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Simulating large electronic networks with vibrational environments remains a fundamental chal-
lenge due to the long lifetimes of electronic-vibrational (vibronic) excitations on the picosecond
scale. Quantum computers are a promising platform to simulate the dynamics of open quantum
systems aided by intrinsic hardware-noise, with successful demonstrations of models with two elec-
tronic sites. We simulated a microscopic model of electron-transfer (ET) with a single donor and
up to nine acceptor sites on a superconducting processor of IBM, using a model-specific error mit-
igation scheme. Our results using up to 20 qubits reveal a probability of ET that is well aligned
with classical calculations where electronic and vibronic transfer resonances can be identified at the
expected driving forces. We conducted 10 independent experiments per system size on different
days, accounting for hourly fluctuations in error rates. We find that the most important ingredient
for large-scale simulations is a large number of available qubits connected by high-fidelity gates, with
coherence times above the threshold set by the target open system. Because the vibronic mechanism
of electron transfer is entanglement-driven, our simulation is a natural application-based benchmark,
in which the hardware capacity to produce and sustain entanglement is quantified by the maximum
system size for which the hardware produces accurate results.

I. INTRODUCTION

The transformation of the energy and transportation
industries demands the development of novel and pow-
erful simulation tools such as quantum computers, sup-
porting the design of new materials operating across a
wide range of environmental conditions. Kinetic theories
at thermal equilibrium fail to accurately capture transfer
rates in relevant scenarios, such as the inverted region in
the Marcus theory of electron transfer [1–5]. This regime
is for example relevant for batteries with large overpo-
tentials, indicative of high reorganization energies and
complex solvation shells [6–11] that are linked to dissi-
pative processes. A proper understanding of heat loss at
the microscopic scale is crucial in the engineering of next-
generation devices for energy storage and production.

Nonequilibrium processes on the picosecond scale
(10−12 s) are coming into focus thanks to the increas-
ing time resolution of spectroscopic techniques [12, 13].
Nonequilibrium quantum effects are a promising route to
increase the efficiency of energy materials thanks to their
unusual thermodynamic properties [14], such as long-
lived electronic-vibrational (vibronic) coherence [15, 16]
or the slow cooling of hot-carriers [17–20]. These pro-
cesses are found to strongly affect the efficiency and di-
rectionality of electron transfer (ET) between reactant
molecules and electrode surfaces [21–30], as well as the
ultrafast charge separation in organic photovoltaics [31]
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and photosynthetic systems [32]. Polaron formation in
battery electrodes [33–40] and perovskites is also thought
to strongly influence the transport of charges [36, 41–47].

Quantum computers bring the potential to simulate
the nonequilibrium dynamics of materials in operando
conditions to reveal new insights into the underlying
mechanisms that govern their performance [48]. As such
models are described by open quantum systems, noise
processes in the quantum hardware that are compatible
with the target open quantum system can be exploited
[49–51], while unwanted sources of noise are mitigated
insofar as possible [52, 53]. There is a growing interest
in using dissipation and structured noise as a resource in
quantum computing, from the acceleration of variational
optimization workflows [54] to the engineering of initial
states [55–59]. In particular, novel quantum platforms
that naturally realize quantized oscillators via bosonic
elements in the hardware have the potential to become
powerful toolboxes for the simulation of open quantum
systems [60–63], avoiding resource-intensive boson-to-
qubit encodings [51]. On trapped ions, vibronic electron
transfer with tunable dissipation has been demonstrated
for dimer systems [64, 65], as well as the engineering of
structured environments for spin-boson models [66, 67].
Although quantum algorithms for the simulation of ex-
tended networks like the Holstein model on trapped ions
have been put forth [68, 69], experimental demonstra-
tions with large problem sizes are still notoriously chal-
lenging.

We focus on the non-equilibrium dynamics of vibronic
networks and show simulations with up to ten electronic
sites. Ultrafast ET (<∼ 100 fs) can be observed in the
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FIG. 1. Algorithm overview. a. The left panel shows a schematic of the one-dimensional LVC Hamiltonian with nearest-
neighbors electronic interactions of coupling strength J , where each site of energy Ωn is locally coupled to a single quantum
harmonic oscillator of frequency ω0 with vibronic coupling strength g. These oscillators may be damped by independent
vibrational environments with a rate γ that are characterised by the same spectral density J (ω) (Eq. (5)), shown in the center
panel. For closed vibronic systems the damping rate is strictly zero (γ = 0). The width of the peak around ω0 determines the
lifetime 1/γ of vibrational excitations and the duration of system-environment correlations (non-Markovian dynamics), which
can be observed in the right panel with the bath correlation function C(t) (Eq. (8)). b. On the quantum computer, each
electronic site is mapped to a single qubit while oscillators are mapped to qubits using a boson-to-spin encoding (left panel).
Trotterized circuits corresponding to the closed model (γ = 0) simulate the dynamics of the open model (γ > 0) with a time
step ∆t due to the intrinsic damping of oscillator qubits. The center panel illustrates a distribution of coherence times of qubits
involved in the circuit, together with the threshold required to simulate weakly damped C=C stretch modes. Note that the
threshold depends on the choice of ∆t and the circuit execution time on the hardware (Eq. (13)). We found that the shortest
T1 or T2 time determines the effective damping rate ΓQC, that lies for the simulations presented here between (50 fs)−1 and
(150 fs)−1 (right panel). c. Experimental results for vibronic electron transfer (see Sec. III B) are shown for 7 sites (14 qubits) in
comparison to an emulation of the open model with damping of the oscillator qubits corresponding to a rate of γ = (150 fs)−1.

non-Markovian dynamics, whose duration is determined
by the finite lifetime of vibrational motion [70]. While
ultrafast ET can happen via purely electronic resonance
between donor and acceptor states [71], it can remark-
ably also occur via vibronic resonance mediated by the
coherent interaction of electrons and vibrations like C=C
stretch modes in organic photovoltaics [72], whose fre-
quencies are one order of magnitude above room tem-
perature. Such effects are supported by pump-probe ex-
periments showing clear evidence of long-lived (<∼ 0.5 ps)
vibronic coherence in the charge separation of electronic
excitations [31, 73–78].

Our approach uses the pseudomode formalism to sim-
ulate the dynamics of the open vibronic system [79–

83], as depicted in Fig. 1a., by incorporating a single
damped oscillator (pseudomode) at each electronic site.
As each oscillator is locally coupled to its own Marko-
vian bath, one is able to engineer arbitrary models of
non-Markovian dynamics in the reduced system of inter-
est, the electronic network. One can substantially lower
the memory requirements in numerical simulations when
combining pseudomodes with tensor networks techniques
[12, 84, 85], because local damping naturally destroys cor-
relations between oscillators. This logic can be extended
to quantum algorithms that exploit local dissipation as
a quantum resource. By using damped oscillators in the
simulation of open quantum systems on NISQ computers,
entanglement requirements may be lowered and adapted
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to the lifetime of system-environment correlations [86].

When simulating the Trotterized dynamics of the
closed model on the quantum computer with a time step
∆t as shown in Fig. 1b, the intrinsic noise of the quantum
processor will imprint an effective damping rate ΓQC,
which is connected to the T1, T2 times of the involved
qubits (see Eq. (13)). While this approach is possible for
a small number of qubits, the intrinsic variations of T1, T2

times among superconducting qubits limits the amount
of available qubits above this threshold. As depicted in
the histogram of Fig. 1b, qubits with the shortest T1, T2

times will strongly influence the effective rate ΓQC in
the quantum computer. Note that target models with
stronger damping rates (γ ≫ ΓQC) can be implemented
either via delay instructions on environment qubits [59]
or alternatively, by coupling the latter to an ancillary
qubit with periodic reset operations [87]. However, sim-
ulations of target models with longer vibrational life-
times (γ ≪ ΓQC) cannot be reproduced without counter-
measures or improving gate fidelities. Also, for a faithful
simulation only qubits that are used to encode oscillators
should be subject to dissipation, so noise on other qubits
will require mitigation.

In this work, we simulate a microscopic model of elec-
tron transfer on the superconducting quantum computer
ibm aachen, where an electronic chain of two-level sys-
tems corresponding to donor and acceptor sites is coupled
to local vibrations. Our experimental results reproduce
ET dynamics on up to 10 electronic sites (20 qubits) and
lead to an effective lifetime 1/ΓQC that lies between 50
and 150 fs (Fig. 1b), approaching the long-lived motion
of intramolecular vibrational modes in organic molecules
(1/γ >∼ 500 fs), a fundamental challenge in classical sim-
ulations of open quantum systems where low damping
rates render perturbative methods highly inaccurate.

In Sec. II we introduce the model and describe the
method of Trotterized open quantum dynamics on the
quantum computer. Experimental results from a IBM
Heron-type quantum processor are presented in Sec. III,
where Sec. III A shows simulation of different ET mech-
anisms for 5 sites and Sec. III B discusses the scaling be-
haviour for up to 10 sites (20 qubits).

II. METHODS

In this section, we first present the linear vibronic cou-
pling (LVC) Hamiltonian used to simulate the donor-
acceptor interface with local coupling to oscillators with
high frequencies ω0 = 1500 cm−1 ≈ 186 meV. Then we
introduce damped harmonic oscillators (pseudomodes) as
a tool for simulating non-perturbative dynamics and fi-
nally, we describe the noisy quantum algorithm that re-
produces this dynamics on the quantum computer.

a
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Acceptor
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. . .

Acc. Trap

b

FIG. 2. Microscopic model of the donor-acceptor
chain and mechanisms of electronic and vibronic ET.
a. Schematic of the one-dimensional donor-acceptor inter-
face with vibronic coupling to high-frequency, intramolecu-
lar C=C stretch modes. We vary the driving force ∆ of the
donor site (n = 0) to study the probability of electron trans-
fer Ptransfer(∆,Time) to the acceptor sites (n > 1). b. Donor

energy and eigenenergies of the acceptor subsystem Ĥ
(Acc.)
el

(see Eq. (7)) for typical electronic and vibronic resonances.
Both mechanisms induce ultrafast ET by creating superposi-
tions of states with mixed donor/acceptor character. For the
vibronic case (right-hand side), the superposition is created
by coherent electron-oscillator (vibronic) coupling.

