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The mechanism of high-temperature superconductivity remains a subject of research, although there
is a fairly widespread view that it is not the classical Bardeen�Cooper�Schrie�er mechanism. One of
the most active critics of the Bardeen�Cooper�Schrie�er theory is J. Hirsch, who also presents his hole
superconductivity model as a theory that better describes this phenomenon. We review the current
state and prospects of experimental con�rmation of the hole theory of superconductivity and discuss
the results of contemporary experimental and theoretical works related to issues identi�ed as signi�cant
tests of the credibility of this theory.
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1. Introduction

The question of the mechanism or mechanisms of
superconductivity in the recently discovered fam-
ilies of high-temperature superconductors, as well
as the question of the possibility of achieving su-
perconductivity at room temperature, are among
the most important issues in contemporary physics,
also due to their potential applications. In the econ-
omy, the growing demand for better superconduc-
tors with higher critical temperatures and easier
technology for producing cheap superconducting ca-
bles is stimulated by economic problems related
to energy acquisition and electro-mobility. In the
�eld of physics, the prospect of building large next-
generation particle accelerators is largely depen-
dent on the ability to construct cheap and easy-
to-operate strong superconducting magnets.
Up to now, the only complete theory of su-

perconductivity is the BCS theory of J. Bardeen,
L.N. Cooper, and J.R. Schrie�er [1] (the abbre-
viation �BCS� comes from the founders' names).
However, this theory is strongly criticized, and not
only because of the limitations of proposed pairing
mechanism.
In the opening sentence of their seminal 1957

paper Theory of Superconductivity [1], J. Bardeen,
L.N. Cooper, and J.R. Schrie�er outline several key
phenomena that their theory must address. These
include: (i) a second-order phase transition at the
critical temperature (Tc); (ii) the electronic speci�c
heat, which varies as exp(−T0/T ), along with other

evidence for an energy gap in individual particle-like
excitations; (iii) the Meissner�Ochsenfeld e�ect,
which results in the magnetic �eld B = 0; (iv) ef-
fects linked to perfect conductivity, where the elec-
tric �eld E = 0; and (v) the relationship between

Tc and isotopic mass, expressed as Tc

√
M = const.

The BCS theory, as their work is known, became
a phenomenal success as the �rst presentation of
the microscopic mechanism of superconductivity in
metals. It explained several phenomena discovered
earlier and predicted many that were observed later.
Together with subsequent extensions and modi�ca-
tions, it became an essential tool for several gen-
erations of condensed matter physicists and is de-
scribed in numerous textbooks in higher education
in physics [2�6]. Recently, studies in the mathemat-
ics of the BCS functional have become an active
�eld of research in its own right [7]. The BCS theory
was not seriously contested for almost half a cen-
tury after its inception, although it was recognized
early on that it had limited predictive power with
respect to the critical temperature. This changed
dramatically forty years ago with the discovery of
high-temperature superconductors and, later, iron-
based superconductors, which have complex crys-
talline structures, low-symmetry order parameters,
and a variety of properties that are radically dif-
ferent from those of classical superconductors. At
present, although we still do not fully understand
the mechanism of superconductivity in these com-
pounds, the prevailing view is that it is not based
on electron�phonon interaction. Another unresolved
issue is the detailed explanation of the Meissner
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phenomenon and, more generally, the description
of certain electrodynamic phenomena in supercon-
ductors under an external magnetic �eld.
The experimental discovery of high-temperature

superconductors in the late 1980s also led to many
proposals of new, non-BCS theories, like: spin-
�uctuations-related pairing [8], resonating-valence
bonds [9], spin-bags pairing [10], or marginal Fermi
liquid physics [11] � but none of these has gained
general acceptance to date. One such theory, the
hole superconductivity theory, was proposed by
Jorge Eduardo Hirsch (JEH) [12�22], who, in the
meantime, has also become a vocal critic of the BCS
theory [23]. His model of superconductivity, devel-
oped over more than 30 years, describes the mecha-
nism of superconductivity within the framework of
the so-called Dynamic Hubbard Model. In this de-
scription, the formation and condensation of pairs
in the superconducting phase below Tc occur due to
the lowering of the kinetic energy of holes (current
carriers in the metal above the critical temperature)
through �decorrelation,� described as a reduction in
the e�ective mass of the carriers. The mechanism of
superconductivity is purely electronic, without the
involvement of phonons. In numerous works, J.E.
Hirsch presents an alternative view of the physics of
superconductors compared to the BCS model and,
among other things, proposes experiments that, in
his opinion, should determine the credibility and
predictive capability of his theory.
In this brief review of the current state and

