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A B S T R A C T

Changes of the electron work-function of a superconductor proportional to the square of the current density are known as Bernoulli effect in superconductors or
current induced Contact Potential Difference (CPD). The temperature dependent coefficient β(T; m*) is parametrized by the effective mass of Cooper pairs m*. In such
a way the study of the Bernoulli effect leads to creation of Cooper pair mass-spectroscopy. In this paper a short review on the Bernoulli effect in superconductors is
given and a proposed experimental set-up for its measurement is described in detail. The experiment requires standard electronic equipment and can be implemented
in every laboratory related to physics of superconductivity. This experimental set-up for observation of current induced CPD requires nano-technological hybrid
superconductor structures with atomically clean interfaces and measurement of nano-volt signals with capacitive coupling to the sample. As the quality of the
superconductor surface is crucial for the proposed experiment the research is better to start with crystals used for angle-resolved photo-emission spectroscopy
(ARPES); all those samples have excellent quality guarantying success even for the first experiment.

1. Prehistory

The present theoretical paper is clearly linked to the concrete ex-
periments of Lewis [1], Bok and Klein [2], and Morris and Brown [3] in
search of London Hall effect. The main idea is very simple: the Hall
effect gives the volume density of charge carriers ρtot and at known skin
depth to determine simultaneously the effective mass of charge carriers
m*. Continuation of this experimental research [1–3] will trigger sig-
nificant novel results related to fundamental physics of super-
conductivity and its material science. The consideration how these
experimental methods could be applied to investigate thin super-
conducting films in hybrid nanostructures, two dimensional super-
conductors and unconventional superconductors would be a contribu-
tion to the scientific understanding of electronic processes so far. We
analyze in short the pioneering experiment and will suggest a con-
temporary experimental setup illustrated by a numerical example.

In the experiment by Lewis [1] a lead sphere was put in a Helmholtz
coil to which was applied a radio-frequency current. In the Meissner-
Ochsenfeld phase superconducting currents circulate along the parallels
and tangential magnetic field is along the meridians. In this geometry
the electric field is exactly radial and maximal in equatorial regions.
The debut idea was to measure the London-Hall voltage =ULH e p
between a equatorial point and one pole point using soldered wires and
lock-in voltmeters. The measured voltage was just zero and the ex-
periment was unsuccessful. A famous theoretician Philippe Nozières

revealed that the London Hall effect is actually current induced Contact
Potential Difference (CPD) and as a CPD has to be measured by capa-
citive coupling. Following this clarification by Nozières, Bok and Klein
[2] and later Morris and Brown [3] succeeded to observe a voltage
proportional to the square of the exciting current =U I 2. However,
they missed to realize that for every set-up the coefficient gives the
possibility to determine the charge carriers density ρtot, and the mod-
ulus of the effective wave function of the superconductivity Φ. The
measurement of the coefficient at a known value of skin depth λ is
the way to create effective mass m* spectroscopy of superconducting
charge carriers. Theoretical papers in this direction were completely
ignored, for example, experimentalists have never referred to the paper
by Greiter, Witten and Wilcheck [4].

One of the intentions of the present study is to derive the corre-
sponding formulas expressing the effective mass of superfluid charge
carriers m* by the measured coefficient .

The interest in the physics of superconductivity in general and re-
lated problems of supercarrier mass m* and their density significantly
increased after discovery of high-Tc superconductivity. For a general
review see, for example, the monograph by Plakida [5], and the review
by Basov and Timusk [6] on electrodynamics of high-Tc cuprates. The
thermodynamics of layered cuprates requires application of anisotropic
Ginzburg-Landau theory and the problem of determination of eigen-
values m * of the tensor of effective masses of superconducting pair of
electrons with charge 2e was put in the agenda, see Sections 4 and 6,
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references therein and Table 4.1 in the cited Ref. [5]; some remarks are
given as a footnote to this reference. In some cases effective masses
were determined so precisely that it was possible to study a subtle
polaronic effect – the influence of oxygen isotope mass M on the Cooper
pair effective mass in CuO2 plane m Md ln * /d lnab . For references on
large-oxygen isotope effect on the effective super-carrier mass see
Section 4 of the review by Guo-meng Zhao, H. Keller, and K. Couder
[7].

It will be nice if we have an alternative method for fast and exact
measuring of m*ab and its absolute value. Such a possibility gives current
induced CPD called also Bernoulli effect in superconductors.

Every new experiment has to be theoretically analyzed before even
being planned. That is why the purpose of the present paper is to focus
the attention of the experimentalists on a new effect in the physics of
superconductivity, which can reveal many fundamental properties of
the physics of superconductivity. The essential part of the paper is a
detailed description of the proposed experimental set-up.