A. Target Open Quantum System

We consider a microscopic model of electron trans-
fer from a single donor to N − 1 acceptor sites, cou-
pled with nearest-neighbor electronic interactions (see
Fig. 1a). The excitation initially sits at the donor site
(n = 0), and the first acceptor site (n = 1) acts as an
energetic trap that competes with succesful charge sepa-
ration. In the thermodynamic limit (N → ∞), this con-
stitutes the archetypal problem in the theory of electron
transfer where a single donor is coupled to a continuous
band of acceptor states [88].
The Hamiltonian parameters are chosen to model

the ultrafast charge separation in a prototypical donor-
acceptor blend from organic photovoltaics, consisting of a
donor polymer like P3HT (Poly(3-hexylthiophene)) and
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functionalized fullerenes like PCBM ([6,6]-phenyl-C61-
butyric acid methyl ester) as acceptor molecules [72]. As
represented by colored circles in Fig. 1a, each molecule is
treated as a two-level system that corresponds to its high-
est occupied (HOMO) and lowest unnocupied (LUMO)
molecular orbitals. The coupling between LUMO levels
leads to electronic hopping between neighboring sites.

The initial state is given by a single electron-hole pair
at the donor site (shown in green in Fig. 2a), after which
the electron may transfer to the acceptor molecules,
while the hole is assumed to be frozen at the donor be-
cause of its lower mobility. This allows us to focus on
the dynamics of the electron in the Coulomb potential
that is induced by the hole, reflecting the bound na-
ture of electron-hole pairs (excitons) in organic molecules.
Charge separation is thought to take place faster than
the creation of excitons via the absorption of photons in
the donor. It is therefore common to assume that the
dynamics remain in the single-excitation manifold at all
times. The Hamiltonian incorporates both electronic and
vibrational degrees of freedom, and is given by

Ĥ = Ĥel + Ĥvib + Ĥel−vib. (1)

The electronic part of the Hamiltonian is modeled as a
tight-binding chain Ĥel

Ĥel =

N−1∑
n=0

Ωn â†n ân +

N−2∑
n=0

J
(
â†n ân+1 + â†n+1 ân

)
, (2)

where J = 500 cm−1 is the coupling strength between
sites, Ω0 is the energy of the LUMO level of the single
donor site, Ωn = −V/n (n ≥ 1) is the LUMO energy of
the n-th acceptor site, V = 2420 cm−1 is the Coulomb
binding energy (V = |Ω1 − Ωn| for n → ∞) and â†n (ân)
are the creation (annihilation) operators for an electron
on site n. The local energy levels Ωn are visualized in
Fig. 2a, where the first acceptor site (n = 1) clearly
constitutes an energetic trap.

In general, the vibrational part of the Hamiltonian
Ĥvib couples each electronic site n locally to a set of Mn

quantum harmonic oscillators

Ĥvib =

N−1∑
n=0

Mn−1∑
m=0

ωn,m b̂†n,m b̂n,m, (3)

where b̂†n,m and b̂n,m are the creation and annihilation
operators for the m-th vibrational oscillator at site n,
and frequency ωn,m. The vibronic coupling term Ĥel−vib

describes the interaction between the electronic states
and oscillators

Ĥel−vib =

N−1∑
n=0

Mn−1∑
m=0

gn,m

(
â†n ân ⊗ (b̂†n,m + b̂n,m)

)
,

(4)
where gn,m is the vibronic coupling strength between the
n-th site and the m-th vibrational oscillator.

The interaction between site n and its local vibrational
environment is captured in the spectral density function

Jn(ω) =

Mn−1∑
m=0

g2n,mδ(ω − ωn,m), (5)

that becomes a continuous function in the thermody-
namic limit Mn → ∞ of the bath. We focus on mod-
eling high-frequency, intramolecular vibrations like C=C
stretch modes that are intrinsic to organic molecules.
Therefore, we assume that every site is coupled to identi-
cal vibrational environments that are independent from
each other

Jn(ω)≡ J (ω) for all n ∈ [0, N − 1] , (6)

and are characterized by a single Lorentzian peak around
ωn,0 ≡ω0 = 1500 cm−1 and vibronic coupling strength
gn,0 ≡g = ω0

√
s, where s = 0.05 is the dimensionless

Huang-Rhys factor. The choice of a single oscillator per

site (M = 1, b̂n ≡ b̂n,0) we use to model this single-
peak J (ω) will be motivated in the following section
along the theory of pseudomodes. However, note that
the quantum algorithm presented in Sec. II C also works
with a generic vibronic Hamiltonian. Further note that
despite the assumption of a single-excitation, the occu-
pied Hilbert space of the vibronic Hamiltonian in Eq. (1)
generally scales exponentially with the system size N be-
cause of vibronic terms.
We probe two different mechanisms for ET (electronic

vs. vibronic), depending on the driving force ∆ = Ω0 −
Ω1 (see Eq. (2)), as depicted in Fig. 2b. For ultrafast
ET via purely electronic resonances, vibronic coupling is
not required. The electronic resonances occur at driving
forces ∆e (see left panel of Fig. 2b), where the donor
energy Ω0 is resonant with an eigenstate of the acceptor
subsystem

Ĥ
(Acc.)
el =

N−1∑
n=1

Ωn â†n ân +

N−2∑
n=1

J
(
â†n ân+1 + â†n+1 ân

)
,

(7)

defined in the same manner as Ĥel, but restricted in the
sums to n > 0 to exclude the donor site at n = 0 .
Ultrafast ET based on vibronic resonances requires vi-
bronic coupling (g > 0) and occurs for driving forces
∆v ≈ ∆e + ω0, when the energy difference between the

donor and one of the acceptor eigenstates of Ĥ
(Acc.)
el is

matched by the energy ω0 of a vibrational excitation.
The mechanism of vibronic ET is thus driven by a non-
separable (entangled) superposition of electronic and vi-
brational excitations, as depicted in the right panel of
Fig. 2b) and explained in further detail in App. A.

B. Pseudomode Description of the Vibrational
Environment

The lifetime of vibrational excitations is inversely pro-
portional to the width of the peak in the spectral density



5

J (ω) (see Fig. 1b). This width also determines the dura-
tion of system-environment correlations as illustrated by
the decay of the correlation function of the environment
[89]

C(t) =
∫ ∞

0

dωJ (ω)

(
coth

βω

2
cosωt− i sinωt

)
, (8)

where β is the inverse temperature (see Fig. 1a). We
fix the temperature to zero, where the bath correla-
tion function C(t) and the spectral density J (ω) form a
Fourier pair. Incorporating finite temperatures in simu-
lations would require the introduction of a low-frequency
background that complicates the pseudomode treatment.
As shown in [72], thermal effects only become apparent
after 150 fs, suppressing electronic resonances at high
driving forces which require longer evolution to be re-
solved. In contrast, vibronic resonances are very ro-
bust against thermal effects, because they are driven by
long-lived, intramolecular vibrations whose frequencies
(ω0 = 1500 cm−1) are much higher than room tempera-
ture (kBTroom ≈ 200 cm−1).

A broadened peak in the spectral density J (ω), cor-
responding to a finite lifetime of vibrational excitations,
can be captured in unitary dynamics using an infinite
amount of oscillators (M → ∞) around the frequency ω0

of the associated peak. An equivalent and simpler ap-
proach to reproduce such a broadened peak is achieved
by coupling a single oscillator (M = 1, bn ≡ bn,1) with
frequency ω0 to a secondary bath (see Fig. 1b). Such a
damped oscillator is called a pseudomode [79–83].

The resulting dynamics are governed by the following
master equation for the density matrix

dρ̂

dt
= − i

ℏ
[Ĥ, ρ̂] + L(ρ̂), (9)

where Ĥ is the Hamiltonian of the total vibronic system
in Eq. (1) and L(ρ̂) represents the Lindblad superopera-
tor

L(ρ̂) =
N−1∑
n=0

γn

(
b̂n ρ̂ b̂

†
n − 1

2
{b̂†n b̂n, ρ̂}

)
, (10)

that describes the damping of the n-th oscillator due
to its coupling to an auxiliary bath with a rate γn (see
Fig. 1b). As thermal effects are negligible, only ampli-
tude damping towards the ground state is considered in
Eq. (10).

After tracing out the vibrational degrees of freedom,
this approach allows to engineer non-Markovian dynam-
ics in the reduced state of the electronic system (ρ̂el =
Trvib ρ̂) in a non-perturbative manner. For a target spec-
tral density J (ω) of the physical model that one wants to
simulate, the equivalence between the unitary dynamics
of Ĥ with a continuous distribution of harmonic oscil-
lators and the non-unitary dynamics of the pseudomode
model with a single damped oscillator relies on matching
the correlation function C(t) of the environment in Eq. (8)

[79, 80]. We note that an anti-symmetrized Lorentzian
spectral function is required to satisfy the property of
vanishing coupling at zero energy J (0) = 0, which stems
from thermodynamic constrains [89]. This would require
using more than a single pseudomode to properly fit the
anti-symmetrized Lorentzian. Nonetheless, when a sin-
gle Lorentzian function is located at high-frequency, this
only leads to negligible artifacts and electronic and vi-
bronic resonances are still well resolved. We refer to Ref.
[72] for a full analysis with numerically exact simulations.

C. Quantum Algorithm

For a model with N sites, N qubits are used to simu-
late the electronic subspace and N further qubits to add
damped oscillators (pseudomodes). Our quantum cir-
cuits simulate the closed model in Fig. 1a with γ = 0 us-
ing Trotterized quantum evolution on the quantum com-
puter and 104 shots per time step. Our model-specifc
error-mitigation scheme, which based on discarding shots
from the raw measurement results, filters out sources of
noise like depolarization that are incompatible with the
pseudomode formalism while retaining damping in the
hardware qubits. The quantum computer will then ex-
hibit an effective damping rate ΓQC > 0 that is strongly
influenced by the qubits with the worst properties in the
circuit, such as short coherence time and large gate er-
rors (see Fig. 1b). Note that we attempt to reach the
longest possible lifetime by choosing the qubits with the
best properties, instead of targeting a specific damping
rate.

