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Mechanisms of spin-charge conversion for the electrical readout of 4f quantum states
in a TbPc, single-molecule magnet spin transistor
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We present a theoretical study exposing the dominant microscopic electronic transport mechanisms underlying
a recent molecular spin-transistor experiment [C. Godfrin ef al., ACS Nano 11, 3984 (2017)], where purely
electrical readout of the spin of a Tb(III)-based single-molecule magnet was achieved. To identify the relevant
spin-to-charge conversion mechanisms enabling opposite spin polarizations of the Tb(III) ion 4 f electrons to
generate different magnetoconductance responses, we investigate both incoherent sequential tunneling charge
transport, and coherent cotunneling corrections. Contrary to previous interpretations invoking the highly coherent
Kondo transport regime, we find that all reported experimental observations, including the temperature and
magnetic field dependence of the differential conductance, can be reproduced reasonably well within a sequential
tunneling transport regime explicitly accounting for broadening of the device energy levels due to molecule-lead

coupling.
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I. INTRODUCTION

Single-molecule magnets (SMMs) have been proposed as
candidates for molecular memory [1], molecular qubits [2,3],
and for novel molecular spintronics applications [4,5] owing
to their large magnetic anisotropy, stability upon surface
and thin-film deposition, and their unique, rich, quantum
properties. The bis-(phthalocyaninato) terbium nanomagnet
(TbPc,), in particular, has recently enjoyed a great deal of
popularity in molecular spintronics setups, such as in molec-
ular spin-valve experiments on graphene surfaces [6] and car-
bon nanotubes [7,8], when probed in thin films via scanning
tunneling microscopy tips [9,10] and also in molecular break
junctions [11-13].

The break-junction device has become a system of keen
interest due to the potential of the weakly decohering '**Tb
nuclear states to act as a qudit computational basis for molecu-
lar quantum computation technologies [14,15]. The electrical
readout of the 'Tb nuclear spin computational basis is
fundamentally rooted in a two-step coupling mechanism: (i)
the 'Tb nuclear spin is hyperfine coupled to the doubly
degenerate m; = 6 4 f-electron states of the Tb(III) ion, (ii)
the m; = %6 states are, in turn, ferromagnetically exchange
coupled to a radical s = % spin hosted by the Pc, organic
ligands of the nanomagnet, which are coupled to the Au-
nanowire break junction, thus part of a sequential tunneling
current in and out of the leads. The coupling between the
sequential tunneling conduction electron hosted as a Pc, s =
% radical, and the 4f hyperfine states, enables the transfer
of the nuclear spin states quantum information to the device
current, resulting in a readout process [11,12,14].

Several experimental works reporting highly anisotropic
hysteresis loops of conductance measurements recorded from
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the break junction [11] and from similar TbPc; setups [16,17]
have demonstrated that the bistable electronic ground state
of the TbPc, may be read out electronically by virtue of an
exchange coupling between the Tb(III) electronic states and
conduction electrons that transiently occupy the Pc ligands of
the molecule.

Despite the many experimental results concerning this
terbium molecular break-junction device, to our knowledge,
fewer theoretical investigations have been undertaken to
model electron transport through the system, and to under-
stand the microscopic mechanism for the resultant readout of
the Tb(III) electronic states. In a recent joint theoretical and
experimental study of the device by Troiani et al. [18] the
Landau-Zener-type tunneling dynamics of the Tb 4 f-electron
states was investigated under continuous measurement from
a local electric current, and simulated via a Lindblad-type
master equation. The work focused in particular on identifying
the signature of decoherence in the 4 f-electron tunneling
dynamics, as measured by the transport experiments, using
a phenomenological simulation of the coupling to the envi-
ronment. However, the specific microscopic mechanisms of
the transport measurement process, as those of the coupling
to the environment, were not the object of that work.

In all previous experimental studies [11-13,18,19], the
flipping of the terbium moment between the the m; = 6 and
—6 ground states was detected by measuring the differen-
tial conductance of the device as a function of an applied
magnetic field, which was shown to give rise to disparate
conductance signals for different initializations of the Tb 4f
state. The transport measurements were always interpreted
within a highly coherent and strongly correlated transport
regime (Kondo transport), which entails the assumption of a
strong coupling between the Au-nanowire junction and the Pc
ligands of the TbPc, molecule.

The main evidence for a highly coherent transport regime,
presented especially by Godfrin et al. [19], consisted of the
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following points: (i) the conductance was probed at zero-bias
voltage in gate-voltage detuned conditions, i.e., away from
charge resonance points, which should suppress sequential
tunneling via Coulomb blockade; (ii) the observed temper-
ature dependence of the differential conductance displayed
features that are reminiscent of Kondo transport through a
simple s = % quantum dot device, e.g., the conductance is
maximal at the lowest temperatures, only to decay at higher
temperatures.

We note that in Ref. [19], in order to model the observed
magnetic field dependence of the differential conductance,
it was necessary to assume that the anisotropic exchange
coupling between the conduction electron and the Tb 4 f elec-
trons features a strong component perpendicular to the TbPc;
easy axis (roughly 60% of the parallel component). However,
such an assumption appears to be at variance with previous
experimental [20] and ab initio [21-23] results on 4f-Pc
radical exchange coupling in [TbPc,]°, which instead all cor-
roborate a more likely Ising purely axial anisotropic exchange
mechanism, having negligible perpendicular component. Fur-
thermore, the stability diagram reported by Godfrin et al.
[19] appears to only weakly depart from a clear-cut Coulomb
blockade diamond diagram, as the gate-detuned conductance
appears to die off quite quickly as a function of gate voltage
instead of clearly being established in the Coulomb blockaded
dark regions. Finally, we also note that the assumption of
strong molecule-lead coupling is not commonly observed in
nanomagnet-based spintronics setups [6,24,25].

Prompted by these observations, in this paper we take
a rather different interpretation of the transport experiments
reported for the TbPc, spin-transistor device, and we present
a theoretical model that primarily describes transport within
the sequential tunneling regime, in the presence of broadening
arising from the coupling to the leads. Using our model,
we show that sequential tunneling indeed suffices to explain
most features of the magnetoconductance reported in previous
works [11,19], thus suggesting that electrical readout of a
single spin can be achieved even without assuming a strong
molecule-lead coupling, arguably easier to attain, hence more
common, experimental outcome in device fabrication. Finally,
we also explore coherent cotunneling corrections to the trans-
port problem and discuss the significance and limitations of
our model.

