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The recent discovery of room temperature superconductivity (283 K) in carbonaceous sulfur hydride (C—S—H) has
attracted much interest in ternary hydrogen rich materials. In this report, ternary hydride P-S—H was synthesized through a
photothermal-chemical reaction from elemental sulfur (S), phosphorus (P) and molecular hydrogen (H;) at high pressures
and room temperature. Raman spectroscopy under pressure shows that H>S and PH3 compounds are synthesized after laser
heating at 0.9 GPa, and a ternary van der Waals compound P-S—H is synthesized with further compression to 4.6 GPa.
The P-S—H compound is probably a mixed alloy of PH3 and (H,S),H; with a guest—host structure similar to the C—S—-H
system. The ternary hydride can persist up to 35.6 GPa at least and shows two phase transitions at approximately 23.6 GPa

and 32.8 GPa, respectively.

Keywords: hydride, superconductor, high pressure, Raman spectroscopy

PACS: 74.70.-b, 78.30.j, 82.40.Fp

1. Introduction

Hydrides are materials in which hydrogen is combined
with other elements to form ionic, covalent, or interstitial sys-
tems. They initially came to prominence because of their abil-
ity to reversibly store large amounts of hydrogen under mod-
erate conditions.!'™* Hydrides are also important in storage
battery technologies such as nickel-metal hydride battery.!>-6]
Recently, hydrides are promising materials for the realiza-
tion of high temperature superconductivity as they can com-
bine the unique prerequisites for superconductivity such as
high-frequency phonons, strong electron—phonon coupling,
and a high density of the electronic states.!”! Superconduc-
tivity in hydrides has been reinvigorated since discovery of
a remarkably high superconducting transition temperature 7c
of 203 K at 150 GPa in H3S in 2015.81 Many new hydrides

9-111 and record of the highest T¢ is broken by

are synthesized,|
hydrides in rapid succession.[!>~13]

To explore new hydrides with T¢ above room tempera-
ture, the investigation into the mechanism of the high 7¢ of
H3S has been a hot topic and fruitful.['-1°) It is suggested that
the superconductivity of H3S can be attributed to a conven-
tional phonon-mediated mechanism, as it exhibits strong cova-
lent bonds giving rise to large electron—phonon coupling.!'%-20]
Increasing the covalent character of the sulfur-hydrogen bond
by replacing S atoms with chalcogens or other atoms is a

good choice to further enhance the superconducting proper-
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ties of H3S.[?!! Several ternary hydrides based on the H3S
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structure are predicted to exhibit high Tc behavior.!
recently, a carbonaceous sulfur hydride (C—S—-H) synthesized
through a photochemical reaction at high pressure exhibits
room-temperature superconductivity up to 283 K.!'#l In ad-
dition, first-principles calculations predict a relative higher 7c
up to 280 K via 2.5% P doping in SH3 owing to P being a
covalent atom lighter than S.!>>! However, the P-S—H system
has never been observed in experiments, and its physical prop-
erties are still awaiting investigation.

The room-temperature superconductor C-S—-H is syn-
thesized by a photochemical method and has a molecu-
lar guest-host structure based on its Raman spectra before
metallization.!"*l A guest—host compound (H,S),H, with the
same stoichiometry as H3S is found at low pressures!*®! and
is transferred to superconducting H3S above 100 GPa.[?7-28!
The familiar way to synthesize (H,S),H, is by compressing
H,S and H, together. This strategy is believed to be useful for

129

synthesizing ternary guest—host compounds.?*! Our previous

work reported the observation of H-S—Se ternary compounds
using this method. 3!

Here, we report the synthesis of a ternary van der Waals
compound of P-S—H through a photothermal-chemical reac-
tion under pressure. For reference, H,S, PH3, and PH3-H;
samples were also synthesized and investigated by Raman
spectroscopy. The pressure dependent Raman spectra sug-

gest that the P-S—H compound is in a guest-host structure and
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has H, molecule with prolonged H-H distance. P-H and S—
H modes coexist in the new hydride and are different from
known compounds.