prospects of experimental con�rmation of the hole
theory of superconductivity, we will discuss the re-
sults of contemporary experimental and theoretical
works related to the issues highlighted as signi�cant
tests of the theory's credibility.
J.E. Hirsch published over a hundred scienti�c ar-

ticles in the last 35 years [24], dedicated to criticiz-
ing the BCS theory, demonstrating, in his opinion,
its numerous �aws, presenting phenomena unex-
plained by the theory, or thought experiments that
contradict it. At least part of his criticism seems
justi�ed and therefore worthy of attention.
The BCS theory did not predict superconductiv-

ity in almost any of the new superconductors discov-
ered since its announcement, especially in supercon-
ducting copper oxides and iron-based compounds,
and, as discussed below, there are certain not well
understood aspects of the Meissner e�ect.
More recently, JEH has attracted the global at-

tention once again by actively participating in the
scienti�c debate on the validity and interpretation
of data in several high-pro�le publications con-
cerning possible room-temperature superconductiv-
ity. There, the question of the applicability of the
BCS theory has recently re-emerged as a focal
point of condensed matter physics research, par-
ticularly in connection with the growing number
of experimental results related to the electrical
properties of hydrogen-rich compounds under high
hydrostatic pressure. The perspective outlined by

N. Ashcroft in 1968, which proposed the possibil-
ity of room-temperature superconductivity in high-
pressure metallic hydrogen based on the mechanism
described in the BCS theory [25] (and later ex-
tended to include metal hydrides [26]), has re-
cently been revisited in the light of experimental
�ndings. These studies claimed to have observed
superconductivity at near-room temperature un-
der extremely high hydrostatic pressure in various
hydrogen-rich compounds. Some of these results
have been publicly challenged, with certain �nd-
ings being considered false, while others remaining
the subject of scienti�c debate. JEH has been an
active participant in this debate, both as an in-
sightful public reviewer of experimental results and
as a critical skeptic of the possibility of achieving
room-temperature superconductivity through the
electron�phonon interaction mechanism described
by the BCS theory. He and his collaborators have
critically analyzed the contested data, leading to
the retraction of several of these high-pro�le papers
and prompting investigations into possible scienti�c
fraud committed by some of the authors [27�33].
The question of achieving or potentially achieving
superconductivity in these materials at room tem-
perature remains open [34].
In the following sections, we will discuss three

selected issues of Hirsch's theory and their exper-
imental status. We are guided by the importance
that the authors of the theory place on the experi-
mental con�rmation of their theses in order to val-
idate the model of hole superconductivity, which is
signi�cantly di�erent from the BCS model. These
are questions concerning: the source of supercon-
ducting carriers, the electric �elds on the surface of
the superconductor, and the details of the energy
and angular momentum balance in the Meissner�
Ochsenfeld e�ect.
JEH presents a series of experimental proposals

in his works that, in his opinion, could validate
the theory of hole superconductivity. His most re-
cent published work [22] lists, among these exper-
iments, predicted violations of the sum rule for al-
ternating current (AC) conductivity and postulates
a signi�cant increase in the screening length in the
superconducting phase. Below, we will discuss two
recently conducted experiments that investigated
these conjectures.

2. �Violated sum rules� or

superconductivity-induced �color changes�

In early articles on the hole theory of super-
conductivity [35, 36], the authors, based on their
calculations and the then available partial opti-
cal data for high-Tc cuprates, predicted a vio-
lation of the optical sum rule for the in-plane
response in cuprates. The optical sum rule, origi-
nally formulated a century ago by F. Reiche and
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W. Thomas [37], and W. Kuhn [38] and later ex-
panded by W. Kohn [39], states that the sum of the
oscillator strengths of all optical transitions equals
the total number of electrons. This rule is rooted
in fundamental physical principles, including charge
conservation and temporal causality [40]. Together
with the Kramers�Kronig transformations [41]

σ1 (ω) =
2

π
P

 ∞∫
0

dω′ ω′σ2 (ω
′)

ω′2 − ω2

 ,

σ2 (ω) = − 2

π
P

 ∞∫
0

dω′ σ1 (ω
′)

