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« Measurand at microwaves: surface impedance Zs

« High frequency vortex dynamics
« The techniques
« dielectric resonators
« Corbino disk

« Selected results:
¢ Low Tc: NbsSn, Nb
¢« MgB;
e Cuprates: YBa,CusO7.

¢ Iron superconductors: FeSegsTeqgs

« Conclusions




Surface impedance

Measurand at E|| :
microwaves: Zs = — ﬁs + 1.X
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Bulk (super)conductor Thin film on insulating substrate
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Pompeo et al, Supercond. Sci. Technol. 20, 1002 (2007)
Pompeo, Torokhtii, Silva, IEEE I2MTC, doi 10.1109/12MTC.2017.7969902 (2017)
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Zero field (Meissner state)
¢ Two fluid model

N,e°T

Superconductor surface impedance

In-field (Mixed state) (Type Il SC)

ards erfcurrent= Fp =J,y X Pg

parameter

N

|acal field r

= oscillatory vortex motion
= dissipation

e« Material defects:

fluxon on defect lowers energy

= pinning
= dissipation reduction

ke
fluxon
(vortex)
pom + 1=
IO — 01
1 —I— 10_—2

Coffey, Clem PRB 67, 386 (1991)

vortex motion
resistivity p__

e

»

no pair-breaking
(B<B,_,)

Ap(H)

=p(H) — p(0)

~ pum (H)

0,/0, K1 (T<T)

Nicola Pompeo — 18-03-2021 — Jefferson Lab
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TRE High frequency vortex motion response

¢ J,;s > vortices oscillates around equilibrium positions (pins)

¢ Force balance (per unit length) (averaged over vortex length and vortices):
(vortex as massless damped harmonic oscillator)
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J’rf X (I)O — 7711 — kpu + Finermal = mu

Driving force | J,s x ®¢ Very short oscillations < 1 nm

Vortex core
physics
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Viscous drag | W | Viscosity 7 | | [kl o) pg =

nnnnnnnnnn

Pinning force » Pinning constant ka ky, = dZU/daj2 s &
fl Vortex system
physics

U(r) : pinning energy profile
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Stochastic

thermal force ] Firermar Thermal activated jumps

s1|nsay

Inertial term J mu Relevant at high (THz) frequency, neglected Gittleman, Rosenblum PRL 16 734 (1966)
Coffey, Clem PRL 67 386 (1991)

Brandt PRL 67 2219 (1991)
Golosovsky et al SUST 9 (1996)

Nicola Pompeo — 18-03-2021 — Jefferson Lab



FAZTRE High frequency vortex motion response
Jop x @ — 1t — kptt + Fipepmar = mii WP E =B X 1= pun,
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LJ . Many models*,
@ X T+ ZV/VC one equation

pinning . . .
potential Pvm = Pvml + 1P0vm2 = IOﬁ 1 i iV/V Pompeo, Silva, PRB 78 , 094503 (2008)
fluxon - ¢ *Gittleman, Rosenblum PRL 16 734 (1966) No creep
. } k Coffey, Clem PRL 67 386 (1991) Sinusoidal potential
pINNINg —p pl Brandt PRL 67 2219 (1991) Thermally relaxing pinning [P
well Placais et al PRB 54 13083 (1996) Two-modes Q
D
o pvml’ pvm2 2
i AP I S L N s woee ‘characterisﬁcfreq.v' o
'pm;mng flow | pinning freq. v, VCX —0 Vp §'
i v > diff t il related to pinning —_
N c lnreren _ creep factor J barriers heights U .
! dissipation ] O<x=1 H
(1=x)p4/2--- regimes — =
ff flux flow resistivity p B : (D
‘ iscosity n ffl dissipation &
KPs-- o
| pinning constant kﬂ kp — 27Typ77 (é
0 yey 2 4 6 8 10 ”
V=V, viv
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IATTRE High frequency vortex motion response
Jop x @ — 1t — kptt + Fipepmar = mii WP E =B X 1= pun,

pinning
potential

_ : _ one equation
Puvm — Puml + 1Pym2 — IOﬁ 1 _|_ iV/V Pompeo, Silva, PRB 78 , 094503 (2008)
C

