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Spin-orbit interaction induces charge beatings in a lightwave-STM - single molecule junction
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Recent lightwave-STM experiments have shown space and time resolution of single molecule vibrations
directly on their intrinsic length and timescales. We address here theoretically the electronic dynamics of
a copper-phthalocyanine in a lightwave-STM explored within a pump-probe cycle scheme. The spin-orbit
interaction in the metallic center induces beatings of the electric charge flowing through the molecule as a
function of the delay time between the pump and the probe pulses. Interference between the quasidegenerate
anionic states of the molecule and the intertwined dynamics of the associated spin and pseudospin degrees of
freedom are the key aspects of such phenomenon. We study the dynamics directly in the time domain within a

generalized master-equation approach.
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I. INTRODUCTION

The spin-orbit interaction (SOI), the relativistic phe-
nomenon which locks the spin and orbital degrees of freedom,
is key in the emerging field of molecular spintronics [1].
It improves our capabilities to read, write, and control spin
states. It is therefore of utmost importance to gain a rigorous
understanding and a precise control of the SOI on the level of
the microscopic building blocks of condensed matter itself.

One may consider a gedanken experiment and observe
what happens when a single electron is injected into one
individual molecule. The electron is subject to the spin-orbit
interaction and, at the same time, it exchanges energy with
the local environment. Generally, extremely short lifetimes of
the electronic spin state are expected. The ideal experiment
would hence access electronic dynamics simultaneously on
the atomic length scale and on timescales as short as fem-
toseconds. Such an ultimate experiment, fully resolving the
dynamics of individual spins in space and time, can actually
be implemented based on the latest breakthroughs of scanning
tunneling microscopy (STM) and ultrafast photonics [2,3]. We
address in this work its theoretical simulation.

Imaging, spectroscopy, and manipulation with atomic res-
olution has been achieved with steady-state STM. Such
experiments have provided unique insights into the equilib-
rium electronic states of molecules [4-9]. Resolving dynamics
directly in the time domain, however, requires excitations to
be confined to a short time window. An all-electronic pump-
probe scheme has been realized in the seminal work by Loth
and coworkers [10]. They achieved a direct observation of
the relaxation of individual spins on the atomic length scale
and the nanosecond timescale. A time resolution up to a few
picoseconds has been progressively reached by optical means
[11-13]. In parallel, ultrafast photonics has started to explore
processes on timescales faster even than a single cycle of light.
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Thus, it became possible to stir electronic motion directly
via the oscillating carrier wave of tailored light pulses—a
principle often dubbed “lightwave electronics.”

Cocker et al. combine in Ref. [2] for the first time THz
lightwave electronics with scanning tunneling microscopy to
initiate and monitor the center-of-mass oscillations of an in-
dividual molecule on the atomic length and subpicosecond
timescale. THz pulses act in their experiments analogously
to the voltage pulses in the all-electronic pump-probe experi-
ments of Ref. [10], but they access much shorter timescales.

In our theoretical investigation, we propose a pump-probe
scheme to initiate and observe the SOI-induced dynamics
on a copper phthalocyanine (CuPc) molecule (Fig. 1). Dif-
ferently from our previous works on this molecule [14-16],
in which we considered exclusively the steady-state trans-
port and tunneling spectroscopy, we now focus our analysis
directly on the time-resolved response of the molecule and
investigate the intertwined spin and pseudospin dynamics in-
duced by the spin-orbit coupling on the central copper atom.
To this end, we extend our model and dynamical description
of the molecular junction to fully simulate the pump-probe
cycle of a lightwave-STM.

As schematically described in Fig. 2 and in close analogy
to the experiments reported in Refs. [2,3], the bias pulses
induced by the incoming lightwaves trigger tunneling events
between the molecule and the leads. During the delay time
between the two pulses, instead, the molecule evolves under
equilibrated electrochemical potentials. The SOI strongly per-
meates this time lapse, yielding an intertwined evolution of the
spin and orbital degrees of freedom. The latter is then revealed
by a probe pulse as the transferred charge per pump-probe
cycle measured as a function of the delay time.

A crucial role is played in our proposed scheme by the
interference effects associated with interacting nanojunctions
with quasi orbital degeneracy [17-20], recently observed in
suspended carbon nanotubes (CNTs) [21]. CuPc does exhibit
orbital degeneracy, protected by symmetry, and the pump
pulse brings the molecule from its thermal equilibrium into
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FIG. 1. Schematic representation of a lightwave-STM single
molecule junction. The molecule is adsorbed on an insulator to hin-
der its hybridization to the underlying metallic substrate. The sharp
tip allows one to image the molecule with atomic resolution. The
bias across the junction is modulated by laser pulses, illustrated by
the green (red) wave packet for the pump (probe) pulse.

a coherent superposition of the quasidegenerate many-body
states which blocks the current. The resulting electrical dark
state is characterized by a well-defined pseudospin, which,
during the delay time, exhibits precession and beating dynam-
ics under the influence of the SOI.

The average charge flowing through the STM junction
during the probe pulse critically depends on the state reached
by the molecule at the beginning of this second pulse. The
closer is the molecule to the dark state, the less current flows.
Thus, the SOI-induced dynamics leaves its fingerprints in the
average charge per pump-probe cycle collected at the tip.
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FIG. 2. Pump-probe scheme in lightwave-STM single-molecule
junction. The THz pulse induces a bias pulse across the junc-
tion. Charge flows whenever this transient bias pulse overcomes
a threshold. The first pulse brings CuPc, due to interference, into
a superposition of many-body states. The intertwined spin-orbital
dynamics on the molecule dominates the free-evolution during the
delay time and thus influences the readout signal, i.e., the transferred
charge into the tip averaged over several pump-probe cycles.

We calculate the transport characteristics of this driven
and interacting single-molecule junction directly in the time
domain by means of a generalized master equation for the
reduced density matrix of the molecule. Two complemen-
tary approaches to driven transport have been taken in the
literature: approximate methods adapted to the parameter con-
figuration of specific systems, or numerically exact methods.

Prominent members of the first class are the Keldysh
[22,23] and scattering approaches [23,24] to driven systems
or quantum master equations [23,24] that are especially suited
for molecules with weak coupling to the leads. In the presence
of a time-dependent driving field the energy is no longer
a conserved quantity, and the evaluation of the time evolu-
tion operator becomes a nontrivial task. Simplifications are
possible for time-periodic perturbations, allowing the use of
Floquet theory [25]. Hence, to reduce complexity, most of
the theoretical works so far have considered driven molecular
bridges either in a single-particle approximation [26-29] or in
extremely simplified interacting models [23,30,31].

The second class of methods comprises numerically ex-
act approaches: no perturbation parameter is introduced here,
at a price of making these methods numerically extremely
demanding. Because of this, electron-electron interactions
and driving are considered for very simplified models of
the molecular bridge [32,33]. Recently, a quantum master-
equation approach has been derived for a driven interacting
molecular bridge, with arbitrary shape of the driving field
[34,35].

We derive the quantum master equation for our system
in the Markov approximation, relying on the fast relaxation
of the electronic correlations in the metallic leads. We treat
both the coupling to the leads as well as the SOI perturbatively
and assume an adiabatic limit with respect to the driving
speed. Yet the dynamics of CuPc is nonadiabatic, due to the
matching of the timescales for the tunneling events and the
SOI-induced precession. Moreover, we investigate also the in-
fluence of the Lamb shift correction to the coherent dynamics
of the molecule. Such a contribution derives from the virtual
electronic fluctuations between the molecule and the metallic
leads. Due to the orbital degeneracies, it plays a significant
role in the time evolution of the system, mainly during the
time lapse between the two laser pulses.

The modeling of the Coulomb interaction and the SOI
on the CuPc is clearly of fundamental importance in our
transport calculations. Spin-orbit coupling is known to be
essential, in combination with the configuration of the non-
magnetic component (organic ligand), in establishing the
magnetic anisotropy in high-spin molecular magnets [36].
Effective spin Hamiltonians are commonly used to describe
this anisotropy and usually capture the low-energy properties
of these systems well [36,37]. Such effective Hamiltonians
have been derived microscopically for the widely studied
molecular magnets like Feg, Fey, and Mni, [38]. We have
explicitly investigated long-range and short-range electron-
electron correlation effects in CuPc [16]. By adding the SOI
to our analysis, we obtained a magnetic anisotropy which can
in turn be captured by an effective spin Hamiltonian [15].

In general, the accurate calculation of the many-body
properties of metal-organic molecules is a highly nontrivial
task since the number of atomic constituents is large enough
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for exact diagonalization to be impossible, while standard
density-functional schemes have difficulty capturing short-
ranged electron-electron correlations [38]. To reduce the size
of the many-body Fock space, we use a basis of frontier
molecular orbitals as the starting point to include electronic
correlations and construct a generalized Hubbard Hamiltonian
[16], an approach similar to the one presented in Ref. [38].
The paper is structured as follows: In Sec. II we first
introduce the model Hamiltonian for CuPc, with focus on
the low-energy spectrum and eigenstates of the neutral and
ionic molecules. The full description of the lightwave-STM
is given in Sec. II B, with particular emphasis on the form of
the tunneling matrices. Moreover, in Sec. Il C we derive the
generalized master equation for the reduced density matrix
(RDM) and give the formula for the evaluation of the current
in terms of this matrix. The latter is parametrized in Sec. IID
by means of the product operator basis for the Liouville space.
The intricate dynamics of the molecule during the pump pulse
are described in Sec. III, introducing, step by step, first the
tunneling dynamics, then the influence of the SOI, and finally
the Lamb-shift contribution to the state preparation. Free evo-
lution and readout are discussed in Sec. IV. We concentrate on
the pseudospin beatings revealing the intertwined dynamics
of the spin and orbital degrees of freedom. Finally, we dis-
cuss the readout mechanism implemented by the probe pulse.
Concluding remarks and perspectives are given in Sec. V.

II. MODEL AND TRANSPORT THEORY

We introduce first the many-body Hamiltonian of the
molecule under investigation and highlight the interplay of
exchange and spin-orbit interaction in the characterization of
its low-energy eigenstates.

