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ABSTRACT

The search for high-temperature superconductivity is one of the research frontiers in physics. In the sulfur
hydride system, an extremely high T.. (~200 K) has been recently developed at pressure. However, the
Meissner effect measurement above megabar pressures is still a great challenge. Here, we report the
superconductivity identification of sulfur hydride at pressure, employing an in situ alternating-current
magnetic susceptibility technique. We determine the superconducting phase diagram, finding that
superconductivity suddenly appears at 117 GPa and T, reaches 183 K at 149 GPa before decreasing
monotonically with increasing pressure. By means of theoretical calculations, we elucidate the variation of
T in the low-pressure region in terms of the changing stoichiometry of sulfur hydride and the further
decrease in T, owing to a drop in the electron—phonon interaction parameter A. This work provides a new
insight into clarifying superconducting phenomena and anchoring the superconducting phase diagram in

the hydrides.
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INTRODUCTION

Since the discovery of superconductivity slightly
more than a century ago [1], the quest for ever-
higher critical temperatures, T., has remained a
great challenge and an important topic for both
experimental and theoretical research. Because of
their high Debye temperatures and chemical pre-
compression, some hydrides have been predicted
theoretically as good candidates to realize high-
temperature superconductivity at pressures lower
than those expected for metallic hydrogen [2-6].
However, the field showed no significant experimen-
tal breakthroughs for a very long time [7-9], until
superconductivity was observed in a newly discov-
ered hydrogen sulfide system with a record super-
conducting transition temperature T, of 200 K [10],
exceeding the highest values found in the cuprates
[11-13]. The transition into superconductivity was
indicated by a sharp drop of the resistance to zero
and confirmed by a strong isotope effect in D,S
[14,15]. The superconducting state was associated

with a phase transformation and decomposition of
H,S to H3S+S [16]. These results have kindled an
intense search for room-temperature superconduc-
tivity in hydrogen-dominated compounds.

The Meissner effect is not only the essential
method to identify the superconducting state of
materials, but it also plays a crucial role in our un-
derstanding of the mechanism of high-temperature
superconductivity. In contrast to the zero-resistance
state, Meissner effect experiments are relatively
more difficult to fulfill in the sulfur hydride su-
perconducting system above megabar pressures.
Drozdov et al. have successfully probed the Meiss-
ner effect of a sulfur hydride sample at one pressure
point 155 GPa by using a superconducting quantum
interference device (SQUID) [15], though it is very
difficult to realize the Meissner effect measurements
in SQUID under such a high pressure [17]. A novel
method, in which the magnetic field on a Sn sensor
inside the H,S sample was monitored by nuclear
resonance scattering of synchrotron radiation, was
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Figure 1. Schematic image of the experimental set-up for alternating-current magnetic
susceptibility measurement. (a) Simplified flow chart for the magnetic susceptibility
measurement set-up for the diamond anvil cell (DAC). LIA and AC denote lock-in am-
plifier and alternating-current source, respectively. (b) The sample in the gasket hole at
2 GPa and 200 K (left), and at 155 GPa and 300 K (right), respectively. (c) A pickup coil
wound around a diamond anvil and a compensating coil connected in opposition.

developed to qualitatively detect the superconduc-
tivity at 153 GPa [18]. Significant experimental
achievements have been made in the supercon-
ducting measurement of sulfur hydride, but some
physical profiles remain vague, particularly regard-
ing the exact superconducting temperature, and the
way that the superconducting phase changes with
pressure. Besides, as reported in the electrical re-
sistance experiments, different compression routes
will achieve various T, in a sulfur hydride sample.
Unfortunately, the reason why the compres-
sion route during cooling or warming greatly
affects the superconducting T. and the possible
mechanisms behind this phenomenon are still
unambiguous. Further superconductivity studies of
sulfur hydride are thus greatly desirable. Here,
we report measurements of the Meissner effect
under variable pressure to map the superconducting
diamagnetism and high-temperature supercon-
ducting state in the sulfur hydride system, using a
highly sensitive magnetic susceptibility technique
adapted for a megabar-pressure diamond anvil
cell (DAC). Most importantly, we have unam-
biguously determined the superconducting phase
diagram of the material from magnetic susceptibility
data. The complementary theoretical calcula-
tions explain the variation of T, as a function of
pressure.
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RESULTS AND DISCUSSION

