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Motivation: Search for axions = Haloscopes

® (avity haloscopes — surface impedance in dc magnetic fields = the problem(s)

Surface impedance in superconductors in dc fields: vortex motion, geometric
effect, nontrivial role of A (and deconstruction of “well known” rules of thumb)

Experimental technique: two-tone dielectric loaded resonator
Results: NbTi, a case study. Fe(Se, Te). YBCO. (Nb3Sn)
Perspective superconductors for Haloscopes

Summary
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Search for axions: microwave Haloscopes (High-Q cavities)
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Inverse Primakov effect L. = —g4 - 0FE, -

well

Peccei, Quinn
PRD 16 1791 (1977) 0. 0
> v P o (BleuV 2% ) (6,
PRD322988(19s5) I @9 J0TTT.  ___ dnm + Qo
B = Y = a g |
- -

D. Kim et al,

J. Cosmol.
Astropart. Phys.
2020 66 (2020)

Semertzidis, Youn

Figure of merit:

Q-B2

Sci. Adv. 8 Classical Sea of Axion-photon
LAbMESEBi(202e) EM field virtual photons interaction
® High Q resonant cavities — Superconductor
® Axion mass — microwaves
® in high magnetic fields B — vortex motion! beware!
® [ow 7 (~ 0.1+1 K) — any superconductor
® large, curved surfaces — deposition issues
3 — ric S thinfil s
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Figure of merit: Q 1
X
R

g

Surface resistance

® High Q resonant cavities — Superconductor
® Axion mass — microwaves
® in high magnetic fields B — vortex motion! < beware!
® [ow 7 (~ 0.1+1 K) — any superconductor
® large, curved surfaces — deposition issues
4 Enrico Silva thinfilns -
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quasiparticle
geometry B - Jmw conductivity

. . /
Figure of merit: 1 ~\
Q . RS RS ﬁ impurities

e 7 \

rface resistan :
Surface resistance vortex motion

London
penetration
: .. depth
® High Q resonant cavities — Superconductor
® Axion mass — microwaves
® in high magnetic fields B — vortex motion! < beware!
® [ow 7 (~ 0.1+1 K) — any superconductor
® large, curved surfaces — deposition issues
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W = 27TV

Surface impedance in a dc magnetic field

= K, + 1A,

-

o5
=
, n,e’r . 1
01 — 1092 = 1
m W o A?

j

o\ Al quantities depend on B

o/

Enrico Silva

Zs(UZfla Pu Rres)

ha S

. vortex motion resistivity
microwave

Pv = Pul + ip'v2

e.m. field

\Coffey, Clem PRL 67 (1 991)/
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Surface impedance in a dc magnetic field

Enrico Silva

, n,e*r . 1
01 — 109 = 1
m W QA2

Pv = Pul + iva

vortex motion resistivity,
“the new actor in town”

thinfilms-
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FTRE Surface impedance in a dc magnetic field
< g ” 2
.qu . —~ _ pv—l_la_g . znne’r . ].
g = \/1 p — \/1qu,0 p — 1 + lﬂ 01 109 - lwp,o/\Q
2

Pv = Pul + ipv2

Deconstruction of “well known” rules of thumb vortex motion TESiStiVit)’,
“the new actor in town”

P05
Assume to be far from the transition line: @ < '€ o R P

Zero field, B=0

2

/e alwzuo)\?’ + wpgA

DN | =

“,-::y ‘ g :
thinfil




ITRE Surface impedance in a dc magnetic field
INFN -
2
. Wlo . = ~_p"’+10_2 o1 —iog = L :
Zs:\/l - :\/IWNOP P = 1+ 1%L ' ? m W A?
09 "
Pv = Pul T 1Pp2
Deconstruction of “well known” rules of thumb vortex motion resistivity,
5 “the new actor in town”
Assume to be far from the transition line: L b Iy & dld
" B <« By T2 p,, dominant at even few mT
Zero field, B=0 Mixed state, B#0
L, . — No Rs « w2 dependence
Z, o~ = A3 + iwo\ Z, ~ —po(w, B,T) + iwpo\
g 71 Ho T ke aaPe (s By T) + lpe — A\ large = decreases R;
' { — Rres irrelevant
R, ~ §alw2pg)\3 (+Ryes) R, ~ ﬁpvl(w,B,T)

physics of vortex motion resistivity required

Enrico Silva
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AITRE Microwave vortex complex resistivity