A. Copper phthalocyanine

Copper-phthalocyanine (CuPc) is a metal-organic com-
pound with D4, symmetry consisting of an organic ligand
surrounding a copper atom (see Fig. 1). We model the
molecule with the Hamiltonian

Hy = Hsp + Ve + Hsor = Ho + Hsor, (D

distinguishing the single particle Hgp, the electron-electron
interaction V., and the spin-orbit interaction Hso; component,
respectively. The spin-orbit interaction is treated perturba-
tively, due to its smaller energy scales as compared with
those of Hy. We are interested into the low-energy states
with the molecule being at most two times negatively charged
(CuPc?™). With reference to the interacting model derived
by Siegert et al. [15,16] we project the different terms of
Eq. (1) on the many-body basis constructed with all possible
occupations of four frontier orbitals (see Fig. 3). Listed with
increasing single-particle energy, these are, respectively, the
singly occupied molecular orbital (SOMO, or simply S in the
following), the highest occupied molecular orbital (HOMO
or H) and the two degenerate lowest unoccupied molecular
orbitals (LUMOs). The latter are degenerate and thus admit
different representations. We have chosen in Fig. 3 the one
with real valued wave functions labeled L., and L,, to recall
their symmetry, the same of the atomic d-shell orbitals d,, and

sz
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FIG. 3. Isosurfaces of the four frontier orbitals: SOMO, HOMO,
and the real-valued LUMOs. The color indicates the sign of the wave
function at the isosurface. Green corresponds to a positive, purple to
a negative sign.

d,., with respect to the Dy, group. The degenerate real LU-
MOs can be brought in their complex, rotationally invariant,
form

1
V2
which will also be used in our discussions. The single-particle

Hamiltonian and the Coulomb interactions have, in the basis
of the frontier orbitals, the generic form

Hy = Z €n; + % Z Z V[jk[d;dljardla’djav (3)

ijkl oo’

IL%) = —=(Lx;) £ilLy;)), @)

where i, j, k, I =S, H, L+, and L—, while o represents
the spin and n; = d;dm is the number operator for the ith
molecular orbital. The single-particle energies obtained from
a tight-binding calculation and renormalized by a crystal-
field correction [15,16] are e = —10.17eV, ey = —9.87 ¢V,
€.+ = —8.87¢eV. All Coulomb integrals V;j; have been in-
cluded in the numerical evaluation of Hy. Several of those
integrals, though, vanish due to symmetry arguments (i.e.,
invariance of the Hamiltonian H, with respect to the Dy, point
symmetry group). We retain, in the numerical diagonalization,
all the nonvanishing contributions given in Table I. The large
difference between the Hubbard energy of the SOMO with
respect to those of the HOMO justifies the single occupation
of the first in the neutral ground state of the molecule despite
the ordering of the single-particle orbital energies, which sees
the SOMO below the HOMO level.

The SOI Hamiltonian for the molecule is the superposition
of the atomic ones

Hsor = Zé:aia : izxs (4)
o
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TABLE I. Coulomb integrals between the frontier orbitals. We
indicate with U; = V;; the Hubbard energy of the orbital i, with
Uij = Vijj and J* = Vj;;; being the direct Coulomb integral and the
exchange between the orbitals i and j. Finally, Jf; = V;;;; and J};, =
Vi jir refer to the pair hopping and the split pair hopping, respectively.
Taken from Ref. [15].

Us 11.352eV o =—Jh 548 meV
Un 1.752 eV Jo 258 meV
Upyo =U,- 1.808 eV JE 168 meV
Ush 1.777 eV J& = —Jjb _ 9 meV
Us. 1.993 eV IS =I5 2 meV
UHL 1.758 eV

where « is a collective index which runs over all atoms and
shells, I, is the corresponding angular-momentum operator,
and 5, is the spin operator. We concentrate, though, only on
the d shell of the copper atom, which carries by far the largest
spin-orbit coupling &,. Projecting this contribution into the
basis of the frontier orbitals yields eventually

Hsor = M Z T(dzmdLm - dzdew)

=%
+ha(dlydiy +df ,ds) +H.c), (5)

with the effective SOI parameters A; = 0.47meV and A, =
6.16 meV. The size of the effective SOI parameters with re-
spect to the bare one of the copper d shell, £y & 100 meV
[39] reflects the relatively low weight of the LUMOs on the
copper atom (see Fig. 3).

The electronic transitions induced by the tunneling events
between the leads and the molecule involve the many-body
eigenstates of the molecule. To retain correlation effects, we
calculate them via the exact diagonalization of the Hamil-
tonian in Eq. (1) within the full configuration space of the
four frontier orbitals depicted in Fig. 3. We focus here on
the neutral and anionic low-energy states, within an energy
range of a few meV. Only these states will play a role in our
transport calculations.

The eigenstates of the Hamiltonian in Eq. (1) are lin-
ear combinations of several Slater determinants which we
fully retain in the numerical calculations. The admixtures
are though very small and we neglect them in the analytical
description of the eigenstates presented below. To this end, it
is useful to define a state |2) = d;”d;” |0), and to express the
energy eigenstates in terms of |€2).

The neutral ground state is a spin-degenerate doublet with
a predominant contributions of the states

DY) = dg, 1), DY) =dg,|19). ©)
where we observe the characteristic unpaired spin in the
SOMO. The first-excited neutral energy level lies about 0.8 eV
above the ground state [16] and thus we do not consider it in
our calculations.

The analysis of the anionic spectrum moves from the iden-
tification of three distinct energy scales in the system, i.e., the
direct Coulomb interaction (U, for simplicity), the exchange
couplings (J) and the SOI parameters (1), with the clear sep-

10
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FIG. 4. Low-energy spectrum of CuPc. With only direct
Coulomb interaction the spectrum is eightfold degenerate. Exchange
coupling splits the triplet from the singlet states. The SOI further lifts
the degeneracy of the triplet states. Adapted from Ref. [15].

aration U > J > A. The degeneracy, as well as the spin of the
ground state is influenced by these three energy scales.

Only considering the direct Coulomb interactions between
the molecular orbitals would yield the degenerate anionic
ground state

14100’y =dj df . IQ), @)

T0

with the eightfold degeneracy ensured by the combination of
the orbital degree of freedom 7, the spin degree of freedom
spin o in the SOMO and ¢ in the LUMO. The high Hubbard
energy of the SOMO is responsible for the occupation of a
LUMO, instead of the double occupation of the SOMO, in the
anionic state.

By unitary transformation we can express these states also
as two sets of singlets and triplets

1
V2
|TH) = dgydj 419,

8] (di.d}

7ot
L) _dudLm)m)v

8
oy _ L it Pt ®
}Tr ) = _2(ds¢dLr¢ + ds¢du¢)|9>,

7

|T;1> = dgﬂZwIQ%

where the two sets, labeled by the angular momentum t,
arise due to the degenerate LUMOs. We identify the orbital
degree of freedom in the subscript, while the superscript of
the triplet states gives the value of S,. The exchange inter-
action (ocJgi) lifts the degeneracy between the triplet and
singlet states, with the triplets becoming the new (still or-
bitally degenerate) ground state. Eventually, the triplet-state
degeneracy is partially lifted by the SOI which leads us to
the actual eigenstates of the molecule, ordered from lowest
to the highest in energy |77') — [T, |T.") + |7, |TO),
|TI1) — |77, and |T_;H) + |T="). Time-reversal symmetry
ensures the robustness of the singlets orbital degeneracy under
the perturbation of the SOI: they only experience a slight
downshift in energy of ~4 x 1072 meV.

The anionic low-energy spectrum and its relation to the dif-
ferent energy scales associated with the molecule is depicted
in Fig. 4. The splitting of ~1 meV of the triplet states due to

085420-4



SPIN-ORBIT INTERACTION INDUCES CHARGE ...

PHYSICAL REVIEW B 103, 085420 (2021)

A
DT D¢
Yb
ip ~
Sy
-
! T+ 1t
§3] T+1 _ T71
77
T4 Tt
T T
. J
| | |
CuPc? CuPc™ CuPc2™

FIG. 5. Schematic representation of the lightwave-STM dynam-
ics within the many-body spectrum of CuPc. With the choice of
chemical potential © = —4 eV, the low-energy anionic states have
a lower energy than the ground states of the contiguous neutral
and doubly charged configurations. The bias pulses induce tunneling
transitions to the doublet states. The red arrow represent the SOI-
induced precession.

the SOI is comparable, as we will discuss in the next section,
to the energy broadening introduced by the coupling to the tip
and substrate, thus making these states quasidegenerate, an es-
sential requirement for the interference effects [20,21,40,41]
underlying the preparation and readout protocols proposed
here.

B. Lightwave-STM

We describe the STM nanojunction in Fig. 1 by means of
the system-bath Hamiltonian

H = Hy + Hic + Hr + Hy, 9

with the many-body molecular Hamiltonian Hy, introduced in
the previous section. The leads and the insulating thin film
are responsible of polaronic and image charge effects [42—44]
which renormalize the energies of the charged states. We
simply account for this renormalization via the term

Hic = —8ic(N — 3)%, (10)

with N being the operator counting the total number of elec-
trons occupying the frontier orbitals (three in the neutral
state), and 8;c = 0.32eV. This parametrization is obtained by
fitting our model to experimental transport gaps obtained from
differential conductance measurements of CuPc on substrates
with different work functions [16]. The molecule exchanges
particles with the leads via a weak tunneling coupling. The
state of the molecular junction in thermal equilibrium is thus
obtained by considering a grand canonical ensemble with
the equilibrium chemical potential of the leads. We choose
such chemical potential to be © = —4 eV, which keeps the
molecule in its anionic state, i.e., with one additional electron,
as shown schematically in Fig. 5.

The leads are noninteracting Fermi seas with the

Hamiltonian

H; = Z [EI:Z + anvbias(t)]czkgcnk(n (11)
nko

where 7 labels the tip or substrate and g, destroys an electron
with momentum k and spin o in the lead n. The spectrum
of the lead is rigidly shifted by the applied bias across the
junction. The same happens to the corresponding chemical
potential i, () = i + oy Vpias(t), thus ensuring the charge
neutrality of the lead. Conventionally, we assume the energy
levels of the molecule to remain unchanged during the pulse,
while the tip and substrate levels are shifted in opposite direc-
tions [45]. In our setup the bias drops asymmetrically across
the junction, and the parameters «,,, which depend on the tip
height, are estimated as ay;p, = —0.54 and oy, = 0.08 accord-
ing to electrostatic considerations [16]. The residual potential
drop across the molecule is compensated by a polarization of
the molecule [46], whose influence on the molecular eigen-
states we neglect in this work.

