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A new picture of the Josephson effect is devised. The radio-frequency (RF) signal, observed in
a Josephson junction, is shown to stem from bound electrons, tunneling periodically through the
insulating film. This holds also for the microwave mediated tunneling. The Josephson effect is found
to be conditioned by the same prerequisite worked out previously for persistent currents, thermal
equilibrium and occurence of superconductivity. The observed negative resistance behaviour is
shown to originate from the interplay between normal and superconducting currents.
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I. INTRODUCTION7

The Josephson effect was initially observed1,2 in the8

kind of circuit sketched in Fig.1 and has kept arousing an9

unabated interest, in particular because of its relevance10

to electronic devices3,4 and quantum computation5–7.11

For simplicity, both superconducting leads A,B are as-12

sumed here to be made out of the same material. They13

are separated by a thin (< 10Å) insulating film, enabling14

electrons to tunnel through it. If A,B were made of a15

normal metal, a constant current I = Us
R+Rt

would flow16

through the circuit. Nevertheless, this simple setup has17

attracted considerable attention because of Josephson’s18

predictions8 :19

1. there should be 〈I〉 6= 0 for 〈U〉 = 0, which en-20

tails
∣∣∣ d〈I〉d〈U〉 (〈U〉 = 0)

∣∣∣→∞ (〈I〉 , 〈U〉 refer to time t21

averaged values of I(t), U(t));22

2. I(t), U(t) should oscillate at frequency ω = 2e〈U〉
~23

with e being the electron charge.24

However, claim 1 seems to disagree with experimen-25

tal data, reproduced in Fig.2, because d〈I〉
d〈U〉 (〈U〉 = 0) ≈26

.06Ω−1 is seen to be finite.27

In addition, claim 1 appears questionable in view of28

the demurrals below :29

• 〈U〉 = 0 implies that there is no electric field, avail-30

able to accelerate the conduction electrons. Hence31

the finite momentum, associated with the tunnel-32

ing current 〈I〉 6= 0, has built up with no external33

force, which violates Newton’s law;34

• since the electrons undergo no electric field, it is35

hard to figure out why the tunneling current should36

flow into one direction rather than the opposite one;37

• 〈I〉 6= 0 despite Us = 〈U〉 = 0 entails that the t38

averaged circulation of the electric field along the39

closed circuit, pictured in Fig.1, equals R 〈I〉 6= 040

and thence the electric field is bound to be induced41

by a t dependent magnetic field, according to the42

FIG. 1. Sketch of the electrical setup, operated to study the
Josephson effect. The Josephson capacitor consists in two su-
perconducting electrodes A,B (hatched area) straddling an
insulating film (dotted area); the insulator thickness has been
hugely magnified for the reader’s convenience. Us, U,R,Rt

stand, respectively, for the constant applied bias, the voltage
drop across the capacitor, a loading resistor inserted to mea-
sure the total current I and the tunneling resistance, defined
in section II.

Faraday-Maxwell equation, in contradiction with43

the experimental setup in Fig.1, involving no t de-44

pendent magnetic field.45

Besides a periodic signal was indeed observed1,9, but in46

the RF range, i.e. ω < 100MHz, rather than in the47

microwave one, i.e. ω > 1GHz, as inferred from Joseph-48

son’s formula, given the measured 〈U〉 values.49

Consequently, the numerous experimental data, docu-50

menting the electrodynamical behaviour of the Josephson51

junction3,4, have been interpreted so far by resorting9
52

to a formula, relating I(t), U(t) to Ginzburg and Lan-53

dau’s phase10 ΦGL. However the time behaviour of54

ΦGL(t) has been derived with help of a perturbation55

calculation8,11–14, which is well-suited to describe the56

random tunneling of a single particle, either electron or57

Bogolyubov-Valatin excitation13,14, but cannot account58

for the coherent tunneling of bound electrons, such as59

those making up the superconducting state15–19, for some60

reason to be given below. Therefore, this work is rather61

intended at presenting an alternative explanation of the62

Josephson effect, unrelated to ΦGL, by studying the time-63
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<U>

< I >

FIG. 2. Characteristic I(U) recorded by Shapiro1 and used
here with APS permission; vertical scale is 58.8µV/cm, hori-
zontal scale is 130nA/cm.

