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Iron-based superconductors

Y. Kamihira et al J. Am. Chem. Soc. 30, 3296-3297 (2008)
H. Takahashi et al, Nature 453, pages 376–378 (2008) 

LaOFeAs
Hideo Hosono

?
• Iron-based superconductors were discovered by the team in Tokyo 

Institute of Technology (currently: Institute of Science Tokyo) in 2008
• Surprising discovery: Iron is magnetic element → usually not good for SC
• Non-BCS (i.e. phonon mediation) mechanism for SC (spin / orbit??)
• Tc is higher than BCS but lower than cuprate (REBCO) 4



X. Zhang et al “Progress in the 
development of high performance 
pnictide wires” CEC/ICMC 2017
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Application of Iron-based SC: Sr-122 wire

Y. Ma “Recent progress in Fe-based 
superconducting wires and tapes”

• Promising progress toward magnet applications
• As handling in laboratory

• Market is growing →why not RF cavities as well?
6



Iron-based SC and RF: DM axion

N. Pompeo TFSRF2022

Sample < 20 mm

Dielectric cavity for sample measurement
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Iron-based SC for SRF cavities
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Significant enhancement was observed in Hc1 and Hc2

• Not pnictide (FeSe): Tc is as low as Nb
→Not for high-T SRF but high-G at 2-4 K
• Multilayer function was proven in DC
• FeSe/Nb structure showed factor 2-4 

enhancement in Hc2 and factor 16 
enhancement in Hc1 compared to Nb

• Absolute value in Hc1 is very low 10



Surface resistance: naivest possible argument

Nb, Nb3Sn, NbN

MgB2

cuprates

Iron-based

Gap Δ

𝑇 = 0

𝑇 > 0
𝑇 > 0
𝑓 𝐸 > 0

𝑁(𝐸)

𝑅𝑠 ∝ ℏ𝜔 𝑛+ − 𝑛− = ℏ𝜔න

Δ

∞

𝑑𝐸 𝑓 𝐸 − 𝑓 𝐸 + ℏ𝜔 ×𝑁 𝐸 𝑁 𝐸 + ℏ𝜔

𝐸

𝐸 + ℏ𝜔 ℏ𝜔

𝐸

𝐸 + ℏ𝜔
ℏ𝜔

• Gapless SC may have too much thermal excitation of quasiparticles → low 𝑅𝑠
• Gap-full is the minimum requirement
• Iron-based SC often shows two gap structure

• If MgB2 is OK, Iron-based SC would also be OK? 11



Optical conductivity in the Meissner state
𝜎1 =

2𝜎𝑛
ℏ𝜔

න
0

∞

𝑓 𝜖 − 𝑓 𝜖 + ℏ𝜔 Re𝐺𝑅 𝜖 Re𝐺𝑅 𝜖 + 𝜔 + Re𝐹𝑅 𝜖 Re𝐹𝑅 𝜖 + 𝜔 𝑑𝜖

Conventional s-wave (Dynes) Cuprate d-wave Pnictide s±-wave
𝑁(𝜖)

𝑁0
= Re

𝜖 + 𝑖𝛿

(𝜖 + 𝑖𝛿)2−Δ0
2

𝑁(𝜖)

𝑁0
= Re

𝜖 + 𝑖𝛿

𝜖 + 𝑖𝛿 2 − Δ2 𝜃

𝑁(𝜖)

𝑁0
= Re

𝜖 + 𝑖𝛿

𝜖 + 𝑖𝛿 2 − Δ𝛼1,2,𝛽1,2
2 (𝜙1,2)

Δ𝛼1,2,𝛽1,2 𝜙1,2 = Δ0Φ𝛼1,2,𝛽1,2

Φ𝛼1,2 = −Φ𝑎

Φ𝛽1,2 =
1 + Φ𝛽𝑚𝑖𝑛

2
±

1 − Φ𝛽𝑚𝑖𝑛

2
cos(2𝜙1,2)

Δ 𝜃 = Δ0 cos 2𝜃

𝐸

𝐸 + ℏ𝜔 ℏ𝜔

𝐸

𝐸 + ℏ𝜔
ℏ𝜔

~
2𝜎𝑛
ℏ𝜔

(1 − 𝑒 Τ−𝜔 𝑇)න
0

∞

𝑒 Τ−𝜖 𝑘𝑇𝑁 𝜖 𝑁(𝜖 + ℏ𝜔)𝑑𝜖

Assumption
• Meissner state = thermodynamical state
• Optical conductivity formulae for BCS SC may be still 

valid in 1st order approximation Y. Nagai et al New J. Phys. 10 103026 (2008)