2. Introduction. e* and m*. A historical perspective

Starting from the formula for velocity = e mv A( * )/ * for a
charged super-fluid with wave-function = n ei F. London [8] de-
rived the well-known relation between the variation of the vector-po-
tential δA and the variation of the current density = e nj v* . This
local approximation = e n mj r A r( ) ( * / *) ( )2 leads to the well-known
formulae for the London penetration depth = e n c m1/ * / *2 2

0
2 and the

quantization of magnetic flux [9] with flux quantum = c e2 [ ]/ *.0
Hereafter the notation [c] is only in Gaussian system, in SI [c] should be
substituted by 1. In the relatively exotic case of rotating
superconductor with local velocity of the lattice V to the potential
momentum m0V a term containing the inertial mass of the free charge
carriers m0 is added and the local expression for the current reads

= e n e m mj A V* ( * )/ *,0 where m0 ≡ 2me. This complete result
gives the possibility for a precise determination of the inertial mass of
an electron me moving in a crystal lattice [10]. In the precise experi-
ment by Cabrera and Peskin [10] was possible even to determine the
relativistic corrections to the mass of the free electron me.

The negligible dissipation and approximate energy conservation of
superconductors in the radio-frequency range give good conditions for
the applicability of the Bernoulli theorem

+ = = =m v n T e n t1
2

* ( ) , * ( 0)2
tot tot tot (1)

for the constancy of the electro-chemical potential ζ in the condition of
thermodynamic equilibrium with a constant temperature T, cf. the
equations of hydrodynamics of a super-fluid by Landau [11].If the su-
perconductor is a clean metal with closed trajectories on the Fermi
surface, the volume charge density related to Hall effect in strong
magnetic field = e n n( ),e htot is the difference by the volume den-
sities of electronic states with positive ne and negative nh effective
masses [12,13].

Let us recall that a voltmeter measures the difference of the electro-
chemical potential. That is why for the measurement of current induced
contact potential difference
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where v( ) (0). Introducing a dimensionless parameter Cλ

close to the critical temperature we have
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where additional indices refer to d-wave and s-wave superconductors.
For the experiment which we suggest it is indispensable to have capa-
citive coupling between the sample and the Bernoulli signal detector
electrode. For a short review of the problem see Ref. [14] and refer-
ences therein. We wish to stress out that the Bernoulli theorem for
superconductors is not a result of some dynamic theory but a con-
sequence from thermodynamic consideration even of static super cur-
rents. Most of the conventional superconductors are well described by
the BCS theory with isotropic temperature depended gap Δ(T). The
ratio of superfluid to total density [15] or “the number of the super-
conducting electrons” Ref. [16], Eq. (87) (in the next formula we follow
the notation of this textbook)
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is one of the main result of the BCS gap Δ(T) theory. It was never dis-
puted that pictorially speaking all charge carriers in BCS super-
conductors are superfluid at zero temperature. We have to stress out
that Bernoulli effect similarly to Josephson effect or Meissner-Ohsenfeld
is inherent property for all superconductors and its existence in not
based on any approximative assumptions. For small currents variations
of the electric potential are proportional to the square of the current.
The temperature dependence of the superfluid density is however an
interesting function and it is worthwhile in the beginning to study de-
viations from standard BCS model.

As a short remark we here we have to add that for d-wave super-
conductors which are, for example, layered cuprates, usual disorder
operates is depairing mechanism decreasing Tc and ratio 2n(0)/ne < 1.
The Bernoulli effect gives the unique possibility to determine this de-
pairing decreasing of superfluid density.

Yet London [8] pointed out, that superconducting alloys behave like
they have a negative surface tension [17] and Shubnikov [18] even
started to investigate the magnetization of the vortex phase of now
called type-II superconductors [16]. Many years later in the framework
of the Ginzburg-Landau theory [15,19] an approximate dependence
[20] of the surface tension σ from the Ginzburg-Landau (GL) parameter
κ was derived
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where Bc(T) is the thermodynamic critical field related to the volume
density of the condensation energy pB(T), and = C^ (0) (0)/ (0)
parameterized penetration depth for |ϵ| ≪ 1. Here we wish to mention
other well known results of GL theory
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where Bc2(T) ≈ Φ0/2πξ2(T) is the super-cooling (for type-I super-
conductors) magnetic field, Bc is the thermodynamic magnetic field
related to the jump of the heat capacity ΔC (per unit volume) at the
critical temperature Tc. The argument of ξ(0) means only GL para-
metrization, but not =T 0.

Unfortunately, theoretical considerations and brilliant physical in-
tuition have never been taken seriously. The charge of the superfluid
charge carriers was not determined by the flux quantum =e c* 2 [ ]/ 0
an elementary consequence of the integer value of the dimensionless
momentum circulation +m ev A r( * * )·d /2 . However scientific ar-
chaeology reveals that for first time idea for electron doublets was
proposed soon after discovery of superconductivity in 1914 by
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Sir J. J. Thompson [21], and later on the analyzing relation by super-
conductivity and Bose-Einstein condensation by Ogg [22] and Shafroth
[23]. In such a way it is clear why Onsager pointed out that Φ0 should
correspond to =e e| *| 2| | long time before the experimental determina-
tion.