<i

e vortex « particle in a pinning potential landscape

>
'—]

subjected to the Lorentz force

* Tiny vortex oscillations (< Tnm)
 Local pinning potential
e Quasi-equilibrium vortex matter

microwave
e.m. field /

Gittleman, Rosenblum PRL 16 (1966); Coffey, Clem PRL 67 (1991); Brandt PRL 67 (1991); Placais et al, PRB 54 (1 996)

N. Pompeo, E.Silva PRB 78 094503 (2008); E.Silva, N. Pompeo, O. Dobrovolskiy, Phys. Sci. Rev. 2 20178004 (2017) - oven

10 B Enrico Silva
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e vortex « particle in a pinning potential landscape

F

subjected to the Lorentz force

* Tiny vortex oscillations (< Tnm)
* Local pinning potential
e Quasi-equilibrium vortex matter

flux-flow resistivity pyg,
pinning constant &,
crossover frequency vg

creep factor A
 (low T: y=0)

N. Pompeo, E.Silva PRB 78 094503 (2008); E.Silva, N. Pompeo, O. Dobrovolskiy, Phys. Sci. Rev. 220178004 (2017) - overviewy

11 _ _— Enrico Silva
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ITRE Microwave vortex complex resistivity
V.o = Vp, Dep.mnlng freguepcy. P P, pinning / creep Tow
Figure of merit for applications P

pv1(H) +ipv2(H) = Pffl_l_—.,,

: Vo —_
__________________________________ =~ Vp, Depinning
flux-flow resistivity pg, A7 frequency
pinning constant &, P2 h
crossover frequency v - S
creep factor Y. - . . R Al = 2

| (lOW T: X = O) ' 'V/'Vo

Gittleman, Rosenblum PRL 16 (1966); Coffey, Clem PRL 67 (1991); Brandt PRL 67 (1991); Placais et al, PRB 54 (1996);
N. Pompeo, E.Silva PRB 78 094503 (2008); E.Silva, N. Pompeo, O. Dobrovolskiy, Phys. Sci. Rev. 2 20178004 (2017) - ovel

Enrico Silva
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Geometry: fluxons are flexible!

Force on fluxons:  F o J,,., X ®g

Ideal haloscope configuration:  .J,,.,// Oy = py =1

a contribution always exists, and depends on:

e kind of pinning (point, linear...)

e temperature

e material anisotropy (anisotropic materials = more flexible fluxons)
e fluxon stiffness (coherence length, penetration depth)

Flexible fluxons:

X T IVLO cy: alignment factor
Pv = Cff Pff o ci= 0: ideal force-free configuration
1+1V_O cg=T1:Jmw L H

Enrico Silva th | nﬁ\l n‘is : A
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To predict the performances of a superconductor...

B « B . ) 11 pff 1 —+ (V()/I/)z A
can be measured/
theoretical evaluations: only taken from
oversimplified models, many literature
material parameters.
Measure!

- can be measured
with H L Jmw

Note: formula is a limiting expression. Calculations were made with the full expressions
1 Enrico Silva
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Technique: measuring the surface impedance
whence the vortex motion parameters

thinfilms
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Microwave technique: dielectric loaded resonator

<R

~ Mask Sample

Sapphire loaded resonator TE,,,(16.37 GHz) TE,, (26.47 GHz)

”r

alt

0 5 19 R U 3 > 5 1¢

diameter Dielectric rod

Probing area
<20 mm

K. Torokhtii et al J. Phys.: Conf. Ser. 1065 052027 2018 N. Pompeo et al., Measurement 184 109937 2021
A. Alimenti et al., Meas. Sci. Technol., 30 065601 2019 A. Alimenti et al., IEEE Instrum. Meas. Magazine 24 12 2021

