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Enthalpy of formation (eV/atom)
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New superhard boron phase Transparent sodium allotrope

. AB
‘ A 01 02 08 0405 oo 0T 08 09 (Oganov et al., Nature, 2009) (Ma, Eremets, Oganov, Nature, 2009)
Unexpected sodium chlorides New chemistry of helium New XX Material
(Zhang, Oganov, et al., Science, 2013) (Dong, Oganov, Goncharov, 3

Nat. Chem. 2017)
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* Easein synthesisand production

* These materials have high meltingtemperature

* High hardnessallowsthemto be usedin manyother
different fields of technology

Possible applications:
* Manufacturing industry
* Mining industry
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Hard alloys of
WC, TiN etc.
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Substitution of traditional materials
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W-B system
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A.G. Kvashnin, etal., J. Phys. Chem. Lett., 2018, 9, pp 3470-3477

Vickers hardness of WB: is 45 GPa
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Temperature stability
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Vickers hardness, GPa

Hardness vs Fracture
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Fracture toughness, MPa-m®°

Ashby plot may show the material with optimal

combination of Vickers hardness and fracture toughness.
WB:; is new optimal material

I’

A.G. Kvashnin, etal., J. Phys. Chem. Lett., 2018, 9, pp 3470-3477



Hardness vs Fracture toughness

@Ap Measurements of hardness and fracture toughness

< .

. BR6/(WC+6Co) /-

«A3IMPOM HE®Tb» MOJIYHWUJIA NMEPBbIE NMEPCMNEKTUBHBIE OBPA3LLbI
HOBbIX CBEPXTBEPbIX MATEPUAJIOB

29 MAPTA 2018

HayuHo-TexHWYecKu UeHTp «[a3npom HedTu»@ COBMECTHO cO «CKONKOBCKUM MHCTUTYTOM

H3YKWN U TEXHON orumn» peann3yeT NPoexT No CO3403HWMIO HOBbIX CEEPXTEEDAbIX MAaTEPUANO0E ONsA
= )
pe3uoE OypoBOro 4onoTa OTeuecTeexHas p33paboTHa CMOMET COCTEEUTL HOHKYPEHUMWID MMNOPTHEIM - .- : _

"HRA 86°88 | [ 44| HRA 91-92:

NPOAYKTaM, CHU3MB CTOMMOCTS Npon3soacTea Bypoesix AonoT Ha 10-30%, a TakKe CTaHET NPOPLIBOM
ANS ApYrvX OTpacnen — CTPOUTENbCTES, TOPHOW NPOMBILLAEHHOCTY, NPUBOPOCTpOeHUS. YKe
NONYyYeHsl NEPELIE NEPCNEKTUEHLIS 00PE3LE! HOBLIX CESPXTEEDABIX METEPUAN0E.

S
Samples of new superhard material - ‘ "

A.G. Kvashnin, etal., Mat. & Design, In prep.



Composition, B/(Mo+B)
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New MoB: is stablein the entiretemperaturerange
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MoB: haslower hardness compared to WB.

Vickers hardness, GPa
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Introduction + Motivation

~

HTSC-2 ribbon based on the multilayered composite YBCO
or BSCCO.

Tc=90-110 K, j(crit) =500 A/mm? at 77 K,

H(crit) = 20T at4 K

In-situ Mg+B

External copper .
stabilisation Ex-situ MgB:

=~ .. [P
...........

Internal copper

Steel Sheath stabilisation

MgB,-wire, in situ formed according to «powder in the
tube» experimental scheme

Tc= 20-25 K (up to 39 K), j(crit) =200 A/mm?

at 4K, H(crit) =10T at4 K 14



Introduction + I\/Iotivation

Critical temperature T, [K]
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Pressure-induced metallization of dense