II. THEORETICAL MODEL

In the simplest approximation, the TbPc, nanomagnet
molecular break junction consists of two electronic leads
assumed here to be weakly hybridized with a readout quantum
dot (the phthalocyaninato ligands of the nanomagnet), which
in turn coordinate the central Tb(III) ion. Also, recent experi-
mental works [11,12] have demonstrated a sizable hyperfine
coupling between the '*TbPc, nucleus and its |m; = +6)
4 f-electronic states, however, we find that our results remain
invariant to the inclusion of this coupling for the magnetic
field strengths explored herein (see Appendix A) and so,
for simplicity, we proceed by neglecting this coupling from
our model. To model low-energy electron transport through
the TbPc, device we partition the Hamiltonian as H = H +
Hs + Hy, which describes the two noninteracting electronic

leads H;, the nanomagnet exchange coupled to the readout dot
Hy, and the electron tunneling between each subsystem Hr,
respectively. More specifically, the lead Hamiltonian reads
aS Hy, =) yuo €ako a;kg aqko and describes the noninteracting
electrons in lead a € {S, D} with wave vector k, spin o, and
energy €yxs- The a((;k)g hence form a set of annihilation (cre-
ation) operators that act on the single-particle states |ako) of
each electrode. The hybridization between the readout dot and
the leads is given by Hr =) ., Tm*,ma:;,wd(r + Toko d) Qoo
where d{") annihilates (creates) an electron with spin o on the
readout dot and T, represents an amplitude that quantifies
the strength of the coupling between the readout dot and the
leads. The low-energy spectrum of the terbium nanomagnet
exchange coupled to a readout dot is modeled effectively by

Hs =) (ep — eVe)d]dy + pusB(gsJ. + g5:) — als., (1)

where €p is the energy of the lowest unoccupied molecular
orbital (LUMO) of the phthalocyaninato ligands which consti-
tute the readout dot and is modulated by some local gate volt-
age V,, J; and s, are angular momentum operators that retrieve
the projection of the total angular momentum in the ground-
state spin-orbit multiplet of Tb(III) along the TbPc, magnetic
anisotropy axis (z axis), and the spin projection along the
same axis of the unpaired conduction electron hosted on the
Pc, ligand readout dot, respectively, upB is the amplitude of
a longitudinally applied magnetic field premultiplied by the
Bohr magneton, g, is the Landé g factor for the ground ’Fg
spin-orbit multiplet of the Tb(III) ion, g is the g factor for a
free electron, and, finally, a is the ferromagnetic coupling con-
stant (a > 0) describing the Ising exchange coupling [20,23]
between 4 f electrons on the Tb(III) ion and unpaired electrons
on the Pc; ligands (i.e., the readout dot).

For Eq. (1) to give a faithful representation of the low-
energy spectrum of the TbPc, device, a few assumptions
have been made that are well justified for this molecular
device. First, we assume that the TbPc, magnet retains the
large splitting (>400 cm~!) between the ground and first
excited crystal-field states within the lowest ’Fs spin-orbit
multiplet [21-23,26,27] when embedded in the break-junction
device. This assumption is consistent with the fact that mag-
netic hysteresis measurements indicate the preservation of the
nanomagnet’s magnetic anisotropy axis [11]. Owing to the
sub-Kelvin temperatures explored in these experiments, this
assumption allows us to safely discard all but the two maximal
total angular momentum projections |m; = £J) from our
model and consider the Tb(III) moment as a semiclassical
Ising spin. Second, on the basis of experimental evidence
[20] and high-level scalar relativistic multireference ab ini-
tio calculations [23], we describe the Tb(IIl) 4 f-electron-
Pc, radical exchange coupling in terms of a purely axial
Ising exchange-coupling Hamiltonian, which would result
from projection of, e.g., an isotropic Heisenberg exchange
Hamiltonian, onto the doubly degenerate thermally isolated
ground state |m; = £6) of this molecule. This SMM radical
exchange-coupling scheme then offers the simplest paradigm
in which to capture theoretically the physics of the TbPc,
molecular break junction. As a consequence of these assump-
tions, Hy is diagonal on the product basis of the nanomagnet’s
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bistable ground states and the spin states of the readout dot
Im;o) = |m = +J)smm ® |o) which we will utilize for the
rest of the paper.

A. Coulomb blockade transport model

We now discuss the theoretical framework in which we
model the most relevant experimental quantity of the device:
the zero-bias differential conductance. In order to study the
relationship between the orientation of the Tb magnetic mo-
ment and conductance measurements at finite field, i.e., the
very origin of the electrical readout mechanism observed in
experiments [11,12,18,19], we compute contributions to the
conductance from each orientation separately, and average the
two signals when appropriate. The linear response differential
conductance for one of the two possible orientations (m = £6)
of the semiclassical TbPc, Ising magnetic moment m is de-
fined by the derivative of the steady-state current with respect
to bias voltage

dIm d
8m = = e_(wm : Pm)
dVs ly,=o dVy V=0
dW,, dP,
=e _'Pm+wm'_> P (2)
< av, avy )y

where P, = (pm, Pm:t> Pm: l)T contains the nonequilibrium
populations of the electronic states of the device for a given
orientation of the Tb moment m and W, is a vector of transi-
tion rates between the redox states of the device obtained from
the Fermi golden rule. As a result of weak but non-negligible
coupling of the readout Pc, ligand-dot orbital state to the
continuum of states in the leads, the molecular energy levels
obtain a finite linewidth proportional to the imaginary part of
the self-energy, arising as a correction to the effective molecu-
lar Hamiltonian to account for the coupling to the leads states,
after eliminating the leads manifold from the full molecule-
lead partitioned Hamiltonian [28]. The ensuing broadening
of the molecular effective Hamiltonian eigenvalues (energy
levels) is encoded in the spectral density function of the
readout dot, which can be approximated as a Lorentzian line
shape centered at the LUMO energy of the noninteracting Pc;
ligand. We include this important effect into our model phe-
nomenologically by expressing charge-transfer processes as
convolutions of the leads’ thermal functions with a Lorentzian
line shape centered at the charging energy [29]

ey 1—‘800-’ - o d
Wy = e [ JEZRASE )
hire (€ = Ao m)* + 12

Here, I' = 27 poko | Tuko |* is the coupling strength between the
leads and the dot that, to a good approximation, can be taken
as constant over the energy range explored herein [30,31],
3s5' 1s a Kronecker delta function accounting for the overlap
between the incoming electron spin and the reduced state,
Ao m 1s the energy gap between the relevant reduced and
uncharged states of the device, 7 is the hybridization-induced
broadening of the molecular energy levels and f(e — uy) =
{1 + exp[(e — ;LO[)/kBT]}’1 is the Fermi-Dirac distribution
of electrons in lead « at some temperature 7 and chemical
potential u, = £V},. The discharging rate of a spin o electron

to lead « is given by Wa”;“/”’” and is readily obtained from
Eq. (3) with the substitution f(e — uy) — [1 — f(€ — wa)].