It is the laser pulse impinging on the molecule to gener-
ate, in the lightwave-STM, a bias pulse across the junction
[2,3]. Consequently, the tip and substrate chemical potentials
acquire a time dependence which drives the system dynamics.
The many-body eigenenergies together with the potential drop
fractions o, at the different leads set the thresholds biases at
which new tunneling events can occur [19], with the sensitiv-
ity set by the temperature. To a first approximation we give
much more importance to the time interval of an open transi-
tion as to the exact shape of the bias pulse. We thus replace in
our simulations the bias pulses by (smoothed) square pulses.

The coupling between the molecule and the leads is given
by the tunneling Hamiltonian

Hy =Y th cl dis +Hec., (12)
niko

with {tl.'}w} being the set of tunneling amplitudes. The latter
are, according to the tunneling theory of Bardeen [47], the
overlap integrals between the lead states (labeled here by
momentum k and spin o) and the molecular orbitals (i =
S, H, L% and the same spin o). They encode the geometry of
the contact, which, in a STM junction, is very asymmetric,
with the atomically flat substrate opposed to the extremely
sharp tip. This qualitative difference between the two contacts
is clearly reflected into the single-particle tunneling rate ma-
trices. The latter extend the concept of tunneling rates between
energy levels in presence of degeneracies in the spectrum of
the system [21,48]. They are defined on the single-particle
basis of the molecule as

2 *
Fir](r,ja’(E) = 77[ Z (tirllca) tjr"ka’a(ez - E) (13)
k

In Ref. [48] we calculate explicitly the tunneling rate matri-
ces for a benzene molecule, starting from microscopic models
for the leads. In this work we opt for a simplified form, still
capturing, though, the fundamental symmetries of the prob-
lem. In particular, the tip’s tunneling rate matrix must yield
the topography of the molecular orbitals in the transport char-
acteristics. To this end, in accordance with Chen’s derivative
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rule [49] for an s-symmetric tip, the tunneling matrix assumes,
for the generic element

T3 o (Fip) = Yo "7 (ip) ¥ (Fip)Soo (14)

where y&lp is proportional to the local density of states of the
tip and we approximate it as a constant in the energy range
relevant for our calculations (wide-band approximation).

On one end the wide-band approximation is a common
limit taken in the mesoscopic transport community, unless
the band structure of the leads is specifically on focus for
the understanding of the experiment. On the other end, the
local density of states (DOS) of a metallic tip is essentially an
unknown function, due to its dependence on the microscopic
configuration of the latter. It is common practice, in STM
experiments, to select tips with a featureless DOS, in order
to avoid spectroscopic signals, which do not stem from the
electronic structure of the sample.

Moreover, we estimate the tip rate from a typical constant
current set point of STM experiments on CuPc together with
the corresponding topographical images [50]. At a distance
of 3 A from the horizontal symmetry plane of the molecule,
we obtain a maximal tunneling rate to the LUMO orbitals
maxy, hF,‘jE 1o (Iip) = 0.4meV. The localized tip breaks, in
general, the rotational symmetry of the molecule and ensures
the presence of off-diagonal terms in the associated tunneling
matrix, when written in the energy and angular-momentum
basis. The positivity of the rate matrix is instead guaranteed,
in our approximation, by the fact that the tip tunneling matrix
has by construction only a single nonzero eigenvalue, while
its trace is proportional to the sum over the orbital densities
calculated at the tip position. The frontier orbitals S, H, and
L+ belong to different irreducible representations of the Cy,
symmetry group characterizing CuPc on the NaCl substrate.
The substrate tunneling rate matrix is thus diagonal. The mi-
croscopic proof of this statement is found in Ref. [48] where
the analogous case of a benzene molecule has been analyzed
in detail. For simplicity we reduce here the substrate tunneling
rate matrix to the form

e = T56,850, (15)

io,jo

thus neglecting the differences between the molecular orbitals.
The diagonal components associated with the two LUMOs
are identical due to time-reversal symmetry. Moreover, the
tunneling events connecting the neutral and the anionic low-
energy states, considered here, mostly involve the addition
or removal of an electron in the LUMOs and justify, for the
sake of simplicity, the approximation in Eq. (15). The overall
strength of the tunneling coupling to the metallic substrate
has been fixed to AT™ = 1 meV, roughly in accordance with
DFT calculations [5] with a bilayer of NaCl on Cu(111).

C. Transport theory

The electronic transport calculation reported in this work
is based on the STM theory for single molecules on thin
insulating films presented in Ref. [48]. We proceed in the
framework of a generalized master equation, which naturally
allows for the treatment of strong electronic correlations on
the molecule [8,14,51,52]. The latter plays a crucial role in

STM on thin insulating film, because the presence of the insu-
lator hinders the screening associated with the hybridization
with the metallic substrate and enhances the specific features
of the pristine molecule [5,7,8,53]. The starting point is the
Liouville-von Neumann (LvN) equation for the full density
matrix

prot = —%[H(t), puodl, (16)

where, due to the laser-induced bias pulses, the explicit time
dependence in the Hamiltonian has been highlighted. Be-
cause we treat the tunneling perturbatively, it is convenient
to write the LvN equation in the interaction picture p!, =
—é[H’ , pL. 1. Moreover, we are primarily interested in the
dynamics of the molecule, thus we aim at the equation of
motion for the reduced density matrix (RDM), obtained by
tracing out the lead degrees of freedom p = Try { oo} The ini-
tial time factorization for the density operator into a molecule
and a lead component pu(fo) = pm(to) ® pL(fp) allows one
to derive the following integro-differential equation of motion
for the reduced density matrix:

ol = [ KR e a7)

valid to second order in the tunneling coupling, with the
interaction picture propagation kernel

K2, 0! @)
1
= — T {[HL0), [H), /' @ ]} (8)

In Eq. (17) the dynamics of the RDM at time ¢ can be
determined only with the knowledge of the RDM at all pre-
vious times, starting at the initial time #), thus showing a
memory effect. The propagator kernel vanishes, though, for
t —t" — 00, due to its proportionality to the lead correlator

F(t.tsm) =Y Trifch, (Ocpwes)pLto)).  (19)
ko

The timescale t. of its exponential decay, is given, for a
thermal bath of noninteracting fermions, by 7. ~ hf [27]
where B = (kgT)~! is the inverse thermal energy. The speed
in the dynamics of the RDM is instead measured by /Al", the
overall level broadening introduced by tunneling and by a
third timescale associated with the variation speed of the bias
pulse Tpuse. We concentrate on the weak-coupling, adiabatic
limit 1/T = Tpulse > Trel-

Within this limit, both the RDM p’ and the electrochemical
potential can be evaluated in Eq. (17) at the time ¢. Such an
approximation is justified since the lead correlation function
decays much faster than the timescale for the bias modulation
and the RDM dynamics. In our choice of parameters, the
relaxation time T, is much smaller than the tunneling time
1/T" and the pulse duration. Similarly to Ref. [27], we obtain,
from Eq. (17), the time local propagator kernel

—1 oo
P =2 [ [, [Ha =0,/ 0 pw]])

(20)
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Moreover, vibrations in the contacts reduce the relaxation
time of the electronic correlator by introducing additional
dissipative channels for the electronic excitations, as was re-
cently discussed in Refs. [54,55]. Thus the range of validity
of our approximation should also accommodate the cryogenic
temperatures and tunneling couplings of the lightwave-STM
experiments [2,3].

In support of our argument we notice, moreover, that the
differential conductance peaks in STM experiments on thin in-
sulating films [5,7,53,56] show a Gaussian profile and a width
clearly much larger than both the thermal energy kg7 and
the tunneling-induced broadening AI". The role of substrate
optical phonons in the explanation of such anomalous spectral
broadening of the conductance has been demonstrated [57]
and also controlled by changing the insulating layer from a
NaCl to a RbI or Xe one [56].

By evaluating the time integrals in Eq. (20) and converting
the equation to the Schrodinger picture, we finally obtain the
desired generalized master equation (GME):

p) =[Lym + L1(@) + LisO]p(@). ey

The first term Ly describes the coherent evolution of the
isolated molecule. For later convenience we express it in the
Liouville superoperator formalism:

i
Lu=— ) et (22)

a=%l1

where Hy, acts on the following density operator as
Hwm,+p := Hyp and Hy,—p = pHy.

The tunneling coupling between the system and the leads
treated in the lowest nonvanishing perturbative order is re-
sponsible for the two additional terms in Eq. (21). We refer
to them as the tunneling and the Lamb-shift Liouvillean, re-
spectively. In the superoperator notation, they read

1 5 .
Lr()=—5 ) D> el iDL, i (hipLo)D], .
Qi nm  pn
(23)
and

i .
Lis(t) ==~ Y30 aryhDl  py(hpLe)Dh . (24)

o nm py

The tunneling and the Lamb shift Liouvilleans both de-
pend on time via the lead chemical potential w,(#) which
shifts the argument of the Fermi function f(€):= {1+
e?Ple=m®ON=1 and of the principal part function p,(e) =
—Re W{% + %[e — uy ()]}, the latter being defined via the
real part of the digamma function ¥. The collective indices
n and m fully identify the molecular orbital, while p = +
and p = —p distinguish in DY}, the creation from the anni-
hilation operator, associated respectively to p = +1 and p =
—1. Notice, moreover, that T}, =T ~and It =T .
Analogously to the coherent Liouvillean presented above, the
creation and annihilation operators are dressed with the Liou-
ville index «, which identifies from which side they act on the
following operator.

Additionally, we only include in Egs. (23) and
(24) the unperturbed Liouvillean of the system, Ly =
—% Y w1 @ How, in the calculation of Lr and Lis. The

energy splitting ée induced by the SOI is comparable to the
level broadening AI'. We perform, however, a perturbation
expansion up to first order in I' and therefore we must
exclude from the dynamics terms proportional to Al'de
which are comparable to cotunnelling contributions O(T"2).
This approach is equivalent to treating the problem in the
singular-coupling limit, as discussed in Refs. [40,58].