periodic tunneling motion20 of bound electron pairs15–19
64

through the insulating barrier.65

The outline is as follows : the expression of the tun-66

neling current, conveyed by independent electrons, is re-67

called in section II, whereas the current carried by bound68

electrons is worked out in section III; this enables us69

to solve, in section IV, the electrodynamical equation of70

motion of the circuit, depicted in Fig.1; sections V, VI71

deal respectively with the microwave mediated Joseph-72

son effect1,2 and the negative resistance induced signal9.73

The results are summarised in the conclusion.74

II. RANDOM TUNNELING75

As in our previous work15–19,21–23, the present anal-76

ysis will proceed within the framework of the two-fluid77

model, for which the conduction electrons comprise su-78

perconducting and independent electrons, in respective79

concentration cs, cn. The superconducting and indepen-80

dent electrons are organized, respectively, as a many81

bound electron16 (MBE), BCS-like24 state, characterised82

by its chemical potential µ, and a degenerate Fermi gas25
83

of Fermi energy EF . Assuming U = UA − UB , eU > 0,84

the current, conveyed by the independent electrons, will85

flow from A toward B and there is eU = EAF −EBF , with86

EAF , E
B
F being the Fermi energy in electrodes A,B, re-87

spectively. Hence, since the experiments are carried out88

at low temperature, the corresponding current density jn89

is inferred from the properties of the Fermi gas25 to read90

9192

jn =
e2ρ(EAF )vFT

2
U ⇒ Rt ∝

1

ρ(EAF )
, (1)

with ρ(EF ), vF , T standing for the one-electron density of93

states at the Fermi level, the Fermi velocity and the one-94

electron transmission coefficient through the insulating95

barrier (⇒ 0 < T < 1). Several remarks are in order,96

regarding Eq.(1)97

• Eq.(1) is seen to agree with the corresponding for-98

mula, available in textbooks13,14;99

• the independent electrons contribute thence the100

current In(t) = U(t)/Rt to the total current I(t).101

However, despite In obeying Ohm’s law, the tun-102

neling electrons suffer no energy loss inside the in-103

sulating barrier;104

• because cn is expected to grow16 at the expense of105

cs with growing |I|, this implies that ρ(EF ) and106

Rt will, respectively, increase and decrease with107

increasing |I|. The negative resistance effect, ad-108

dressed in section 6, stems from this property.109

III. COHERENT TUNNELING110

Unlike the random diffusion of independent electrons111

across the insulating barrier, the tunneling motion of112

bound electrons takes place as a time-periodic oscilla-113

tion to be analysed below. Their energy per unit volume114

E depends15 on cs only and is related to their chemi-115

cal potential µ by µ = ∂E
∂cs

. Before any electron crosses116

the barrier, the total energy of the whole bound electron117

system, including the leads A,B, reads118

Ei = 2E(ce) + eceU , (2)

with ce referring to the bound electron concentration at119

thermal equilibrium. Let n >> 1 of bound electrons cross120

the barrier from A toward B. The total energy becomes121

Ef = E(ce +
n

V
) + E(ce −

n

V
) + e(ce −

n

V
)U , (3)

with V being the volume, taken to be equal for both leads122

A,B. Energy conservation requires Ei = Ef , which leads123

finally to124

n =
eV

∂µ
∂cs

(ce)
U . (4)

The wave-functions ϕi, ϕf , associated with the twofold125

degenerate eigenvalue Ei = Ef , read126

ϕi = ϕA(ce)⊗ ϕB(ce)
ϕf = ϕA(ce − n

V )⊗ ϕB(ce + n
V )

, (5)

with ϕ(cs) being the MBE, cs dependent127

eigenfunction16,19,24. The coherent tunneling mo-128

tion of n electrons across the barrier is thence described129

by the wave-function ψ(t), solution of the Schrödinger130

equation131

i∂ψ∂t = Hψ
H = ωtσx , ωt = 〈ϕi |Vb|ϕf 〉

. (6)

