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It has been suggested that the measured magnetic properties of hydrides under pressure claimed
to be high temperature superconductors indicate that the materials are granular superconduc-
tors. Such materials will show reduced or no magnetic field expulsion under field cooling, and
will trap magnetic fields when the external magnetic field is removed. They will also exhibit
hysteretic behavior in magnetoresistance and other transport properties. Here we point out
that hysteresis in transport properties has never been reported for hydrides under pressure.
Its presence, with the expected features, would indicate that the materials trap magnetic flux,
hence that they can sustain persistent currents without dissipation, something that all supercon-
ductors can do. Conversely, its absence would indicate that these materials are not superconductors.
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I. INTRODUCTION

Hydride superconductors under high pressure are usu-
ally identified as such by measuring their resistance as
function of temperature. Large drops [1] (and sometimes
small drops [2, 3]) in resistance are readily interpreted
as indicating superconductivity, particularly when it is
expected that the material should be a high temperature
superconductor due to an earlier theoretical prediction
[4]. In that way, more than 15 different hydrides under
pressure have been claimed to be high temperature su-
perconductors in recent years [5–9].

On the other hand, magnetic evidence for supercon-
ductivity in pressurized hydrides has been scarce. Ac
magnetic susceptibility measurements reported to pro-
vide evidence for superconductivity [10–12] have been
questioned [13–16]. Measurement of magnetization under
field cooling [1, 17, 18] show no evidence of flux expul-
sion [19]. Magnetization measurements under zero field
cooling show widely different behavior in different runs
[1, 17–19], and no direct evidence of diamagnetism ex-
ists due to the necessity to subtract a background sig-
nal. In addition, when interpreted according to the stan-
dard theory of superconductivity these measurements in-
dicate [19] that the materials have much larger critical
fields and smaller London penetration depths than ex-
pected for standard superconductors, whether conven-
tional or unconventional. An experiment performed to
detect magnetic field exclusion using nuclear resonant
scattering [20, 21] has also been questioned [22, 23] and
has never been repeated.

Detection of magnetic flux trapping would evidence
that the materials can sustain persistent current, hence
that they are superconductors. Flux trapping can be de-
tected by cooling the material in a magnetic field, remov-
ing the applied magnetic field, and measuring a remnant
magnetization that persists for a long time. We have

proposed such experiments over a year ago [23], how-
ever no experimental results have so far been reported.
We conjecture that this is so because of the difficulty in
performing reliable magnetization experiments with the
small samples necessitated by the high pressures. In this
paper, we propose that flux trapping in hydrides under
pressure should be readily detectable in transport exper-
iments. Such experiments should be much easier to per-
form.

II. GRANULAR SUPERCONDUCTORS

Granular superconductors [24] are polycrystalline ma-
terials with microcrystalline grains that are coupled
through weak links (Josephson junctions), that estab-
lish the superconducting long-range order throughout the
material. The weak links are broken by magnetic fields
that are smaller than the magnetic field necessary to sup-
press superconductivity within the crystalline grains. As
a consequence, the lower critical field Hc1 in such materi-
als can be very small. Such materials exhibit reduced flux
expulsion under field cooling, since the magnetic field re-
mains trapped both in intergranular regions and by pin-
ning centers inside the micrograins. They will also ex-
hibit a remnant magnetization, indicating flux trapping,
when they are cooled in an external magnetic field and
then the magnetic field is removed.

A characteristic property of granular superconductors,
particularly high Tc cuprates, is that they exhibit hys-
teresis in various transport properties, in particular mag-
netoresistance and critical current [25]. The physical ori-
gin of these effects is flux trapping in the intragranular
and intergranular regions and is well understood [26–29].
Such measurements are reported for polycrystalline sam-
ples of high Tc cuprate superconductors [31–40], BaPb-
BiO [41], organic superconductors [42], MgB2 [43, 44],
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FIG. 1: (a): Intragrain magnetization MG and resulting intergrain magnetic field (dashed red lines) when an increasing
external magnetic field H is applied: the intergrain magnetic field is enhanced (the distance between grains is exaggerated for
clarity). (b) Hysteresis cycle for the overall magnetization. (a) reproduced from ref. [25], (b) reproduced from ref. [26].

tungsten carbide [45], etc. Granularity can occur natu-
rally in a polycrystalline sample due to the grain bound-
aries and can also be induced or enhanced by forming
composites of the superconducting material and a non-
superconducting material [26, 46–50]. For cuprate su-
perconductors discovered in 1986, flux trapping was de-
tected through magnetization measurements as early as
1987 [51], providing evidence for persistent currents, hys-
teresis in critical current was first measured in 1988 [50],
and hysteresis in magnetoresistance in 1989 [31].

