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I. Two types of QCs

• Introduction to Quantum Computer

D-wave Quantum Annealer IBM-Q, ION-Q

→ D-wave Advantage 2 (2023)

→ 7000++ qubit

→ High applicability and accuracy of 

quantum measurement

→ Programming difficulty

→ Require more qubits

→ IBM-Q, Ion-Q

→ 400++ qubit

→ Large quantum error

→ Programmable

→ Require more qubits

Prof. Hunpyo Lee - Accelerated Variational Eigensolver in combination with Quantum Annealer
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1. Introduction to optimization using Quantum Annealer(QA)



D − Wave Quantum Computer
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What is Quantum Annealing? — D-Wave System Documentation documentation (dwavesys.com)
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- Annealing

https://docs.dwavesys.com/docs/latest/c_gs_2.html


<Traveling Salesperson>

The goal of renowned traveling salesperson optimization 
problem is, for a given a list of cities and distances 
between each pair of cities, to find the shortest possible 
route that visits each city exactly once and returns to the 
city of origin.

<Multi Vehicle Routing Problem>

The multi-vehicle routing problem is to deliver a set of resources 
to a set of predetermined locations using a limited number of 
vehicles, all of which start and finish at a single depot location.

https://github.com/dwave-examples

https://docs.ocean.dwavesys.com/en/stable/examples/nl_tsp.html

https://en.wikipedia.org/wiki/Travelling_salesman_problem


2. Example I: 
Graphene 
with 
vacancies

Ref.: PHYS 513. Applications of Quantum Computing (2022), , 1–6 

2. Example I: 
Graphene 
with 
vacancies



Model using QUBO (Quadratic Unconstrained Binary Optimization)

Order-3 bipartite 

graph G(12, 18) 
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1 • 12 sites → 12 qubits

• 18 edges 
→ connectivity btw. qubits 
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• For vacancies → additional 12 qubits:

• For carbon atoms on sites → 12 qubits: 

A node(site) i ∈ E can be occupied by either a carbon αc or a va
cancy αv. Each node(site) i is associated with a couple of binary 
variables {xiαc,xiαv}, such that xiαc(v) =1 when node(site) i is 
occupied by a carbon (vacancy) atom, xiαc(v) = 0 otherwise. 

A constraint and the occupation numbers Nαc  and Nαv  give us 
the following conditions 

• 

→ Each site i must be filled with a carbon or a vacancy.

• 

→ The filled carbon atoms and cavities must have a fixed occupancy number.



Therefore, the Qubo function is 

※ The value of QUBO can be reduced when all three constraints are fully satisfied 
(note that the constraints are in the form of square equations) !!!

→ Remember that after the annealing process, we can find the state with the lowest energy 
(i.e. satisfying the constraints) of the system we am considering.

※ However, the above constraints alone do not provide an energy difference between the 
absence and presence of vacancies. Therefore, in the case where vacancies exist, we must 
provide an energy difference according to the (physically based) location of the vacancies.



→ Increases energy depending on 
the number of dangling bonds in 
the connection.# of dangling bonds = 4 # of dangling bonds = 3 

# of dangling bonds = 6 

※ This structure is 
energetically preferred.



※ The dangling bonds form instabilities in the graphene layer, 
which will cause a reorganization on its structure like vacancy 
clustering. 

※ This structure is 
energetically preferred.





All possible cases (or all possible states) for each site ( 212 = 4096 )

(For both states of carbon atoms and vacancies)

※ Even in this simple case, a whopping 16777216 loops are required!!

(16777216 ≈ 1.6 × 107)



Ex. Case with four vacancies (Nv=4)
※ We can see that there are 3 exact solutions!!!

Interestingly, 
it took a total of 431 seconds.



Using QA



A total of three lowest energy states have been discovered!



oc1=(110011110011)
ov1=(001100001100)

oc2=(001111001111)
ov2=(110000110000)

oc3=(111100111100)
ov4=(000011000011)

3 exact solutions using Mathematic !

3 lowest energy states using QA !

※ The Mathematica results and QA results are completely consistent!



※ We can see that it took roughly microseconds(μs) to milliseconds(ms). 
This is a huge time savings compared to the previous ~ 430 seconds!

QA Mathematica



3. Example II: 
Fullerene C60 
Isotopologues

13C



https://www.public.asu.edu/~cosmen/C60_vibrations/mode_assignments.htm

Four infrared active vibrational transitions of the fullerene C60

19.01 μm

17.39 μm

8.46 μm

7.00 μm



Vibrational Spectroscopy of C60 (𝐽𝑜𝑠 ƴ𝑒 𝑀𝑒𝑛 ƴ𝑒𝑛𝑑𝑒𝑧 𝑎𝑛𝑑 𝐽𝑜ℎ𝑛 𝐵. 𝑃𝑎𝑔𝑒) 

Quantitative Assessment of Isotope Effects 

② 575 

③ 1182
④ 1429

① 526 
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However, in order to obtain the IR spectrum according to 
the exact number of 13C, it is necessary to find the most 
stable configuration according to the number of 13C!



There are too many possible cases 
depending on the number and location 
of 13C.
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15

13

(For both states of 12C and 13C) ~ 17002 ~ 106~7

(For both states of 12C and 13C) ~ 1034

But actually, if we take symmetry into account, the number can be greatly reduced!



Adjacency Matrix A (60x60)
for C60



Using QA







oc1=(1111111111111111111111111111111……111111)
ov1=(0000000000000000000000000000000……000000)



12 qubits(12C) + 12 qubits(vacancies) 60 qubits(12C) + 60 qubits(13C)





oc1=(011111100011010000001110110001110010011010010011110000111001)
ov1=(100000011100101111110001001110001101100101101100001111000110)



60 qubits(12C) + 60 qubits(13C) 60 qubits(12C) + 60 qubits(13C)

N_c12 = 60,  N_c13 = 0 N_c12 = 30,  N_c13 = 30 



Conclusion

•We demonstrated the effective use of quantum annealing in solving complex optimization 
 problems in materials science.

•In the graphene vacancy model, the D-Wave quantum annealer successfully identified 
 energetically favorable configurations in microseconds—showing excellent agreement 
 with classical methods while achieving significant speedup.

•For C₆₀ isotopologues, we tackled the combinatorial explosion in ¹³C substitution 
 configurations. Quantum annealing allowed us to efficiently identify stable atomic 
 arrangements relevant to vibrational spectroscopy.

•Our approach shows how DFT-based spectral analysis and quantum optimization
 can be synergistically combined, offering a promising direction for isotopic modeling 
 in astrochemistry and nanomaterials.



Thank you for 
your attention!
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