The vacuum barrier and the thin insulating film separat-
ing the molecule respectively from the tip and the metallic
substrate ensure a weak tunneling coupling to the electrodes.
The perturbative expansion in the tunneling is justified by
the combination of such a weak tunneling coupling with a
large Coulomb charging energy, and the temperature higher
than the Kondo temperature Tx. The lowest perturbative order
considered in this paper well describes single-electron se-
quential tunneling events between the tip and the molecule or
the molecule and the substrate, as triggered by over-threshold
bias pulses. Higher-order expansion in the tunneling coupling
would also capture cotunnelling events connecting directly the
tip and the substrate with only virtual charge fluctuations on
the molecule. In particular, inelastic cotunnelling could be rel-
evant to characterize under-threshold bias pulses. Conversely,
in the Kondo regime (T < Tk), the perturbative approach
breaks down completely.

While the tunneling events connecting many-body eigen-
states with adjacent particle number are described by L, the
Lamb-shift Liouvillean £ s outlines the virtual transitions of
electrons which preserve the particle number on the molecule,
with the net result of renormalizing the coherent dynamics
generated by the system Hamiltonian. In this sense it is possi-
ble to write the Lamb shift Liouvillean as a commutator with
an effective system Hamiltonian Hys.

For a lightwave-STM in the weak tunneling coupling
regime, the fundamental role of the bias is to trigger sequential
tunneling events, i.e., for the system under study, the over-
threshold bias opens the transition between the anionic and
the neutral states of the molecule. The bias pulse acts in our
simulations as a time-dependent shift of the chemical poten-
tials in the leads. Furthermore, such a shift enters the tunneling
Liouvillean as an argument of Fermi functions, which rapidly
switch on and off when the bias crosses a threshold value.
Therefore, independently of its actual shape, every threshold-
trespassing pulse acts, at low temperatures, as a square pulse.

Due to the logarithmic tails of the digamma functions,
the effect of the bias shape is more subtle in the Lamb-shift
contribution to the dynamics. The latter, as we will see, mainly
influences, though, the free evolution of the molecule (with
constant zero bias) and plays only a marginal role during the
dynamically driven preparation and readout.

The SOI-induced evolution renormalized by the Lamb shift
and the tunneling are characterized by comparable timescales.
They combine to yield a driven nonadiabatic evolution of
the system. The reduced density matrix fully captures such
dynamics. We propose, as a readout mechanism, the mea-
surement of the average current flowing through the STM
nanojunction due to repeated pump-probe cycles, recorded as
a function of the delay time between the pulses. To this end
we first calculate the time-dependent reduced density matrix
by solving the GME in Eq. (21) with a thermal initial con-
dition. The latter is a reasonable assumption for sufficiently
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long repetition periods of the pump-probe cycle. The current
through the system is than obtained as

I (@) = Tewl[T (1) — T Olp (1)), (25)

where the time-dependent jump superoperators jni (t) refer to
the tunneling events to and from the lead 7, respectively. They
read

jn+(t)=zr 7 Doy £y GRLODS

Iy <t>—Zan Sy GRLODS (26)

where the explicit time dependence is contained, as for the
tunneling and Lamb-shift Liouvilleans, in the time-dependent
chemical potentials which shift the argument of the Fermi
functions.

D. Operator space

The density matrix p describing an n-dimensional Hilbert
space is, in general, a n x n Hermitian, positive-definite ma-
trix, thus parametrized by n” real numbers.! This number of
parameters is the size of the Liouville (vector) space to which
p belongs. By exploiting the notion of scalar product, also
defined on Liouville spaces, we obtain, for any orthogonal
basis set {B;}, the expansion

_ ((Bilp))B
Z ((B;|B;)) @7)

with |p)) being the vector notation for the density operator in
Liouville space and the scalar product defined as ((A|B)) =
Tr{A"B}. Interestingly, the scalar product ((B;|p)) = (B;) is
equivalent, for a basis of Hermitian operators, to the expec-
tation value of the observable B;. Thus, the combination of
Eqgs. (20) for a suitable basis set and (27) translates the GME
into a set of coupled linear differential equations for n* ex-
pectation values of system observables. Those equations give
valuable information about the interplay of molecular observ-
ables and a more intuitive physical picture of the molecular
dynamics with respect to the original GME.

As already discussed, we are interested into the coupled
dynamics of the neutral ground state and of the low-energy
set of triplet and singlet anionic states. The corresponding
density matrix consists of three separate blocks, because (i)
coherences between states with different particle number are
forbidden in absence of superconducting correlations and (ii)
the energy splitting between the singlet and the triplet exceeds
by far the tunneling coupling, thus justifying the use of the
secular approximation which neglects the fast oscillating co-
herences between singlet and triplet states.

The matrix block associated with the neutral, spin degener-
ate state can be expanded on the basis B = {1, &, 3, 5},
with o, the Pauli matrices, to obtain

pd
pd = Sl (84 - o, (28)

'One of these numbers is always fixed to 1 = Tr{p}, due to the
probabilistic nature of the density matrix.

where p? is the population of the doublet neutral level and
SS = 0, /2 is the matrix representation of the &« component of
the spin operator in the doublet basis and vanishes elsewhere.

The orbitally degenerate singlet anionic states are treated
analogously. The definition of a set of pseudospin operators
Ty = 0¢/2 with o = x, y, z leads to the analogous decomposi-
tion of the corresponding block in the density matrix

s_ P

pr=Zl+ () 0, (29)
where p* is the total population of the singlet degenerate
level. The most interesting sub-block is the one spanned by
the triplet states. The triplet space is of the tensor product of
two spaces, respectively a spin 1 and a pseudospin !/2 which
accounts for the additional orbital degeneracy. The spin oper-
ators associated with a generic spin 1 system are represented
in the basis of the S, eigenvectors by the matrices

o
—_
o
o
I
o

| 1
Ss=—1 0 1], §=— -,
V2o 1 0 V2\o i 0

1 0 0
andS, =10 O 0]. (30)
0 0 -1

Given that the Hilbert space is three dimensional, the asso-
ciated Liouville space has dimension nine. Therefore, it is not
enough to expand the corresponding density matrix in terms
of the identity and the spin operators. Five additional opera-
tors are needed to complete a basis set. The spin quadrupole
operators do the job:

Sa =252 - 82— 52,

Sie = SuS. + 8.5,

Sy = S,S. + 5.5, (31)
Sy = S)% - Syz’

Sey =SSy + S,

Altogether we set up the following basis for the description of
a spin-1 density matrix:

= {13, 5. Sy, Sz, S, e Syes S, Syl (32)

XTyeo

By combining the two bases B> and B' we obtain a basis in
which we can expand the density matrix for the triplet space:

B =B'® B". (33)

The description of the orbitally degenerate triplet space re-
quires more than just the population p' = Tr{p’} and the
expectation value of the separate spin (dipole and quadrupole)
and pseudospin operators, calculated respectively as

(1) = Tr{p'(Si ® 1)}, (34)
and
Oy
enle) @

where p' is the triplet block of the density matrix, S; is one of
the spin operators in B!, and o, is one of the Pauli matrices.
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In general, the mixed spin and pseudospin correlators
Oq
(siz) = e (510 Z2)). (36)

must also be taken into account. These mixed correlators play
a crucial role in the description of SOI-induced dynamics,
in which spin and orbital evolution are intertwined and the
equation of motion of the spin or pseudospin variables is
coupled to that of the correlators, since the latter do not fac-
torize p'(Sit)) # (S})(t}), with p' the occupation of the triplet
states.

II1. INITIAL-STATE PREPARATION

The pump-laser pulse impinging on the molecule excites
it out of its thermal equilibrium and is responsible for its
initial-state preparation. The evolution of the molecular many-
body state during the preparing pulse is characterized by the
interplay of several processes giving rise to a complex dy-
namics. To scrutinize the role of the different contributions,
we examine the initial-state preparation step by step. First we
concentrate only on the interference effects associated with
the tunneling processes. In a second and third steps we add
the contributions of the SOI and the Lamb shift.

A. Tunneling dynamics

The fundamental mechanism underlying the initial-state
preparation of the CuPc is the interference blocking char-
acterizing nanojunctions with a quasidegenerate many-body
spectrum and weakly coupled to the leads [14,17,19,20]. This
blockade, previously investigated only in the stationary limit,
only arises when the applied bias voltage exceeds the thresh-
old for triggering sequential tunneling events and, moreover,
unidirectional transport is induced through the junction (high-
bias limit).

For this reason, we first consider the STM junction under
a constant over-threshold bias and analyze how the system
achieves the stationary state, as shown in Fig. 6. The tip
position is fixed at 3 A above the horizontal symmetry plane
of the molecule, in the vicinity of one of the lobes of the
L, orbital (compare Fig. 7 with Fig. 3). Moreover, we apply
a (sample) bias of V, = —0.4V to the system and, at first,
neglect the SOI and Lamb-shift contribution to the dynamics.
The RDM is thus governed by the differential equation p =
Lrp supplemented by the thermal initial condition p(#y) =
exp[—pB(Hv — uN)1/Zg with Zg being the grand canonical
partition function. The simulation (as also the others reported
in this paper) has been performed at a temperature of 7 =
30 K. Initially, the system has an essentially equal proba-
bility to be in any of the triplet anionic states, while the
singlets and the neutral doublet are empty. Thermal fluctua-
tions are, in fact, not strong enough to populate these states, as
ES —E'>»> kgT and also EY — E' + 1 > kgT, being, E', E®,
and EY, respectively, the energy of the triplets, singlets, and
doublet levels, calculated for simplicity in absence of the SOI
perturbation.

The bias, applied here from the beginning, is instead large
enough to trigger transitions between the anionic triplets and
the neutral doublet ground state with one electron tunneling
from CuPc towards the tip. Therefore, as can be seen from

(a) (b)

—triplets —(72)

—singlets 04 —(1y)

0.2 —doublet 0.3 —(T2)
0.2

0.1
0.1
0 0
0 ) 10 15 0 5 10 15
time (ps) time (ps)

FIG. 6. Blocking state in the high-bias limit. (a) Eigenvalues of
the RDM plotted as a function of time. After a short excursion to the
neutral state, the system gets blocked in the anionic state. A threefold
(twofold) degeneracy for the eigenvalues associated with the triplets
(doublets) follows from spin isotropy. (b) Time evolution of the pseu-
dospin components under the same conditions as in panel (a). The
blocking state has nonzero expectation values for the pseudospin.

the eigenvalues of the density matrix plotted in Fig. 6(a), at
first the doublet gets populated. Soon, though, tunneling of
an electron from the substrate brings the molecule back to an
anionic configuration in which, on average, both singlets and
triplets are populated.