All in situ high-pressure experiments shown in this
study were carried out by using a symmetric DAC
apparatus. Typically, we loaded H,S into a glove box
under an argon atmosphere, to guarantee an uncon-
taminated sample (see the section entitled ‘Meth-
ods’ in the online supplementary data). We have
identified the characteristic molecular vibrations of
the sample from Raman spectra. These are unam-
biguously consistent with the literature data [15]
(Fig. S1, online supplementary data). In the con-
ventional superconducting phase, the magnetic sus-
ceptibility is negative or the response to an external
magnetic field is diamagnetic, as the sample en-
ters the superconducting state. The protocol of the
magnetic-susceptibility technique for measuring the
superconductivity is described in previous works
[19-21]. In the present work, we have optimized this
technique to study samples in the megabar pressure
range (Fig. 1a). The target sample was loaded into
the hole of the non-magnetic gasket at about 2.0 GPa
and 200K, and a typical sample chamber at 155 GPa
and 300 Kis shown in Fig. 1b. The detailed compres-
sion routes of the current work can be found in the
online supplementary data. The alternating-current
susceptibility was detected with a lock-in amplifier
(LIA). The signal coil is wound around one of the
diamond anvils with a compensating coil connected
in opposition (Fig. 1c). This is essential for obtain-
ing a good discernable signal. The value of T is taken
to be the onset of superconductivity, defined by the
intersection of a line drawn through the steep slope
of the curve and the region of zero slope above the
transition.

We have performed three experimental runs
studying the superconducting state of compressed
H,S samples, as shown in Fig. 2. In the first run the
sample was compressed up to 149 GPa, above which
the diamond failed. On this occasion, no supercon-
ducting response was observed below 100 GPa, but
a characteristic transition into the superconducting
state emerged at 117 GPa (Fig. 2a). The T, identi-
fied as the onset of the steep drop, was found to be
38 K. With increasing pressure, significantly higher
values for T. were found. At 130 GPa, the super-
conducting onset temperature is 5SS K (Fig. 2b). The
pressure was then increased to 149 GPa at 300 K,
where the sample was kept for about seven days,
waiting out the possible transition kinetics in the
H;S phase that was formed, as reported in previ-
ous works [14,15,22]. When the temperature was fi-
nally decreased at this pressure, the superconduct-
ing transition was observed at 183 K (Fig. 2c), which
is qualitatively compatible with our previous the-
oretical predictions [10]. In the second run, the
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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 T is estimated from the onset of the superconducting transition.

target pressure range was from 155-171 GPa. 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 T, 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 T
with pressure is identical with the first and second
runs. However, when the sample was compressed up
to 170 GPa, the diamond failed.

To shed further insight on the pressure de-
pendence of T, 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 T’ 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 volume of the sample [23]. The signal-to-noise
ratio is thus reduced, resulting in the larger uncer-
tainty in T, upon further compression. A close study
of Fig. 3a shows that there is a pronounced kink in
the pressure dependence of T. at about 149 GPa,
and the diagram can be divided into two regions. Be-
low 130 GPa the onset temperature T' is lower than
100 K, which was also observed in the reported elec-
trical resistance measurements [14]. Near 149 GPa
high-T. 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 superconducting behavior only 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 that H,S is the only known stable compound
in the H-S system at ambient pressure. We have pre-
dicted that H,S is stable below 43 GPa and decom-
poses into H3S and S above this pressure [24].
Except for H3S, other hydrogen-rich stoichiome-
tries were also reported to be stable above 100 GPa
and the superconducting critical temperature was
calculated for various H-S compounds. To compare
with our experimental results, for the low-onset-
temperature T. phase below 140 GPa, the theo-
retically calculated T, of the various stoichiome-
tries H-S phase may quantitatively reproduce the
low-T. 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 H,S under high pressure
and deeply understand the formation process of
H;S, 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 A. In
Fig. 4, the instantaneous snapshot of polymeric net-
works at 140 GPa shows that an SHg coordinated
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Figure 3. The measured T, and calculated superconducting parameters at different
pressures. (a) Pressure dependence of 7 in sulfur hydride. Filled circles show data
from this experiment while filled squares and triangles indicate our reported theoretical
work [10]. The open circles, squares and triangles show experimental results reported
by Drozdov et al. [14,15] and Einaga et al. [22], respectively. The blue pentagram is
obtained from the magnetic experiment by Drozdov et al. [15]. Lower panels show (b)
the calculated parameter A, (c) the logarithmic average phonon frequency wioq, (d) the
average squared phonon frequencies (w?) and (e) the electronic DOS at the Fermi level
Mer) at different pressures of the /m-3 m structure.

configuration was formed from the initial structure
with increasing temperature. Under this condition,
the H, S structure exhibits extensive coordinated or-
der and tends to adopt an SHg coordinated dis-
tribution as found in the cubic H3S polymorph.
Our calculation also gives average information on
the H-S coordination bonds in the balanced struc-
ture during a S ps time scan. The detailed coordi-
nation configurations can be seen in Table S1. The
coordination number of S increased significantly,
which is due to the dissociation of the H,S poly-
morph. The H-S bonding network adapts itself to
the changing atomic distance, forming more SHg
polymorphs.

