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1 Abstract

We present a quantum algorithm based on the Tensor-Train Thermo-Field Dynamics (TT-

TFD) method to simulate the open quantum system dynamics of intramolecular charge

transfer modulated by an optical cavity on noisy intermediate-scale quantum (NISQ) com-

puters. We apply our methodology to a model that describes the ππ∗ to CT1 intermolecular

charge transfer within the carotenoid-porphyrin-C60 molecular triad solvated in tetrahydro-

furan (THF) and placed inside an optical cavity. We find how the dynamics is influenced

by the cavity resonance frequency and strength of the light-matter interaction, showcasing

the NISQ-based simulations to capture these effects. Furthermore, we compare the approx-

imate predictions of Fermi’s Golden Rule (FGR) rate theory and Ring-Polymer Molecular

Dynamics (RPMD) to numerically exact calculations, showing the capabilitis of quantum

computing methods to assess the limitations of approximate methods.
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2 Introduction

Exploring the potential of light-matter interactions to influence chemical reactions has cap-

tivated the attention of physical chemists for many years.1–11 Recent experimental advance-

ments have showcased the possibility of utilizing these interactions to control various chemi-

cal and physical phenomena, including energy and charge transfer, photochemical processes,

photocatalysis.12–52 The proposed control mechanisms involve both strong and ultra-strong

coupling of electromagnetic microcavity optical modes with the electronic and vibrational

degrees of freedom (DOF) of molecules within these cavities. These experimental advances

call for the development of accurate computational methods for simulating the dynamics

of molecular matter inside cavities to reveal fundamental mechanisms and predict various

experimental outcomes such as reaction yields and transfer rates. So far, most dynamical

simulations have utilized mixed quantum classical (MQC) methods which might not describe

nuclear quantum effects properly since they treat part of the system classically.49 On the

other hand, numerically exact methods are now developed to treat vibronic systems with

a few tens to a few hundreds nuclear degrees of freedom (DoF),53 while rapidly advancing

quantum computers are expected to push that limit further. In this work, we implement the

Tensor-Train Thermo-Field Dynamics (TT-TFD) method54–56 for numerically exact quan-

tum dynamics simulations of molecular systems in optical cavities. Utilizing the Sz-Nagy

dilation scheme,57,58 we demonstrate the TT-TFD method as applied to quantum computing

simulations on currently available IBM Noisy Intermediate-Scale Quantum (NISQ) comput-

ers.

Our simulations investigate electron transfer in the carotenoid-porphyrin-C60 molecular

triad dissolved in tetrahydrofuran (THF) inside an optical cavity, as illustrated in Fig 1. We

investigate the intramolecular electron transfer dynamics in the triad under various cavity

setups. We find that the dynamics can be controlled significantly by changing the resonance

frequency of the cavity, or the strength of the light-matter interaction. Our numerically exact

results are compared to calculations based on approximate methodologies, including the
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Fermi Golden Rule (FGR),59 and Ring-Polymer Molecular Dynamics (RPMD) simulations,

49 providing valuable insights on the capabilities and limitations of approximate methods.

Therefore, it is natural to expect that our quantum computing methodology should also be

useful for other studies of molecular systems in polaritonic cavities.

Figure 1: Illustration of the THF-solvated molecular triad in cavity.

3 Methodology

3.1 Hamiltonian for cavity-modified electron transfer

We consider the following light-matter Hamiltonian,

Ĥ = −ϵ|A⟩⟨A|+∆(|D⟩⟨A|+ |A⟩⟨D|) + ĤB + ĤF , (1)

where |D⟩ and |A⟩ denote the ππ∗ and CT1 diabatic states of the solvated triad, respectively,

with ϵ = 532 meV defining the energy gap between the two states and ∆ = 24 meV the

electronic coupling.60

The bath Hamiltonian HB, corresponding to the mass-weighted bath coordinates Rj, is
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described by a set of harmonic oscillators coupled to the two electronic states, as follows:

ĤB =
50∑
j=1

(
P̂ 2
j

2
+
ω2
j

2
R̂2

j

)
|D⟩⟨D|+

50∑
j=1

(
P̂ 2
j

2
+
ω2
j

2
(R̂j −

cj
ω2
j

)2
)
|A⟩⟨A|,

where the bath frequencies {ωj} and coupling constants {cj} are obtained by discretizing

the following Ohmic spectral density:

