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ABSTRACT
The study and manipulation of low dipole moment quantum states have been challenging due to their inaccessibility by conventional spec-
troscopic techniques. Controlling the spin in such states requires unfeasible strong magnetic fields to overcome typical decoherence rates.
However, the advent of terahertz technology and its application in magnetic pulses opens up a new scenario. In this article, we focus on an
electron–hole pair model to demonstrate that it is possible to control the precession of the spins and to modify the transition rates to different
spin states. Enhancing transitions from a bright state to a dark state with different spins means that the latter can be revealed by ordinary
spectroscopy. We propose a modification of the standard two-dimensional spectroscopic scheme in which a three pulse sequence is encased
in a magnetic pulse. Its role is to drive transitions between a bright and a dark spin state, making the latter susceptible to spectroscopic
investigation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5139409., s

I. INTRODUCTION

Quantum states with small (zero) transition dipole moment
with respect to the ground state, referred to as dark states, are noto-
riously difficult to investigate by linear spectroscopic techniques.
The most widespread approach is detection via their low emission
yields.1,2 Alternative methods are fluorescence blinking, transient
absorption, and comparisons with modified samples suppressing the
presumed dark state.3–5 The fact that the whole class of electronic
transitions are dipole forbidden lends fundamental relevance to their
study. Dark states are often very stable and keep phase relation with
other states, leading to small decoherence rates. Additionally, dark
states are essential for understanding energy and charge transport

phenomena in fields ranging from quantum optics to solid state
physics.

Examples are singlet–triplet spin structures appearing from
interactions of two spin 1/2 particles; triplet states are dark for
dipole transitions from the singlet ground state. Here, we focus
on the class of states that are dark due to spin selection rules
(henceforth spin dark states), in contrast to dark states that are
dark owing to parity selection rules. Spin dark states such as
the triplets investigated here have been demonstrated to be rele-
vant for charge separation in artificial light harvesting, where they
might hold the key to enhanced photocurrent generation.6,7 Fur-
thermore, they are responsible for efficient transport within quan-
tum wells and two-dimensional materials or for optical control
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in solid-state and semiconductor systems.8–10 The control of spin
dark states, in combination with advancing methods of spintron-
ics, holds the potential to all-optical control of such quantum sys-
tems. This line of research offers intriguing possibilities in quan-
tum technological applications, such as quantum computing or
sensing.

One possibility to overcome the dipole-forbidden character of
dark states is to employ field-matter interactions of higher order,
i.e., multipoles. However, this approach is hampered by the neces-
sary high field strengths, making the material damage threshold a
limiting factor.

Instead of utilizing higher electric multipoles of dark states, we
focus on their magnetic dipole moments. For triplet states, the sub-
ject of our research, the origin of magnetic dipole moments is their
characteristic unpaired spins. Conventional techniques for the study
of triplet states such as electron paramagnetic resonance (EPR) and
multidimensional variants thereof are highly sensitive and insight-
ful in terms of electronic structure determination and reactivity.11

With respect to time-resolution, EPR-experiments are typically lim-
ited to the microsecond regime due to restrictions in microwave
pulse technology. In the femtosecond regime, time resolved Two-
Dimensional Electronic Spectroscopy (2DES) has emerged as the
most comprehensive technique for the study of dynamics, due to its
versatility and its main characteristic of resolving a non-linear sig-
nal in excitation and emission frequencies.12 Dark states occurring
during relaxation can be detected here by their (potential) transi-
tions to higher lying states, i.e., as excited state absorption (ESA). It
has to be noted, however, that such ESA-features are often broad,
featureless, convoluted, and therefore hard to analyze.13–15 For some
materials, singlet fission leads to allowed formation of triplet states,
which can be detected via 2DES.16 In this article, we will pro-
pose a modification of 2DES allowing us to observe spin-dependent
dark states. We argue that, apart from the linear spectroscopic sig-
nal and ESA-signatures, spin properties of quantum states can be
exploited to make dark states responsive to direct spectroscopic
probing.

