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M Check for updates

One of the long-standing challenges in experimental physics is the observation of
room-temperature superconductivity'?. Recently, high-temperature conventional
superconductivity in hydrogen-rich materials has been reported in several systems

under high pressure®>. An important discovery leading to room-temperature
superconductivity is the pressure-driven disproportionation of hydrogen sulfide
(H,S) to H,S, with a confirmed transition temperature of 203 kelvin at 155
gigapascals*®. Both H,S and CH, readily mix with hydrogen to form guest-host
structures at lower pressures’, and are of comparable size at 4 gigapascals. By
introducing methane at low pressuresinto the H,S + H, precursor mixture for

H,S, molecular exchange is allowed within a large assemblage of van der Waals solids
that are hydrogen-rich with H, inclusions; these guest-host structures become the
building blocks of superconducting compounds at extreme conditions. Here we
report superconductivity in a photochemically transformed carbonaceous sulfur
hydride system, starting from elemental precursors, with amaximum
superconducting transition temperature of 287.7 + 1.2 kelvin (about 15 degrees
Celsius) achieved at 267 + 10 gigapascals. The superconducting state is observed over
abroad pressure range in the diamond anvil cell, from 140 to 275 gigapascals, with a
sharp upturnin transition temperature above 220 gigapascals. Superconductivity is
established by the observation of zero resistance, a magnetic susceptibility of up to
190 gigapascals, and reduction of the transition temperature under an external
magnetic field of up to 9 tesla, with an upper critical magnetic field of about 62 tesla
accordingto the Ginzburg-Landau model at zero temperature. The light, quantum
nature of hydrogen limits the structural and stoichiometric determination of the
system by X-ray scattering techniques, but Raman spectroscopy is used to probe the
chemical and structural transformations before metallization. The introduction of
chemical tuning within our ternary system could enable the preservation of the
properties of room-temperature superconductivity at lower pressures.

In the past decade there has been an emergence of interest in the dis-
covery of materials relevant to room-temperature superconductivity.
Extreme pressure has already been proven to be the most versatile order
parameter because it facilitates the production of new quantum materi-
alswith unique stoichiometries and amechanism for pressure-induced
metallization®'°. This has been most essential for non-metallic start-
ing materials" ™, All systems with high superconducting critical tem-
perature (7.>200 K) that have been accessed under pressure so far
are hydrogen-rich materials, in which the superconductivity is driven
by strong electron-phonon coupling to high-frequency hydrogen
phonon modes™*®. However, the specific stoichiometry (that is, XH,,)
does not seem to be as critical as having a hydrogen-rich chemical
environment that mimics the properties (electron density near/at the

Fermi surface and high-frequency phonon modes) of idealized pure
metallic hydrogen'®™, This is highlighted by the difference between
purely covalent systems such as H,S compared to metal hydride sys-
tems. The most recent example of ametal hydride islanthanum hydride
(LaH,.,), which has T.=250-260 K at 180-200 GPa (refs. *°). Alan-
thanum ‘superhydride’ has been experimentally realized, although a
precise determination of its stoichiometry is lacking, as are the tools
to determine such parameters. Investigation of the predicted band
structures of rare-earth (LaandY) superhydridesimplies anionic heavy
atomthatdonatesits valence electrons to the hydrogen network, sta-
bilizing a clathrate-like hydrogen cage structure?* 22, Despite the large
number of theoretical predictions for possible hydrogen-rich materials
athigh pressure, very few demonstrate superconducting behaviour at
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Fig.1|Superconductivity in C-S-H at high pressures. a, Temperature-
dependentelectrical resistance of the C-S-H systemat high pressures (P),
showing superconducting transitions at temperatures as high as 287.7+1.2K at
267 +10 GPa.The data were obtained during the warming cycle to minimize
theelectronicand cooling noise. We note that the leftand right vertical axes
represent results from two different experimental runs. b, microphotographs
showing the photochemical process of superconducting C-S-H sample with
electricalleadsinafour-probe configuration for resistance measurements.
c,Pressure dependence of T, as determined by the sharp drop in the electrical

high transition temperatures. This comes from either the predicted
material not having theideal chemical environment for H, or from the
limitations of standard density functional theory tools to account for
anharmonicity and for the quantum nature of H (ref. %).

