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The Meissner effect, magnetic field expulsion, is a hallmark of superconductivity. Associated with
it, superconductors exclude applied magnetic fields. Recently Minkov et al. presented experimental
results reportedly showing “definitive evidence of the Meissner effect” in sulfur hydride and lan-
thanum hydride under high pressure [1]. Instead, we show here that the evidence presented in that
paper does not support the case for superconductivity in these materials. Together with experi-
mental evidence discussed in earlier papers, we argue that this clearly indicates that hydrides under
pressure are not high temperature superconductors.

PACS numbers:

I. INTRODUCTION

The era of high temperature superconductivity in hy-
drides under high pressure was spawned by the reported
discovery of superconductivity in sulfur hydride in 2015
by Eremets and coworkers [2], with critical temperature
203 K, higher than any other critical temperature known
before. Since then, it has been reported that supercon-
ductivity at high temperatures occurs also in 11 other
hydrides under pressure [3–5]. These experimental works
are strongly motivated and guided by theoretical predic-
tions of superconductivity in these materials based on
the conventional BCS-electron-phonon theory of super-
conductivity [6–9].
Instead, we have recently argued that the experimen-

tal evidence presented so far does not provide conclusive
proof of superconductivity in any of these materials [10–
19]. Others have also questioned experimental [20–22]
and theoretical [23, 24] evidence for superconductivity in
some of these materials. Therefore, the very existence
of high temperature superconductivity in hydrides under
pressure is now in question.
In the initial paper [2], Eremets and coworkers pre-

sented magnetic evidence of superconductivity in sul-
fur hydride, that was questioned in ref. [13]. Recently,
Eremets and coworkers provided new magnetic evidence
for superconductivity in sulfur hydride as well as in lan-
thanum hydride [1], and argued that it provides definitive
evidence for superconductivity. Instead, we argue in this
paper that these new measurements together with the old
measurements provide conclusive evidence against the ex-
istence of superconductivity in these hydrides.

II. COMPARISON OF OLD AND NEW

MAGNETIC EVIDENCE FOR

SUPERCONDUCTIVITY IN SULFUR HYDRIDE

To have confidence that experimental results reflect
true physics of the material being studied, it is essen-
tial that measurements are reproducible, not only within
one lab and experimental group but also in different set-

tings. Unfortunately, no other group has reported mea-
surements of magnetization in sulfur hydride (nor any
other hydride) under high pressure.

The experimental results on sulfur hydride reported by
the Eremets group in 2015 [2] and 2021 [1] report critical
temperatures of 203 K and 196 K respectively, i.e. they
are very close to one another. The size of the samples
used is also reported to be similar, approximately 80 µm
[2] and 85 µm [1] in diameter and “a few µm” in thickness
in [2] and between 2.1 µm and 3.1 µm in thickness in [1].
However, the measured magnetic moment of the samples
under an applied magnetic field of the same magnitude
differ by a factor of 5, with the 2015 sample having the
larger magnetic moment. No explanation for this large
discrepancy is given in [1]. These magnetic moments are
measured not by field cooling but by applying a magnetic
field to an already cold sample, and for sufficiently small
fields so that the field should not penetrate the sample,
hence such large differences are not expected for samples
of similar sizes.

More importantly, the magnitude of the lower critical
field reported in 2015 [2] was 30 mT, and the same quan-
tity in 2021 is 1.9 T [1]. That is a difference of a factor
of 60. The magnitude of the London penetration depth
was reported to be 125 nm in 2015 [2] and 12.7 nm in
2021 [1], a difference of a factor of 10.