2. Experimental details

Symmetric diamond anvil cells (DACs) equipped with
anvils with central culets 250 pm in diameter were employed
in the experiments. Re gaskets were indented to 40 pm thick-
ness and laser-drilled into a hole with a 110 um diameter as
the sample chamber. Small pieces of S and red phospho-
rus (> 99.99%) P.q ordered from Sigma-Aldrich were posi-
tioned separately in the chamber and then filled with H, gas at
~ 200 MPa.

Because H,S will solidify at a low pressure of approxi-
mately 1.1 GPa, to obtain fluid H,S,*%! laser heating was per-
formed at pressures of 0.9 GPa. A relatively high power above
200 mW from a 532 nm solid-state laser is essential to melt
the powder precursor and prepare various hydrides. Higher
laser power can dramatically increase the synthesis rate, and
460 mW was adopted in the experiments. The laser sharply
focused to a spot 2-3 pm in diameter and irradiated Pq and S
successively and moved back and forth. Synthesis of H,S and
PH3 was judged from Raman spectra measured. After finish-
ing the synthesis of H,S and PH3, the sample was compressed
up to 36 GPa at room temperature in the DAC.

Pressure was determined using the ruby fluorescence.!!
For the Raman experiments, a backscattering geometry was

adopted for confocal measurements with incident laser wave-
lengths of 532 nm.[>33] The Raman notch filters were of a
very narrow bandpass (Optigrate) allowing Raman measure-
ments down to 10 cm™! in the Stokes and anti-Stokes. One
of these notch filters was used as a beam splitter to inject the
laser into the optical path.

3. Results and discussion

After laser heating on red phosphorus (Preq) and Hy, Preq
is melted by the laser under visual observation. However, solid
Preq will generate back when we shot a moderate laser on the
H; region to measure the Raman spectrum. This can indicate
that the synthesized compounds of P and H are unstable and in
a fluid state. A new sharp Raman peak arises at approximately
2330 cm~! after we heat Preq again for a long time (a few
minutes) using a 460 mW laser, as shown in Fig. 1(b). This
peak can be assigned to the P-H stretching mode, ¥ indicat-
ing the synthesis of the stable compound PH3. In Fig. 1(a),
PHj3 is fluid and can only be detected on and near P. On the
other hand, H;S is easily obtained by heating S and H,. H,S
with a Raman peak at approximately 2620 cm ™! fills the whole
chamber.

In Fig. 1(c), H,S solidifies into a transparent crystal at
3 GPa. PHj3 remains in a fluid state at such pressures. At
4.6 GPa, solid H, S turns black opaque and disappears quickly.
Instead, some new crystals grow out near or attached on one

0.9 GPa, After LH (b)

Intensity

uy
\¥)

H2 Hz H2 H2

Diamond S—H stretch H,

1 1 1 1
1000 2000 3000 4000
Raman shift (cm~1)

Fig. 1. Micrographic images of the sample at selected pressures: (a) 0.9 GPa, (c) 3 GPa, (d) 4.6 GPa, and (e) 7.8 GPa. (b) Raman spectra at

0.9 GPa and 4.6 GPa.

067402-2



Chin. Phys. B 31, 067402 (2022)

side of the gasket, as labeled in Fig. 1(d). They are all trans-
parent but appear to have lower transparency than solid H,S.
The Raman spectrum of these new crystals in Fig. 1(b) shows
the coexistence of slightly broad peaks of the P-H stretch-
ing mode, high-intensity S—H stretching mode, and H-H vi-
bron. In particular, the H-H vibron splits into two peaks at
approximately 4200 cm~!. One peak with a higher intensity
originates from pure Hj, and the other peak has a lower fre-
quency and implies the synthesis of H, molecule guest-host
compounds, such as (H>S),H».[?! It is plausible that these
new crystals are ternary compounds composed of P, S, and
H. The P-H stretching mode is no longer detected at other po-
sitions, which suggests that PH3 solidifies into new crystals.
On the other hand, some fluid H,S still exists in the chamber,
as a high-frequency S—H mode can be detected everywhere.
At 7.8 GPa, crystals change into two types according to vir-
tual observation in Fig. 1(e). The first kind of crystal turns to
black opaque (marked as A), and the other one is rather bright
(marked as B).