Covalent metals present an alternative path to realizing
room-temperature superconductivity, with the superconduc-
tivity of the exemplary system of MgB, being driven by strongly
covalent-bonding/antibonding states crossing the Fermi energy?*.
Covalent hydrogen-rich organic-derived materials are another class
of high-T. materials that combine the advantages of covalent met-
als and metal superhydrides®?¢; an example is H,S (refs. >%). Interest
in these materials has been long-standing since Little’s proposal of
superconductivity at room temperatures in one-dimensional organic
polymerswith highly polarizable side chains® and Ginzburg’s model of
two-dimensional alternating conducting/dielectric ‘sandwich’ layers*?.
The removal of the heavy metal from superstoichiometric hydridesin
covalent hydrogen-rich systems offers a promise for ‘greener’ future
materials synthesized using low-cost, earth-abundant organic reac-
tants. Here, we report superconductivity in a simple organic-derived
C-S-H system with a highest T, of about 288 K over a large pressure
range between ~140 GPa and -275 GPa, characterized by electrical
resistance, magnetic susceptibility and field-dependence electrical
transport measurements, as well as Raman spectroscopy. A series of
structural and electronic phase transitions from molecular to metallic
and superconducting are confirmed.

Superconductivity in carbonaceous sulfur hydride

The photochemically synthesized C-S-H system becomes supercon-
ducting with its highest critical temperature being 7.=287.7 + 1.2 K at
267 +10 GPa. The temperature probe’s accuracy is+0.1K. The supercon-
ducting transition was evidenced by a sharp drop in resistance towards
zeroforatemperature change of less than1K (Fig.1a), whichwas measured
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resistance (‘p’) and a.c. susceptibility (‘y”’) measurements shownin Figs. 1a, 2a.
T.increases with pressure from ~140 GPa, then gradually levels offto -194 K
around 220 GPa, and thensharply increases afterwards, showing a discontinuity
around 225 GPa. The highest T.observed was 287.7 Kat 267 GPa. The
low-temperature quasi-four-point resistance measurement at 271 GPa (the
highest pressure measured) shows asuperconducting transitionat-280K. The
solidlinesaretoguide the eye and different coloursrepresent differentexperiments.
Theredandblackarrows representroomtemperature (15 °C) and the freezing
pointof water, respectively. Error barsreflect uncertainty in the measured value.

during the natural warming cycle (-0.25 K min™) from low temperature
withacurrentof10 pA-1mA. The transitiontemperature determined from
the onset of superconductivity appears tobe approaching adome shape
as afunction of pressure (Fig. 1b). It increases from 147 K at 138 + 7 GPa
untilitlevels offto~194 K atabout 220 GPa, with the pressures measured
from the diamond edge using the Akahama 2006 scale*® and calibrated
H, vibron frequency (see Methods). Remarkably, asharp increasein T,
is observed above 220 GPa with a rate of around 2K GPa™ (Fig. 1b). The
highest pressure studied is 271 GPa, at which the material has T.= 280 K.
APtleadinsidethe cellfailed as the pressure was increased from 267 GPa,
forcingthe use ofanadjacent Ptlead asacombined current-voltage probe
(quasi-four-point measurement). We estimate the contribution fromthis
shorted section of the Pt lead to be only -0.1 Q (Extended Data Fig. 4).
Additionally, no change in the shape of the superconducting transition
was observed whenthe current wasreduced to 0.1mA, henceindicating
bulk—rather than filamentary—superconductivity. These resultswere con-
firmed by alarge number of experiments with over three dozen samples
(seeSupplementary Information and Extended DataFig. 7). We note that
theresistance of the sample decreases withincreasing pressure, showing
that it becomes more metallic at higher pressures.

