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Purpose of this lecture

To better understand how we can characterize the 

electrical and magnetic propeties of materials through

ELECTRIC measurements and MAGNETIC measurements

Current source

V

Magnetic field H

H

Current source

Transport current

(applied externally)

Induced current

(by the applied magnetic field)
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Part A : 

Electric (transport) measurements

Part B : 

Magnetic measurements
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Part A : 

Electric (transport) measurements
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V

The main difficulty for transport measurements

on superconductors = ?

I
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Influence of contact resistance & wire resistance
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internal resistance of the voltmeter
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4-wire measurement (Kelvin connections)

A, B = current contacts

a, b = voltage contacts

With 4-wire connexions …

The current contact R and wire R are outside the measurement circuit 

The voltage contact R and wire R can be neglected with respect to R of the voltmeter

Examples : 
A B 

a b

A B a b

NB : for AC measurements : twisted wires are required to avoid inductive pick-up !
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Tc

critical temperature

9

Which information can we probe 

with a resistance vs. temperature measurement ? 
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Which information can we probe 

with a resistance vs. temperature measurement ? 

For High Temperature Superconductors (HTS)

R(T) measurements allow also to investigate…

(i) Anisotropy

(ii) Granularity

(iii) Irreversibility Line (IL)
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Ex : Y - 123 single crystal 

 

Y
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(i)  Anisotropy

It should be also noted the pinning of flux lines B

is larger for B || ab than for B || c

Example : YBa2Cu3O7 single domain

Temperature (K)

0 100 200 300


c
 (

m


.c
m

)
0

5

10

15

20


a

b  (m


.c
m

)

0.00

0.05

0.10

0.15

0.20

0.25


c
 


ab

 

c

ab

Philippe VANDERBEMDEN – « Electric and magnetic measurements » CONECTUS school, Prague, June 24-28, 2024



Transport current 

 
J

Intergranular current   JCJ  

Shielding currents 

 

H

Intergranular current   J

Intragranular current   J

Applied magnetic field

CJ

CG  
 

Grain alignment - or texturation - is a key ingredient 

to improve the intergranular critical current density

JCJ < JCG
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(ii)  Granularity
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JCJ

JCG
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H
C1

(T)

H

T0 T
c

H
C2

(T)

H
irr

(T)
J

c
 = 0

useful for
applications

(irreversible)

(reversible)

R ≠ 0
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(iii)  Irreversibility Line
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Typical R(T) curve
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Ex:  YBa2Cu3O7

The width of the 

transition requires a given

criterion to define Tc

correctly

(usual criterion : inflexion 

point [change of curvature] 

but others are possible)
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Typical R(T) curve

The use of a log scale can be very useful the temperature above which

electrical resistance merges from the noise level (= irreversibility line )
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Some (slightly more complicated) examples…
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I-

grain Grain boundary

I
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A shoulder in R(T) – possibly using a log scale for R 

is a clear signature of the presence of one or more grain boundaries
18

Granularity

Philippe VANDERBEMDEN – « Electric and magnetic measurements » CONECTUS school, Prague, June 24-28, 2024



I-

Some artefacts or difficulties …
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Back to

LINEAR

SCALE

?

The peak in R(T) just above the superconducting transition is a (relatively)

common feature usually attributed to inhomogeneities and current redistribution
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I-
A larger current means also a much larger power dissipated in current contacts

(P = R I² !) and, possibly, sample heating and error in the temperature measurement
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Is it superconducting physics ?

Keep currents as low as possible why keeping an acceptable sensitivity
20Philippe VANDERBEMDEN – « Electric and magnetic measurements » CONECTUS school, Prague, June 24-28, 2024



I-

Bad sample or bad

contact resistance ?

Try again with

new contacts !

Is it superconducting physics ?
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« Jumping » contact

Try again with

new contacts !

Is it superconducting physics ?
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I-

Is it superconducting physics ?

AC resistance measured in a QD Physical Property Measurement System (PPMS)

Temperature (K)

?

See the following application note :

?
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Part A : 

Electric (transport) measurements

Part B : 

Magnetic measurements
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 What are we measuring?

 How are we measuring?

 What kind of information can we

extract?

Outline for magnetic measurements
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 What are we measuring?

 How are we measuring?

 What kind of information can we

extract?

Outline for magnetic measurements
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B = µ0 (H + M)

H =   magnetic field [A / m]

M =   magnetization [A / m]

B =   magnetic flux density [T]

What are we talking about ?

.B = 0
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H and M are expressed in the same units

28

(in Prague too)
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m = magnetic moment [A.m2]

M = magnetization [A / m]

(= m / V)

And a little bit more …

 = magnetic susceptibility

(= dM / dH)

 = magnetic susceptibility

(= M / H)
[DC]

[AC]

DC

AC

M

H 
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m =  f (physics, applied field, volume)

M =  f (physics, applied field, volume)

And a little bit more …




DC

AC

=  f (physics, applied field, volume)
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The ‘most common’ (?) magnetic measurements

‘DC’ ?    