It was recently demonstrated that a static magnetic field can
manipulate charge transfer states, owing to the non-trivial spin
and small Coulomb binding properties.17 Moreover, these states
can be inferred through the behavior of the resultant photocur-
rent when affected by magnetic fields of varying intensity.18 In
particular, it was shown that a magnetic field can be used to
induce a dipole moment redistribution between a bright singlet
charge transfer state and a dark triplet charge transfer state, mak-
ing the latter bright. This result suggests that the same principle
could be applied to any such dark state that is spin-connected
to a bright state. Recently, static magnetic fields as high as 25 T
have been employed to study energy transport and charge trans-
fer in biomolecules.19 Despite their immense field strength, such
static fields are not capable of modifying inter-system crossing (i.e.,
singlet–triplet transitions) in a timescale relevant for 2DES, as spin
precession depends on the coupling to the magnetic field, which is
controlled by the Bohr magneton, and limits the precession speed
to nanoseconds at most for attainable fields. The solution we pro-
pose in this article is employing a terahertz magnetic pulse, by
which we demonstrate that it is able to modify the dynamics of
spin precession within femtoseconds. At the same time, it achieves a
redistribution of dipole moment that has the potential to turn dark

FIG. 1. Schematic representation of the proposed magnetic field enhanced two-
dimensional spectroscopic experiment. In (a), the three laser pulse sequence
is shown. The first pulse excites a bright state in the system, which evolves
freely for a variable time t1 (coherence time), during which the magnetic pulse
(which acts all through the laser pulses sequence) induces coherent transi-
tions from the excited bright state to a dark state. The second pulse stabi-
lizes the population in the dark state while the third produces a rephasing sig-
nal. (b) displays the fully non-collinear phase matching geometry of the laser
pulses which in our design are immersed in a magnetic pulse (violet filled
curve).

states bright at a timescale relevant for the 2DES experiment. THz
electric transients have already been used in combination with 2DES
for the study of Raman spectroscopy, rotational and vibrational
spectroscopy of molecules, or phonon excitations.20–23 By combin-
ing such magnetic pulses with a conventional 2DES scheme (see
Fig. 1), we demonstrate that it is possible to study the properties
of dark states exhaustively due to the spectral resolution offered by
2DES.

II. MODEL
To illustrate the mechanism of the magnetic field enhanced

2DES, we use a minimal model containing an electronic ground
state |g, S⟩, a spin one singlet electron–hole (e–h) pair ∣CT, S⟩ ∝ 1

√

2
(∣ ↑ ⟩e∣ ↓ ⟩h − ∣ ↓ ⟩e∣ ↑ ⟩h) that carries all dipole moments in the sys-
tem, and triplet states ∣CT,T0⟩ ∝ 1

√

2
(∣↑⟩e∣↓⟩h + ∣↓⟩e∣↑⟩h), |CT, T+⟩

∝ |↑⟩e|↑⟩h, and |CT, T−⟩∝ |↓⟩e|↓⟩h that are dipole forbidden, i.e., for
this model, μ̂ = μ∣CT, S⟩⟨g, S∣ + h.c.

We choose the e–h pair to have low Coulomb binding, a feature
of charge transfer or polaron states in organic polymer systems.24

Our choice is based on the importance that these states have in a
wide variety of systems ranging from quasi 2D quantum wells to
natural and artificial light conducting and harvesting systems.6–9,25,26

Low Coulomb binding bright states are expected to have low dipole
moments. Moreover, owing to the loose nature of the e–h Coulomb
binding in charge transfer states, they will be less sensitive to strong
magnetic fields. States with just one electron are easier to manip-
ulate with a magnetic field; composite states with stronger binding
will typically have a higher dipole moment and will provide a clearer
optical signal.
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FIG. 2. Model system employed to demonstrate how a magnetic pulse turns dark
states bright in a 2DES experimental scheme. In the model, a singlet charge trans-
fer state is excited through laser light. The three components of the corresponding
triplet charge transfer state (degenerated in the absence of a magnetic field) are
completely dark with respect to the electronic ground state as spin transitions are
prohibited upon excitation. An appropriately tuned external magnetic pulse, B(t), is
able to induce spin flips on the individual components of an e–h pair by modifying
the precession frequency of the spins. Consequently, a magnetic pulse is used to
redistribute the dipole moment from the singlet state to the spin triplet states. In
that way, an initial population in the singlet state can populate first the spin zero
triplet state and subsequently the spin ± one states, according to Eqs. (4).

The electronic level diagram we employ in our model is
depicted in Fig. 2. At zero magnetic fields, the triplet states are
degenerate,

H0 = ES∣CT, S⟩⟨CT, S∣ + ET ∑
i=0,+,−

∣CT,Ti⟩⟨CT,Ti∣. (1)

This singlet–triplet structure will be subjected to inter-system cross-
ing (ISC) by the external magnetic pulse, whose dynamics are
explained in detail in Sec. III.