a.c. magnetic susceptibility

Asuperior test for superconductivity is the search for astrong diamag-
netic transition in the a.c. magnetic susceptibility. In Fig. 2a, the real
part of the temperature-dependent a.c. magnetic susceptibility x’(7)
ofthe sample is shown for one of the experimental runs. The onset of
superconductivity is signalled by alarge (10-15nV), sharp drop in sus-
ceptibility indicating a diamagnetic transition, which shifts to higher
temperatures with increasing pressure. The highest transition tem-
perature measured in this way is 198 K (transition midpoint), reached
at the highest pressure measured (189 GPa). The quality of the datais
high given the small sample size (~-80 pm in diameter and 5-10 pmin



a . 7 — . s . . :
“ 1 100 , . T
Or B o 1:210 GPa
=h"' r\ o WHH g 1267 GPa
S
. . . £ eof i o e
: . - _ 08 7 éLH b4 M ]
-5r . I H 1 < I w0l i ] : . °°
. " ] o = aL o o
z . . j ) DO
£ . °
= . Q\l’;:‘ 20| 1 3 Z z .
. ‘ € 04} S e oo eQT -
— L i ok X i
10 . 0 05 1.0 . e S o1 T
TIT, be o
“166 178 189 ¢ : s 0§87
- { 267 GPa ° 8 0BT
s ‘UE P (GPa) 0 s9T |
170 175 185 195 200 225 250 275 300
T (K) T (K)

Fig.2|Magnetic susceptibility and superconducting transitionunderan
external magneticfield. a, Real part of the a.c. susceptibility innanovolts
versus temperature for the C-S-H system at select pressures fromrun2,
showing substantial diamagnetic shielding of the superconducting transition
for pressures 0of 160-190 GPa. The superconducting transition shifts rapidly
under pressure to higher temperatures. T.is determined from the temperature

thickness). However, at extremely high pressures (>200 GPa), meas-
uring the magnetic susceptibility becomes increasingly difficult, and
impossible with sample diameters smaller than about 70 pm. Our
typical samples are about 25-35 um in diameter above 200 GPa. The
substantial challenges to measuring properties such as the magnetic
susceptibility suggest a need for novel experimental capabilities,
such as spectroscopic techniques or magnetic sensing using nitrogen
vacancy centres®

Magnetic-field response

To further confirm the superconducting transition at higher pressure
we exploit theinherent antagonism between an external magnetic field
and superconductivity. Within Bardeen-Cooper-Schrieffer theory,
an external magnetic field exerts a Lorentz force to the opposite
momenta of the electrons in a Cooper pair (the diamagnetic effect)
andinducesaZeeman effect polarizing theinitially spin-paired states
of the pair electrons (the Pauli paramagnetic effect). Both of these
effects result in the breaking of a Cooper pair, thus reducing the 7. of
the material and setting an upper critical field, H,, that the supercon-
ducting state cansurvive. Inthis study, the superconducting transition
was suppressed by 22 K at 267 GPa in a 9-T magnetic field, as shownin
Fig. 2b, confirming a superconducting transition. The transition was
first measured at 210 GPa, followed by a second measurement at
267 GPa. Thetemperature dependence of the upper critical field, H.(T),
canbeexpressed using the Ginzburg-Landau (GL) or the conventional
Werthamer-Helfand-Hohenberg (WHH) model. Evaluating these rela-
tions at the limit of 7= 0 K at 267 GPa yields H_,(0) = 61.88 T with a
coherence length of 2.31 nm for the GL model. From the WHH model,
inthe ‘dirty’ limit H,(0) can be extrapolated from the slope of the H-T

curve as H.,(0) = 0.693 ‘d”cz T. ,and this yields H,(0) = 85.34 T
T,

ar |

(Fig. 2b, inset) with a coherence length of 1.96 nm. At 210 GPa, H,(0)
and the coherence length at T=0are 47.74 Tand 2.63nmand 66.18 T
and 2.23 nm for the GL and WHH models, respectively (see Extended
DataFig. 3). The superconducting transition width, AT, at 267 GPa
remains essentially constant under several external magnetic fields,
whichis emblematic of ahomogeneous sample; AT, = Tyoy, — Ty, Where
Tooyand Ty, are the temperatures corresponding to 90% and 10% of the