In order to evaluate the conductance formula in Eq. (2) we
compute the populations of the electronic states of the device
from a quantum rate equation that describes the nonequilib-
rium dynamics imparted on the molecular system as a result
of coupling to the leads [32]. The time evolution of each
population is determined by

. § : m;oc—>m m—mo
Pm = w™ Pmioc — me T
o

vvm;a—ﬂ’r’l7 (4)
where the charging rates summed over leads and spin are
wrmome = 3 W™ and likewise for the discharging
rates. As we are interested only in the steady-state limit of
Eq. (4) we solve the linear system that originates when P, =
0 with the additional normalization condition p,, + pu;4 +
Pmy = 1.

A final simplification to our model can be made by noting
that if our device is invariant under a parity transformation,
which in our simple model is tantamount of assuming that the
molecular device is symmetrically coupled to left and right
leads, then the nonequilibrium populations of the single-level
quantum dot are invariant under reversal of the bias voltage.
On the other hand, the bias-voltage drop across the device is
by definition odd under a parity transformation. Hence, the
Taylor series expansion about V, = 0 of the populations in
powers of the external bias voltage must necessarily be an
even polynomial in the bias voltage, so that all odd deriva-
tives of the populations with respect to the bias evaluated
at zero bias must be identically zero. In particular, we have
dP,,/dV, = 0 at zero bias, which simplifies Eq. (2), leading
to the compact formula

dwln
gmlv—0 = e( av, 'P’”)

for the zero-bias differential conductance. An alternative
proof of Eq. (5) is presented in Appendix B. We note that the
fabrication of a molecular device with a perfectly symmetrical
source/drain coupling (i.e., 's = I'p = I') is somewhat un-
likely, hence limiting the scope of Eq. (5) for realistic devices.
However, introducing such a lead-dot coupling asymmetry
does not change the essential physics exposed by our model
(see Appendix A) and so we proceed with this none-too-
restrictive assumption for simplicity.

We now discuss in some detail sequential tunneling trans-
port occurring via two different exchange-coupling regimes in
which, through different mechanisms, it is possible to explain
the observed electric readout of the quantum states of the
TbPc, nanomagnet embedded in the molecular break-junction
device.

. _ m—m,o
pm;o =W ’ Pm — pm;a

&)

V=0

1. Large exchange-coupling regime: Gate-detuning-driven
readout mechanism

We begin with a study of the coupling between the Tb
4f electrons and the unpaired conduction electron hosted
on the Pc, dot in the large ferromagnetic exchange regime
[6a > kgT, where 6a is the exchange energy gap according
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FIG. 1. (a) Zeeman diagram of the lowest-lying levels of the
device in the large exchange-coupling regime. (b) Conductance as
a function of magnetic field at 100 mK for the two orientations of the
TbPc, magnetic moments m = J (spin up, blue arrow) and m = —J
(spin down, red arrow) in the large exchange-coupling regime. Note
the conductance peaks at the magnetic field values B = 25V, /gus,
at which values the gate-voltage-detuned energies of the neutral and
reduced states of the TbPc, are brought back to charge resonance.

to Eq. (1)], so that the antiferromagnetically coupled re-
1

duced states |m = +J, 0 = F5) are thermally isolated and
do not participate in electron transport. We choose a gate
voltage V, = V9 + §V,, where V) is the gate that brings
to degeneracy at zero field the ferromagnetic reduced state
m==xJ,0 = :I:%) and the uncharged state |m = £J). As
shown in the Zeeman energies plot in Fig. 1(a), the effect of
8V, is to shift the system away from charge resonance (gate
detuning), preparing the system in a ferromagnetic reduced
ground state. Note that, in our model, the role of detuning
is to shift the charge resonance degeneracies between the
uncharged and reduced ground states, hence, the peaks of
the sequential tunneling current, to nonzero values of the
magnetic field, having opposite signs for opposite orientations
of the Tb magnetic moment [circled in black in Fig. 1(a)].

For a given orientation of the terbium magnetic moment
m the conductance [obtained from Eq. (5)] takes on the
particularly simple form

| el / nde
EmVi=0 = 5 h (€ + 8V, — gupBo )? + n?

(8f(e — Vi) af(e+ vb>>

6
dv,, dvy, ©

V=0

It is instructive to take the zero-temperature limit of Eq. (6), so
that the Fermi-Dirac functions become step functions whose

derivatives are Dirac delta functions centered at V};, = 0. In this
limit the integral in Eq. (6) can be evaluated exactly, and it can
be readily seen that the zero-temperature limit of the conduc-
tance for each orientation of the TbPc, moment as a function
of the magnetic field is proportional to a Lorentzian line
shape peaked at B = 426V, /gup, where the 4= corresponds
to the m = +J orientation of the Tb magnetic moment. From
this analysis we can ascribe the splitting of the conductance
signals in an applied magnetic field for each transport channel
m = =£J at zero bias and low temperature to an off-resonance
phenomenon that originates from detuning the electronic lev-
els of the Tb-dot hybrid away from level degeneracy with a
gate voltage, then restored by a magnetic field together with
the peaks of maximal differential conductance.

With the above mechanism in mind, we calculate the
conductance as a function of magnetic field for both orien-
tations of the TbPc, moment at the finite temperature 7' =
100 mK used in the experiment [19] by numerical integration
of Eq. (6). We obtain best agreement with the experiments
for molecule-leads tunnel coupling I'//i = 6.5x10% s~!, and
using a broadening factor n = 55 peV, which is of the order of
magnitude of the broadening used to model electron transport
through quantum dots [29,33]. Furthermore, in order to repro-
duce the conductance peaks at the experimentally observed
fields of B = £100 mT, within the strong coupling regime
the detuning gate voltage must be fixed at §V, ~ 0.005 meV.
Figure 1(b) shows the calculated conductance as a function
of magnetic field for each orientation of the Tb magnetic
moment. The peaks in the conductance associated to each ori-
entation of the Tb moment clearly originate from a recovery of
the level degeneracy condition restored via the magnetic field.
In this regime, applying a static magnetic field to the device
leads to two disparate conductance signals that provide an
electronic readout of the spin state of the terbium nanomagnet,
explaining the observed readout experiments [18,19] within
the Coulomb blockade transport regime.