J(ω) =
π

2

50∑
j=1

c2j
mjωj

δ(ω − ωj) = ηωe−ω/ωc , (2)

where ωc = 6.57 meV, and η = 1.066 × 106 au are chosen so that the discretized vibra-

tional frequencies roughly cover the range of normal mode frequencies for this system as

calculated by molecular dynamics simulations.61 The couplings {cj} are then scaled with a

constant a, such that the values of the scaled c̃j = cja correspond to the calculated molecular

reorganization energy of the bent triad molecule λ = 515 meV:

1

2

50∑
j=1

ω2
j c̃

2
j = λ. (3)

The coupling of the optical cavity mode with the molecule is described, as follows:

ĤF = ℏωpâ
†
pâp + ℏgp(|D⟩⟨A|+ |A⟩⟨D|)(â†p + âp), (4)

where âp and â†p are the photonic annihilation and creation operators, respectively. The

values of the light-matter coupling strength (gp) and the cavity frequency (ωp) determine the

effect of the cavity and will be varied to evaluate their effect on the intramolecular electron

transfer dynamics.
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3.2 Tensor-Train Thermo-Field Dynamics Simulations

The evolution of the quantum state ρ(t) is described by the quantum Liouville equation,

d

dt
ρ(t) = − i

ℏ
[Ĥ, ρ(t)], (5)

which is the equation of motion of the time-evolving density matrix ρ(t). The TT-TFD

method solves this equation in vectorized form, as follows:

d

dt
|ψ(β, t)⟩ = − i

ℏ
H̄|ψ(β, t)⟩, (6)

with H̄ = Ĥ⊗ Ĩ. Here, |ψ(β, t)⟩ is the thermal wavefunction that defines the density matrix,

as follows:

ρ(t) = Trf{|ψ(β, t)⟩⟨ψ(β, t)|}, (7)

with ρ(0) obtained from Eq. (7) with the initial thermal distribution:

|ψ(0, β)⟩ = Z−1/2
∑
n

e−βEn/2|n, ñ⟩. (8)

Such a transformation effectively recasts Eq. (5) into Eq. (6) which is the time-dependent

Schrödinger equation (TDSE) for the thermal wavefunction. Note that according to Eq. (8),

the thermal wavefunction is expanded in a double Hilbert space H ⊗ H̃, including states

|ñ⟩ that are identical copies of states |n⟩ in a Hilbert space H̃ that is an exact copy of the

physical Hilbert space H of states |n⟩.

The preparation of the initial state |ψ(β, 0)⟩ as in Eq. (8) requires imaginary time propa-

gation, which could be computationally burdensome. However, when the bath Hamiltonian

is harmonic, we can define the Hamiltonian, as follows:

H̄ = Ĥ ⊗ Ĩ − Î ⊗
∑
j

ωj ã
†
j ãj. (9)
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This task is circumvented by utilizing the thermal Bogoliubov transformation,

|0(β)⟩ = e−iĜ|0, 0̃⟩, (10)

where

Ĝ = −i
∑
j

θj

(
âj ãj − â†j ã

†
j

)
, (11)

with θj = arctanh(e−βωj/2) and âj, â
†
j (ãj, ã

†
j) the physical (fictional) bosonic creation and

annihilation operators for the j-th degree of freedom.

Substituting Eqs. (10) and (11) into Eq. (6), we obtain:

d|ψθ(β, t)⟩
dt

= − i

ℏ
H̄θ|ψθ(β, t)⟩, (12)

where:

H̄θ = eiĜH̄e−iĜ,

|ψθ(β, 0)⟩ = eiĜ|ψ(β, 0)⟩ = |0, 0̃⟩.
(13)

For a vibronic system that involves many nuclear degrees of freedom, the thermal wavepacket

is a high-dimensional tensor which full representation faces the curse of dimensionality. The

tensor train (TT) decomposition62–64 is a numerically exact data compression strategy that

represents moderately entangled wavefunction with a train of 2- or 3-dimensional tensors,

such that they can be stored and computed efficiently. TT-TFD expresses |0, 0̃⟩ as a rank-1

tensor train, and propagates Eq. (12) to obtain |ψθ(β, t)⟩. The propagation can be carried

out with the TT-KSL integrator.55,56 The expectation value of physical observables Â are

obtained, as follows:

⟨A(t)⟩ = ⟨ψθ(β, t)|Āθ|ψθ(β, t)⟩, (14)
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where Āθ = eiĜĀe−iĜ and Ā = Â⊗ Ĩ.

3.3 Quantum computation for population dynamics

Numerically exact benchmark calculations based on TT-TFD simulations of the model

carotenoid-porphyrin-C60 molecular triad solvated in tetrahydrofuran (THF) in the opti-

cal cavity are performed for the evolution of populations of the electronic states. In what

follows we outline the quantum computing procedure for obtaining cavity-modified popula-

tion dynamics based on the TT-TFD results.