To further reveal the components of the two kinds of crys-
tals, the Raman spectra of both crystals were investigated at
different pressures, as shown in Fig. 2. At 7.8 GPa, the S-
H stretching modes near 2500 cm~! and H-H vibron near
4200 cm™! of the two types of crystals are the same. Crys-
tal A has only one weak peak of P—H stretch at approximately
2400 cm™! in the Raman spectra, similar to a shoulder in the
S-H stretching mode. Crystal B has two clear peaks in the
P-H stretching region in Fig. 2. Meanwhile, two sharp peaks
appear at approximately 600 cm~! and 1050 cm~! in crystal

B, showing prominences in the roton mode of H,. In Fig. 2,
the P-H stretching mode at 9.9 GPa disappears in crystal A,
and all the Raman peaks could be attributed to S—H stretching
modes and H-H vibrons, which indicates that crystal A is van
der Waals compound (H,S),H; with a molecular guest—host
structure, as reported in earlier research on S—H compounds at
high pressures. %! For crystal B, the asymmetric broad band of
the S—H stretching mode at approximately 2500 cm~! results
in two clear peaks on top. The intensity of the P-H stretching
mode near 2400~ increases remarkably. Some weak peaks
below 220 cm™! originate from the lattice mode of H»S, in-
dicating orientational ordering. The Raman spectra figure out
transferring and gathering of P-H compound in crystal B coex-
isting with S—H and H-H bonds, which implies the formation
of P-S—H ternary hydride.

9.9 GPa
n
§ 7.8 GPa
O::G P—H stretch
Crystal A S—H liend
0 400 800 1200 2400 2600 4200

Raman shift (cm~1)

Fig. 2. Raman spectra of the two crystals at 7.8 GPa and 9.9 GPa, re-
spectively.

(a) (b)
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Fig. 3. Raman spectra of crystal B at different pressures. (a) Lattice and bending modes, (b) stretching modes, and (c) H-H vibron.
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In the following, let us focus on crystal B, which is plau-
sible to be a P-S—H ternary compound. The pressure depen-
dencies of the Raman spectra of crystal B up to 35.6 GPa are
measured as shown in Fig. 3. According to the Raman ac-
tive frequency of different bonds in the literature, 142835371
the Raman spectra are divided into three regions, namely, the
lattice and bending modes below 1200 cm™!, the stretching
modes of P-H and S—H between 1600 cm~! and 2800 cm ™!,
and the H-H vibron above 4050 cm~!. The origin of the Ra-

man modes in crystal B is discussed in detail as follows.

1200 }+ HfSIH bending
0\9‘0\0\9\c o
0—e—9—o0—o6-066 60 ——o6—=0

1000

o—e o )
500 »-o-6—oooo—=2

L o—té

o Crystal B, this work O/@W

o0 Hittorf’s phosphorus,
Yuan et al., 2019

o PR

Lattice o_eﬂe—e—e——’gg/keﬂe

04 8 12 16 20 24

Pressure (GPa)

Raman shift (cm™!)

28 32 36

Fig. 4. Pressure dependent frequencies of lattice and bending modes for
crystal B. The solid lines are the visual guides. The roton modes of Hy
are not shown to be brief. The vertical line shows the phase boundary.