The singlet and triplet charge transfer states are energetically
separated (ES ≠ ET) for ultrashort timescales of 2DES experiments,
where the decoherence times impose a limit of few picoseconds.27

Natural inter-system crossing can occur as a result of thermal fluc-
tuations of the fine structure, spin-orbit coupling, hyperfine interac-
tion, or wavefunction spatial overlap. These effects appear on much
longer (100 ps to 100 ms) timescales28–30 or break the degeneracy of
the triplet states by a fraction of meV29 Throughout this paper, only
hyperfine interaction will be considered.

In addition to possible coherent singlet–triplet transitions,
spin-pair states are subject to the action of an environment com-
posed of electronic and vibrational degrees of freedom causing
decoherence and dephasing of the quantum states. This dynam-
ics will be accounted for by the Lindblad formalism as described
in Sec. IV.

III. TERAHERTZ INTER-SYSTEM CROSSING
Nowadays, controlling spins with an external magnetic field

is technically achievable.31–33 Terahertz magnetic field pulses have
become only recently available,34,35 offering the possibility of
accessing ultrafast magnetization dynamics on the femtosecond
timescale.36–41 Moreover, contrary to what happens with optical
radiation, which interacts with valence electrons and interferes with
the 2DES target states, terahertz photons have energies around meV,
which will not produce optical transitions.42 The coupling of the
electric field associated with the magnetic pulse to the dipoles of

the system is expected to be small (∼meV), and consequently, it will
only induce vibrations on the sample that add up to the dephasing
noise. Furthermore, the small pulse energy, in the order of fem-
tojoules, means that thermal effects are negligible.40 Experiments
show that upon interaction with a terahertz pulse, the relatively
large electric field associated does not produce appreciable short-
term effects, although in the long run, damage is possible.39,43

This means that for several 2DES with terahertz magnetic pulse
cycles, the sample is assured to survive. In general, no significant
change in the interaction or deformation of the wavefunctions is
to be expected even for the fields involved.19 In fact, compara-
ble or stronger electric fields have already been used in combi-
nation with 2DES44 and applied to organic samples with positive
results.

To produce spin flips—as it is needed for inter-system
crossing—the coupling induced by the magnetic field has to be
strong enough to ensure that the precession of the spins is faster than
the relaxation time of the states. However, the typical coupling of an
electron (hole) to a magnetic field is mediated by the Bohr magneton
and the Landé factor. The small value of these two factors in typical
e–h pairs has to be compensated with a magnetic field of at least kilo-
teslas in order to produce the sub-picosecond inter-system crossing
necessary for having an effect on the 2D spectra.17 Such magnetic
fields are beyond any experimental instrument available nowadays
and are likely to disrupt the sample. To circumvent the limitation,
we propose employing terahertz magnetic pulses, whose interaction
with the spin components is strong enough to produce the necessary
spin flips.41,43,45,46 As we demonstrate in this article, the key factor
that allows us to reduce the magnitude of the fields employed is not
the interaction strength, but the frequency with which the magnetic
pulse oscillates.

The interaction of a spin with an external oscillating magnetic
field with components in the z and x directions (B⃗ = Bz z⃗ + Bxx⃗)
is governed by the interaction Hamiltonian for spin pair
dynamics,47

H = BeSze + BhS
z
h + B(Sxe + Sxh), (2)

where each component Be ,h references the total magnetic field act-
ing on either the electron or the hole, thus including the hyperfine
interaction component felt by each of the spins, which by conven-
tion is taken in the z direction. Be ,h(B) in Eq. (2) already includes
the coupling of the magnetic field with the spin in the form giμB/2,
with g being the Landé factor and μB the Bohr magneton constant.
The Landé factor is specific for either the electron or the hole. Thus,
Be = −μBge(Bz + aeIe) and Bh = −μBgh(Bz + ahIh), where I is the
hyperfine magnetic field.