For a time lapse of a few picoseconds both the neutral and
the anionic levels are populated and current flows through the
molecule. Gradually some triplet states (three of them, in fact)

0.3
0.2
0.1
-0.1
-0.2
-0.3
0.3
0.2
0.1
-0.1
-0.2
-0.3

FIG. 7. Strong dependence of the dark-state preparation on the
tip position. We plot the x and y component of the pseudospin as
a function of the tip position. In panels (a) and (b) we neglect SOI
and the Lamb shift. The SOI is introduced in panels (c) and (d). The
black cross marks the tip position associated with the simulations
presented in the rest of the paper. The SOI reduces the strength of the
pseudospin obtained by the preparing pulse.

o

o
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and one singlet state act as probability sinks. Despite transi-
tions to the neutral doublet remaining energetically available
(the bias is kept constant, here), within approximately 4 ps
the entire occupation probability is concentrated in the anionic
state and the current is blocked. This evolution of the density-
matrix eigenvalues is the time-resolved observation of the
dark-state formation as theoretically predicted [17,20,41,48]
and recently observed in carbon nanotubes [21].

The more direct fingerprint of the interference-blocking
mechanism is represented, though, by the nonzero expecta-
tion value of the pseudospin x and y components reached
contemporary to the current blocking, as seen Fig. 6(b). To
understand the origin of this phenomenon, we consider the
equation of motion for the triplet and singlet pseudospin vec-
tors derived from p = Ltp. We obtain

d S ™ — S
() =~ 27 7 f, (€)(z")

l_ﬂtip d !
+ 5 fip(ep” = fip(e)p'1Pe,
(37

d — t
E<r>=—;r"f,, (e)(T")

f*tip N d B .
+ 7[3ftip(5t)P - fup(el)p 1P,

. tip _
where [ = - (y2 + ¢ 7) and ™" = ['§* are the average

rates to the tip and substrate, respectively. Moreover, we in-
troduced the energies €;; = Ei/s — Eq < 0 and the vector P,

2 2
P74 vz

1
Po= | et |, (38)
E%4 yz 0

with V., and v, being the wave functions of the real-valued
LUMOs depicted in Fig. 3. The over-threshold bias with en-
forced unidirectional transport implies that f[?;,(ft), Ji};(Es),
S (€, and f, (e) are exponentially suppressed. Looking
for the stationary solution of Egs. (37), under those assump-
tions, we obtain the following conditions:

(t) = —iP.p, (¥ = 1P, (39)

which, when inserted into the equations for the populations,
yield

=) BEA )lp! = T feop',
n

P= D [T fH el — T £ (e,
n

_ (40)
=) T3 () + £, (el

n
+ T (e)p® + TP £ (e)p'

The equations above do not contain any rate proportional to
ftg(et Js), thus revealing how tunneling events towards the tip
are completely suppressed.

Thus, on a timescale fixed by the smallest of the tip and the
substrate rates, the neutral state gets depopulated, p' + p* =

1, and the total pseudospin reads
1
(1) = —5P-. 41)

In close analogy to the spin-valve problem [59] we inter-
pret this condition as pseudospin accumulation in a direction
antiparallel to the lead polarization P, with the formation of
an electronic dark state. The molecule is, in this configuration,
completely decoupled from the tip and thus, in the infinite
time limit, the ratio between the populations of the singlet
and the triplet is expected to reduce to the Boltzmann factor.
This condition, though, is clearly not the one shown in Fig. 6,
even after 15 ps. The steady state would be reached only over
a much longer timescale, set by the depopulation rate of the
singlet towards the substrate, which is strongly suppressed due
to the Coulomb blockade on the molecule and the sign of the
applied bias.

In Figs. 7(a) and 7(b) we represent the different molecular
states prepared by scanning with the tip over the molecule in
terms of their pseudospin components. The maps are obtained
by simulating an over-threshold bias pulse of 3 ps duration and
by computing the pseudospin values corresponding to the end
of the pulse. The system is not yet converged to the quasista-
tionary configuration discussed above but shows already clear
signatures of the complete blocking state, as can be seen, for
example, in the reentrant doublet population in Fig. 6(a). This
choice of the pulse duration will become clearer at a later stage
when the role of the SOI will be considered. The pseudospin
shows a prominent dependence on the tip position, which is
explained by means of Egs. (41) and (38) in combination with
Fig. 3.

CuPc has roughly a cross shape. If the tip is placed along
the arm horizontal with respect to Fig. 7(a), the bias pulse
pumps the pseudospin in the positive x direction. In fact, in
the region \2 > wfz, the pseudospin polarization of the tip
points in the direction —e, and the pseudospin accumulates
in the opposite direction. In other terms, the orbital L,, will
be mainly occupied. Vice versa, the blocking state has mainly
a L,, component when the tip moves along the vertical arm
of CuPc. Sizable oscillations in the y component of the pseu-
dospin, as seen in Figs. 7(b) and 7(d), show moreover that a
linear superposition of both orbitals is required to block the
current. Almost no pseudospin polarization is achieved along
the horizontal and vertical nodal planes, despite also here one
of the two orbitals dominates over the other. The tunneling
rate is so small that the interference blocking mechanism can-
not be visible within the 3 ps pulse time and the configuration
of the molecule remains much closer to the initial thermal
state, in which (t) = 0.

B. Influence of the spin-orbit interaction

The effect of the SOI on the spectrum analyzed in Sec. II
is captured by an effective Hamiltonian, with the same block-
diagonal structure as that of the density matrix discussed so
far, since the SOI conserves particle number and cannot split
the time-reversal-symmetric singlet states. The doublet and
singlet states experience just a slight shift in energy due to
the SOI but are not mixed with any other state. Thus, the
corresponding blocks are proportional to the identity matrix
and not of interest for the dynamics of the molecule. The block
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acting on the triplet states is the most interesting part of the
SOI effective Hamiltonian. In the basis |T;"'), [T+, |T?),

|79, |77, ITZ") it reads

wh 0 0 0 0 o
0 —ap 0 0 a 0
LR T 1
0 @ 0 0 —wp 0
o3 0 0O O 0 a/2

(42)
with o = 0.86meV, o, = 1.7 x 1072 meV, o3 =
827 x1072meV, os4=10x10"2meV, and o5=
—7.3 x 102 meV.

The projection of H, on the operator basis B',

o,
Hgop = (a4 + a5)1g + a1 5. ® 7 — Sy @1,

o oy
+ (@2 + @3)S2)2 ® -+ (2 —03)8xy ® 5
(43)

highlights its ability to generate entangled evolution of spin
and pseudospin due to the presence of several product opera-
tor components which do not allow us to factorize H§, as the
tensor product of a spin and a pseudospin operator. We show
in Figs. 7(c) and 7(d) the preparation of the pseudospin in
presence of the SOI. Qualitatively, we obtain the same texture
of positive and negative areas for the x and y component of
the pseudospin, but characterized by an overall suppression of
the absolute values. To analyze this numerical result, we refer
once more to the equation of motion for expectation values of
the pseudospin.

The only component of the Hsop able to generate an appre-
ciable pseudospin dynamics during the 3 ps time lapse of the
bias pulse considered so far is the one proportional to «;. The
latter reads 1S, ® % and is factorized into the tensor product
of a spin and a pseudospin operator. It is thus convenient to
study the dynamics of the correlators

1 1 1 o
B =Trdp' [ 213+ =S.+ = -
(t™) r{p 33+6Szz 2Sz ®2 .

1
(7% = Tr{p‘[§(113 -52)® %} } (44)

which are the projections of the pseudospin operator on the
subspaces with spin component S, = +1 and S, = 0, respec-
tively. Their equations of motion follow from the generalized
master equation p = (Ly + Lr1)p, approximated to retain
only the contribution of the SOI Hamiltonian generating the
fastest dynamics

%<ri‘> =— Zn: D7 f (e (r™!) £ %ez x (t*)

_. (1 1
+ F“"(gﬁ(ﬂ)f - Eft;(et)pi‘>Pf,
45)
(t%) ==Y T7f, (e)ir")

n

_. (1 1
+ F“P(Efg)(eopd - Efﬁpm)p‘))z’f,

d
dt

0.4}
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FIG. 8. Dynamics of the x components of the pseudospin in
constant high bias. (a) Comparison between the total pseudospin
(7,) and its singlet (7;7) and spin-resolved triplet components (rx“),
(t2), and (z!). The SOI is responsible for the shoulder appearing in
the time evolution of (z,) around # = 3 ps and for the oscillations
in the S; = +1 and S, = —1 components. (b) Trajectories corre-
sponding to the first 3 ps evolution of the spin resolved components
of the pseudospin. The vectors (t*') undergo precession dynamics
inverse to each other due to the SOI, superimposed to the pumping
along the direction opposite to P,. The (z°) component is not influ-
enced by the SOI and just grows along the direction opposite to P..

where p*!' and p° are the probability to find the system in

the triplet states with S, = £1 and S, = 0, respectively. The
SOI acquires, in the subspace with S, = +1, the form of a
pseudomagnetic field pointing along the z direction. Conse-
quently, the dynamics generated by the tunneling Liouvillean,
common to the subspace with S; = 0, is enriched here by a
precession around the z axis, with opposite orientation for the
different spin sectors.