In Fig. 4, the lattice modes under 400 cm~! of crystal
B could be attributed to the H,S molecule.!'*33] The highest-
frequency peak near 1200 cm~! can be distributed to the H-S—
H bending mode. Two peaks at 601 cm~! and 1050 cm™! are
beyond example?®3°! and exhibit extraordinarily little change
with pressure. To the best of our knowledge, authentic attri-
bution of these peaks is not found from the earlier literature,
suggesting the synthesis of a new compound at 4.6 GPa. Upon
compression, two new peaks near 400 cm™~! and 500 cm~! ap-
pear at approximately 20 GPa because the sample decomposes
and generates Hittorf’s phosphorus.**) Meanwhile, H,S lat-
tice modes show disappearance for the peak at 180 cm™! and
discontinuousness for the peak at 30 cm~!, which indicates a
phase transition in crystal B near 23.6 GPa. The two new Ra-
man modes in Fig. 4 suggest the synthesis of a new compound
differing from H-S or P-H compounds at 4.6 GPa.

Pressure dependencies of stretch modes for crystal B are
shown in Fig. 5. For reference, H,S, PH3, and PH3;—H, sam-
ples were also synthesized individually by a photothermal-
chemical method. The Raman modes of crystal B under pres-
sure are compared with those of the H,S, PH3, and PH3-H;
samples and analyzed as follows. First, the dotted lines in
Fig. 5 show that four peaks of S—H stretching modes in crys-
tal B are similar to (H,S);H,,!?®! which suggests that crystal
B adopts the framework of (H,S),H,. Second, the two Ra-
man peaks at 2300 cm~! and 2350 cm™! are in correspon-

dence with PH3[%%! or (PH3),H, 37! at low pressures, indicat-
ing that these two peaks could be attributed to the P-H stretch-
ing mode. Another Raman peak at 2380 cm™! is in good ac-
cord with the earlier report of (PH3),H, at 4.6 GPa.l¥7l As
(PH3),H; is insufficiently studied by Raman spectroscopy for
pressures above 7 GPa in the literature, we synthesized PH3-
H, samples and investigated their Raman spectra in detail to
further reveal the origin of the Raman peaks for crystal B
at higher pressures, as shown in Fig. 5. In the low-pressure
region below 7 GPa, the P-H bond of the reference sample
matches the earlier reports of (PH3),H; (squares in Fig. 5),
indicating good sample quality and an authentic experimental
setup. The pressure dependencies of the P-H stretching mode
of crystal B are similar to those of the reference (PH3),H»
sample in the low-pressure region and show notable deviation
above 7 GPa. Thus, the three peaks between 2300 cm~ ! and
2450 cm™! of crystal B belong to the P-H stretching mode
but do not originate from (PH3),H, or PH3. Third, the other
three peaks (circles with solid lines) diverge from any known
S—H or P-H compounds, which indicates that crystal B is not
a mixture of S—H and P-H compounds. Two phase transitions
could be defined according to the disappearance and appear-
ance of Raman peaks, one at approximately 23.6 GPa and the
other one at approximately 32.8 GPa. The stretching modes in
Fig. 5 suggest that crystal B is a van der Waals compound that
contains PH3; molecules.

2700

—~
T 2500
=
o
=
£ :
= 2300 S
3 S~ <L d
E O H,S, this work ¢ ~.0 6‘ ~
=] O PHs, this work .
x 2100+ o Crystal B, this work -0
0 PH;—H,, this work \\
0 (PH;)sHa, Ceppatelli et al.,i2020 Q
PHj, Yuan et al., 2019 N
- - (H2S)oH,, Pace et al., 2020 6\\
L 1 L L

0 5 10 15 20 25 30 35 40
Pressure (GPa)

Fig. 5. Pressure dependencies of P-H and S—H stretching modes for
crystal B, PH3, H,S and PH3;-H,. Raman frequencies of PH3, 130!
(PHj3 )2H2,[37] and (H,S),H; [28] are also shown as references. The solid
and dash-dotted lines are visual guides. The vertical lines show the
phase boundaries.

