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New superconductors

waiting for room-temperature (?)
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1958 : Migdal solved the electron-phonon coupling via MBPT

1960 : Eliashberg considered the pair condensation in presence 

of electron-phonon coupling.

First-principles theory of superconductivity

2005 : SuperConducting-Density Functional Theory

1964 : Hohenberg – Kohn formulated the Density Functional 

Theory



Which is the material with the highest Tc?

A new era for superconductivity

Can we predict a superconducting 

material?

Can we predict Tc?



Neil Ashcroft's idea

Small ionic mass guarantees    

large phonon frequencies

Lack of electronic core screening 

the el-ph 

Wide bands under pressure reduce  

Coulomb interaction



1899: Dewar 

produces solid 

hydrogen 1935: Wigner predicted 

metallic hydrogen at 25 

GPa 

1968: Ashcroft’s 

proposal 

1981: Phase II discovered

1988: Phase III

1996: Nellis produces liquid 

metallic hydrogen (140 GPa 

and 3000K)

2011: Eremets discover 

solid Phase IV (220 GPa)

2016: 400 GPa

Claims of different phases 

Metallic hydrogen: The holy grail of 

condensed matter

2017: Silvera

Metallic hydrogen discovered

at 500 GPa (?)

 
 

 

 

 

 

  

 Shown 

pathway and II the high temperature 

pathway. In pathway I phases for pure 

symmetry phase) and H-A (hydrogen-

A). The plasma phase transit ion (PPT) 

atomic hydrogen. 

camera at the ocular of a modified stereo microscope, using LED illumination in the other optical path of the 

microscope. ( ) At pressures to 335 GPa hydrogen was transparent. The sample was both front and back 

illuminated in this and in B; the less bright area around the sample is light reflected off of the Re gasket. ( ) 

At this stage of compression the sample was black and non-transmit t ing. The brighter area to the upper right 

corner is due to the LED illumination which was not focused on the sample for improved contrast; ( ) Photo 

of metallic hydrogen at a pressure of 495 GPa. The sample is non-transmitt ing and is observed in reflected 

light. The central region is clearly more reflect ive than the surrounding metallic rhenium gasket. The sample 

dimensions are approximately 8-10 microns with thickness ~1.2 microns (27).  

First release: 26 January 2017  www.sciencemag.org  (Page numbers not final at time of first release) 6 
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Superconducting phase

Phase II

P21_c?
Phase III?

Cmca?



Hydrogen metallization: P > 450 GPa

Modern anvil cell reaches 350 GPa

Pressure in the inner core of earth

is about 330 GPa!

Waiting for new and better technologies?

or re-think about the problem? 



Lesson 1: chemical pressure

Lesson 2: find the right crystal structure



were predicted to metallize (from 100 to 250 GPa) 

and (some of them) superconduct at “high temperatures”(80-230 K)

but superconductivity was measured only (?) in

PdH (10 K, 1972), SiH4 (17 K, 2008) and BaReH9 (7 K, 2015)

GaH3, GeH3, Si2H6

SiH4, GeH4, KH6

CaH6, SiH4(H2)

GeH4(H2)



Hydrogen sulfide

Discovered in 1777 

It is a colorless gas with 

the characteristic foul odor 

of rotten eggs. 

It is very poisonous, 

corrosive, and flammable, 

explosive

Solid hydrogen sulfide (H2S) has not previously 

been considered a superconductor because, upon 

metallization under pressure, it was believed to 

dissociate into its constituent elements. 

Metallization of H2S

https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Egg_(food)


SQUEEZING SULFUR HYDRIDE in a diamond anvil cell. 

The cell is first cooled to 200 K, then hydrogen sulfide (H2S) gas is 

sent into the cell through a capillary. 

Inside the cell, H2S liquefies; only then pressure is applied 

Eremets’s experiment
Max-Planck-Institut fur Chemie (Mainz), Germany. 



?

200K (-73 oC) superconductivity?

Isotope effect 

(phonons are involved)

Meissner effect 

(Magnetic field)

Electronic 

energy gap



Lesson 3: New chemistry

+ + = ?

Maxwell plot

Duan et al. (2014)



It is true



Is H2S (H3S) an isolated example?



