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SUPPLEMENTARY NOTES

Estimation of a sample thickness

A thickness of the prepared samples was estimated using optical microscopy. After compression
to Pp of ~167 GPa the hole in metal gaskets restraining the samples expanded from ~90 pum to
~180 um for the sandwich with S and from ~80 pum to ~190 um for the sandwich with LaH3;
(Figure S13). We estimated the thickness of the final samples by considering 7) the visual
expansion of samples during pressurizing, ii) the pressure-induced compressibility of S and LaH3,
and iii) the expansion of product volumes after the hydrogenation reaction. The area of the initial
S and LaH3 samples increased by ~3.3 and ~3.9 after pressurizing, respectively. At the same time,
a molar volume decreases by ~3 times for S (from ~25.5 A3/ S atom at ambient pressure! to ~8.7
A3/'S atom at 155 GPa?) and ~2 times for LaH3 (from ~44.8 A3/ La atom at ambient pressure® to
~21.9 A3/ La atom at 130 GPa*®). Assuming that the sandwich expands evenly the final thickness
of S and LaHj3 plates in the pressurized sandwiches was estimated as ~1.7 pm and ~1.2 um,
respectively. After hydrogenation a molar volume of products increases by ~1.6 times (to ~14.3
A3/ S atom in Im-3m-H3S, and ~34.3 A3/ La atom in Fm-3m-LaHo). Consequently, the thickness
of the synthesized H3S and LaHio samples should be ~2.8 um and ~1.9 pum, respectively. These
estimations are in good agreement with the range of theoretical calculated maximum and minimum
values of thickness in these samples (see below).

Estimation of theoretical upper and lower limits of a thickness of samples

The upper limit of a sample thickness can be estimated by taking into account a complete chemical
reaction and maximum value of a sample chamber volume realized between diamond anvils at
high pressure. Based on Ref® the equilibrium thickness of the tungsten gasket at the edge of
diamond culets should be ~3 pm for a 90-pm-diameter culet at ~150 GPa and ~2.5 pm for a 75-
pm-diameter culet at ~130 GPa. However, the final thickness for much softer materials such as S,
NH3BH3 and LaH3 must be even thinner at high pressures. We supposed the final thickness of our
samples at the edge of culets as ~2.5 pm and ~2.0 pm for 90-um- and 75-pum-diameter culets,
respectively. Furthermore, we considered an additional contribution to the sample chamber volume
due to the cupping deformation of anvils at high pressure, which is significant. According to both
computational’” and experimental® studies 75-um- and 90-um-diameter culets concave at ~1.5 and
~1.8 pum, respectively. By knowing the cupping effect and final distance between anvils we can
calculate the total available volume for a sample and estimate the volume ratio between S or LaH3
and NH3;BHj3; for a complete conversion into H3S and LaHio. The extrapolation of the
compressibility data for NH3BHs from Ref® gives the value of ~22.5 A3 per a molecule at ~150
GPa. Assuming complete decomposition of NH3;BH3 into BN and Hz on heating, the stoichiometry
of chemical reactions, molar volumes of reactants and products we estimated the maximum
thickness of H3S as ~3.1 um and LaHio as ~2.5 um.

The lower limit of a sample thickness can be evaluated from the X-ray diffraction
experiments. Based on our experience the minimum thickness of sputtered gold leads, which give
reasonable intensities in X-ray powder diffraction patterns at the same experimental conditions is
~100 nm. We used these data as a reference for further estimations. The intensity of the diffracted
beam is proportional to the square of atomic form factor. Using the literature data for atomic form
factors® and considering the increase in density of the products at high pressure we estimated the
minimum thickness of H3S as ~2.1 um and LaHo as ~0.6 pm.



Prior test magnetization measurements

To verify the magnetization measurements for samples housing in the miniature DACs we
performed test measurements for the known and well-studied ambient-pressure superconductors.
The primary goal of the test measurements was to demonstrate that /) superconducting transitions
and i7) a lower critical field H.; can reliably be detected for a ~100-pum-diameter sample residing
in the miniature DAC. For this purpose we used the following materials: single-crystal samples of
MgB: (synthesized at Ames Laboratory, a size of 35x25x17 um?) and Bi>Sr2CaCu,Os (synthesized
at Brookhaven National Laboratory, a size of 100x80x10 um?), and powder sample of MgB:
(Sigma-Aldrich, >99%, compacted into a disk with a size of @120x10 um? and sandwiched with
NH3BH3.). The size of these materials was comparable with that of the synthesized Im-3m-H3S
and Fm-3m-LaH 1o samples. The whole assembly of the test DACs entirely imitated the conditions
for H3S and LaH1o samples under high pressure: the test materials were put into the drilled hole in
a rhenium gasket, which was then clamped between two diamond anvils.