ω′2 − ω2

 ,

(1)

where σ(ω) = σ1(ω)+iσ2(ω) is the complex conduc-
tivity; the sum rule is a standard tool for analyzing
the optical spectra of semiconductors and metals.
The sum rule for the real part of the frequency-
dependent conductivity σ1 is
∞∫
0

dω σ1 (ω) =
ω2
p

8
, (2)

where ωp =
√

4πNe2/m is the plasma frequency. In
superconductors, the sum rule, combined with the
temperature evolution of the frequency-dependent
complex conductivity (often represented as a su-
perposition of Lorentz oscillators), provides insights
into the charge carrier dynamics. It aids in ob-
serving carrier condensation, in analyzing the tem-
perature dependence of the excitation gap in the
superconducting condensate spectrum, and in de-
termining the variation of penetration depth with
temperature. The sum rule is particularly valu-
able for studying the temperature-dependent spec-
tral weight �ow near the critical temperature,
which sheds light on the microscopic mechanisms
of superconductivity. For classical BCS supercon-
ductors, the complex conductivity is described by
the Mattis�Bardeen model [42, 43], which o�ers a
quasi-analytical description of the spectrum. Glover
and Tinkham [44] conducted the �rst temperature-
dependent far-infrared spectroscopic measurements
of classical superconductors, such as lead and tin,
demonstrating the presence and width of an energy
gap that appears in the far-infrared spectrum below
the critical temperature. Subsequently, Tinkham
and Ferrell [45] explained that the spectral weight
diminished at energies below the gap 2∆ (the so-
called �missing area�) reappears in the conductivity
spectrum as a delta peak at zero frequency. Physi-
cally, this �in�nite� direct current (DC) conductiv-
ity corresponds to the absorption of energy from
an electric �eld to supply the kinetic energy of the
accelerated supercurrent. Plot of the real part of a
BCS superconductor conductivity as a function of
frequency for temperatures above Tc and below Tc

is shown in Fig. 1. The hatched (�missing� at T = 0)
area is numerically equal to the integral of the delta
function δ(ω), the density of the condensate ds.

Fig. 1. The real part of the optical conductiv-
ity calculated for a BCS model for a normal-state
scaterring rate of Γ = 2∆. The conductivity in the
normal state σ1(ω, T > Tc) is shown by the solid
line (normalized to unity), while the conductivity in
the superconducting state σ1(ω, T < Tc) is shown
by the dashed line. For T ≪ Tc the superconducting
gap 2∆ is fully formed and there is no absorption
below this energy. The hatched area illustrates the
spectral weight that has collapsed into the super-
conducting δ(ω) function at the origin. The �gure
is reproduced from [46].

In the BCS picture of the superconducting state,
the electron density of states shifts upward in energy
away from the gap region, increasing the kinetic
energy of the electrons. This increase is o�set by
the pairing energy of Cooper pairs and the zero-
point kinetic energy of phonons. The delta-function
conductivity, associated with the �in�nite� DC con-
ductivity of the critical current (the super�uid den-
sity ds), compensates for the missing spectral weight
in the gap region. As the material is cooled below Tc,
the normal-state spectral weight of conducting elec-
trons gradually disappears due to the pairing of
carriers. Therefore, it results in the superconducting
phase spectral weight �missing area� corresponding
to the condensate density, i.e.,

ds =
2

π

∞∫
0+

dω
[
σ1N (ω)−σ1S(ω)

]
=

2

π

0+∫
0

dω σ1S(ω),

(3)

where the subscript �S� is for superconducting and
�N � is for normal, above Tc phase. Nevertheless,
the total integrated conductivity and the Ferrell�
Glover�Tinkham (FGT) sum-rule integral (2) re-
main unchanged. Furthermore, the temperature�
energy balance of the spectral weight demonstrates
that in the measured metals, microscopic phenom-
ena relevant to superconductivity occur at energies
below the gap, which is consistent with the BCS the-
oretical predictions. In the model of hole supercon-
ductivity, electron pairing occurs at the expense of
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kinetic energy, due to the weakening of electron cor-
relations in the excitation energy range of interband
transitions, i.e., a few electron volts. The authors
of the hole theory of superconductivity in cuprates
predicted that, contrary to the behavior of BCS
superconductors, the spectral weight contributing
to the superconducting condensate � the �missing
area� � would originate from energies much larger
than the gap, extending into the visible range of the
spectrum [35, 36, 46]; this phenomenon is referred
to as the �sum-rule violation� or �superconductor
color change.�
Early experimental results from studies of op-