1900

The H-H vibron modes in crystal B are consistent with
(H,S),H, % in Fig. 6, indicating that crystal B has (H,S),H»
as a framework. We note that there are still some small dis-
tinctions between crystal B and (H,S),H;. The first splitting
of the H-H vibron arises at 23.6 GPa for crystal B, higher
than 16.7 GPa for (H,S),H,. In addition, two vibron modes at
approximately 4140 cm~! and 4170 cm™! for (H,S),H; can-
not be clearly observed in crystal B. The discrepancies may
originate from the insertion of PHz molecular in (H,S),H; for
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crystal B. It is also possible that the unobserved splitting and
vibron modes hide in the broad main peak near 4150 cm™"'.
On the other hand, the H-H vibron of (PH3),H, does not exist
in crystal B. Two phase transition pressures determined from
the H-H vibron are consistent with the values of 23.6 GPa and
32.8 GPa in Fig. 5. The H-H vibron in crystal B supports that
the ternary compound is a mixed alloy with the PH3 molecule

inserted into the (H,S),H; framework.

4300

4200

4100
O Crystal B, this work [N
o (PHj).H,, Ceppatelli et al.,i 2020

- - - (HsS),H,, Pace et al., 2020

——Bulk Hy, Mao et al, 1994

40004 8 12 16 20 24 28 32 36

Pressure (GPa)

Raman shift (cm~1)

Fig. 6. Pressure dependencies of the H-H vibron for crystal B. The
vertical lines show the phase boundaries.

According to the pressure dependencies of Raman modes,
the three features of crystal B are listed as follows. First, crys-
tal B is a new compound formed at 4.6 GPa, which can per-
sist up to 35.6 GPa with at least two phase transitions under
pressure. Second, the P-H stretching modes in crystal B are
similar to those in PH3 or (PH3),Hj in the low-pressure region
and differ above 7 GPa, suggesting that crystal B contains PH3
molecules. Third, crystal B adopts the framework of (H>S),H»
with notable differences in the H-H vibron above 23.6 GPa.
Thus, crystal B is very likely to be a P-S—H ternary hydride
with the guest-host structure, namely, the PH3 molecule in-
serts into the (H>S),H, host lattice as a guest similar to the
room-temperature superconductor C—S—H."#! Accurate struc-
tural analysis is always extremely challenging for hydride su-
perconductors because the light elements in hydrides lead to
a very weak signal in x-ray scattering techniques.!®:1>14:40]
Raman spectroscopy is a powerful and frequently used tool
to probe the chemical and structural transformations of hy-
drides under pressure.[*!#?] In fact, the crystal structure for
the well-known C-S-H is still in debt. Theoretical calcula-
tions have hypothesized several different crystal structures for
C-S-H.['443] To further reveal the structural properties of the
P-S—H ternary hydride, synchrotron x-ray diffraction and the-
oretical analysis are needed in the future.

The guest—host structures for both (H,S),H; and C-S—
H hydrides at low pressures become the building blocks of
superconducting compounds with strong covalent character at
high pressures, which exhibit high transition temperature su-
perconductivity driven by strong electron—phonon coupling to

s 1144445

high-frequency hydrogen phonon mode I An earlier

theoretical study has prophesied that the P-S—H ternary hy-
dride shows a superconducting transition temperature 7¢ up to
280 K with a cubic structure in the Im3m phase.*>! Although
the P-S—H in this report is a van der Waals compound with a
guest—host structure, the new ternary hydride is also plausible
to transfer into a covalent compound through atomic substitu-
tion at high pressures.

