2.8

TUTORIAL scitation.org/journall/jap

GHz and power at room temperature of a few dBm, as per-
formed in this work, the nuclear spin transitions (2.45 GHz,
3.13 GHz, and 3.81 +0.01 GHz), are unaffected by these pulses.
As a consequence, the coupling between the global angular
momentum and the Tb>" nuclear spin has no influence on the
mechanism under investigation here.

2. A readout quantum dot created in close proximity to the Tb>"
electron spin by the two organic Pc ligands, whose delocalized
n-electron system is tunnel-coupled to the source and drain
electrodes. The presence of an unpaired electron delocalized
over the Pc ligands as an S=1/2 radical’®*"** likely facilitates
the formation of a molecular quantum dot in the neutral deriva-
tive [TbPc,]° used in our experiments. In addition, it has been
shown that the anisotropic magnetic moment of the Tb>* ion is
coupled to the Pc m orbitals via an indirect exchange coupling
mediated by the 5d electrons of Tb.”

The Tb>" electron spin can reverse following two different
mechanisms [see the Zeeman diagram in Fig. 1(b)]. At zero mag-
netic field, quantum tunneling of the magnetization (QTM) can
occur, due to the transverse terms of the magnetic anisotropy
mixing the two states of the lowest doublet,” as illustrated in the
inset of Fig. 1(b). The effects of QTM during field sweep across
zero were studied and reported in our previous work.”” At finite
magnetic fields (applied parallel to the easy axis of the molecular
magnet), the Tb>" electron spin can flip through an exchange of
energy and momentum with the environment occurring via the
inelastic emission or absorption of one phonon matching the
Zeeman energy splitting [direct transition (DT)] or by means of
higher-order processes involving two phonons.*

The electronic readout of the electron spin orientation uses
the exchange coupling between the readout quantum dot formed
by the Pc ligands and the Tb>* electron spin, as presented in our
previous work.” To summarize the readout principle, the chemical
potential of the readout dot takes on slightly different values
according to whether the Tb®* magnetic moment is aligned parallel
or antiparallel to the unpaired electron spin of the readout
quantum dot. As a result, by choosing a gate voltage working point
close to a charge degeneracy point, a slight variation of the readout
quantum dot chemical potential variation results in a relatively
high differential conductance variation. Thus, the conductance
through the molecular quantum dot is Tb>" electron spin-
dependent, allowing for an electrical and nondestructive readout of
the electron spin.”” Indeed, the two electron spin states are associ-
ated with two different conductance values and a spin reversal
results in a well-defined change in the conductance of about 4%.
The observation of these well-defined jumps in the conductance of
our molecular spin transistor is well visualized in Fig. 2.

In order to properly choose the time scales involved in the
electron spin manipulation experiments, we preliminarily evaluated
its lifetime by means of the following measurement protocol.
Firstly, the Tb* electron spin was initialized in its ground state by
applying a negative parallel magnetic field B=—60 mT. Then, the
magnetic field was swept at a rate of 100 mT/s up to By =60 mT, so
as to prepare the electron spin in its excited state (if a QTM event
occurred before reaching By, vide infra, the initialization procedure
was repeated). Finally, the waiting time necessary for the electron
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FIG. 1. (a) Schematic illustration of the three-terminal
molecular spin transistor consisting of an individual TbPc,
single-ion magnet inserted in a nanometer-sized gold
junction obtained by electromigration. A local backgate
electrode is located under the molecular junction and sep-
arated from the source and drain terminals by an 8--
nm-thick oxide layer. The measurement circuit is also
represented in the picture. (b) Zeeman diagram of the
TbPc, molecular magnet, showing the energy of the elec-
tronic spin levels as a function of the external magnetic
field applied parallel to the easy axis of magnetization.
We do not consider, in the Zeeman diagram, the coupling
between this electronic spin and the Tb>* nuclear spin, as
it is not relevant to the mechanism under investigation in
this work. At zero magnetic field, the Tb** electronic spin
can reverse its orientation through quantum tunneling of
magnetization (QTM) at the avoided level crossing (see
inset) induced by the ligand field, whereas phonon-
mediated relaxation processes (Direct Transitions, DT)
can occur at finite fields By. (c) Electronic spin lifetime
(black circles) plotted as the probability to find the system
in its initial state after a certain waiting time { for a parallel
magnetic field By =60mT and a temperature
T =40mK. The red dotted line represents a fit of the
experimental data to the function exp(—t/T4), from which
a relaxation time Ty = 11.5s can be extracted.