tical conductivity in cuprate superconductors did
not provide a clear understanding of the optical
spectra or the balance of spectral weight accord-
ing to the sum rule. Hereafter we shall discuss
only the a�b plane optical conductivity in cuprates,
which is easier to measure and less dependent on
the chemical composition of the superconductor
than the out-of-plane conductivity. In particular,
con�icting conclusions were drawn from data on
nominally identical materials. Con�rmation of the
FGT sum rule was reported for underdoped or
optimally doped cuprates, speci�cally for the in-
plane conductivity of YBa2Cu3O7 [46, 47] and un-
derdoped Bi2Sr2CaCu2O8−δ [43]. The violation of
the FGT was reported for the in-plane conductiv-
ity of underdoped Bi2Sr2Ca2Cu8−δ [48, 49], opti-
mally doped Bi2Sr2Ca2Cu8O8 [48], and optimally
doped Bi2Sr2Ca2Cu3O10 [50]. Published estimates
of the condensation energy of bismuth-based su-
perconductors (in meV per copper atom) were:
0.06�0.25 (depending on doping) [48], 0.5�1 (un-
derdoped) [51], and 1.1 ± 0.3 (underdoped) [49].
The critical temperatures of the samples studied
(crystals and thin �lms) were very similar, rang-
ing from 63 to 88 K, but the scatter in the de-
termined condensation energies was over 2000%.
Possible reasons for these discrepancies, including
sample quality, model-�tting-dependent proce-
dures, and experimental inaccuracies, were dis-
cussed in [52, 53].
The complex conductivity is typically calculated

from the frequency-dependent complex refractive
index N̂ = n(ω) + ik(ω), where n(ω) is the re-
fractive index and k(ω) is the extinction coe�cient.
These values are either directly obtained from ex-
periments or calculated using the Fresnel equations
based on measured (complex) transmission and/or
re�ectivity data. It is important to emphasize that
in order to obtain the complete complex conduc-
tivity, two measured quantities from optical ex-
periments are required � the intensity and phase
of either the transmitted or re�ected electromag-
netic waves at each frequency. Conducting such re-
search over a broad frequency range is challenging
and often prone to errors. It typically necessitates
combining various measurement techniques, di�er-
ent sources of electromagnetic radiation, and di�er-
ent types of spectrometers. The next step in data

analysis usually involves carefully �tting (preferably
with partially overlapping) the measured spectra to
obtain as complete a picture of the complex con-
ductivity as possible, spanning a range from low
microwave frequencies to ultraviolet, while minimiz-
ing errors in the resulting sum of oscillators for the
material. Recent studies by Dawson et al. [54], pub-
lished in 2023, seem to have overcome earlier chal-
lenges and have enabled a precise investigation of
the temperature dependence of the complex conduc-
tivity in the a�b plane of high-temperature super-
conductors, speci�cally of DyBa2Cu3O7 [54]. Sam-
ples for these measurements were grown using the
MBE (molecular beam epitaxy) technique as ori-
ented thin �lms (70 nm thick and 10 × 10 mm2 in
size). The sample sizes were su�ciently large to al-
low optical measurements in the very low microwave
energy range without di�raction e�ects. The au-
thors of [54] measured the complex conductivity in
the energy range from 0.8 meV to 1.1 eV and at
temperatures ranging from 7 to 300 K. Due to the
speci�c nature of the spectral ranges studied, three
di�erent measurement techniques were used: quasi-
optical microwave measurements with a Mach�
Zehnder interferometer, terahertz spectroscopy us-
ing a LaserQuantum HASSP spectrometer in the
far-infrared range, and ellipsometry in the infrared
range.
The results of the study [54] show that below Tc,

the spectral weight transfer to the superconducting
condensate is almost entirely con�ned to the
energy range below 110 meV, accounting for
95% of the total. The remaining 5% originates
from a very slightly temperature-dependent re-
gion of the spectrum between 110 and 600 meV.
Above 0.6 eV, extending up to over 1 eV, the
measured complex conductivity is temperature-
independent. These results are consistent with pre-
viously published data, obtained using less precise
methods, for YBa2Cu3O7−δ crystals, but do not
con�rm other results, particularly those presented
for Bi2Sr2Ca2Cu8O8 family compounds, which re-
port superconductivity-induced transfer of the spec-
tral weight from the above 1�2 eV range.
The authors of [54] conducted and presented a

very detailed analysis of possible measurement er-
rors. In particular, independent measurements of
the real and imaginary parts of the complex conduc-
tivity allowed for the comparison of the measured
σ1 with the Kramers�Kronig transform calculated
from the measured σ2, and vice versa. The compar-
ison showed nearly perfect agreement, demonstrat-
ing the accuracy and consistency of the procedures
applied.
The key result of the study, relevant to our dis-

cussion, is presented in Fig. 2, which shows the total
measured spectral weight (black dots) below 0.6 eV,
normalized to the spectral weight measured at Tc, as
a function of temperature in units of Tc. The mea-
surement points below Tc indicate that the total
spectral weight does not change with temperature
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Fig. 2. The total intraband SW of the 60 u.c. thick
DyBCO �lm as a function of reduced tempera-
ture, normalized to its value at Tc. Above Tc the
quasiparticle SW follows the quadratic dependence
SW(T ) = SW(0)−k T 2 (red shaded line). Below Tc

the total intraband SW remains constant to within
the error bar. At the lowest measured temperature
of 7 K this constitutes a superconductivity-induced
reduction of the intraband SW of ∼0.5% compared
to the normal state single-band value. The �gure is
reproduced from [54].