We note that recent multifrequency electron paramagnetic
resonance (EPR) experiments on single crystals of this spin-
transistor molecular unit [TbPc,]® measured an intramolec-
ular 4 f-electron-Pc, radical Ising exchange energy gap of
6a = 0.11 meV (a =~ 0.02 meV) [20]. Given that the thermal
energy available at 7 = 100 mK (=0.01 meV) is 10 times
smaller than the experimental exchange gap, we would expect
the strong exchange limit discussed in this section to be the
relevant exchange-coupling regime to describe the readout
mechanism observed for this molecular spin transistor. This
could be easily verified within the spin-transistor experimental
setup by monitoring as function of applied gate voltage the
magnetic field values for which the conductance peaks are
observed. We have not so far been able to find these data in
the literature.

2. Weak exchange-coupling regime:
Exchange-driven readout mechanism

We now proceed with a discussion of the weak exchange-
coupling regime (6a < kpT), where both the ferromagnetic
and antiferromagnetic reduced states participate in elec-
tronic transport through the device. We set the exchange-
coupling constant to @ = 2x 10~ meV, which is one order of
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FIG. 2. (a) Zeeman diagram of the lowest-lying levels of the de-
vice in the weak exchange-coupling regime where a < §V,. (b) Con-
ductance as a function of magnetic field at 100 mK for the two
orientations of the TbPc, magnetic moments m = J (spin up, blue
arrow) and m = —J (spin down, red arrow) in the weak exchange-
coupling regime. Note that in this case, the conductance peaks at the
magnetic field values B = £aJ/gup, at which values the exchange-
coupling split energies of the ferromagnetic and antiferromagnetic
reduced states of TbPc, become degenerate.

magnitude smaller than that measured in single-crystal exper-
iments [20], hence comparable to the thermal energy available
at T = 100 mK. The ensuing Zeeman spectrum of the device,
assuming a detuning gate voltage 6V, = 0.02 meV, is reported
in Fig. 2(a).

In order to simulate the finite-temperature sequential tun-
neling transport, we use Eq. (5) as function of the external
magnetic field, and plot the differential conductance as func-
tion of field in Fig. 2(b). The best agreement with experiments
was obtained for I' /i = 6.7x10% s~! and = 75 ueV.

As shown in Fig. 2(b), also in the weak exchange-coupling
regime the two opposite spin polarizations of the Tb(III)
nanomagnet give rise to well-defined disparate conductance
signals at finite applied field, peaked at the same but op-
posite nonzero values of the external magnetic field, repro-
ducing the experimental observations (peaks are centered at
B =100 mT). However, inspection of the Zeeman energy
diagram reported in Fig. 2(a) immediately shows that the
peaks of conductance in this case coincide with field-induced
level crossings within the same redox manifold, i.e., at B =
100 mT we recover degeneracy between the ferromagnetic
and antiferromagnetic reduced states only, as opposed to the
large exchange-coupling regime reported in Fig. 1, where
the peaks correspond to charge resonance points at level
degeneracies between different charged and uncharged redox
states. The reason why the conductance peaks at the level

0.01 0.05 0.10 0.50 1
T (K)

FIG. 3. Differential conductance averaged over both orientations
of the Tb moment as a function of temperature using a = 0.02 meV.
Best agreement with experiments was obtained for I' /i = 6.6x 10%
s7!, and n = 65 ueV.

crossing between same-redox states, occurring at field values
B = +aJ/gup [circled in black in Fig. 2(b)], is that at these
crossings the steady-state populations of the reduced states
become equal, and hence contribute simultaneously and max-
imally to transport through the device.

As the amplitude of the magnetic field required to bring the
reduced states to degeneracy is unaffected by gate detuning,
the positions of the differential conductance signals in this
regime are sensitive only to the value of the exchange gap 64,
hence implementing an exchange-driven readout mechanism,
which is expected to be less sensitive to the detailed value of
the detuning gate voltage used in the experiment. In this limit,
the transport experiments would then provide a direct measure
of the exchange-coupling strength between 4 f electrons and
the sequential tunneling electrons.

B. Temperature, magnetic field, and bias-voltage
dependence of the conductance

To study the temperature, bias voltage, and magnetic
field dependence of the device differential conductance we
simulate sequential tunneling transport using the exchange
coupling a observed in single-crystal EPR experiment [20]
and corroborated by multiconfigurational [21-23] and mul-
tireference ab initio calculations [23], corresponding to a ~
0.02 meV, and leading to an exchange energy gap ~0.1 meV,
10 times smaller than the thermal energy available at the
operating temperature. While for this choice of coupling
both of the aforementioned mechanisms could in principle
play a role, we expect the gate-detuning-driven mechanism
discussed for the limit 6a > kT to dominate, with only a
negligible amount of population transfer to the antiferromag-
netic reduced states of the device when the field is applied.
We find that the effect of such population transfer is to shift
the center of the peaks of differential conductance shown in
Fig. 1(b) by a few tens of mT to higher fields.

In Fig. 3 the differential conductance in the absence of
a magnetic field is plotted as a function of temperature. A
plateau is observed in the conductance at low temperatures
until kgT ~ 8V, wherein the electronic states of the device
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FIG. 4. Contour plot of conductance averaged over both orienta-
tions of the Tb moment as a function of bias voltage (in units of the
occupation energy of the dot) and magnetic field, for a = 0.02 meV,
I'/h =6.6x10%s7!, and n = 65 ueV.

thermally equilibrate and the conductance signal begins to fall
off to zero. We note that the behavior of the differential con-
ductance as a function of temperature in our model captures
the temperature dependence of the molecular break-junction
device as reported in Ref. [19], except that in our microscopic
model of sequential tunneling conductance we do not need
to invoke Kondo coherent transport in order to reproduce
this behavior. This specific line shape, then, appears to be a
necessary but evidently not sufficient condition to infer the
strongly correlated Kondo transport regime in this molecular
device.

In Fig. 4 we report the differential conductance as a func-
tion of magnetic field and bias voltage. The strong, broad
resonance about B =0 and V, = 0 can be attributed to the
averaged conductance signals that appear for each orientation
of the Tb moment [see Fig. 1(b)]. At zero-bias voltage and
larger values of the magnetic field the level degeneracies be-
tween the uncharged states and the reduced states of the device
are lost and the conductance signal falls to zero. For magnetic
fields greater than the exchange coupling, the ferromagnetic
reduced state becomes the ground state of the device which
may transfer excess charge to electrodes and thus reinstate a
sequential tunneling electric current through the device only
when the bias conduction window is wide enough so as to
include the uncharged ground state of the TbPc, molecule.