LJ@ Y + ’iV/VC Many models*,

fluxon 3 *Gittleman, Rosenblum PRL 16 734 (1966) No creep
i N K ) 3 observab b S
ran ermally relaxing pinnin
well ODservanles 3 parameters Placais et al PRB 54 13083 (1996) ! Tw%—enodeg
o pvml’ pvm2
£ = T 1T T [ ¢+ 1. 1. 1 T T .
pinning flow |  Multifrequency (rarely performed)}
i V_- different i
- dissipation .
(1=)p/2--- regimes
KPs--
]
0 y=vy 2 4 6 8y, 10
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Outline

« The techniques
¢ dielectric resonators
¢ Corbino disk
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TRE Cavity as a measurement instrument
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cylmtdncal / ‘ 9-cell TESLA-type
cavity % : b accelerating structure
sample | ~ | H. Padamsee,

Supercond. Sci. Technol. 30,

Qa Vo = p Q, vy = Erf 053003 (2017)
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geometry for measurements of material properties?
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‘AITRE Cavity as a measurement instrument £
cylindrical §

cavity 3

sample E’_

Q7 Vo = P %

1 2 : Rz S W: stored energy
‘ - — — dISSIpatlon Paiss: dissipated power
Q Gz Gi: geometrical factors
)

(-
) 2 S
S 'I(:U Z (computed | calibrated) %
o , o O oS
= quality factor S _qc) .
(@)
"E ‘ ‘ g + ‘ AVO o WH — WE _ AX,L stored g.
© 0 o Vo W Z 2G, enerey >
g resonant frequency ¢

n Z : : : o'
L e Cylindrical geometry (optimal Q) J S
o mw -
- ) «Mode: TEon 5
r (probing currents: planar = in-plane properties) 2

Spatial configuration <Z >Sam le

(TE, TM, TEM, HEM) S/ eurface

¢ High sensitivity: dielectric loaded resonator
- focus e.m. field —> reduces lateral losses
- reduces overall size - smaller samples
- same enclosure for different rods/operating frequencies

Nicola Pompeo — 18-03-2021 — Jefferson Lab

¢ sensitivity (Q%/G) not optimal:
@ sample surface << whole surface
@ losses from metal enclosure

»




==ROMA

ASLRE Resonators: measurement of Q, v, (basics) g
e Operation in transmission, resonance curve: %
Sat: [ ffici 3
(V) = S21 (o) | 5?;?5%(&?5%%?2?5‘&@ E
1 _|_ 21Ql V—1 Qu: loaded quality factor %
3
EREENEN
EEENEN _
E@ T » frequency sweep S
(D
X
s
1S, M1 3
transmission | 21( )| n o
coefficient S, < -
e 2 -
ke - Lorentzian %
—e pcurve fit 5
8 f =
Coupling ports ;

| 8.210 fit 8215 v(GHz) 8.220
coupling factors K1 ﬁt

Pompeo et al. Meas. Sci. Rev. 14 164 (2014) Nicola Pompeo — 18-03-2021 — Jefferson Lab




THY Resonators: measurement of Q, vo (advanced)

e« Non idealities on S,; > deformation of resonance curve
- partially uncalibrated line

- cross coupling between ports " Example with
-interference from nearby modes g : Men

- coupling

‘ 5107 -

( Extended models for Sij]

lineatT
(calibrated)
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cryostat

\

IineatTCryo
(uncalibrated)

- — —— Resonator
8.205 8.210 8.215 8.220 8.225

cell
v (GHz) \ )

« Metrological aspects: \
- assessment of uncertainties in uncalibrated measurements
- choice of optimal frequency span for minimum uncertainties on Q and v
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Torokhtii et al. “Frequency span optimization for asymmetric
resonance curve fitting”, Conf. Proc. I2MTC 2021