OPEN
wnsermme (H2S)2H2 with high-T. superconductivity
C"“ma& Defang Duan'?, Yunxian Liv', Fubo Tian', Da Li', Xiaoli Huang', Zhanglong Zhao!, Hongyu Yu',
Bingbing Liv', Wenjing Tian? & Tian Cui'
CONDENSEDMATTER PHYSICS
CSecee Key loboratory of Superhard Moserids, Callege of physics, Jilin University, Changchun, 130012, P.R. China, “Ssokn Key
Received Loboratory of Supmmoleculor Structum and Materak, Jilin University, Changehun, 130012, P.R. China.
7 July 2014
Accepted The high pressure structures, metallization, and superconductivity of recently synthesized H,<ontaining
29 September 2014 compounds (H2S):H: are eluddated by ab initio calculations. The ordered crystal structure with P1
Published symmetry is determined, supported by the good agreement between theoretical and experimental X-ray
10 November 2014 diffraction data, equation of states, and Raman spectra. The Ccam structure is favorable with partial
hydrogen bond symmetrization above 37 GPa. Upon further compression, H: molecules disappear and two
intriguing metallic structures with R3m and Im-3m symmetries arereconstructive above 111 and 180 GPa,
respectively. The predicted metallization pressure is 111 GPa, which is approximately one-third of the
Correspondence and currently suggested metallization pressure of bulk molecular hydrogen. Application of the
requests for materials Allen-Dynes-modified McMillan equation for the Im-3 m structure vields high 7. values of 191 K to 204 K
dhould be oddressed 1o 3120!) GPausw;i:h isamong the highest values report r H,-richvan der Waals compounds and MH; type
T.C. fevitian@{lu.edy. hydride thus fr.
cn)
SCIBNTIRCREPORTS | 4:6968 | DOL: 10.1038/#ep06968 1

Conventional superconductivity at 203 kelvin at
high pressures in the sulfur hydride system

A. P. Drozdov, M. |. Eremets, |. A. Troyan, V. Ksenofontov & S. |. Shylin

Nature (2015) | doiz10.1038/nature14964
Received 25 June 2015 | Accepted 22 July 2015 | Published online 17 August 2015

A superconductor is a material that can conduct electricity without resistance below a
superconducting transition temperature, T.. The highest T . that has been achieved to date is in
the copper oxide system: 133 kelvin at ambient pressureZ and 164 kelvin at high pressures>. As
the nature of superconductivity in these materials is still not fully understood (they are not
conventional superconductors), the prospects for achieving still higher transition temperatures by
this route are not clear. In contrast, the Bardeen—Cooper—Schrieffer theory of conventional
superconductivity gives a guide for achieving high T - with no theoretical upper bound—all that is
needed is a favourable combination of high-frequency phonons, strong electron—phonon coupling,
and a high density of states?. These conditions can in principle be fulfilled for metallic hydrogen and
covalent compounds dominated by hydrogen® © as hydrogen atoms provide the necessary high-
frequency phonon modes as well as the strong electron—phonon coupling. Numerous calculations
support this idea and have predicted transition temperatures in the range 50-235 kelvin for many
hydrides’. but only a moderate T of 17 kelvin has been observed experimentally®. Here we
investigate sulfur hydrideg. where a T of 80 kelvin has been predictedm. We find that this system
transforms to a metal at a pressure of approximately 90 gigapascals. On cooling, we see signatures
of superconductivity: a sharp drop of the resistivity to zero and a decrease of the transition
temperature with magnetic field, with magnetic susceptibility measurements confirming a T, of 203
kelvin. Moreover, a pronounced isotope shift of T in sulfur deuteride is suggestive of an electron—
phonon mechanism of superconductivity that is consistent with the Bardeen—Cooper—Schrieffer
scenario. We argue that the phase responsible for high-T . superconductivity in this system is likely
to be H3S. formed from HpS by decomposition under pressure. These findings raise hope for the
prospects for achieving room-temperature superconductivity in other hydrogen-based materials.