Superconducting phosphines (PH3)

It is a colorless, flammable, toxic gas and odorless.
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Fig. 2. Electrical measurements of phosphine at high pressures. a-c Superconducting edges as seen in 

different runs in the temperature dependence of resistance at different pressures. The curves were obtained at 

slow (hours) warming of the sample to ensure correct temperature measurements. In the superconducting 

state resistance dropped to zero as scaled in d. e. Dependence of the critical temperature T
C
 on pressure. The 

points were taken from plots a-c. The critical temperature T
c
 is defined here as the sharp kink in the transition 

to normal metallic behavior.   
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different runs in the temperature dependence of resistance at different pressures. The curves were obtained at 

slow (hours) warming of the sample to ensure correct temperature measurements. In the superconducting 
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 on pressure. The 

points were taken from plots a-c. The critical temperature T
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 is defined here as the sharp kink in the transition 
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Which is the stable crystal structure? 

All phases are metastable with respect to 

elemental decomposition

Enthalpy

w.r.t.

to decomposition 

to pure constituents

Pressure (GPa)



Superconductivity by metastability

Hypotesis: 

Possible non equilibrium process and/or non-hydrostatic effects can stabilize 

the lowest energy phases (PH and PH2)

PH3 decomposes at high P

4

Figure 3. (Color online) Predicted format ion enthalpies of
PHn with respect to decomposit ion into P and H at 120 GPa.
The solid red line denotes the convex hull of stability. Black
t riangles show PBE and green squares hybrid funct ional val-
ues (HSE06). The color-gradient scale indicate the free-
energy within the harmonic approximat ion at temperatures
up to 400K (colorbar in Kelvin on the right ) as computed on
top of PBE energies.

the Eliashberg funct ion in an isot ropic approximat ion,

while the residual Coulomb forces in the Cooper pairing

are included within the stat ic random phase approxima-

t ion [59–62], as used in Ref. 6 and 63.

The values of TC are shown in Fig. 4 and are com-

pared to the experimental values reported by Drozdov et

al. [36]. In the two right panels of the same figure we

show λ and ! log for the three phases as a funct ion of

pressure [64].

Our calculated behavior of TC with respect to pressure

shows a fair agreement with experiments for all three

st ructures (PH, PH2 and PH3); The best agreement is

found for PH2, which has a TC of 40K at 100GPa that

increases under pressure and reaches a maximum value

of 78K at 220GPa. The PH system shows the best

agreement in the rate at which TC grows with pressure

in the 120-260GPa window (dTc/ dP ' 0.4(K / GPa)),

while showing a high pressure shift of about 20GPa with

respect to the experimental data.

The similar superconduct ing behavior of the three

compounds results from thecompensat ion of different be-

haviors of λ and ! log, shown in the right panels of the

same figure. These reflect different features of the three

Eliashberg funct ions, shown in Fig. 5, together with that

of SH3 for reference. The PH1,2,3 spect ra have an over-

all similar shape, i .e. they are roughly proport ional to

the phonon density of states, dominated by P modes at

low frequencies (< 80meV), and hydrogen modes at high

frequencies.

A gap separates the hydrogen bond-bending vibrat ions

Figure 4. (Color online) Left : SCDFT calculated crit ical tem-
peratures T C for PH (blue), PH2 (green) and PH3 (red) as a
funct ion of pressure. Experimental T C by resist ivity measure-
ments from Drozdov et al. [36] are shown in black squares.
Overall a good agreement is found between the experimen-
tal values and those for PH, PH2 and PH3 . A lthough the
PH2 composit ion shows significant ly bet ter agreement . Right :
t rend in pressure of the (BCS-like) elect ron phonon coupling
coefficient λ (top panel) and of the phononic characterist ic
frequency ! log (bot tom panel) as a funct ion of pressure.

from the rest of the spect rum; this part moves to higher

energies with increasing hydrogen content , but has very

lit t le influence on TC due to the high frequencies in-

volved. The spectrum of SH3 is more compact , extending

up to 200meV, having peaks of the ↵ 2F (! ) higher, this

result in a large λ(' 1.9).