1. Trotterized Dynamics

We perform a Trotter expansion of the time-evolution
operator of the full Hamiltonian in Eq. (1) over time tm =
m∆t,

e−iĤm∆t ≈
[
e−iĤel∆t e−iĤvib∆t e−iĤel−vib∆t

]m
. (11)

For all our simulations on the quantum computer, we
evolve an initial excitation in the donor site with a fixed
time step ∆t = 4 fs. This value represents a good com-
promise between total circuit depth and Trotter error and
is motivated by the fact that the highest frequency in
our Hamiltonian (Eq. (1)) is around (11 fs)−1, stemming
from the large Coulomb binding energy V = 2420 cm−1

of bound electron-hole pairs in organic molecules.

To validate the Trotter approximation, we compare to
classical simulations with a smaller time step of ∆t =
0.5 fs in App. B.
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2. Quantum Circuits and Qubit Encoding

The quantum circuit corresponding to a single Trotter
step is outlined in Fig. 3a. The gates can be organized
in four parallel layers, such that the circuit depth does
not grow when increasing the number of sites N .
For problem sizes with more than N = 3 sites (3 + 3

qubits), an additional layer of parallelized SWAP gates
has to be introduced when mapping the model to the
heavy-hex layout processor of ibm aachen (see Fig. 1b
for N = 7). While the mapping onto the heavy-hex
topology is already very efficient, even shorter circuits
with no SWAP gates and therefore longer time evolution
are possible for quantum computers with a square topol-
ogy. An efficient routing strategy to scale up the number
of sites in such a case is illustrated in Fig. 3b

We encode N nearest-neighbor coupled electronic sites
on a chain of N qubits, where measuring a qubit in state
|1⟩ means localization of an electron at the correspond-
ing site. The N quantum oscillators are truncated af-
ter the first excited state (involving Nb = 2 levels) and
each oscillator is mapped onto a single qubit by iden-
tifying the number operator with the Pauli Ẑ operator
and the displacement operator with Pauli X̂. As ex-
plained in Sec. II B, this truncation is motivated by the
fact that high-frequency modes cannot be thermally acti-
vated. The model can easily be extended with more lev-
els per oscillator or the addition of more pseudomodes,
as shown in App. C 1 together with the explicit qubit
mapping.

Although models with more complex vibrational struc-
tures are outside the scope of this work, it is also possible
to include more oscillators as shown in Fig. 3 c, where
the number of qubits per oscillator should reflect their
expected populations. Crucially, modes participating in
vibronic coherences should be assigned as close as possi-
ble to their corresponding site qubit. The involved gates,
scaling complexity and hardware execution times of the
circuits are discussed in more detail in App. C 2.

3. Quantum Noise

We assume that noisy processes in the hardware stem
from two major sources. On the one hand, amplitude
damping and pure dephasing are continuously affecting
all qubits, even if they are idle. On the other hand,
imperfections in the hardware implementation of single
and two-qubit gates introduce depolarising noise that
progressively destroys quantum coherence among qubits.
After mapping the full Hamiltonian Eq. (1) to operators
acting on qubits in the processor, we model hardware
noise with a master equation within the Lindbladian for-
malism

L(ρ̂) =
∑
n,α

γn,α

(
L̂n,α ρ̂ L̂†

n,α − 1

2
{L̂†

n,α L̂n,α, ρ̂}
)
, (12)
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FIG. 3. Circuit structure and routing strategy for
large-scale simulations on square qubit layouts. a.
Quantum circuit corresponding to a single Trotter step, con-
sisting of four parallelisable layers. The vibronic coupling
term Ĥel−vib in magenta consists of parallelized two-qubit
entangling gates between site qubits and their corresponding
oscillator qubit. b. Vibronic models with a single oscillator
per site can be scaled up without increasing circuit depth.
The example shows a model with N = 50 sites (100 qubits)
on a 10× 10 square layout processor. c. When scaling up the
vibrational structure by adding multiple oscillators per site,
the local vibrational environment of site n can be encoded in
the upper/lower rows at the n-th column.
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Lindblad op. L̂n,α Type of Noise Site qubits Osc. qubits

σ̂−
n,α Amp. Damping × ✓

σ̂z
n,α Pure Dephasing × ✓

σ̂x
n,α, σ̂

y
n,α, σ̂

z
n,α Depolarization × ×

TABLE I. Sources of hardware noise that are compati-
ble with the pseudomode formalism. Amplitude damp-
ing and pure dephasing acting on oscillator qubits can be ex-
ploited to engineer the target damping rate of pseudomodes.
Noise acting on qubits that are used to encode electronic sites
have no correspondence in our target model and hence need
to be fully mitigated.

where the operators L̂n,α refer to noise processes acting
on the n-th qubit, and the α index distinguishes between
different noise processes. As summarised in Tab. I, we ex-
ploit the intrinsic amplitude damping of the qubits that
are used to realize damped oscillators (pseudomodes) in
Eq. (10) on the quantum processor. Because amplitude
damping also introduces dephasing, pure dephasing act-
ing on oscillator qubits can also be properly accommo-
dated by considering an effective damping rate that de-
pends on the T1, T2 times of each particular qubit [51].
Furthermore, pure dephasing on qubits assigned to elec-
tronic sites can be identified with a constant offset in the
spectral density [51], although this already constitutes a
deviation from our target model. We refer to App. C 3 for
more details. Note that other noise processes are detri-
mental and need to be mitigated (see next subsection).

For any experiment of Trotterized dynamics on the
quantum computer, the correspondence between hard-
ware error rates and the effective damping rate ΓQC that
one is able to simulate depends on the hardware execu-
tion time TTrot.

exec of one Trotter circuit and the particular
choice of simulation time step [51], which we fixed to
∆t=4 fs for all our experiments on the quantum com-
puter. After selecting qubits that are connected by low
gate errors that are comparable to each other, a reason-
able lower bound for the effective damping rate ΓQC is
given by

ΓQC
>∼

TTrot.
exec

∆t

1

minq(T
(q)
1 , T

(q)
2 )

(13)

where minq(T
(q)
1 , T

(q)
2 ) refers to the smallest T1 or T2 time

among the qubits in the circuit.
For selecting suitable hardware qubits in the processor

we use Mapomatic [90], where most emphasis is given on
finding configurations of qubits with the lowest amount
of gate errors (single and two-qubit entangling gates) and
low readout error. Among such configurations, we choose
T1, T2 times that are as large as possible. We reserve
the best qubits for encoding electronic sites, since only
noisy oscillator qubits are compatible with our model (see
Tab. I). Nonetheless, we find that gate fidelities and the
minimum of the T1, T2 times are the main limiting factor
for accurate simulations when encoding either sites or os-
cillators in the quantum processor. We refer to App. C 4

for further details about our criteria to select suitable
qubit layouts.

4. Error Mitigation

To enable accurate simulations over many time steps
while retaining a meaningful damping rate, we need to
suppress other sources of noise that are incompatible with
the target model insofar as possible. Entangling gates in
superconducting processors introduce for example strong
depolarising noise that tends to equilibrate the popula-
tions of all qubits. We process the readout error miti-
gated [91] data and employ two levels of model-specific
error mitigation, enabling long time evolution. First, we
discard shots that do not comply with particle conserva-

tion in the electronic subsystem (
∑N−1

n=0 â†nân = 1 in Ĥel),
since the creation or annihilation of electronic excitations
is not possible in the Hamiltonian model (Eq. (1)). This
particle conservation constitutes a powerful error mitiga-
tion strategy at the post-processing stage that is crucial
for long-time evolution [87].
Secondly, we set a limit to the maximum number of

vibrational excitations (
∑N−1

n=0 b̂†nb̂n ≤ 1 in Ĥvib), as the
total energy in the system is usually around at most
2ω0 and spreads over all electronic sites and all oscil-
lators. As schematically shown in the right panel of
Fig. 2b, vibronic resonances are driven by the entan-
glement between electronic states and quantized vibra-
tions, forming non-separable superpositions of zero and
one-phonon configurations. For this reason, we only keep
shots with a small number of vibrational quanta. Note
that the number of vibrational quanta should not be lim-
ited for models with oscillators that can be thermally
activated, nevertheless, extensions to the pseudomode
formalism with coupled oscillators can accurately repro-
duce nonzero temperatures while initialising all oscilla-
tors to their ground state, regardless of their frequen-
cies [79]. The accuracy of our results could be enhanced
by techniques from classical simulations of open quan-
tum systems like time-adaptative diagonalization in an
ever-larger vibrational basis [92] and other efficient mul-
tiparticle encodings of large vibronic systems with a few
vibrational excitations [93].

When combined with noise characterization and er-
ror mitigation techniques like randomized compiling and
probabilistic error cancellation, partial control over error
rates in the qubits can be achieved [52]. Nevertheless,
there is a limit to the extent that unwanted sources of
noise can be filtered out from the raw data.

5. Emulation and Classical Simulation

To validate the performance of our quantum simula-
tions, we compare against two different types of numer-
ical simulations in this work. We refer to simulations
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of the quantum circuits (∆t = 4 fs, Nb = 2) as emula-
tions. They involve no noise besides amplitude damp-
ing on qubits encoding oscillators and are obtained with
the QuEST toolkit [94]. Simulations of the target model
using a smaller time step ∆t = 0.5 fs and Nb = 5 lev-
els per oscillators are referred to as classical simula-
tions and obtained using the Dissipation-Assisted Ma-
trix Product Factorization (DAMPF) method, which ef-
ficiently applies the pseudomode approach in tensor net-
works. [79, 85]. While the comparison to emulations
allows us to assess the effects of noise in the quantum
computer, classical simulations can be considered an ex-
act benchmark with negligible Trotter error and negli-
gible truncation error from oscillators (see App. B for
further details).