The time evolution of the different components of the
pseudospin under a constant high bias condition can be seen
in Fig. 8(a). The component of the total pseudospin point-
ing upwards or downwards along the x direction shows, in
presence of SOI, a characteristic shoulder around ¢ = 3 ps
whose origin is clearly revealed by the observation of the spin-
resolved components. Both (rxi) turn down and more than
compensate the constant increase of the (t’) component. The
deviation from the blocking direction, i.e., the one antiparallel
to the pseudospin polarization P, characterizing the S, = %1
components of the pseudospin is shown in Fig. 8(b). The SOI-
induced precession allows for these spin states the tunneling
coupling at the tip, which is instead soon forbidden, due to the
direction of their pseudospin components, to the S, = O triplet
and the singlet states. The latter turn into probability sinks
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x1073

HE

FIG. 9. Dependence on the tip position of (r,) after the pump
pulse. (a) The combined action of tunneling, the SOI, and the Lamb
shift during the pump pulse induces nonzero values of (z,). (b) The z
component of the torque exerted by the Lamb shift on the pseudospin
associated with the dark state normalized to its maximum value,
plotted as a function of tip position.

and, on the typical timescale of a few picoseconds, absorb all
the probability and drive the system into a dark state.

On the intermediate timescales the SOI is thus responsible
for a precession dynamics which reduces the component of
the pseudospin along the blocking direction, thus weaken-
ing the pseudospin pattern obtained as a function of the tip
position after a pump pulse, see Fig. 7. Populating linear
superpositions of the states |7} 1y and |TjE ) is moreover fun-
damental to achieve SOI-induced coherent evolution between
the pump and the subsequent probe pulse, as will be discussed
in Sec. IV.

C. Lamb-shift contribution to the preparation

The last step in the analysis of the complex spin and pseu-
dospin coupled dynamics characterizing the CuPc during the
pump pulse concerns the Lamb-shift correction to the coher-
ent evolution, introduced in Eq. (24) in Sec. II C. The Lamb
shift correction stems from electronic fluctuations between the
molecule and the leads which induce virtual transitions of the
molecule between states with neighboring particle number.
Contrary to the tunneling dynamics, though, the Lamb-shift
correction only arises in systems with level degeneracies and
conserves the particle number on the system. In the singu-
lar coupling limit Lygp = —%[HLS, p] with the Lamb shift
Hamiltonian defined by

Hys = ——— Z Z ) o PNLd], po(E — Ho)djo
NEn ijo
+djo py(Ho — E)d} 1PV, (46)
where PME = 3" |NEm)(NEm]| is the projection operator on

the (degenerate) energy level with particle number N and en-
ergy E. The collective index m labels the different degenerate
energy levels. Due to the singular coupling limit, we neglect
the SOI and only H is taken into account in the calculation
of Higs. The logarithmic tails of the digamma function force
us to keep the entire spectrum of both neighboring particle
numbers into account. We thus avoid convergence problems in
the calculation of Hjs. For the case at hand the contributions

(8) | ore

0.2+ (1)
—(72)
--analytics
0.1H ‘ L |
1 i ' ‘ 1
0 . i
0 20 100
time (ps)

(b) | S
0.2} —gTyi
0.1H /A

0
0 50 100
time (ps)

FIG. 10. Free evolution of the pseudospin components after the
pump pulse. The purple area indicates the time lapse during which
the bias pulse is applied. In panel (a) we show the dynamics only
driven by the SOI with the analytical solution for the free evolution
on top of the numerics. In panel (b) the Lamb-shift contribution is
also included in the calculation. While (z,) and (t,) show qualita-
tively the same beating dynamics, () changes radically. The Lamb
shift couples in fact more strongly the (t,) dynamics to that of the x
and y components, thus mixing the evolution timescales.

of the high-energy neutral states compensate, in fact, those of
the high-energy doubly charged molecule (CuPc?).

In Fig. 9(a) we show the state of the molecule obtained
after the pump pulse taking into account the Lamb-shift cor-
rections. The Lamb-shift correction is responsible of a (z,) of
the order of 1073, In comparison, () is negligible, if we only
consider the tunneling dynamics and the SOI. Despite its mod-
est effects in the pulsed dynamics, the nonzero (t,) component
obtained here is amplified by the SOI during the free evolution
following the pulse (see Fig. 10). Moreover, the presence of an
imbalance in the occupation of opposite angular-momentum
states opens the question about circular currents triggered by
the coupling to the leads and their feedback on the electronic
structure of the molecule [60].

The results presented in Fig. 9(a) can be understood by
analyzing the structure of the Lamb-shift Hamiltonian. The
latter is block diagonal in the doublet, triplets, and singlets
subspaces and spin isotropic. By neglecting the components
proportional to the identity, which drop from L;g, we can
write the general form for the singlets and triplet blocks,
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respectively,
. . O
H = hej - —,
LS LS 2
t t g
Hig =13 ® hoy - 5 @7

from which it is clear that the Lamb-shift Hamiltonian acts
on the singlet as well as on the triplet subspace as a pseudo-
magnetic field. The latter adds, during the short pump pulse,
to the spin-dependent pseudomagnetic field associated with
the SOI which was introduced in Eq. (45). The strength and
the direction of the pseudomagnetic fields ] ¢ and wjq are
obtained from the direct evaluation of Eq. (46) for the anionic
subspace of CuPc. By following the derivation in Ref. [48]
adapted to the Dy, point-group symmetry of the CuPc,”> we
get

[
w)'s = —(AY'P, + BY'Q,), (48)
where
2 2
Xz yz
- | -2y, , 49
Qr fz+wyzz Wozw,vz ( )

while A%t and B! are real numbers which depend on the
electronic structure of the molecule and on the applied bias
across the junction. Specifically, they read, respectively, for
the triplet and for the singlet

1
A== — 3 U], pr(E' = Ho)dy o |T™)
S.o

+ (T |dp— o pr(Ho — ENd], 1T,

(50)
1 .
B'=— — > T2} pr(E' — Hodrs ol T2)
S.o
(T 5 |dyy o pr(Ho — EVd)_ 1T,
and
. 1 .
A== > (S ld], ,pr(E® — Ho)dL— 51S-)
+ (S4ldL— o pr(Ho — ENd], 1S-)].
(51)

o ~
B =~ 3 USeld]_,pr(E* — Hodyyo1S-)

+ (Sldrs.opr(Ho — ESd]_ |S-)].

The pseudomagnetic fields acting on the triplet and singlet
subspaces differ, in general, in strength and direction. To
achieve a qualitative understanding of the results in Fig. 9
it is useful to concentrate on their dependence on the tip
position, expressed through the vectors P, and Q,. Given that
the tunneling pumps the pseudospin along the direction —P,

ZParticular care should be taken to take into account the different
symmetry of the frontier orbitals with respect to the horizontal sym-
metry plane oy,

the direction and frequency of the precession induced by Hy g
at a given bias is readily obtained by the vector product

2 2
t/s _ t/s. tip (2% I/I)'Z (I//xz - I'//yz)
_Q)LSXP-[—_B/SVO 2 + 2
Xz vz

e, (52)

which is proportional to the torque acting on the pseudospin
when the latter is pumped in the direction of the dark state.
Since the time lapse of the pump pulse is less than a quarter of
the precession period induced by the Lamb shift, the direction
and intensity of the torque are proportional to those of the z
component of the pseudospin just after the pulse. In Fig. 9
we see a comparison between the simulated z component of
the pseudospin and the torque, normalized to its maximum
value, as obtained from Eq. (52). The torque vanishes when
P is parallel or antiparallel to Q.. For this reason we see
no z component of the pseudospin along the x and y axis
where either one or the other LUMO orbital vanishes and
along the diagonals x;, = £y, where the two orbitals neces-
sarily assume the same absolute value. Moreover, the torque
is strongly suppressed on the outer parts of the ligand arms
where one of the two real-valued LUMOs has much more
weight than the other one. Finally, as can be readily checked
from Eq. (52), the pattern of (r;) obtained from the pump
pulse is invariant under rotations of 7 /2 around the main
rotational axis and antisymmetric with respect to the four
vertical symmetry planes of CuPc. From these properties it
derives a certain resemblance to the HOMO of the molecule.

IV. FREE EVOLUTION AND READOUT

The intricate dynamics triggered by the pump pulse brings
the CuPc molecule from its thermal equilibrium into an ex-
cited, coherent superposition of many-body states. The latter,
as we have shown, can be controlled by the tip position and
the duration of the pump pulse. We focus, in this section,
on the following time lapse in which the free evolution in
absence of bias reveals an intertwined spin and pseudospin
dynamics. Moreover, we introduce a second pulse to achieve
a stroboscopic readout and investigate the evolution of the
molecule during the delay time between the pump and the
probe pulses.

A. Free evolution

The state prepared by the pump pulse is a superposition
of several anionic states. Once the external bias turns back to
zero, tunneling events are strongly suppressed due to the large
charging energy of the molecule with respect to temperature,
and the charge is conserved. The time evolution is described
only by the singlet and triplet sub-blocks of the reduced den-
sity matrix. Moreover, there is no coupling between the singlet
and the triplet states, which thus evolve independently, as an
incoherent superposition. Specifically, as the singlet energy
eigenstates are connected by time-reversal symmetry, they are
degenerate and thus they show no dynamics at all. On the
contrary, the triplet states are characterized by an intertwined
spin and pseudospin dynamics, due to the SOI, and by the
pseudospin precession due to the Lamb shift, as described in
the previous section.
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In Fig. 10 we present the time evolution of the three
components of the pseudospin during 100 ps, starting from
the beginning of the pump pulse. In Fig. 10(a) We first con-
centrate, for simplicity, on the evolution generated solely by
the SOI Hamiltonian (the contribution of Hy drops from the
Liouvillean, being just a uniform energy shift). The x and y
components show beating dynamics with the fast oscillations
compatible with the largest SOI-induced splitting «; and the
slow modulation associated with the smaller energy separa-
tions «, and a3 between the two triplet states with the lowest
and, respectively, the highest energies. As already discussed
in the previous section, the z component of the pseudospin is
conserved by the part of Hsor proportional to o and thus it
can only exhibit slow dynamics.

