Trilateral Seminar on iron-based superconductors
October 2013

Josephson effects in iron-based
superconductors

P. Seidel, S. Doring, F. Schmidl, S. Schmidt, V. Tympel
Friedrich-Schiller-University Jena, Germany

Many thanks to K. lida, F. Kurth, M. Kidszun, S. Haindl, |. Monch, L.
Schultz, B. Holzapfel IFW Dresden, Dresden, Germany
m

.



Trilateral Seminar on iron-based superconductors
October 2013

Content

« 1. Josephson effects

« 2. Status of pnictide Josephson junctions
— Native junctions
— Thin film junctions (skipped to talk of S. Doring)
— Grain boundary junctions
— Intrinsic Josephson effect in pnictides

« 3. Corner junctions and SQUIDs
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DC Josephson effect
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AC Josephson effect
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DC SQUID
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Corner junction
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Intrinsic Josephson effect

H. Nakamura et al.

12



Trilateral Seminar on iron-based superconductors )

October 2013

Y ETIEIE

Realization of working types of tunneling and
Josephson junctions

Experimental verification of Josephson effects
In the iron pnictides

Comparison of main characteristics to
conventional Josephson behaviour

Determination of main parameters and
dependencies Iincl. pairing symmetry

Theoretical foundation and modelling
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2. Status of pnictide Josephson junctions
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PRL 102, 147002 (2009) PHYSICAL REVIEW LETTERS 10 APRIL. 2009

Observation of the Josephson Effect in Pb/Ba,__ K _Fe,As, Single Crystal Junctions

Xiaohang Zhang,' Yoon Seok Oh,” Yong Liu,” Ligin Yan,” Kee Hoon Kim,” Richard L. Greene,' and Ichiro Takeuchi’
'CNAM and Department of Physics, University of Maryland, College Park, Maryland 20742, USA
2 . ‘ ‘ A ‘ - 5 -
“CSCMR & FPRD, Department of Physics and Astronomy, Seoul National University, Seoul 151-747, Republic of Korea
3Department of Materials Science and Engineering, University of Maryland, College Park, Maryland 20742, USA
(Received 15 December 2008; published 9 April 2009)
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Phase-Sensitive

Rui-Yuan Liu', Shao-Kui Su!,
Yun-Ping Wan

(Dated: June 1. 2009)

1ent on the mer junction of the
unhec i i

ArXiv: 0812.3295 (2009)
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APPLIED PHYSICS LETTERS 95, 062510 (2009)

Josephson effect between electron-doped and hole-doped iron pnictide
single crystals

Xiaohang Zhang,1 2) Shanta R. Saha,’ Nlcholas P. Butch Kevin Klrshenbaum
Johnpierre Paghone Richard L. Greene Yong Liu,? L|q|n Yan,? Yoon Seok Oh,?
Kee Hoon Kim,? and Ichiro Takeuchi®

D(pamm nt of P/l}SI(S and CNAM, University of Maryland, College Park, Maryland 20742, USA
2Depamm’m of Physics and Astronomy, CSCMR & FPRD, Seoul National University, Seoul 151-747,
Republic of Korea

“Department of Materials Science and Engineering, University of Maryland, College Park,

Maryland 20742, USA

(Received 3 July 2009; accepted 24 July 2009; published online 14 August 2009)
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Integer and half-integer flux-quantum transitions in a
niobium/iron-pnictide loop

C.-T. Chen', C. C. Tsuei', M. B. Ketchen', Z.-A. Ren® & Z. X. Zhao

"IBM Thomas J. Watson Research Center, Yorkiown Heights, New York 10598, USA
“Institute of Physics and Beijing National Laboratory for Condensed Matter Physics,

Chinese Academy of Sciences, Beijing 100190, P. R. China

DC SQUID
electronics

Flux state in the loop

Nature Physics 6 (2010) 260-264

B

18



Trilateral Seminar on iron-based superconductors o
October 2013

Planar hybrid SNS * junctions

APPLIED PHYSICS LETTERS 97, 17:

BaFe, gCo(,As, thin film hybrid Josephson junctions

S. Schmidt," S. Déring," F. Schmidl,” V. Grosse," P. Seidel,"® K. lida,? F. Kurth,? S. Haindl,?
I Monch,? and B. Holzapfel?