The hyperfine component is created by the interaction of
the magnetic moment with the atomic nuclei environment sur-
rounding it. At the relevant 2DES timescale, i.e., femtoseconds,
the motion of such nuclei is slow and can be considered static.
This fact, together with the large amount of nuclei contribut-
ing to the hyperfine field, means that the total hyperfine compo-
nent can be approximated by a Gaussian distribution,48 where the
width reflects the typical strength of the hyperfine component for
each material. In the case of most organic materials, this width is
∼1 meV.49 We calculate the hyperfine contribution to the ISC by
averaging over 103 random instances drawn from such a Gaussian
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distribution. The hyperfine component alone is not enough to pro-
duce meaningful inter-system crossing. However, in separating the
effect on the electron and the hole, it allows the external mag-
netic field to have an amplifying effect which results in greater
inter-system crossing.50

The unitary singlet–triplet dynamics is described using the
Schrödinger equation for the time evolution of a wavefunction in
the singlet–triplet basis spanned by the total spin of the charge trans-
fer state. For simplicity, we omit, here, possible non-unitary effects,
such as dephasing, which will be accounted for in the 2DES simu-
lations. In particular, the dynamics is described by amplitudes S(t),
T0(t), T+(t), and T−(t), respectively, i.e.,

eiET t/
̵h∣ψ(t)⟩ = S(t)∣CT, S⟩ + ∑

i=+,−,0
Ti(t)∣CT,Ti⟩. (3)

This base is a logical choice as excitation by incoming pulses
in 2DES occurs directly in the singlet state (we assume the impul-
sive limit in which the laser pulses are much faster than in any other
timescales in the dynamics). The time evolution of the amplitudes is
governed by the equations of motion,

h̵
dS(t)
dt
= −iδ0(t)T0(t) − i(ES − ET)S(t),

h̵
dT0(t)
dt

= −iδ0(t)S(t) − i
√

2B(t)(T+(t) + T−(t)),

h̵
dT+(t)
dt

= −iB̄(t)T+(t) − i
√

2B(t)T0(t),

h̵
dT−(t)

dt
= iB̄(t)T−(t) − i

√
2B(t)T0(t).

(4)

In Eqs. (4), B(t) represents the magnetic field, while δ0(t) and
B̄(t) are the difference and the sum of the interaction of the mag-
netic field with each of the spins, respectively, i.e., δ0 = Be(t)−Bh(t)

2 ,
B̄ = Be(t)+Bh(t)

2 . From these equations, two conclusions emerge
immediately: first, why it is required that the Landé factor has to
be different for the electron and the hole; otherwise δ = 0, and the
dynamics only mix the triplet states. Second, the magnetic field must
exhibit z- and x-polarization components. The reason is that circular
polarization allows spin mixing between the singlet and the triplet
spin zero components—both polarized along the z-direction—and
also from the triplet spin zero to the triplet ± one components,
which will be Zeeman split resulting in distinct peaks in a 2D map.
Here, we consider the possible phase between z- and x-pulse direc-
tions to be π/2, as it will not be important for spin dark states
spectroscopy. Nonetheless, the effect of finite phase might be worth
exploring in a future work, since it can be used to delay the onset
of transfer to certain components of the triplet states, with rele-
vance not only in spectroscopy but also in spintronics. The previ-
ous point relates to the aim of spin state mixing not only between
the singlet and triplet spin zero states—both polarized along the z-
direction—but also among the three triplet spin states, which will
be Zeeman split resulting in distinct peaks in a 2D map. Impor-
tantly, it is not necessary for the magnetic pulse to be resonant
with the energy difference among singlet and triplet states, although
if the condition is met, transfer would happen at lower intensity
pulses.

The magnetic pulse

Bx = B0 sin(ωt − π
2
) exp[(t − t0)

2

2σ2
t
]

Bz = B0 sin(ωt) exp[(t − t0)
2

2σ2
t
]

(5)

has an oscillating component and a Gaussian envelope. The behav-
ior of each spin of the spin-pair in an oscillating magnetic field
under strong drive, described by Eqs. (4) and displayed in Fig. 3,
goes as cos( B0

ω cosωt) for an envelope that is sufficiently wide such
that its effect can be neglected for the purposes of dynamics of
the spin pair. The ratio B0

ω controls the amplitude of the oscilla-
tions, while the frequency depends both on the ratio B0

ω and on
ω. Thus, we speak of two regimes. The first is called resonant and
occurs when B0 ≈ω, while the second is denominated off-resonant.47

Note that here, resonance does not have anything to do with energy
levels.