III. RESULTS AND DISCUSSION

We have performed quantum dynamics simulations of
the one-dimensional donor-acceptor model with vibronic
coupling on the ibm aachen Heron processor, for prob-
lem sizes ranging from N = 3 Sites (6 qubits) up to
N = 10 (20 qubits) in total, where each oscillator is
mapped to a single qubit. We first show the capabili-
ties of our approach by probing different electron transfer
mechanisms, and in the second part discuss the scaling
behaviour with respect to the problem size N .

A. Probing Electronic and Vibronic Transfer
Mechanisms with N = 5 Sites (5 + 5 Qubits)

We evolve an initial excitation in the donor site and
aim for a qualitative reproduction of the time-averaged
probability of electron transfer Ptransfer(∆, T ),

Ptransfer(∆, T ) =
1

T

N∑
n=2

∫ T

0

Pn(t)dt, (14)

as a function of the driving force ∆ and integration time
T , where Pn(t) is the population of site n. The transfer
probability describes the probability of an electron mov-
ing from the donor to the acceptor without getting stuck
in the trap, see Fig. 2a. We expect two types of peaks
in Ptransfer(∆, T ), associated with the electronic and vi-
bronic mechanism of ET illustrated in Fig. 2b.
In Fig. 4a we show error-mitigated experimental

results for the site population dynamics Pn(t) on
ibm aachen at an electronic resonance with driving
force ∆e = 1435 cm−1 for the case without vibronic cou-
pling (g = 0). For comparison, the lower panel shows the
classical simulation (using ∆t = 0.5 fs). We observe both
slow and fast modulations of the population in time. The
slow modulations stem from the superposition of a pair
of eigenstates of the electronic Hamiltonian Ĥel that arise
from the mixing of donor-acceptor states when the donor
is resonant with an eigenstate of the acceptor subsystem,

as schematically shown in Fig. 2b. The fast modula-
tions correspond to an energy gap around ∆e, indicating
a contribution of the ground state near −V to the super-
position. We refer to App. A for a detailed analysis of
the states participating in the mechanisms of electronic
and vibronic ET.

In Fig. 4b we show Ptransfer(∆, T ) resulting from sim-
ulations with different ∆ after T = 75 fs and T = 200
fs (18 and 50 time steps). We compare quantum simula-
tions without vibronic coupling (g = 0 in Eq. (4)) using
5 qubits for the sites and simulations incorporating vi-
bronic coupling (g > 0) to local oscillators using 5+5
qubits for sites and oscillators. The structure of Ptransfer

is well reproduced and the peaks are revealed at the ex-
pected driving forces. The quantum hardware is able to
resolve the vibronic resonance at ∆v = 3010 cm−1 for
the case of vibronic coupling (g > 0), which only starts
to build up after a few vibrational cycles of ≈ 22 fs and
continues to rise within the lifetime of vibrational excita-
tion. This is evident when comparing Ptransfer(75 fs) with
Ptransfer(200 fs). An artifact of depolarising noise is that
Ptransfer is raised in an artificial manner, because it tends
to equilibrate the populations of all qubits. These arti-
facts are most prominent in regions where neither elec-
tronic nor vibronic resonances are present, leading to an
overestimation of Ptransfer, as seen for example around
∆ = 2000 cm−1 in Ptransfer(200 fs). The existing noise in
the quantum hardware will therefore set a limit to the
maximum time that one can integrate the probability of
transfer while revealing structure, rather than adding a
global shift in Ptransfer. The electronic resonance shown
in Fig. 4a is marked with a red cross at ∆e, while the
vibronic resonance case shown in Fig. 4 c is indicated in
red markers at ∆v.

In Fig. 4 c we show the population dynamics Pn(t)
of the quantum simulations with driving force ∆v and
compare them in the bottom panel to classical simu-
lations (∆t = 0.5 fs, Nb = 5) with a damping rate of
(112.5 fs)−1, which we identified as the effective damping
rate ΓQC with the lowest deviation between our quantum
simulation and classical simulations with rates ranging
from (12.5 fs)−1 to (500 fs)−1 (see App. D). The dynam-
ics showcases the slow build-up of populations at sites
n = 2 and n = 4 in the case of vibronic coupling (right),
while the excitation stays localized at the donor in the
case of no coupling (left). This confirms that vibronic
coupling is behind this mechanism by entangling elec-
tronic eigenstates with oscillator excitations. Maintain-
ing the contrast in Ptransfer between g = 0 and g > 0 at
vibronic resonances is the basis for our proposal to use
microscopic ET as an application-based benchmark.

In Fig. 4d we show the evolution of populations Pn(t)
at the vibronic resonance ∆v = 3010 cm−1 in the pres-
ence of vibronic coupling (g > 0). We show the raw ex-
perimental data (black crosses) and after error mitigation
(orange circles), demonstrating the impact of our model-
specific mitigation protocol. While the raw data ex-
hibits a fast equalization of the populations of all qubits,
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d
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FIG. 4. Probing different charge transfer mechanisms for N = 5 sites on ibm aachen. a. The top panel shows
a quantum simulation of the population dynamics Pn(t) for an electronic resonance at ∆e = 1435 cm−1 without vibronic
coupling (g = 0) on 5 qubits. The bottom panel shows a classical simulation (∆t = 0.5 fs) for reference. b. Transfer
probability Ptransfer(∆, T ) (see Eq. (14)) for T = 75 fs (top panel) and T = 200 fs (bottom panel) for the cases with (g > 0
in orange, 10 qubits) and without (g = 0 in blue, 5 qubits) vibronic coupling. The points show expectation values obtained
from the experiment, with error bars accounting for shot noise. The curves display classical simulations with a damping rate
of γ = (500 fs)−1. The simulations shown in a and c are marked in red. c. The top panels shows a quantum simulation of
the population dynamics Pn(t) at the vibronic resonance (∆v = 3010 cm−1) without (g = 0, blue) and with (g > 0, orange)
vibronic coupling. The bottom panels show classical simulations (∆t = 0.5 fs, Nb = 5) of the target model with a damping
rate of (112.5 fs)−1 as reference. d. Population dynamics Pn(t) of the run with ∆v and g > 0 (also shown in c) with and
without error mitigation, and three classical simulations with increasing damping rates. Each time point corresponds to a
unique quantum circuit sampled with 104 shots.

error-mitigated data is well matched to classical simula-
tions. We show three classical simulations with increas-
ing damping rates of (500 fs)−1 (solid lines), (112.5 fs)−1

(dashed lines) and (50 fs)−1 (dashed-dotted lines). We
note how the highly damped simulation shows a stronger
increase of the trap population, while the weakly damped
system has a more effective electron transfer to the ac-
ceptor sites. The periodic pumping of population from
the donor to acceptor sites gives rise to a ratchet-like
growth of the populations P2(t), P3(t), P4(t), along with
the quenching of population on the acceptor trap P1(t).
These are signatures of a quasi-stationary, nonequilib-
rium state that provides ultrafast vibronic ET and is
sustained within the lifetime of vibrational excitations.
The populations P2(t), P4(t) on the quantum computer
lie within the populations of the two classical simula-
tions with the largest and the weakest damping rate, and
the effective damping rate ΓQC of the quantum computer
must lie within (50 fs)−1 − (500 fs)−1. Interestingly, the

populations Pn(t) of the sites with the largest contribu-
tion to this vibronic resonance (n = 2 and n = 4) are
better reproduced than the population of spectator sites
like n = 3, whose population stays relatively low and it
is overestimated on the quantum computer (see App. A
for a detailed analysis of the eigenstates involved at this
resonance).
We find that effective damping rates ΓQC can vary sub-

stantially between different runs of the same experiment,
for a systematic assessment we refer to App. D. Nonethe-
less, our analysis shows that ΓQC is mostly determined
by the quality of entangling gates and the lowest T1, T2

times of qubits on the quantum circuit.

B. Scaling Up the Number of Sites

In this section we probe the capacity of the quantum
computer to scale up the problem size N by simulating
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FIG. 5. Probability of vibronic ET for increasing
number of sites. For each system size N we show experi-
mental results for Ptransfer(T = 200 fs) obtained from 10 dif-
ferent quantum simulations on ibm aachen for the case with
vibronic coupling (g > 0) on up to 20 qubits, and 3 different
quantum simulations without vibronic coupling (g = 0) on
up to 10 qubits. The orange circles (blue crosses) show the
median transfer probability for g > 0 (g = 0), while the error
bars indicate the smallest and largest value. a. We show the
experimental results for N = 3, 6 and 8 over the driving force
∆, together with classical simulations (∆t = 0.5 fs, Nb = 5).
The vertical lines in magenta indicate the vibronic peaks
which we chose for our quantum simulations. b. We show
experimental results over the number of sites N , compared
against noiseless emulations (∆t = 4 fs, Nb = 2). Note that
the height varies between vibronic peaks due to the changing
energy landscape.

vibronic resonances from N = 3 sites up to N = 10
on ibm aachen. We simulated the population dynam-
ics with vibronic coupling (g > 0) on 10 different days
using 6 to 20 qubits, and the case without vibronic cou-
pling (g = 0) on 3 different days using 3 to 10 qubits. In
Sec. III B 1 we investigate the resulting transfer probabil-
ities, then we discuss the performance and error of our
simulations in Sec. III B 2 by comparing to emulations
and classical simulations, and at last we show scalability
of our error mitigation technique in Sec. III B 3.