Enrico Silva

thinfilms-
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'ATTRE Microwave technique: dielectric loaded resonator
INFN *
Mask Sample IJOH | 2 |521 ‘(dB)
T>4K 40} TE, 1S,/ (4B) _
IHdc variable angle 48| . 8;T B i
(upto 1.2T) sl WS : _
Dual frequency R 16:36;6(%7? il
14/24 GHz 2.l ]
16/27 GHz 80| _
Sapphire loaded @ ___FelSe,Te)
16.350 16.380 16.410
resonator v (GHz)
Line calibration
Fitting procedure Electromagnetism Thin film Model
S. l | Q(H,T,0) l ARs(H,T,0) _l) fefier Jheie l ¢ Ko, V See Pablo Vidal Garcia
’ fo (H,T,0) AXs (HT0) [ L2 AP =] Rffy s Vs X Tue, 12:41
Soterne Dl Suacempedace - Complt S et
K. Torokhtii et al J. Phys.: Conf. Ser. 1065 052027 2018 N. Pompeo et al., Measurement 184 109937 2021

A. Alimenti et al., Meas. Sci. Technol., 30 065601 2019 A. Alimenti et al., IEEE Instrum. Meas. Magazine 24 12 2021

thinfilms 4
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Q-factor and
resonance
frequency vs. H

Microwave technique: data analysis

Two-mode measurements 16 GHz / 27 GHz, low fields

28000

24000 |-

20000 |

¢
16000 ¢

12000 L

= DD
2662104 |

18

Surface
impedance
electrom shift
agnetism
v (GHz) _ ' |
res e AR
g : i T =10K
,26.62108 0.04 - AX
> AR, o

@ AX2

- 16.36750 N ! §§§§ x
< 0.02 ¢ el
4 16.36740 : gﬂ
0.01 - oot -
16.36730 . e .
i @..-""

8 16.36720 gl 2 L | -
0.8 0 0.2 0.4 0.6 0.8

uOH (T)

410°

N. Pompeo et al., Measurement 184 109937 2021

Enrico Silva

/ Py

flux-flow

o resistivity

.’..l...l..1l...l...l.
; pinning
é/constant
)

Kp
SRS, CTEED
B &
| factor

L L l L L ' l L ' L l h ' ' l ' h L

0 02 04 pH(
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NbTi: a case study

Measurements in fields
M H<1.2T

IN FN Superconducting Alternative Materials C. Pira (P.1.)

for Accelerating cavities and haloscope
Resonators for Axions

— ey B
19 thinfi s
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AITRE NbTi samples
INFN .
- * Nba4oTiso film (d=1.70(15) um) on quartz (1.2 mm) . ey
AR=Rs(T)-Rs(Tmin) .
035 | ORM |'"0354 AR(T) | < !
03 1 ‘o3t e ]
| i L : :
0.25 | - o025} X .
E 8 3 : * 5
0.2 | oo IR 1 o9 ° : At 22 K
; o ; : _ 2T
0.15 | ° 1015} . ]
C i Z © i =
0.1 | = ] 01} ° : =
: g : : = : S
0.05 - v,=16.5 GHz ' 10.05F y,-26.7GHz ’ . e
0 : PUR SR S S 1 L L A : O = . P . p ‘) . : :
2 4 6 8 T(K)1O 12 14 2 4 6 8 T(K)1O 12 14 R
. 5 AT To
- Normal state resistivity: <
-
=R, (T >T.) -d~54(5)-10""Qm i
8
Op, > 2.9 pm = thin film regime in the i
=
normal state =
. . L3 ;
o o L : i 1 I i I ]
s G 20 40 60 80
S SMARA (atomic %) S . .
¥ Q Weight %, Ti

IN FN Superconducting Alternative Materials C. Pira (P.1.)

for Accelerating cavities and haloscope
Resonators for Axions

20 | Enrico Silva

Meingast et al., JAP 66 5962 (1989)

thinfilms-
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16.5 GHz

0.24 T

0.00 s

r 1

LI | l IIITYI

y P S S

I 1

Yk

0 0.2

04 06 0.8 1 1
uH (T)

« AllT: AR & AX increase with H

2

NbTi: shift of the surface impedance

-0.02 L

0.08!

