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Note: The plates consist of reciprocal materials.

Casimir forces and possible applications

Discrete number 
of waves

Arbitrary 
wave

Energy level
High Low High

Attractive force

Less than a 
few microns

Equilibrium Casimir force
(Attractive in vacuum)

Non-contact shaft-bearing system

Industry/Social implementation

New quantum field search

Yukawa type new force

PRL 116, 221102(2016)

𝑉 𝑟 = −𝐺
𝑚1𝑚2

𝑟
1 + 𝛼𝑒−𝑟/𝜆

𝑇1 = 𝑇2 = 𝑇3

𝑇2 𝑇1

𝑇3



4/19
History of Casimir force research

T. Gong, M. R. Corrado, A. R. Mahbub, C. Shelden, and J. N. Munday, Nanophotonics 10, 523 (2021).
J. N. Munday, KEK IPNS-IMSS-QUP joint workshop Feb. 8-10, 2022.

Past few years

Active control, many-body 
in liquid
[Nature, 597, 214 (2021)]

Levitation in liquid
[Science 364, 984 (2019）]
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How large is Casimir force?
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Gravity: 10𝑁 = 1𝑘𝑔 × 10𝑚/𝑠2
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Calculation

Measurement
(Phys.Rev.D.2007)
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The bottom object moves up!

20𝑛𝑚 or less

20𝑛𝑚

Pressure: 103𝑁/𝑚2 =
10𝑁

0.1𝑚×0.1𝑚 
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Propagation and evanescent waves

Propagation wave 
(Far-field)

Source of 
electromagnetic 

waves

Evanescent wave
(Near-field)

The propagation wave goes away from the electromagnetic source.
The evanescent wave stays around the electromagnetic source.

The Casimir force dominantly 
arises from the evanescent 
wave contribution.

Second body
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Our Casimir force research

Particle physics
New force search via zero 

Casimir force[1]

New 
force

Zero 
Casimir 

force

[1] Y. Ema, M. Hazumi, H. Iizuka, K. Mukaida, 
and K. Nakayama, Phys. Rev. D 108, 016009 
(2023).

Weyl 
semimetal

Toward industry
Dynamic control of Casimir forces in vacuum

Trajectory tracking[8]

Dynamic control of Casimir 
forces in liquid[9]

Control theory[7]

[7] H. Iizuka and S. Fan, Applied Physics Letters 118, 144001 (2021).
[8] H. Iizuka and S. Fan, J. Quantitative Spectroscopy Radiative 
Transfer 289, 108281 (2022).
[9] H. Toyama, T. Ikeda, and H. Iizuka, Phys. Rev. B 108, 245402 
(2023).

Fundamental understanding
Casimir force is 

insensitive to 
material loss [3]

Exterior control of 
non-equilibrium 
Casimir force [4]

Symmetry argument 
in Casimir forces [5]

Non-reciprocal

[3] H. Iizuka and S. Fan, J. Optical Society of America B 
36, 2981 (2019). 
[4] H. Iizuka and S. Fan, J. Optical Society America B 38, 
151-158 (2021). 
[5] H. Iizuka and S. Fan, Phys. Rev. B 108, 075429 (2023).
[6] H. Iizuka and S. Fan, Phys. Rev. B 110, 235409 (2024).

Casimir force 
computation for 

emerging materials[6]

[2] K. Mukaida, H. Iizuka, and K. 
Nakayama, arXiv:2503.03853 (2025).

Multilayers in Casimir 
energy [2]

Today’s topic
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Weyl semimetals for Casimir forces

Non-reciprocal materials

෠𝑅 −𝒌∥
Incident 
wave

෠𝑅 𝒌∥
𝑬

S-polarization

𝑯

𝒌

𝑯
P-polarization

𝑬

𝒌

Vacuum

𝒌∥Non-reciprocal material

Ƹ𝜖 𝐴 =

𝜖𝑑 𝑖𝜖𝑓

𝜖𝑝

−𝑖𝜖𝑓 𝜖𝑑

InSb
Magnetic Weyl 

semimetals

𝑩

Reciprocity can be violated.