Due to the low magnetic signal from the DAC one can unambiguously detect the diamagnetic
transition into the superconducting state on the ZFC and FC magnetization curves from the overall
magnetic signal without subtraction a background of the DAC (Figure S14). The Tcs in the tested
materials inside the miniature DACs were observed at 7. ~38 K for the single-crystal MgB: at
ambient pressure, 7. ~35 K for the powder MgB» at Pp~1 GPa, and 7. ~88 K for the single-crystal
Bi2Sr,CaCuxOg at ambient pressure. These values are in excellent agreement with the literature
data'®!3, We also performed magnetic measurements using the standard technique and placed the
same test samples in a gelatin capsule and fixed them by a thin layer of low viscosity mineral oil.
The capsule was then put inside a transparent plastic tube, which was inserted into SQUID. In
these corroborating measurements, the diamagnetic character of the superconducting transitions
and observed 7Tcs of MgB2 and BixSr2CaCuzOs perfectly agree with the measurements in DACs.
However, the values of AM measured for the test samples in gelatin capsules are smaller because
the orientation of single-crystal samples lying onto the hemispherical bottom of capsules differs
from that in DACs. The magnetic response strongly depends on the orientation of a sample in an
applied magnetic field and is determined by a demagnetization factor. This effect is even more
pronounced for the anisotropic layered crystal structures of both MgB» and Bi,Sr2CaCuy0Os. For
instance, the thin-plate shaped single-crystal of BiSr2CaCu,Os was placed between two anvils in
DAC perpendicular to an applied magnetic field and this yielded the maximum value of the
measured signal.

The same single-crystal BixSr2CaCuxOg in the miniature DAC was used for the M(H) test
magnetization measurements and determination of a H.; value. The M(H) data are summarized in
Figure S14g. The extrapolation of the H,(7) data to 0 K gives H,(0 K) =2.5 + 0.2 mT. To connect
the sample magnetic moment with the applied magnetic field we used the effective demagnetizing
factor N. According to Ref'* for the cuboid-shaped test crystal N = 0.8556, and thus H., (0 K) =

ij (0 K) =17.3 + 1.4 mT, what is in good agreement with the literature data'? (Figure S141).
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Supplementary Figure S1.

M(T) magnetization data of the sandwiched sample with S and NH3BH3 pressurized at Pp= 167+7
GPa at 2, 4 and 10 mT (lower panel), the heated sample with the superconducting Im-3m-H3S
phase at Ps= 155+5 GPa (Pp= 16243 GPa, Pu= 155 GPa) at 2, 4, 10 mT (middle panel), and the
difference plot (upper panel). The blue and red circles correspond to the zero-field-cooled (ZFC)
and filed-cooled (FC) measurements. Light blue smoothed curve shows the subtle Meissner effect
in FC measurements at 2 mT. We used percentile filter and 40 points for smoothing the raw data.
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Supplementary Figure S2.

M(T) magnetization data of the sandwiched sample with LaH3; and NH3BH3 pressurized at Pp =
168+7 GPa at 2, 4 and 10 mT (lower panel), the heated sample with the superconducting Fm-3m-
LaHio phase at Ps= 130+£8 GPa (Pp=157+3 GPa) at 2, 4, 10 mT (middle panel), and the difference
plot (upper panel). The blue and red circles correspond to the zero-field-cooled (ZFC) and filed-
cooled (FC) measurements. Light blue smoothed curve shows the subtle Meissner effect in FC
measurements at 2 mT. We used percentile filter and 16 points for smoothing the raw data.



T r T T r
6 - 2mT —o— DAC + Fe piece |
——DAC
—e— Difference
Dipole fit

Voltage (mV)

N -
A

Re gasket

[[]1

{1

I
|
l

T
T H

UL |

oty

Supplementary Figure S3.

Centering of a sample residing in the miniature DAC using a ferromagnetic signal of the steel
piece with a size of 140x100x25 um? attached to the rthenium gasket. a) The red, black and blue
circles and green curve correspond to the voltage curves of DC scans of the miniature DAC with
and without steel piece, the difference, and dipole fit, respectively. Here is the centering of the
sample with the Fm-3m-LaHio phase in DAC at 295 K and 2 mT. b) Photo of the miniature DAC
scaled to the length of DC scans in panel a. The asymmetric design of the DAC causes asymmetric
profiles of voltage curves of DC scans (black and red curves).
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Temperature-dependence of the London penetration depth, Az, of Im-3m-H3S at Ps= 155+5 GPa,
a, and Fm-3m-LaH o at Ps= 130£8 GPa, b. The black circles correspond to the A, values, which
were determined using the sample thickness of 2.8 um for H3S and 1.9 um for LaH;o samples
estimated from the optical microscopy data. The red and blue stars correspond to maximum and
minimum Az values, which were estimated using the theoretical calculated maximum and
minimum values of sample thickness. The solid and dotted curves are approximate functional
forms for the London penetration depth in the entire temperature range for the s-wave (4, (T) =

A.(0 K)/V1 —t2, where t = T/T,) and d-wave (A, (T) = 1,(0 K)/V1 — t*/3) clean limits.
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Supplementary Figure S5.

Temperature-dependence of the critical current density j. in the Im-3m-H3S and Fm-3m-LaHio
samples estimated from the hysteretic loops of M(H) data using Bean’s model.
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Supplementary Figure S6.