1. Resolving Vibronic Transfer Probabilities

The vibronic mechanism of ET relies on non-separable
states where electronic sites and oscillators are entangled,
as shown in Fig. 2b and in more detail in App. A. This
way, our simulations of vibronic resonances will test the
ability of the quantum processor to maintain entangled
bipartitions of sites and oscillators over a considerable
number of time steps until population starts to build up
in the acceptor site. To validate our proposal of ET sim-
ulations as an application-based benchmark, we simulate
ET with vibronic coupling (g > 0) on N + N qubits
and compare with the case without vibronic coupling
(g = 0) on N qubits at the same driving force, where
ET is surpressed. The constant depth of the Trotter cir-
cuits thereby ensures comparability while increasing the
problem size N .
In Fig. 5 we show experimental results for the trans-

fer probability Ptransfer(∆v, T ) after T = 200 fs (50 time
steps) for system sizes ranging from N = 3 to N = 10
using up to 20 qubits. The orange circles (blue crosses)
give the median value for Ptransfer of the 10 (3) simula-
tions for g > 0 (g = 0), while the error bars indicate
the lowest and highest result. As shown Fig. 5a, the en-
ergy landscape and the structure of vibronic resonances
change with the problem size N , requiring us to carefully
select for each N a driving force that corresponds to a
genuine vibronic resonance. The specific driving forces
∆v(N) for each N are given in App. B.
In Fig. 5b we compare the experimental results for dif-

ferent system sizes N against noiseless emulations. For
every case, we obtained at least one run with very strong
agreement to the emulation when using N + N qubits
in the presence of vibronic coupling g > 0. In the ab-
sence of vibronic coupling, the experimental values using
N qubits lie even closer to the emulated values, and the
probability of transfer at ∆v(N) gets suppressed when
g = 0. The variance of experimental results across in-
dependent runs is significantly larger for g > 0 (N + N
qubits) than for g = 0 (N qubits). We attribute this
to the availability of a sufficiently large set of connected
qubits with low error rates, which is fluctuating between
days for the used device. This is also illustrated by the
outlier for g = 0 and N = 10, which compared to the
simulations for N ≤ 9 from the same day had to use one
additional qubit with considerably worse error rates.
Furthermore, our simulations show good separation

between the cases g = 0 and g > 0 for all system sizes
N , verifying that the increase in Ptransfer was indeed me-
diated by vibronic coupling and entangled site-oscillator
states in the quantum processor, instead of being a prod-
uct of depolarising noise.

2. Comparison Against Numerical Simulations

In this section we investigate the accuracy of our quan-
tum simulations when increasing the amount of electronic
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FIG. 6. Time-averaged error ϵ(T ) against the weakly
damped target model (γ = (1ps)−1) for different lev-
els of error mitigation. a. Comparison against emula-
tions (∆t = 4 fs, Nb = 2 levels per oscillator). b. Com-
parison against classical simulations (∆t = 0.5 fs, Nb = 5). c.
Heatmap showing the simulation error ϵ(T ) compared against
the emulations, as a function of the total evolution time T of
the fully mitigated results, whereby for each N and T the run
with the lowest error is shown. The time corresponding to
the errors shown in a and b is indicated with a dashed line.

sites and qubits, and with respect to the number of time
steps. For this reason, we compare our experiments on
the quantum computer against emulations and classical
simulations of our target model. We choose a target
damping rate of γ = (1 ps)−1, corresponding to long-
lived system-bath correlations that are considered chal-
lenging for conventional computers due to their demand
in memory. We define the simulation error

ϵ(T ) =
∑
t

√∑
n|Pn(t)− P

(ref.)
n (t)|2

T
. (15)

with respect to the populations of the electronic system

sites P
(ref.)
n (t) calculated with a reference method, either

emulations (∆t = 4 fs, Nb = 2) or classical simulations
(∆t = 0.5 fs, Nb = 5). Note that this deviation from
these reference calculations can also correspond to ac-
curate dynamics with a stronger effective damping rate
ΓQC > γ = (1 ps)−1 (see Fig. 14 in App. D).

Because the hardware properties of superconducting
processors may significantly vary on the time scale of
several hours, 10 independent experiments were executed

on ibm aachen for each system size N across different
days. The circuits corresponding to the last three days
were transpiled with a variable-angle, single-qubit RX

gate, leading to shorter circuits and a better performance
overall. The circuits corresponding to the remaining days
were transpiled with fixed-angle single-qubit SqrtX gates.
We refer to App. C 3 for a full comparison between these
two cases.

In Fig. 6a we show the minimum, maximum and me-
dian ϵ(T ) in Eq. (15) of all ten data points at T = 200 fs
for each N for the case with vibronic coupling (g > 0)
and the different levels of error mitigation, when com-
paring to emulations (∆t = 4 fs, Nb = 2). As expected,
discarding data points that violate the conservation of
site excitations improves the site population dynamics.
Discarding measurements with more than a single vibra-
tional excitation further improves the accuracy of pop-
ulation dynamics overall. Remarkably, the lowest error
ϵ(T ) achieved for any of these simulations is for N = 7
(7+7 qubits). This fits to the hardware calibration data,
as the qubit properties over multiple days are found to be
best on average for N = 7, and further the experimental
run for N = 7 with the lowest error corresponds to the
experiment with the best qubit properties, in particular
the highest minimum T1, T2 times and lowest gate errors
(see Fig. 12 in App. C 4 for the calibration data between
different runs).

In Fig. 6b we show the same analysis when comparing
against classical simulations (∆t = 0.5 fs, Nb = 5). Due
to the smaller time step and larger number of oscillator
levels, these reference calculations exhibit negligible Trot-
ter and oscillator truncation errors, making both errors
visible in ϵ(T ) when comparing the quantum simulations
(∆t = 4 fs, Nb = 2). Therefore, all quantum simulations
show higher ϵ(T ) compared to Fig. 6a, but the same
trend, as Trotter and truncation error do not grow with
the system size N (see App. B). In particular, the ex-
perimental run for N = 7 still has the best accuracy of
all simulations. Note that for N = 3, mitigation of the
site qubits lowers the error, while oscillator mitigation
leads to higher error because it discards processes with
two vibrational excitations, which have a larger impact
in small system sizes.

In Fig. 6 c we plot the time evolution of the error ϵ(T )
with respect to emulations, showing for each system size
N and time point T the fully mitigated experimental
data with the lowest error. Surprisingly, the error does
not increase with the system size N . This is consistent
with the fact that we obtained for every N at least one
very accurate simulation, and with our observation that
the accuracy of quantum simulations only depends on
the availability of a sufficiently large connected set of
good qubits. We observe slowly increasing deviation from
the undamped dynamics as the simulation time increases,
reaching a time-averaged error of 10% after around 300 fs,
indicating the current limit in simulation time.
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FIG. 7. Amount of shots remaining after error mitiga-
tion. a. Number of remaining shots as a function of the num-
ber of Trotter steps (1 step ≡ ∆t=4 fs), after discarding mea-
surements corresponding to unphysical states with more than
two vibrational excitations. For each system size N = 3− 10,
the shaded area indicates the highest and lowest number of
shots among the ten independent simulations with vibronic
coupling (g > 0). The dashed horizontal lines refer to the
expected number of shots if the processor is in the completely
mixed state, marked with a dagger for N = 3 (6 qubits).
The solid lines correspond to a numerical fit (Eq. (16)), in-
terpolating between a power law and an exponential decay
towards the completely mixed state, with this transition in-
dicated with star markers. b. Remaining number of shots
as a function of the number of qubits evaluated at increasing
number of Trotter steps (0 − 300 fs). The solid lines corre-
spond to a numerical fit with an exponential decay (Eq. (17)).
The green area indicates the largest Trotter step for which
the total execution time lies within the lowest T1, T2 times of
qubits in the circuit (∼ 30µs for Nqubits ≤ 16 and ∼ 10µs for
Nqubits = 20).

3. Scalability of Error Mitigation

As discussed in Sec. II C 4, we apply error mitigation
as a post-processing method by discarding shots from
the raw measurements that do not comply with particle

conservation in the electronic subsystem (
∑N−1

n=0 â†nân =

1 in Ĥel). Furthermore, we set a limit to the number

of vibrational excitations (
∑N−1

n=0 b̂†nb̂n ≤ Nmax in Ĥvib).
While we chose Nmax = 1 for all results presented above,

the analysis of remaining shots in this subsection here
chooses Nmax = 2, motivated by the fact that states with
two vibrational excitations participate to a small extent
in the charge transfer process for the smallest system
sizes (N = 3 or N = 4), ensuring that all discarded
shots are truly stemming from errors. Nonetheless, it
is worth noting that the choice of Nmax depends on the
structure of the vibrational environment and the energy
of the initial state.
While error mitigation drastically increases the

amount of time steps for which the simulation stays accu-
rate, the number of shots s available to compute expec-
tation values after mitigation is an important considera-
tion, as the error with respect to shot noise when measur-
ing populations scales as ϵshot-noise ∼ 1√

s
per observable.

Furthermore, the spread of the site population over an
increasing number of sites may lead to smaller fluctua-
tions in each site, requiring a higher precision. Scaling
up the system size therefore demands measuring more
shots as time evolves for more accuracy but also due to
the error mitigation overhead.
In Fig. 7a we show the number of remaining shots as

a function of the number of time steps. As a reference we
plot in dashed lines for each problem size N the number
of shots sN,mixed = N(1+N+

(
N
2

)
)/4N that would remain

if the quantum processor was in the completely mixed
state, not containing any information. We observe that
for many time steps, the number of remaining shots is
decaying towards this bound.
A possible explanation for the loss of shots with in-

creasing number of time steps are the different types of
noise occurring on the hardware. Over the first time
steps, we find a power-law behavior that we attribute
to gate infidelities. This power-law decay is stronger for
more qubits, corresponding to the increasing average gate
errors as shown in Tab. II. After enough time steps, we
find that the loss of shots transitions from power-law to
exponential. This happens when the execution time of
the circuit on the hardware approaches the regime of the
smallest T1 and T2 times involved in the circuit, indicat-
ing the effect of continuous noise. To test this claim, we
fitted for each N the simple model

sN (t; τ, a, b) = sN (t = 0)pvalid(t; τ, a, b) (16)

+ sN,mixed pmixed(t; τ, a, b),

pvalid(t; τ, a, b) = (1− atb)e−t/τ ,

pmixed(t; τ, a, b) =1− e−t/τ ,

to the quantum simulation with the largest number of
remaining shots sN (t) at the end of the simulation (t =
400 fs). Notably, the parameter τ (indicated with star
markers in Fig. 7a) marks the transition from the power-
law behavior of gate error propagation to the exponential
scaling of damping and dephasing noise, and is indeed in
good agreement with the lowest T1, T2 times when con-
sidering the circuit execution times in Tab. III. In par-
ticular, the transition occurs twice as late for N = 3, the
only case where no SWAP gates are required, reflecting
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that the corresponding circuit execution time is half as
long as for N > 3.

