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• Axion-like particles: dark matter candidates
➢ Axion field (a) to explain CP-violating interactions in LEM leads to [1,2]:

  E =  - ga 0 B · a ;

 0 B = J +  ሶE + ga 0 ሶa B - gaa  E ;

a  a0e
iat is source of e.m. radiation in (high static) B0 :

 [O(ga)] Brf  i gaaa0B0e
iat ,

where a  mac
2

 + O(10-6).

➢ In haloscopes Jrf //B0 at 0  a 

     probe a (so ma and ga) !
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• Haloscopes: Design and e.m. field
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Jrf

Brf

Erf

B0

➢ a «maps onto» Erf of TM-like mode :
• Veff   1/2(|E |dV )2

 U -1

[4]
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• Haloscopes : Figures of merit and milestones

➢ Sa = c ga0a0VeffB0Qeff , with Qeff  Qa + QL ;

➢ SNR  Sa t   (kBT ) b        , with b  0 min(Qa, QL ) ;

➢ f /t  0Qa  b Sa(SNR kBT )  .

Objective: QL Qa  106
 @ max(B0)

• Proposal: use type-II superconducting coatings .
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• Haloscopes : Film coatings

➢ Observation: Vortex-motion resistivity ultimately limits Q0 .

• Proposal: characterize vortex-motion in Nb- samples .
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➢ Nb3Sn-on-Nb 3.9 GHz [8] :
• Q0  5.7·105

 @ 4K, 5T

➢ NbTi-on-Nb 9 GHz [7] :
• Q0  3·105

 @ 4K, 5T

QUAX-a
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• Microwave surface impedance Zs in type-II scs. at high fields :

➢ Zs 
E//

H//
  i0 

➢ Coffey-Clem model (CC) of vortex-motion resistivity [9,10] :

    

Theoretical background
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GLAG : B Bc1 

 local limit (GL  1)

Vortex-motion in
London two-fluid

  100 GHz, T  Tc :
1/2  10  12

 
1−i2

෩vm
1−i2

  vm + i0
2

vm ( )  ff

 + i Τ c

1 + i Τ c
   ; s.t.  vm Jrf  ሶuB0 , and

kpu +  ሶu = Fth + Jrf 0 ; u  u0e
it ; FthN(0,kBT)

Linearized force balance (p.u.l)

B0

E// , Jrf

H// , u
0 ,n̂

LTS:  0

LTS: Jrf 0 Fth



11th International Workshop on Thin Films and
New Ideas for Pushing the Limits of RF Superconductivity

September 17, 2024

• Microwave surface impedance Zs in type-II scs. at high fields :

➢ Zs in granular superconductors [10,11] : 

➢ Vortex-motion resistivity : CC model as in-series building block :

Theoretical background
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vm  vm, A + vm, J  ff, A

 i Τ c,A

1 + i Τ c,A
 + ff, J

 i Τ c,J

1 + i Τ c,J
  

; s.t.  vm Jrf  ሶuAnA0 + ሶuJnJ0  ሶuB0 , 

 
1−i2

෩vm
GS

 
1

GS
 = 

1
1−i2

 + 
i

0J
 [( 1-


pJ

 )-iJ)] 
2

22Zs   i0  ; ;
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• Microwave two-port resonator Sij - parameter measurements :
➢ Dual-frequency dielectric-loaded resonator :

• TE modes.

• Low-loss tangent dielectric.

• Masked sample.

➢ Cryo-magnet ( 12 T), or 
rotating electromagnet ( 1.2 T)

• (B0, T )-sweeps

• B0 ⊥ circ. Jrf

    

Methods : Measurement technique
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• Q0 , 0 :

➢ QL , 0 from S21 «modified Lorentzian» curve fit :
• Discrepancy cal-uncal [12,13] : തQ  2% ത  6 ppm

➢ 1 , 2 from S11 , S22 Q-circles in the Smith Chart [14] .

• Z (B0;T ) :

➢ Z(B0;T ) = Gs [(Q0 )(B0;T ) – i 2 0,ref (0)(B0;T )] :
• Gs simulated .

• vm (B0;T ) :
➢ Thin-film : vm /d

➢ Bulk : Zs,m  Z + i0(B0;T )

Methods : Data elaboration
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• Nb3Sn - on - Nb grown by Vapor Tin Diffusion at Fermilab

➢ Substrate : large-RRR Nb rolled sheets ( 3 mm)
• Ra  40 nm 

➢ Coating [15-17] : polycrystalline Nb3Sn at.%Sn
• Ra  130 nm, d = 2.0  0.6 m, dg = 1.4  0.6 m .

• Sn - segregation at GBs of dgb  3 nm .