The Hamiltonian H and the potential barrier Vb, hinder-132

ing the electron motion through the Josephson junction133
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and including the applied voltage U , are expressed in fre-134

quency unit, V Ei~ is taken as the origin of energy, whereas135

ψ and the Pauli matrix26 σx have been projected onto the136

basis {ϕi, ϕf}. The tunneling frequency ωt, taken to lie137

in the RF range, i.e. ωt < 100MHz, as reported by138

Shapiro1, is realized to describe the tunneling motion of139

bound electrons in a similar way as the matrix element140

Tkq does for the random tunneling of a single electron in141

the mainstream view13,14. Finally Eq.(6) is solved26 to142

yield143

ψ(t) = cos

(
ωtt

2

)
ϕi − i sin

(
ωtt

2

)
ϕf , (7)

whence the charge Qs,−Qs, piling up in A,B respec-
tively, is inferred, thanks to Eq.4, to read

Qs(t) = −ne |〈ψ(t)|ϕf 〉|2 = CeU sin2

(
ωtt

2

)
,

with the effective capacitance Ce defined as

Ce = − e2V
∂µ
∂cs

(ce)
.

Since ∂µ
∂cs

< 0 has been shown to be a prerequi-144

site for the existence of persistent currents15, thermal145

equilibrium16 and occurrence of superconductivity18,19,146

it implies that Ce > 0. In addition, given the estimate16
147

of ∂µ
∂cs

, it may take a very large value up to Ce ≈ 1F .148

At last, by contrast with In being incoherent, the bound149

electrons contribute an oscillating current Is(t) = Q̇s =150

dQs
dt to I(t).151

The marked difference between the random diffusion152

current In(t) and the time-periodic one Is(t) ensues from153

the property that energy must be conserved during tun-154

neling. This is automatically ensured13,14 for an indepen-155

dent particle because its eigenenergy is defined uniquely156

all over the electrodes A,B and the insulating barrier,157

whereas special care, as expressed in Eq.(4), must be158

taken to enforce energy conservation for bound electrons159

tunneling through a barrier. Unfortunately this cru-160

cial constraint has been overlooked in the mainstream161

analysis8,11–14.162

IV. ELECTRODYNAMICAL BEHAVIOUR163

The total current I(t) comprises 3 contributions,

namely In = U
Rt
, Is = Q̇s and a component CU̇ , load-

ing the Josephson capacitor (C refers to its capacitance),
so that the electrodynamical equation of motion reads

Us = U +RI , I =
U

Rt
+ Q̇s + CU̇ ,

which is finally recast into164

U̇ =
Us − U

(
1 + R

Rt
+ RCeωt

2 sin (ωtt)
)

R
(
C + Ce sin2

(
ωtt
2

)) . (8)

FIG. 3. Semi-logarithmic plots of the periodic solution U(t)
of Eq.(8), calculated for ωt = 1MHz, 100MHz and IM =
1mA, 0.1mA; UM = (R+Rn) IM and uM is the maximum

value of

∣∣∣U(t∈[0, 2πωt ])∣∣∣
Us

.

It is worth noticing that, due to
∣∣Ce
C

∣∣ >> 1, the denom-165

inator in the right-hand side of Eq.(8) would vanish for166

Ce < 0, at some t value, so that Eq.(8) cannot be solved167

unless Ce > 0⇒ ∂µ
∂cs

< 0, which confirms a previous15–19
168

conclusion, derived independently.169 ∣∣∣ ∂µ∂cs ∣∣∣ is expected16 to increase with increasing |I| and170

is no longer defined for |I| > IM , the maximum value171

of the bound electron current, because the sample goes172

thereby normal. Consequently for practical purposes,173

Eq.(8) has been solved by assuming Rt (|I| ≤ IM ) =174

R0g
(∣∣∣ IIM ∣∣∣) + Rn, Rt (|I| > IM ) = Rn with R0

Rn
>> 1,175

Ce (|I| ≤ IM ) = C0g
(∣∣∣ IIM ∣∣∣), Ce (|I| > IM ) = 0 with176

C0

C >> 1, and g(x) = 1 − x2. Regardless of the ini-177

tial condition U(0), the solution U(t) of Eq.(8) becomes178

time-periodic, i.e. U (t) = U
(
t+ 2π

ωt

)
,∀t, after a short179

transient regime.180

Eq.(8) has been solved with the assignments C =181

1pF,C0 = 1mF,R = 10Ω, Rn = 100Ω, R0 = 10KΩ, and182
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the corresponding U(t) have been plotted in Fig.3. The183

large slope
∣∣dU
dt (0)