Our propagation scheme is based on the so-called population-only Liouville space super-

operator Ppop(t) that satisfies the following equation:

σ̂pop(t) = Ppop(t)σ̂pop(0), (15)

where σ̂(t) = Trn[ρ̂(t)] is the reduced density matrix for the electronic DOFs, with ρ̂(t) the

density matrix for the full vibronic system. Here, σ̂pop(t) = (σ00(t), σ11(t))
T includes only

the diagonal elements of σ̂(t), necessary to describe the electronic population dynamics. The

preparation of the super-operator Ppop(t) according to the TT-TFD generated population

dynamics is described in Appendix E of Ref. 65.

To perform quantum computing simulations based on Eq. (15), we first transform Ppop(t)

into a unitary matrix using the Sz.-Nagy dilation theorem,57 as follows:58,66

UPpop(t) =

 Ppop(t)
√
I − Ppop(t)Ppop†(t)√

I − Ppop†(t)Ppop(t) −Ppop†(t)

 . (16)

The vectorized vσ(0) is dilated by appending ancillary zero elements, as follows:

σ̂pop(0) = (σ00(0), σ11(0))
T → σ̃pop(0) = (σ00(0), σ11(0), 0, 0)

T . (17)
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The dilated time-updated population-only density matrix is obtained, as follows:

σ̃pop(t) = UPpop(t)σ̃pop(0). (18)

The dilation scheme thus provides the unitary matrix UPpop(t) governing the time-

evolution of σ̃pop(t), the first two digits of which agree with those of σ̂pop(t). Therefore,

Eqs. (18) and (15) describe the same dynamics, with Eq. (18) allowing for simulations on a

NISQ quantum computer. For the spin-boson model of interest, UPpop(t) is a 4× 4 unitary

matrix corresponding to a 2-qubit gate.

4 Results

Figure 2 shows the calculated short-time population dynamics of the model carotenoid-

porphyrin-C60 molecular triad solvated in tetrahydrofuran (THF) in the optical cavity when

prepared in a geometry relaxed bent configuration. The results show that in the ultrafast

timescale, significant population transfer only happens with the aid of coupling to the cavity

mode. Further, increasing the strength of the coupling to the cavity mode changes the

electron transfer dynamics qualitatively by becoming highly oscillatory, while in the weaker

coupling regime the transfer dynamics exhibits a smooth decay as predicted by rate kinetic

theory. The observed oscillatory behavior is likely induced by to Rabi oscillations due to the

photonic coupling term with a frequency approximately doubling by doubling gp.
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Figure 2: Time-dependent population of the (ππ∗) state during the early time relaxation
after photoexcitation of the carotenoid-porphyrin-C60 molecular triad solvated in tetrahydro-
furan (THF) prepared in a geometry relaxed bent configuration in an optical cavity. The
cavity frequency is set as ωp = 400 meV for all calculations, while the light-matter interaction
strength gp =10, 20 and 40 meV. The temperature is set at T = 300 K. The calculations
are based TT-TFD simulations with a propagation time-step τ = 1 a.u.

Figure 3 shows the effect of changing the cavity resonance frequency on the intramolecular

electron transfer dynamics. While light of all frequencies enhance the transfer, the ultrafast

transfer efficiency reaches its peak when ℏωp is around 400 meV. It is worth noting that

this optimal cavity efficiency matches relatively well with that predicted by the FGR rate

theory59 (around 510 meV), despite the fact that the ultrafast dynamics does not exactly

follow the exponential relaxation predicted by the FGR rate theory.
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Figure 3: Time-dependent population of the (ππ∗) state during the early time relaxation
after photoexcitation of the carotenoid-porphyrin-C60 molecular triad solvated in tetrahydro-
furan (THF) prepared in a geometry relaxed bent configuration in an optical cavity. The
cavity frequency is changed in the ωp = 200–400 meV range as indicated in the inset. The
light-matter interaction strength is set at gp =20 meV. The temperature is set at T = 300 K.
The calculations are based TT-TFD simulations with a propagation time-step τ = 1 a.u.

Figure 4 shows the comparison of the population dynamics described by numerically exact

TT-TFD calculations and approximate results based on Ring-Polymer Molecular Dynamics

(RPMD) simulations, reported in Ref. 49. Figure 4 shows that RPMD agrees qualitatively

with numerically exact calculations although exhibits noticeable quantitative deviations.
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Figure 4: Comparison between population dynamics generated by TT-TFD and by RPMD
for Model III in Ref. 49. (a): donor population with a cavity, (b): donor population without
a cavity.