P. Coleman ”Introduction to Many-Body Physics”

S. N. Nam, Phys Rev 156 470 (1967)

J. Halbritter Z. Physik 266 p.209 (1974)

Δ0 𝑇 = Δ0 cos( Τ𝜋𝑇2 2𝑇𝑐
2) Τ1 2

Quasi-classical Green functions
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Density of states

s-wave 
(Nb)

s±-wave 
(pnictide)

d-wave 
(cuprate)

s-wave 
(Nb) s±-wave 

(pnictide) d-wave 
(cuprate)

The energy is normalized to 𝑇𝑐 Nb = 9.25 K

Assumed parameters:
𝑇𝑐 pnictide = 5 × 𝑇𝑐 Nb
𝑇𝑐 cuprate = 7 × 𝑇𝑐 Nb
Δ0 = 2 × 𝑇𝑐

Φ𝑎 = 1
Φ𝛽𝑚𝑖𝑛

= 0.5

𝛿 = 0.1

Different DoS for 
thermal excitation 
of quasi-particles

𝜎1
𝜎𝑛

~
2𝜎𝑛
ℏ𝜔

(1 − 𝑒 Τ−𝜔 𝑇)න
0

∞

𝑒 Τ−𝜖 𝑘𝑇𝑁 𝜖 𝑁(𝜖 + ℏ𝜔)𝑑𝜖
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𝜎1 vs 𝑇: an example (𝜔 = 0.02~600 MHz)

Nb pnictide

A 8.67±0.23 23.8±0.81

 2.24±0.01 8.43±0.07

B 0.0052±0.0003 0.0012±0.0005

cuprate

C 0.0201±0.0003

 2.341±0.015

B 0.0034±0.00044

Best fitting functions 

gap-full: 𝜎1 𝑇

𝜎𝑛
=

𝐴

𝑇
exp −

Δ

𝑇
+ 𝐵

Gapless: 𝜎1 𝑇

𝜎𝑛
= 𝐶𝑇𝛼 + 𝐵

s-
wave 
(Nb)

s±-wave 
(pnictide)

d-wave 
(cuprate)

s-wave 
(Nb)

s±-wave 
(pnictide)

d-wave 
(cuprate)

Residual part generated 
by Dynes 𝛿 is not fit well 
by the formula
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Surface resistance𝑍𝑠 =
𝑖𝜔𝜇0

𝜎1 − 𝑖𝜎2

𝑇≪𝑇𝑐, 𝜎1≪𝜎2 𝜇0

𝜔𝜎2
3

1

2
𝜎1 + 𝑖𝜎2 → 𝑅𝑠 = Re 𝑍𝑠 =

𝜇0𝜔
2𝜆3

2
𝜎1(𝑇)

z

x
surfac
e

y

vacuu
m

𝐵0

𝐵𝑥(𝑧)
𝛻2𝑩 =

1

𝜆𝐿
2𝑩

→ 𝐵𝑥 𝑧 = 𝐵0 exp −
𝑧

𝜆𝐿

bulk

𝝀𝑳 [nm]

Nb >36

pnictide 200-400

cuprate 130-170 / 500-850

s-wave 
(Nb)

s±-wave 
(pnictide)

d-wave 
(cuprate)

The penetration depth is factor 10 longer in HTS than Nb
→ RF field looks more materials →more loss

~10 n

~10 K

dream

→Clearly, the chance is 
in multilayer 𝒅 ≲ 𝝀

R s/


n
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Lesson learned from Rs calculation
•
𝜎1 𝑇

𝜎𝑛
=

𝐴

𝑇
exp −

Δ

𝑇
+ 𝐵 may be still valid (smaller  dominates) for iron-

based superconductors
• REBCO could be useful in high-T pulsed operation (→ SLAC & CERN)
• Long penetration depth causes high loss
• Multilayer may be an option!
• Experimental data of Hc1 enhancement already exists

→ Let’s apply multilayer theory for iron-based SC

A. Dhar LCWS2024

The former 
discussion was 
recently published→ 16
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Multilayer theory by Kubo: London equation