Further insight into the free evolution is given by the an-
alytic result plotted as a dashed black line in Fig. 10. We
obtain it by solving the coherent contribution of the GME

o= —%[Hsm, pl, projected into the operator basis introduced
in Sec. II D. The x component of the pseudospin evolves as
. 1
(m) (1) = (Ti>0 + g((f)t)o — (8% T;>0)

1
+ E|: a? + c2 cos (a)lt + arctan E)
a

d
++/b* 4+ d?cos (wzt + arctan Z>:|’ (53)
where the two oscillation frequencies are

1 1
w; = ﬁ(al +a; —az)and w; = g(“l —ax+a3), (54)

while the amplitudes and phases are expressed in terms of the
four coefficients

a= 4<T;)o + 2(522 T;)o - 3(S;2y2)0,
el A
c=6 (Szry>0 - (Sxyrz>0)’

d= 6((S;T,vl>o + (S)[c,vfﬂo)’

which contain several triplet correlators calculated at the time
t = 0 at which the pump pulse terminates. In the first line in
Eq. (53) one recognizes the constant terms associated with
the singlet and the S; = 0 component of the pseudospin. The
second and the third line, instead, describe the dynamics of
the S, = +1 components intertwined by the SOI. The close
frequencies w; and w, are at the origin of the beatings ob-
served in Fig. 10. Moreover, it is clear that the pseudospin at
time r > 0 depends on several mixed correlators, e.g., (S;2 t;)o
calculated at initial time, thus revealing the interplay of spin
and pseudospin in the evolution of CuPc.

The analogous expressions for the time evolution of the
y and z components of the pseudospin can be found in
Appendix B. Here we just mention that the y component com-
bines oscillations with frequencies w; = (@] — o, — a3)/h
and wg4 = (o) + o + «a3)/h, thus featuring also beating dy-
namics, while the z component contains only the smaller
frequencies o /h and «3/h. In summary, all possible Bohr
frequencies associated with the two lowest and two highest
triplet states are reflected into the dynamics of the pseudospin.

0 . \ A (SE e
‘ E(SS) (7H)]
-0.1+
0.2} ]
0 50 100

time (ps)

FIG. 11. Dynamics of a mixed correlator. Also the mixed cor-
relators, such as, for example, (S',7}), show beatings dynamics.
Moreover, the comparison with product of the single spin and pseu-
dospin expectation values reveals the correlation between these two
degrees of freedom triggered by the SOIL.

The spin and orbital correlation is further demonstrated
by the comparison of the mixed triplet correlators with the
product of the single expectation values. As shown in Fig. 11,
the mixed correlators are essentially equal to their factorized
counterpart at £ = 0 when the reduced density matrix is in
thermal equilibrium. The situation changes drastically during
the pump pulse and remains essentially the same during the
free evolution, thus demonstrating the correlation between the
two degrees of freedom of the molecule.

Eventually, we show in Fig. 10(b) the combined effects
of the SOI and the Lamb-shift correction on the evolution
of the CuPc anionic state. The combination of the effective
magnetic fields associated with the SOI and to the Lamb-shift
correction, the first oriented along the z axis, the second in the
xy plane, mixes the time evolution of the different pseudospin
components. The result is a more complex, but also more
homogeneous oscillation beating pattern, now visible in all
three components.

B. Transferred charge

In this section we propose a readout scheme for the ob-
servation of the SOI-induced dynamics described so far. To
this end we simulate a short (0.5 ps) over-threshold probe
pulse following the pump pulse at a variable delay time. The
observable is the total charge transferred through the molecule
and collected into the tip, calculated as a function of the delay
time.

In Fig. 12 we show the result of our simulations, with the
charge transferred to the tip per pump probe cycle in units
of the electronic elementary charge. Despite the sequential
tunneling regime, fractional charge can be transferred through
the molecule. The result should be interpreted in a proba-
bilistic sense, with the charge averaged over a great number
of pump probe cycles. The high-frequency repetition of the
pump probe pulse is anyway necessary in the experiments,
with the aim to obtain a measurable average current, i.e., the
mean transferred charge per pump probe cycle divided by the
repetition period [2,3]. It is crucial, though, for the meaningful
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FIG. 12. Transferred charge per pump probe cycle plotted as a
function of the delay time between the two pulses. The blue and the
orange solid lines represent analytical results calculated according to
Eq. (56) and its improved version, Eq. (57), respectively.

comparison of the experimental data with the theoretical pre-
dictions presented here, that the repetition period be longer
than the relaxation time of the molecule towards its thermal
equilibrium. The latter is in fact taken in our simulations as the
starting point of the excitations induced by each pump pulse.

The beatings in the transferred charge per cycle presented
in Fig. 12 closely resemble those obtained in the free evolution
of the pseudospin shown in Fig. 10(b), thus indicating that
the proposed measurement of the transferred charge can give
information about the SOI-induced dynamics on the system.

This similarity is rationalized starting from the following
observations: The dynamics induced on the junction by the
probe pulse closely resembles the one produced by the pump
pulse, with the bias across the junction allowing energetically
the transition between the anionic and the neutral states of the
molecule. There are, though, two crucial differences. First,
the probe pulse impinges on the molecule when the latter is
far from equilibrium: it is instead characterized by a signif-
icant population of the singlet states, a finite pseudospin, an
anisotropic spin state and it even shows correlations between
the spin and the pseudospin degrees of freedom, as we demon-
strated in the previous sections. Second, due to its shorter
duration, the probe pulse does not induce a large variation of
the pseudospin on the system, although it is long enough to
ensure, in principle, a measurable charge transfer towards the
tip.

Crucially, the probability for charge transfer to occur dur-
ing the probe pulse depends on the state of CuPc at the
beginning of the pulse. The closer is the molecular state
to the electronic dark state [see the condition given in
Eq. (41)], the less probable is the tunneling event which brings
an electron from the molecule towards the tip. Because the
pseudospin dynamics during the delay time between the pump
and the probe pulses is strongly influenced by the SOI, the lat-
ter leaves its clear fingerprints also in the average transferred
charge.

In a first approximation, we can formalize the ideas just
expressed in the following equation for the transferred charge:

qu(t) = qo + TP8t[1 + 2(T)(t) - P.], (56)

' ' ' ' -analytics|
. 60r -numerics
= a0}
=
Z 20t
5
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20 . . .
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time (ps)

FIG. 13. Current flowing towards the tip during the probe pulse.
The current decay during the probe pulse and the backflow from the
tip to the molecule are essential for a quantitative reconstruction of
the readout signal.

where ¢ is the charge transferred during the pump pulse, &t
is the length of the probe pulse, and (7)(¢) is the pseudospin
of the molecule at the delay time 7, i.e., at the beginning of the
probe pulse. This result is derived from the formal expression
for the current given in Eq. (25) under the approximation
that, during the probe pulse, neither the jump operators nor
the reduced density matrix for the system depend on time
and in the high-bias limit in which unidirectional transport is
enforced.

Although the essence of the readout mechanism is captured
by Eq. (56), the latter quite strongly overestimates the charge
transfer during the probe pulse, as seen in Fig. 12. Two are the
fundamental reasons of this quantitative mismatch: the system
evolution during the 0.5 ps probe pulse and the backflow of
electrons from the tip to the molecule, happening shortly
after the end of the probe pulse. Both effects are clearly visible
in the current simulation performed for times in the vicinity of
the probe pulse and are shown in Fig. 13.

A substantially improved, although more intricate, expres-
sion for the transferred charge is given by the integrals

t+5t
qu(t) = qo + TP / [1—pt") +2(x)(t') - P,ldt’

o0
— [tip / 4p(tHdt', (57)
t4-0t

derived as was Eq. (56) by assuming unidirectional transport
during the probe pulse, but including at the same time the
system dynamics. Moreover, the backflow after the probe
pulse is accounted for. The latter is due to the relaxation
of the molecule towards its anionic configuration, occurring
when the bias drops to zero, at the end of the probe pulse.
At first, it seems detrimental for the efficiency of the readout
protocol that the correct estimate of the transferred charge
would require us to monitor the current for an infinitely long
time. De facto, the complete decay of the doublet population is
reached within a few hundred femtoseconds, thus reaffirming
the feasibility of the proposed protocol.

The transferred charge calculated according to Eq. (57)
is shown in Fig. 12 and matches much better the bench-
mark numerics as compared with Eq. (56). The corresponding
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analytical calculation of the time-dependent current is plot-
ted in Fig. 13 together with the corresponding numerical
simulation.

We calculate the transferred charge Eq. (57) analytically,
only accounting for the tunneling dynamics. The set of cou-
pled differential equations for p® and () derived from p =
Lrp is solved with initial conditions p¢ = 0 and (z) extracted
from the numerical simulation at the beginning of the probe
pulse. Eventually, the transferred charge can be cast in the
same form as in Eq. (56), with just the probe time lapse &t
being renormalized by the factor

K=1[(1- 1-R 1 (1 — ey
1+ R? 2M116t
1—R 1
1 1_ —Xo 6t
+<+\A+W)MW( «m)
1 1 —\18t — o0t
— — — , 58
T RITR F“P(St(e e %), (58)

where R = 2T""* /TP, while the rates A; , read

Mo =T"(1+RFV1+R2). (59)

The small mismatch between the analytics and the numerical
simulations which can be seen in Figs. 12 and 13 is due to
the dynamics induced by the SOI during the probe pulse, still
neglected for simplicity in the evaluation of Eq. (57).
Interestingly, the renormalization factor K only depends
on the two dimensionless parameters R and T8z, which
largely determines the physics of the problem. For example,
for pulses much shorter than the timescales set by the tip
tunneling rate (F'P§s < 1) we can greatly simplify the renor-
malization factor to obtain
fsub
_lim
First—0

K = o (60)

If, moreover, we consider [" > [P the result in
Eq. (56) is obtained again. The physical interpretation of this
limit is quite clear: the dynamics of the molecule during the
pump pulse can be to a large extent neglected and, moreover,
the recharging of the molecule after the probe pulse happens
mainly at the substrate side, thus hindering the backflow from
the tip towards the molecule.

In the opposite limit ['* « [, a very small signal
is expected in the readout, since in this case the backflow
would almost completely balance the current flowing from the
molecule towards the tip during the probe pulse.

Finally, in the limit of long probe pulses TPz > 1, the
charge transferred during the probe pulse converges to the
value of 1 + 2(t)(¢) - P, and is independent of the tunneling
rates.

The information about the SOI-induced dynamics is in-
cluded in Eq. (56) (and in its improved version with the
renormalized factor K) through the pseudospin (7)(#) calcu-
lated at the delay time ¢. Indeed, as we have already discussed,
the pseudospin beatings contain all Bohr frequencies of the
triplet low-energy states. Thus, monitoring the dynamics
of the transferred charge gives access to the SOI-induced
spectrum. Moreover, an interesting aspect of the molecular

many-body state can be observed, since we can also read out
the projection of the pseudospin along the known direction
P-.

