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Intriguing puzzle in solid state physics: High critical Temperature Superconductors (HTS)



Nature physics 2, 138 (2006)



Charge Density Wave (CDW) order

Static CDW:

Competing order to superconductivity,

well established in 214 compounds

Dynamic/fluctuating CDWs:

Possible mechanism for HTS?? 

http://www.mpg.de/6000540/supraconductivity-electron-phonon-coupling



Looking into the superconducting dome from different perspectives

Nano scale ordering

Transport Anisotropy in nanowires

2e or not 2e

Little-Parks ring, nanoSQUID

Noise properties
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Doping and temperature dependence: new insights about HTS

Excitation spectrum

Single Electron Transistor

Noise properties

nanoSQUID

Nano scale ordering

Transport Anisotropy in nanowires

2e or not 2e

Little-Parks ring, nanoSQUID

Correlation between properties:

Invaluable for microscopic 

modeling of HTS
200 nm500 nm



Nano-patterning of HTS films: wires, nano-rings, nanoSQUIDs, SET … 

• Evidence of damage during Ar+-ion etching

From literature

(Papari et al. SuST 25, 035011 (2012))

The challenge

Our achievement:

Nawaz, Arpaia, Lombardi, Bauch, PRL 110, 167004 (2013);

Nawaz, Arpaia, Bauch, Lombardi, Physica C 495, 33, (2013)

• Depairing critical current measured in YBCO

nanowires with cross section 50x50 nm2



Origin of Current Phase Relation

(Likharev, RMP 51, 101 (1971))

Josephson effect

1-D depairing
Abrikosov vortex

motion

Current Phase Relation

(Likharev, Yakobson, Zh. Tekhn. Fiz. 45, 1503 (1975))
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2 / t (Kupriyanov et al., LT14 T027, 

104 (1975))
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Josephson-like behavior of nanowires



Current Voltage Characteristic

See talk by Riccardo Arpaia

3EO2-02 @ 16:20 on Wednesday



Superconducting Loop
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Key feature of superconductivity: Fluxoid quantization

Total flux through the loop = INTEGER * FLUX QUANTUM
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Superconducting loop keeps total flux

always at an integer multiple of h/2e 
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Superconducting QUantum Interference Device (SQUID)

Superconducting loop keeps total flux

always at an integer multiple of h/2e 
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Arpaia, Arzeo, Nawaz, Charpentier, Lombardi, TB,  APL 104, 072603 (2014) 

YBCO nanoSQUID implementing nanowires



Demonstration of critical current modulations in the full temperature range below the 

transition temperature Tc.

YBCO nanoSQUID implementing nanowires

Arpaia, Arzeo, Nawaz, Charpentier, Lombardi, TB,  APL 104, 072603 (2014) 



• White noise level better than 1 Φ0/Hz1/2 at 8K !

• Detection of magnetic nanoparticles in high 

magnetic fields and wide temperature range.

• Single spin detection?

T = 8 K

T = 8 K

nanoSQUID

Electronics background

Ib

V

White Flux Noise      S(f)  ~ 4kBTL2/R (?)

YBCO nanoSQUID: sub-μΦ0/Hz1/2 sensitivity

Arpaia, Arzeo, Nawaz, Charpentier, Lombardi, TB,  APL 104, 072603 (2014) 



Improving white flux noise

Flux noise limited by amplifier input noise

• Large voltage modulation depth is needed.

• One possibility is to increase normal state resistance of the wire. 

Arpaia, Arzeo, Baghdadi, Trabaldo Lombardi, Bauch, SuST 30, 014008 (2017) 
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Improving white flux noise

White flux noise limited by amplifier input noise

Increasing normal state resistance by: 

• Removing gold capping

• Using thinner YBCO films

Arpaia, Arzeo, Baghdadi, Trabaldo Lombardi, Bauch, SuST 30, 014008 (2017) 

0.6 Φ0/Hz1/2
 0.45 Φ0/Hz1/2

1 Φ0/Hz1/2
 0.6 Φ0/Hz1/2

@ 18 K



Towards field sensitivity

Implications on: 

• Single spin detection.

• Detection of magnetic 

nanoparticles in high magnetic 

fields.

• Neuro-imaging systems or 

Magnetoencephalography

(MEG).