• Nb3Sn - on – Al203 grown by DCMS at INFN-LNL

➢ Substrate :  2 mm sapphire .

➢ Coating [18] : polycrystalline
• 2  thin film ( 250 nm)

• 1  bulk ( 6 m).    

Samples
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• Samples current results scheme :

Results
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• Keep in mind that :

! Rs  [1-100] m (not  n)

! B0 // n (static; not Bpk ⊥ n) 

! B0  T (not  10 mT)

! Eacc  [10-4 - 10-2] MVm-1 (not  10 MVm-1)

^ ^

Warning

11th International Workshop on Thin Films and New 
Ideas for Pushing the Limits of RF Superconductivity

September 19, 2024
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• Elaborated data :

➢ 01  8.504 GHz , 02  14.391 GHz

➢ R (T )  R (T )

• Tc = 18.02  0.05 

➢  

Results
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VTD
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T * :

n , , qp

(d, n,subs)

➢ Z (B0;T ) :
• Bc2(T * ):

T * 

(0) [nm]  n [ cm]  n,subs [ cm]   d[m]

24616     13.20.1      0.650.08    2.050.01

Coated
conductor
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• Vortex-matrix superconducting properties :
➢ Tc , n of 3:1 stoichiometry  strong coupling sc. Nb3Sn [19]

➢ “Scaled BCS” [20,21]: X  X (෩,Tc) XBCS(xn*) :

• (Meas. [22]) (kBTc)   2.45  ෩  9.4 meV  e-p  1.68 ;

• Bc2
  1.22 .

➢ Bc2 
(dBc2/dT |Tc

 )  GL  4 ( 0)  dgb (weak pinning at GBs) 

➢ Expected   0 (relatively “clean”).

Results
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➢ Phase diagram
    [23-25] : 
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• Vortex-motion resistivity parameters :

➢ Vortex nucleation and type :
• Nucleation of vortices at Sn-GBs ;

• Transf. to grains as Abrikosov-type .

• Then : vm  vm, A (at B0 Bc1).

➢ Pinning frequency :
• 2  1 c  p → 0 (B0/T )

      flown motion!

➢ Flux-flow resistivity :

•   ff  n

 B0/Bc2
1+(−1)B0/Bc2

,

       

Results
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VTD

∝  

-1 in Jbflow  FLL ሶu boost [25] .

[26]
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• Vortex-dynamics characterization :

➢ Pinning constant :

• Fp  JcB0  kpGLB0 ∝ Bc2 (B0/Bc2) (1-B0/Bc2)   [28,29]

• Fit : m = 2, p = 1, q = 2 : 0D pinpoints (“invisible” GBs: GL  dgb) .

• B0/Bc2  0.1 FLL moving frictionless over those small potential wells .
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VTD

m p q
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• Elaborated data :

➢ 01  16.49 GHz , 02  26.69 GHz
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DCMS

➢ Z (B0;T ) :

F
il
m

➢ R (T ) :

B
u
lk
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• Vortex-matrix superconducting properties :
➢ Tc out-of-stoichiometry [19]

➢ Granular superconductor :

• Matrix of grains connected through JJs.

• WLs decoupling  R = R0 [ 1 - e−(B0−Bc1,J)/B0,d ] [31]

• Long JJs (dgb  J) trap Josephson-type vortices [10,11]
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• Vortex-motion resistivity parameters :

➢ Vortex nucleation-annihilation and types :
• Complex competing process between different type of vortices !

• Abrikosov-type vortices in the grains ;

• Josephson-type vortices at GBs ;

• Then (at B0 Bc1Bc1,J) :
 

                     vm  vm, A + vm, J

➢ Pinning frequency :

• p,J  p,A 
 

Josephson v.: less viscous core.

➢ Flux-flow resistivity :

• nA/nJ ? 

 

Results
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• Elaborated data :

➢ All : bulks,   15 GHz , T   6 K :

Results
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VTD & DCMS

[32] A. Alimenti et al., Supercond. Sci. Technol. 34, 014003 (2021)
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• Beyond acc. cavities, type-II sc. thin films meet application in haloscopes :

➢ Milestone : QL  106

➢ Merit factor : B0Q0

• Vortex-motion ultimately defines Zs in sc. thin films :

➢ Microwave measurements useful in determining vortex-motion resistivity, but

➢ renew models, methods, and setups closer to the final appl. are required.

• Nb3Sn thin films are strong candidates to coat haloscopes ,

➢ for which an “optimal coating” could be “not so good” for acc. cavities.

• Strongly-linked JJs hosting less viscous vortices in sc. thin films :

➢ could be a technological improvement to be implemented but

➢ many others (e.g., multilayers, trapping vortices) could also work .

Wrap-up
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