Recent advances in high-temperature superconductivity in ternary hydrides

Dmitrii Semenok
Skolkovo Institute of Science and Technology

USPEX Computational
ey voterias . OKOItech

|

4B ’ DiSCﬂ VE r‘y Skolkovo Institute of Science and Technology
RUSSIAN
‘ FOUNDATION
RSF e FOR BASIC
Foundation RFBR RESEARCH

Supported by the Russian Scientific Foundation grant No. 19072-
30043 «Computational materials design laboratory»



Superconductivity surrounds us
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High-temperature superconductivity in hydrides under pressure

Metallic hydrogen: T is 217-356 K at ~500 GPa
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Observation of the Wigner-Huntington transition to
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Metallic sulfur hydride: T is up to 203 Kat 155 GPa
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In addition PH,, SiH, and H;Se were also synthesized (T, < 100 K)



Another example — record high 7. in LaH,, (150 GPa)
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The maximum T.~ 250-260 K

Potential high-T, superconducting lanthanum and
yttrium hydrides at high pressure

Hanyu Lit®, lvan |. Naumov®, Roald Hoffmann®, N. W. Ashcroft, and Russell J. Hemley®*"'

*Geophysical Laboratory, Carnegie ion of Washi n, Wash DC 20015; "Department of Chemistry and Chemical Biology, Comell University,
Ithaca, NY 14853; “Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY 14853; “Department of Civil and Environmental Engineering,
The George ington University, ington, DC 20052; and *School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853

Contributed by Russell J. Hemley, May 5, 2017 (sent for review March 20, 2017; reviewed by Panchapakesan Ganesh, Jeffrey M. McMahon, and
Dimitrios Papaconstantopoulos)
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Evidence for superconductivity above 260 K in lanthanum superhydride at
megabar pressures
Maddury Somayazulu, Muhtar Ahart, Ajay K Mishra, Zachary M. Geballe, Maria Baldini, Yue Meng, Viktor V. Struzhkin, Russell J.

Hemley
(Submitted on 23 Aug 2018 (v1), last revised 29 Aug 2018 (this version, v3))

Superconductivity at 250 K in lanthanum hydride under high pressures

A. P. Drozdov, P. P. Kong, V. S. Minkov, S. P. Besedin, M. A. Kuzovnikov, S. Mozaffari, L. Balicas, F. Balakirev, D. Graf, V. B.
Prakapenka, E. Greenberg, D. A. Knyazev, M. Tkacz, M. |. Eremets
(Submitted on 4 Dec 2018)
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High pressure or small sample ?
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Moscow collaboration: HTSC hydrides in diamond anvil cells
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Current progress of research: 12 binary metal-hydrogen systems
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Distribution of superconductivity in BINARY hydrides

(*) Neural network
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DFT calculations, statistical analysis, experiment and the use of neural networks show that the distribution
of BINARY superconducting hydrides has a pronounced maximum for d°-d! elements + Mg (“lability belt”).

» D. Semenok et al. “On Distribution of Superconductivity in Metal Hydrides”, Current Opinion in Solid State & Materials Science, 2020,
doi:10.1016/5.cossms.2020.100808.

» Feng Peng et al. “Hydrogen Clathrate Structures in Rare Earth Hydrides at High Pressures: Possible Route to Room-Temperature Superconductivity”,

10.1103/PhysRevLett.119.107001



Distribution of superconductivity in TERNARY hydrides (~4608 systems)

Period A-B-H systems max Tc m 300-400 K

15 layers of 12 neurons in a layer

= 200-300 K
(Ac)7 m 100-200K
®0-100 K
A—
-3 MmaxTc
B
F(AB) =F(B,A) (La)6

F(AA) = maxT; (A)
F(1,A)=F(A,A)

Fact 1: we do not have enough
calculated ternary systems to get reliable
results from the Al model.

Atomic number (B)

Number of studied ternary systems ~15

Fact 2: we can consider binary systems (~ 50)
as degenerate ternary. In this case the model points to Atomic number (A) p-elements

combination of elements from the d-belt as the promising

area for research. 10




Distribution of superconductivity in TERNARY hydrides (~4608 systems)

Entryv Firs Second Expected Expected stabilization Expected H-content S
Ntov atom E:A) atom (B) i'E::,K ppressure, GPa i (;er A+B) t B max Cl'ltlca| Temperature, K H
1 Li 257 195 10
2 Na 265 196 9.5
3 K 258 195 9.5
4 Ca 265 209 10.5
5 Th Sr 271 208 10.5
6 Y 240 214 11
7 Ba 260 206 10.5
8 La 276 213 11.5
12 Li 267 190 9
13 Be 250 204 9.5
14 Na 259 190 9
15 Mg 281 205 9.5
16 La K 228 189 9
17 Ca 280 204 10
18 Sc 271 210 10.5
19 Sr 268 203 10
20 Y 286 209 105
RESULT:
95 % of ternary systems have T.< 150 K,
and just 48 systems have T, > 250 K max Tc H B Ne P Ca Mn2n Br Zr Rh Sn Cs Nd Tb Yb Re Hg At Th La-H
350 7 Be-La-H Mg-La-H Ca-La-H
. . 300 1 Sc-la-H LaHy,
In ternary hydrides, even higher T can be
achieved at lower pressure and hydrogen *°°
content than in binary hydrides. =
100
50
0 +—FFFF—T—FF T - T T T T *eMe———— T — ¥