Thus, for the past 6 years the physics community was
asked to believe that sulfur hydride had been proven to
be a 203 K superconductor based on magnetic measure-
ments that were wrong by these very significant factors.
The magnetic evidence reported by Eremets and cowork-
ers in 2015 [2] was regarded by many to be the strongest
evidence that hydrides under pressure are high temper-
ature superconductors [25]. Now, Eremets et al. them-
selves are telling us that that evidence was deeply flawed
[1]. In other words, the entire edifice of high tempera-
ture superconductivity in pressurized hydrides was built
on deeply faulty foundations.
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FIG. 1: Left panel: magnetization versus temperature of
sulfur hydride reported in ref. [1], under field cooling (FC) and
zero field cooling (ZFC). Right panel: magnetization versus
applied magnetic field for sulfur hydride reported in ref. [1].

III. MAGNETIC EVIDENCE IN 2021

It is also remarkable that after the reported magneti-
zation measurements in 2015 using a specially designed
miniature nonmagnetic DAC cell that could accomodate
a SQUID magnetometer [2], no new experimental results
using that sophisticated apparatus and technique were
reported for a full 6 years, neither by the authors of ref. [2]
nor by anybody else. Yet during those years, about 30
new reports of high temperature superconductivity in 12
different pressurized hydrides were published [3–5].

Fast forward to 2021 [1]. Figure 1 shows on the left
panel the reported magnetization versus temperature un-
der an applied magnetic field, and on the right panel the
magnetization versus magnetic field for various values of
the temperature [1]. It can be seen that no evidence of a
superconducting transition is seen under field cooling on
the left panel. While this behavior has been observed in
some strongly type II superconductors, it has never been
observed for type I or weakly type II superconductors.
According to ref. [1], this material is a weakly type II su-
perconductor, with Ginzburg-Landau parameter κ = 6.9.
The reported London penetration depth is remarkably
small, 12.7nm, indicating that the material has a large
superfluid density and small degree of disorder. Such ma-
terials always exhibit a robust Meissner effect, i.e. mag-
netic flux expulsion. We argue that the fact that this
material does not show any evidence of magnetic field
expulsion under field cooling, the signature of supercon-
ductivity, is clear and direct evidence that the material
is not a superconductor.

Ref. [1] claims that the sample is a flat disk of de-
magnetization factor N = 0.95. From this informa-
tion, and from the observation that a magnetic field
at low temperatures of magnitude Hp ∼ 96 mT starts
to penetrate the sample, as seen in the lowest curve
on the right panel of fig. 1, labeled 20 K, the authors

FIG. 2: Lower critical field versus temperature for a stan-
dard superconductor according to Ginzburg-Landau theory.
The zero temperature critical field is 1.9 T. The numerical
values of the field given in mT indicate the applied field Hp,
that becomes Hc1 = 20Hp due to the demagnetization factor
1/(1−N) for N = 0.95 reported in ref. [1].

infer that the lower critical field of sulfur hydride is
Hc1(T = 0) = 1.9 T = Hp/(1 − N). In figure 2 we plot
the behavior of the lower critical field of a standard su-
perconductor as a function of temperature inferred from
Ginzburg-Landau theory. The horizontal lines indicate
the values of the lower critical field Hc1 for the values of
applied field indicated, Hp = 10 mT, 20 mT , etc. The
squares indicate the critical points for each value of the
applied magnetic field.
For each value of the magnetic field, for temperatures

lower than that critical value, the magnetic field should
be completely excluded from the sample, except for the
small region within λL of the surface. Given that the pen-
etration depth is 12.7 nm and the sample diameter and
height are 85 µm and 2.8 µm respectively, this implies
that 99.5% of the sample remains field free except very
close to the critical temperature. Therefore, we expect
the magnetization versus temperature to be essentially
flat below each critical temperature. This is approxi-
mately consistent with what is seen for the three curves
shown in the left panel of Fig. 1. For those values of the
applied field, Hp = 2 mT, 4 mT and 10 mT , the critical
temperatures are 194.4 K, 192.8 K and 187.8 K, all close
to the zero field critical temperature 196 K.
From the reported values of magnetic moment versus