4. Conclusion

P-S-H ternary hydride was synthesized at high pressures,
and the Raman spectra were investigated in detail. The co-
existence of the P-H stretching mode, S-H stretching mode
and H-H vibration suggests the formation of a P-S—H com-
pound at 4.8 GPa. Pressure dependencies of the Raman mode
up to 35.6 GPa indicate that the ternary hydride is a van der
Waals compound with a guest-host structure similar to the
room-temperature superconductor C—S—H. Two phase transi-
tions appear at approximately 23.6 GPa and 32.8 GPa for the
P-S-H ternary hydride.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 52002372, 51672279, 51727806,
11874361, and 11774354), Science Challenge Project (Grant
No. TZ2016001), and Chinese Academy of Sciences Innova-
tion Grant (Grant No. CXJJ-19-B08).

References

[1] Lototskyy MV, Yartys V A, Pollet B G and Bowman R C 2014 Inter-
national Journal of Hydrogen Energy 39 5818
[2] Ichikawa T, Fujii H, Isobe S and Nabeta K 2005 Appl. Phys. Lett. 86
241914
[3] Xiao X Z, Chen L X, Fan X L, Wang X H, Chen C P, Lei Y Q and
Wang Q D 2009 Appl. Phys. Lett. 94 041907
[4] Liu Y, Kanhere P D, Wong C L, Tian Y F, Feng Y H, Boey F, Wu T,
Chen H Y, White T J, Chen Z and Zhang Q C 2010 Journal of Solid
State Chemistry 183 2644
[5] Zhang X, FanJ, Lu X, Han Z, Cazorla C, Hu L, Wu T and Chu D 2021
Chemical Engineering Journal 415 129048
[6] Ovshinsky S R, Fetcenko M A and Ross J 1993 Science 260 176
[71 Ashcroft N W 2004 Phys. Rev. Lett. 92 187002
[8] Drozdov A P, Eremets M I, Troyan I A, Ksenofontov V and Shylin S I
2015 Nature 525 73
[9] Zhang X, Xu W, Wang Y, Jiang S, Gorelli F A, Greenberg E,
Prakapenka V B and Goncharov A F 2018 Phys. Rev. B 97 064107
[10] Geballe Z M, Liu H, Mishra A K, Ahart M, Somayazulu M, Meng
Y, Baldini M and Hemley R J 2018 Angewandte Chemie International
Edition 57 688
[11] Semenok D V, Kvashnin A G, Ivanova A G, Svitlyk V, Fominski V'Y,
Sadakov A V, Sobolevskiy O A, Pudalov V M, Troyan I A and Oganov
A R 2020 Materials Today 33 36
[12] Drozdov A P, Kong P P, Minkov V S, Besedin S P, Kuzovnikov M
A, Mozaffari S, Balicas L, Balakirev F F, Graf D E, Prakapenka V B,
Greenberg E, Knyazev D A, Tkacz M and Eremets M 1 2019 Nature
569 528
[13] Somayazulu M, Ahart M, Mishra A K, Geballe Z M, Baldini M, Meng
Y, Struzhkin V V and Hemley R J 2019 Phys. Rev. Lett. 122 027001

067402-5


http://dx.doi.org/10.1016/j.ijhydene.2014.01.158
http://dx.doi.org/10.1016/j.ijhydene.2014.01.158
http://dx.doi.org/10.1063/1.1946188
http://dx.doi.org/10.1063/1.1946188
http://dx.doi.org/10.1063/1.3076104
http://dx.doi.org/10.1016/j.jssc.2010.09.013
http://dx.doi.org/10.1016/j.jssc.2010.09.013
http://dx.doi.org/10.1016/j.cej.2021.129048
http://dx.doi.org/10.1016/j.cej.2021.129048
http://dx.doi.org/10.1126/science.260.5105.176
http://dx.doi.org/10.1103/PhysRevLett.92.187002
http://dx.doi.org/10.1038/nature14964
http://dx.doi.org/10.1103/PhysRevB.97.064107
http://dx.doi.org/10.1002/anie.v57.3
http://dx.doi.org/10.1002/anie.v57.3
http://dx.doi.org/10.1016/j.mattod.2019.10.005
http://dx.doi.org/10.1038/s41586-019-1201-8
http://dx.doi.org/10.1038/s41586-019-1201-8
http://dx.doi.org/10.1103/PhysRevLett.122.027001