to within an accuracy better than 0.2%. The red
parabola in Fig. 2 represents a �t to the results for
T > Tc, based on the spectral weight's temperature
dependence calculated using the nearest-neighbor
interaction model within the tight-binding approx-
imation for the layered system DyBa2Cu3O7−δ.
In analyzing the con�rmation of the precise ful-

�llment of the FGT sum rule in the studied mate-
rial, the authors of [54] emphasize that �their results
rule out unusual kinetic energy saving pairing mech-
anisms, like JEH theory [35, 36] as the prime driver
of superconductivity in optimally doped RBCO
cuprates.�
The presented results and conclusions drawn

in [54] clearly indicate the need to re-measure pre-
cisely the temperature dependence of the AC con-
ductivity of other high-temperature superconduc-
tors from the copper group family, in particular Bi,
Ta, and Hg-based and, probably, to revise the con-
clusions drawn from earlier works.

3. Alternative electrodynamics

One of the consequences of the superconductiv-
ity model developed by JEH is the postulation of
a redistribution of the electric charge density, in-
cluding electrons and holes, in the superconducting
phase [21]. According to the author's model, below
the critical temperature, electrons move from the
bulk of the superconductor to its surface, creating

a �macroscopic quantum state.� This state is charac-
terized by several features, including a non-uniform
charge distribution, with a predominance of posi-
tive charges in the bulk and negative charges near
the surface. This redistribution results in a decrease
in the electrons' kinetic energy at the expense of an
increase in their potential energy. JEH further ar-
gues that while in a non-superconducting metal, the
Coulomb repulsion and screening eliminate the elec-
tric �eld in the bulk, in a hole-based superconduc-
tor (similar to a �giant atom�), a macroscopically
non-uniform electric �eld distribution is possible.
To better present the key postulates of his model
and their potential experimental consequences, the
author employs a modi�ed version [55] of the phe-
nomenological model of superconductor electrody-
namics developed by the London brothers in the
1930s [56, 57].

The London brothers in their phenomenolog-
ical description of the interaction between the
electromagnetic �eld and a superconductor (pub-
lished shortly after the discovery of the Meissner�
Ochsenfeld e�ect [58]) discuss, among other things,
the non-physical aspects of the previously pro-
posed �Ohm's law for superconductors� [56, 59].
Henceforth, we follow the notation from [60],
thus
∂vs

∂t
=

e

me
E, (4)

where vs is the velocity of the super�uid composed
of carriers with e�ective mass me and charge e, and
E is the electric �eld. The transformed equation (4),
along with the London equation

∇× Js = − c

4πλ2
L

B, (5)

where λL is the London penetration depth, allows
the authors to derive the symmetric wave equation
for the magnetic �eld B

∇2B =
1

λ2
L

B (6)

and analogous equations for the electric �eld and
current density. This leads to the following equa-
tion [55]

∂Js

∂t
=

c2

4πλ2
L

(E +∇ϕ) , (7)

where the right-hand side contains a gradient term,
originally inserted, later removed, and then re-
introduced by J.E. Hirsch [55]. This term allows for
the presence of an electric �eld in the supercon-
ductor, which is necessary for the hole-based super-
conductivity model to describe the superconducting
phase. Hirsch proposes an experiment to test the
validity of the modi�ed London equation, aiming
to measure the magnitude of the non-homogeneous
induced local charge density on the surface of a su-
perconducting metal [60]. According to his model,
this surface charge density should di�er from the
one observed in the normal state, above the critical
temperature. It is illustrated in Fig. 3.
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The �rst experimental attempt to study the po-
tential di�erence in the interaction of an electric
�eld with the surface of a superconducting metal,
compared to the interaction with the same sur-
face in the normal state, was published already by
H. London in 1935 [59]. He constructed an elec-
tric condenser consisting of two parallel mercury
plates, separated by an 18-micron thick mica foil,
cooled to 1.8 K. Through careful and accurate mea-
surements of the condenser's capacitance, London
observed no di�erence between the superconduct-
ing and normal states of mercury, which could be
switched on and o� reproducibly with an external
magnetic �eld. He concluded that there is no elec-
trostatic �eld in the superconductor and therefore,
in the proposed earlier equation

∂Js
∂t

=
nse

2

m
(E + grad ϕ) , (8)

the term grad ϕ must be zero. However, the neg-
ative result of that experiment was interpreted by
JEH [60] as unrelated to the problem of the pres-
ence of the electric potential gradient term in the
equation due to the uniform electric �eld between
the plates in London's condenser and, consequently,
a shift of super�uid compensating possible changes
in capacitance. In a similar way, JEH justi�ed the
failure of other, later, similar but unpublished ex-
periments that he discussed.