Alimenti et al. Meas. Sci. Technol. 30 065601 (2019)
Torokhtii et al. ActalMEKO 3 47 (2020)

Nicola Pompeo — 18-03-2021 — Jefferson Lab



Our dielectric resonators - some figures

Single mode
General features: /[ 8 GHz l High field \
- custom made oot

. . ryogenic
-com oupling loops =coaxial cables
patlble with gieI:cl:trigcj:lrodp F T——H: S
cryostat space & Sarmls ﬁ? —
cyrogenic T Heaters _| e
- compatible with Sprir;siqs-{gﬁded .
ﬁeldS 1_10 -I- TarpBreios : : Cu enclosure
f Straight section Exterior
P
o )
e Sample
couplers
geometry:
flat&parallel
surfaces
e Probing area: heater IR
J=3-10 mm

/

N

Rutile rod:
Re(e)=120 @ 20K
Q range: 1000-15000

J

Pompeo et al., J. Supercond. and Novel Magn. 20 71 (2007)
Torokhtii et al. Meas. Sci. Technol. 25 025601 (2014)
Pompeo et al., Meas. Sci. Rev. 14 164 (2014)

Pompeo et al, 24th IMEKO TC4 Int. Symp. Proc. 2020

e

/[ 47 GHz ] Single mode \

High frequency

heater

spring

@

@
forces
exerted

by springs

l-sample helder

| temp. senser
| sample

rsapphire rod

metal case

‘\

moving cage

_ Sapphire
| (A|zo3)
rod

Sapphire rod:
Re(e)=9 @ 20K
Qrange: 1000-12000

J

Nicola Pompeo — 18-03-2021 — Jefferson Lab

Dual
frequency

/[16, 27 GHz

Sapphire rod:
Re(e))=9 @ 20K

Q range: 1000-30000
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Multifrequency measurements

@ Design criteria
« well separated vy
¢ well isolated modes
e similar J(r)

e« Modes: TEo1; and TEo

_ TE,,(16.37 GHz) TE,4(26.47 GHz)

4 o 5 10

] 5 19 i |

v
c
)
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Q)
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™
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D
Q
Q
=
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<
O
dual frequency operation S
v1=16.4 GHz, v,=26.6 GHz ofls <
. S
. O
)
S,,| (dB) S,.| (dB) -
40 | | Ted@ or | -30[ ' —
TE o
48 | 011 D.STH -40 TE021 ¢ O T 2
. 5 “ 057 (mm) (mm) N
g 0 08T : . o
521 (@B e.m. field profiles =
-60 )
wn
| 70t
-80 |
(b) 26.6205 26.622
‘ : s 0 . v(GHz) ;
16.350  16.380  16.410 26.6097 26622  26.6343
v (GHz) v (GHz) Pompeo et al, 24th IMEKO TC4 Int. Symp. Proc. 2020

Pompeo et al, Measurement, submitted 2021
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UNIVFRS;ADF@ISTUDI Resonator teChnique = the measu rement process ‘ (%/’h
Z vs H, fixed T] =
Frequency sweeps §

A auenty , P . H-induced variations: =

|Sz1|2 D Ifit Eﬁe'oery/ O i
: ARH) =G | =—— — ——

Increasing : < Q71 - E> E> () ( ) E> AZ, (H) E> §

- \ 1 resonator _ (H) —19(0) | various limits: z

: | parameters éX(H) - 2G o (0) ) film/insulator ~ Zs o< p <

. > - bulk Zy o< \/p =

v N - film/metal (CC) Z,(p) -

Z,vs T, fixed H]
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« Zvs T: separate evaluation of resonator background

AT H) =

AVO (T, H)

Vo,ref

+ backgroundg (T)

AX (T, H) = —-2G, + backgroundx (T)