1 O L 1
-0.1 0 B, 0.1 10 20
B(T)

spin to relax into its ground state—thus reversing its orientation—
was recorded. This measurement scheme was iterated 200 times
and the waiting times were collected yielding the probability to find
the system in the initial state [see Fig. 1(c)]. By fitting the experi-
mental data (black circles) with a simple exponential decay func-
tion of the type e ™ (red dotted line), a relaxation time of T; =
11.5 s for the Tb>" electron spin was estimated.

In the following, we focus on low-temperature experiments
maintaining the external (parallel) magnetic field at a fixed finite
value of By=60mT, which leaves the DT as the only possible
mechanism for the spin reversal. If the system is kept at equilib-
rium in these conditions (T = 40 mK, By = 60 mT), it will exhibit
a constant conductance corresponding to the electron spin state | |,
as depicted in the first half of the time trace reported in Fig. 2(c).
This is not surprising, since in these experimental conditions, the
| | state is energetically favored [see the Zeeman diagram in Fig. 1
(b)] and, with no external stimuli acting on the spin system, the
Tb>" electron spin remains in its ground state. The situation
changes if the application of MW pulses is included in the experi-
ment. For this, we followed the probe-pulse-probe protocol schema-
tized in Fig. 2(a). First, the molecular spin transistor conductance is
measured over a time window 7,, = 0.4s (much shorter than the
electron spin relaxation time T; estimated above). Subsequently, a

30

Waiting time (s)

microwave pulse of duration 7p and power P, estimated at the dilu-
tion refrigerator input, is applied through an antenna located in
close proximity to the device. This antenna is capacitively coupled
to the source-drain transistor, resulting in a MW electric excitation
in the nanogap where the molecular magnet is embedded. Finally,
after a total waiting time 7,, = 0.1's (required by our data acquisi-
tion electronics), a new conductance measurement is started, in
order to probe the resulting electron spin state. When this sequence
is repeated continuously, a bistable time trace is observed, with the
conductance switching between two well-defined values corre-
sponding to the two quantum states of the Tb>" electron spin, as
displayed in the second half of the conductance time trace illus-
trated in Fig. 2(c) (where vertical dotted lines are put on the graph
whenever a microwave pulse is applied).

The probe-pulse-probe protocol was iterated a few hundreds of
times in order to gather significant statistics. For each MW pulse
sent to the spin device, the difference Ag between the conductance
measured after the pulse and the conductance measured before the
pulse was computed and different events were discerned. The histo-
gram in Fig. 2(b) shows the final distribution of the Ag values.
Three well-separated peaks can be discriminated, which are respec-
tively centered at (i) Ag = —35nS (Ag/g ~ 4%), corresponding to
spin flip events from the | 1 to the | | electron spin state (peak #1);
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FIG. 2. (a) Scheme of the measurement protocol used to probe the effect of MW pulses on the electron spin state of the TbPc, single-ion magnet. The device conduc-
tance is measured for a time interval z,, = 0.4 s before and after the application of a MW pulse of duration zp and power P. A time z,, = 0.1s is awaited before starting
the conductance measurement after the application of the pulse. A constant external parallel magnetic field By = 60 mT is applied during the entire procedure.
(b) Histogram of the difference Ag between the conductance measured after and before the application of each MW pulse. The two lateral peaks (#1 and #3) correspond
to reversals of the electron spin, while the central one (#2) collects events in which no electron spin flip was observed as an effect of the MW pulses. (c) Evolution of the
device conductance as a function of time at a constant parallel magnetic field By = 60 mT. MW pulses (indicated on the plot as vertical dotted lines) are applied to the

spin transistor only in the right half of the time trace.

(ii) Ag = 0nS, where no reversal of the electron spin has taken
place (peak #2); and (iii) Ag = +35nS, corresponding to transi-
tions from the | | to the | | state (peak #3). This result demon-
strates that it is therefore possible to induce transitions between the
electron spin states by applying MW pulses of proper duration and
amplitude at a constant parallel magnetic field. We can define the
probability for the electron spin reversal to be induced by the MW
pulses as