Asmoreand more theoret ical predict ionsof new super-

conduct ing hydrides are available, there is an increasing

effort towards a systemat ic understanding of the factors

leading to high-TC [47, 65]. It is becoming clear that

the original idea of Ashcroft [18], that the heavier atoms

merely exert chemical pressure on the hydrogen lat t ice,

is oversimplified, and other factors, such as the forma-

t ion of st rong atomic bonds between H and the heavier

elements, play a crucial role. A good indicator of the

tendency of a material to follow one or another behavior

is the elect ronegat ivity of the heavy atom. Atoms which

are less elect ronegat ive than H tend to form solids which

contain H2 units with large characterist ic vibrat ion fre-

quencies, but relat ively weak matrix elements (elect ron-

phonon coupling). More elect ronegat ive atoms, on the

other hand, tend to form polar-covalent bonds, which

couple st rongly to phonons [9, 47].

Phosphorus, with an elect ronegat ivity equal to that

of hydrogen, lies on the border between the two regions

and for the three hydrides considered in this study the

elect ronic st ructure indicates a st rong P-H hybridiza-

t ion in the whole energy range (see supplemental ma-

terial). The values of the elect ronic density of state

(DOS) at the Fermi level – NE F
– are comparable

(0.31 − 0.38st/ eV f .u.), and sensibly lower than those

PH2 seems to be the best 

candidate (?)



Lesson 4: Metastability, 

a new possibility

Energy

Volume

Pressure

Phase A

Phase B

Diamond 

is more stable

than graphite

above 1 GPa





old problem new solution

Phosphorus superconducting  

phase diagram
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Superconductivity in palladium hydride and deuteride at 52–61 kelvin 

H. M. Syed, T. J. Gould, C. J. Webb and E. MacA. Gray* 

Queensland Micro- and Nanotechnology Centre, Griffith University, Nathan 4111, Brisbane, 

Australia 

*e-mail: e.gray@griffith.edu.au 

 

Abstract 

We report the observation of conventional superconductivity at the highest temperature yet attained 

without mechanical compression, around 54 kelvin in palladium-hydride and 60 kelvin in 

palladium-deuteride. The remarkable increase in Tc compared to the previously known value was 

achieved by rapidly cooling the hydride and deuteride after loading with hydrogen or deuterium at 

elevated temperature. Our results encourage hope that conventional superconductivity under 

ambient conditions will be discovered in materials with very high hydrogen density, as predicted 

more than a decade ago. 

 

 

1. Introduction 

Conventional superconductivity at about ten kelvin was discovered in palladium-hydride and 

palladium-deuteride in 1972
[1,2]

, raising hopes that the high density of hydrogen in metal-hydrides 

and compounds containing a high density of hydrogen might lead to metallic hydrogen behaviour
[3]

. 

No high-temperature hydride superconductors were found. Prior to the 1986 discovery of high-

temperature superconductivity in cuprate ceramics
[4]

, for which the current record superconducting 

transition temperature (Tc) is 164 K under high mechanical pressure
[5]

, the highest recorded Tc was 

22.4 K
[6]

. Attention then focused on non-conventional cuprates until the discovery of conventional 

superconductivity at 39 kelvin in magnesium-diboride
[7]

, then on the 2008 discovery of iron-based 

superconductors
[8]

, with Tc values still not exceeding 58 K despite intense research effort
[9]

. 

Recently Drozdov et al.[10] found that 140 GPa mechanical pressure induced conventional 

superconductivity in sulfur-hydride at 203 K. 

PdHx is superconducting
[1]

 for , with K for  confirmed in 

many experiments
[11]

. Palladium deuteride, PdDx, exhibits a reverse isotope effect
[2]

, with 

7 

 

 

Figure 2. Resistivities of wire samples loaded with hydrogen/deuterium 300°C and cooled to approx. 40 K before 

measurement while heating to 300 K. 

(a) PdHx rapidly cooled and rapidly heated. Superconductivity was observed below about 54 K. 

(b) PdDx rapidly cooled and rapidly heated. Superconductivity was observed below about 60 K. Note the higher 

transition temperature compared to the hydride. 

(c) PdHx, PdDx and pure Pd, all cooled slowly and heated slowly, compared to rapidly cooled and rapidly heated PdDx. 