C. Coherent corrections to transport

To investigate the extent of the coherent character of the
conductance in the TbPc, break junction, we consider cor-
rections to the Coulomb blockade models presented above to
second nonvanishing order (cotunneling) in the hybridization
Hamiltonian Hr. To calculate the cotunneling rates we em-
ploy a T-matrix approach which is known to be consistent
with a full microscopic derivation of the transport problem
[34-36]. In this approach, there are three types of cotunneling
processes that may contribute to the conductance within our
model and for the experimental choice of gate-voltage de-
tuning: (i) elastic transitions in the uncharged manifold, (ii)
elastic transitions in the reduced manifold and (iii) inelastic
transitions in the reduced manifold. The most general ex-
pressions for the cotunneling rates in the neutral and reduced

manifolds, respectively, are [37]

viy T2
Wil = 5 [ defen - fute — a1
n
5 Ul 0 1)
€ — Avi + l)/

2

i— r
Wt = / de fu()l1 — fule — Ag)]

2

; )

s (f1di v (vldy i)
N —€ + Afv + l)/

where the sums run over all virtual states |v) of the device that
differ in electron number from the final and initial states | f)
and [i) by 1. The finite lifetime y for the virtually populated
state has been included to regularize the denominators and, to
a first approximation, the broadening of the molecular energy
levels induced by the coupling to the leads is absorbed into
the finite lifetime of the virtual transition so that y = 5. The
quantum rate equations given in Eq. (4) for the reduced states
must now be amended to account for population transfer as a
result of inelastic cotunneling transitions (elastic cotunneling
transition by definition do not change the populations of the
states). The new rate equations for the reduced states are
given by

. _ m—m;o N+1,m;6 >m;o
Pmo = w Pm + Wcot Pm;c

— Do (Wm;(rﬁm + Wcl(\)/:rl,m;a%m;ﬁ)’ (8)
where |m; &) denotes the reduced state other than |m; o) and
N+1,m; 30 N+1,m; 0 H ;
Weor ™77 =3 parorcr Wopgrarar . are all possible in-
elastic cotunneling processes that transfer population from the
state |m; o) to |m; & ). Likewise, the expression for the conduc-
tance is now recast to include all cotunneling contributions to
electronic transport through the device. Again, using the parity
invariance arguments outlined above, one obtains the compact

formula

dWS AW
+— ) Py ©

gnlvio = € ( av, " av,

V,=0

for the zero-bias steady-state conductance of the device where
the appropriate transition rates for sequential tunneling and
cotunneling have been collected into the vectors W,,* and
Weet respectively.

1. Large exchange-coupling regime

We consider again the large exchange-coupling regime in
which the antiferromagnetic reduced states of the device are
thermally inaccessible for transport. As a consequence of this
large coupling, all inelastic cotunneling transitions between
the ferromagnetic and antiferromagnetic reduced states are
suppressed and the steady-state quantum rate equations for all
states in the device remain identical to the purely incoherent
regime.
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FIG. 5. Conductance as a function of magnetic field arising from
sequential and cotunneling processes at 7 = 100 mK for the two
orientations of the TbPc, magnetic moments m = J (spin up, blue
arrow) and m = —J (spin down, red arrow) in the weak exchange-
coupling regime.

The sequential tunneling contribution to the zero-bias
steady-state conductance is

dW;8 el / ePede
dvy, "o mhkT J (1 + ePe)
U
10
x (6 - Am;(r,m)2 + 772 ( )
while the elastic cotunneling contribution is
dWe el f ePede
P, —
dVy v—o  2mnhkgT J (14 ef€)?
t (11)

X ’
(6 - Am;tr,m)2 + 772

where B = 1/kgT and A, is the energy gap between
the ferromagnetic reduced state and the neutral state of the
device with Tb orientation m. Combining Eqgs. (10) and (11)
results in a formula for the conductance that is identical to
the pure Coulomb blockade transport model described above,
however, now with a renormalized coupling constant I' —
I'(1 + T /2nn) between the dot and the leads. As before,
even after including cotunneling processes into the model,
the disparate signals of conductance that can be attributed to
the individual quantum states of the nanomagnet result from
an off-resonance effect induced by detuning the system from
level degeneracy with a gate voltage.

2. Weak exchange-coupling regime

We briefly return to the weak exchange-coupling regime
but now with the cotunneling corrections that were discussed
above, included into the model. Using the same parameter set
as discussed in the previous weak coupling section we sim-
ulated the differential conductance as a function of magnetic
field for each orientation of the terbium magnetic moment as
shown in Fig. 5. With coherent corrections included to second
nonvanishing order of the perturbation theory, we observed
no change to either the conductance in a magnetic field or
to the temperature-dependent conductance as the cotunneling
transition rates appeared two orders of magnitude smaller than
the sequential charging and discharging rates.

III. CONCLUSIONS

In this work we presented two sequential tunneling the-
oretical models, which were shown to capture recent low-
temperature experimental observations of off-charge reso-
nance differential conductance as function of magnetic field,
temperature, and bias voltage. The two separate mechanisms
we have identified for the electric readout of the magnetic
quantum state of the TbPc, in differential conductance mea-
surements at finite magnetic field depend on the system’s
parameters in a fundamentally different way, which provides
an experimental handle to check the prevalence of each regime
in a given device.

Specifically, the peaks of the differential conductance read-
outs as function of magnetic field, for the two opposite orien-
tations of the magnet in the large exchange-coupling regime,
are found to be linearly dependent on the magnitude of the
gate voltage shift from the N/N 4+ 1 charge resonance point.
Conversely, the position of the same peaks of magnetocon-
ductance in the weak exchange-coupling limit are mainly an
expression of the Ising exchange-coupling strength between
the Tb(III) nanomagnet 4f electrons and the sequential tun-
neling electron spin hosted by the molecule’s Pc, ligand, and
are not expected to change significantly on scanning a gate
voltage across the charge resonance.

On the basis of the experimental value of the exchange-
coupling energy gap (6a ~ 0.1 meV) for the [TbPc,]°
molecule in the crystal phase, assuming it is not signifi-
cantly affected by coupling to the break-junction device or
by the application of gate voltages, we argue that the gate-
detuning-driven readout mechanism identified here in the
large exchange-coupling regime is expected to be the most
prominent for explaining the origin of the disparate signals of
differential conductance measured for each of the 4 f quantum
ground states of the TbPc, nanomagnet.