∣∣ >> 1 stems from C0

C >> 1. Since184

no experimental data of U(t) have been reported in the185

literature to the best of our knowledge, no comparison186

between observed and calculated results can be done.187

Nevertheless, the large uM >> 1 values, seen in Fig.3,188

have been indeed observed1. Likewise, the calculated uM189

values have been found to increase very steeply with Us190

decreasing toward 0. Hence the thermal noise, generated191

by the Us source, will suffice even at Us = 0 to give rise192

to sizeable uM , which is likely to be responsible for the193

misconception8, conveyed by hereabove mentioned claim194

1 . As a matter of fact, the noisy behaviour of the circuit195

sketched in Fig.1 has been reported1.196

The characteristics I(U), plotted in Fig.4, have been
reckoned as

〈f〉 =
ω

2π

∫ 2π
ω

0

f(u)du ,

with f = U, I. In all cases, there is 〈I〉 (0) = 0 with finite197

d〈I〉
d〈U〉 (0) in agreement with the experimental data in Fig.2.198

However the slope d〈I〉
d〈U〉 (0), calculated for ωt = 100MHz,199

is much larger than the one at ωt = 1MHz.200

Noteworthy is that there are no observed 〈I〉 data in201

Fig.2 over a broad 〈U〉 range, starting from 〈U〉 ≈ 0 up to202

a value big enough for the sample to go into the normal203

state, characterised by constant I = In > IM . This fea-204

ture might result1 from Us ∝ sin(ωpt) with ωp = 60Hz.205

Thus since the tunneling frequency ωt is expected to de-206

crease exponentially13,14,20 with increasing n and thence207

U , this entails that the signal could indeed no longer be208

observed for ωt < ωp. Likewise, the observed frequency209

modulation2,13,14, i.e. ωt(n) is time-periodic, ensues from210

n(t) ∝ U(t) being time-periodic too (see Eq.(4)). At last,211

it is in order to realize that the characteristics I(U) is212

anyhow not an intrinsic property of the Josephson junc-213

tion, because it depends on R, as seen in Eq.(8).214215

V. MICROWAVE MEDIATED TUNNELING216

By irradiating the Josephson junction, depicted in217

Fig.1, with an electromagnetic microwave of frequency218

ω, Shapiro observed1 the step-like characteristic I(U),219

recalled in Fig.5. The discontinuities of d〈I〉
d〈U〉 , show-220

ing up at 〈U〉 = m~ω
2e with m > 0 being an integer,221

brought forward a cogent proof that the MBE state222

comprises an even number of electrons. In order to223

explain this experimental result, let us begin with224

studying the microwave induced tunneling of one bound225

electron pair across the Um = m~ω
2e biased barrier.226

The corresponding Hilbert space, describing the system227

before and after crossing, is subtended by the basis228 {
ϕi = ϕA(ce)⊗ ϕB(ce), ϕ1 = ϕA(ce + 2

V )⊗ ϕB(ce − 2
V )
}

229

of respective energies V Ei, V Ei + m~ω. The tunneling230

motion of one electron pair is then described by ψ0(t),231

FIG. 4. Logarithmic and semi-logarithmic plots of the char-
acteristics I(U), calculated for ωt = 1MHz, 100MHz, re-

spectively, and IM = 1mA, 0.1mA, with x = 〈U〉
IM

, y = 〈I〉
IM

,

z = 〈U〉
Us

.

solution of the Schrödinger equation232

i∂ψ0

∂t = H0(t)ψ
H0 = mωσz + 2 (ωt + ωr sin (ωt))σx

. (9)

The Hamiltonian H0 is expressed in frequency unit,233

V Ei
~ + mω

2 is taken as the origin of energy, ωr stands234

for the dipolar, off-diagonal matrix element29 (the mi-235

crowave power is∝ ω2
r), and σz, σx are Pauli’s matrices26,236

projected onto {ϕi, ϕ1}. It is worth pointing out that237

Eq.(9) could be readily solved like Eq.(6), if H0 were t238

independent. Accordingly, in order to get rid of the t de-239

pendence of H0, we shall take advantage of a procedure240

devised for nonlinear optics30,31.241

To that end, H0 is first recast into242

H0 = P0 + f(t)σx , (10)

for which P0 = mωσz + 2ωtσx is a Hermitian, 2 × 2,243

t independent matrix, such that (P0)1,1 + (P0)2,2 = 0,244

(P0)2,2 − (P0)1,1 = mω, and f(t) = ωr sin (ωt) is a real245

function of period = 2π
ω , having the dimension of a fre-246
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quency, such that 〈f〉 =
∫ 2π