In ref. [18], Eremets et al argue that measurement of
magnetic properties of hydride superconductors is elusive
because of the “granular or non-uniform distribution of
the superconducting phase in samples”, and hence “the
electrical current finds a continuous path through super-
conducting grains and metallic grain boundaries in the
transport measurements” but the small size of the su-
perconducting grains makes it difficult to detect mag-
netic signatures of superconductivity. Eremets et al [18]
also argue that an anomalous peak in the resistance ob-
served right before the drop in resistance interpreted as
superconductivity results from the “granular character
of superconductivity”, reflecting “the non-uniformity of
the superconducting phase in samples”, just as in boron-
doped diamond [52, 53], and that “Importantly, not only
the observation of zero resistance strongly supports su-
perconductivity in hydrogen-rich compounds, but also the
transition imperfections (broadening, steps, and peaks)
discussed above, since these features are common among
inhomogeneous superconductors.” The fact that hydrides
are granular superconductors is also remarked by Se-
menok et al [7] and by Drozdov et al [54].

If hydrides under pressure are granular superconduc-
tors, they should exhibit transport properties character-
istic of such superconductors, in particular hysteresis in
magnetoresistance and in critical current. These proper-
ties would provide evidence that the materials trap mag-

netic flux and hence that persistent currents can flow in
hydrides under pressure without dissipation, thus proving
that the materials are indeed superconductors, disprov-
ing suggestions to the contrary [14, 19, 22, 23, 55]. No
such hysteretic behavior in transport properties has been
reported to date to our knowledge, for any of the more
than 15 different hydrides under pressure claimed to be
high temperature superconductors, for which extensive
transport measurements have been reported [5–9]. We
suggest that these experiments should be urgently per-
formed. In order to enhance the granularity to make
these effects more apparent, it should be possible to fab-
ricate composite samples of a hydride and another mate-
rial, as in other superconductors where these effects are
clearly observed [26, 46–50].

III. TRANSPORT PROPERTIES OF
GRANULAR SUPERCONDUCTORS

Here we discuss examples of transport properties of
granular superconductors to illustrate behaviors that
should be found in transport measurements of hydrides
or hydride composites under pressure that are claimed to
be high temperature superconductors.

Figure 1 illustrates the physics that explains the ob-
served hysteretic behavior in transport properties [27].
When an increasing magnetic field is applied, it induces
a negative magnetization inside the grains, which en-
hances the magnetic field in the inter-granular region
(left panel). When the magnetic field is then decreased,
the magnetization decreases and then changes sign (right
panel), and the magnetic field in the intergranular region
will consequently be reduced (as can be seen by flipping
the arrows of magnetization and magnetic field lines in
the left panel).

Both the resistance and the critical current are domi-
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FIG. 2: Magnetic field dependence of critical current for a
YBCO-CuO composite, reproduced from ref. [26]. The inset
shows the behavior for weak fields. The arrows show the
direction of change of the external magnetic field.

nantly determined by transport in the intergranular re-
gions. Therefore, as a consequence of the physics dis-
cussed in the above paragraph, the resistance will be
higher and the critical current will be lower when the
magnetic field is increased versus when it is decreased.

Fig. 2 shows an example of critical current mea-
surement illustrating the qualitative behavior described
above. There are in addition other interesting features,
in particular, in decreasing the external field the critical
current reaches a maximum Icmax and then decreases.
This is explained in ref. [27] as arising from the fact hat
at that point the effective field in the intergrain region is
compensated to the largest extent, and upon further low-
ering of the applied field it increases, hence the critical
current decreases. As the applied field reaches zero again
the sample has a positive magnetic moment (fig.1 right
panel) giving rise to magnetic field in the intergranular
region, hence the critical current is smaller than before a
field was applied.

