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研究成果の概要（和文）：本研究では、表面上の分子自己組織化シミュレーションを量子アニーラーに実施する
ための研究開発を行なった。具体的には、次の項目で成功した：(i) 分子吸着のためのシンプルなモデルを開発
し、それをIsingハミルトニアンにマッピングできると証明した。(ii) このモデルが金属金の(100)表面上のポ
ルフィリン分子を近似できることを証明した。(iii) 量子モンテカルロ法による量子アニーリングを実施し、表
面に吸着した分子の基底状態（最適な分子の方向など）を一貫して絞り込むことができた。しかし、量子アニー
リングが古典的なアニーリングに比べて優位性があるという証拠は見つからなかった。

研究成果の概要（英文）：The goal of this project was to implement our on-surface molecular 
self-assembly simulations on a quantum annealer, an emerging type of quantum hardware. We succeeded 
to develop a simple model for surface-adsorbed molecules which can be mapped to an Ising-type 
Hamiltonian. Using first-principles calculations, we showed how this model closely approximates a 
realistic system of gold(100)-adsorbed porphyrin molecules. Quantum annealing was successfully 
implemented using the quantum Monte Carlo method, and consistently found the ground state for the 
surface-adsorbed molecules for all regimes tested. However, we found no evidence for the superiority
 of quantum annealing compared to classical annealing in our simulations. 

In addition, this work developed Evolution Under Fire, a highly effective classical algorithm for 
predicting on-surface molecular assembly. The codes in this work were also used to develop databases
 and machine learning methods for organic semiconducting materials. 

研究分野： 理論化学
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令和

研究成果の学術的意義や社会的意義
Quantum computing has undergone impressive developments in recent years. It is believed that 
simulations of molecular systems will be possible using quantum computers within this decade. This 
work provides an algorithm for simulating molecular self-assembly processes on emerging quantum 
hardware.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
Quantum computing, long dominated by theoretical developments, has seen impressive 
experimental developments in recent years. Major excitement surrounded a report by Google in 
2019, which demonstrated the achievement of a simple quantum chemical calculation on a 
prototype quantum computer. This was followed by speculation that simulations on non-trivial 
molecular systems would be possible using quantum computers by the end of this decade. The 
need to quickly develop quantum computing algorithms for performing molecular simulations 
appeared to be strong.  
 
２．研究の目的 
 
Over the last several years, our group had become adept at simulating on-surface molecular self-
assembly simulations using ‘classical’ computers. The goal of this project was to develop a new 
implementation of these simulations that can run on a quantum annealer, an emerging type of 
quantum computing hardware. Doing so would establish a new quantum algorithm for simulating 
on-surface molecular assembly. 
 
３．研究の方法 
 
Our quantum annealing algorithm was implemented in three steps. 
 
(i) We first considered a simplified case consisting of square-shaped particles positioned on 

a cubic lattice. These particles have a polarity (in the sense that their front and back differ 
from their sides), and interactions between particles depends upon their orientation. We 
showed how the energy of such a model can be expressed with an Ising-type Hamiltonian, 
which is a necessary condition for implementing quantum annealing. 
 

(ii) Using density functional theory calculations, we showed how a realistic system – 
porphyrin molecules adsorbed to a gold(100) surface – can be approximated using the 
simplified model above. Thus, we ‘mapped’ this realistic system to the simplified one by 
building an appropriate intermolecular potential. 

 
(iii) Quantum annealing was implemented in two ways: by directly integrating the time-

dependent Schrodinger equation, and by the quantum Monte Carlo (QMC) method. In 
both cases, quantum annealing was achieved by adding a decaying off-diagonal term to 
the Ising-type Hamiltonian. QMC was compared to parallel tempering Monte Carlo, a well-
established classical method for these systems.  

 
４．研究成果 
 
Steps (i) and (ii) were achieved without serious difficulties. The model developed in step (i) and 
the resulting Ising-type Hamiltonian appear novel and have not been reported before. 
 
Predicting the energy-minimizing arrangement of molecules on a surface in step (iii) requires 
optimizing two factors: the positions of molecules on the surface, and the orientations of the 
molecules. After extensive research, it was concluded that quantum annealing can only be used 
to predict molecule orientations given fixed molecule positions. Indeed, the simple binary Ising 
model is too simple to simultaneously describe molecule positions, orientations, and the 
dependence of intermolecular coupling on molecule orientation. 
 
To overcome the latter problem, we developed a joint classical-quantum method for predicting 
on-surface molecular assembly: a classical genetic algorithm for positioning the molecules, and 
quantum annealing for optimizing molecule orientations.  
 
This genetic algorithm was an entirely new method, incorporating classical temperature-based 
annealing to achieve a performance boost. For the latter reason, we refer to it as the Evolution 
Under Fire (EUF) method. The EUF method can be used to optimize both molecule positions and 
orientations. We were able to demonstrate the excellent performance of this method for the case 



of gold-adsorbed phthalocyanine molecules, achieving predictions in close agreement with 
scanning tunneling microscopy images within only a few weeks of computational time (Figure 1). 
The EUF method resulted in one paper [1] and four invited presentations [2]. The development of 
the EUF method was the biggest success of this project. 
 

Figure 1. Performance of the EUF method for a system of 8 phthalocyanine molecules adsorbed to gold(111). The EUF 
phase is shown in blue. The minimum energy configuration is shown by the black line. Subsequent classical Monte Carlo 
identified the molecular assemblies seen in experiment (by Girovsky et al. 2017, an overseas research group.) 
 
Quantum annealing by direct integration of the Schrodinger equation worked very poorly, failing 
to find the ground-state orientation of the molecules within any of the trails considered. However, 
this work was successful in other ways: it led us to develop a new graphics processing unit (GPU) 
implementation of the finite-difference time-domain (FDTD) method for simulating the time-
dependent Schrodinger equation, which achieves a 300-fold improvement in performance 
compared to a serial CPU implementation. With this GPU implementation, we demonstrated the 
generation of wave packet data for machine-learning the solutions of partial differential equations 
(paper under review [3]). 
 
The QMC implementation of quantum annealing achieved superior performance compared to 
direct integration, reproducibly finding the ground-state molecule orientations for all of the trials 
tested. In this sense, we achieved the goal of the project. However, we also found that QMC 
performed poorly compared to classical parallel-tempering Monte Carlo, with the latter finding the 
ground state within considerably less algorithm iterations. This inferior performance was 
confirmed for all simulation regimes tested. 
 
The inferior performance of QMC compared to classical Monte Carlo is not surprising. There is 
no overwhelming evidence for the superiority of quantum annealing in the literature; even in cases 
where quantum annealing out-performs classical methods, the degree of improvement is minor. 
Moreover, the performance of quantum annealing appears to be extremely dependent on the 
preparation of the initial state and other parameter values used in the simulation. Before 
publishing our findings, we need to explore the effect of initial-state preparation and other 
parameter choices more thoroughly. However, we do not expect a major change in our 
conclusions. 
 
In addition to the above, the codes developed in this work were extended to develop a new 
machine-learning scheme for predicting exciton coupling parameters in organic semiconducting 
materials. Not only can our scheme be trained within 25 % of the time required by existing ones, 
but its predictions are sufficiently accurate for subsequent modeling of exciton transport [4]. They 
were also used to develop a band structure database for organic semiconductors, leading to the 
development of a new organic semiconducting material with targeted band gap and a hole 
effective mass comparable to pentacene [5]. 
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