All equations in the present work are written in almost system-in-
variant form; as we pointed out in SI units [c] must be substituted by
one. The research by Shubnikov on the now called Abrikosov vortex
phase was even more dramatically interrupted [24]. The same can be
said for the effective mass of the super-fluid charge carrier m*. Ana-
lyzing only the temperature dependence of the penetration depth

=T e T c m1/ ( ) * ( )/ *s
2

tot 0
2 the mass of the Cooper pairs remains un-

determined. In all experiments with magnetic field only the ratio n(T)/
m* participates and with appropriate re-normalization of the density for
m* one can take the mass of the Sun m⊙, cf. Ref. [25]. In such a way one
significant part of the physics of superconductivity remains un-
developed despite of 105 works published on this topic. In order to
measure m* it is necessary to study the electric field effect in super-
conductors using atomically clean superconductor surfaces, which is
the main technological difficulty. If we ignore Bernoulli and London-
Hall effect in superconductors we have one parametric re-normalization
n(T) → C n(T) and simultaneously m* → Cm*, which conserves pene-
tration depth ratio

= >n T
m

C n T
C m

C( )
*

( )
*

, 0, (6)

but this does not mean that m* is not accessible. The density of super-
fluid charge carriers can be determined also by measurement of the
drift velocity of the super-fluid by Doppler shift of plasmon resonances
in thin films, for example Ref. [26]. For clean superconductors half of
the Cooper pair mass must be the extrapolated to zero frequency optical
mass [27,28].

The purpose of the present work is to suggest a simple experimental
set-up and a method for investigation of the Bernoulli effect in super-
conductors, which is parameterized by the effective mass of Cooper
pairs. In such a way it is possible to continue the first determination of
the Cooper pair mass [29,30] begun in the Bell labs and interrupted by
the end of these laboratories. In the next section we describe the sug-
gested experiment in details.

3. Description of the set-up and notations

Thin films with thickness dfilm < λ grown on an insulator substrate
are important objects for investigation in the physics of super-
conductivity. If through such a film a two dimensional current j2D with
an acceptable 5% accuracy flows one can consider that the bulk current
density is homogeneous across the thickness of the film j ≈ j2D/dfilm and
precisely this current density is on the interface of the superconductor
with protecting insulator layer with thickness dins. We consider a su-
perconducting film grown on a substrate and protected by a very thin
insulator layer. We suppose that the interface is perfect and the surface
of the superconductor has the properties of the bulk material.

On the protecting insulator layer 4 metal electrodes with axial
symmetry have to be evaporated, the material of the alloy is irrelevant.
In this Corbino geometry we have 1) One circle with radius R1 2) Then
after some narrow gap with width w we have a ring electrode with
internal radius = +r R w2 1 and external radius R2. This is repeated two
times again with two other electrodes with radii 3) = +r R w3 2 and
external radius R3, and finally 4) a ring electrode with internal radius

= +r R w4 3 and an external electrode with radius =R a/24 equal to the
half side of the square substrate, for definiteness let =a 5 mm. All
probes are wired and AC input drive voltage U1,3(t) is applied between
electrodes (1) and (3) and the time dependent output Bernoulli signal
U2,4(t) is measured between electrodes (2) and (4). This structure is
depicted in Fig. 1; compare with one dimensional modification in Fig. 2.
Both set-ups from Figs. 1 and 2 have equivalent electric circuit depicted

in Fig. 3.
The radii have such proportion that areas of the electrodes are ap-

proximately equal

= = =
=
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2
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2

4 4
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The capacities neglecting the effect of ends are approximately
=C S d/ ,i i0 ins ins where =i 1, 2, 3, 4.
The observable Bernoulli potential is determined by the super-fluid

velocity and current density jsurf at the surface of the superconductor.
This current should be much smaller than the critical one jc(T). For thin

Fig. 1. Schematic presentation of hybrid structure for observation of the
Bernoulli effect at the surface of a superconductor. The superconductor layer is
grown on a square substrate. An insulating layer is carefully prepared in order
the superconductor surface to have almost bulk properties. On the insulator
layer 4 concentric metal ring electrodes are evaporated. Drive voltage probes
(1) and (3) are connected to a voltage generator. Drive current passes in the
superconductor layer below the electrode (2). There is no current below the
reference electrode (4). Current induced contact potential difference U2,4 is
measured by a capacitive coupling to the superconductor layer. The drive and
detector circuits are capacitively disconnected. One dimensional version of this
setup is depicted in Fig. 2.