1357 91113151'?192123252?293133353?394143454?495153555?596163656?69717375?7?98183853?89919395 11

Atomic number



Doping of known superhydrides: YH, and LaH,,
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Direct calculations show that there may be the SECOND
GROUP of HTSC ternary hydrides: a combination of
metals and non-metals (Y,Te)H,,, (La,Ne)H,,
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Theoretical investigation of La-Y-H ternary hydrides
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superhydrides are close to CH (in 10-30 meV/atom) ¢
and can be synthesized, especially at high temperatures.
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a)

Intensity (a.u.)

This YH,, should be room-temperature superconductor with T. > 300 K

Intensity (a.u.)

——observed T (La,Y)H 180 GPa
—— calculated 10
—— difference =
sp.gr. Fm3m
o a=5.031(1)A
8 Vv =127.32(1)A°
e
8
= o
& e &R
A ; 1 -
Fm3m-(LaY)H,, | I I [ |
b PUP UM
O LA T L S YR SRR R RS S (SRS [P U DR Y

PO (SR R LIV |
4 5 6 7 8

1
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
20 (°), 2= 0.4111A

-1 k. _,
Al
—— observed
calculated = (La,Y)'H
——difference  + _
sp.gr. Im3m
a=3.65(1)A
V = 48.5(1)A°
o
o o 53
o
© o
—A—-u-J >
*
Im3m-LaH, | | | |
1 I 1 1 1 1 1 1 1 1 1 1 1 1
6 7 8 9 10 11 12 13 14 15 16 17 18 19 2

20 (°),.=0.4134 A

La,YH, (185 GPa)

Cell volume, A3/metal atom

Q
—

Unit cell volume (A¥/atom)

Experiment 1: La-Y-H ternary hydrides with J- up to 3500 A/mm?
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These ternary hydrides are
SOLID SOLUTIONS
and their X-ray diffraction
Is similar to XRD of pure
La or Y hydrides.

The main difference is

the unit cell volume.
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Experiment 1: La-Y-H ternary hydrides: (La,Y)H,, (La,Y)H,, (La,Y)H,,
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Experiment 2: C-S-H system

nature
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Room-temperature superconductivity ina

carbonaceous sulfur hydride

Elliot Snider, Nathan Dasenbrock-Gammon, Raymond McBride, Mathew Debessai, Hiranya Vindana, Kevin

Vencatasamy, Keith V. Lawler, Ashkan Salamat & Ranga P. Dias
Nature 586, 373-377(2020) | Cite this article
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Carbonaceous sulfur hydride

From Wikipedia, the free encyclopedia

Carbonaceous sulfur hydride is a room-temperature superconductor that was announced in October of 2020. The material has a maximum superconducting
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25
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fransition temperature of (59 °F) at a pressure of 267 gigapascals (GPa). This is a pressure equivalent to three quarters of the pressure at the center of the
Earth.I"] The technical term "room-temperature superconductor" means temperatures as low as the melting point of ice, rather than typical room temperatures. The

material is an uncharacterized ternary polyhydride compound of carbon, sulfur and hydrogen with a chemical formula that is thought to be CSHg. Measurements

under extreme pressure are difficult, and in particular the elements are too light for an X-ray determination of crystal structure.[2l This is the closest to room

temperature achieved for a superconductor, with an onset almost 30° C higher than the previous record-holder.[?]
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Theoretical investigation of C-S-H system, search for stable phases

C
o1 oonorenon o0 Gl c ev/atom  3p convex hull of C-S-H
ID‘ 1 almost do not contain stable
- ternary hydrides.
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«  Most part of ternary C-S
hydrides have positive formation
enthalpy.
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Theoretical investigation: C-S-H system, h-CSH, as an interesting model system

One of the found ternary structures was P-62m-CSH,, which consists of 2D layers of hydrogen stitched with polymer [-S-CH;-],,
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Frequency, THz

This structure was found in NPU (Xi'an, Haiyang Niu group)

Graphene-like hydrogen stabilized by infinite polymeric chains [-S-CH,-],, with pentacoordinate carbon may be
responsible for room-temperature superconductivity in C-S hydrides

o
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Conclusion: world of the “Avatar” becomes reality