Nicola Pompeo — 18-03-2021 — Jefferson Lab
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RE Corbino disk — microwave spectroscopy

\

I".: (complex) reflection coefficient

v : frequency
Z,: line characteristic impedance

Z . sample impedance

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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« Main features
v < wide band (TEM mode): 1-25 GHz
v e« mwcurrents)
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planar = in-plane properties
. : : enclosure
subcritical = linear regime center pin
X < Approximate line calibration R—
various strategies spring
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E. Silva et al, IEEE Trans. Instrum. Meas. 65, 1120 (2016)

Nicola Pompeo — 18-03-2021 — Jefferson Lab
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« Selected results:

¢ Low Tc: NbsSn, Nb

¢« MgB;

e Cuprates: YBa,CusO7.

¢ Iron superconductors: FeSegsTeqgs




Studied materials

T.6) spplicaions .

Nngn

Y882CU3O7-5

FeSeogsTeos

Mng

T1,Ba,CaCu;,0g.y

Nb

~18

~92

~18

~39

~110

bulk haloscopes, RF cavities,
cables
thin film beam screen coating (FCC),
coated cables for fusion reactors,
conductor haloscopes

development of new
thin film coated
conductor tapes

thin film PIT cables
oulk (CERN/fusion reactors),
u RF cavities
thin film
thin film RF cavities

Nicola Pompeo — 18-03-2021 — Jefferson Lab
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A Corbino disk — example measurements (1) o
S
Q)
MgB; thin film | :
=
©
D
REIZrD %
3
: ™

"2 _ 010}
Fo < R U : :
i H =0 \:5%}\ Z - - (r_D'-
1.0 | S I - :
03} ) I % N -

- i 0 |rm| | = »

g -0.6 ‘ ® Arg [rm] b _ 5 0 )
8 -ﬁ"""""’ m
—e : .Z S ° : : i . w02 g
1%0 _0.72_ ;Hlﬁﬁ - m:“ “..'f; wH=2T :]C 5
~ I ] 1al 'h.{_ ] =
""""""""""""" 0 . :
0 10 20 30 40 50 .., o =

\ '.-
. .,
WH=aT %y %
i

0 10 20 T (K) a0

Sarti et al, PRB 72 024542 (2005)
Silva et al, IEEE Trans. Instrum. Meas. 65 1120 (2016)

Nicola Pompeo — 18-03-2021 — Jefferson Lab



Corbino disk — example measurements (2)

“A:TRE
ImE I
0.6
0.4
02 - - | H EEm
-I- — Ht _ |
0 -!_|!_-5.7, 1.1,1.2,1.3,1.4,15,16T
0v(GHz)5 10 15 20
025 pva/pn
.
0.2 - ]

0
Ov(GHz7)5 10

t=20 nm
p. =22 mL2 cm

15 20

Pompeo et al, Phys. C Supercond. 470 901 (2010)

Silva et al, SuST 24 024018 (2011)
Torokhtii et al, J. Supercond. 26 571 (2012)

Nb thin film |

X

1=3.66,4.5,5.0,5.5K

Creep significantly # 0

p(B)/p,

v, (GHz)

T=3.66 K

Field dependent

T=3.66,4.5,5.0,55K

deviation from simple

Bardeen-Stephen B-dep.

Nicola Pompeo — 18-03-2021 — Jefferson Lab
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?‘ETRE Nb3Sn —_— High ﬁelds In collaboration with: (7 gL"'(‘;’EﬁSEUE R Flakiger 2 Fermilab 1 spina

Bulk
Zg X 4/p Bu <

limit

pinning constant

Field dependent - Collective pinning regime

15 GHZ p 20

a=-0.47

T=4K

AR(T; H)

10°A(1/Q)

4

#H M

» —_ .
A

v
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fluxons

Room for advanced material

12

" ingegnerization for rf improved pinning
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0 ref

AX(T; H)

10°(Av /v )