N; + N:
Probablhty = ﬁ N
1 2 3

with N; being the number of events included in the ith peak (i=1,
2, 3). The evolution of the spin flip probability was investigated by
varying the MW pulse parameters. A systematic change of the fre-
quency between 2.3 and 6 GHz did not show any significant reso-
nance with our spin system. This is not surprising since electron
paramagnetic resonance (EPR) transitions between the |+6 and
|—6 states—involving 12-photon processes—are strongly improba-
ble. In the following, we set f = 2.8 GHz. For a fixed MW pulse
duration 7p = 2 us, the probability to reverse the Tb>" electron
spin is essentially zero for pulse powers P up to about 2.5 mW, as
depicted in Fig. 3(b). For higher values of P, the probability of the
spin reversal process increases for increasing pulse power, attaining
a maximum value of approximately 0.3. Analogously, the spin flip

probability was also measured as a function of the MW pulse dura-
tion 7p for pulses of power P = 10 mW. As shown in Fig. 3(a), the
spin reversal probability increases for increasing pulse lengths in
the submicrosecond regime and subsequently achieves a plateau,
remaining almost constant around 0.3 up to 7p = 2us. It is worth
noting that no oscillations of the probability as a function of 7 can
be observed: this implies that the MW-induced spin reversal
process is not coherent.

Figure 3(c) features the behavior of the spin reversal probabil-
ity as a function of the external magnetic field applied parallel to
the easy axis of magnetization of the TbPc, single-ion magnet. The
probability is independent of the value chosen for By, further confi-
rming that the electron spin reversal process is not resonant with
the MW pulses: the interaction between the Tbh>" electron spin and
the MW electromagnetic field must be mediated by some additional
mechanisms. To interpret these results, we consider a phenomeno-
logical picture in which the MW pulses induce a local temperature
increase of the experimental system, thus exciting the local environ-
ment that subsequently relaxes by exchanging energy and momen-
tum with the Tb>" electron spin, causing it to reverse its
orientation. It is not trivial to precisely assess the temperature of
the system induced by the application of the MW pulses.
Nonetheless, we can exclude that T rises higher than 20-30K,
above which we know that irreversible modifications of the molecu-
lar device are likely to occur.
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FIG. 3. (a) Probability of the MW-induced spin reversal process as a function of the MW pulse duration zp with P = 10 mW. Pulses longer than 2. s were not applied in
order to preserve the integrity of the sample. (b) Probability of the MW-induced spin reversal process as a function of the MW pulse power P with 7p = 2 u's. Pulses
more powerful than 10 mW were not applied in order to preserve the integrity of the sample. (c) Probability of the MW-induced spin reversal process as a function of the
external magnetic field applied parallel to the easy axis of magnetization of the TbPc, molecular magnet for MW pulses of power P = 10 mW and duration zp = 2 us.

No significant dependence is observed.

To provide an order-of-magnitude assessment, we considered
the spin-lattice relaxation model reported in Abragam et al.* in
which the relaxation time 7; of a two-level spin system due to
phonon-assisted processes is derived as a function of the tempera-
ture T of the phonon bath with which the spin system is in thermal
contact. The model relies on the theory of spin-lattice relaxation
through modulation of the ligand field induced by lattice
vibrations®™*® and takes into account the phonon density of a
three-dimensional crystal at equilibrium. Applying this model to
our molecular spin device, we find that the relaxation time goes as

Raman

1 hao A

—=acoth| —— 77 o -—.

L —aco <2kBT) +aT”+b+1; exp< kBT)
————————— —————

Direct Orbach

The various terms originate from different processes that
contribute simultaneously (but in a widely varying degree) to the
relaxation rate:

1. The first term refers to the DT process, involving phonons
having the same energy as the fiw splitting between the two
states of the spin system. In the formula, kg is the Boltzmann
constant and the & = 0.09s™! prefactor was calculated knowing
the energy splitting 7io = 2.8 GHz ~ 140 mK between the spin
| 1 and spin | | states induced by the external parallel magnetic
field By = 60mT and the electron spin lifetime T; = 11.5s
[Fig. 1(c)] when the temperature of the phonon bath is the same
as the temperature of the dilution cryostat (T = 40 mK).

2. The second term describes the Raman process, a two-phonon
mechanism involving the virtual absorption of a phonon of
energy hw; followed by the emission of a phonon of energy 7w,
such that fiw, — hiw, = hw. For the parameters a and b, we used
the values inferred by Urdampilleta” from measurements per-
formed on a similar molecular device: a=20s"'K 7, b=0.015"".

3. The third term refers to the Orbach process, analogous to the
Raman mechanism but involving a real excited state instead of a
virtual one. The symbol A indicates the energy difference

between the ground-state doublet and the excited state con-
cerned by the relaxation event. Since for our molecular system
A ~ 600K, at the temperature scales involved in our experi-
ments, the contribution of this process can be safely ignored.