In Fig. 7b we show the number of remaining shots as
a function of the number of qubits at specific time steps.
The solid lines at each Trotter step were obtained with a
numerical fit

sStep(Nqubits;C, r) = C e−rNqubits (17)

with prefactor C and rate r. While the number of remain-
ing shots has a exponential dependence with the total
number of qubits Nqubits, the rate r is highly dependent
on the number of time steps. For steps 0, 5, 10, 25, 50
and 75 we find 1/r values of 278, 31, 18, 8, 5 and 4 re-
spectively, indicating at each Trotter step, the number of
qubits for which the number of remaining shots is around
1/e of its initial value. The values of the prefactor C in
Eq. (17) stay close to the initial number of shots in our
experiments (104) until 25 Trotter steps, while they al-
most double for 50 steps, indicating the scaling becomes
worse than exponential after 25 steps (T = 100 fs). The
execution time of circuits for 25 steps coincides with the
lowest T1, T2 values in the circuit, illustrating again the
importance of the minimum qubit coherence time. We
are optimistic the improvement in quantum hardware
will therefore enable the simulation of much larger system
sizes.

IV. CONCLUSIONS

In this paper we described and tested a procedure to
simulate the nonequilibrium dynamics of an open quan-
tum system on a noisy quantum computer, in particular,
the vibronically assisted electron-transfer (ET) of a one-
dimensional donor-acceptor model. Exploiting the intrin-
sic damping of hardware qubits and post-processing the
raw data with a model-specific error-mitigation scheme,
we reproduced vibronic ET using up to 100 Trotter steps
for model sizes ranging from N = 3 sites (3+3 qubits) to
N = 10 sites (10+10 qubits). This approach opens an un-
conventional avenue in quantum computing for the design
of new hardware where quantum processors make use
of native bosonic elements with parametrizable damping
rates, like the motion of trapped ions and superconduct-
ing resonators [61–63, 65, 66].

Our experiments on the quantum computer demon-
strate its capacity to engineer arbitrary energy land-
scapes (Ωn) in extended systems with multiple interact-
ing sites and vibronic coupling to local environments.
The formalism can be generalized to engineer arbitrarily
complex environments by adding more oscillators, while
the depth of the Trotter circuit is independent from the
system size N . Although the circuits can be efficiently
mapped onto the heavy-hex topology of the ibm aachen
device, which we used for our experiments, even shorter
circuits can be achieved for processors with a square
topology.

We find that the main bottleneck for large-scale simu-
lations is the limited number of qubits that are connected
by high-fidelity gates and whose coherence times remain
above the threshold set by the target open quantum sys-
tem that one wants to simulate. While it is technolog-
ically feasible to simulate models with arbitrarily high
damping rates by artificially amplifying a particular type
of noise, the fundamental challenge still lies in the sim-
ulation of target models with very low damping rates,
requiring qubits with increased coherence times and ac-
cess to gates with higher fidelities.
We are able to resolve accurately the peak structure of

the time-averaged probability of ET transfer as a func-
tion of the driving force Ptransfer, because the accuracy
of individual populations are less relevant for spectral-
dependent like Ptransfer, similar to the success of shadow
spectroscopic techniques [95]. Nonetheless, simulating
spectroscopic experiments would require the measure-
ment of coherences, complicating the scaling of simula-
tions [96].
Long-lived correlations on the picosecond scale are in-

dustrially relevant for the design of new energy materials
but these Non-Markovian effects are notoriously chal-
lenging to simulate with classical techniques. Because
the vibronic mechanism is driven by the entanglement
between electronic sites and oscillators, the simulation of
vibronic ET for increasingly large problem sizes consti-
tutes an application-based benchmark that measures the
capacity of the quantum computer to sustain and scale
up long-lived entangled states between well defined bi-
partitions of the processor.
Finally, our error mitigation techniques at the post-

processing stage were crucial to filter out unwanted noise
from the raw experimental data, making it more compat-
ible with the target open quantum sytem. This allows us
to discard shots that do not preserve particle conserva-
tion and it could be enhanced with other techniques that
may take advantage of the finite speed at which entangle-
ment spreads in the model. The underlying strategy here
is to exploit the natural growth of correlations in system-
environment frameworks, where a factorized initial state
is generally assumed. Experimental results could be im-
proved further by finely-tuned calibration setups at the
pre-processing stage, optimizing gates to excel at simu-
lating a particular Hamiltonian parametrization of the
target model. This could also be exploited to identify
known problems in superconducting qubits such as Two-
Level-System artifacts [97].
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of Baden-Württemberg (KQCBW) for the use of the
ibm aachen quantum computer. Classical simulations
were performed on the JUSTUS 2 cluster, supported
by the state of Baden-Württemberg through bwHPC
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Appendix A: Electronic and Vibronic Electron
Transfer

In Fig. 8 we show in detail the mechanisms of electronic
and vibronic ET for the simulations for N = 5 sites that
were presented in Sec. III A in the main text.

Electronic resonances occur when the donor has sim-
ilar energy to an eigenstate of the acceptor subsystem

Ĥ
(Acc.)
el , leading to the superposition of electronic states

with a mixed donor-acceptor character, as highlighted in
a box in the left panel of Fig. 8. The resulting dynamics
will show a slow modulation that is caused by the inter-
ference between these two eigenstates, as demonstrated
in Sec. III A. The result in Fig. 4b also shows fast mod-
ulations, which can be explained by the interference of
these states with the ground state near −V localised at
the trap, which shows a small contribution of the initial
donor site (n = 0) in Fig. 8.
Vibronic resonances occur when the donor energy Ω0 is

far-off from any acceptor states. Vibronic coupling is re-
quired in order to produce superpositions of the localized
donor with delocalised acceptor states, which takes place
if the energy difference is matched by the energy ω0 of a
vibrational excitation. For this reason, the charge trans-
fer at vibronic resonances is driven by the entanglement
between electronic states and quantized vibrations, form-
ing non-separable superpositions of zero and one-phonon
configurations.

In Fig. 9 we show for each system size N the classically
simulated transfer probabilities over the driving force, as
well as for each N the driving force at which we simu-
late vibronic resonances. For a system of N sites there
are N − 2 vibronic resonances, of which we selected reso-
nances with driving forces much higher than all electronic
resonances, to ensure a purely vibronic mechanism.

Appendix B: Numerical Benchmarks and Validity of
Approximations

We use two types of numerical benchmarks: Emula-
tions (∆t = 4 fs, Nb = 2 levels per oscillator) and clas-

FIG. 8. Mechanisms of purely electronic and vibronic
ET for N = 5. The left subpanels show the energies of the
electronic Hamiltonian term Ĥel in site basis, while the right
subpanels show its eigenenergies, with the amplitude of each
site plotted on top of the bar. At ∆e = 1435 cm−1 (left-hand
side), the donor Ω0 is resonant with the second eigenstate of
the acceptor-only electronic subsystem in Eq. (7), producing a
superposition of states with mixed donor/acceptor character.
At ∆v = 3010 cm−1 ≈ ∆e + ω0 (right-hand side), vibronic
coupling is required in order to produce superpositions of the
localized donor with delocalised acceptor states.

sical simulations (∆t = 0.5 fs, Nb = 5). Classical sim-
ulations represent the exact dynamics, as we chose the
time step ∆t and the number of oscillators Nb such that
both Trotter and oscillator truncation error become neg-
ligible. Hence, comparing the classical simulations to the
emulations gives insights about the impact of both Trot-
ter and truncation error together. In this Appendix we
also consider a variation of classical simulations with less
oscillator levels (∆t = 0.5 fs, Nb = 2), such that com-
paring them against emulations shows the Trotter error,
and comparing them against the classical simulation with
Nb = 5 shows the truncation error.

All three comparisons are shown in Fig. 10, demon-
strating that the time-averaged error ϵ(T ) is indepen-
dent of the system size N for simulation times of 150 fs.
For longer evolution times, the Trotter error can become
more pronounces for smaller system sizes. The trunca-
tion error of oscillators decreases with system sizes, espe-
cially when considering long evolution times. For large
models with N > 4, vibronic resonances with multiple
vibrational excitations are less probable, and the vibra-
tional dynamics tend to stay within the subspace of a sin-
gle vibrational excitation that is coherently shared among
all oscillators.

In Fig. 9 we further confirm this analysis by showing
the qualitative structure of Ptransfer(∆) for classical simu-
lations with both Nb = 2 and Nb = 5 levels per oscillator,
validating our quantum simulations with Nb = 2.
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FIG. 9. Time-averaged probability of electron trans-
fer Ptransfer(T = 200 fs) as a function of the driving force
for N = 3 − 10 sites. We show classical simulations for the
case without vibronic coupling (g = 0, blue) and with vibronic
coupling (g > 0, orange, bold). We also show a classical sim-
ulation with less levels per oscillator Nb = 2 (orange, dashed)
to assess the truncation error. The vertical purple bars indi-
cate the driving forces of the respective vibronic peaks that
were chosen for the simulations in this work.