!mm‘m fiir Fes rph riedrich-Schiller: ersitdt Jena, Helmholtz
Diad Dresden, P.O. Box LHr‘- 01171 Dresden, Germany

3 Jena, Germany

(Received 25 August 2010; accepted 5 October 2010; published online 28 October 2010)

on junctions with iron pnictides open the way for fundamental experiments on
ducli\-'il}-' in these materials and their appllmlmn in superconducting devices. Here, we
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Hybrid edge-type junctions

ge-type Josephson junctions with
Co-doped Ba-122 thin films

cstktirperphysik, Friedrich-Schi
;
* Institut fiir metallische We

& umi-je

final form 22 |

The base &
nter-elec

I Pb counter electrode
SiO, insulator
Ba-122 base electrode

Il r< buffer layer
[ MgO substrate

Ba-122

(covered

by Si0,) &
P MgO substrate.
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APPLIED PHYSICS LETTERS 95, 212505 (2009)

Weak-link behavior of grain boundaries in superconducting
Ba( FE1_KCOI}2A52 blcrystals

. Folkm: an,' C. W. Bark,! C. Tarantini,> A. Xu?
ra olyanskii,” i Y. Zhz '-:: 5 -E H E 1H. ._|cir||1

A. Yamam . Kametani,” X. Q. Pan, oM., °C. B. Eom,’

and D. C. Larbalestier”
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measurements on bicrystals

of MgO (open symbols) [ Katase et al.]
and LSAT (closed symbols)
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Josephson junction in cobalt-doped BaFe;As, epitaxial thin films on
(La,Sr)(Al,Ta)O4 bicrystal substrates

al owar

Takayoshi Katase,"® Yoshihiro Ishimaru,” Akira Tsukamoto,” Hidenori Hiramatsu,”
Toshio Kamiya,' Keiichi Tanabe,® and Hideo Hosono'*

APPLIED PHYSICS LETTERS 96, 142507 (2010)
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First SQUID
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tions BaFegAsz_;Co film

| Katase et al.]
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K. lida et al.
Appl. Phys. Lett. 95 (2009) 192501
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Substrate material: [100]-tilt SrTiO, @
MgAl,O, buffer (10nm) U
Fe buffer layer (20nm)

Ba(Fe(g,C0g 16),AS, (100nm)

[—y : i L
) i Qlo10] Fe/Com

T. Thersleff et al.
Appl. Phys. Lett. 97 (2010) 022506

45 90 135 180

¢ (deg)

225 270 315

28



Trilateral Seminar on iron-based superconductors
October 2013

|-V curve with RSJ-Fit
(fitted as in P.A. Lee, J. Appl. Phys. 42 (1971) 325-334)

- Asymmetric
—>EXxcess current |,

* |cRy products:
19.9 yV (incl. 1)
6.3 uV (corrected)

current (UA)
o

-10 0

voltage (uV)

« Corrected j. of 6.8 *10* A/lcm? (bridge width 14um)
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temperature dependence

 Almost linear decrease of the critical current
(after IBE treatment to remove gold shunt)
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magnetic field dependence

* Fraunhofer-similar pattern
—> excess current
—> asymmetric

* Long junction?
* Influence of Fe-
buffer layer?
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microwave irradiation studies

* No Supression of |-, no Shapiro steps

—— no microwave irradiation
2 GHz, +16 dB
14 GHz, +14 dB

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

current (mA)
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« Samples are shunted through gold cap layer
- IBE treatment influences BGB dramatically!
—> gold etching rates are being examined

« Samples are shunted through iron buffer layer

« Unknown magnetic influence of iron thin films
—> not avoidable on STO substrates
- CaF, substrates/substrate coatings are promising

34



Trilateral Seminar on iron-based superconductors
October 2013

Intrinsic JJ ?

a, C, .
for the
calculated «

LiFeAs BaFe.As, LaFeAsO  Sr.ScFePO,

H. Nakamura et al.
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APPLIED PHYSICS LETTERS 96, 202504 (2010)

C-axis critical current of a PrFeAsO; single crystal

H. Kashiwa a, hal K. Shirai, 2T Matsumoto H. Shlbata H. Kambara M. Ishikado,1'3’4

H Eisaki,"* A. lyo, s, Shamoto“l Kurosawa and S Kashlwaya
'National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba,
Ibaml\z 305-8568, Japan

Iapan Women’s University, Tokyo 112-8681, Japan

Iapan Atomic Energy Agency, Ibaraki 319-1195, Japan

Tmmformam( Research-Project on Iron Pnictides (TRIP), JST, Tokyo 102-0075, Japan

(Received 25 November 2009; accepted 19 April 2010; published online 18 May 2010)
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Journal of the Korean Physical Society, Vol. 58, No. 1, January 2011, pp. 77~82