Figure 5 shows the results of calculations of intramolecular electron transfer dynamics

performed with the IBM Osaka quantum computer. The results show that the quantum

computing scheme is able to produce accurate results within about 1 percent error.
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Figure 5: Time-dependent population of the (ππ∗) state during the early time relaxation
after photoexcitation of the carotenoid-porphyrin-C60 molecular triad solvated in tetrahydro-
furan (THF) prepared in a geometry relaxed bent configuration in an optical cavity obtained
with the IBM Osaka quantum computer. The cavity frequency is fixed at ωp = 500 meV. The
light-matter interaction strength is set at gp =20 meV. Matrix-free measurement mitigation
is performed for readout error mitigation, as implemented in Qiskit. The blue dots are
averages over 10 calculations following Eq. (18), each obtained with 2000 measurements.
The error bar shows the highest and lowest values among the 10 runs.

5 Conclusions

We have studied the optical cavity-modulated intermolecular electron transfer dynamics

using a rigorous methodology that combines the numerically exact TT-TFD method with

open quantum simulations based on dilation. We have shown that the method offers a

practical and accurate pathway for quantum computing simulations of cavity modulated

quantum reaction dynamics in molecular systems. The simulations are based on a single

model molecular triad in the infinitely dilute limit, and therefore neglect collective effects that

become important at higher concentration. Nevertheless, our simulation results have shown

that the cavity modulation can be significant even in the infinitely dilute limit, strongly

modulating the charge transfer dynamics in the ultrafast timescale.
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(16) Törmä, P.; Barnes, W. Strong coupling between surface plasmon polaritons and emit-

ters: A review. Rep. Prog. Phys. 2014, 78, 013901–35.

(17) Flick, J.; Ruggenthaler, M.; Appel, H.; Rubio, A. Kohn–Sham approach to quantum

electrodynamical density-functional theory: Exact time-dependent effective potentials

in real space. Proc. Natl. Acad. Sci. USA 2015, 112, 15285–15290.

(18) Feist, J.; Garcia-Vidal, F. Extraordinary Exciton Conductance Induced by Strong Cou-

pling. Phys. Rev. Lett. 2015, 114, 196402–5.

14



(19) Schachenmayer, J.; Genes, C.; Tignone, E.; Pupillo, G. Cavity-Enhanced Transport of

Excitons. Phys. Rev. Lett. 2015, 114, 196403–6.

(20) Shalabney, A.; George, J.; Hutchison, J.; Pupillo, G.; Genet, C.; Ebbesen, T. Coherent

coupling of molecular resonators with a microcavity mode. Nat. Commun. 2015, 6,

217–6.

(21) Orgiu, E.; George, J.; Hutchison, J.; Devaux, E.; Dayen, J.; Doudin, B.; Stellacci, F.;

Genet, C.; Schachenmayer, J.; Genes, C.; Pupillo, G.; Samor̀ı, P.; Ebbesen, T. Conduc-

tivity in organic semiconductors hybridized with the vacuum field. Nat. Mater. 2015,

14, 1123–1129.

(22) Long, J.; Simpkins, B. Coherent Coupling between a Molecular Vibration and

Fabry–Perot Optical Cavity to Give Hybridized States in the Strong Coupling Limit.

ACS Photonics 2015, 2, 130–136.

(23) Ebbesen, T. Hybrid Light-Matter States in a Molecular and Material Science Perspec-

tive. Acc. Chem. Res. 2016, 49, 2403–2412.

(24) Thomas, A.; George, J.; Shalabney, A.; Dryzhakov, M.; Varma, S.; Moran, J.;

Chervy, T.; Zhong, X.; Devaux, E.; Genet, C.; Hutchison, J.; Ebbesen, T. Ground-

State Chemical Reactivity under Vibrational Coupling to the Vacuum Electromagnetic

Field. Angew. Chem. 2016, 128, 11634–11638.

(25) Zhong, X.; Chervy, T.; Wang, S.; George, J.; Thomas, A.; Hutchison, J.; Devaux, E.;

Genet, C.; Ebbesen, T. Non-Radiative Energy Transfer Mediated by Hybrid Light-

Matter States. Angew. Chem. 2016, 128, 6310–6314.

(26) Herrera, F.; Spano, F. Cavity-Controlled Chemistry in Molecular Ensembles.

Phys. Rev. Lett. 2016, 116, 238301–6.

15



(27) Casey, S.; Sparks, J. Vibrational Strong Coupling of Organometallic Complexes.

J. Phys. Chem. C 2016, 120, 28138–28143.
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