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Contrary to the current consensus, I argue that the existing evidence for high temperature super-
conductivity in hydrides under high pressure is not compelling. I suggest that the focus of the field
should urgently shift to establish unequivocally experimentally whether or not superconductivity
in pressurized hydrides exists, instead of continuing to search for new materials that might show
elusive signals of unproven superconductivity at ever higher temperatures. The implications of a
negative finding for the theoretical understanding of superconductivity are discussed.

It has been 8 years since the reported observation of
conventional superconductivity above 200 K in sulfur hy-
dride under pressure [1]. Since then, about 15 different
hydride materials have been reported to be high tem-
perature superconductors. Conventional BCS-Eliahsberg
theory explains and in several cases (including Ref. [1])
predicted these observations, and hundreds more such
compounds have been predicted theoretically. Room
temperature superconductivity would appear to be right
around the corner.

But is this real? The field is entirely driven by the-
ory, and as a consequence is subject to confirmation
bias. When a sample predicted to be superconducting
is found to show a drop in resistance, this is immediately
interpreted as indicating superconductivity, ignoring the
fact that there are other reasons why heterogeneous very
small samples under enormous pressures could exhibit
such drops [2]. Magnetic evidence that these materials
are superconductors remains scarce, spotty, contradictory
and irreproducible. Only for H3S and LaH10 does such
evidence even exists. In what follows I discuss it and
argue that it is far from compelling.

There is zero evidence for magnetic field expulsion un-
der field cooling (FC), examples are shown in Fig. 1a.
While in some standard superconductors the effect can be
very small for samples with strong pinning centers, there
is no other class of known superconductors for which no
evidence for field expulsion has been seen for any sam-
ple. Fig. 1a shows also that the magnetic moment under
zero field cooling (ZFC) reported in 2022 [3] was approxi-
mately three times smaller than that reported in 2015 [1],
for samples that were similar in diameter and thickness
as estimated in the papers [1,2]. Unlike under the FC
protocol, under ZFC the measured signal is expected to
depend only on sample volume and not on sample quality,
casting doubt on the validity of these results.

The red curve in Fig. 1b shows reported diamagnetic
moment versus magnetic field [3], indicating that mag-
netic fields smaller than 95 mT are excluded from the
sample. For the same sample, magnetic fields as small
as 45 mT are reported to penetrate and become trapped
inside the sample when the applied field is removed [4],
as shown in the inset of Fig. 1c. This seems impossi-
ble, however the authors of Ref. [4] propose to explain
this anomaly by hypothesizing that the sample may have
ragged edges that would allow penetration of the field

even in the regime where the response of the sample is
diamagnetic.

The presence of strong pinning centers is invoked to
explain both the absence of signal under FC [3] and
measurements of field trapping [4]. However, the rapid
turnabout of the red curve in Fig. 1b beyond the field
Hp = 95T interpreted as the lower critical field corrected
for demagnetization [3] is inconsistent with the presence
of strong pinning [5]. With strong pinning the red curve
should follow the behavior predicted by the Bean model
[6], shown as the black curve in Fig. 1b, or extensions of
it [7, 8], which describe the behavior seen experimentally
in such materials that the magnetization magnitude con-
tinues to increase beyond the lower critical field where
the magnetic field starts to penetrate the sample. At the
very least, the magnetization magnitude should decay
slower than what is expected for an ideal type II super-
conductor with no pinning [9], shown as the blue curve
in Fig. 1b, which reaches zero only at the upper criti-
cal field. Also, the reported linear behavior of trapped
moment versus field in ZFC experiments [4] seen in the
inset of Fig. 1c is in contradiction with the expected and
observed quadratic behavior [10, 11]. Also, the rapid de-
cay of magnetization curves such as the red curve in Fig.
1b and the blue curve in Fig. 1d (also from Ref. [3])
is in direct contradiction with reported hysteresis cycles
by the same authors [12] shown in Fig. 1d: the blue
curve should smoothly join the green curve. We note
that the authors show in figure 6b of Ref. [13] a hystere-
sis loop extracted from measurements performed in 2015
after subtraction of a strong paramagnetic background
where the virgin curve does smoothly join the hystere-
sis loop curve at magnetic field ∼ 300mT . This is in
stark contrast with the anomalous behavior seen in Fig.
1d measured 7 years later [12] with presumably better
samples and equipment.