Chin. Phys. B 31, 067402 (2022)

[14]

[15]
[16]

[17]
[18]

[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]
[28]

[29]

[30]

Snider E, Dasenbrock-Gammon N, Mcbride R, Debessai M, Vindana
H, Vencatasamy K, Lawler K V, Salamat A and Dias R P 2020 Nature
586 373

Cheng Y, Wang X, Zhang J, Yang K, Niu C and Zeng Z 2019 RSC
Advances 9 7680

Errea I, Calandra M, Pickard C J, Nelson J, Needs R J, Li Y, Liu H,
Zhang Y, Ma Y and Mauri F 2015 Phys. Rev. Lett. 114 157004
Komelj M and Krakauer H 2015 Phys. Rev. B 92 205125

Einaga M, Sakata M, Ishikawa T, Shimizu K, Eremets M I, Drozdov A
P, Troyan I A, Hirao N and Ohishi Y 2016 Nat. Phys. 12 835
Bernstein N, Hellberg C S, Johannes M D, Mazin I I and Mehl M J
2015 Phys. Rev. B 91 060508

Errea I, Calandra M, Pickard C J, Nelson J R, Needs R J, Li Y, Liu H,
Zhang Y, Ma Y and Mauri F 2016 Nature 532 81

Heil C and Boeri L 2015 Phys. Rev. B 92 060508

LiuB B, Cui WW, ShiJM, Zhu L, Chen J,Lin S Y, Su RM, Mal,
Yang K, Xu M L, Hao J, Durajski AP,QiJS,Li Y Land Li Y W 2018
Phys. Rev. B 98 8

Amsler M 2019 Phys. Rev. B 99 060102

Chang P H, Silayi S, Papaconstantopoulos D A and Mehl M J 2020
Journal of Physics and Chemistry of Solids 139 109315

Ge Y F, Zhang F and Yao Y G 2016 Phys. Rev. B 93 224513

Strobel T A, Ganesh P, Somayazulu M, Kent P R and Hemley R J 2011
Phys. Rev. Lett. 107 255503

Guigue B, Marizy A and Loubeyre P 2017 Phys. Rev. B 95 020104
Pace E J, Liu X D, Dalladay-Simpson P, Binns J, Pefia-Alvarez M, At-
tfield J P, Howie R T and Gregoryanz E 2020 Phys. Rev. B 101 174511
Bykova E, Bykov M, Chariton S, Prakapenka V B, Glazyrin K, Aslan-
dukov A, Aslandukova A, Criniti G, Kurnosov A and Goncharov A F
2021 Phys. Rev. B 103 L140105

Zhang X 2021 Chin. Phys. B 30 127801

[31]

[32]
[33]

[34]
[35]
[36]

(371

[38]
[39]

[40]

[41]
[42]
[43]
[44]

[45]

067402-6

Mao H K, Xu J and Bell P M 1986 Journal of Geophysical Research-
Solid Earth and Planets 91 4673

Goncharov A F 2012 International Journal of Spectroscopy 2012 1
Ding J F, Ye T T, Zhang H C, Yang X, Zeng H, Zhang C G and Wang
X L2019 Appl. Phys. Lett. 115 101902

Huang T H, Decius J C and Nibler ] W 1977 Journal of Physics and
Chemistry of Solids 38 897

Shimizu H, Nakamichi Y and Sasaki S 1991 Journal of Chemical
Physics 95 2036

Yuan Y, Li Y, Fang G, Liu G, Pei C, Li X, Zheng H, Yang K and Wang
L 2019 National Science Review 6 524