I

Superconductor
Insulator

Metal

3

1

4

2

V

Fig. 2. One dimensional variation of the set-up from Fig. 1. AC current gen-
erator in the left creates current I(t) through the superconducting wire – the
narrow cylinder between points (1) and (3). The superconducting wire with
radius r is surrounded by an insulator (Insulator) and there is a normal metal
layer around the insulator (Metal). As a whole we have a coaxial cable with a
superconducting wire. The detector circuit measures the AC Bernoulli voltage
between probes (2) and (4). Comparison with Fig. 1 shows that formally we
have infinite capacities C1, C3 and C4 and there is a common point between the
drive and detector circuits. Practically we have a co-axial cable with a super-
conducting wire and normal metal around it separated by an insulator.
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superconductor film we have
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Here the screening factor Z(x ≪ 1) ≈ 1 describes more precise treat-
ment of the current density j∝exp (z/λ) across the thickness of the layer
|z| < dfilm/2.

Two dimensional current density =j I r/22D is proportional to the
total drive current I between the electrodes (1) and (3). The Bernoulli
voltage is just the averaged Bernoulli potential beneath the reference
electrode (2)
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or finally
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For thin film dfilm ≪ 2λ(T), Z ≈ 1. In the first expression it is supposed
that we know the experimentally determined temperature dependent
penetration depth, while in the second one is supposed that we know
the total volume density of the charge carriers and the temperature
dependent relative super-fluid concentration T( ).s Those expressions
are simplified at temperatures much lower than the critical one T ≪ Tc

and very thin layers dfilm ≪ λ(0) when we have = =Z 1 (0).s As
=e e| *| 2| | the measurement of the Bernoulli voltage =U U ,2,4 see Fig. 1,

determines the Bernoulli coefficient Bthin and the effective Cooper pair
mass m*.

In order to clarify the work of the set-up in the next section we will
analyze the case of a bulk superconductor.

4. Bernoulli effect on the surface of a bulk superconductor

Now let us describe the work of the set-up when the insulator layer
and electrodes are deposited on the atomically clean surface of a bulk
superconductor. Imagine a good Bi2Sr2Ca1Cu2O8 crystal cleaved by
adhesive tape. In this case the volume density of the current decreases
exponentially in the bulk of the superconductor j z z( ) exp( / ), and
the current density on the surface =j j /urf Ds 2 expressed by the two
dimensional current density and the temperature dependent penetra-
tion depth. At every two dimensional space point = x y( , ) surface
current density is proportional to the drive current I ≡ I1,3 between
electrodes (1) and (3)

= =j I S S r( ) / ( ), ( ) 2 .ulk ulkb b (11)

For thin dfilm ≪ λ films the geometric factor =S rd2hin ilmt f is the area of
a thin cylindrical slice. For the bulk sample we have
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where B is the magnetic field at the surface which is parallel to the
surface and created by the two dimensional eddy currents created by
Meissner-Ochsenfeld effect. Averaging again the 1/r dependence of the
current density under the Bernoulli electrode (2) we obtain in the same
manner the specific for the set-up with a bulk sample constant
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Let us mention the lack of the temperature dependence in the Bernoulli
potential for the bulk sample. One can consider that Bernoulli effect in
this case is London Hall effect describing how the magnetic pressure

= =p B µ/2B att
2

0 l is transmitted to the ion lattice with volume
density of charge = .att otl t Recalling = E z z( ) dz we can write
the volume density of the force acting on the lattice as

= = × = =p
µ

Bf E j B BB· 1 1
2

1 ,att att Bl l
0

2

(14)

i.e. the Lorentz force is gradient of the magnetic pressure and diver-
gence of the Maxwell stress tensor [31,32]. Those 3 vectors are mu-
tually orthogonal =E R B j ,z H rL where =R 1/H otL t is the not yet ever
measured constant of the London Hall effect written in SI units. Let us
remark the original idea by London: for the surface of a bulk crystal a
change of the potential depends on the tangential to the surface mag-
netic field = R B µ/2 .HL t

2
0 We would like to add that this Bernoulli

potential or also the London Hall effect potential is temperature in-
dependent, while in Ref. [4] the temperature dependent density of the
superfluid is used in their final Eq. (3.23). The reason for this difference
is that in Eq. (1) the kinetic energy is proportional to the superfluid
density, while the potential energy includes the total charge density of
both the superfluid and normal charge carriers.

In such a way measurement of the Bernoulli voltage =U U2,4 leads
to direct determination of the total density of charge carriers ρtot. This
important parameter can be substituted in the formula for the Bernoulli
coefficient for a thin film Eq. (10) to determine the effective mass of
Cooper pairs m*. The comparison gives

=T Z T T
d

( ) ( ) ( ) ,hin

hick ilm

t

t f

2
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and we have obtained a new method for determination of penetration
depth λ(T) in type-II superconductors. In order to obtain the derived
formulas in Gaussian units we have to replace Φ0 → Φ0/c and to sub-
stitute = 1/40 and =µ 4 .0 In Heaviside-Lorenz system we have to
substitute = 1,0 =µ 10 and =c 1.