Reported ac susceptibility measurements for H3S after
background subtraction [14] are shown in the inset of Fig.
1e, with the drop apparently indicating a superconduct-
ing transition. However, the underlying raw data, shown
as the blue points in Fig. 1e, merely show a kink at the
presumed Tc, that occurs at precisely the same tempera-
ture value where a change in the temperature interval at
which the measurements were performed took place (red
points in Fig. 1e) [15]. The same is seen at a different
pressure [15]. This indicates to us that the superconduct-
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Figure 2.Magnetic susceptibility signals of sulfur hydride at various pressures. Curves
show typical amplitude records from the coil system during each temperature scan at
(a) 117 GPa, (b) 130 GPa, (c) 149 GPa and (d) 155 GPa. To obtain the strong amplitude
signal, we kept the sample and compensating coil signals in phase. The critical tem-
perature Tc is estimated from the onset of the superconducting transition.

target pressure rangewas from155–171GPa.Awell-
defined and reproducible superconducting signal
was triggered at about 168 K at 155 GPa (Fig. 2d).
When the pressure was increased further, there was
an abrupt decrease in Tc, which shifted down to
140 K at 171 GPa. In the third run, we first ap-
plied 130 GPa on the sample at temperatures T <

100 K. Upon cooling the sample, at 130 GPa, the
superconducting transition appeared at about 55 K.
Thereafter, the sample was rapidly warmed to 300 K
with the pressure maintained at 130 GPa. Upon fur-
ther compression, the superconducting transition
appeared at about 173 K and 168 K at 143 GPa and
155 GPa, respectively.The variation tendency of Tc
with pressure is identical with the first and second
runs.However, when the samplewas compressed up
to 170 GPa, the diamond failed.

To shed further insight on the pressure de-
pendence of Tc in the high-temperature supercon-
ducting sulfur hydride system, we have plotted our
experimental data together with all previous exper-
imental measurements and our previous theoreti-
cal calculations (Fig. 3a) [10,14,15,22].The uncer-
tainties in determining Tc are especially large above
150 GPa. To reach ultrahigh pressure the diameter

of the diamond anvil culets is reduced, leading to a
reduction of the magnetic signal that is proportional
to the volumeof the sample [23].The signal-to-noise
ratio is thus reduced, resulting in the larger uncer-
tainty inTc upon further compression. A close study
of Fig. 3a shows that there is a pronounced kink in
the pressure dependence of Tc at about 149 GPa,
and the diagram can be divided into two regions. Be-
low 130 GPa the onset temperature Tc is lower than
100 K, which was also observed in the reported elec-
trical resistance measurements [14]. Near 149 GPa
high-Tc superconductivity appears and simultane-
ously the H3S phase becomes the dominant com-
ponent in the sample, as shown by the reported
X-ray diffraction data [22]. In this work, the the-
oretical discussions are focused on our phase di-
agram from magnetic susceptibility measurements
and the inherent mechanism. To do this, two im-
portant points are addressed in the discussion. First,
in the hydrogen sulfur system, the sample shows
a complex superconducting behavior at high pres-
sures with a change in both crystal structure and
stoichiometry. It is almost impossible to determine
the complex superconductingbehavioronly through
experimental techniques, as reported in the previ-
ous experiment by Drozdov et al. [15]. Therefore,
the crystal structure and stoichiometry of the hydro-
gen sulfur system under high pressure have been an-
alyzed by the reported first-principles calculations
based on density functional theory (DFT). It is well
known thatH2S is the only known stable compound
in theH–S system at ambient pressure.Wehave pre-
dicted that H2S is stable below 43 GPa and decom-
poses into H3S and S above this pressure [24].

Except forH3S, other hydrogen-rich stoichiome-
tries were also reported to be stable above 100 GPa
and the superconducting critical temperature was
calculated for variousH–S compounds. To compare
with our experimental results, for the low-onset-
temperature Tc phase below 140 GPa, the theo-
retically calculated Tc of the various stoichiome-
tries H–S phase may quantitatively reproduce the
low-Tc data [24,25]. It is proposed that some
H–S stoichiometries may be mainly responsible for
the measured superconductivity of the samples be-
low 140 GPa. We have tried to explore the de-
composition process of H2S under high pressure
and deeply understand the formation process of
H3S, through ab initio variable-cell molecular dy-
namics (MD) simulations. Our MD runs started
with the orthorhombic Pbcm for phase III by em-
ploying a simulation cell of 96 molecules. The in-
tegrated radial distribution at 140 GPa and 100 K
gives a reasonable H–S bond length with 1.76 Å. In
Fig. 4, the instantaneous snapshot of polymeric net-
works at 140 GPa shows that an SH6 coordinated

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/6/4/713/5487527 by U

niv of C
alif, San D

iego (Ser R
ec, Acq D

ept Library) user on 05 N
ovem

ber 2020

FC	

FC	

ZFC	

ZFC	

2015	

2022	

12

9

6

3

0

-3

100 125 150 175 200 225 250T	(K)	

M
ag
ne

tic
	m

om
en

t	(
10

-1
0 A
m

2 )	

20µm	

30µm	

External	
magnetic	field	

nuclear	
resonant	
scattering		 0.68T	

f	

g	 h	

FC	

FC	

ZFC	

ZFC	

0.68T	

m
/m

s	

m
/m

s	

H	(T)	

T~30K	

trapped	
moment	

H	(T)	

c	

FIG. 1. Examples that cast doubt on hydride superconductivity, see discussion in text. Panels a-f are experimental results on
sulfur hydride. g is width of resistive transition versus magnetic field for various hydrides. h, i compare hydrides with other
standard superconductors.

ing “signal” is an experimental artifact. Instead, in their
Reply [16] to our Comment [15] the authors argue that
“there are no relationships between the superconducting
transition signals and those temperature breaks”, imply-
ing that in their view the coincidence seen in Fig. 1e
between the kink in the blue symbols and the jump in
the red symbols is merely a coincidence.

