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Superhard Superconducting

• Introduction + Motivation
•New tungsten boride
theory + synthesis

• Introduction + Motivation
•Metal hydrides
•U-H, theory + synthesis
•Ac-H
• Th-H, theory + synthesis



What	is	USPEX?

3

New superhard boron phase
(Oganov et al., Nature, 2009)

Transparent sodium allotrope
(Ma, Eremets, Oganov, Nature, 2009)

Unexpected sodium chlorides 
(Zhang, Oganov, et al., Science, 2013)

New chemistry of helium
(Dong, Oganov, Goncharov, 

Nat. Chem. 2017)
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Superhard	materials
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Introduction

Science	245,	841	(1989)

B4C

~98	GPa

~60	GPa

Transition	metal	borides	
and	carbides
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Phys.	Chem.	Chem.	Phys.,	2016,18, 2361

Diamond

c-BN

~92	GPa

~32	GPa

~50	GPa



Why	it	is	important?

PCD,	c-BN,	
Mixture	PCD/BN

• Ease	in	synthesis	and	production
• These	materials	have	high	melting	temperature	
• High	hardness	allows	them	to	be	used	in	many	other	

different	fields	of	technology

Possible	applications:
• Manufacturing	 industry
• Mining	 industry

Hard	alloys	of	
WC,	TiN etc.

Substitution	of	traditional	materials
6
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W-B system
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A.G.	Kvashnin,	et	al.,	J.	Phys.	Chem.	Lett.,	2018,	9,	pp	3470–3477

Vickers	hardness	of	WB5 is	45	GPa

W-B system



[x]	J.	Phase	Equilibria	1995,	16	(2),	150–161
[o]	Sov.	Powder	Metall.	Met.	Ceram.	1974,	13	(1),	1–3
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Temperature	stability

A.G.	Kvashnin,	et	al.,	J.	Phys.	Chem.	Lett.,	2018,	9,	pp	3470–3477



Hardness	vs	Fracture	toughness
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Ashby plot may show the material with optimal
combination of Vickers hardness and fracture toughness.
WB5 is new optimal material A.G.	Kvashnin,	et	al.,	J.	Phys.	Chem.	Lett.,	2018,	9,	pp	3470–3477



Hardness	vs	Fracture	toughness
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Samples of new superhard material

Measurements of hardness and fracture toughness

ВК6	(WC+6Co) WB5

ВК6	(WC+6Co) WB5

A.G.	Kvashnin,	et	al.,	Mat.	&	Design,	In	prep.



Mo-B	system
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A.G.	Kvashnin,	et	al.,	Submitted	2018

• New MoB5 is stable in the entire temperature range
• MoB4 is metastable.
• MoB5 has lower hardness compared toWB5
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Superconducting	materials



HTSC-2	ribbon	based	on	the	multilayered	composite	YBCO
or BSCCO.
Тс	=	90-110	K,		j(crit) =	500	А/mm2 at 77	К,		
H(crit) =	20T	at	4	K

MgB2-wire,	in situ formed	according	to	«powder	in	the	
tube» experimental	scheme
Тс	=	20-25	K (up	to 39	K),		j(crit) =	200	А/mm2

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

Introduction	+	Motivation
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Introduction	+	Motivation



The highest Tc=135 K (Putilin, Antipov, 1993) was beaten: theoretical group (T.Cui, 2014) predicted new
material H3S with Tc~200 K. This was confirmed by the experiment (group of M. Eremets, 2015). 16



Superconductivity	has	not	been	studied
New	FeH5 phase	was	synthesized	at	135 GPa
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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

18
A.G.	Kvashnin,	 I.A.	Kruglov,	D.V.	Semenok,	A.R.	Oganov,	J.	Phys.	Chem.	C,	2018,	122	 (8),	pp	4731–4736



Properties	of	FeH5
and	 FeH6

19
A.G.	Kvashnin,	 I.A.	Kruglov,	D.V.	Semenok,	A.R.	Oganov,	J.	Phys.	Chem.	C,	2018,	122	 (8),	pp	4731–4736
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The	maximal TC ~	250-300	K at	~250	GPa
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U-H	system

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

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

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

24
D.V.	Semenok,	A.G.	Kvashnin,	I.A.	Kruglov,	A.R.	Oganov,	J.	Phys.	Chem.	Lett.	2018,	8,	pp.	1920-1926



Ac-H	system

25
D.V.	Semenok,	A.G.	Kvashnin,	I.A.	Kruglov,	A.R.	Oganov,	J.	Phys.	Chem.	Lett.	2018,	8,	pp.	1920-1926



General	rule	
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Th-H system

A.G.	Kvashnin	et	al.	ACS	App.	Mat.	 Interfaces,	2018,	10,	43809-43816Stability	field	of	thorium	hydrides
Max	TC is	241 K	at	100 GPa	for	ThH10



Th-H system
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A.G.	Kvashnin	et	al.	ACS	App.	Mat.	 Interfaces,	2018,	10,	43809-43816



Ashby	plot
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Synthesis

30

Optical	images	after	heating
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Synthesis	of	ThH4
à I4/mmm

2000	K,	152	GPa1400	K, 152	GPa1800 K, 100 GPa
P321 à Fmmm

ThH9
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Synthesis	of	ThH9
Further	heating:	2100 K, 168 GPa,	2	laser	impulses

Fmmm-ThH4à P63/mmc-ThH9

ThH9

ThH9
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Stability	of	ThH9.	Effect	of	ZPE
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Synthesis	of	ThH6
Reduction	of	pressure	from	168 to	68	GPa

Fmmm-ThH4 +	P63/mmc-ThH9	à Cmc21-ThH6

ThH6



Synthesis	of	ThH10

35

183	GPa,	1800	K

The	formation	of	cubic	ThH10 is	observed



Synthesis	of	ThH10
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Decompression	of	ThH10	down	to	80	GPa	leads	to	
orthorhombic	distortion	

𝑭𝒎𝟑Y𝒎 → 𝑰𝒎𝒎𝒎 → 𝑻𝒉𝑯𝟗
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Conclusions
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