magnetic field shown in the right panel of fig. 1 we can
extract the behavior of magnetic moment versus temper-
ature for applied fields larger than the values shown on
the left panel of fig. 1. This is shown in fig. 3. The value of
the abscissa for each square is the critical temperature for
each value of the applied field inferred from fig. 2, and we
would expect the magnetic moment to be approximately
constant for temperatures lower than those values, since
the magnetic field is completely excluded from the sam-
ple. The behavior seen in fig. 3 is qualitatively different
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FIG. 3: Magnetic moment versus temperature inferred from
the experimental results of ref. [1] shown in Fig. 1, for various
values of the applied magnetic field Hp given in mT in the
figure. The colored squares indicate the point on the curve
for the applied magnetic field that corresponds to the critical
temperature given by the phase boundary in Fig. 2.

from this expectation.

Indeed, it can be seen in fig. 3 that the sample is
unaware of the fact that it underwent a superconduct-
ing transition at its critical temperature, denoted by the
square on each curve. The magnetization in each case
(except for the selected ones that the authors of ref. [1]
chose to show us on the left panel of fig. 1, also repro-
duced in fig. 3), continues its downward trend as the tem-
perature is lowered further, oblivious to the fact that the
magnetic field is no longer in its interior. This could be
interpreted as revealing yet another new property of non-
standard superconductors [11] not shared by standard
conventional or unconventional superconductors: an abil-
ity to change the magnetic field in their surroundings
while keeping the magnetic field in their interior con-
stant (i.e. equal to zero). Alternatively, the behavior
shown in fig. 3 conclusively establishes that this sample
is not superconducting.

IV. MEISSNER EFFECT ON STEROIDS AND

ENORMOUS DENSITY OF STATES

In ref. [12], in connection with an analysis of a nuclear
resonant scattering experiment on sulfur hydride [26], we
pointed out that a lower critical field Hc1 ∼ 2.6 T , a ther-
modynamic critical field Hc ∼ 10.6 T , and a London pen-
etration depth λL = 10.0 nm are completely incompati-
ble with the physics of standard superconductors. Those
values are remarkably close to the values Hc1 = 1.9 T,
Hc = 9.8 T and λL = 12.7 nm that Eremets et al now
postulate [1] are the appropriate values for sulfur hydride.
Let us start by computing the critical current. A mag-

netic field of magnitude smaller than Hc1 = 1.9 T, the
value for Hc1 estimated for sulfur hydride in ref. [1],
should be completely excluded from the interior of a long
cylinder. The current density circulating near the surface
is, according to London’s equation

Jc =
c

4πλL

Hc1 (1)

which for the above given values of Hc1 and λL yields

Jc = 1.19× 1010Amp/cm2. (2)

This value is at least two to three orders of magnitude
larger than critical currents of any other known super-
conductor, whether type I or type II, hard or soft [27].
Instead, ref. [1] estimated a value of the critical current
density

Jc ∼ 7× 106Amp/cm2 (3)

using magnetization measurements and the Bean model.
However, such an estimate can only be valid for a strongly
type II superconductor with much smaller Hc1 and larger
λL, such that the value of magnetic field given by the ex-
pression H = (4πλL/c)Jc is larger than Hc1. In such a
case the magnetic field penetrates the sample and gen-
erates vortices that are pinned near the sample surface,
and the strength of the pinning potential determines the
critical current according to the Bean model. That cal-
culation is not applicable for the case at hand here to
determine the critical current, since H = (4πλL/c)Jc,
with Jc given by Eq. (3), is much smaller than Hc1.
The density of states at the Fermi energy g(ǫF ) can be

obtained from the standard theromodynamic relation

H2

c (0)

8π
=

1

2
g(ǫF )∆

2 (4)

with ∆ the energy gap at zero temperature. From the
standard BCS relation 2∆/kBTc = 3.53 and Tc = 196 K
[1] we have ∆ = 29.8 meV, and using Hc = 9.8 T yields

g(ǫF ) =
0.537 states

spin− eV A3
. (5)