Appendix C: Details about Hardware
Implementation

1. Qubit Mapping

We map N nearest-neighbor coupled electronic sites
directly on a chain of N site qubits σ̂n in the processor
as

Ĥel →
N−1∑
n=0

Ωn

2
σ̂z
n +

N−2∑
n=0

J

2

(
σ̂x
n σ̂

x
n+1 + σ̂y

n σ̂
y
n+1

)
. (C1)

For our LVC Hamiltonian model of electron transfer,
we have considered a single oscillator per site (Mn = 1

in Ĥvib). This allows us to drop the m index in Hamilto-

nian terms Ĥvib and Ĥel−vib in Eqs. (3) and (4), respec-
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FIG. 10. Scaling analysis for different approxima-
tions contributing to the time-averaged error ϵ(T ).
The difference between emulations (∆t = 4 fs, Nb = 2) and
classical simulations (∆t = 0.5 fs, Nb = 5) includes errors
with respect to the the Trotter approximation and the os-
cillator truncation, and is shown in bold. We compare both
benchmarks against a variation of classical simulation with
(∆t = 0.5 fs, Nb = 2), which allows to isolate the Trotter
error (dashed) and truncation error (dotted). We show the
errors for T = 150 fs (green) and T = 300 fs (brown).

tively. Each local quantum harmonic oscillator in the
LVC Hamiltonian is then identified by its index n and
mapped onto an arbitrary number of Q oscillator qubits

in the quantum computer. We replace each of the b̂†n b̂n
bosonic operators in (3), and coupling operators b̂†n + b̂n
in (4), by a sum of Q oscillator qubit operators σ̂n,q such
that

b̂†n b̂n →
Q−1∑
q=0

σ̂+
n,q σ̂

−
n,q,

b̂†n + b̂n → 1√
Q

Q−1∑
m=0

σ̂x
n,q. (C2)

This boson-to-qubit mapping introduces an errorO(1/Q)
[51] and is better suited for low excitation numbers.
The vibrational part of the Hamiltonian is mapped onto
qubits as

Ĥvib →
N−1∑
n=0

Q−1∑
q=0

ωn σ̂+
n,q σ̂

−
n,q, (C3)

and the vibronic coupling term describing the interaction
between the electronic states and oscillators is mapped
onto qubits as

Ĥel−vib →
N−1∑
n=0

Q−1∑
q=0

gn
(
σ̂z
n ⊗ σ̂x

n,q

)
. (C4)
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N = 3 (6 qubits) N = 10 (20 qubits)

Property Min Median Max Min Median Max

1Q-Gate Error 1.1e-4 1.8e-4 2.9e-4 1.0e-4 2.0e-4 1.09e-3

2Q Gate Error 1.5e-3 1.8e-3 2.7e-3 1.2e-3 1.9e-3 5.9e-3

T1 Sites 136µs 218µs 315µs 108µs 218µs 333µs

T1 Osc. 175µs 211µs 274µs 73µs 175µs 344µs

T2 Sites 167µs 255µs 331µs 77µs 211µs 349µs

T2 Osc. 184µs 218µs 330µs 46µs 189µs 349µs

Readout Error 2.9e-3 3.6e-3 4.8e-3 2.3e-3 4.7e-3 1.84e-2

TABLE II. Calibration data of those qubits in ibm aachen
that were used for the simulations of population dynamics of
the smallest and largest model with N = 3, 10 sites, averaged
over all 10 simulations on different days.

2. Quantum Circuits

The circuit corresponding to a single time step ∆t in
a first-order Trotter decomposition of the time-evolution

operator Û(t) = e−iĤt is schematically shown in Fig. 3a.

The blue box Ĥel deploys N single-qubit rotations to
encode the individual energies Ωn of system qubits
and then, nearest-neighbors interactions with coupling
strength J are natively corresponding to a series of N−1
RXX and RYY gates, which on ibm aachen are imple-
mented with two CZ gates and single-qubit rotations.
The odd and even terms can be executed in parallel. The
orange box (Ĥvib) commutes with Ĥel and can be exe-
cuted in parallel using N single-qubit rotations only. Fi-
nally, the magenta vibronic coupling term (Ĥel−vib) can
be done with a parallel cascade of N RXZ gates, imple-
mented on ibm aachen with two CZ gates and single-
qubit rotations, entangling each of the system qubits with
their corresponding environment qubit. The number of
entangling gates, depth and gate execution times depend-
ing on the system size N is given in Tab. III.

As illustrated in Fig. 1b, for the experiment on real
hardware, we had to adapt the quantum circuits to the
heavy-hex qubit layout of Heron processors: the chain
of sites and their attached oscillators is split into groups
of three. We use two SWAP gates per Trotter step to
connect each of the ⌊N/3⌋ pairs of separated sites. Note
that the pairs of SWAP gates can be executed in parallel,
such that the circuit depth does not increase with the
problem size N . This enables scaling up to arbitrary
system sizes.

3. Quantum Noise

The hardware noise processes we aim to exploit for
the simulation of our target model are continuous noise

3 4 5 6 7 8 9 10
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ε(
T

=
20

0
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Raw data: RX / SqrtX Gate

Fully Mitigated: RX / SqrtX Gate

FIG. 11. Comparison of experimental results with
fixed-angle SqrtX vs. variable-angle RX single qubit
gates. Circuits were compiled with two different types of na-
tive gates (both groups of simulations together make up the
data presented in Fig. 6a). The median, largest and smallest
of each simulation error ϵ(T = 200 fs) is shown for the unpro-
cessed and the fully mitigated date, compared to emulations
(∆t = 4 fs, Nb = 2)

processes and are described by a Lindblad superoperator

L(ρ̂) =
∑
n,α

γn,α

(
L̂n,α ρ̂ L̂†

n,α − 1

2
{L̂†

n,α L̂n,α, ρ̂}
)
.

(C5)

The operators L̂n,α refer to noise processes acting on the
n-th qubit, and the α index distinguishes between differ-
ent noise processes. In Tab. I we give an overview which
processes can be exploited for our target model.
In order to determine the effective noise occurring over

one Trotter time step, we have to analyze the impact of
noise after every gate in the Trotter circuit Utrot. We
model the effect of both continuous noise and gate noise
together as a non-unitary operation Nj occurring locally
after the execution of each idle operatation or gate Gj

[49] on the involved qubits. The effective hardware noise
can be obtained by moving all noise operations to the
right side of the Trotter circuit to occur after all gates,
using commutation relations and the small angle approx-
imation, introducing perturbed noise operations N ′

j :

Utrot = G1G2 · · ·Gk −→ G1N1G2N2 · · ·GkNk

≈ G1G2 · · ·GkN
′
1N

′
2 · · ·Nk. (C6)

The perturbation of noise operations from Nj to N ′
j are

stronger, the larger the rotation angle of a gate is, and the
larger the amplitude of the noise operation. This means
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# Layers Total # Compiled with RX Compiled with
√
X Fit parameters Fig. 7 (all fits to RX)

Qubits SWAPs CZ gates Depth 1Q Depth Total TTrot.
exec. Depth 1Q Depth Total TTrot.

exec. Min(T1, T2) [µs] Time step (τ)

6 0 10 12 18 0.6µs 24 30 0.8µs 68 134 (80 µs)

8 2 20 20 32 1.2µs 36 48 1.5µs 95 79 (95 µs)

10 2 24 20 32 1.2µs 36 48 1.5µs 87 78 (94 µs)

12 2 28 20 32 1.2µs 36 48 1.5µs 87 64 (77 µs)

14 2 38 20 32 1.2µs 36 48 1.5µs 35 43 (52 µs)

16 2 42 20 32 1.2µs 36 48 1.5µs 63 31 (37 µs)

18 2 46 20 32 1.2µs 36 48 1.5µs 35 28 (34 µs)

20 2 54 20 32 1.2µs 36 48 1.5µs 35 18 (22 µs)

TABLE III. Circuit properties of a single Trotter step. For each number of sites N and corresponding number of qubits
2N we display the circuit depth, number of layers of SWAP-Gates, the total number of CZ-Gates and the estimated execution
time on ibm aachen, based on execution times of 32 ns for single-qubit-gates and 68 ns for the CZ-gate. We did simulations
using the variable-angle RX-Gate and using the SqrtX-Gate. The latter case shows longer execution times, because usually
two SqrtX express one RX-Gate.

that for example the effective action of pure amplitude
damping noise may be altered when using large angle
gates, and is an important consideration in circuit design.

Hence, generally speaking, small-angle rotation gates
should be preferred over large-angle gates like SqrtX or
CNOT. To test this claim, we compiled the same cir-
cuits to either the large-angle SqrtX gate or the small
(variable) angle Rx gate. A direct comparison in Fig. 11
shows lower errors compared to using variable angle Rx
gates when considering the raw data, however after error-
mitigation we find a tendency of the runs using SqrtX
gates to show lower errors on average. Note that we
compare here against emulations with γ = (1 ps)−1, and
that a higher error for runs using Rx gates can be caused
by closer alignment to a simulation with damping rate γ
as shown in App. D.

4. Criteria for Qubit Selection

For selecting the hardware qubits on which we place
the qubit Hamiltonian, we use Mapomatic [90] to filter
the sets of qubits on ibm aachen with the lowest error
accumulated over all single-qubit and two-qubit gates in-
volved in the circuit. The best of these sets are then eval-
uated for their T1 (damping) and T2 (dephasing) times.
We found that good simulation results are ensured if the
T1 and T2 times of all qubits are above a certain thresh-
old of around 50 − 100 times the execution time of one
Trotter time step. If this requirement is difficult to ful-
fill while maintaining good gate fidelities, then a set is
picked where all system-qubits have a sufficiently large
T1, T2 times, and then when at least all SWAP-qubits are
sufficient. Averaged calibration data of the noise model
of the qubits used on ibm aachen for the smallest and
largest model (N = 3, 10) are given in Tab. II, show-
ing that indeed the availability of qubits with sufficiently
large T1, T2 times is less for larger systems. For the sim-
ulation presented here, the median properties for both

N = 3 and N = 10 are similar, however the qubit set
for N = 10 has some noisy outliers, affecting the overall
simulation accuracy. Readout errors of the average qubit
were sufficiently low to have a weak impact on the results.
Our focus is the simulation of long-time evolution with
as many time steps as possible (i.e circuit depth), rather
than the measurement of populations very accurately at
all times.
In Fig. 12 we show the variation of calibration data, in

a for N = 7 (14 qubits) between different runs, and in
b between different system sizes N . The most accurate
simulations where performed with N = 7, corresponding
to the simulation with the largest minumum T1, T2 in
the circuit and lowest single-qubit and two-qubit errors,
validating our qubit selection scheme.