The highest Tc=135 K (Putilin, Antipov, 1993) was beaten: theoretical group (T.Cui, 2014) predicted new
material H3;S with Tc~200 K. This was confirmed by the experiment (group of M. Eremets, 2015). 16



HIGH-PRESSURE PHYSICS

Synthesis of FeHs: A layered structure
with atomic hydrogen slabs

C. M. Pépin,"** G. Geneste,! A. Dewaele,’ M. Mezouar,” P. Loubeyre'*

High pressure promotes the formation of polyhydrides with unusually high hydrogen-to-
metal ratios. These polyhydrides have complex hydrogenic sublattices. We synthesized
iron pentahydride (FeHs) by a direct reaction between iron and H; above 130 gigapascals in
a laser-heated diamond anvil cell. FeHs exhibits a structure built of atomic hydrogen only. It
consists of intercalated layers of quasicubic FeHs units and four-plane slabs of thin atomic
hydrogen. The distribution of the valence electron density indicates a bonding between
hydrogen and iron atoms but none between hydrogen atoms, presenting a two-dimensional
metallic character. The discovery of FeHs suggests a low-pressure path to make materials
that approach bulk dense atomic hydrogen.

Pépin et al., Science 35%7, 382-385 (2017)
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Prediction of new

Fe-H phases

J. Appl. Phys. 1982, 53 (3), 2064—2065
Phys. Rev. Lett. 2014, 113 (26), 265504
Science 2017, 357 (6349), 382—385
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Properties of FeH.
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Potential high-T, superconducting lanthanum and S o)
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yttrium hydrides at high pressure Cornell University

Hanyu Liu®, Ivan I. Naumov®, Roald Hoffmann®, N. W. Ashcroft®, and Russell J. Hemley®®!

) A5
2Geophysical Laboratory, Carnegie Institution of Washington, Washington, DC 20015; "Department of Chemistry and Chemical Biology, Corell University,
Ithaca, NY 14853; “Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY 14853; “Department of Civil and Environmental Engineering,
The George Washington University, Washington, DC 20052; and ®School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853
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U-H system
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U-H system

Phase Space group P, GPa ®log, K A Te, K
20 873.8 0.83 i

43.7

UH~ P 6;/mmc e
0 764.9 0.95 56.7
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) 50 873.7 0.73 3.4

UHs Fm3m P
0 450.3 1.13 46.2
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UHy P 6;/mmc 300 933.4 0.67 10.0

I.A. Kruglov, A.G. Kvashnin ... A.R. Oganov et al. Sci.Adv. 2018
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Ac-H system

(a) [AcH,,] (c)

N e Ack
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0 50 100 150 200 250 300 350

Pressure, GPa
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D.V. Semenok, A.G. Kvashnin, I.A. Kruglov, A.R. Oganov, J. Phys. Chem. Lett. 2018, 8, pp. 1920-1926



Ac-H system
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H
+Th

Compositon ratio H

Th—H system Fm3m-ThH,, P=100 GPa
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Th-

system

Compound SC gap, meV Tc, K

ThHo D 241

LaHjo [1] 68 286
YHy [1] 77 326

H5S [2] 42.7 203

BiH; [3] 18.1 100
PH; [4] 14.5 81

YH; [5] 8.4 45.9

HiSe [6] 284 131
MgHs [7] 106.6 420
YBazCu307_y [8] 34 92
NdBaQCU.307 [9] 30 95
BizSI’zC&zCU30lo+y [10] 45 111
SmFeAsOoFo 1 [11] 15 44
Ba0_6K0_4Fe2A52 [12] 12 37

[1]
[2]
3]
[4]
[5]
(6]
[7]
8]
[9]

H. Liu et al. PNAS 114, 6990 (2017).

A. P. Durajski et al. Annalen Der Physik 528, 358 (2016).

M. W. Jarosik et al. Solid State Communications 279, 27 (2018).
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Synthesis

Optical images after heating
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Synthesis of ThH,
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Synthesis of ThHq
Further heating: 2100 K, 168 GPa, 2 laser impulses
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Stability of ThH,. Effect of ZPE
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Synthesis of ThH,
Reduction of pressure from 168 to 68 GPa
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Synthesis of ThH,,

The formation of cubic ThH,, is observed
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Synthesis of ThH,,

Decompression of ThH10 down to 80 GPa leads to
orthorhombic distortion
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