ω

0
f(t)dt = 0. Then H0 is247

projected onto {ψ−, ψ+}, the eigenbasis of P0248

G = TH0T
−1 = εσz + d(t)σz + g(t)σx . (11)

T is the unitary transfer matrix from {ϕi, ϕ1} to249

{ψ−, ψ+} and σz, σx have been projected onto {ψ−, ψ+}.250

The corresponding eigenvalues are ∓ ε
2 with ε =251 √

(mω)2 + ω2
t ≈ mω because of ωt << ω, while the real252

functions d(t), g(t) have the same properties as f(t) in253

Eq.(10). Let us now introduce30,31 the unitary transfor-254

mation R1(t), operating in the Hilbert space, subtended255

by {ψ−, ψ+}256

R1(t) = eiΦ(t) |ψ−〉 〈ψ−|+ e−iΦ(t) |ψ+〉 〈ψ+| , (12)

with the dimensionless Φ(t) = ωt
2 −

∫ t
0
d(u)du. We then257

look for ψ1 = R−1
1 ψ0, solution of the Schrödinger equa-258

tion259

i∂ψ1

∂t = H1ψ1 , H1 = R−1
1 GR1 − iR−1

1 Ṙ1

H1 = P1 + <(z1(t))σx + =(z1(t))σy
P1 = εσz + 2ω1σx

, (13)

for which the Hermitian 2 × 2 matrix P1 has the260

same properties as P0 in Eq.(10), except for (P1)2,2 −261

(P1)1,1 ≈ (m − 1)ω, (P1)2,1 = ω1 = ωr/2 instead of262

(P0)2,2 − (P1)1,1 = mω, (P0)2,1 = ωt, the Pauli matri-263

ces σz, σx, σy have been projected onto {ψ−, ψ+}, and264

<(z1(t)),=(z1(t)) which are the real and imaginary parts265

of the complex function z1(t), have the same properties266

as f(t) in Eq.(10). Consequently, iterating this procedure267

m of times yields finally268

i∂ψm∂t = Hmψm
Hm = Pm + <(zm(t))σx + =(zm(t))σy
Pm = ησz + 2 (<(ωm)σx + =(ωm)σy)

, (14)

for which the Pauli matrices σz, σx, σy have been pro-
jected onto the eigenbasis of Pm, {ψ−, ψ+}, and η ≈ 0,
|ωm| << ωr. The Fourier series <(zm(t)),=(zm(t)) of
fundamental frequency ω play no role, because the reso-

nance condition26
∣∣∣(Pm)1,1 − (Pm)2,2

∣∣∣ = ω is not fulfilled

due to
∣∣∣(Pm)1,1 − (Pm)2,2

∣∣∣ = |η| << ω, so that Eq.(14)

is finally solved, similarly to Eq.(6), to give

ψm = cos

(
|ωm|t

2

)
ψ− − i sin

(
|ωm|t

2

)
ψ+ .

The solution of Eq.(9) is thereby inferred to read

ψ0(t) =

 ∏
i=1,m

Ri(t)

ψm(t) .

Um can be fitted to get η = 0. Thus, for the sake of269

illustration, calculated |ωm| and δm = 1 − 2eUm
m~ω are in-270

dicated in table I. As expected, |ωm| decreases steeply271

TABLE I. calculated |ωm|, δm values with ω = 10GHz, ωr =
100MHz and ωt = 100MHz, 1MHz.