෠𝑅 −𝒌∥ ≠ ො𝜎𝑧
෠𝑅𝑇 𝒌∥ ො𝜎𝑧

෠𝑅 𝒌∥ =
𝑅𝑠→𝑠 𝑅𝑝→𝑠

𝑅𝑠→𝑝 𝑅𝑝→𝑝 , ො𝜎𝑧 = 1
−1

 

Proposal of QUP:
New force search via zero Casimir force[1]

[1] Y. Ema, M. Hazumi, H. Iizuka, K. Mukaida, and K. Nakayama, 
Phys. Rev. D 108, 016009 (2023).

New force Zero Casimir force

Weyl semimetal
(Ideal case)
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Challenge in Casimir force computation

Casimir force computation, in principle, needs very 

wide frequency range of material permittivities.

However, most of emerging materials do not have 

high frequency range of their permittivities, e.g. 

Weyl semimetals up to 1eV.

Can we compute Casimir forces? 

𝑑

𝑥 𝑦

𝑧

Ƹ𝜖2𝐵𝑜𝑑𝑦 2

Ƹ𝜖1𝐵𝑜𝑑𝑦 1

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝜔

𝑃
𝑒𝑟

𝑚
𝑖𝑡

𝑡𝑖
𝑣

𝑖𝑡
𝑦

𝜖

0
1 1

0

𝜔 → ∞ 

𝑅𝑒𝑎𝑙

𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦

𝜔𝑐

Data available
(mea./sim.)

Not yet known

?

✓ Avoid abrupt change of 𝜖

To converge the computation
✓ 𝜖 → 1 𝜔 → ∞
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Accurate computation is possible!

Suppose available material permittivities up to cutoff frequency 𝜔𝑐.

𝑑

Ƹ𝜖2𝐵𝑜𝑑𝑦 2

Ƹ𝜖1𝐵𝑜𝑑𝑦 1

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝜔
𝜔𝑐

𝑅𝑒𝑎𝑙

𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦

1
0

1
0

Data available
(mea./sim.)

𝜔 → ∞ 

𝑃
𝑒𝑟

𝑚
𝑖𝑡

𝑡𝑖
𝑣

𝑖𝑡
𝑦

𝜖

𝜔0,𝑁

Fictitious pole(s)

N-pole Lorentz-Drude model

𝜖 = 1 + ෍

𝑛=1

𝑁
𝜔𝑝𝑛

2

𝜔0𝑛
2 − 𝜔2 − 𝑖𝜔Γ𝑛

𝑑 > 𝜆𝑐 =
2𝜋𝑐

𝜔𝑐

Cutoff 
frequency

The Casimir force can be accurately computed for the distance range 

Casimir forces should be independent 

of fictitious pole(s). 
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Case I, Isotropic material (typical metal)

1st pole fixed

𝜖 = 1 +
𝜔𝑝1

2

𝜔01
2 − 𝜔2 − 𝑖𝜔Γ1

+
𝜔𝑝2

2

𝜔02
2 − 𝜔2 − 𝑖𝜔Γ2

2nd pole varied

Fictitious pole

(1st pole: 𝜔01 = 0, 𝜔𝑝1 = 1 × 1015𝑟𝑎𝑑/𝑠, 𝛤1 = 1 × 1014𝑟𝑎𝑑/𝑠, 2nd pole: 𝜔𝑝2 = 4𝜔02, and 𝛤2 = 0.4𝜔02, Ref. force: 𝑃𝑃𝐸𝐶 =
ħ𝑐𝜋2

240𝑑4) 