Constant T

Constant H

‘AC’ ?    

Constant H
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Magnetisation

[A/m]

Magnetic moment [Am²]

or [emu] = [10-3 Am²]

Volume  [m³]

So: do not confuse the two m’s : « M » and « m »

M =
m

V
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(argh!)

So: do not confuse the two m’s : « M » and « m »
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H

time

Quasi-static

Transient regime

 « DC » (too)

Alternating

Sinewave signal

 « AC »

Direct current

Steady-state regime

 « DC »

time

time

Types of magnetic sollicitations

H

H
time

H
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Characteristics of  ‘DC’ measurements

time

H

time

H
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Zoom on the ‘stabilised field’ part

time
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error
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 What are we measuring?

 How are we measuring?

 What kind of information can we

extract?

Outline for magnetic measurements
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How are we measuring ?

Magnetised

sample

dt

d
NV




‘sensing’ coil

(= ‘pick-up’ coil)

B around

the sample

SQUID
SUPERCONDUCTOR

SEMICONDUCTOR
Hall probes

Forces and torques Dynamometric

methods

Optical methods

Magneto-optic

effects

MAGNET-OPTIC FILM

REFLECTIVE LAYER

LINEARLY 

POLARIZED 

LIGHT

THIS LECTURE
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Methods based on sensing coils

Magnetised

sample

dt

d
NV




How to produce the time-varying flux (t) ?

CONNECTED TO 

A VOLTMETER

(+ INTEGRATOR)

by relative motion of 

the sample w.r.t. the coil

EXTRACTION VIBRATION

by using a time-varying

applied field H(t)

QUASI-STATIC 

or 

ALTERNATING (AC)
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Use of several sensing coils ?

In order to increase the sensitivity and reducing inductive pick-up of unwanted

AC magnetic flux, several configurations of sensing coils can be used :

1 coil 2 coils 3 coils 4 coils

MAGNETISED 

SAMPLE

M
O

T
IO

N
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Use of several sensing coils ?

2 coils 3 coils

Series – opposition

= 1st order gradiometer

Two sets of 

series – opposition

= 2nd order gradiometer

(NO OUTPUT FOR 

A UNIFORM AC FIELD)  

(NO OUTPUT FOR A UNIFORM AC FIELD

OR A UNIFORM AC FIELD GRADIENT)  

In order to increase the sensitivity and reducing inductive pick-up of unwanted

AC magnetic flux, several configurations of sensing coils can be used :
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Sample and pick-up coil dimensions:

Two limiting cases

sample

pick-up coil

sample

pick-up coil

sample dimensions << coil dimensions Tightly wrapped coil

Sensitive to the

magnetic moment m  <M>

Sensitive to the

magnetic flux   <B>
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 What are we measuring?

 How are we measuring?

 Extraction method

 Vibrating Sample magnetometer (VSM)

 SQUID

 Fluxmetric measurements

Outline for magnetic measurements
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Extraction method

e.m.f. 
t0

tf

AXIAL MOTION

OF THE SAMPLE

(AT CONSTANT SPEED)

INTEGRATION

BETWEEN 

WELL-CHOSEN

BOUNDS

MAGNETIC MOMENT

TO BE MEASURED

SIGNAL

PROPORTIONAL

TO THE

MAGNETIC 

MOMENT
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Extraction method : Key points

 Method with a very reasonable sensitivity (10-7 10-8 Am²)

 The radius of the sample should be small enough w.r.t. to that of the 

sensing coils

 Method used e.g. in the 

Physical Property Measurement System 

(Quantum Design)
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Can be designed to make a custom 

system, e.g. for large samples

Egan et al 

Rev Sci Instrum 86 025107 (2015)
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 What are we measuring?

 How are we measuring?

 Extraction method

 Vibrating Sample magnetometer (VSM)

 SQUID

 Fluxmetric measurements

Outline for magnetic measurements
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Vibrating Sample Magnetometer

e.m.f.

MAGNETIC MOMENT

TO BE MEASURED

E.M.F.

PROPORTIONAL

TO THE

MAGNETIC 

MOMENT

(AND AT THE SAME 

FREQUENCY

AS THE VIBRATION)

VIBRATION

AT A GIVEN

FREQUENCY

USE OF A LOCK-IN AMPLIFIER

EXCELLENT SIGNAL/NOISE
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The two VSM types

VIBRATION

AXIAL RADIAL

VIBRATION

DIRECTION 

OF THE FIELD

DIRECTION 

OF THE FIELD

 2 sensing coils  4 sensing coils
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The two VSM types

AXIAL RADIAL

 e.g. PPMS – Quantum Design  e.g. 8600 Model – Lake Shore
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The two VSM types

AXIAL RADIAL

 Can use a superconducting 

magnet (16 T)
 Mostly electromagnets (3 T)

 Sensitivity ~10-9 Am²  Sensitivity ~10-11 Am²

 Accessible volume depends on 

the model

 Large accessible volume

 Requires liquid helium  Cryogenic fluids only for 

cooling the sample
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 What are we measuring?