- } 0.20 0.00 ,
0.16 - 0.06 |-
@,,, 0.12 - §w°°4
o : 5
_— 0.02
0.04 - 0.00
0 02040608 1 12 UI00 Qi e '0‘.5”'1'”1'.; e b Dl U 4 i1
MH (T) uH (T) uH (T)

—> vortex motion

« Near T.: large AR~R,, & AX<0
- e.m. thin film & 2-fluids contribution

R

i .
thinfilms
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AZTRE NbTi: determination of vortex parameters

UNIVERSIT/

0.04 T TR Q2T T
l | ® AR S L ® AR P
Simultaneous fits of 7 ( H ) — 7, (0) Ax((:“)) ‘ o AX((:“)) j
r,1 r1 p-. g
— 1 O AR(v,,) ) 010 AR(v ) s f-
ZS — \/lwl’l’op P = Puv T1— 0.03L° AX(v.,) : ]
e AZ(v ) fit .

AZ(v_) fit

had
. . ;

O AX(v,,) ,
- ik AZ(vr1) fit |
| 0.08}, AR(v ) fit |

/- 0.06

0 - 0 I i
O - O 1 s ;
- fas i
A A5 ¥ |
I m S %-;":,j ] /
4 .'-.'o‘ ' ‘I:‘-\:. » E
. [~ g > - -
— 3 ‘o
el £
- y: £

503K | i 841K -

O.OO"""""""""""I 0)(0]0] S S B
ateach Hand T 0 02040608 1 1.2 0 02040608 1 1.2
HOH(T) pOH(T)

22 thinfilm's-
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ATTRE NbTi: Flux-flow resistivity
INFN
- TDGL fits: excellent agreement
P 2o Ny | ¢ S o e oo N N R BN 2 SN N R BN R G
® rhoff 5.03K : 5 ) aB
® rhoff 6.02K ] ff — Pn
- _0.0U< . a—1)B+ B
£ [ e rhoff 6.93K _ ( )B + Bes
G | e rhoff 7.9K -
o= [ ® rhoff 8.41K ‘
e rhoff 8.68K
1.510-7- fit __ ) 1"""12
' - B alpha_SV
0.8 — — alpha_Kopnin | ]

06 |

04|

}

o . e | —e—Bc2 15
0 02 04 06 08 1 12 0 | e BozTDGL M| "T=-N :
N H(T) 05 06 07 mcz.s 09 1

thinfilms-
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NbTi: pinning constant (Labusch parameter)

kp decreases with H
— depends on fluxon density
— fluxons are NOT individually pinned by defects
— collective pinning regime

What are the effective pinning centers?

thinfilns
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k (N/m°)

NbTi: Dew-Hughes pinning analysi

I I I I

1 I ] I

kp 5.03K
kp 6.02K
kp 6.93K
kp 7.9K

kp 8.41K
kp 8.68K

,max
1.0 —°—*2-

0.8 |

k,(T,B)&(T)B 06 |1

) 0.4

FpIF;)max_S.OBK ;
Fp/Fpmax_6.02K
Fp/Fpmax 6.93K .
Fp/Fpmax_7.9K _
Fp/Fpmax_8.41K .

. Fp/Fpmax 8.68K .
\\. ’ ', ®= = Fpnorm_2Dpins |
\" o '-;.- = = = Fpnorm_0ODpins -

“o
mixed 0D-2D pinning \\ k
0.2 Low H: " )
dominant 2D pinning % ‘,.
\\".. 8
No
“d -
oo8%—— .+ .o, M
0 0.2 0.4 0.6 0.8 1
h = H/Hr

Dew-Hughes scaling analysis:

D. Dew-Hughes, Philos. Mag. A J. Theor. Exp. Appl. Phys. 30, 293 (1974).

Enrico Silva

Fy/Fpmas = A-hP(1 — h)A

Al )

thinfilms
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NbTi: Dew-Hughes pinning analysis

e

JEGLIESTUDI

<

,max
1.0 —°—*2-

'o | F'p/F;)me'lx_:S.OfliK.
® Fp/Fpmax_6.02K |
e data satisfactorily scale with a reduced field Hi ~ 0.6 Hc; 08 | ik ity
e Theory: g =2; p = 0.5 (2D pinning), p = 1 (OD pinning) N Rl i
S \Q;‘ .\.o— = Fpnorm_2Dpins .
" Result: q _ 2, p —0.75 0.6 -_l \\\.. -;..:.---Fpnorm_ODplns -
= admixture of point (0D) and grain boundary (2D) pinning et
& : \ ‘.
04 : / \\ ..“.o N
B - B - a \ “o
e point pinning dominates at low fields 2 L
o o o o o e \ &
e grain boundaries dominate at high fields 02 Low H: S _
dominant 2D pinning ‘\ v
\\ ".. 5
M-
00 TR, BT TS B TP \%__
0 0.2 0.4 0.6 0.8 1
h —_ H/Hirr

Dew-Hughes scaling analysis:  F),/F, nae = A - hP(1 — h)?

D. Dew-Hughes, Philos. Mag. A J. Theor. Exp. Appl. Phys. 30, 293 (1974).

Enrico Silva thi nﬁ\l n‘i’s &
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Comparison: Fe(Se,Te), YBaCuO

Measurements in fields
M H<12T

{0 )
27 thinfilms-
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RE Fe(Se,Te) films — microstructure @%é . -

FeSeo.5Teo.s Thin film (PLD) on CaF; STEM, EELS,
T.=18K | HRSTEM
thickness d ~ 240 nm :',‘B',“;Cﬁ o
" complex pinning
0n = 3.0(2) x 10-0 £m landscape most likely
TODSCt — TZCI'O — 0.6 K
RRR=1.1 (€)  (esvarieton)  {Foublutice
6 | d.c. transition }——— _ -
5 _ ,. e & 0o o ] g’
; ¢ %
4} :
~ | o R
&3t i
v | )
2} ' ,
. o de=18K In-plane rotated grains Figure 3. b) STEM Z-contrast image; e) Z-
| : d=300 nm ; EELS: Clusters with different stoichiometry contrast intensity profile along the red
) S N S o : line marked in (b).
12 14 16_ 18 20 22 iienent i)
T(K)
A. Palenzona et al., SuST 25 115018 2012 M. Scuderi et al., Masood Rauf Khan et al., AN
V. Braccini et al., APL 103 172601 2013 Sci. Rep. (2021) Materials (2021) 1L e ® ;

28 thinfilns
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Pinning in Fe(Se,Te) is firmly due to point pinning
k_(N/m?)
7104_P"|"'|"'|"'| T ¢ = Ay
s ® kp_CC_6.05K Odeg - 6 ¢ (T o . |
i & kp CC_8 04K_Odeg 1
4 | & C_10.05K_0Odeg |
O 10" - e Kp CC_12.04K_0Odeg -
- ® kp_CC_13.07K Odeg :
A ; KD 14.05K_Odeg 0.8 | ‘.\ _
5 10 i 0.06K Odeg - i
' k. (T, B)¢(T)B ; k
4! Fp(T,B) = pl KT) & \\
410 ' P 0.6 -" : \ .
s \ ") \
L> ! \ \"-
0.4 f Y :
® Fpnorm_06.05K \ LY
1 ® Fpnorm_08.04K « \
® Fpnorm 12.04K \ :
0.2 . Fpnorm_13.07K \\ \\ _
& ' .. \ o..
@ | 8]a \ |\
- - Fpnorm 2Dpins \\'\ -
====== Epnorm_0Dpins \E\ -
oor—— 1+ . . ..., S ML
0 0.2 0.4 0.6 0.8 1

29

Dew-Hughes scaling analysis:

D. Dew-Hughes, Philos. Mag. A J. Theor. Exp. Appl. Phys. 30, 293 (1974).

h

Fy/Fymaz = A-hP(1 — h)A

thinfilms
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YBaCuO: single pinning regime

INFN
Pinning in YBaCuO: single vortex pinning.
Impossible to determine whether 0D, 2D pinning

2 10° . . . I .

kp1 Hl/c_9.88K
kp1_H/lc_26.53K
kp1_Hlic_43.61K
kp1_H/lc_49.56K

kp1_H/lc_66.51K

1.510° | :

® Kkp1 H/lc_ 81.49K

&

1907 L i

4
010" | F Sample details: V. Pinto et al., Coatings, vol. 10, no. 9, art. id. 860, 2020.