S2 S1

𝑑𝑆∞

𝐵𝑣 =
𝜙0

4𝜋𝜉1𝜆1

cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

sinh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

cosh
𝑑𝑠
𝜆1

I

𝑑𝐼

If 𝜙0

4𝜋𝜉1𝜆1

1

sinh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1
+
𝑑𝐼
𝜆1

cosh
𝑑𝑠
𝜆1

< 𝐵𝑠ℎ,2

If 𝜙0

4𝜋𝜉1𝜆1

1

sinh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1
+
𝑑𝐼
𝜆1

cosh
𝑑𝑠
𝜆1

> 𝐵𝑠ℎ,2

𝐵𝑣 = cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1
+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

𝐵𝑠ℎ,2

T. Kubo et al arXiv:1304.6876

(attenuated B-field through S1 is still higher than 
that of S2→ breakdown determined by S2)

(attenuated B-field through S1 is lower than that of S2
→ breakdown determined by S1)

Assumption: London equation is valid for iron-based SC (probably OK)18



field distribution inside a ML structure → RF loss calculation

S2 S1

𝑑𝑆∞

I

𝑑𝐼

B-field

𝜆1

𝜆2

𝐵1 𝑧 = 𝐵0

cosh
𝑑𝑠 − 𝑧
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

sinh
𝑑𝑠 − 𝑧
𝜆1

cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

𝐵1 𝑧

𝐵2 𝑧

𝐵𝐼 𝑧 𝐵𝐼 𝑧 = 𝐵0
1

cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

𝐵0

𝐵2 𝑧 = 𝐵0

exp −
𝑧 − 𝑑𝑠 − 𝑑𝐼

𝜆2

cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1
+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

𝐸 𝑧 = −𝜔𝜆2
𝑑𝐵

𝑑𝑧

𝐸1 𝑧 = 𝜔𝜆1𝐵0

sinh
𝑑𝑠 − 𝑧
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

cosh
𝑑𝑠 − 𝑧
𝜆1

cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

𝐸𝐼 𝑧 = 0

𝐸2 𝑧 = 𝜔𝜆2𝐵0

exp −
𝑧 − 𝑑𝑠 − 𝑑𝐼

𝜆2

cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1

+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1 19



Field distribution → surface resistance (ex: NbN/I/Nb)
parameter value

𝜉𝑁𝑏𝑁 [nm] 5

𝜆𝑁𝑏𝑁 [nm] 200

𝜆𝑁𝑏 [nm] 40

𝑑𝑠 [nm] 120

𝑑𝐼 [nm] 20

NbN NbI

Surface resistance
1

2
𝑅𝑠𝐻

2 =
𝜎1
2
න
0

𝑑𝑠

𝐸1
2 𝑧 𝑑𝑧 + 𝑞 𝑑𝐼, 𝜖, 𝛿 +

𝜎2
2
න
𝑑𝑠+𝑑𝐼

∞

𝐸2
2 𝑧 𝑑𝑧

(Dielectric loss)

𝜎1,2 =
𝑒2𝑛𝑁𝜏

𝑚∗ ∝ exp −
𝛥1,2
𝑘𝐵𝑇

→ 𝜎1,2 ≡ 𝜎0,1,2exp −
𝛥1,2
𝑘𝐵𝑇

Quasi-particle conductivity
(real part of optical conductivity)

A. Gurevich AIP Advances 5 017112 (2015)
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Multilayer BCS resistance
Surface resistance