ωt = 100MHz ωt = 1MHz

m |ωm|
ωr

δm
|ωm|
ωr

δm

1 0.5 2× 10−4 0.5 2× 10−8

2 5× 10−5 8× 10−5 5× 10−7 3× 10−5

3 3× 10−6 3× 10−5 3× 10−6 8× 10−6

4 10−10 2× 10−5 6× 10−13 4× 10−6

5 5× 10−12 10−5 5× 10−12 3× 10−6

6 5× 10−13 7× 10−6 5× 10−13 2× 10−6

7 5× 10−13 5× 10−6 5× 10−13 10−6

8 7× 10−13 4× 10−6 7× 10−13 9× 10−7

9 10−12 3× 10−6 10−12 7× 10−7

10 3× 10−12 3× 10−6 3× 10−12 6× 10−7

11 4× 10−12 2× 10−6 4× 10−12 5× 10−7

<U>

< I >

FIG. 5. Characteristics I(U), recorded by Shapiro1 (used here
with APS permission) at 9.3GHz for A (vertical scale is 58.8
pV/cm, horizontal scale is 67 nA/cm) and 24.85GHz for B
(vertical scale is 50 pV/cm, horizontal scale is 50 pA/cm).

with increasing m but, remarkably enough, |ω2m+1| de-272

creases more slowly than |ω2m|, all the more so since ωt273

is weaker. This property ensues26,29 from ω2m = 0,∀m274

for ωt = 0.275

Let us neglect 2eUm
V Ei < 10−20, so that the energy of ψ0276

is taken to be constant and equal to V Ei. The coherent277

tunneling of n >> 2 of bound electrons will thence be de-278

scribed by Eq.(7), except for {ψ0, ϕf}, 〈U〉 − Um, 〈Im〉,279

showing up instead of {ϕi, ϕf}, 〈U〉, 〈I〉, respectively,280

which entails that 〈Im〉 (〈U〉 − Um) = 〈I〉 (〈U〉), as illus-281

trated by Fig.4. Likewise, the contributions 〈Im=1,2,3...〉282

will add up together to give the step-like characteristic283

I(U), recalled in Fig.5. At last, Shapiro noticed1 that284
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FIG. 6. Sketch of the electrical setup, displaying the negative
resistance behaviour. L refers to the self-inductance of the
coil.

some contributions 〈Im〉 were missing in Fig.5. As ex-285

plained above in section 4, this might result from the286

corresponding |ωm| < ωp and thence would confirm287

ωt << ω.288289

VI. NEGATIVE RESISTANCE290

Signals U(t), I(t) ∝ sin(ωt), with the RF frequency ω291

defined by the resonance condition LCω2 = 1, have been292

observed9 in the kind of setup, sketched in Fig.6. Due293

to ω 6= ωt, the bound electron tunneling plays no role294

and the oscillation rather stems from Rt(I) decreasing16
295

down to Rn with |I| increasing up to IM , as indicated296

in section 4. Accordingly, since the voltage drop across297

the coil is equal to Lİ, the electrodynamical equation of298

motion reads299

I =
U

Rt
+ CU̇ ⇒ Ü = ω2(Us − U)− U̇

RtC
. (15)

Linearising Eq.(15) around the fixed point U0 = Us ⇒300

I0 = Us
Rt(I0) yields the differential equation301

Ü = −ω2U − U̇

ReC
, (16)

with the effective resistance Re, defined by Re = Rt(I0)+302

I0
dRt
dI (I0). Due to dRt

dI < 0, the fixed point may be unsta-303

ble in case of negative resistance Re < 0, which will give304

rise to an oscillating solution of Eq.(15), U(t) ∝ sin(ωt).305

As a matter of fact, integrating Eq.(15) leads to the306

sine-wave, depicted in Fig.7. Note that, unlike U(t) in307

Fig.3, every harmonic ∝ sin(mωt) with m > 1 is effi-308

ciently smothered by the resonating L,C circuit due to309

LC(mω)2 6= 1 for m > 1. At last, we have checked310

that Eq.(15) has no sine-wave solution for R0

Rn
< 50311

or Us > RnIM , because those inequalities entail that312

Re > 0, which corresponds to a stable fixed point of313

Eq.(16).314315

FIG. 7. Plots of the periodic solution I(t), U(t) of Eq.(15),
reckoned with Us = 10µV, IM = 0.1mA,L = 1µH,C =
100pF, ω = 100MHz.