Within this approximated model, we can estimate that the tempera-
ture required to have a spin lifetime 7, ~ 1us (corresponding to
the pulse duration at which both the transition probabilities start to
saturate) is of the order of T ~ 5K, which is likely to be the
order-of-magnitude temperature of the system during the applica-
tion of the MW pulse (ie., during 7p). Moreover, although indi-
rectly, we can estimate the system temperature during the
conductance measurements by considering the direct relaxation
events observed in the corresponding 7,,= 0.4 s time windows, their
number is compatible with a temperature T ~ 50 mK (very close to
the dilution fridge temperature).

To learn more on the physical processes involved in the
MW-induced reversal of the Tb>" electron spin, we separately eval-
uated the switching probabilities g;; referred to the | |— | T and to
the | T— | | transitions as g;; = n;;/n;, where n;; is the number of
transitions from state i to state j (with i,j = 1,| |) and n; is the
number of pulses starting in state i Figures 4(a) and 4(b) show
how these transition probabilities evolve as a function of the pulse
power P (at constant 7p =2 us) and of the pulse length zp (at
constant P = 10mW), respectively. Probabilities referred to the
transition from the | 1 to the | | electron spin state are represented
by filled red circles, while probabilities related to the transition
from the | | to the | T state are drawn as unfilled green dots. We
can recognize two main features. On the one hand, an increase of
the transition probabilities is observed both for increasing MW
pulse power and for increasing pulse duration. This provides addi-
tional support to the phenomenological description given above,
since an augmentation of the local temperature—which will be
higher the longer and/or the more powerful the applied MW pulses
—is expected to reduce the lifetime of both electron spin states,
thus increasing the probability to switch the spin from one state to
the other. On the other hand, both graphs point out the existence
of an asymmetry between the | |— | T and | T— | | transitions.
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FIG. 4. Transition probabilities as a function of the MW pulse duration zp with
P =10mW (a) and as a function of the pulse power P with zp = 2 izs (b). In
both graphs, filled red dots are referred to the | {— | | transition, whereas
unfilled green circles are related to the | |— | 1 spin transition. (c) Asymmetric
double-well potential picturing the energy of the Tb*" electron spin states as
induced by the external parallel magnetic field By = 60 mT. The MW pulses
excite the spin system that can then relax in either state with equal probability.
When the spin falls in the | 1 state well, it can flip to the | | state via a direct
relaxation mechanism. Our protocol of measurement is “blind” to the direct
relaxation events taking place in the 7, = 0.1s time window that foreruns the
beginning of a new conductance measurement: these events account for the
asymmetry in the | T— | | and | |— | T transition probabilities. (d) Evolution
of the local temperature of the system during the different phases of our
probe-pulse-probe protocol: application of a MW pulse during zp (not explicitly
reported on the graph for scale reasons), waiting time z,,, and conductance
measurement during zp,. The plot includes three consecutive MW pulses which
are sent to the system at t = 0, t = 0.5s, and t = 1.0's, respectively. The red
dots indicate the average local temperatures estimated for the three measure-
ment stages using our spin-lattice relaxation model: T = 5K during zp, T =
750mK during 7, and T = 50mK during 7. The red line fits these points
assuming that, after the MW pulse, the temperature relaxes following an expo-
nential decay yp + Aexp(—bt), where t is the time.

This asymmetry is also evident from the bistable time trace in
Fig. 2(c), where it is apparent that switching from the | 1 to the | |
state requires, on an average, the application of a smaller number
of pulses than reversing the electron spin from the | | to the | T
state. Figures 4(a) and 4(b) show that the difference between the
actual | 17— | | and | |— | T transition probabilities increases for
increasing pulse power and duration, attaining a constant value for
pulse powers higher than 7.5 mW and pulse durations longer than
1 us. In particular, in this regime, the | T— | | transition probabil-
ity is about 0.8, while the probability related to the opposite transi-
tion is approximately equal to 0.2.

The asymmetry in the transition probabilities—which evi-
dences that the process occurs out of equilibrium—can be
explained by taking into account the fact that, after the application
of a microwave pulse, a time 7,, = 0.1s is awaited before perform-
ing a new conductance measurement [Fig. 2(a)]: during this

TUTORIAL scitation.org/journall/jap

interval, imposed by the electronic setup, we are “blind” to any
possible electron spin reversal. It is likely that during ., the Tb**
electron spin relaxes back to the | | state (i.e., the ground state) via
a direct relaxation process. As a consequence, no effective change
in the conductance is observed for these events after the application
of the pulse, and hence a certain number of MW-induced | |— | T
transitions are actually missed. This leads to an overestimation of
the | — | | transition probability with a consequent underestima-
tion of the | |— | | probability. Note that if the transistor conduc-
tance could be recorded in real time over the entire measurement
window (i.e., no waiting time 7,, involved), all of the direct relaxa-
tion events flipping the electron spin from the | T to the | | state
would be detected and, as a result, symmetric transition probabili-
ties would be observed.