On the basis of the good performance of our sequential
tunneling model, including its simulation of the temperature
dependence of the differential conductance line shape which
was argued to be associated to a Kondo transport regime, we
have provided evidence that the disparate conductance signals
measured for each Tb magnetic moment orientation in a lon-
gitudinal magnetic field can be explained solely on the basis
of sequential tunneling processes in the Coulomb blockade
transport regime, with no essential need to invoke coherent
transport regimes, as also shown by the negligible influence
of the coherent cotunneling corrections explored here.

As such, while we cannot exclude that higher-order co-
herent conduction mechanisms might improve quantitative
agreement between theory and experiment, we posit here
that incoherent charge tunneling processes and the associated
Coulomb blockade physics contributes dominantly to the low-
temperature conductance of this device, which may contribute
to explaining the microscopic mechanisms of dephasing in
the Landau-Zener—type 4 f spin-tunneling dynamics identified
in recent studies of the TbPc, break junction [18]. This
has significant implications for future studies of molecular
spin transistors based on single-molecule magnets, as weak
molecule-lead coupling represents a more common scenario
in the fabrication of these devices, where selective control of
the interactions between molecule and leads cannot as yet be
easily achieved.
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APPENDIX A: GENERAL MODEL: HYPERFINE
COUPLING AND ASYMMETRIC COUPLING
TO THE LEADS

In this Appendix we show that the relaxation of some of
the constraints in our model (namely, the neglect of "*Tb
hyperfine coupling, and the symmetric coupling to the source
and drain leads) does not change any of the conclusions
achieved with the simpler and more symmetric model.

1. Hyperfine levels

To include the hyperfine structure of the '>*Tb nanomagnet
into our model we append to Eq. (1) the Hamiltonian Hy,. =
wsBgil, + ALJ, + P[I* + I(I + 1)/3] which accounts in the
first term for the Zeeman interaction of the '*Tb nucleus,
in the second term for the hyperfine interaction between the
nucleus and the electronic angular momentum of the nano-
magnet, and in the third term for the nonspherical, quadrupo-
lar structure of the nucleus. Here, g; = 1.34 is the nuclear g
factor for terbium, A = 2.14 eV is the hyperfine coupling
constant, and P = 1.24 ueV as reported by Ishikawa et al.
[38]. The new Hamiltonian H; = Hs + Hp, is diagonal on
the product basis of the nanomagnet’s bistable ground states,
nuclear spin states, and the spin states of the readout dot
|m,my,0) =|m==xJ)® |m;) ® |c) where m; can take on
the values ’73, ’71, %, and % The energies of these states
are plotted as functions of magnetic field in the upper panel
of Fig. 6(a) after detuning the system from level degeneracy
with a gate voltage 6V, = 0.005 meV. Note that as a result of
this detuning, the level degeneracies between the neutral and
charged states with matching electronic and nuclear angular
momentum quantum numbers are shifted [black circles in
Figure 6(a)] to B = £28V,/gup irrespective of the nuclear
spin quantum number of the states; note that the & sign relates
to the orientation of the TbPc, magnetic moment m = +J.

We proceed from here as in the main text by developing
master equations for the populations of each orientation of
the TbPc, magnetic moment and solve for the steady-state
populations which are then used to compute the conductance
from Eq. (5). In Fig. 6(b) we plot the resultant curves of
magnetoconductance that arise for each orientation of the
TbPc, moment utilizing the parameter set used to produce
Fig. 1 in the main text. The invariance of our model upon the
introduction of hyperfine coupling results from the inability
of neutral and charged states with m; % m) to participate in
charging/discharging events, thus, the only level degeneracies
left that may contribute to the device conductance are unaf-
fected by interactions with the °Tb nucleus. A similar ar-
gument can be made for the weak exchange-coupling regime
wherein the magnetoconductance curves for each orientation
of the TbPc, magnetic moment again remain invariant upon
the inclusion of the hyperfine states of the device.

IV, -3/2,%> |y, -1/2,¥> |\, 1/2,4> |}, 3/2,¥>

v, 3125 /v, 1227 |V, 12>y, 3/2>
02072 ‘ ; N
0151 A, 3/2,A>
0.10F 14, 3/2>
—— |4, 1/2,A>
g © |4, 172>
u 000 A, -1/2,4>
- 0.05F 14, -1/2>
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i i (4, -3/2>
- 0.15F : H
0557 (b) ‘
0.54f
g 053
[e)]
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s /A !
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FIG. 6. (a) Zeeman diagram of the lowest-lying hyperfine-split
levels of the device |m, m;, o) in the large exchange-coupling regime.
(b) Conductance as a function of magnetic field at 100 mK for the
two orientations of the TbPc, magnetic moments m = J (spin up,
blue arrow) and m = —J (spin down, red arrow).

2. Asymmetric coupling

If the lead-dot coupling to source and drain is allowed
to be different, we note that our simple expression for the
conductance [given in Eq. (5)] is no longer valid. To ascertain
the consequences of introducing such an asymmetry we im-
plemented the full calculation of the conductance accounting
for the derivative of the populations with respect to bias
voltage [Eq. (2)] and report the results of the magnetoconduc-
tance for one orientation of the TbPc, magnetic moment as a
function of magnetic field in Fig. 7. Notably, by varying the
ratio between the lead-dot coupling constants for the source
and drain, the magnetoconductance becomes diminished in
magnitude but still retains its broad, Lorentzian line shape
centered at B = 28V, /gup. Therefore, the appearance of a
small asymmetry in the coupling constants I'g and I'p does
not affect the readout mechanisms discussed in the main text

0.5} —_
__Tolfs=1
050" _ryre=0.9 —
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()] — _—
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FIG. 7. Magnetoconductance of the device when m = J in the
large exchange-coupling regime at various ratios of lead-dot coupling
I'p/I's using the same parameter set as for Fig. 1 with I's = T".
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and can be accounted for in our more symmetric model by
adjusting the value of IT".