 How are we measuring?

 Extraction method

 Vibrating Sample magnetometer (VSM)

 SQUID

 Fluxmetric measurements

Outline for magnetic measurements
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SQUID

= 

Superconducting

Quantum

Interference

Device

Interference with

a ‘Josephson’ junction

S SI
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The first prediction of such effects dates from 1962

Brian Josephson 

(1940 - )

(1973) Nobel prize 

for his theoretical predictions of the properties of a 

supercurrent through a tunnel barrier, in particular 

those phenomena which are generally known as the 

Josephson effects.
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The radio frequency (RF) SQUID

 A RF SQUID consists in a ring containing 

only one JJ. No DC current is injected. 

 The external flux ext consists now of the 

unknown flux inc and a RF flux RF.

 If the external flux is changed, the fluxoid

quantization creates a hysteretic 

behaviour of the SQUID loop. This 

generates losses that are reflected in the 

voltage across the RF circuit. 

= Φ𝑖𝑛𝑐

+Φ𝑅𝐹

Φ𝑒𝑥𝑡

Φ𝑅𝐹

Circuit producing

the RF magnetic flux
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A SQUID in practice

‘DC’ FLUX 

TRANSFORMER

 The sample is mounted on a ‘non’ magnetic rod

(e.g. drinking straw) and moved along a second 

order gradiometer

 The time required for this motion implies that the 

applied magnetic field should be stabilized

SAMPLE

SQUID

S
E

C
O

N
D

 O
R

D
E

R
 G

R
A

D
IO

M
E

T
E

R

SQUID CIRCUITRY
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A SQUID is the MOST SENSITIVE 

magnetic flux detector.

A squid allows magnetic flux 

smaller than 0 to be measured.

Φ0=
ℎ

2𝑒
≈ 2 . 10−15 Tm2
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 e.g. MPMS3 – Quantum Design

 Typical sensitivity 

< 10-11 Am²
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 What are we measuring?

 How are we measuring?

 Extraction method

 Vibrating Sample magnetometer (VSM)

 SQUID

 Fluxmetric measurements

Outline for magnetic measurements
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Experimental set-up for flux measurement

16.5 mm 

diameter

6.32 mm thickness

Bulk

YBCO 25 mm

Philippe M P et al. 2014 Physica C: 

Superconductivity 502 20-30
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 What are we measuring?

 How are we measuring?

 What kind of information can we

extract?

Outline for magnetic measurements
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Different “M(H)” curves for type II (hard) 

superconductor as a function of Hmax

H / H
p
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Hmax = 3 Hp Hmax = 0.5 Hp

The difference betw. M and M

is Hp (= Jc.a) in the case of an infinite slab

BUT… this is only true when the maximum field Hmax is large enough ! 
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The relation between M and Jc depends 

on the geometry of the sample

2a

H

2a

Infinite slab Infinite cylinder

a

M
Jc




a

M
Jc

2

3


H
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And what happens if we consider an E-J curve

instead of the Bean model ?

H(t)  B(t)

Do NOT forget

Faraday’s law 

dt

dBa
E 










2
2a

There is always an electric field in magnetic experiments !

The amplitude of this field is much smaller than in transport experiments
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Current density  : J  (A/m²)

Magnetic flux density : B (T)

Electric field : E (V/m)

Do not forget to consider these 3 quantities…
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Consequence …

E 

Jc

Ec

J 

The amplitude of 

induced currents

increases for large 

dB/dt !

Always specify dB/dt

in ‘DC’ experiments !
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Irreversibility field from

TRANSPORT and MAGNETIC

H
C1

(T)

H

T0 T
c

H
C2

(T)

H
irr

(T)
J

c
 = 0

useful for
applications

(reversible)

R ≠ 0

MAGNETIC

(irreversible)

TRANSPORT

ΔM ≠ 0

1 2

Doyle et al., APL 73, 117 (1998)
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Conclusion

Current source

V

Magnetic field H

H

Current source

Transport current

(applied externally)
Induced current

(by the applied magnetic field)

Both kind of measurements are very useful

and can provide invaluable information on the material properties

BUT … Be always careful when interpreting the results !
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Thank you for your attention

Philippe VANDERBEMDEN

University of Liège, Belgium

Philippe.Vanderbemden@uliege.be
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