1

2
𝑅𝑠𝐻

2 =
𝜎1
2
න
0

𝑑𝑠

𝐸1
2 𝑧 𝑑𝑧 + 𝑞 𝑑𝐼, 𝜖, 𝛿 +

𝜎2
2
න
𝑑𝑠+𝑑𝐼

∞

𝐸2
2 𝑧 𝑑𝑧

Surface resistance

𝑅𝑠,1 = 𝜇0
2𝜔2𝜎0,1exp −

𝛥1
𝑘𝐵𝑇

𝜆1
3
−2𝜆1

2 𝑑𝐼 + 𝜆2 + 2𝑑𝑠 𝑑𝐼 − 𝜆1 + 𝜆2 𝑑𝐼 + 𝜆1 + 𝜆2 + 2𝜆1
2 𝑑𝐼 + 𝜆2 cosh

2𝑑𝑠
𝜆1

+ 𝜆1 𝜆1
2 + 𝑑𝐼 + 𝜆2

2 sinh
2𝑑𝑠
𝜆1

4𝜆1
3 cosh

𝑑𝑠
𝜆1

+
𝜆2
𝜆1
+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

2

𝑅𝑠,2 = 𝜇0
2𝜔2𝜎0,2exp −

𝛥2
𝑘𝐵𝑇

𝜆2
3 1

2 cosh
𝑑𝑠
𝜆1

+
𝜆2
𝜆1
+
𝑑𝐼
𝜆1

sinh
𝑑𝑠
𝜆1

2

→ 𝑅𝑠 = 𝑅𝑠,1 + 𝑞 + 𝑅𝑠,2

Semi-infinite 
bulk surface 
resistance

Semi-infinite 
bulk surface 
resistance

≡ 𝐷1(𝑑𝑠, 𝑑𝐼)
Reduction factor by the finite layer thick

≡ 𝐷2(𝑑𝑠, 𝑑𝐼)
Reduction factor by screening of the top layer

21

Assuming exponential formula 
validated from the former 
argument by using numerical 
integral of Green’s functions



Breakdown field for FeSe/(I)/N multilayer structure

parameter value

𝜉𝐹𝑒𝑆𝑒 [nm] 2.5

𝜆𝐹𝑒𝑆𝑒 [nm] 200

𝜆𝑁𝑏 [nm] 40

𝐵𝑠ℎ𝑁𝑏 [mT] 180

• ML enhancement of the breakdown field from 180 mT to 360 mT
• FeSe thickness around 250 nm without insulator

• FeSe/Nb/CaF2 :FeSe 130 nm thick, no insulator, Nb 115 nm thick (Z. Lin et al SUST 34 015001) 

𝐵𝑣[mT]

280 mT

180mT
= 1.6

Improvement with 
FeSe thick 130 nm

22



Material parameters of FeSe

• Surface resistance of SRF cavities 
depend on normal conducting 
conductivity at cold 𝑅𝑠 ∝ 𝜎𝑛

• But it becomes superconducting in the 
literature 

• Material dependence…
• Let’s simply take 𝜌 = 500 μΩcm

Eur. Phys. J. B 79, 289-299 (2011)

T (K)

• Superconducting gap Δ~26 K
• In natural unit 

ΔFeSe~2.2 meV > ΔNb = 1.5 meV
23



Multilayer BCS resistance for FeSe/(I)/Nb

For 𝑑𝐼, 𝑑𝑠 = (0, 250 nm), 𝐷1~0.1, 𝐷2~0.1

𝑅𝑠~𝑅𝑠,1 + 𝑅𝑠,2 = 𝜇0
2𝜔2𝜎0,1exp −

𝛥1

𝑘𝐵𝑇
𝜆1
3𝐷1 𝑑𝑠, 𝑑𝐼 + 𝜇0

2𝜔2𝜎0,2exp −
𝛥2

𝑘𝐵𝑇
𝜆2
3𝐷2(𝑑𝑠, 𝑑𝐼)

= 𝜇0
2𝜔2𝜆2

3𝜎0,𝑁𝑏exp −
𝛥Nb
𝑘𝐵𝑇

𝜎0,𝐹𝑒𝑆𝑒
𝜎0,𝑁𝑏

exp( Τ−ΔFeSe 𝑘𝐵𝑇)

exp( Τ−ΔNb 𝑘𝐵𝑇)

𝜆FeSe
𝜆Nb

3

𝐷1 𝑑𝑠, 𝑑𝐼 + 𝐷2 𝑑𝑠, 𝑑𝐼

parameter value

𝜆𝐹𝑒𝑆𝑒 [nm] 200

𝜆𝑁𝑏 [nm] 40

Δ𝐹𝑒𝑆𝑒,1 [meV] 2.2

Δ𝑁𝑏 [meV] 1.5

𝜌𝐹𝑒𝑆𝑒 [μΩcm] 500

𝜌𝑁𝑏 [μΩcm] 2

= 𝑅𝑠,𝑁𝑏(𝑇)

~0.1 × 𝑅𝑠,𝑁𝑏(𝑇 = 4.2 K)