Figures 3(a) and 3(d) show singlet triplet dynamics for two
example magnetic pulses. In both cases, the amplitude of the field

FIG. 3. Numerical solution of Eqs. (4) for a set of singlet–triplet charge transfer
states subject to the effect of a magnetic pulse of the form in Eq. (5). In the left
column, (a) displays a resonant pulse B ≈ ω with B0 = 1 T, which induces coherent
Rabi oscillations on an initially populated singlet charge transfer state (b), trans-
ferring population to the initially dark triplet states (c). After the pulse ends, no
population remains in the triplet state. In the right column, the magnetic pulse is
off-resonant (ω ≈ 0.1B) with B0 = 1 T, but ω = 100 GHz, as shown in (d). Such
a pulse produces coherent population transfer from an initially populated singlet
state (e) to initially dark triplet states in (f). In this case, the oscillations not only
have a much bigger amplitude than in (a) but also have more frequencies inter-
mixed. Moreover, triplet states remain partially populated at the end of the pulse.
Triplet states ±1 have identical population time evolution.
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B0 is chosen to be 1 T while its frequency ω is in an order of mag-
nitude larger in Fig. 3(a) as compared to Fig. 3(d). In both left and
right panels in Fig. 3, the initial state witnesses the spin singlet charge
transfer state [Figs. 3(b) and 3(e)] completely populated while the
three triplet states have no population at all. Initially, as the pulse
interacts with the spin pair, the population is partially transferred to
the spin zero triplet charge transfer state and afterward into the spin
±1 triplet charge transfer states, as shown in Figs. 3(c) and 3(f) (only
the spin +1 case is shown as the spin −1 behaves in exactly the same
way).

From the analysis in Fig. 3, we observe that a resonant pulse
produces coherent Rabi oscillations that vanish as the pulse ends.
In this case, very clean oscillations in the population of the charge
transfer states can be observed, but there will be no final steady state
population in the dark triplet charge transfer state [see Fig. 3(c)].
However, working out of resonance means that, on the one hand,
several frequency components show up in the population oscilla-
tions and, on the other hand, the steady state after the pulse has
ended shows the population in all four spin charge transfer states,
which will decay on a slow timescale. Consequently, effective pop-
ulation transfer to the triplet states occurs with pulses as the one
represented in Fig. 3(f). We conclude that for the purpose of this arti-
cle where clean oscillations are ideal, resonant pulses are much better
suited, while for applications where the interest lays in transferring
population and controlling the spin states, off-resonant pulses would
be required.

IV. 2DES WITH A MAGNETIC PULSE
The development of the theory of nonlinear spectroscopy51

together with the progress of ultrafast laser technologies and mul-
tidimensional spectroscopic methods52 represented a decisive step
forward in the study of dynamics in condensed-matter quantum
systems. The result was a deeper understanding of processes such
as light absorption, energy transport, and quantum dynamics in
open systems. 2DES represents a recent highlight in this develop-
ment.12,27,53–60

2DES is a powerful technique to study nuclear and elec-
tronic correlations between different transitions or initial and final
states. It utilizes three ultrashort, spectrally broad laser pulses sep-
arated by controlled time delays [see Fig. 1(a)] together with a
local oscillator. The Fourier transform of the system response with
respect to the coherence time t1 (time between the first and sec-
ond pulses) and with respect to the rephasing time t3 (time between
the third pulse and the local oscillator) yields a 2D spectrum in
the frequency domain, which correlates absorption and emission
frequencies at each population time t2 (time between the second
and third pulses). To increase the number of coherent superpo-
sitions between quantum states, broadband excitation lasers are
used. Each specific feature in the 2D spectrum then corresponds to
one superposition between quantum states and provides real-time
information about both population and coherence dynamics in the
system.

The simulation of the 2DES-signals requires the calculation of
the third-order non-linear response function S(3)(t3, t2, t1) of the
material which relates the driving fields of pulses coming at inter-
vals t1 and t2 to the induced nonlinear polarization at delay t3 after

the last pulse. S(3)(t3, t2, t1) is only defined for positive times and
reads

S(t3, t2, t1) = (
i
h̵
)