This is an enormous density of states. For comparison,
using density functional theory the density of states of
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sulfur hydride was estimated to be 0.019 states/(spin-eV
Å3) [8], twenty eight times smaller.
In ref. [12] we discussed in more detail why such num-

bers are completely incompatible with standard super-
conductivity. Barring a qualitatively different supercon-
ducting state unlike that of all known superconductors,
this implies that the properties measured in ref. [1] in-
terpreted to “unambiguously confirm superconductivity”
in fact confirm that the material that was measured was
not a superconductor.
The analysis discussed above for sulfur hydride applies

equally well to the measurements for LaH10 reported in
ref. [1]. It is claimed that for LaH10 the zero temperature
lower critical field, thermodynamic critical field and Lon-
don penetration depth are Hc1 = 1 T, Hc = 7.4 T and
λL = 20.7 nm [1], comparable to the values reported for
H3S and equally impossible. The resulting critical cur-
rent density for LaH10 is 3.84 × 109Amp/cm2, and the
resulting density of states is g(ǫF ) = 0.22 states/spin-eV-
Å3, much larger than the theoretically estimated value of
0.016 states/spin-eV-Å3 [8]. The magnetic moment be-
havior reported for LaH10 has the same unphysical be-
havior as shown in the previous section for H3S.

V. SAMPLE QUALITY

The samples were prepared by pulsed laser heating of
a precursor containing NH3BH3 as a source of hydrogen
and either S or LaH3. Then the precursor was heated
by traversing a 5µm laser spot horizontally and vertically
across the sample.
The fact that the laser spot is much smaller than the

estimated diameters of the samples suggests that the re-
sulting sample cannot possibly be a single crystal. In-
stead, there are likely to be many different regions of the
sample of size of order of the laser spot that are connected
by weak links [25] that would also give rise to pinning
centers that could explain the absence of magnetic flux
expulsion upon cooling. However it is clear that for such
a sample the lower critical field will be much smaller that
for a single crystal, hence it becomes even more difficult
to understand the enormous lower critical field that ref.
[1] concludes is necessary to explain the measured mag-
netic properties.

VI. A SMOKING GUN?

Adding to the arguments presented in the previous sec-
tions, we argue that Fig. SI1 of the paper [1] is a smoking
gun that provides clear evidence for the faulty analysis
and conclusions of ref. [1].

The lower left and middle left panels of Fig. SI1 are
reproduced in Fig. 4. The left panel shows the measured
magnetic moment versus temperature under an applied
magnetic field of 2 mT for the sample precursors, namely
S+NH3BH3 before undergoing the laser heating process

!"#$% !"#$%

FIG. 4: Lower left (left panel) and middle left (right panel)
panels of Fig. SI1 of ref. [1]. The left panel corresponds to
the precursor sample, the right panel to the assumed super-
conducting sample. See text for discussion.

that generates the supposedly superconducting sample.
The zero field cooling and field cooling curves approxi-
mately coincide for temperatures above 200K and diverge
below 200K, with the ZFC magnetic moment decreasing
and the FC moment increasing as the temperature is fur-
ther lowered. Precisely the same behavior, attributed to
superconductivity, is observed in the sample after heat-
ing, shown in the right panel of Fig. 4 (and in the left
panel of Fig. 1, red and green curves).
How does the precursor sample know that the critical

temperature of the superconducting sample will be close
to 200K? Why does an applied magnetic field give rise
to a different magnetization for the non-superconducting
sample under field cooling and zero field cooling, also
seen in the lower middle and right panels of Fig. SI1 for
other values of the applied magnetic field?
The authors attribute the difference in the FC and

ZFC curves shown in fig. SI1 to “contamination by mag-
netic pieces” [1, 28], Clearly such effects, which will not
necessarily have the same temperature dependence before
and after heating, and hence cannot be simply subtracted
out, could also be responsible for the signals interpreted
by the authors as superconductivity.
We argue that the observed behavior in the lower pan-

els of Fig. SI1, which obviously is not indicative of super-
conductivity, but clearly is due to experimental artifacts
or properties of the background, strongly suggests that
the similar observed behavior shown for the sample after
heating in the middle panels in fig. SI1, interpreted by
the authors as due to superconductivity, is equally caused
by the same experimental artifacts or properties of the
background.