APPENDIX B: CONDUCTANCE FORMULA AT ZERO BIAS

We will now prove the validity of Eq. (5) from Eq. (2)
which amounts to showing that the term proportional to
dP,,/dV, on the right-hand side of Eq. (2) vanishes when V), =
0. The population vector P, is obtained by solving the rate
equations presented in Eq. (4). For ease of notation, we cast
these equations into a matrix form and consider a derivative
with respect to bias voltage Vj:

dp, 9 dP,
= MP, = —(MP,
dl 8Vb dt 3Vb( )
d (0P, or, oM
—Z)=ML4+=P,,. Bl
= dt < aVb> 8Vb + E)Vb ( )

At zero-bias voltage, the last term on the right-hand side of
Eq. (B1) is exactly zero. To see why this is the case, consider
the derivative with respect to bias voltage of a representative
coefficient of the matrix M:

m~>m U

8W"’I*}m U
- Z aVb

/d ()|:3f(€+Vb) af (e —
vV, aVp

Vb)]’ (B2)

where du(e) = de(I'/hm)[n/(€ — Aporm)* + n°]. Notably,
in this step we have assumed a symmetric coupling strength
between the dot and both leads, i.e., 'y = I'p = I''. Clearly,
when V, = 0 the integrand vanishes due to the derivatives
of the Fermi functions. The same calculation can be made
for entries of M containing discharging rates, thus reducing

Eq. (B1) to
d (oP, oP,,
=M—-
dt BVb vV

when V,, = 0. Equation (B3) has the exact form of the master
equation for the populations P,, and thus possesses a steady-
state limit, i.e., the matrix M has one zero eigenvalue. Sec-
ond, note that ), 9P, /aV, = 3/0V, Y, P, = 3/3V,,(1) =0
where we have used that the populations sum to unity. It can
be readily verified then that the steady-state limit of dP,,/dV}
that is obtained from solving the linear system

(B3)

)
—m B4
v, (B4)

with the additional condition _; P!, /aV}, = 0 is 9P,,/3V,, =
0 and, thus, at zero-bias voltage, Eq. (5) is retrieved.

[1] M. Mannini, F. Pineider, P. Sainctavit, C. Danieli, E. Otero,
C. Sciancalepore, A. M. Talarico, M.-A. Arrio, A. Cornia,
D. Gatteschi et al., Magnetic memory of a single-molecule
quantum magnet wired to a gold surface, Nat. Mater. 8, 194
(2009).

[2] D. Stepanenko, T. Mircea, and D. Loss, Quantum computing
with molecular magnets, Inorg. Chim. Acta 361, 3740 (2008).

[3] E. Moreno-Pineda, C. Godfrin, F. Balestro, W. Wernsdorfer,
and M. Ruben, Molecular spin qudits for quantum algorithms,
Chem. Soc. Rev. 47, 501 (2018).

[4] M. Misiorny and J. Barnas, Magnetic switching of a single
molecular magnet due to spin-polarized current, Phys. Rev. B
75, 134425 (2007).

[5] K. Hymas and A. Soncini, Molecular spintronics using single-
molecule magnets under irradiation, Phys. Rev. B 99, 245404
(2019).

[6] A. Candini, S. Klyatskaya, M. Ruben, W. Wernsdorfer, and
M. Affronte, Graphene spintronic devices with molecular nano-
magnets, Nano Lett. 11, 2634 (2011).

[7] M. Urdampilleta, S. Klyatskaya, J.-P. Cleuziou, M. Ruben, and
W. Wernsdorfer, Supramolecular spin valves, Nat. Mater. 10,
502 (2011).

[8] M. Urdampilleta, S. Klayatskaya, M. Ruben, and W.
Wernsdorfer, Magnetic interaction between a radical spin and
a single-molecule magnet in a molecular spin-valve, ACS Nano
9, 4458 (2015).

[9] L. Vitali, S. Fabris, A. M. Conte, S. Brink, M. Ruben, S.
Baroni, and K. Kern, Electronic structure of surface-supported
bis (phthalocyaninato) terbium (III) single molecular magnets,
Nano Lett. 8, 3364 (2008).

[10] J. G6émez-Segura, 1. Diz-Pérez, N. Ishikawa, M. Nakano, J.
Veciana, and D. Ruiz-Molina, 2-D Self-assembly of the bis (ph-
thalocyaninato) terbium (III) single-molecule magnet studied
by scanning tunneling microscopy, Chem. Commun. 27, 2866
(2006).

[11] R. Vincent, S. Klyatskaya, M. Ruben, W. Wernsdorfer, and
F. Balestro, Electronic read-out of a single nuclear spin us-
ing a molecular spin transistor, Nature (London) 488, 357
(2012).

[12] S. Thiele, F. Balestro, R. Ballou, S. Klyatskaya, M. Ruben, and
W. Wernsdorfer, Electrically driven nuclear spin resonance in
single-molecule magnets, Science 344, 1135 (2014).

[13] C. Godfrin, S. Lumetti, H. Biard, E. Bonet, S. Klyatskaya,
M. Ruben, A. Candini, M. Affronte, W. Wernsdorfer, and F.
Balestro, Microwave-assisted reversal of a single electron spin,
J. Appl. Phys. 125, 142801 (2019).

[14] S. Thiele, R. Vincent, M. Holzmann, S. Klyatskaya, M. Ruben,
W. Wernsdorfer, and F. Balestro, Electrical Readout of Indi-
vidual Nuclear Spin Trajectories in A Single-Molecule Magnet
Spin Transistor, Phys. Rev. Lett. 111, 037203 (2013).

[15] C. Godfrin, A. Ferhat, R. Ballou, S. Klyatskaya, M. Ruben,
W. Wernsdorfer, and F. Balestro, Operating Quantum States
in Single Magnetic Molecules: Implementation of Grover’s
Quantum Algorithm, Phys. Rev. Lett. 119, 187702 (2017).

[16] M. Urdampilleta, S. Klyatskaya, M. Ruben, and W.
Wernsdorfer, Landau-Zener tunneling of a single Tb**
magnetic moment allowing the electronic read-out of a nuclear
spin, Phys. Rev. B 87, 195412 (2013).

[17] 1. V. Krainov, J. Klier, A. P. Dmitriev, S. Klyatskaya, M. Ruben,
W. Wernsdorfer, and 1. V. Gornyi, Giant magnetoresistance

045313-9


https://doi.org/10.1038/nmat2374
https://doi.org/10.1016/j.ica.2008.02.066
https://doi.org/10.1039/C5CS00933B
https://doi.org/10.1103/PhysRevB.75.134425
https://doi.org/10.1103/PhysRevB.99.245404
https://doi.org/10.1021/nl2006142
https://doi.org/10.1038/nmat3050
https://doi.org/10.1021/acsnano.5b01056
https://doi.org/10.1021/nl801869b
https://doi.org/10.1039/B606276H
https://doi.org/10.1038/nature11341
https://doi.org/10.1126/science.1249802
https://doi.org/10.1063/1.5064593
https://doi.org/10.1103/PhysRevLett.111.037203
https://doi.org/10.1103/PhysRevLett.119.187702
https://doi.org/10.1103/PhysRevB.87.195412

KIERAN HYMAS AND ALESSANDRO SONCINI

PHYSICAL REVIEW B 102, 045313 (2020)

in carbon nanotubes with single-molecule magnets TbPc,,
ACS Nano 11, 6868 (2017).