Ceppatelli M, Scelta D, Serrano-Ruiz M, Dziubek K, Garbarino G, Ja-
cobs J, Mezouar M, Bini R and Peruzzini M 2020 Nat. Commun. 11
6125

Gardner M 1973 Journal of the Chemical Society, Dalton Transactions
691

Jensen J O, Zeroka D and Banerjee A 2000 Journal of Molecular
Structure-Theochem 505 31

Ji C, Li B, Liu W, Smith J S, Majumdar A, Luo W, Ahuja R, Shu J,
Wang J, Sinogeikin S, Meng Y, Prakapenka V B, Greenberg E, Xu R,
Huang X, Yang W, Shen G, Mao W L and Mao H K 2019 Nature 573
558

Zhao X, Zhang K, Cao Z, Zhao Z, Struzhkin V V, Goncharov A F,
Wang H, Gavriliuk A G, Mao H and Chen X 2020 Phys. Rev. B 101
134506

Pan D and Galli G 2020 Nat. Commun. 11 421

Sun Y, Tian Y F, Jiang B W, Li X, Li HF, Iitaka T, Zhong X and Xie Y
2020 Phys. Rev. B 101 174102

Kim DY, Scheicher R H, Mao H K, Kang T W and Ahuja R 2010 Proc.
Natl. Acad. Sci. USA 107 2793

Tanaka K, Tse J S and Liu H 2017 Phys. Rev. B 96 100502


http://dx.doi.org/10.1038/s41586-020-2801-z
http://dx.doi.org/10.1038/s41586-020-2801-z
http://dx.doi.org/10.1039/C8RA10241D
http://dx.doi.org/10.1039/C8RA10241D
http://dx.doi.org/10.1103/PhysRevLett.114.157004
http://dx.doi.org/10.1103/PhysRevB.92.205125
http://dx.doi.org/10.1038/nphys3760
http://dx.doi.org/10.1103/PhysRevB.91.060508
http://dx.doi.org/10.1038/nature17175
http://dx.doi.org/10.1103/PhysRevB.92.060508
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/10.1103/PhysRevB.99.060102
http://dx.doi.org/10.1016/j.jpcs.2019.109315
http://dx.doi.org/10.1016/j.jpcs.2019.109315
http://dx.doi.org/10.1103/PhysRevB.93.224513
http://dx.doi.org/10.1103/PhysRevLett.107.255503
http://dx.doi.org/10.1103/PhysRevLett.107.255503
http://dx.doi.org/10.1103/PhysRevB.95.020104
http://dx.doi.org/10.1103/PhysRevB.101.174511
https://doi.org/10.1103/PhysRevB.103.L140105
http://dx.doi.org/10.1088/1674-1056/abf7aa
http://dx.doi.org/10.1029/JB091iB05p04673
http://dx.doi.org/10.1029/JB091iB05p04673
http://dx.doi.org/
http://dx.doi.org/10.1063/1.5111190
http://dx.doi.org/10.1016/0022-3697(77)90128-7
http://dx.doi.org/10.1016/0022-3697(77)90128-7
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/10.1093/nsr/nwz010
http://dx.doi.org/10.1038/s41467-020-19745-2
http://dx.doi.org/10.1038/s41467-020-19745-2
https://doi.org/10.1039/DT9730000691
https://doi.org/10.1039/DT9730000691
http://dx.doi.org/10.1016/S0166-1280(99)00332-2
http://dx.doi.org/10.1016/S0166-1280(99)00332-2
http://dx.doi.org/10.1038/s41586-019-1565-9
http://dx.doi.org/10.1038/s41586-019-1565-9
http://dx.doi.org/10.1103/PhysRevB.101.134506
http://dx.doi.org/10.1103/PhysRevB.101.134506
http://dx.doi.org/10.1038/s41467-019-14248-1
http://dx.doi.org/10.1103/PhysRevB.101.174102
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/10.1103/PhysRevB.96.100502

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusion
	References