3
Trμ̂U(t1 + t2 + t3, t2 + t1)μ(−)U(t1 + t2, t1)

× μ(−)U(t1, 0)μ(−)ρ(0), (6)

where μ(−) . . . = [μ̂, . . .] is the superoperator notation for the com-
mutator with dipole μ. U(ta, tb) is the evolution superoperator which
brings the density matrix from time tb to time ta between the pulses,
ρ(tb) = U(ta, tb)ρ(tb); in other words, it is the Green function
solution of the equations of motion governing the evolution of the
density matrix,

dρ
dt
= −i/h̵[H(t), ρ] + L(ρ), (7)

between two times. Here, L describes pure dephasing processes,

L = ∑
α=S,T

γi[σαρ(t)σ†
α −

1
2
{σ†

ασα, ρ(t)}], (8)

where the fluctuations of singlet state σS = |CT, S⟩⟨CT, S| are associ-
ated with dephasing rate γS and (less intense) fluctuations of triplet
states σT = ∑i∈{0,+,−}|CT, Ti⟩⟨CT, Ti| with dephasing rate γT . This
asymmetry originates from the magnetic noise affecting each of the
states and to which triplet states can be more resilient. Note, how-
ever, that, since the key point regarding dephasing is that coherence
survives long enough for singlet states generation, the main results
of this article are unchanged by considering both dephasing rates as
equal. The dephasing among triplet states are considered negligible.

The 2D signals are usually displayed in the mixed time-
frequency domain,

S(Ω3, t2, Ω1) = ∫
∞

0
dt1 ∫

∞

0
dt3S(t3, t2, t1)eiΩ3t3e±iΩ1t1 (9)

where the + (−) sign is applied for rephasing (nonrephasing) con-
tributions to the signal.56–58 The double time dependence ta, tb
of the evolution operator also challenges the proper definition
of absorption spectra. We remain with tb = 0, i.e., we define
I(Ω) = ∫∞0 dteiΩt∫∞0 Trμ̂U(t, 0)μ(−)ρ(0) when the absorption spec-
trum is simply obtained from 2D by integrating over Ω3, i.e.,
by using the projection-slice theorem ∫ ∞0 dΩ3S(Ω3, t2 = 0, Ω1)
= S(t3 = 0, t2 = 0, Ω1)∝ I(Ω1).

For the coherent evolution H(t), we propose a scheme that
includes a magnetic pulse, which will be acting on the sample
throughout the duration of the laser pulses sequence (see Fig. 1);
consequently, the Hamiltonian depends explicitly on time (evolu-
tion operator U indeed depends on both initial and final time).
Concretely, the Hamiltonian for the system interacting with the
magnetic pulse reads

H(t) = ES∣S⟩⟨S∣ + ET ∣T0⟩⟨T0∣ + (ET + Z(t))∣T+⟩⟨T+∣

+ (ET − Z(t))∣T−⟩⟨T−∣ + HB
I(t), (10)

where Z(t) = B̄ describes the (time-dependent) Zeeman splitting
while HB

I(t) describes part of the interaction that induces coherent
transport among energy levels, which reads
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HB
I(t) = δ0∣S⟩⟨T0∣ + B∣T0⟩(⟨T+∣ + ⟨T−∣) + c.c. (11)

Equation (7) describes the evolution of the density matrix inter-
acting with impulsive laser pulses.57 Note that while the laser pulses
are treated perturbatively, the magnetic pulse interaction with the
system is treated exactly. The evolution is averaged over the phase
of magnetic fields (as these are not phase synchronized with laser
fields).

V. SPIN DARK STATES DETECTION
We simulate the dynamics of a singlet–triplet system inter-

acting with a resonant magnetic pulse in different spectroscopic
configurations. We choose Landé factor values that mimic organic
compounds used for solar cells fabrication, with ge = gh ≈ 2, and
Δg = 10−3 when the difference is relevant for dynamics. The mag-
netic pulse is chosen to have amplitude B0 = 1 T, oscillation fre-
quency ω = 1 THz, and a Gaussian envelope that guarantees the
pulse has approximately constant amplitude throughout the dura-
tion of the laser sequence simulation, namely, >400 fs. Initially, the
dipole moment is associated only with the singlet state, meaning
that the triplet state is completely dark in all the simulations. Con-
sequently, in the absence of a magnetic field, the only contribution
comes from the singlet charge transfer state absorption. We note that
the model presented here is not substantially altered by the marginal
singlet–triplet coupling or non-zero dipole moment of the dark
state.