[18] F. Troiani, C. Godfrin, S. Thiele, F. Balestro, W. Wernsdorfer,
S. Klyatskaya, M. Ruben, and M. Affronte, Landau-Zener
Transition in A Continuously Measured Single-Molecule Spin
Transistor, Phys. Rev. Lett. 118, 257701 (2017).

[19] C. Godfrin, S. Thiele, A. Ferhat, S. Klyatskaya, M. Ruben, W.
Wernsdorfer, and F. Balestro, Electrical read-out of a single spin
using an exchange-coupled quantum dot, ACS Nano 11, 3984
(2017).

[20] D. Komijani, A. Ghirri, C. Bonizzoni, S. Klyatskaya, E.
Moreno-Pineda, M. Ruben, A. Soncini, M. Affronte, and S.
Hill, Radical-lanthanide ferromagnetic interaction in a Tb'
bis-phthalocyaninato complex, Phys. Rev. Materials 2, 024405
(2018).

[21] S. Marocchi, A. Candini, D. Klar, W. Van den Heuvel, H.
Huang, F. Troiani, V. Corradini, R. Biagi, V. De Renzi, S.
Klyatskaya et al., Relay-like exchange mechanism through a
spin radical between TbPc, molecules and graphene/Ni(111)
substrates, ACS Nano 10, 9353 (2016).

[22] R. Pederson, A. L. Wysocki, N. Mayhall, and K. Park, Mul-
tireference ab initio studies of magnetic properties of terbium-
based single-molecule magnets, J. Phys. Chem. A 123, 6996
(2019).

[23] H. Huang, W. Van den Heuvel, and A. Soncini, Lanthanide-
radical magnetic coupling in [LnPc,]°: Competing exchange
mechanisms captured via ab initio multi-reference calculations,
Quantum Mater. Res. 1, e200003 (2020).

[24] H. Heersche, Z. De Groot, J. Folk, H. Van Der Zant, C.
Romeike, M. Wegewijs, L. Zobbi, D. Barreca, E. Ton-dello, and
A. Cornia, Electron Transport through Single Mn;2 Molecular
Magnets, Phys. Rev. Lett. 96, 206801 (2006).

[25] E. Burzuri, A. S. Zyazin, A. Cornia, and H. S. J. Van der Zant,
Direct Observation of Magnetic Anisotropy in An Individual
Fe, Single-Molecule Magnet, Phys. Rev. Lett. 109, 147203
(2012).

[26] N. Ishikawa, M. Sugita, T. Okubo, N. Tanaka, T. lino, and
Y. Kaizu, Determination of ligand-field parameters and f-
electronic structures of double-decker bis (phthalocyaninato)
lanthanide complexes, Inorg. Chem. 42, 2440 (2003).

[27] A. Candini, D. Klar, S. Marocchi, V. Corradini, R. Bi-agi, V.
De Renzi, U. del Pennino, F. Troiani, V. Bellini, S. Klyatskaya
et al., Spin-communication channels between Ln (III) bis-
phthalocyanines molecular nanomagnets and a magnetic sub-
strate, Sci. Rep. 6, 21740 (2016).

[28] R. A. Jishi, Feynman Diagram Techniques in Condensed Matter
Physics (Cambridge University Press, Cambridge, 2013).

[29] J. Iharrea, G. Platero and A. H. MacDonald, Electronic trans-
port through a double quantum dot in the spin-blockade
regime: Theoretical models, Phys. Rev. B 76, 085329
(2007).

[30] D. Averin and Y. V. Nazarov, Virtual Electron Diffusion during
Quantum Tunneling of the Electric Charge, Phys. Rev. Lett. 65,
2446 (1990).

[31] V. N. Golovach and D. Loss, Transport through a double quan-
tum dot in the sequential tunneling and cotunneling regimes,
Phys. Rev. B 69, 245327 (2004).

[32] C. Timm and F. Elste, Spin amplification, reading, and writing
in transport through anisotropic magnetic molecules, Phys. Rev.
B 73, 235304 (2006).

[33] R. Hanson, B. Witkamp, L. Vandersypen, L. W. van Beveren,
J. Elzerman, and L. Kouwenhoven, Single-Shot Readout of
Electron Spin States in A Quantum dot Using Spin-Dependent
Tunnel Rates, Phys. Rev. Lett. 91, 196802 (2003).

[34] E. V. Sukhorukov, G. Burkard, and D. Loss, Noise of a quantum
dot system in the cotunneling regime, Phys. Rev. B 63, 125315
(2001).

[35] H.-A. Engel and D. Loss, Single-spin dynamics and decoher-
ence in a quantum dot via charge transport, Phys. Rev. B 65,
195321 (2002).

[36] F. Elste and C. Timm, Cotunneling and nonequilibrium mag-
netization in magnetic molecular monolayers, Phys. Rev. B 75,
195341 (2007).

[37] P. Recher, E. V. Sukhorukov, and D. Loss, Quantum dot
as Spin Filter and Spin Memory, Phys. Rev. Lett. 85, 1962
(2000).

[38] N. Ishikawa, M. Sugita, and W. Wernsdorfer, Quantum tunnel-
ing of magnetization in lanthanide single-molecule magnets: bis
(phthalocyaninato) terbium and bis (phthalocyaninato) dyspro-
sium anions, Angew. Chem. Int. 44, 2931 (2005).

045313-10


https://doi.org/10.1021/acsnano.7b02014
https://doi.org/10.1103/PhysRevLett.118.257701
https://doi.org/10.1021/acsnano.7b00451
https://doi.org/10.1103/PhysRevMaterials.2.024405
https://doi.org/10.1021/acsnano.6b04107
https://doi.org/10.1021/acs.jpca.9b03708
https://doi.org/10.20900/qmr20200003
https://doi.org/10.1103/PhysRevLett.96.206801
https://doi.org/10.1103/PhysRevLett.109.147203
https://doi.org/10.1021/ic026295u
https://doi.org/10.1038/srep21740
https://doi.org/10.1103/PhysRevB.76.085329
https://doi.org/10.1103/PhysRevLett.65.2446
https://doi.org/10.1103/PhysRevB.69.245327
https://doi.org/10.1103/PhysRevB.73.235304
https://doi.org/10.1103/PhysRevLett.91.196802
https://doi.org/10.1103/PhysRevB.63.125315
https://doi.org/10.1103/PhysRevB.65.195321
https://doi.org/10.1103/PhysRevB.75.195341
https://doi.org/10.1103/PhysRevLett.85.1962
https://doi.org/10.1002/anie.200462638