Ref. [17] reports ac susceptibility measurements on
LaH10, however the signals are so weak and broad that it
is impossible to draw any conclusions. The only other ac
susceptibility measurements reported for a hydride mate-
rial, CSH, were questioned in Ref. [18] and subsequently
retracted [19].

The only other experiment reporting magnetic proper-
ties of a hydride indicating superconductivity is nuclear
resonant scattering (NRS) [20, 21]. That experiment re-
ported that an applied magnetic field of 0.68T was ex-
cluded from the interior of the H3S sample (Fig. 1f).
That is in contradiction [22] with the magnetization mea-
surements [3], as well as with flux trapping experiments
[4]: for the geometry of Ref. [20], with demagnetizing

factor 1/(1 − N) = 3.5, to explain the absence of signal
reported under applied magnetic field 0.68T [20] would
require that a three times larger magnetic field, i.e. 2.5T ,
is excluded from the sample, in contradiction with the
flux trapping experiments [4] that indicate that a mag-
netic field of ∼ 2T fully penetrates and gets trapped (Fig.
1c). Furthermore, Fig. 1c shows that after applying a
0.68T field and then removing it, 80% of the maximum
saturation moment remains trapped inside the sample, in
contradiction with Fig. 1f. Troyan et al argue [23] that
the NRS experiment [20] is consistent with the Minkov
et al measurements [3] if the critical current density is
Jc ∼ 6.8×107A/cm2, however that is an order of magni-
tude larger than the critical current inferred by Minkov
et al from their measurements, Jc ∼ 7× 106A/cm2 [3].

Besides magnetic measurements, optical reflectance ex-
periments were also claimed to show conventional super-
conductivity in sulfur hydride [24]. We requested the
underlying raw data from the authors, and after analyz-
ing them reported our conclusions to the authors and in
a Comment submitted and later published by the jour-
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nal [25] that the published results did not reflect the raw
data that were measured, nor did they provide evidence
for conventional nor other superconductivity. The au-
thors of Ref. [24] published a Reply to our Comment
[26], explaining that they had done corrections to the
temperature-dependent background that were not ex-
plained in the paper because it is a standard procedure,
and that they had obtained some of the published data
from different raw data than the ones supplied to us.
Readers should read our Comment [25] and the authors’
Reply [26] and draw their own conclusions.

From their magnetic measurements [3], Eremets and
coworkers extracted values for the London penetration
depth and coherence length for H3S and LaH10. The re-
sults are shown in Figs. 1h, i in red, compared with other
known standard superconductors, both conventional and
unconventional. It can be seen that the hydrides strongly
deviate from the usual trends: for standard superconduc-
tors, small values of the London penetration depth are
associated with low critical temperatures and type I be-
havior (Fig. 1h), in stark contrast to the hydrides, and
small values of the coherence length are associated with
large values of the London penetration depth (Fig. 1i),
in stark contrast to the hydrides. Finally, Fig. 1g shows
[27] that the broadening of resistance curves observed in
several hydrides does not increase with applied magnetic
field contrary to the usual behavior.

We should also point out that experimental results re-
ported in this field are usually not reproduced by other
researchers. For example, while Eremets group has re-
ported zero resistance measurements for sulfur hydride

[1], independent measurements by Nakao et al [28] and
by Osmond et al [29] found instead that the resistance
remains finite below the drop interpreted as the super-
conducting transition.
The conventional theory of superconductivity predicts

unambiguously that hydrogen-rich materials under high
pressure should be high temperature superconductors
[30], because their electron-phonon interaction is strong
and their phonon frequencies are high, both effects con-
tributing to high Tc. What if these materials were ul-
timately found not to be superconductors, as suggested
by the anomalies discussed in this Perspective? What if
the signals attributed to superconductivity were in real-
ity due to other effects, namely other physical phenom-
ena or/and experimental artifacts? This would call into
question the applicability of the conventional theory of
superconductivity not only to hydrides but also to other
materials [31].
I hope that experimentalists will urgently focus on

determining unambiguously whether hydrides under
pressure are or are not superconductors, unclouded by
theoretical prejudices. This in my view is the greatest
challenge facing experimentalists in the field today.
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