VII. CONCLUSION316

All experimental results1, illustrating the Josephson ef-317

fect, have been accounted for on the basis of bound elec-318

trons tunneling periodically across the insulating barrier.319

Likewise, the very existence of the Josephson effect has320

been shown to be conditioned by ∂µ
∂cs

< 0, which had321

previously been recognized as a prerequisite for persis-322

tent currents15, thermal equilibrium16, a stable super-323

conducting phase18 and a second order transition19, oc-324

curing at the critical temperature Tc too. The negative325

resistance feature9 has been ascribed to the tunneling326

resistance of independent electrons decreasing with in-327

creasing current, flowing through the superconducting328

electrodes, which confirms the validity of an analysis of329

the superconducting-normal transition16.330

By contrast with this work, In(t), Is(t) are dealt with331

on the same footing in the mainstream view8,11–14, both332

resulting from the tunneling of independent particles,333

obeying Fermi-Dirac statistics. The only difference ap-334

pears to be the one-particle density of states, namely335

either that associated with normal electrons for In or336

Bogoliubov-Valatin27,28 excitations for Is.337

The coherent tunneling of bound electrons is thus con-338

cluded to be the very signature of the Josephson effect.339

Furthermore it has two noticeable properties :340

• since coherent tunneling has been ascribed in the341

third section to the properties of a MBE state, the342

time-periodic tunneling of bound electrons through343

a thin insulating barrier might be observed on a344

Josephson capacitor, for which the superconduct-345

ing electrodes A,B would be replaced by magnetic346

(ferromagnetic or antiferromagnetic) metals14;347

• the coherent tunneling motion seems to have no348

counterpart in the microscopic realm. For in-349

stance, the electrons, involved in a covalent bond,350

cannot tunnel between the two bound atoms be-351

cause of their thermal relaxation toward the bond-352
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ing groundstate. As for the Josephson effect, the353

bonding eigenfunction and its associated energy354

would read ϕb =
ϕi+ϕf√

2
and V Ei − ~ωt

2 , respec-355

tively, but the relaxation from the tunneling state356

ψ(t) in Eq.(6) toward ϕb might occur only inside357

the insulating barrier, which is impossible because358

the valence band, being fully occupied, can thence359

accomodate no additional electron.360
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14 P.L. Lévy, Magnetism and Superconductivity, ed. Springer382

(2000)383

15 J. Szeftel, N. Sandeau and M. Abou Ghantous,384

Eur.Phys.J.B, 92, 67 (2019)385

16 J. Szeftel, N. Sandeau and M. Abou Ghantous,386

J.Supercond.Nov.Magn., 33, 1307 (2020)387

17 J. Szeftel, N. Sandeau, M. Abou Ghantous and A. Khater,388

EPL, 131, 17003 (2020)389

18 J. Szeftel, N. Sandeau, M. Abou Ghantous and M. El-Saba,390

J.Supercond.Nov.Magn., 34, 37 (2021)391

19 J. Szeftel, N. Sandeau, M. Abou Ghantous and M. El-Saba,392

EPL, 134, 27002 (2021)393

20 L. Schiff, Quantum Mechanics, ed. McGraw-Hill (1969)394

21 J. Szeftel, N. Sandeau and A. Khater, Phys.Lett.A, 381,395

1525 (2017)396

22 J. Szeftel, N. Sandeau and A. Khater,397

Prog.In.Electro.Res.M, 69, 69 (2018)398

23 J. Szeftel, M. Abou Ghantous and N. Sandeau,399

Prog.In.Electro.Res.L, 81, 1 (2019)400

24 J. Bardeen, L.N. Cooper and J.R. Schrieffer, Phys.Rev.,401

108, 1175 (1957)402

25 N.W. Ashcroft and N. D. Mermin, Solid State Physics, ed.403

Saunders College (1976)404

26 A. Abragam, Nuclear Magnetism, ed. Oxford Press (1961)405

27 R.D. Parks, Superconductivity, ed. CRC Press (1969)406

28 J.R. Schrieffer, Theory of Superconductivity, ed. Addison-407

Wesley (1993)408

29 R. Boyd, Nonlinear Optics, ed. Academic Press USA409

(1992)410

30 J. Szeftel, N. Sandeau and A. Khater, Opt.Comm., 282,411

4602 (2009)412

31 J. Szeftel et al., Opt.Comm., 305, 107 (2013)413

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 February 2021                   doi:10.20944/preprints202102.0130.v1

https://doi.org/10.20944/preprints202102.0130.v1