atthe transition midpoint. The background signal, determined froma
non-superconducting C-S-Hsample at 108 GPa, hasbeen subtracted from the
data. b, Low-temperature electrical resistance under magnetic fieldsof H=0T,
1T,3T,6 Tand 9 T (increasing fromrightto left) at 267 GPa. Inset, upper critical
field versus temperature at 210 GPaand 267 GPa, fitted with the GLand WHH
models. At 210 GPa, the maximum field studiedwas 7 T.

resistance at 290 K. Theresistance R shows supralinear behaviour with
respect tothe temperature above the superconducting transitionand
follows R(T) =R, + AT’ with pre-factor A=2.53 x10™* mQ mK % where R,
is the residual resistance; this behaviour can be described by inelastic
electron-electronscattering within the Fermiliquid model (see Fig. 2b).
At higher temperatures, one would typically anticipate an R(T) < T
dependence according to the Bloch—-Griineisen law for afree-electron
metal at temperatures well above the Debye temperature. The unusual
behaviourindicates that the 72 termin R(T) is probably due to coupling
to high-energy phonon modes, as is observed in H,S (ref.3*).

Photochemical synthesis

The starting compound s synthesized by combining elemental carbon
and sulfur withamolar ratio of 1:1. The mixture is ball-milled to a particle
size of less than 5 pmand then loaded into a diamond anvil cell (DAC),
after whichmolecular hydrogenis gas-loaded at 3 kbar toserve asboth
areactantand a pressure-transmitting medium (PTM). Raman scatter-
ing confirmed the presence of the starting materials in the DAC. The
confirmed DAC samples were compressed to 4.0 GPa and exposed to
532-nmlaser light for several hours at apower of 10-25mW. Irradiating
the elemental sulfur phase (a-Sg) with light of this wavelength at these
pressuresis known to drive the photoscission of S-Sbonds, producing
Sfreeradicals, whicheither self-react to form different chain structures
or, in this case, react with H, to form H,S (ref. *). Slight adjustments
were made in the pressure and laser position until the rapid forma-
tion of a uniform and transparent crystal that did not display Raman
features from either elemental sulfur or sp® carbon (see Supplementary
Video). The molecular H, Q,(J) vibron of the excess PTM was observed
throughout, unperturbed and present up to the highest pressures. It
isimportant to note that the crystal is not stable under 10 GPa, and
exposure to low-intensity laser light or leaving it overnight at room
temperature often caused the sample to disappear; however, we were
able to collect Raman data at a few pressure points under 10 GPa.

Raman spectroscopy before metallization

The Ramanspectra of the transparent photoproduct formed at 4.0 GPa
(Fig.3) canbe attributed toaH-S-Hbending mode (v,), aS-H stretching
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Fig.3|Pressure-induced Raman changes of the photochemical product of
C+S+H,mixtures.a, Pressure-induced Raman changes of the photochemical
productof C+S+H,mixture, showing the sulfur, carbon and fluid hydrogen
(black) before the photochemical process at 4.0 GPaand spectral evidence of a
photochemically transformed H,S + CH, + H, crystal at 4.0 GPa (blue). Note that
nosulfurorcarbon Raman modes are presentin the sample after the
photochemical process, indicating the synthesis of anew molecular
compound. Theinsets show microphotographs of asynthesized transparent
crystalat4.0 GPa (I). At-15 GPa (II; red), the solid undergoes a phase transition
marked by the appearance of new lattice modes, splitting of the H,S modes and