Improving white flux noise

Flux noise             loop area

Magnetic Field noise = 

Flux noise / magnetic pickup area 

Arzeo, Arpaia, Baghdadi, Lombardi, Bauch, JAP 119, 174501 (2016) 



Towards field sensitivity

Relevant inductances (per unit length)Magnetic Field noise = 

Flux noise / magnetic pickup area 

Arzeo, Arpaia, Baghdadi, Lombardi, Bauch, JAP 119, 174501 (2016) 

Kinetic inductance

Superconducting strip of width w, 

thickness t 

Lk = m0

l 2

wt

l(T ) : London penetration depth



Towards field sensitivity

Effective area vs. pick up loop diameter

l(T ) »150nm

70% of flux coupling occurs via 

kinetic inductance

l(T ) » 400nm

94% of flux coupling occurs via 

kinetic inductance

Arzeo, Arpaia, Baghdadi, Lombardi, Bauch, JAP 119, 174501 (2016) 

d (m)



Towards field sensitivity

• Flux noise independent of pick up loop.

• Magnetic field noise properties improve with pick up loop size.

• Coupling mainly via kinetic inductance.

Summary of nanoSQUIDs w/ pickup loop

Arzeo, Arpaia, Baghdadi, Lombardi, Bauch, JAP 119, 174501 (2016) 



Increasing further effective area

Xie, Chukharkin, Ruffieux, Schneiderman, Kalabukhov, Arzeo, TB, Lombardi, Winkler, submitted to SuST

T = 77 K



Noise at 77 K

50 nm YBCO:

• no Au capping

• no pick up loop

• Vf~ 15 V/f0
• Amp: Sv

1/2 ~ 0.4 nV/Hz1/2

Expected field noise taking achieved effective area Aeff ~ 0.1 mm2:

Sf
1/2 ~ 500 fT/Hz1/2

For HTS MEG applications: Sf
1/2 < 50 fT/Hz1/2 needed

SQUID electronics with lower input noise (Cryoton)



Resistance and critical current 1/f noise

Trabaldo, Arzeo, Arpaia, Baghdadi, Andersson, Lombardi, Bauch, IEEE TAS 27, 7500904 (2017) 



Resistance and critical current 1/f noise

Trabaldo, Arzeo, Arpaia, Baghdadi, Andersson, Lombardi, Bauch, IEEE TAS 27, 7500904 (2017) 

SV =g
V 2

f ×n ×Vol

Critical current 1/f noise is roughly 10 times larger

g » 3.4´10-4
(Hooge’s parameter)

Hooge’s law for 1/f noise

T = 96 K

Vol = 3w2t

t = 50 nm,

w=65 nm, …, 1m 



• Nanoscale devices beyond state-of-the-art

• Vision: obtain groundbreaking information 

about the microscopic mechanism of HTS

• quantum limited detectors 

• Nanomagnetism

• HTS MEG systems

High critical temperature superconductor nanodevices

Summary



Transport anisotropy and noise

Finite correlation length of charge density waves (CDW): 10-40 nm

Alignment of CDW along a- or b-

direction in CuO2 planes 

a

b

Equivalent resistor network

low resistance

high resistance

Fluctuating CDW:

Resistance fluctuations

as a function of:

Doping

Temperature

Substrate

Magnetic field

Similar effects expected for superfluid density: critical current fluctuations
Carlson et al., Phys. Rev. Lett. 96, 097003 (2006)



Probing the AC-Josephson-like behavior:

Detection of Shapiro-like steps under microwave irradiation

• Phase locking of driving microwave 
field at frequency wd and Abrikosov
vortex motion across the wire.

• Shapiro steps observable to the 
160th order

Vn = n ×
wd

2p
f0

Nawaz, Arpaia, Lombardi, Bauch, PRL 110,167004 (2013) 



Probing the AC-Josephson-like behavior:

Detection of Shapiro-like steps under microwave irradiation

• Phase locking of driving microwave 
field at frequency wd and Abrikosov
vortex motion across the wire.

• Shapiro steps observable to the 
160th order

Vn = n ×
wd

2p
f0

• Modulation of Shapiro-like steps 
indicates the existence of a 
periodic Current Phase Relation

Nawaz, Arpaia, Lombardi, Bauch, PRL 110,167004 (2013) 
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Transition from zero voltage state to finite voltage state of a wire:

J dp =
f0

3 3pm0lL
2x

»1.5 ×108 A/cm2

Transition from the zero voltage state to the finite voltage state 
when the LOCAL current density jy (typically at the edge of the 
wire) is close to the Ginzburg Landau depairing current density
jy~jdp (nucleation of vortices)

Imax

Critical current density JC vs wire width w:
a quality check
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See also Supercond. Sci.Technol. 22 (2009) 064001

“Why NanoSQUIDs are important: an introduction to the focus issue” 

by C. P. Foley and H. Hilgenkamp

Superconducting quantum interference devices based
on YBaCuO nanobridges

M. V. Pedyash,a) D. H. A. Blank, and H. Rogalla
Low Temperature Division, Department of Applied Physics, University of Twente, P.O. Box 217,
7500 AE Enschede, the Netherlands