VII. A LITMUS TEST FOR HOT HYDRIDE

SUPERCONDUCTIVITY

We have proposed in ref. [14] that detection of trapped
flux would provide convincing evidence for the existence
of persistent currents in these materials. It would appear
that to do this test would not be more difficult than to
perform the measurements reported in refs. [1] and [2].
To rationalize the complete absence of flux expulsion
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FIG. 5: First two rows: expected behavior of standard su-
perconductors. The first row shows complete flux expulsion,
as occurs in clean type I superconductors or type II super-
conductors with weak pinning centers. The second row shows
small or zero Meissner fraction, as occurs in superconductors
with many defects/strong pinning centers that trap magnetic
field. When the external field is removed, the trapped field
remains. The third row shows the behavior of normal metals
and of hydride superconductors (as far as we know to date):
they neither expel magnetic field nor trap magnetic field.

upon field cooling seen in the left panel of fig. 1, one
could hypothesize that there is a large concentration of
defects that trap the magnetic field and prevent it from
being expelled, even at the large cost of condensation
energy implied by the very largeHc. Let us entertain that
possibility. If after the field cooling process shown on the
left panel of Fig. 1, for applied magnetic field smaller
than Hc1, the applied field is turned off, those defects
should prevent the interior magnetic field from decaying
and a remnant magnetization should be detectable for
several hours, days or months thereafter. As shown in
refs. [37, 38], the remnant magnetic moment should be
given approximately by the difference in the FC and ZFC
moments for the same magnetic field.
So far there have not been experimental reports that

trapped flux has been detected. Therefore the current
situation is depicted in Fig. 5. Standard superconduc-
tors, conventional and unconventional, are described by
the first or second row of Fig. 5. Hydride supercon-
ductors, and non-superconductors, are described by the
third row.
If such a trapped flux is detected for a hydride sample

in the future, and it is not detected when the same pro-
cess is performed for the precursor sample before heat-
ing, it will provide convincing evidence that persistent
currents flow in the material in the absence of applied
magnetic field. Then the unlikely possibility that these
materials are ‘nonstandard superconductors’ [11, 12] will
have to be seriously considered. Conversely, if no field
trapping is observed, it will provide strong confirmation
of our arguments that indicate that these systems are not

superconducting.

Similarly we have suggested [14] that in a nuclear res-
onant scattering experiment (NRS) [26] that claimed to
show flux exclusion from sulfur hydride from the absence
of quantum beats in the NRS spectra under an applied
magnetic field, it would be straightforward to verify the
presence of trapped field by showing that quantum beats
are present after field cooling and removal of the external
field.

VIII. SUMMARY AND CONCLUSION

The magnetic measurements reported in ref. [1] were
intended to establish that hydrides under pressure are
indeed high temperature superconductors. The paper
claims to present unambiguous (three times) and defini-
tive (once) evidence for high temperature superconduc-
tivity in sulfur hydride and lanthanum hydride under
pressure. In this paper we argued that instead these re-
cent experimental results establish that these hydrides
are not superconductors. Let us summarize our argu-
ments.

(1) The measurements show that if the materials are
superconductors, they have critical current values that
are at least three orders of magnitude larger than those
of all standard superconductors.

(2) Their lower critical field and thermodynamic crit-
ical field are between one and two orders of magnitude
larger than for any standard superconductor.

(3) Their density of states is between one and two or-
ders of magnitude larger than what is expected for a ma-
terial with such composition.

(4) Their London penetration depth is at least a fac-
tor of 2 smaller than that of any known superconductor,
including very pure elements.

(5) They show absolutely no evidence for magnetic
field expulsion in the presence of a magnetic field
(figs. 2c and 2d in ref. [1]). This is completely un-
precedented for weakly type II superconductors with such
small values of the London penetration depth that imply
very high values for the superfluid densities.