mode (v;), aH-C-H bending mode (v,), C-H stretching modes (v,+ V)
and the splitting of the H, vibron, all of which together signify a
H,S + CH, + H, van der Waals solid as described above. Compression
above 10 GPaleadsto the emergence of low-frequency lattice modesin
the Ramanspectra, whichare indicative of increased periodicityinthe
sample. Thel-ll phase boundary at 15 GPashows a progression similar
tothat of the guest-host structure reported by Strobel et al.”, including
the emergence of the low-frequency lattice modes, the splitting of the
H-S-Hbending and S-H stretching modes, as well as afurther splitting
of the Q,(J) vibron of the guest H,. Thus, the phase transition can be
described as a disorder-order transition akintowhatis seenin (H,S),H,,
where the H,S molecular units align. In addition to the changes in the
H,S-related modes, the splitting between the CH, modes increases,
corroborating an ordering of an alloyed host framework. Regime 111
of the Raman spectra begins at 37 GPa, and it reveals the emergence
of new lattice modes, further splitting of the H, vibron and the even-
tual disappearance of most Raman features. From these data, it can
be concluded that another phase change occurs at 37 GPa. No Raman
featureindicating the presence of sulfuris discernible, confirming that
the carbonaceous sulfur hydride system does not decompose chemi-
cally (Extended DataFig.1). The Raman ssignal is lost above 60 GPa, and
metallization is confirmed with transport measurements.

Discussion

Althoughtheternary phase diagramis unknown, both H,Sand CH, are
known to form stable guest-host structures with H, under modestly
high pressures™®. The binary phase diagram for CH, + H, shows that

amixed fluid phase should form at our experimental photochemical
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further splitting of the molecular H, vibron (v,,_,.). Several new lattice modes
appearabove 37 GPa (lII; purple), suggesting another phase transition. All the
modes disappear above 60 GPaowingto the photoproduct undergoing an
insulator-to-metal transition. b, Pressure versus Raman frequency up to

60 GPa, showing the spectral changes associated with the photochemistry of
the C+S+H,mixtureat4 GPa, the phase transition of the photoproduct at
15GPaand additional transitions at 37 GPa. The symbols correspond to the
experimental data points, and the lines represent polynomial fits. The
deconvoluted Raman peaks are shownin Extended Data Fig. 2.

synthesis conditions®; however, the observed Raman modes associ-
ated with C-H stretches do notevolve as for the free molecule, and the
splitting of the v, and v; modes at 4.0 GPa clearly indicates that CH, is
in the solid phase. We do not observe the shift to higher frequency of
the molecular H, Q;(J) vibron, which is associated with the formation
of (CH,),H, or (CH,)H, (ref. *); this implies that the CH, is mixed with
the H,S + H, guest-host structure that is known to form under these
conditions (Extended DataFig.5). Therefore, the mostlikely compound
toformat4.0 GPaisamixed alloy of H,S and CH, in the host framework,
with stoichiometry (H,S),_(CH,),H,.Ideally the stoichiometry is (H,S)
(CH,)H,accordingto the composition of the starting materials. H,S and
CH, have similar molecular kinetic diameters, they both form plastic
face-centred cubic (fcc) phases with nearly identical lattice constants at
300Kand4 GPa, and they both form Al,Cu-type guest-host frameworks
of similar dimensionality with H,at 300 K and 4 GPa. These properties
support the alloyed mixed van der Waals solid hypothesis. Of the 70
possible combinations that can be made from replacing four of the H,S
moleculesinthe 4 GPa/4/mcm (H,S),H, structure with CH, molecules
(many of which will be identical by symmetry), we evaluated five with
alternatingmoleculeslayered along [100],[010], [001] or [-110]. Four
of those were stable to dissociation with respect to atomization and
their molecular references, and the best oneis shownin Extended Data
Fig. 6. Structurally, lattice parameters a and b varied between 6.97 A
and 7.20 A, c varied between 5.83 A and 5.97 A, and the lattice angles
remained within 90.0° £ 0.8°.

Accurate structure determination of hydrogen-rich materials under
very high pressure is extremely challenging, and we believe that the
structural and stoichiometric determination of superhydride systems
have been clouded by areliance on X-ray diffraction (XRD) techniques.