2DES is a costly technique and its use has to be well-motivated
when simpler spectroscopy techniques might suffice. In Fig. 4(a),

FIG. 4. Numerical simulation of absorption spectra (a) and transient absorption
spectra (b) in the model with singlet and triplet charge transfer states with energies
in 885.6 (1.4) and 892 (1.39) nm (eV), respectively, in the absence (gray) and
presence (green) of a magnetic pulse of frequency 1 THz and amplitude 1 T, with
an envelope that guarantees the pulse duration for the whole experiment. Both
plots are calculated at 400 fs population time. Note that the peaks have been
scaled to appear with similar height. In the absence of magnetic interaction, only
an absorption peak for the singlet charge transfer state is shown in the spectrum
while in the presence of interaction, a complicated peak structure develops.

we plot the absorption spectrum in the absence and in the presence
of a magnetic pulse. These results demonstrate that in the absence
of B-induced interaction, there is only one absorption peak corre-
sponding to the singlet state. Yet, in the presence of such an interac-
tion, a complicated spectral signature emerges [see the green line in
Fig. 4(a)]. Although a four peak structure emerges, as expected from
the singlet–triplet peak splitting due to the magnetic field, any fur-
ther analysis is hampered by the convoluted character of the signal,
leading to complicated line shapes. Note that the slight displacement
of the central (main) peak is due to the interaction of the singlet state
with the magnetic pulse.

Moving on to time-resolved methods, transient absorption
spectroscopy (pump-probe) yields information about the energy of
the quantum states and the transition and relaxation rates among
them. In Fig. 4(b), we plot the pump-probe spectrum at a pump-
probe delay of 400 fs. In the absence of a magnetic field, the line
shape of the singlet absorption peak is a well-defined Lorentzian.
Similar to the case of the linear spectrum discussed above, the spec-
tral features are convoluted in a non-trivial manner in the presence
of a magnetic field. The presence of the same four peaks as in absorp-
tion spectra (Fig. 4) but with different relative intensity indicates
energy transfer and, therefore, electronic coupling. Since the only
source of peak splitting is the magnetic pulse, the resolution depends
on the interaction strength of the magnetic pulse with the elec-
tron and the hole, which is, in principle, unknown. The information
about the interaction is encoded in the dipole moment redistribu-
tion and the coherence transfer among states, as a consequence of
the magnetic pulse, and conspicuous either as oscillations in the
population peaks or as distinctive in 2DES.

In Fig. 5, we plot the real part of the spectrum resulting from the
sum of all rephasing and non-rephasing components of ground state
bleaching (GSB) and stimulated emission (SE). The polarization of

FIG. 5. Numerical simulation of a 2D electronic spectrum according to the model
with singlet and triplet charge transfer states with energies in 885.6 (1.4) and 892
(1.39) nm (eV), respectively. In (a), in the absence of a magnetic pulse, the absorp-
tion peak corresponds to the singlet charge transfer state. In (b), the action of
a magnetic pulse of frequency 1 THz and amplitude 1 T, with an envelope that
guarantees the pulse duration for the whole experiment, permits dipole moment
redistribution from the singlet to the various triplet charge transfer states, as well
as ground-excited states coherences transfer, as evidenced by several diagonal
peaks and non-diagonal structures that demonstrate the presence of coherent
transport among different quantum states. The latter are Zeeman split, with a gap
of 1.1 (1) nm (meV). The coupling strength of the magnetic pulse to the charge
transfer states is 112 (100) nm (meV) while the lifetimes are 80 fs for the sin-
glet charge transfer state and 200 fs for the triplet components. Both plots are at
population time 400 fs.
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the excitation pulses was set to all-parallel. Such a configuration
yields the strongest overall 2D-signal, and also contains coherence
dynamics from intramolecular states,61 which is readily accounted
for in simulations. Figure 5(a) displays a characteristic star-shaped
2D-peak corresponding to the singlet state, which in the absence
of a magnetic pulse is the only bright state of the system. Interac-
tion of the states with a magnetic pulse throughout the duration
of the 2DES sequence produces a spectrum richly populated with
distinctive features in Fig. 5(b).

Focusing the analysis on the central part of the spectrum, we
observe several peaks along the diagonal [see also Figs. 4(a) and
4(b)] that correspond to absorption peaks from different states com-
posing the system. We are witnessing the triplet dark states mixed
with the singlet state by the magnetic pulse. In addition, the numer-
ous crosspeaks correspond to the different coherences that gather
the information about the corresponding redistribution of dipole
moment among states and the coherence transfer between singlet
and triplet ground states to excited state coherences.