A modern version of H. London's experiment,
adapted to the measurement scheme proposed by
JEH in [60], was recently conducted by Peronio
and Giessibl [61]. Although the measurements have
not provided an answer to the question of whether
electric charge can accumulate in the volume of a
superconductor yet, the experiment appears very
interesting and may, together with other contem-
porary results, help to provide an answer to the
question raised 90 years ago. The authors of the
study investigated the e�ect of the superconduct-
ing state on the force between the atomic force mi-
croscopy (AFM) probe and a properly prepared sur-
face of a thin niobium layer, whose electrical state
could be simultaneously monitored using a scan-
ning tunneling microscope (STM) probe. In their
contemporary experiment, the strength of inter-
action corresponding to the gradient of the force
between the tip and the sample is measured as
the frequency deviation ∆f from the natural os-
cillation frequency of the (unperturbed) sensor f0,
i.e.,

∆f =
2f0

πkA2

A∫
−A

dz kls (z)
√
A2−z2, (9)

where A is the oscillation amplitude of the tip, k is
the sti�ness of the sensor, and kls is a position-
dependent �spring constant� of the sensor�sample
force. Measurements were carried out at temper-
atures of 2.4, 4.5, and 9.5 K, both below and
above Tc.

Fig. 3. The response of a superconductor to the
electric �eld of an AFM tip apex. (a) A �London� su-
perconductor screens an applied �eld like a normal
metal, within the Thomas�Fermi screening length
of about 0.1 nm. (b) The screening of a �Hirsch� su-
perconductor is instead much weaker, with a char-
acteristic length of 39 nm for niobium at zero tem-
perature. The �gure is reproduced from [61].

The results of the measurements at 9.5 and 4.4 K,
shown in Fig. 4, revealed no e�ect on the inter-
action force between the probe and the surface,
within the carefully estimated small measurement
error. The results for 2.4 K (not shown here) are
almost identical to these at 4.4 K. The limitation of
the measurement, for reasons discussed below, was
the relatively narrow temperature range between
high temperature of 9.5 K, which is above Tc, and
the lowest available temperature of 2.4 K. In this
range, the density of superconducting condensate
in niobium can be described by the Gorter�Casimir
two-�uid model [4], which includes both the su-
perconducting condensate phase and the �normal�
phase of single-particle excitations. According to
JEH, for the superconducting phase, the appro-
priate screening length for the electric �eld inter-
action with the probe is the London penetration
depth λL = c/ωp =

√
m/(µ0 n q2), where m, n, q

are the superconducting carrier mass, density, and
charge, respectively. In the non-superconducting
phase, the screening length is much shorter, cor-
responding to the Thomas�Fermi screening length
λTF =

√
πa0/(4kF). In measurements, the latter

will dominate due to the e�ective screening length,
which takes both mechanisms into account, as dis-
cussed below.

Within the framework of the two-�uid model with
t = T/Tc, the (empirical) density of the supercon-
ducting condensate is ns = n (1− t4), and the den-
sity of single-electron excitations is nn = n−ns. The
e�ective screening length at temperatures between
0 and Tc is a weighted average of λL and λTF with
contributions proportional to the density of carri-
ers [60, 62],

1

λeff (T )
=

ns(T )

nλ2
L

+
nn(T )

nλ2
TF

. (10)

The in�uence of the �rst term of the right
side of (10) will prevail only when nn(T )/n <
1/(λ2

L/λ
2
TF + 1) ≈ (λTF/λL)

2. For niobium, with
λTF ≈ 0.1 nm and λL ≈ 40 nm this occurs at
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Fig. 4. (a) Frequency shift due to the
dipole/image dipole interaction calculated for
di�erent tip dipoles and for the oscillation am-
plitude A = 50 pmpk used in the experiments
in (b) and (c). ∆f(z) spectra at two di�erent
temperatures (b) on Nb(110) and (c) on Cu(110).
Only at T = 4.4 K does the Nb sample super-
conduct, as shown by the dI/dV spectroscopy
of the superconductive gap (inset). The ∆f(z)
spectra at the two temperatures are di�erent on
Nb, but this e�ect cannot be attributed to Hirsch
superconductivity since it is observed also on Cu.
These spectra are acquired at the same point on
the surface, and multiple measurements are shown.
The measurements in (b) were acquired in di�erent
heating�cooling cycles. The dI/dV spectra are
acquired at a tunneling set point V = −20 mV,
I = 200 pA with a modulation voltage Vm = 300 µ
Vpk at fm = 407 Hz. The �gure is reproduced
from [61].