Considering this hypothesis, we expect that the relaxation
events taking place in the 7,, = 0.1 s time window before the start
of the new conductance measurement occur roughly 30% of the
times, in order to set equal the | 1— || and | |— | ] transition
probabilities displayed in Figs. 4(a) and 4(b) in the high power and
long pulse regime. Using an exponential decay function P(t) =
1 —exp(—t/7;) to describe the probability for the relaxation
process to occur as a function of time, requiring P(¢,, = 0.1s) = 0.3,
we get 77 = —(0.1s)/1In 0.7 = 0.28 s and a consequent value for the
temperature of T ~ 750 mK. This can be considered the average tem-
perature of the environment during the waiting time.

We also remark that the increase of the difference between the
| 7— | | and | |— | T transition probabilities with increasing dura-
tion/power of the pulse agrees well with our picture of a further
relaxation toward the ground state occurring during 7,,.

Figure 4(d) summarizes the temporal evolution of the local
temperature of the system during the various stages of the measure-
ment resulting from the application of the MW pulses followed by
a thermal relaxation of the environment.

The phenomenological picture that stems from all the previ-
ous discussions is schematized in Fig. 4(c), where an asymmetric
double-well potential is used to describe the Tb*>* electron spin
system (the asymmetry being due to the presence of the finite par-
allel magnetic field By = 60 mT, which makes the | | spin state
energetically favorable). The application of the MW pulses causes
an increase in the temperature of the phonon bath, which in turn
relaxes back to equilibrium by exchanging energy and momentum
with the Tb>* electron spin. The electron spin is provided in this
manner with an amount of energy higher than the energy of the
bottom of both the potential wells and can relax in either of them
with equal probability, as the process is thermally induced and thus
incoherent by definition. Finally, when the electron spin goes in the
| 1 state, it can switch back to the | | spin state via a relaxation
mechanism occurring during the 7,, = 0.1s time interval which is
awaited for before starting a new conductance measurement. This
happens with a probability that depends on the temperature
increase induced by the MW pulses and accounts for the observed
asymmetry in the measured |7— || and | |— |1 transition
probabilities.

We remark that our model relies on quite simple assumptions,
as it computes the spin-lattice relaxation time by considering a
three-dimensional phonon density at thermal equilibrium. We
believe that these experiments may inspire a more accurate and
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comprehensive model that can properly describe the dynamics of a
single spin in contact with a local bath whose temperature can be
changed by the application of MW pulses. An appropriate theoretical
treatment—beyond the scope of this work—will probably require to
solve a master equation for the density matrix describing the spin
and the local environment. As for the (bosonic) phonon bath, a low-
dimensional phonon density of states should be better used to
describe our system. The effects of additional contributions (so far
neglected) will be possibly taken into account, for instance, the role
played by the molecule’s organic radical and by the (fermionic) bath
of conduction electrons tunneling across the quantum dot.

In conclusion, we showed the possibility to address and
switch, by means of MW pulses, the electron spin carried by an
individual TbPc, single-ion magnet in a single-molecule transistor
configuration. The probability of the spin reversal process, being
nonresonant with the MW pulses, increases with increasing pulse
duration and power (namely, with increasing microwave field
energy) and achieves saturation already for pulse durations of
~1us, meaning that the spin switching can be performed at mega-
hertz frequencies. The experimental results can be understood by
considering that the Tb>* electron spin reverses its orientation
because of energy exchange with the phonon bath located in its
surroundings and heated up by the application of the MW pulses.
We estimated an order of magnitude of the average temperature
of the local environment during the different stages of the probe-
pulse-probe measurement protocol following the application of the
MW pulses. Yet, the observed asymmetry in the spin reversal
process (between | T— | | and | |— | 1 transitions) indicates that
the process occurs out of equilibrium and its description asks for a
more sophisticate modeling that goes beyond the scope of this
work. The possibility to read and write the spin information on
individual molecules in a transistor geometry is a step forward in
the context of the manipulation of an individual electron spin
carried by a single molecular magnet. It will be relevant for the
developments of future molecular devices, including local tempera-
ture sensors, memories, spintronics, and quantum applications.
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