We have demonstrated that 2DES can reveal the presence and
dynamics of dark states if supplemented with a magnetic pulse. As a
next step, we reconstruct the properties that characterize these dark
states. In Eq. (12), we present the original Hamiltonian that needs to
be reconstructed. The diagonal terms are the energies of the states
prior to the interaction with the magnetic pulse with an extra term
we name Z accounting for the Zeeman splitting. The non-diagonal
terms are the different interactions according to Eqs. (4). Conversely,
the diagonal peaks in the 2D spectrum in Fig. 5(b) provide infor-
mation about the exciton energies, namely, about the eigenvalues
of Eq. (12). Therefore, to reconstruct the original energies, we need
the interaction terms of Eq. (12) and then revert the diagonalization
procedure,

H =

⎛
⎜⎜⎜⎜⎜⎜
⎝

S 0 A 0

0 T− − Z B 0

A B T0 B

0 0 B T+ + Z

⎞
⎟⎟⎟⎟⎟⎟
⎠

. (12)

The diagonal peaks in Fig. 5(b) are located at 866 (1.432), 882
(1.406), 895 (1.385), and 920 (1.348) nm (eV). The information
about the interaction terms is encoded in the non-diagonal peaks
of Fig. 5(b). The location of these peaks tells us about between which
two states the coherence transport is happening. The frequency of
oscillation of these peaks in population time encodes the informa-
tion about the interaction strength between energy levels. Hence,
after multi-exponential fitting to get rid of dephasing, the Fourier
transform in population time of the non-diagonal peaks provides
us with the interaction terms. These give us the following num-
bers: 11 (0.009) nm (eV) for A and 16 (0.013) for B. With them,
we obtain that the interaction of the magnetic pulse with the elec-
tron and the hole is 155 (0.124) nm (eV), which gives us a Zeeman
splitting of 8 (0.006) nm (meV) and reconstructed states at 880
(1.41), 894 (1.387), 894.6 (1.386), and 895 (1.385) nm (eV). Hence,
we are able to reconstruct the original states with an error smaller
than 2%.

Note that the information required to perform the full recon-
struction of the system’s Hamiltonian is attainable neither from

linear spectroscopy nor from transient absorption spectroscopy,
which can only reveal the presence of additional states with energy
transfer among them. 2DES on the other hand fully resolves the peak
structure and is necessary to determine the properties of the states.

VI. CONCLUSIONS
Summarizing, we propose and test numerically a modified ver-

sion of 2DES in which a terahertz magnetic pulse is employed to cre-
ate coherent population transfer from a bright spin singlet electron–
hole pair to the components of the corresponding triplet state. The
magnetic pulse is able to modify the spin precession in a timescale
relevant for 2DES. This effect can be understood as a dipole moment
redistribution with coherence transfer that allows transitions from
the ground state to the triplet states, which then appear as distinctive
peaks in the 2D-spectrum. State reconstruction from the position of
the peaks and the oscillation frequencies of the coherences allows
one to infer the properties of the original states, a feature that sim-
pler spectroscopic techniques do not allow, due to either the lack of
information or lack of resolution.

The magnetic pulse employed to demonstrate the feasibility
of the proposal is realistic by today’s standard. The parameters
describing the charge transfer states are also within the typical range.
Tuning the magnetic pulse so as to produce the maximum effect
requires some work, as it is the balance between the amplitude of
the pulse and the frequency that dictates the transfer rate among
states and the frequency at which the coherences will oscillate.
Nonetheless, the split of peaks and the unveiling of spin dark states
is observed for almost any sensible magnetic pulse; it is therefore
easy to obtain a first estimation that permits fine-tuning the exper-
iment. The strength with which the magnetic pulse couples to the
spin states depends on the nature of the later and has to be eluci-
dated experimentally. However, knowing the value of this coupling
is necessary in order to reconstruct, in principle, the unknown ener-
gies of the states analyzed. Hence, the need for 2DES experiments is
warranted.

Note that different kinds of dark states with different spin con-
figurations will have different equations of motion than Eq. (4), and
the constraints imposed by the Landé factor will not necessarily
apply. However, the background physics remains unchanged, and
any spin dark state can be manipulated so, be it singlet or triplet.
Therefore, the conclusions obtained in this article are valid for a wide
class of dark states.
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