approximately t < 0.12, below 1.1 K†1. This typ-
ically requires a 3He or dilution refrigerator cooling
system, which might be di�cult to combine with

�1This estimate assumes that the two-�uid model equa-
tion of the temperature dependence of the condensate density
is correct, but see also the comment by M. Tinkham in [4]
on page 104.

an AFM setup. Moreover, as already mentioned
in [61], the experimental di�culties associated with
repeatedly warming the system above Tc and its
subsequent cooling may be even more serious, ex-
pensive, and time-consuming. With mercury as the
sample, perhaps a magnetic �eld could be used
to suppress superconductivity. One could consider
studying high-Tc superconductors with su�ciently
large n (which may or may not be BCS supercon-
ductors), as this would make ful�lling the condition
t < 0.12 easier, assuming that a high-quality sam-
ple surface could be prepared. Perhaps some clues
regarding the further use of scanning microscopic
techniques to investigate the presence of an elec-
tric �eld in a superconductor could also be provided
by the contemporary results on Cooper pair imag-
ing in Bi2Sr2CaCu2O8+x in [63�65]. The authors of
these papers used a scanning tunneling microscope
and Josephson tunneling, achieving a resolution of
about 1 nm at temperatures below 50 mK, imag-
ing, among other things, individual Zn atoms on the
surface of the superconductor and other nanoscale
superconductivity-related phenomena.

4. Thermodynamic phenomena

An important physical phenomenon that, accord-
ing to JEH, the BCS theory fails to accurately de-
scribe is the Meissner�Ochsenfeld e�ect. First ob-
served in 1933 by W. Meissner and R. Ochsenfeld,
this e�ect demonstrated the �expulsion� of magnetic
�ux from the interior of lead or tin samples cooled
to the superconducting state. It is widely regarded
as the most signi�cant manifestation of the mag-
netic properties of superconductors and a demon-
stration of the �true nature of the superconducting
state� [66], particularly for Type I superconductors.
The theses of JEH regarding the inapplicability

of the BCS model to describe the Meissner e�ect,
which do not align with the mainstream narrative in
contemporary physics, are presented here in order
to demonstrate the types of problems encountered
in research within the �eld of superconductivity, es-
pecially � but not limited to � high-temperature
superconductivity. The JEH's current polemics with
one of the in�uential scienti�c journals are included
in the document [67] posted on his website.
The �rst phenomenological description of this

phenomenon was provided by F. London and
H. London [56]. They proposed that in a weak static
magnetic �eld B(x), the current density in a su-
perconductor could be expressed as J = −ΛA,
where A is the magnetic vector potential. The re-
sulting wave equation has a physically admissible
solution B(x) = B0 exp(−x/Λ(T )), where Λ(T )
is the temperature-dependent London penetration
depth. The Londons' solution indicates that an ex-
ternal magnetic �eld applied to the superconduc-
tor is screened (or �expelled�) by the magnetic �eld
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generated by a current �owing in a thin layer near
the superconductor's surface. This result was later
derived within the microscopic framework of the
BCS theory [1].
In the BCS model, the Meissner�Ochsenfeld ef-

fect is reversible [4]; when samples are reheated
above the critical temperature Tc, the screening
current vanishes and the magnetic �eld penetrates
the superconductor's volume. Moreover, as demon-
strated by precise magnetic and calorimetric mea-
surements conducted under near-equilibrium con-
ditions, the change in the magnetic state of the
superconductor represents a reversible phase tran-
sition without any accompanying irreversible gen-
eration of Joule heat [68] (and references herein).
However, JEH emphasizes perceived shortcomings
in the BCS model's description of the Meissner ef-
fect, pointing to possible energy dissipation during
non-equilibrium processes associated with the tran-
sition between non-superconducting and supercon-
ducting phases, and vice versa.
JEH's analysis focuses on two key phenomena.