Difficultiesin probing lighter elements arise in XRD because the scatter-
ing power of anatomscales as Z*(Z, atomic number). This causes heavier
nucleito dominate the signal, especially in materialssuch asrare-earth
metal (Y, La) superhydrides. Consequently, reliable information regard-
ingthelocation of the protonsislacking, with further complicationsin
materials such as C-S-H, in which the overall scattering power of the
sampleis weak and the sampleis single-crystal-like. To overcome such
limitations, we are developing an alternative characterization suite of
X-ray spectroscopy tools that provide information on the local elec-
tronicstructure and coordination environment of atargeted element.
Techniques such as X-ray absorption spectroscopy®, which probes the
scattering from nearby atoms of X-ray-induced photoelectrons, and
X-ray emission spectroscopy>®, which provides an element-specific
partial occupied density of states, allow a more complete structural
picture of these hydrogen-rich materials than that afforded by XRD
alone. These types of measurement in the megabar regime are cur-
rently extremely challenging, but we believe that they will enable the
direct probing of elements such as carbon and sulfur. ‘Compositional
tuning’ of these C-S-H ternary systems through controlling molecular
exchange at lower pressures may be the key to achieving very-high-T,
superconductors that are stable (or metastable) at ambient pressure.
Therefore, arobust room-temperature superconducting material that
will transform the energy economy, quantum information processing
and sensing may be achievable.
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Methods

Sample preparation

A large number of high-pressure Raman spectroscopy, electric
resistance, magnetic susceptibility and field-dependence resistance
experiments were carried out, showing consistent reproducibility. The
samples were loaded onto a membrane-driven DAC (m-DAC), using
1/3-carat, type ladiamond anvils witha 0.2-,0.15-, 0.1-and 0.05-mm (for
higher pressures) culet with bevels of diameter ofupto 0.3 mmat 8°. A
0.25-mm-thick rhenium gasket was pre-indented to 8-20 um (depend-
ingonthe pressure) and a120-um-diameter (or 70-pm; 30-pm for high
pressures) hole was electro-spark-drilled at the centre of the gasket. The
starting compound was synthesized by combining elemental carbon
and sulfur with amolar ratio of 1:1. The mixture was ball-milled to a par-
ticlesize oflessthan 5 pm. Weloaded aclump of aC +S powder mixture
into a DAC, and then molecular hydrogen was loaded to serve as both
the reactant and the PTM. Raman scattering confirmed the presence
ofthe starting materials inthe DAC. The confirmed DAC samples were
compressed to 4.0 GPa and exposed to 532 nm laser light for several
hoursatapower of 10-25mW to synthesize the C-S-H crystals, which
could grow as big as 80 pmin diameter.

Hydrogenloading and Raman spectroscopy

Highly compressed gases for loading into the m-DAC are necessary to
obtain sufficient density. The density of gases at room temperature
and atmospheric pressure is too low to obtain a sufficient quantity of
sample after they condense into fluid or solid phases. A higher density
provides enough hydrogen after collapsing the sample chamber as the
pressureincreases and offers alarge enough sample to study. We used
ahigh-pressure gas loader to compress gasses to high densities. The
m-DACs were first loosely closed and mounted into a gearbox. Under
amicroscope, the DACs were opened 90° using the central gear of the
gearbox. The DAC and gearbox were then placed into a high-pressure
gasloader (Top Industries). The system was first flushed with hydrogen
to purge the circuit of impurities. The sample chamber was pressurized
t0~2,500-3,000 bar. The gasloader was then drained, and the DAC was
retrieved from the gearbox. In some experiments, high-purity hydro-
gen gas was cryogenically loaded intoa DACinacryostat mounted on
an optical table with CaF, infrared-transmitting windows. To contain
the liquid H,, a mini chamber with a Balseal compressible O-ring was
used***°_A capillary tube was attached to the mini chamber for the
gasflow. The optical table alsoincorporated standard instrumentation
to measure Raman scattering and fluorescence.