Received 21 September 1995; accepted for publication 18 December 1995

Direct current SQUIDs based on YBaCuO thin film nanobridges have been investigated. Critical

current densities Jc of the devices are up to 3 106 A/cm2 at T 77 K and show a temperature

dependence of (1 T/Tc)
1.6 0.1. High values of the voltage-flux modulation are observed 8 V

peak to peak at 77 K, 45 V at 4.2 K . The temperature dependence of the SQUID modulation is

found to be essentially different from the one of the conventional weak link SQUID. We discuss our

results by considering degradation of the nanobridge area during structuring, which leads to a

transition from SNS to SS S type junction with decreasing temperature. © 1996 American

Institute of Physics. S0003-6951 96 02608-5

Most high-Tc SQUIDs are based on grain boundary

weak links or ramp-type junctions. The techniques to prepare

such structures have been developed extensively and often

face technological problems caused by an extremely short

coherence length in high- Tc superconductors. Recent re-

sults show that nanobridges, although having dimensions

significantly exceeding , manifest a true Josephson behavior

and are suitable for SQUID fabrication.1–3 The concept of

the coherent motion of flux quanta has become a standard for

nanobridge description, and explains a wide variety of

effects.4 However, the periodic supercurrent-phase relation,

which is a principal element of SQUID operation, does not

follow obviously from this model.

We investigated SQUIDs based on high-Tc thin film

nanobridges systematically. We explain the Josephson nature

of these devices by considering degradation of the bridge

area during structuring, which leads to a transition from

SNS- to SS S-type junctions with decreasing temperature.

SQUIDs were structured in 50 nm thick YBa2Cu3O7

films by electron beam lithography EBL and direct focused

ion beam milling FIB . An inductively shunted dc SQUID

geometry was chosen.3 The Tc of unstructured films is

90 1 K. The superconducting transition curves R(T) of

the investigated devices show the presence of a ‘‘foot’’ that

grows rapidly with the decrease of the bridge width w, with

an onset at w 250 nm Fig. 1 b . For wider bridges no

degradation of Tc has been observed. The current voltage

characteristics (I–V of SQUIDs at zero external magnetic

field see Fig. 1 a are similar to those of single nanobridges

discussed elsewhere.5 The critical current Ic is a linear func-

tion of the nanobridge width w for 50 nm w 350 nm. The

critical current density Jc is up to 3 106 A/cm2 at 77 K and

follows Jc (1 T/Tc)
1.6 0.1 in a wide range of temperatures

from Tc down to at least Tc/2.

For w 300 nm, voltage-flux modulation was observed

in our SQUIDs. For a device based on 250 nm bridges, the

maximum measured peak-to-peak voltage modulation Umod

is 8 V at 77 K see Fig. 2 . For a SQUID with 100 nm

bridges (Tc 60 K , the maximum Umod is 45 V at 4.2 K.

In Fig. 3 the experimental data for the temperature depen-

dence of the voltage modulation Umod(T) are given.

Umod(T) of the nanobridge SQUID is essentially different

from the one of conventional weak link SQUIDs described

by the RSJ model. For wider bridges with decreasing tem-

perature starting from Tc of the bulk material, the amplitude

of the modulation increases rapidly, and reaches quite a nar-

row maximum at T 0.9Tc . With further decrease of tem-

perature, the amplitude of modulation drops and vanishes,

remaining zero at lower temperature. Narrower bridges,

where Tc is suppressed significantly, show a maximum at

higher temperature, a decrease of the voltage modulation in

intermediate temperature range, and an abrupt raise at low

temperatures typically below 20 K see also Fig. 5 . This

behavior cannot be explained by an increase of the SQUID

screening parameter L 2IcLsq / 0 due to the Ic increase

with decreasing temperature. The increase of L leads to a

saturation of the modulation amplitude and not to a suppres-

sion.

a Electronic mail: m.pedyash@tn.utwente.nl

FIG. 1. a The I(V) and b R(T) characteristics of SQUIDs with nano-

bridges of different widths.
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The difference between our SQUIDs and the conven-

tional Josephson weak link devices described by the RSJ

model is that the nanobridge SQUID is a typical ‘‘flux–flow’’

device with the corresponding I–V characteristics see Fig.