Absence of a Tunneling Character in c-axis Transport of SmFeAsOgs; Single
Crystals

Jae-Hyun PARK, Hyun-Sook LEE and Hu-Jong LEE*
Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Republic of Korea

B. K. CHO

Materials Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 500-712, Republic of Korea

Yong-Joo DoH

Department of Display and Semiconductor Physics,
Korea University Sejong Campus, Yeongi 339-700, Republic of Korea

(Received 1 November 2010)
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Cam(Pt.;ASS)(Fe‘ BPtO 2AS2)5 | Intrinsic JJ

I mm

SIS Josephson Junction
(diameter~2um),
Ca, (Pt Asg)(Fe, gPt; ,AS)): clear hysteresis in J-V curve
Diameter <1 um NIMS Muromachi G. JACS (2012)
Length ~ 2 mm

[ Hosono |
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Status:Pnictide JJs

Pnictide I.Ry (4.2 K)

electrode  Weak link  Counter-electrode IV (V) Reference
122 s¢ Native PbtiporPbfilm  RSJ 3-300 : [103]

122 sc Native Pb film (s [104]

122 sc Native 122 sc (crossed) RS] 2.5, ¢ [107]
122 film GBJ 122 film RS] 50-60 Linear [109]
122 film Au Pbln film RSJ + excess B Linear [106]
1111 sc Intrinsic 111 sc Hyst. i AB [111]
1111 sc Intrinsic 111 sc Hyst. 25 AB [112]

[ P. Seidel, Supercond. Sci. Technol. 24 (2011) 043001]
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4. Corner junctions and SQUIDs

eek ending
PRL 102, 227007 (2009) PHYSICAL REVIEW LETTERS T

Possible Phase-Sensitive Tests of Pairing Symmetry in Pnictide Superconductors

D. Parker' and I.1. Mazin'
'Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, D.C., 20375,
(Received 23 December 2008; published 5 June 2009)

The discovery of the new class of pnictide superconductors has engendered a controversy about their
pairing symmetry, with proposals ranging from an extended s wave or “s.” symmetry to nodal or
nodeless d-wave symmetry to still more exotic order parameters such as p wave. In this Letter, building on
the earlier, similar work performed for the cuprates, we propose several phase-sensitive Josephson
interferometry experiments, each of which may allow resolution of the issue.

Thin specular barrier

Thick low
barrier

Thick low barrier =
/

Pnictide SC

FIG. 2: A schematic view of tunneling geometry for two possible
experiments: left, a (100) -near-(110) orientation, right, an ac orien-
tation with specular and thick barriers as indicated.

40



Trilateral Seminar on iron-based superconductors
October 2013

i

Test for extended s-wave

No combination of tunneling directions
(a and b equivalent)

Specular (infinitely thin) barrier can give
no result (all wavevectors contribute)

Thick barriers ! (tunneling normally to
Interface Is prefered!)

1) Angles of about 30 degrees
2) Corner junction with different barriers
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Layouts for phase-sensitive
corner junctions

Doring et al. Phys. Proc. 27 (2012) 296
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New proposals by
Golubov & Mazin

L]

APPLIED PHYSICS LETTERS 102, 032601 (2013)

Designing phase-sensitive tests for Fe-based superconductors

A. A. Golubov' and I. I. Mazin?
'Faculty of Science and Technology and MESA + Institute of Nanotechnology, University of Twente,

7500 AE Enschede, The Netherlands

o ——

“Naval Research Laboratory, 4555 Overlook Ave. SW, Washington, District of Columbia 20375, USA

(Received 12 September 2012; accepted 3 January 2013; published online 22 January 2013)

We suggest experimental designs suitable to test pairing symmetry in multiband Fe-based
superconductors. These designs are based on combinations of tunnel junctions and point contacts

and should be accessible by existing sample fabrication techniques. 013 American Institute of

Physics. [http://dx.do1.org/10.1063/1.4788720]
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New proposals by
Golubov & Mazin

Design

Fig. 1 panel Left Middle Right
Upper/lett contact Point Tunnel Tunnel

Lower/right contact Point Tunnel Point
Upper Ay B *

Upper Agec T B

Interface Epitaxial Rough

Lower Ay, - -

Lower A . ™ "

Upper contact current dominated by Electrons Holes Holes
Lower contact current dominated by Holes Holes Electrons
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Thank you !
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Strike while #he
iron is HOT? |

48