(6) The sample preparation process indicates that the
resulting samples are not single crystals and have weak
links and disorder, making even more implausible the
claimed large values of lower critical field and critical
current, and low value of the London penetration depth.

(7) The measured magnetic moment versus tempera-
ture under zero field cooling conditions, except for very
small magnetic field values, shows monotonic behavior of
approximately constant slope (Fig. 3) with absolutely no
signature of a superconducting transition at the expected
values of the critical temperature.

(8) The measured magnetic moment interpreted as due
to superconductivity is five times smaller than the mag-
netic moment interpreted as due to superconductivity in
the 2015 paper [2] for a sample of similar size.
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(9) The measured magnetic moment versus tempera-
ture in the presence of a small magnetic field for precur-
sor nonsuperconducting samples shows similar behavior
to the behavior allegedly signaling superconductivity in
the alleged superconducting samples.
(10) Detection of trapped flux [14] that persists for long

periods after field cooling and removal of the external
field has not been reported so far. If it is found, it would
show that the materials can carry persistent currents,
hence it is a superconductor. This is assuming that con-
tributions to magnetic remanence from magnetic sources
can be ruled out, e.g. by comparison with the behavior of
untreated samples not expected to be superconducting.
If trapped flux is looked for and not found, its absence
would confirm that the materials are not superconduc-
tors.
It should also be pointed out that ref. [1] misleadingly

claims that “the Meissner effect” was demonstrated, even
in the title. The fact is, the Meissner effect is magnetic
field expulsion, not magnetic field exclusion. Magnetic
field exclusion was known to researchers in 1911, mag-
netic field expulsion was only discovered in 1933. Ref. [1]
showed zero evidence for magnetic field expulsion. Sim-
ilarly ref. [26] claimed to report “direct observation of
the expulsion of the magnetic field” from sulfur hydride,
when in fact no field cooling was even performed.
In other recent papers we have analyzed various

other reported evidence for superconductivity in pressur-
ized hydrides and concluded that every experiment was
flawed, namely:
(1) ac magnetic susceptibility reported to show a su-

perconducting transition in sulfur hydride [29] was shown
to be due to an experimental artifact [18].
(2) Optical reflectance measurements that reportedly

showed that sulfur hydride is a superconductor [30] were
shown to be flawed [16].
(3) The reported observation of a Meissner effect in

sulfur hydride using nuclear resonant scattering [26] was
shown to be flawed [12].
(4) Magnetic susceptibility measurements for a room

temperature superconducting hydride [31] were shown to
be flawed [19].

(5) Magnetic susceptibility measurements reported for
lanthanum hydride showed weak and very broad peaks
[32], inconsistent with the width of the presumed transi-
tion shown in resistivity measurements of that material
[13, 33, 34].

(6) Resistance measurements for a room temperature
superconducting hydride [31] and several other hydrides
[2, 34–36] were shown to be anomalously sharp, and/or
with an unchanging width in the presence of an applied
magnetic field, indicating that the drops in resistance
were not due to superconductivity [10, 11, 15].

In addition, an alternative theory of superconductivity
predicts that high temperature superconductivity in this
class of materials should not exist [39, 40].

The field of high temperature superconductivity in hy-
drides was launched in 2015 by the publication of ref. [2]
by Eremets and coworkers. Now, the same author and
coworkers present evidence that (a) invalidates the evi-
dence for superconductivity presented in the 2015 paper
and (b) is in itself deeply flawed, as discussed in this pa-
per. From this, together with our analysis of the totality
of magnetic evidence and other experimental evidence
for superconductivity in hydrides discussed in our ear-
lier papers, we argue that the inevitable conclusion is
that hydrides under pressure are not high temperature
superconductors. Whatever the origin of their anoma-
lous behavior is, whether intrinsic or due to experimental
artifacts or both, it is not due to superconductivity.
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