Performing analogous calculations for a superconducting wire with
radius r, i.e. for the “coaxial cable” set-up shown in Fig. 2 we have for
thin r ≪ λ and thick wire r ≫ λ

= =
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The general expression containing Bessel functions can be easily pro-
grammed for the experimental data processing.

Fig. 3. An effective circuit for observation of the
Bernoulli effect in superconductors. A current gen-
erator creates a current I(t), which is input for the two-
port network. The output voltage =U IB

2 is de-
tected through two capacitors with a total capacitance

+C C C C/( )2 4 2 4 . The pre-amplifier and the lock-in
voltmeter are shown schematically as a voltmeter.
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5. Experimental method

Let apply to electrodes (1) and (3) driving voltage, which is a sum of
two sinusoidal, one basic and one modulated with much smaller fre-
quency

= + =

+ +

U t U t U t t U t

U t t
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1
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Then through these electrodes a current
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flows. This current creates Bernoulli voltage

= = +U t I I I t( ) 1
2

sin( ) ,a b2,4 1,3
2

where the high frequency terms with frequencies 2Ω ± ω are not
written. The usage a low noise pre-amplifier should be followed by a
selective resonance amplifier tuned to =f /2 . In this case if we have
monochromatic Bernoulli voltage

U t U t U I I( ) sin( ), 1
2

.a b2,4 B B (20)

This AC voltage with amplitude UB has to be measured as connected in
series to a capacitor with capacitance +C C C C C/( )2,4 2 4 2 4 . In short,
we need a high-frequency signal with frequency Ω, which is modulated
with low frequency ω, and the same low-frequency signal is applied to
the lock-in as reference signal.

If the thickness of the insulator dins is not extremely thin, the cor-
responding impedance 1/ωC2,4 is very high and this creates significant
difficulties for the measurements. The Bernoulli signal must be bi-linear
with respect to Ua and Ub. However the detector circuit can have its
own non-linearity. This background can be measured above Tc and is
reliably removed by the temperature dependence of the Bernoulli
signal. The suggested experiment is actually not difficult. The experi-
mental technique gave the possibility for observation of the Bernoulli
signal long time ago; confer the pioneer works by Lewis [1], Bok and
Klein [2], and Morris and Brown [3], simply the importance of the
Bernoulli effect in superconductors was not evaluated at those times.

As we demonstrate precise measurements of the Bernoulli constant
for thin film T( )hint and bulk sample ulkb give simultaneously the
effective mass of Cooper pairs m*, the total volume charge density of
the charge carriers ρtot, and the temperature dependent penetration
depth λ(T)
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Here we have to use some extrapolated to zero temperature value using
the smooth temperature function =T T( ) (0)/ ( )s

2 2 .
The Bernoulli equation Eq. (1) is applicable for currents much

smaller than the maximal current density [25] in Ginsburg-Landau
approximation for |ϵ| ≪ 1
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where the numerator in the first expression has dimension velocity

times electric charge; in Gaussian system we have to substitute =µ 40
and =B T cH T( ) ( );c c in the last expression ϰ ≫ 1. For j ≪ jmax the drift
momentum of the Cooper pairs m*v ≪ ℏ/ξ(T). This GL result is derived
minimizing the volume density of the Gibbs free energy

= + +g a T p m n bn( ( ) /2 *) /22 2 with respect to the density n, where for
T < Tc the coefficient = =a T m T a( ) /2 * ( )2 2

0 is negative. The
impurity and disorder parameter of the GL coefficients a0 and b was
calculated in Ref. [33], the impurity dependence of the Cooper pair
mass can be understood even in the framework of Pippard-Landau
theory cf. Ref. [26] If the current density is significant within the GL
theory one can easily obtain

= = =

= = =
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Needless to say that in the usual BCS theory the superconducting
gap Δ(T) is just the order parameter which minimizes the density the
free energy g in the self-consistent BCS calculations. BCS gap is acces-
sible by tunneling spectroscopy and far-infrared spectroscopy as well. In
static GL theory, with static effective wave function Ψ(r) and static
vector-potential A(r) only the ratio |Ψ|2/m* can be determined. In
order to determine the Cooper pair mass it is necessary to study elec-
trostatic Bernoulli potential or London Hall effect in bulk super-
conductors. Indeed London analyzed this physical situation 70 years
ago and the Bernoulli potential in superconductors has been analyzed in
the framework of BCS theory many years ago [34]. In general, the
methods of the statistical physics allow us to analyze every situation
with many particles. For conventional clean superconductors m* is just
extrapolated to zero frequency optical mass.

The goal of the present work is to point out that Cooper pair mass
m* can be measured in every laboratory involved in the research of
superconductivity. In the next section we will give a detailed numerical
example which will illustrate the order of the value of the predicted
effect.