Eventually, we expect the transferred charge to be also
strongly dependent on the tip position. On the one hand,
the overall constant shift gy depends on the position as well
as the average tip rate which is proportional to wxzz(rnp) +
wfz(rﬁp). Moreover, the tip position influences the prepared
pseudospin since both the dark state as well as the torque
induced by the Lamb shift show a characteristic pattern. The
tip position can even modulate the very dynamics of the
pseudospin via the pseudomagnetic fields wi/st The analy-
sis of these effects, though, goes beyond the scope of this
work.

V. CONCLUSIONS

The theoretical investigation of a lightwave-STM single
molecule junction is the focus of this paper. In particular, we
studied how to access, via a stroboscopic pump probe scheme,
the spin-orbit-induced electronic dynamics of a copper ph-
thalocyanine. To this end, we extended the transport theory
for STM on thin insulating films [48] to include the effects of
laser pulses, specific of a lightwave-STM, directly in the time
domain. We identify in the coherent superposition of different
angular-momentum states the fundamental mechanism for the
triggering and readout of spin-orbit-induced dynamics. The
method of choice is a generalized master equation (GME) for
the reduced density matrix, which allows for the treatment
of strong correlations on the CuPc weakly coupled to both
the substrate and the tip. The tunneling and the SOI-induced
dynamics share similar timescales resulting in a nonadiabatic
time evolution of the system.

The localized tunneling at the tip combined with the
quasidegenerate spectrum of the molecule allows for interfer-
ence effects to appear. The pump pulse takes the molecule out
of its thermal equilibrium and brings it towards an electronic
dark state, associated with a specific pseudospin configu-
ration, i.e., a coherent superposition of angular-momentum
states. After the lightwave-induced bias is turned off again,
the system shows an intricate beating dynamics of the
pseudospin. The latter is driven at the same time by the
spin-orbit interaction and by virtual electronic fluctuations
between the molecule and the tip (the Lamb shift). In par-
ticular, oscillations at all Bohr frequencies associated with
the spectrum of Hgop contribute to the time evolution of the
pseudospin.

Furthermore, we propose to use a second, shorter, bias
pulse to probe the many-body state acquired by the system
after a given delay time separating the two pulses. Specifically,
the charge transferred during the probe pulse is proportional
to the projection of the pseudospin along the known dark-state
direction. Ultimately, monitoring the beatings in the average
charge per pump probe cycle allows one to access the spin-
orbit-induced dynamics of a CuPc.

Both the electronic dark state as well as the pseudospin
torque induced by the Lamb shift vary with tip position with
patterns obtained by different combinations of the LUMO
wave functions, as can be seen by comparing Figs. 7 and 9
with Egs. (38) and (52). We expect those patterns to leave
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their signatures in the pseudospin dynamics and ultimately to
emerge in the transferred charged recorded as a function of
tip position and time. The high temporal and spatial resolution
demonstrated in lightwave-STM experiments [2,3] is certainly
capable to detect those patterns.

Lightwave-STM is a powerful, novel technique, which
allows us to access the molecular dynamics directly on the
intrinsic atomic-spatial and femtosecond timescales. The con-
trol and readout of molecular quantum states proposed in
this paper suggest its application also for molecular-based
quantum information, a novel and challenging development
in the field of molecular electronics.

Moreover, we expect the theoretical method presented in
this paper to open new paths for the investigation of proximity
effects in molecular junctions. Exemplary, a ferromagnetic tip
or substrate could be considered. Besides working as sources
of polarized electrons, they can induce proximity effects in
single-molecule junctions. Dipolar (and also quadrupolar for
systems with high spin, S > %) exchange fields arise, which
influence the electronic dynamics on the molecule and its
transport characteristics. Such proximity effects could be si-
multaneously controlled and monitored in a spin-polarized
lightwave STM.

Finally, with the same investigation tool, the interplay of
electrical and mechanical degrees of freedom on the molec-
ular level could also be investigated. Thus, along the lines
described in this article, simulation of lightwave STM could
contribute to the understanding of surface chemical reactions,
followed directly in real time.
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APPENDIX A: QUASI-STATIONARY HIGH-BIAS LIMIT

The molecule does not reach its steady state during the 3 ps
pump pulse. Although the eigenvalues of the reduced density
matrix as well as the pseudospin components are apparently
converged (see Fig. 7), the state reached after the 15 ps full
simulation time is also not the steady state. The latter, despite
the high-bias condition, should in fact display a Boltzmann
ratio between the population of the singlet and the triplet
states, as explained in the main text. To explain this result we
consider the bare tunneling dynamics expressed in the basis
of the coupled and decoupled states, i.e., the one containing,
for the singlet and triplet subspaces, the dark state (decoupled)
complemented by its orthogonal companion. Since we do not
consider SOI nor the Lamb-shift contribution, the coherences
vanish, in the basis just described, and we can concentrate on
the populations only. The basis reads then

DY), 1DY), |T) (1), |T0)
1770, |77), 180) s 1Sa)) -

where |-)) indicates states in Liouville space.
The tunneling Liouvillean written in the basis (A1) has the
following form:

7))

(AD)

‘CDTDT 0 EDTTH L"DTTO 0 ‘CDTS
0 *CDiDi 0 ﬁDiT“ ’CDiT-l ‘CDlS
£T+]DT O £T+1T+] O 0 O
['tun - [’TOD’]‘ [-:TUDT 0 LTOTO 0 O (A2)
0 ‘CT’IDT 0 O ET—IT—I 0
Lspr Lspr 0 0 0 Lss
Explicitly, we have the term describing the depopulation of the doublet states towards the anionic states
Loipt = Loipt = —T[3f4 (e) + fify (€)1 — TP () + £ (€01, (A3)
with €/ introduced in Eq. (37).
The depopulation of the anionic states are 2 x 2 matrices, which read for the triplets
I fo(e) — T fi(e) 0
+1 = = -1 = su 1p —
ETHT 1 L:TOTO ‘CT -1 < 0 —FSUbe;b(Et) ’ (A4)
and for the singlets
—T f(6) — T fi(es) 0
Log = sub\-S tip\-s _ B . A5
ss ( 0 _F A (e) (A5)
The tunneling from the |7~!') states to [D 1) is the same as from |T~!) to |[D}):
Lpirn = Lo = (F fr,(e) + 2T fi (e0), T fr(e0), (A6)
whereas tunneling from the |T°) states is possible to both doublet states but every channel has a smaller “effective” rate,
f\sub . o sub
LDTTO = ﬁDLTO = (Tfsub(et) + Ftlpfli)(et)a Tfsub(et)> B (A7)
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The same holds true for the singlets:

sub . sub
ﬁDTS = £D¢S = (be:b(és) + Ftlpﬂ;(es)v Tfs:b(ES))' (AS)
The repopulation rates of the |T+!) and |T~!) states are given by
Lrupr = Lyapr = (P f (€0 + T™ fif (), T £ €)™ (A9)
Furthermore, we have the repopulation of the |T°) states
I‘*sub . sub T
LTUDT = ‘CT°D¢ = (Tf:u—b(ft) + anfg;(et)v Tf;ﬁ,(ﬂ)) s (Alo)
and the singlets
sub . T sub T
Lspr = Lsps = <_2 faw(€s) + anftiJlrJ(GS)’ Tfstb(ES)) : (ALL)

By solving the eigenvalue equation

Lrpi =Tip;, (A12)

we associate a tunneling rate ['; to an eigenstate of the tunnel-
ing Liouvillean p;. The p; form a basis and therefore we can
expand the thermal density matrix in this basis as

§ : 0
Pthermal = Ai Pis
i

with expansion coefficients A?. The time evolution of a den-
sity matrix is governed by

(A13)

p = Lrp, (Al4)
which has the solution
p(t) = " Phermal = ZA?efr”p (A15)
We find for the rates I'; five different energy scales
hTi; ~meV, hl36~ 107" meV,
hT7 ~ 107 meV, 7ilg9 ~ 107°* meV
Ao = O meV. (A16)

The eigenvectors p; with i = 1-6 thus do not contribute to the
density matrix on the timescale set by the pump-laser pulse.
The state pjq represents the steady-state solution of the master
equation given by the thermal distribution of the populations
of the coupled singlet and triplet states. The three remaining
eigenstates p7, ps, and pg do not decay on the timescales of
our simulations. The depopulating rate of a singlet state via
a substrate tunneling transitions sets the order of magnitude
of 7 ~ " £ (€,), whereas I's and T'g ~ I"** £ (¢,) are of
the order of the substrate depopulating rate of a triplet state.

APPENDIX B: FREE EVOLUTION OF THE PSEUDOSPIN
COMPONENTS (z,) AND (z,)

We give here the analytical expression of the time evolution
of the y and z components of the pseudospin solely under the

(

influence of Hsor. The y component reads
1 .
(@) = 3 (%) = (Saml) + {5,

+ i a? + c2 cos | wst — arctan &
D|VE T a,
dy
+ /b3 + d2 cos w4t — arctan )| BD)

y
where the two frequencies are given by

1 1
w3 = #051 —ay —a3)and wg = ﬁ(al +az +a3). (B2)

The phases and amplitudes of the oscillations are obtained
from the four parameters

ay = 4(15), + 3(Siy )y + 2S5 7),
by = 4{ry), — 3(Sy,)y +2(S27y)
ey = 6((Siz)y + 2S}a072)y)
dy = 6((S;7)y = 2{Sz,2 i)y

which can be calculated from the several expectation values
and correlators calculated at the initial time = 0. The z com-
ponent does only exhibit slower dynamics and is described by

(7 = 52— (Sel) + {22y

+ L] e+ e eos (%4 — arctan &
cos | —t — arctan —
2VeETe h a
d
+ mcos (%t — arctan b_z>i| (B4

Z

(B3)

with
a, = 4(t!), = 3(S), + 2(S.7l),.
b, = 4z}, +3(S3) +2{Sh2)y
6. = 3((stel) 8, 1)) "
d. = 3((S20 1) + Sy 7)) -
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