YBCO pristine,
PENENDRNNNSSSSSSS e S e e CSD growth
i TS e Substrate: LAO
0 —————————— & Thickness: 80 nm
0 2 4 6 8 10 12 Tc(0)= 89.86 K
p H (T)

Enrico Silva
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Reexamination of NbTi haloscope data:
experimental estimate of ¢

Combining vortex parameters +
Rs+iXs data on an haloscope

= experimental determination of the alignment factor cs

Enrico Silva
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IRONMOON



A

S Illlllll|

32

'%
L,
S(T]

==ROMA

A DEGLI STUDI

<}

810° -°
610° -
410° |

210° |

Vortex parameters: this work

0 Lab. measurement

NbTi: reexamination of haloscope data - procedure

\ model
s — IL \/Wﬂop
g
N 74
o T L
. p’U I 102 p C p X + V
p= =Cff PFf{ v
L+1g, 1+iz
o1 — 10 €’ 1 :
! : m W o A2
setup
max. Lorentz force
fit to nominally force-free configuration data
with one parameter: cs
Haloscope
“force free” config.
i v BT
Enrico Silva thinfilms
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0.01 |

0.005 |

- haloscope data
5 DX ;
—D/eff Re
—pPZeil Im

----- DZeff2 Rec.p &;on.y,wo
----- DZeff2 Im A

i

——DZeff Re o>

— P

- —DZeff Im“™ ' o

full fit

I I I I I | I 1 I I |

- NbTi haloscope

Alesini et al.
Phys. Rev. D99 101101(R) (2019)

cir=0.012
1st experimental estimate
of the alignment factor

Enrico Silva

fit to nominally force-free configuration data

with one parameter: cs

Haloscope
“force free” config.

»H

thinfilms-
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Evaluation of the potential for haloscopes

PRIN
Enrico Silva IRONMOON
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'ATTRE Comparison of superconductors
R~ lcffpff 1 1 calculated atB=5T
g
2 1+ (vo/v)% A T=4.2K
v=9GHz
NbTi Nb3Sn YBaCuO Fe(Se, Te)
- 0.012 0.011 0.0042 0.093
(this work) (calculated) (calculated) (calculated)
P (M2 - cm) 10 1.2 0.54 3.2
Vv, (GHZz) |.5 .3 59 69
ko (N - m—2) 100 7055 7.1-106 |.4- 105
1
EXTHSE 0.973 0.98 0.023 0.017
A (nm) 300 250 150 540
literature P. Vidal Garcia, TUE) | (ab, literature ab, literature
Rs (mQ)) 2.1 0.27 0.0017 0.046 | ™
l‘-‘w- :‘ |

35 B [thinfilnts
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AfTRE_ Comparison of superconductors: R vs B - haloscope configuration

warning:
includes cg calculated

/——_—__—-_—__— for the cylinder of the

INFN haloscope

YBCO (ENEA Frascati)
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® dc field: totally different paradigma for RF superconductivity

® to predict/estimate haloscope performances, vortex physics is required...

® ... butit’s not sufficient: geometry plays a major role

® the usual (for vortex physics) rule “strong pinning = good, weak pinning = bad” does not
necessarily applies.

® ... so that all features (pinning, A, geometry, operating frequency, ...) should be estimated

® ... as well as the design of the haloscope (cones: are they really better if superconducting?)

;
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Summary

dc field: totally different paradigma for RF superconductivity
to predict/estimate haloscope performances, vortex physics is required...
... but it’s not sufficient: geometry plays a major role

the usual (for vortex physics) rule “strong pinng = good, weak pinning = bad”
does not necessarily applies.

all features (pinning, A, geometry, operating frequency, ...) should be estimated

... as well as the design of the haloscope (cones: are they really better if
superconducting?)
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