Here we present only one opportunity to explore electric field ef-
fects for revealing fundamental properties of superconductors. We
consider that electrostatic excitation of the currents is the best method
for thin films and two dimensional superconductors. Another possibility
for creation of Cooper pair mass spectroscopy by current induced
contact potential difference is to use magnetic field for creation of eddy
currents as it is for the standard method for mutual inductance mea-
surements [35]. We believe that this method is better for thick films and
bulk crystals. Another obvious possibility is to use permanent magnet
driven by piezoelectric crystal oscillations.

6. Numerical evaluation of the Bernoulli effect

Quadratic variations of the chemical potential as function of current
density was considered by London and Landau but the experiment has
not yet been done. In order to urge experimentalists to explore funda-
mental properties of superconductors using Bernoulli effect perhaps it is
necessary to give an illustrative numerical example in order to evaluate
that the experiment is doable. Let us take numerical values similar to
Bi2Sr2Ca1Cu2O8. Let us accept =m m* 10 e and estimate the voltage
which has to be measured. Let take =T 88c K and working temperature
which is =T 3 K below the critical one, =T 85 K. For the thickness of
the superconductor layer we choose =d 100ilmf nm. The insulator layer
should be actually very thin with effective thickness divided by di-
electric constant =d 10nsi nm. The normal metal layer in this hybrid
structure is irrelevant but for very thin Al layers we can use self-healing
of the pinholes due to evaporation of the metal around. Let us accept
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also material constants: GL extrapolated penetration depth
=(0) 260 nm and coherence length =(0) 26 nm; = 62.0. For this

superconductor with d-symmetry of the superconducting gap =C 2.6d,

which gives GL parameterizing of the penetration depth =^ (0) 161 nm
and = 62. For these conditions we have: =| | 0.0341,

=T d( ) 873 nm ,ilmf Z ≈ 1, =T( ) 140.8 nm, = 0.0886s .
We calculate also =B T µ( ) 994 T,c1 =B T( ) 59.4 mT,c =B T( ) 1.660 T,c2

=j T( ) 29.49 GA/m ,axm
2 = ×1.432 10 VA m ,27 2 4 =T( ) 399 pVA .hint

2

Let have a 10 × 10 mm sample of substratum, epitaxial
Bi2Sr2Ca1Cu2O8, and thin dielectric layer. On the insulator layer 4
concentric metallic probes are evaporated: a central circle with radius

=R 2.50 mm,1 and 3 ring electrodes with external radii =R 3.54 mm,2
=R 4.33 mm,3 and =R 5.00 mm.4 The gap between electrodes has width
=w µ20 m, and the internal radii are = +r R w,2 1 = +r R w3 2 and
= +r R w4 3 ; see Fig. 1. So that areas of all plane capacitors are ap-

proximately equal and =C 8.591,3 nF and =C 8.502,4 nF.
The basic sinusoidal voltage with frequency =/2 250 MHz has

amplitude =U 500a mV and the modulated with low frequency
=/2 250 kHz signal has the same amplitude =U 500b mV. For the

brake-down electric field of the insulator we take =E 1db GV/m. The
maximal electric field in the insulator layer we estimate as

= + =E U U d( )/ 100 MV/m,ax a b nsm i so that =E E/ 0.1ax dm b and maximal
charge on the sequential capacitors C1 and C3 is =Q 8.591,3 nC.

At high-frequencies Ω the capacitive impedance between probes (1)
and (3) is = =Y C1/( ) 74 m1,3 1,3 and the corresponding currents are
significant = =I U Y/ 6.75a a 1,3 A and = =I U Y/ 6.75b b 1,3 A is
the same. The maximal two dimensional current density
is = + =j I I r( )/(2 ) 852D a b2 2 A/m, and the bulk one

= =j j d/ 8.52 GA/mD ilm2 f
2; =j j T/ ( ) 0.289.axm The super-fluid drift ve-

locity we evaluate at = =v j e n T/ * ( ) 204ot st m/s, which is smaller that
de-pairing current at this temperature = =v T m T( ) / * ( ) 822epd m/s.
The dimensionless momentum is = =q m v T* ( )/ 0.249. Let us men-
tion also the extrapolation = =v m(0) / * (0) 4.45epd km/s.

One can evaluate now the amplitude of the Bernoulli voltage
=U 9.09B nV, which after amplification =A 106 becomes

= =U AU 9.09mpla B mV. For the calibration of =A 106 amplifier is
convenient to use shot [36] or thermal noise [37].

The rectified signal is collected on the lock-in capacitors for, say,
=t 5 s. Evaluating the electric voltage noise of the first operational

amplifiers of the pre-amplifier to have spectral density parameter
=e 1.2, nV/ Hz ,N typical noise voltage can be evaluated as
= =U e t 2.68N N nV we obtain Bernoulli signal to noise ratio
=r 3.39,NS/ which reveals that experiment is doable, and Cooper pair

mass in cuprates can be determined using standard electronic equip-
ment.