Appendix D: Effective Hardware Damping Rates

This appendix discusses the effective damping rate
ΓQC of our experimental results after the post-processing,
stemming from intrinsic hardware noise that was not fil-
tered by error mitigation. We compare our results on
the quantum computer with classical simulations (∆t =
0.5 fs, Nb = 5) of the target model with different fixed
damping rates γ, ranging from (12.5 fs)−1 to (500 fs)−1.
In Fig. 13 a we compare the experimental results on the

quantum computer for N = 5 at the vibronic resonance
against classical simulations with three damping rates
of (500 fs)−1, (112.5 fs)−1 and (50 fs)−1. In Fig. 13 b, we
plot the time-averaged error ϵ(T ) between the experimen-
tal result and classical simulations with variable damping
rates. The lowest error at T = 200 fs is achieved for an
effective damping rate ΓQC = (112.5 fs)−1. Although the
population dynamics of acceptor sites are better matched
to ΓQC = (112.5 fs)−1, we note how the population of the
donor site P0(t) exhibits a slower decay.
In Fig. 14 we show this comparison for N = 7 sites

for two simulations performed on different days. Panel
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a b

FIG. 12. Variability of calibration data between different days for the simulations using N = 7 sites (14 qubits).
a. We show the minimal and maximal T1, T2 times of all involved qubits, and the minimum, median and maximum for the
single- and two-qubit fidelities and for the readout error. The calibration of the simulation with the lowest error ϵ(T ) is marked
with a point. b. For the last three days utilizing variable-angle, single-qubit Rx gates, qubit properties are shown as a function
of the number of sites N (N +N qubits). Colored markers correspond to the three individual runs, while averaged quantities
are shown in black.

ba

FIG. 13. Extracting effective damping rate ΓQC for N = 5. a. Population dynamics at the vibronic resonance for
N = 5 sites (5+5 qubits) executed on ibm aachen on May 28, 2025, compared against classical simulations with three different
damping rates. b. Time-averaged error ϵ(T ) between experimental results and classical simulations with a fixed damping rate
γ, plotted for T = 4, 10, 100, 150 and 200 fs. The minimum errors are marked with a dot each.

a shows the explicit dynamics of two different days com-
pared to classical simulations with those damping rates
that yielded the smallest time-averaged error ϵ(T ) af-
ter T = 300 fs. Panel b shows the time-averaged er-
ror ϵ(T ) for T = 150 fs and 300 fs when varying γ.
While the simulations from May 7 appears closest to

an undamped model after 150 fs, but with more simu-
lation time approaches a damped behaviour with a rate
of (137.5 fs)−1. The simulation from May 28 appears
more strongly damped behaviour over the whole simu-
lation time, with rates ranging between (62.5 fs)−1 and
(87.5 fs)−1. Note that the resembles the ideal case, as the
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ba

FIG. 14. Variability between independent experimental results and their corresponding effective damping rate
ΓQC. a. Population dynamics at the vibronic resonance for N = 7 sites (14 qubits) executed on ibm aachen on May 7, 2025
and May 28, 2025, compared against classical simulations. Note that the run on May 7 uses SqrtX gates while May 28 uses
the variable-angle Rx gate. b. Time-averaged error ϵ(T ) between experimental results and classical simulations with a fixed
damping rate γ, plotted for T = 150 fs (dashed) and T = 300 fs (bold) over γ. The minimum errors are marked with a dot
each.

time-averaged error does not increase over time and has
its minimum always in a small region around (75 fs)−1.
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[62] J. Leppäkangas, P. Stadler, D. Golubev, R. Reiner, J.-
M. Reiner, S. Zanker, N. Wurz, M. Renger, J. Ver-
jauw, D. Gusenkova, S. Pogorzalek, F. Vigneau, P. Yang,
W. Kindel, H.-S. Ku, F. Deppe, and M. Marthaler, Quan-
tum algorithms for simulating systems coupled to bosonic
modes using a hybrid resonator-qubit quantum computer
(2025), arXiv:2503.11507 [quant-ph].

https://doi.org/10.1038/s41467-020-14476-w
https://doi.org/10.1038/s41467-020-14476-w
https://doi.org/10.1038/s41467-019-08751-8
https://doi.org/10.1038/s42004-023-00913-6
https://doi.org/10.1038/s42004-023-00913-6
https://doi.org/10.1039/D3CP02998K
https://doi.org/10.1039/D3CP02998K
https://doi.org/10.1016/j.jsamd.2021.100410
https://doi.org/10.1016/j.jsamd.2021.100410
https://doi.org/10.1021/acs.jpclett.0c00568
https://doi.org/10.1021/acs.jpclett.0c00568
https://doi.org/10.1021/acsaem.1c01767
https://doi.org/10.1039/C9CP00408D
https://doi.org/10.1039/C9CP00408D
https://doi.org/10.1021/acs.jpcc.7b06869
https://doi.org/10.1021/acs.jpcc.7b06869
https://doi.org/10.1021/acs.jpcc.5b12676
https://doi.org/10.1021/acs.jpcc.5b12676
https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1103/PhysRevMaterials.7.055004
https://doi.org/10.1103/PRXEnergy.2.013001
https://doi.org/10.1038/s41524-024-01347-x
https://doi.org/10.1038/s41524-024-01347-x
https://doi.org/10.1039/D3CP05218D
https://doi.org/10.1039/D3CP05218D
https://doi.org/10.1021/acs.jpclett.4c03078
https://doi.org/10.1021/acs.jpclett.4c03078
https://doi.org/10.1021/acs.jpclett.4c03359
https://doi.org/10.1021/acs.jpclett.4c03359
https://doi.org/10.1103/PhysRevX.8.041009
https://doi.org/10.1103/PhysRevX.8.041009
https://doi.org/10.48550/arXiv.2210.11371
https://doi.org/10.48550/arXiv.2210.11371
https://doi.org/10.48550/arXiv.2210.11371
https://doi.org/10.48550/arXiv.2311.00135
https://doi.org/10.48550/arXiv.2311.00135
https://doi.org/10.1103/PhysRevA.108.062424
https://doi.org/10.1103/PRXQuantum.4.040329
https://doi.org/10.1103/PhysRevA.109.052224
https://doi.org/10.48550/arXiv.2412.19599
https://doi.org/10.48550/arXiv.2412.19599
https://doi.org/doi.org/10.1038/nphys1342
https://doi.org/doi.org/10.1038/nphys1073
https://doi.org/doi.org/10.1103/PhysRevA.87.012108
https://doi.org/10.1126/science.adh9932
https://doi.org/10.1126/science.adh9932
https://doi.org/10.1103/PhysRevA.111.022614
https://doi.org/10.1038/s41567-023-02377-w
https://doi.org/10.1038/s41567-023-02377-w
https://doi.org/doi.org/10.1038/s41567-025-02975-w
https://doi.org/10.48550/arXiv.2503.11507
https://doi.org/10.48550/arXiv.2503.11507
https://doi.org/10.48550/arXiv.2503.11507


22

[63] T. Navickas, R. J. MacDonell, C. H. Valahu, V. C. Olaya-
Agudelo, F. Scuccimarra, M. J. Millican, V. G. Matsos,
H. L. Nourse, A. D. Rao, M. J. Biercuk, C. Hempel,
I. Kassal, and T. R. Tan, Experimental Quantum Sim-
ulation of Chemical Dynamics, Journal of the American
Chemical Society 147, 23566 (2025).

[64] J. Whitlow, Z. Jia, Y. Wang, C. Fang, J. Kim, and K. R.
Brown, Quantum simulation of conical intersections us-
ing trapped ions, Nature Chemistry 15, 1509 (2023).

[65] V. So, M. Duraisamy Suganthi, A. Menon, M. Zhu,
R. Zhuravel, H. Pu, P. G. Wolynes, J. N. Onuchic, and
G. Pagano, Trapped-ion quantum simulation of electron
transfer models with tunable dissipation, Science Ad-
vances 10 (2024).

[66] K. Sun, M. Kang, H. Nuomin, G. Schwartz, D. N. Be-
ratan, K. R. Brown, and J. Kim, Quantum simulation
of spin-boson models with structured bath, Nature Com-
munications 16, 4042 (2025).

[67] V. So, M. D. Suganthi, M. Zhu, A. Menon, G. Tomaras,
R. Zhuravel, H. Pu, P. G. Wolynes, J. N. Onuchic, and
G. Pagano, Quantum simulations of charge and exciton
transfer in multi-mode models using engineered reservoirs
(2025), arXiv:2505.22729 [quant-ph].

[68] J. Knörzer, T. Shi, E. Demler, and J. Cirac, Spin-Holstein
Models in Trapped-Ion Systems, Phys. Rev. Lett. 128,
120404 (2022).

[69] D. Motlagh, R. A. Lang, P. Jain, J. A. Campos-
Gonzalez-Angulo, T. Zeng, A. Aspuru-Guzik, and J. M.
Arrazola, Quantum Algorithm for Vibronic Dynamics:
Case Study on Singlet Fission Solar Cell Design (2025),
arXiv:2411.13669v2 [quant-ph].

[70] X. Dan, E. Geva, and V. S. Batista, Simulating Non-
Markovian Quantum Dynamics on NISQ Computers Us-
ing the Hierarchical Equations of Motion, J. Chem. The-
ory Comput. 21, 1530 (2025).

[71] W. Xue, Z. Zhang, S. K. So, Y. Song, Z. Wei,
W. Ma, and H. Yan, Reducing the Excitonic Loss at
Donor/Acceptor Heterojunction with Negligible Exciton
Dissociation Driving Force, ACS Applied Energy Mate-
rials 5, 9929 (2022).

[72] A. D. Somoza, N. Lorenzoni, J. Lim, S. F. Huelga, and
M. B. Plenio, Driving force and nonequilibrium vibronic
dynamics in charge separation of strongly bound elec-
tron–hole pairs, Commun Phys 6, 1 (2023).

[73] A. A. Bakulin, A. Rao, V. G. Pavelyev, P. H. M.
van Loosdrecht, M. S. Pshenichnikov, D. Niedzialek,
J. Cornil, D. Beljonne, and R. H. Friend, The Role of
Driving Energy and Delocalized States for Charge Sep-
aration in Organic Semiconductors, Science 335, 1340
(2012).
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