Photos of the sandwiched sample with S and NH3BHj3 after clamping at Pp~1 GPa (left panel) and
pressurizing to Pp= 167+7 GPa (central panel), and the heated sample with the superconducting
Im-3m-H3S phase at Ps= 155+5 GPa (Pp= 16243 GPa, Py = 155 GPa). The photos are taken in
transmitted (top), transmitted and reflected (center), and reflected (bottom) light.
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Supplementary Figure S7.

Photos of the sandwiched sample with LaH3 and NH3BH3 after clamping at Pp~3 GPa (left panel)
and pressurizing to Pp= 168+7 GPa (second panel), and the sample with the superconducting Fm-
3m-LaHio phase at Ps= 130+£8 GPa (Pp= 15743 GPa) after heating by a pulse laser at ~1000 K

(third panel) and ~2000 K (right panel). The photos are taken in transmitted (top), transmitted and
reflected (center), and reflected (bottom) light.
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Supplementary Figure S8.

Characterization of the sample of the Fm-3m-LaH1o phase after two laser heating treatments at
~1000 K and ~2000 K. a) X-ray powder diffraction patterns collected from the same spot of the
sample after the first and second heating. Positions of peaks of the Fm-3m-LaH1o phase are almost
the same after both high-temperature treatments (marked by dashed vertical lines). Insets are
photos of the heated sample taken in transmitted and reflected light. Sample became shinier after
the second treatment at ~2000 K. b) and ¢) M(7) magnetization data of the sample of Fm-3m-
LaHio after the first and second heating, respectively.
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Supplementary Figure S9.

Raman spectra of the sandwiched sample with S and NH3BH3 upon pressurizing from Pp~1 GPa
(black Raman spectrum) to Pp = 1677 GPa (red Raman spectrum), demonstrating the
metallization of sulfur. The blue Raman spectrum on the top corresponds to the sample with the
superconducting /m-3m-H3S phase, which was synthesized after heating at ~700 K by a pulse laser.
The wavenumber of the hydrogen vibron, which was appeared in the Raman spectrum after heating
of NH3BH3, corresponds to a pressure value of Py= 155 GPa, slightly lower than Pp= 162+3 GPa
estimated by the diamond scale'®.
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Supplementary Figure S10.

M(H) magnetization data of the heated sample with the /m-3m-H3S at Ps= 155+5 GPa (Pp=162+3
GPa, Py =155 GPa) at several temperatures: in a normal metallic state above 7. at 200 K, and in
a superconducting state below 7¢ at 180, 140, 100 and 80 K. The left panel shows the full range of
hysteresis and the right panel shows the enlarged magnetic field range of -0.1 — 0.1 T.
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Supplementary Figure S11.

M(H) magnetization data of the heated sample with the Fm-3m-LaHio phase at Ps= 130+8 GPa
(Pp= 15743 GPa) at several temperatures: in a normal metallic state above 7 at 240 K, and in a
superconducting state below 7. at 180, 140, 100 and 80 K. The left panel shows the full range of
hysteresis and the right panel shows the enlarged magnetic field range of -0.1 — 0.1 T.
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Supplementary Figure S12.

Subtraction of the linear background for the better illustration of the value of H), at which an
applied magnetic field starts to penetrate into the sample. a, b Raw M(H) magnetization data
measured at 7= 160 K (black circles) and the linear background, which was determined as the
straight line connecting two endpoints: the magnetic moment value at H = 0 T (the starting point
of measurements) and the magnetic moment value at # = 1 T (the highest value of the applied
magnetic field). ¢ Corrected M(H) magnetization data after subtraction of the linear background
(black circles). The value of H,, at which an applied magnetic field starts to penetrate into the
sample, was determined as the onset of the evident deviation of the M(H) data from the linear
dependence (red dashed straight line).
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Supplementary Figure S13.

Estimation of a thickness of the superconducting samples in the miniature DACs at high pressure.
a and b, Expansion of the hole in the rhenium gasket restraining the sandwiched samples with H3S
at Ps= 1555 GPa and LaHio at Ps= 130+£8 GPa, respectively. The inner red circles show the
starting size of the hole in the rhenium gasket at Pp ~1 and ~3 GPa. Photos are taken with 90%-
transmitting and 10%-reflecting light.
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Supplementary Figure S14.

Magnetic measurements of the test materials in a SQUID. M(7) magnetization data for powder
MgB:> sample, a and b, single crystal MgB»> sample, ¢ and d, and single crystal BizSr2CaCu20s
sample, e and f, housing in the miniature DACs and the standard nonmagnetic plastic tube. Black
and red cycles correspond to ZFC and FC magnetization curves. g, M(H) magnetization data of
the single crystal Bi>SroCaCuxOg sample in the DAC at different temperatures. h and i, H,(7) and
H.(T) plots of the single crystal Bi>SrCaCu,0g sample in the DAC built from the M(H) data
without effective demagnetizing factor N and with the estimated N = 0.8556, respectively. Red
circles and black rhombuses are the present data and the data from Ref'?, respectively.
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