In the considered conditions the Bernoulli effect operates as a de-
modulator and one of the difficulties is that the small nano-Volt signal
has to be measured hidden in the capacitive coupling with impedance

= =Y C1/( ) 74.9 .2,4 2.4 This capacitive impedance can be compen-
sated with an inductance = =L C1/ 47.6 µH.2

2,4 Using general im-
pedance converter this inductance can be tunable. A Python script for
calculation of this numerical illustration is given in the appendix.

This example demonstrates also the possibilities for different mod-
ification. Indispensable is only C2 capacitor. All other electrodes can be
soft gold electrodes directly galvanically touched to the surface of the
superconductor. In this case breakdown problem of the insulator layer
can be avoided. The central gold circle probe (1) and gold ring probe
(3) can be terminals of a coaxial cable. Similar system was used for
measurement of penetration depth in thin films [38]; here we suggest a
three-axial version of this device, which can give also the Cooper pair
mass.

For Bernoulli effect we have to apply strong current and to measure
small electric voltage. One electric field effect in superconductors is in
some sense complementary. One can apply strong electric field and to
measure small magnetization related to eddy currents. We analyze it in
the next section.

7. Electric field modulation of the kinetic inductance, surface
magnetization, and the condensation energy

The order of the Bernoulli effect in high-Tc cuprates leads to very
optimistic evaluation of the difficulties of the sample preparation.
However the causes of the several unsuccessful attempts with
YBa2Cu3O7 perhaps was the degradation of the surface (CuO2)2 bi-
layer by vapor. It is necessary to use carefully prepared interfaces for
investigation of other field effects in superconductors. The considered
structure can be studied by two coil mutual inductance method, where
the mutual inductance is parameterized by the kinetic inductance

= = =L T m
e n T

µ T
d

n T d n T( ) *
* ( )
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D

D ilm2
2

0

2
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2 f (25)

which is determined by two dimensional density n2D(T) of the super-
fluid particles. The Bernoulli coefficient bthin can be expressed by the
kinetic inductance L(T)

= = =b j b T L T
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L T
d b T
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ot
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and the ratio gives the temperature independent total charge density of
charge carriers ρtot. For clean crystals this volume density ρtot describes
the Hall effect in strong magnetic field [13].

However the considered structure can be used for study of com-
pletely different effect: electric field modulation of the kinetic in-
ductance. At this effect a strong electric field is applied between su-
perconducting an insulator layer which forms a plane capacitor with
the surface charge density on the plates =Q U d/ ,ns s ns0 i m i where Ums is
the metal-superconductor voltage and εins is the relative dielectric
constant of the insulator layer. The effective mass of Cooper pairs can
be expressed [29] by the ratio of the variations

= =m e e L L T Q
L T

T L
L T

* 2| |sgn( *) (0) ( )
( )

, ( ) (0)
( )

.s (27)

Actually this method has been used for first determination of
m* ≈ 11 me in YBa2Cu3O7 (Y:123) [30].This experimental set-up is
depicted in Fig. 4.

A measurement of the excess magnetic moment dM of the electric
field induced surface charge dQ of the vortex phase of the extremely
type-II superconductor with perpendicular to the surface magnetic field
B ≪ Bc2(T) gives another possibility [39] to determine effective mass of
superconducting charge carriers

=m e B Q M* 1
4

* (0) d /d .2
(28)

The Eq. (12) describes the transmission of the magnetic pressure to the
lattice. This equation can be used up to the critical thermodynamic field
Bc(T) and this gives a new method for determination of the thermo-
dynamic critical field and condensation energy

=T T B T µ[ ( ) ( )] ( )/2c ctot
2

0 (29)

related to the jump of the heat capacity. The method requires the same
capacitive junction to the sample. The superconductor is illuminated by
a chopped light in order the surface to become a normal metal. The
amplitude of modulation of the contact potential difference is de-
termined by the amplitude the induced charge detected by the elec-
tronic circuit. In such a way the density of condensation energy
B T µ( )/2c

2
0 can be measured by the electric measurements without the

use of magnetic field.

8. Discussion and conclusion

Perhaps the use of Josephson effect and the formula for the fre-
quency created by a constant voltage = e U* /J is the most famous
electric field effect in superconductors. The electric field could be static
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but we observe a dynamic effect, roughly speaking because the electric
potential has to participate in the gauge invariant equations only by .
The effective mass of Cooper pairs m* is a typical parameter of low
frequency dynamics of superconductors, even in the case of static
electric field. But in any case the determination of m* and RLH requires
electric fields (applied strong electric field or measured small electric
voltage). In the framework of purely static Ginzburg-Landau theory
with static order parameter ψ(r) and only space dependent vector-po-
tential A(r) the effective mass of Cooper pairs m* cannot be determined.
This statement is trivial but created significant retention of the devel-
opment of the physics of superconductivity. Authors of grant proposals
and referee reports were afraid that something new will be investigated.
From social aspect it is well-known that transparent theoretical ideas
slowly receive experimental observation. Flux quantization was pre-
dicted by London [9] in 1950 but was observed 11 years after when

=e e| *| 2| | was trivialized by the BCS theory. Absolutely analogously,
already 70 years m* and RLH are still actual for the physics of super-
conductivity, and without the mass of Cooper pairs m* remains Hamlet
without the Prince but only with an onnagata in the role of Ofelia.