Raman spectra were collected using a custom micro Raman setup
using a 532-nm Millenia eV laser, a Princeton Instruments HRS 500
spectrometer and a Pylon camera. The laser was focused using a 20x
zoom objective (G Plan Apo 20X Objective). Thereflected light travelled
through aspatial filter and Bragg notch filters, allowing acquisition of
low-wavenumber Raman peaks. Pressure determination was conducted
using ruby fluorescence up to ~-110 GPa. H, vibron (v, ;) frequency data
were also used to determine the pressure in the range 58-196 GPa via
thelinear relationship P (GPa) =[4,392.559 - v,,,, (cm™)]/2.277.

Transport and magnetic susceptibility measurements

Inallsetups, the resistance in the two-probe configurations was meas-
ured using aKeithley DMM6500 multimeter, while the four-probe resist-
ance was measured using aKeithley 2450 SMU and SIM921 a.c. resistance
bridge®. In some experimental runs below ~180 GPa, the supercon-
ducting transition was proceeded by a sudden increase in resistance
over the range of 230-200 K. It is not known whether this increase
is associated with a charge- or spin-ordering transition. Whether or
not the hump in R(7) around 200 K is indicative of a magnetic transi-
tion can only be answered through future temperature-dependent
Mossbauer effect studies*. We used a custom-built BeCu DAC for
magnetic-field-dependent electrical resistance studies using a physical

property measurement system. For the a.c. susceptibility experiments,
the C-S-H sample was synthesized at 4.0 GPa via a photochemical
process. We managed to grow crystals that covered almost the entire
sample chamber. The DACs used type ladiamonds with a150-pm culet
withbevels up to 300 pm at 8° diameter, and a MP35N gasket (neither
superconducting nor magnetic) pre-indented to ~-12 pm thick, into
which a120-pum sample hole was drilled using an electric discharge
machine. The coil had 180 turns with aninner diameter of -3.46 mmand
aheight of ~-1.95 mm. The details of the a.c. susceptibility measurements
are discussed in ref. *2. Superconductivity above 160 GPa appears ata
somewhat lower T.inthe resistivity measurements than in the magnetic
susceptibility ones, probably because of uncertainties in the estimated
pressure at the sample due to pressure gradients.

Structural optimization and enthalpy evaluations

We performed plane-wave density functional theory (PW-DFT)*#*
calculations with the Vienna ab initio simulation package (VASP) ver-
sion 5.4.4. The projector-augmented wave* pseudo-potentials formu-
lated for Perdew-Burke-Ernzerhof (PBE) GW simulations*® were used
with the generalized gradient approximation PBE functional* using
Grimme’s D3*8 semi-empirical dispersion correction with Becke-John-
son damping. Anautomatically generated I'-centred k-point mesh with
spacing 0.05 x 2rt A was used in all PW-DFT calculations with plane
waves cut off at 500 eV. The Kohn-Sham** equations were solved using
the RMM-DIIS algorithm. To minimize the effect of the Pulay stress,
the constant-volume optimizations were performed in three parts:
two sequential optimizations and a final single-point energy evalua-
tion**%, The energy convergence criterion for a self-consistent field
cyclewas10®eV,and aforce convergence criterion of 10 2eV A" or200
(at minimum) iterations was used to stop the geometry optimizations.
The computed values for enthalpies were not vibrationally corrected
because they were only intended as a rough screening of candidate
compounds that initially form at 4.0 GPa.

Simulations of initial photochemical products at 4.0 GPa

At around 4 GPa, both CH, and H,S are disordered solids in phasel,
wherein the heavy atoms occupy an fcc lattice (aCH4=5.1963 A,
ay,s=5.19503 A)**** and the H atoms are fully rotationally disordered
about the heavy atom. A2 x 2 x 2 fcc supercell of the heavy atoms was
created, and the H atoms were placed by randomly rotating a
pre-defined molecule on a unit sphere with bond lengths and angles
ren=134A, 0y .1 =92.0° rc,=1.09 Aand ¢, =109.5°, respectively.
The H positions were then allowed to optimize in VASP, keeping the
volume and heavy atoms fixed. Because the structures did not find an
actual minimum, owing to the flat potential surface for the rotation of
the molecules, the enthalpy for each simulation volume was taken as
the average of the final 20 optimization cycles.