-_—2T

—_—4T |

0 L .
6

» pinning frequency
7L

8T
-_—12T

@ _NbTi-based:  55x10* @ 4.2 K
) Alesini et al PRD 99 101101 (2019)

~ operating frequencies of haloscopes but

Q@ (1T, 9 GHz) of axion cavity
- Cu-based: 9x10* @ 4.2 K

sanbiuyods|

- NbsSn-based: <7.5x10* @ 4.2 K (computed)

| consistent with Bardeen-Stephen model
material “intrinsic” property

Alimenti et al, Supercond. Sci. Technol. 34 014003 (2021)
Alimenti et al, IEEE Trans. Appl. Supercond. 29 3500104 (2019)

Nicola Pompeo — 18-03-2021 — Jefferson Lab
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- G. Celentano A. Palau %
_ : ™
Zs = p[ts thin ) r19-Nb 5
300 , , 0 2 4 &7 8 10

15 GHz p | ‘ e+ - > - Dfk l 3
Pulsed Laser Deposition (PLD) * 27K * 67K 10° | 1 T
pristine YBCO 200} _ _ =
4 “lE GE M

= S 10

3 =" 100 - — x5

4 <
10 | S
- 3 %

= a4
%% 3 6 9 12 0 ——20 40 0 80 a
#H (T) T (K)- YBCO g
; L — o — Field independent T(K)-Nb_Sn =
= [+ 4 3

7 3 6 9 2 1012 2 4 6 8 -
)

Chemical Solution Deposition

Fluxons individually oy o
(CSD) — YBCO + 5% BazrO, o
4 Y =
= =3
=" 10" g
(D
wn
9
i e 0 20 40 60 80
——— T (K) - YBCO
" * Best rf performances for the PLD-YBCO
0 3 o 12 * Higher than Nb,Sn

a HIT)

* Particularly suitable for rf applications — FCC
Nicola Pompeo — 18-03-2021 — Jefferson Lab

Alimenti et al - paper in preparation



FeSeosTeos — multifreq.  oaioe’™ "<k, @ @%‘
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HIBiSCUS DI GENOVA

H thin M. Putti V. Braccini
ZS — ,O/ts film « 80K * 115K *+ 135K + 150¥ k
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)
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Q)
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™
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D
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=
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™

40 T T T T T T
t:=240 nm —v—@‘ﬂ—vw I w#p e— s H=06T E
0.30 TEOll S g 6f 1 ‘ﬁ‘ E & S o™, MM B = [, ]
. [ T T T ] E L ] UL |
r 16.4 GHz 1 o 3 ‘wlr‘w E Z 20} 4 10% | \\\ |
-, ] 4t o 3 < | : §
R N ] C}:L 3 o TER2K SR R A e e ] ; o , '
[ 14 K o%0? N . I ] I ‘iees oN\a |
—~ 0.18¢L ...00' ] + 0 Secseematasy . X - , theo ‘
e : oo’ ' a ' 0 0.3 0.6 0.9 1.2 5 o = <
N [ o’ asadbss . w H (T) (K) =
N o012F o* aa AMATT i o T . =
: oot ] _ « fluxons individually pinned -
0.06 | ..-‘:AAAAAA»A‘ A.“““i‘f K::::::a: El _ : ] e T-dep: agreement with theory X
.O.A“ aees - ‘ : z
OMM‘““? .KM Q’ 2, : U218 4 CC — U gt O
0.3 0.6 0.9 1.2 SO | . ] - 1 \ . _ .
uH (M) » 0 . <l f T~ ° & volumes jumping by ©
0.15F . » 20T - » | thermal activation
TEq Y A et diannsaute T SRURRVEN . hump ] “point” pins
0.30 e _ 0.1 ' ] . | e Ug much smaller o
: , . .
: ‘ ,.-'I’°; ' T=12K wrt other techniques &,
0.24 - : j}f? ......0 : 0.05[ : ] i | uH=06T ] g
o® .
oo 14K ] 0 . ' 5 0 TK) =
() i
AA»“““{ME 0 0.5 1 pOH (T) oo ‘ »
oo... AAAMAAAAM 12 K ] 80T { - : i
(] AAAA ‘“‘ ‘“ ] =
i A ] 60 | J
E ;L““....-.,...w“‘ 6K (ooaesl S - . e vo(FeSeTe) > v,(YBCO)
OMMW‘“ | oeossese] a0 | A Al . = lower losses?
0.3 0.6 0.9 1.2 ~ alh
HH (T) 201  wH=06T i
Pompeo et al SUST 33 114006 (2020) 0l— 5 T 5