Electric field effects in superconductors were studied mainly in at-
tempts to get electronic applications, however a lot of fundamental
physics can be obtained if we carefully investigate cleaved super-
conductors or nano-structures with good quality of the interface layer.
It is necessary to have no degradation of the superconductivity in the
last nano-meter layer under the interface. We use understandable no-
tions as the effective mass m* and volume charge density ρtot just to
parameterize the effects. However, the contact potential difference and
the change of the superconducting properties by electrostatic charge
modulation can be studied experimentally and calculated theoretically
directly from the microscopic theory even without the help of the so
called phenomenological parameters. Roughly speaking m* can be de-
termined by thin films, while for bulk samples one can measure ρtot and
one can determine penetration depth λ observing only Bernoulli effect
in superconductors.

A lot of new physics can be obtained by investigating those well-
forgotten effects. The technical applications will come without a sig-
nificant delay. Let us only note that the Bernoulli effect is quadratic for
the frequencies up to the superconducting gap. This quadratic effect can
be used for creation of high frequency de-modulators and even
TeraHertz lock-in voltmeters.

As the quality of the interface is crucial for the suggested experi-
ments the breakthrough perhaps will be triggered by the easily cleaved
surface of Bi2Sr2Ca1Cu2O8 (Bi:2212). Indeed all crystals used for ARPES

(Angle Resolved Photo-Emission Spectroscopy), see the review by
Damascelli, Hussain, and Zhi-Xun Shen [40], are perfect for observation
of the considered new effects. The ARPES [40] studies of the Fermi
contour revealed that electronic properties of the surface layer of the
studied cuprates correspond to the bulk material. And the effective
super-carrier mass m* will be determined by the electronic structure. In
other words, if ARPES reveal the electronic structure of the bulk ma-
terial, the Bernoulli effects studied by the same sample will give the
effective mass m* of the bulk material.

Bi:2212 films good for making squids are also good for the pio-
neering observation of Bernoulli effect in superconductors. However
CPD = j2 will exist for every interface between superconductor
and insulator. In this case Bernoulli effect can become an important tool
to study quality of the interfaces, for example, depairing effects in su-
perconductor nanostructures parameterized by dimensionless m*/me.

Few words we have to add to the influence of the Gor’kov mass re-
normalization [26,41] Z
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from the theory of disordered superconductors on the of Berezinski-
Kosterlitz-Thouless (BKT) transition temperature TBKT. We suppose that
influence of granulation in a thin superconducting film is negligible and
the disorder is homogeneous in the distances of ξ0 for the clean mate-
rial. In the Nelson-Kosterlitz relation

= =
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n T
m

T n T d n T

n T n C C T T
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2 *
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2

| |, 2, | | 1.
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D ilm

e
c

c

2
2 B B

2 f

(31)

and former equation we introduced some self-understanding and stan-
dard notations for: the mean free path l, Fermi velocity vF, BCS gap at
zero temperature, = e ,C Euler constant =C 0.57722 , BCS coherence
length ξ0, thickness of the film dfilm, normal conductivity σ extrapolated
to the BCS critical temperature Tc, two-dimensional conductivity σ2D

per square sample, dimensionless 2D resistivity ϱ, temperature depen-
dent 2D superfluid density n2D(T), Planck constant ℏ, etc. After some
elementary substitution for the reduced temperature | | 1BKT of the
BKT transition we obtain

Fig. 4. Set-up for Cooper-pair mass spectroscopy by
electrostatic modulation of the kinetic inductance; after
Ref. [35]. Current through drive coil Id induces eddy
current in the superconductor film which is detected as
voltage Ur in detector circuit. Modulating voltage Um is
applied between the superconductor layer and the metal
electrode. Additional magnetic moment is created by
excess superconducting charge carriers induced by
electric induction in this plane capacitor on the super-
conductor-insulator interface. Several principally dif-
ferent experiments van be performed by small mod-
ifications of this set-up.
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This new universal relation between BKT transition temperature and
resistivity of the normal sample deserves to be compared with direct
determination of the superconducting mass obtained by the considered
Bernoulli effect. In the comprehensive study of BKT transitions and
fluctuation conductivity = C e /16l Lf A

2 by Fiory, Hebard and Gla-
berson [42], in thin InOx films, for sample A-2-C: | | 0.32,BKT

= 0.432, =C 1.09,LA =C 0.74KTB =T 2.62c K, and =T 1.78KTB K. For
amorphous disordered films with clear BKT transition m* reaches ha-
dronic values, i.e. for fixed current j2D densities according Eq. (8)

Bernoulli potential will be very high.
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