𝐵𝑣[mT] 𝐷1(𝑑𝑠, 𝑑𝐼) 𝐷2(𝑑𝑠, 𝑑𝐼)

= 0.14
= 125 = 0.1 = 0.1

@4.2K= 0.004

Large 𝜌𝑛→ small 𝜎𝑛→ small 𝑅𝑠 24
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Residual resistance caused by weak link

• It is known that YBCO showed 
nonlinear residual resistance 
(Q-slope) well explained by the 
weak link model

• Iron-based superconductors 
also show weak-link structure 
(from wire studies)

• This term would appear on top 
of quasi-particle contributions 
discussed so far 26



Outlook: probably 30-year business

• More reliable material parameters (?)
• Sample measurement on DC electric conductivity at cold

• Multi-layer sample
• Weak link calculation on multilayer
• Dielectric loss
• Find collaborators

• Material science
• Theorists
• RF engineers

27
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Conclusion
• 16 years have passed since Iron-based SC was discovered in 2008
• Application of Iron-based SC for wire / tape / magnet is a hot topic
• RF application has been limited

• Recent proposal for axion dark matter project
• Multilayer would be the way to go

• Enhancement of critical fields has been experimentally shown
• Enhancement of surface barrier was re-calculated (London equation)

• Gapless nature would also be excellent for surface resistance
• The conventional BCS-like formula may sill be valid
• Long penetration depth is problematic → layer thick thinner than 

• Multilayer surface resistance was estimated
• Small normal conducting DC electric conductivity helps (if the theory is valid)

• Residual resistance from weak link must be evaluated as well
• Looking for somebody who are willing to collaborate

29
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Kubo’s calculation for NbN/I/N was reproduced

𝐵𝑣[mT]

parameter value

𝜉𝑁𝑏𝑁 [nm] 5

𝜆𝑁𝑏𝑁 [nm] 200

𝜆𝑁𝑏 [nm] 40

𝐵𝑠ℎ𝑁𝑏 [mT] 180

Enlarged around thinner I layer

ML enhancement of the breakdown field from 180 mT to 240 mT is 
predicted with NbN thickness around 120 nm without an insulation layer

𝐵𝑣[mT]
Reproduced Fig.3 (a)
arXiv:1304.6876

31



Multilayer BCS resistance for NbN/I/Nb
𝐵𝑣[mT]

For 𝑑𝐼, 𝑑𝑠 = (0, 120 nm), 𝐷1~0.05, 𝐷2~0.3

𝐷1(𝑑𝑠, 𝑑𝐼) 𝐷2(𝑑𝑠, 𝑑𝐼)

𝑅𝑠~𝑅𝑠,1 + 𝑅𝑠,2 = 𝜇0
2𝜔2𝜎0,1exp −

𝛥1

𝑘𝐵𝑇
𝜆1
3𝐷1 𝑑𝑠, 𝑑𝐼 + 𝜇0

2𝜔2𝜎0,2exp −
𝛥2

𝑘𝐵𝑇
𝜆2
3𝐷2(𝑑𝑠, 𝑑𝐼)

= 𝜇0
2𝜔2𝜆2

3𝜎0,𝑁𝑏exp −
𝛥𝑁𝑏
𝑘𝐵𝑇

൥

൩

𝜎0,𝑁𝑏𝑁
𝜎0,𝑁𝑏

exp( Τ−Δ𝑁𝑏𝑁 𝑘𝐵𝑇)

exp( Τ−Δ𝑁𝑏 𝑘𝐵𝑇)

𝜆𝑁𝑏𝑁
𝜆𝑁𝑏

3

𝐷1 𝑑𝑠, 𝑑𝐼

+ 𝐷2 𝑑𝑠, 𝑑𝐼

parameter value

𝜆𝑁𝑏𝑁 [nm] 200

𝜆𝑁𝑏 [nm] 40

Δ𝑁𝑏𝑁 [meV] 2.6

Δ𝑁𝑏 [meV] 1.5

𝜌𝑁𝑏𝑁 [μΩcm] 70

𝜌𝑁𝑏 [μΩcm] 2

= 0.048 = 125 = 0.05 = 0.3= 𝑅𝑠,𝑁𝑏(𝑇) @4.2K= 0.029

= 0.017 × 𝑅𝑠,𝑁𝑏(𝑇 = 4.2 K) ML is promising for higher Q not only high gradient 32
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