Pompeo et al IEEE Trans. Appl. Supercond. doi:10.1109/TASC.2021.3063665 (2021)
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LESS DESIRABLE

rf vortex motion - physical comparison 3

MQBE FeSe Te §

Teos )

NbSSn %

.

puH=1T YBCO %

T=10 K ' =
(@ f D

”‘IID1 - I‘llDE

V)G
) MORE DESIRABLE>

e YBCO: high v,, lowest ps

)
(@)
>
>
@)
C
(D
wn

e high v, 7 lowest losses
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@” Angle dependent measurements —mass anisotropy ‘

(0]
(e
&
(@)
D
2 3
: 5
2 &
» e YBBzCU3O7-5J S
< o
scaling

<
0 o
—t
D
X
BGL scaling g
Blatter, Geshkenbein and Larkin PRL 68 875 (1992) .
O
Q(H,0) = s0(0)Q(He(0)) 0 . =

[ . .‘:‘ .."..“.. e, ' 6(9) = (’Y_Q Sin2 9 _|_ COS2 9) 1/2 810° \ 1
P RNl DL b _ e o )

: 90 -
T Scaling of measured p,, S T 5 ;_f t S
= 0 — ] >
Pff(Ha 0) vs H/f(0) 410% y—_ “ 13K ] Feseo.STeo.s] 3
[ 1 (e
o f(@) - 6(9)_1fL (9)1/6 210°® '/ _ 8

MLy S rer PRI Fu(0) = 2 2sn(@)+eos(®)? g
0.25 22 sin(0)2+cos(0)2 N | | ]
CSD YBCO thin film angle dependent Lorentz term 0 0.5 1 MOH/f(e) (T)
E> Mass anisotropy p t al IEEE Trans. Appl. S d
. .. ompeo et a rans. Appl. Supercond.
oot ool Susy 33 74006 OS] (intrinsic) doi:10.1109/TASC.2021,3063665 (2021)

Bartolomé et al PRB 100 054502 (2019)
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==ROMA
EAETRE [J [ ° w
Y Angle dependent measurements — pinning anisotropy ‘
Q)
K k] E
5 10" FeSeosTeps p_J odo 1 YBa:Cu3075 3
. e 0° — L p
oo =T 1x10° f E g T % _§
» E : Lo 5 o ] 1‘5 : é ﬁ (b) %
Z | o oy 7 = == O
=" r : . 1 ~ 4 | 1X1040 IJJHE(IO) {'|I') 014 I 0:6 I © ®
- as measured ; 5107 ¢ ' ﬁoﬁ}ﬂg}
110* |
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Conclusions

« Surface impedance measurement techniques
« Multifrequency dielectric resonator: sensitive, measurements vs frequency
¢ Corbino disk: wide band, for niche studies

« High frequency vortex dynamics

« many physical aspects (vortex core/system physics, pinning, anisotropy)

¢ relevance of multifrequency measurements for
@ correct determination of all the relevant vortex parameters (ps, Vv, creep)

e accurate extrapolation of Zs at different (lower) frequencies

« The materials

¢ Low Tc: NbsSn —improvements on pinning needed

¢ Cuprates: YBa,Cus07.5 — best performances, candidate for FCC beam screen

¢ [ron sc: FeSepsTeos — high pinning frequency but significant dissipation

Thanks for the attention
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