Hydrogenat4 GPaand 300 K is amolecular fluid with a density deter-
mined from sound velocity measurements*®. The simulation volume
was thus a cubic box of length 11.994581 A with 112 H, molecules. The
configuration space for the fluid was sampled with a classical NVT
(T=300K) Monte Carlo process wherein the H, molecules were at a
fixed bond length (r,_,,= 0.741A) and were allowed to rotate, translate
andre-insert with equal probability. The classical H,interactions were
modelled with the Darkrim-Levesque® force field, including electro-
statics and Feynman-Hibbs-corrected Lennard-Jones potentials. Ten
snapshots were taken from the last 10,000 Monte Carlo cycles and
passed into VASP to calculate the enthalpy.

Thestructures evaluated here for the 4 GPa, 300 Kmolecular van der
Waals guest-host compounds of (H,S),H,, (CH,),H, (ref. *®) and (H,S)
(CHH, are the previously proposed /4/mcm and P1 ones of Strobel
etal.”and Duan etal.®for (H,S),H,. The other proposed (H,S),H, phases
(1222, Cccm, R3m and Im3m) were not favourable for (H,S),H, at these
conditions and were thus ignored for CH,-containing variants. The
1222 and Plstructures can be viewed as lowered-symmetry versions of



the /4/mcm structure, which is an Al,Cu archetypal in which where
rotationally disordered H,S (or CH,) molecules occupy the Al sites and
rotationally disordered H, molecules occupy the Cusites. For the CH,
variants, some or all of the H,S molecular units of the (H,S),H, structure
were replaced with the pre-determined CH, molecules and randomly
rotated as described above. The H positions of the molecular H,S units
in the reported /4/mcm structure of (H,S),H, seem too highly sym-
metric. Those H atoms probably have rotational disorder about the
heavy atom, as with phase I of H,S, as can be inferred from a recent
Raman study that showed aI-to-lI-phase change of (H,S),H,, which we
believe to be an ordering of the rotationally disordered H,S units of
the /4/mcm structure to an ordered host (H,S), sub-lattice, based on
the analogy to the Raman dataregarding the phase progressionin pure
H,S(s) (ref.*). In addition, it was recently shown that H,S does exhibit
(at least weak) hydrogen bonding with an HS distance of 2.779(9) A
in the dimer®®, and the original proposed /4/mcm structure would vio-
late the well known Bernal-Fowler ‘ice rules’ for a hydrogen-bound
solid®". To compensate for this disorder, the H,S units in the reported
structure were replaced by randomly rotated pre-determined H,S
molecular units. This modification provides lower-enthalpy structures
over the overly symmetrized published structure. Five variants of (H,S)
(CH,)H, that replace four of the H,S units of /4/mcm (H,S),H, were
evaluated. They each appear stable against dissociation to the molec-
ular speciesifthe vibrational energies are not evaluated, although the
pure phase of (H,S),H, appears more stable; see Supplementary Table 3.
Further workis under way to further understand the initial product by
accurately quantifyingits enthalpy and stoichiometry, as well as under-
standing its phase progression withincreased pressure.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files, and from the corre-
sponding author upon reasonable request.
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Extended DataFig.5| A DFT-optimized structure for (H,S),H, at4 GPa. View along the (00-1) (left) and (-100) (right) planes of a calculated snapshot of (H,S),H,.
S-Hdistances between1.4 Aand 2.8 Aare shown as dashed lines toindicate potential hydrogen bonds.
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Extended DataFig. 6| A DFT-optimized structure for (H,S)(CH,)H, (variant 2) at 4 GPa. View along the (00-1) (left) and (-100) (right) planes of a calculated
snapshot ofavariant (number 2) of (H,S)(CH,)H,. S-H distances between 1.4 Aand 2.8 A are shown as dashed lines to indicate potential hydrogen bonds.
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Extended DataFig.7|Additional dataonsuperconducting transition
and pressure measurements. a, Representative spectra of the diamond
Raman edge used for pressure determination. b, Plot of resistance versus
temperature, showing that the width of the superconducting drop isless than
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