𝜔02 = 1 × 1016𝑟𝑎𝑑/𝑠

Two permittivity examples

𝜔02 = 2.5 × 1016𝑟𝑎𝑑/𝑠

𝑑 > 𝜆𝑐 =
2𝜋𝑐

𝜔𝑐

The Casimir force is 
independent of the 
fictitious pole 𝜔02!𝑑

𝜖

𝜖

𝑥 𝑦

𝑧Plasma 
frequency

Resonant 
frequency Loss rate
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Case II, Weyl semimetal

𝜖𝑑 = 1 +
𝜔𝑝1

2

𝜔01
2 − 𝜔2 − 𝑖𝜔Γ1

+
𝜔𝑝2

2

𝜔02
2 − 𝜔2 − 𝑖𝜔Γ2

Fictitious pole 𝑑

Ƹ𝜖 0

Ƹ𝜖 𝜋

(𝜔01 = 0, 𝜔𝑝1 = 8 × 1014𝑟𝑎𝑑/𝑠, 𝛤1 = 7 × 1012𝑟𝑎𝑑/𝑠, 𝜔𝑝2 = 3.4𝜔02, 𝛤2 = 0.5𝜔02, 𝑏 = 2 × 109𝑚−1 and 𝑃𝑃𝐸𝐶 =
ħ𝑐𝜋2

240𝑑4) 

𝜔02 = 2 × 1015𝑟𝑎𝑑/𝑠

Two permittivity examples

𝜔02 = 8 × 1015𝑟𝑎𝑑/𝑠

𝑑 > 𝜆𝑐 =
2𝜋𝑐

𝜔𝑐

The Casimir force is 
independent of the 
fictitious pole 𝜔02!

Ƹ𝜖 =

𝜖𝑑 0 −𝑖𝜖𝑎

0 𝜖𝑑 0
𝑖𝜖𝑎 0 𝜖𝑑 𝜖𝑎 =

𝑏𝑒2

2𝜋2𝜖0ℏ𝜔

𝑥 𝑦

𝑧

Existing model
(symbols)
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Cancellation of force components in high frequency

In high frequency range, Casimir force components have positive and negative 

values, resulting in cancellation and negligible contribution.

𝜔02 = 2 × 1015𝑟𝑎𝑑/𝑠 𝜔02 = 8 × 1015𝑟𝑎𝑑/𝑠

𝑑𝜆0

𝜔𝑐 𝜔𝑐

𝑑 > 𝜆𝑐 =
2𝜋𝑐

𝜔𝑐
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Experimental setup of Casimir forces
Our Casimir force experimental setup is going on 
in the QUP satellite of Toyota Central R&D Labs.

Laser spot on the cantilever

Collaborator: Prof. Pramod Reddy 
(Univ. Michigan) 

Shrinathan E. M. 
Pandara Kone
(Toyota Central 
R&D Labs. )

Vacuum chamber, 10-7 Torr
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Strategy toward new force search

Step 1:
Reproduce PRA 2000 result (Dec. 2025).

Force: 100pN

Force sensitivity:10pN

(error bar)

at a 100nm gap

Yukawa type new force

PRL 116, 221102(2016)𝑉 𝑟 = −𝐺
𝑚1𝑚2

𝑟
1 + 𝛼𝑒−𝑟/𝜆

Step 1

Step 2 target:

3-order improvement via

·Lock-in amp.

·Materials

etc.
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FY25-27 plan, Casimir forces

100nm gap
100pN force,
Sensitivity?

FY2025
Apr. Jul. Oct. Jan.

FY2026 After2027

Measured signals 
of Casimir forces
(noise included)

Measurement 
setup

Force-component 
separation

Sensitivity improvement

Quantum field 
measurement 
(B-L boson, etc) 

Higher sensitivity 
measurement
(B-L boson, etc) 
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Conclusions

A Casimir force computation method has 

been presented for plate materials that lack 

their permittivities in high frequencies. 
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The experimental setup for Casimir force 

is going on. 

H. Iizuka and S. Fan, Phys. Rev. B 110, 235409 (2024).
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