As shown in Fig. 3a, the superconducting tran-
sition temperature T, rises rapidly to 183 K at
149 GPa and then decreases to 140 K at 171 GPa.
In the range where T decreases, we carried out fur-

ther DFT calculations to better interpret the driving
mechanism of the observed superconductivity ten-
dency above 150 GPa. Above 150 GPa (Fig. 3a),
the decrease in T, is consistent with the forma-
tion of the Im-3 m H3S phase predicted by our ear-
lier theoretical calculation [10], since the predicted
R3m and Im-3 m phases have different pressure de-
pendences of T, (Table S2, online supplementary
data). The main parameters of the Im-3 m phases
of H3S at high pressures are calculated, as shown in
Fig. 3b—e. The method of calculation is the same as
in our previous work [10]. According to the Allen—
Dynes [26] modified McMillan equation, two pa-
rameters, the electron—phonon coupling constant
(EPC) A and the logarithmic average frequency @y,
control T.. In Fig. 3b and ¢, the values of these pa-
rameters have been calculated for the Im-3 m phase
of H3S at high pressures. Note that A decreases
rapidly with increasing pressure, while wjog has the
opposite effect. As a result, the dependence of T, on
pressure is dominated by the behavior of (EPC) A. A
can be evaluated by the formula [27]

_ N(ee)(I?) 1

* M{w?) M {(w?)’

where N(er) is the electronic density of states at the
Fermi level, (I?) is the averaged electron—phonon
matrix element, M is the mass of the atom and (w?)
is the average of the squared phonon frequencies.
Since M is a constant, the pressure dependence of
X is determined by three parameters, N(eg), (I*)
and (w?). We have calculated (@?) and N(gp) at se-
lected pressures, and they both increase with the ap-
plication of pressure (Fig. 3d and e). As noted from
the results of Papaconstantopoulos et al. [28], the
parameter (I*) also demonstrates a very strong pres-
sure increase. Thus, the drop of A may be caused only
by an increase in the phonon frequency. The nega-
tive dT../dP is therefore mainly attributed to the de-
crease of A caused by a pressure-induced hardening
of the phonon frequencies.

From the plot of T, versus pressure in Fig.
3, it should be noted that there is a difference
between the superconducting critical temperatures
deduced from electrical resistance data and our
magnetic susceptibility measurement, and this dif-
terence increases by 30 K with increasing pressure
up to 170 GPa. Still, there is no doubt that we
have identified high-temperature superconductivity
in the compressed sulfur hydride system from its
Meissner effect. A quick overview of previous super-
conductivity experiments under high pressure also
shows that the superconducting critical temperature
observed in electrical resistance measurements is
always higher than that found from magnetic
susceptibility data [21,29]. For example, Li has the
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Figure 4. Snapshot of the molecular dynamics trajectory and polymeric networks of
the S—H coordinated configuration. The structure views of molecular dynamics are at
(a) 140 GPa and 100 K, and (b) 140 GPa and 300 K, respectively.

highest superconducting transition temperature of
14 K at 30 GPa [21], but different measurement
techniques have given different phase diagrams
[29,30]. Notably, the current deviation of decreas-
ing T above 149 GPa can be attributed to several
possible causes: (1) The magnetic measurements
are sensitive to the bulk fraction of superconducting
material only, whereas the resistance measurements
may also react to small amounts of superconduct-
ing material inside or between grains, creating
percolation paths through the material. (2) The
experimental errors. In the present work, the error
in the pressure is estimated from the difference
between the initial and final pressures during each
temperature cycle, while the error in the temper-
ature is estimated from the difference between
the onset and completion temperatures. (3) The
imperfections of the samples—that the target
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sample contains some other sulfur hydride phases,
as discussed in the above analysis. Besides, the
difference of T. data between electrical resistance
and magnetic susceptibility measurement is also
influenced by the compression routes, which could
produce different phases of sulfur hydrides. In fact,
the electrical resistance measurements by Drozdov
et al. have obtained low-T and high-T, phases with
different compression routes (see Fig. 3a). The
superconducting mechanism has been theoretically
and experimentally confirmed as conventional
type-1I superconductivity consistent with the BCS
scenario, and we are not able to dismiss this mech-
anism simply by the different slope dependences in
the superconducting phase diagram. Therefore, to
clearly elucidate the phenomenon and unearth the
inherent physical mechanism, more experiments
should be done in the future.

CONCLUSION

In summary, we present alternating-current
magnetic susceptibility studies and tailor the su-
perconducting states of the sulfur hydride system
at various pressures. With increasing pressure,
superconductivity appears at 38 K for 117 GPa; T,
then rises rapidly to 183 K at 149 GPa and finally
decreases to 140 K at 171 GPa. An analysis of the
theoretical results shows that the main causes for
these variations in the superconducting transition
temperature T, are the changing stoichiometry
of the hydrogen sulfur system and the drop in A
with increasing pressure. The idea of conventional
high-temperature superconductivity in hydrogen-
dominant compounds has thus been realized in the
sulfur hydride system under hydrostatic pressure,
opening further exciting perspectives for possibly
realizing room-temperature superconductivity in
hydrogen-based compounds.
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