The �rst concerns the angular momentum of a cylin-
drical Type I superconducting sample suspended
along its axis, which depends on the sequence of pro-
cesses, such as cooling below Tc, heating above Tc,
and switching on or o� the external magnetic �eld.
The second phenomenon involves the dynamics and
motion of electric charges within the sample, linked
to the formation and destruction of Cooper pairs
during these processes. The geometry of the de-
scribed processes is illustrated in Fig. 5. J.E. Hirsch
identi�es three scenarios:

i. Cooling in the absence of an external magnetic
�eld (T < Tc). In this case, an initially station-
ary superconducting sample is subjected to an
increasing external magnetic �eld from B = 0
to Bmax < Bc, where Bc is the critical �eld.
This situation essentially corresponds to that
of an ideal diamagnetic metal with zero resis-
tance. The induced screening current, gener-
ated by the varying magnetic �eld, produces
a magnetic moment that causes the sample to
rotate (gyromagnetic e�ect). Both the energy
conservation and the angular momentum con-
servation are satis�ed [65].

ii. Heating above Tc in an external magnetic �eld.
A superconducting sample in an external
magnetic �eld is heated above its critical tem-
perature.

iii. Cooling below Tc in an external magnetic �eld.
A normal-state sample in an external mag-
netic �eld at a temperature above Tc is cooled
below its critical temperature.

In the second scenario, the non-equilibrium cur-
rent of electrons from dissociating Cooper pairs
in a varying magnetic �eld must transfer the ex-
cess momentum to the lattice. In the third, cor-
relating electrons joining into Cooper pairs must

Fig. 5. A magnetic �eld is applied to a supercon-
ductor at rest. A Faraday electric �eld EF is gener-
ated in the clockwise direction, opposing the change
in magnetic �ux. EF pushes positive ions (electrons)
in clockwise (counterclockwise) direction. The body
acquires angular momentum Li antiparallel to the
applied magnetic �eld and the supercurrent ac-
quires angular momentum Le = −Li parallel to the
magnetic �eld. This �gure is a reproduction of Fig. 2
from [69].

acquire the momentum necessary to form a con-
densate. According to JEH†2 [67, 68, 70], these
non-superconducting electrons interact with their
surroundings through at least partially inelastic
scattering processes, which results in the genera-
tion of Joule heat, thus undermining the reversible
nature of the phase transition.
The dynamics of the transition to the Meiss-

ner phase have been discussed earlier, for instance,
by W.H. Cherry and J.I. Gittleman [71]. Recently,
A. Schilling [72] proposed the potential compen-
satory e�ect of magnetocaloric cooling, which could
result in a net-zero heat balance during the phase
transition of the condensate. In Schilling's model,
the magnetocaloric e�ect fully o�sets the Joule
heat, maintaining thermodynamic equilibrium and
reversibility during the Meissner phase transition.
However, Schilling notes that the dissipation and
magnetocaloric processes in a superconductor have
di�erent spatial distributions. This suggests that,
under certain material con�gurations and experi-
mental conditions, it may be possible to measure
temperature gradients associated with the magne-
tocaloric e�ect. These gradients, as calculated by
Schilling, are expected to be small � on the or-
der of microkelvins just below Tc � making them
di�cult to measure. Furthermore, various experi-
mental constraints, such as sample geometry and
homogeneity, may present additional challenges in
observing the proposed e�ect.

�2J.E. Hirsch published over 40 articles discussing the
Meissner e�ect between 2001 and 2024. The list of articles is
available at author's site [70].
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5. Conclusions

Of the three topics discussed regarding the ex-
perimental veri�cation of the hole model of super-
conductivity, only the one related to the behavior
of the sum rules in the dielectric function spectrum
of high-temperature superconductors has yielded a
concrete result. This result does not con�rm the hy-
pothesis of the model, but it highlights the need
for re-evaluation of earlier �ndings obtained us-
ing less accurate methods and perhaps even with
lower-quality samples produced by previous synthe-
sis techniques. This progress was largely made pos-
sible by the experience gained from numerous ear-
lier studies on superconducting spectroscopy and by
advancements in the technology of growing high-
quality, well-characterized materials.
Furthermore, the aim of this work was to better

understand the mechanism of superconductivity, in-
dependent of the BCS model. The hypothesis by
J.E. Hirsch regarding the accumulation of electric
charges in classical superconductors was not con-
�rmed, but the result does not conclusively refute it.
The estimates obtained in the work [61] suggest po-
tential di�culties in measuring the e�ect predicted
by J.E. Hirsch, which would require sophisticated
equipment and highly sensitive measurements at
subkelvin temperatures. A similar challenge may
apply to the third issue. However, the questions
raised by J.E. Hirsch may serve as a stimulus for
further development of research techniques and con-
tinued expansion of the sensitivity limits in mea-
surements testing the thermodynamic and electro-
dynamic properties of superconductors. In other
words, paraphrasing a quote often attributed to
M. Planck: �Only experiment is the source of knowl-
edge.�
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