Similarly, this physics explain the hysteretic behavior
of the magnetoresistance shown in Fig. 3. Initially as the
field is increased the intergranular magnetic field is en-
hanced, giving rise to larger resistance than in the return
cycle when the applied magnetic field is decreased. The
minimum and subsequent rise when the external field is
further decreased is explained as the corresponding be-
havior for critical current discussed in the above para-
graph. The degree of hysteresis depends on the magni-
tude of the current and the maximum value of the mag-
netic field, the temperature, and characteristics of the
sample. It can be much smaller than what is shown for
illustration in Fig. 3. Hysteresis is seen for a wide range
of temperatures [56], ranging from close to Tc to low tem-
peratures.
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FIG. 3: Magnetic field dependence of resistance for a YBCO-
CuO composite, reproduced from ref. [26]. The arrows show
the direction of change of the external magnetic field.

Hysteretic behavior in other transport properties such
as current noise [57] and surface resistance [58], origi-
nating in the same physics, has also been reported for
granular superconductors and could be investigated for
hydride superconductors.

Another consequence of the physics discussed here is
that resistance and critical current depend on thermo-
magnetic history, because of flux trapping. In partic-
ular, resistance is lower and critical current is higher
for field-cooled versus zero-field-cooled samples since the
magnetic field in the intergranular region will be smaller
for field-cooling due to the physics discussed above. This
is observed in high Tc cuprates [59–62] and should be
investigated for hydride superconductors.

IV. DISCUSSION

The figures shown in the previous section display qual-
itatively the expected hysteretic behavior in critical cur-
rent and magnetoresistance expected for granular su-
perconductors due to flux trapping. Depending on the
degree of granularity and other specific features of the
materials, various differences could arise. In particular,
the width of the hysteresis loops could be much smaller.
However, the qualitative features should remain. In par-
ticular, the hysteretic loops should always be clockwise
for magnetoresistance (Fig. 3) and counterclockwise for
critical current (Fig. 2). Of course there could be other
spurious reasons for observed hysteresis unrelated to flux
trapping, for example heating effects or irreversible struc-
tural changes, that would be sensitive to the rate at which
parameters are changed, that need to be carefully con-
sidered and ruled out.

Observation of hysteretic behavior in transport proper-
ties qualitatively similar to what is shown in figs. 2 and
3, together with the expected dependence of transport
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properties on history (field-cooled vs. zero field cooled),
would provide convincing proof that hydride supercon-
ductors trap magnetic flux, hence are superconductors.
These measurements should be much easier to perform
than magnetization or ac susceptibility measurements.
Of course absence of such hysteretic behavior in trans-
port properties could also be interpreted as signifying
that the materials are superconductors but not granular.
However that would be a difficult case to make, since
granularity has been invoked to explain why these mate-
rials do not exhibit clearer features of superconductivity
[18]. In addition, it should not be difficult to produce
or enhance granularity in the samples by mixing in other
components in the sample preparation to create hydride-
metal or hydride-oxide composites, as is done for high Tc

cuprates [26, 46, 47].
If experiments fail to detect hysteretic behavior of the

type expected in transport properties for hydride samples
that are granular materials, it would indicate that these
materials don’t trap magnetic flux. Given that other ob-
served properties can only be explained if they do trap

magnetic flux, such as the absence of field expulsion un-
der field cooling [18] and the screening of magnetic fields
larger than the lower critical field [20, 21], it would indi-
cate that these materials are not superconductors. Hence
that the observed drops in resistance are not due to su-
perconductivity but due to other physics [63, 64], con-
trary to innumerable theoretical predictions based on the
conventional theory of superconductivity that predict su-
perconductivity in these materials [65]. This would cast
serious doubt on the validity of the conventional theory
to describe any superconducting material, and support
the theory of hole superconductivity proposed as a de-
scription of superconductivity in all materials [55].
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