1 a . Instead of a single and well-defined RSJ-like resistance

parameter Rn , the nanobridge SQUID is characterized by its

bias-dependent dynamic resistance Rdyn , which is deter-

mined by effects of vortex flow in the bridge and can depend

on temperature in a rather complicated way. In Fig. 5, Rdyn of

a SQUID with 150 nm bridges, measured experimentally, is

presented. It raises strongly in both low and high temperature

regions. By substituting in Eq. 3 Rn the approximation of

the experimental values of Rdyn and Ic by the calculated

I j(T), the SQUID voltage modulation Ucalc was calculated

as a function of temperature for bridges of different width

Fig. 6 b . A qualitative agreement between the experimen-

tal data and the calculated ones has been obtained for all

temperatures and bridge widths compare Figs. 3 and 6 b .

A more realistic assumption would be that even at high

temperatures, only a small fraction of total supercurrent in

the bridge is of Josephson origin. This coincides with the

high observed values of Jc at 77 K and explains why we did

not see any significant suppression of Ic by a weak magnetic

field. The above discussion brings up the idea that vortices in

the nanobridge are not always of the pure Abrikosov type,

but can gain properties of Josephson fluxons, like increase of

the vortex size and gradual disappearance of the normal vor-

tex core with decreasing w.7 This could also explain the low

value of the viscous drag coefficient of vortex motion in a

nanobridge.5 The proposed Tc(x) distribution near the bridge

edge leads to a more complicated shape of the edge barrier

for a vortex to enter the bridge than usually assumed.4

In summary, SQUIDs based on high-Tc thin films have

been made. They show well-reproducible voltage–flux

modulation Umod with amplitude comparable to that of con-

ventional weak link SQUIDs. The temperature dependence

of Umod is found to be essentially different from that known

for weak link SQUIDs. To explain this phenomenon, we con-

sidered degradation of superconductor in the nanobridge

area, which leads to a local suppression of Tc and to a tran-

sition from SNS to SS S-type junctions with decreasing tem-

perature. This approach allows us to explain the experimen-

tal data for Tc and Umod(T) for SQUIDs with nanobridges of

different widths.
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FIG. 6. Calculated Josephson current component I j a and the amplitude of

the voltage–flux modulation Ucalc b for SQUID with bridges of different

widths w 100, 150, 200, and 250 nm .
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The difference between our SQUIDs and the conven-

tional Josephson weak link devices described by the RSJ

model is that the nanobridge SQUID is a typical ‘‘flux–flow’’

device with the corresponding I–V characteristics see Fig.

1 a . Instead of a single and well-defined RSJ-like resistance

parameter Rn , the nanobridge SQUID is characterized by its

bias-dependent dynamic resistance Rdyn , which is deter-

mined by effects of vortex flow in the bridge and can depend

on temperature in a rather complicated way. In Fig. 5, Rdyn of

a SQUID with 150 nm bridges, measured experimentally, is

presented. It raises strongly in both low and high temperature

regions. By substituting in Eq. 3 Rn the approximation of

the experimental values of Rdyn and Ic by the calculated

I j(T), the SQUID voltage modulation Ucalc was calculated

as a function of temperature for bridges of different width

Fig. 6 b . A qualitative agreement between the experimen-

tal data and the calculated ones has been obtained for all

temperatures and bridge widths compare Figs. 3 and 6 b .

A more realistic assumption would be that even at high

temperatures, only a small fraction of total supercurrent in

the bridge is of Josephson origin. This coincides with the

high observed values of Jc at 77 K and explains why we did

not see any significant suppression of Ic by a weak magnetic

field. The above discussion brings up the idea that vortices in

the nanobridge are not always of the pure Abrikosov type,

but can gain properties of Josephson fluxons, like increase of

the vortex size and gradual disappearance of the normal vor-

tex core with decreasing w.7 This could also explain the low

value of the viscous drag coefficient of vortex motion in a

nanobridge.5 The proposed Tc(x) distribution near the bridge

edge leads to a more complicated shape of the edge barrier

for a vortex to enter the bridge than usually assumed.4

In summary, SQUIDs based on high-Tc thin films have

been made. They show well-reproducible voltage–flux

modulation Umod with amplitude comparable to that of con-

ventional weak link SQUIDs. The temperature dependence

of Umod is found to be essentially different from that known

for weak link SQUIDs. To explain this phenomenon, we con-

sidered degradation of superconductor in the nanobridge

area, which leads to a local suppression of Tc and to a tran-

sition from SNS to SS S-type junctions with decreasing tem-

perature. This approach allows us to explain the experimen-

tal data for Tc and Umod(T) for SQUIDs with nanobridges of

different widths.
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YBCO nano-wire SQUIDs in literature



Doping dependence: thin films 

Variation of hole doping through proper annealing
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(unpublished)