Note in the latter case the transition to a state with lower resistivity than the pure metal. Note also the smooth variation 

of resistivity with temperature and the high contribution of H/D to the resistivity. 

(d) PdDx rapidly cooled and rapidly heated in a magnetic field as indicated. Note the quenching of the superconducting 

transition by the magnetic field. 

 

The observation of superconductivity in palladium hydride/deuteride at some five times the 

temperature previously known is highly remarkable. 

Four pieces of evidence point convincingly to the observed transition being real and not an 

artefact of the experimental apparatus or methodology: (i) Measurements on copper wire treated 

exactly the same as the Pd wire (Fig. 1) showed a very smooth variation with temperature and no 

Superconduct iv i t y of bar ium-V I synt hesized via compression at low t emperat ures

D. E. Jackson,
1

D. VanGennep,
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S. T. Weir,
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Department of Physics, Universi ty of Flor ida, Gainesvi l le, FL 32611

2
Department of Physics, University of Alabama at Birmingham, Birmingham, AL, 35294

3
Physics Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

(Dated: July 20, 2017)

Using a membrane-driven diamond anvil cell and both ac magnet ic suscept ibility and elect rical
resist ivity measurements, we have characterized the superconduct ing phase diagram of elemental
barium to pressures as high as 65 GPa. We have determined the superconduct ing propert ies of
the recent ly discovered Ba-VI crystal st ructure, which can only be accessed via the applicat ion
of pressure at low temperature. We find that Ba-VI exhibit s a maximum Tc near 8 K , which is
substant ially higher than the maximum Tc found when pressure is applied at room temperature.

PACS numbers: 74.25.Dw, 74.62.-c, 74.62.Fj

K eywords: high pressure, superconduct ivit y, barium

I N T R OD U CT I ON

Experiments under applied high pressures have played

an important role in advancing our understanding of rela-

t ionships between crystal st ructure and superconduct ing

propert ies [1, 2]. I t is well known that the crit ical pres-

sures for st ructural t ransit ions are somet imes st rongly

temperature dependent [3] and therefore one must use

caut ion when comparing room temperature st ructural

informat ion to t rends in (usually low temperature) su-

perconduct ing crit ical temperatures [4]. Furthermore, in

some cases, the thermodynamic history of the sample

can st rongly influence superconduct ing [5] and/ or st ruc-

tural [6] propert ies. For example, if there is a kinet ic bar-

rier for the t ransit ion to the stable phase, applying or re-

leasing pressure at low temperatures can lead to a crystal

st ructure persist ing far outside of the range of pressures

for which it is thermodynamically stable [7]. An arguably

more dramat ic manifestat ion of such e↵ ects can occur if a

barrier for the t ransit ion to the stable phase causes an en-

t irely new, metastable crystal st ructure to emerge. This

was recent ly found for elemental Ba metal, with the ob-

servat ion of a new, metastable st ructural phase (Ba-VI)

that only appears when pressure is applied at tempera-

tures below ⇥ 100 K [8]. In this work we have determined

the superconduct ing propert ies of this newly discovered

phase of Ba. The superconduct ing propert ies of the al-

kaline earth elements (Be, Mg, Ca, Sr, Ba, Ra) are of

part icular interest because Ca at high pressure exhibits

the highest superconduct ing crit ical temperature of any

of the elemental solids with Tc ⇥ 21 − 29 K at pressures

above 200 GPa [9–12].

The room temperature crystal st ructures of Ba at

high pressure have been studied to pressures as high as

110 GPa [13–15]. These studies revealed st ructural phase

t ransit ions from Ba-I (bcc) at ambient pressure to Ba-I I

(hcp), Ba-IV, and Ba-V (hcp) at pressures of 5 GPa, 12

GPa, and 45 GPa, respect ively. Early reports of a Ba-

“ I I I” phase, exist ing between Ba-I I and Ba-IV, appear

to have been refuted, though a new phase, also labeled

Ba-I I I may form in a very narrow temperature and pres-

sure range (⇥ 5− 7 GPa at ⇥ 700− 800 K) [15]. Ba-IV in

part icular has received a great deal of at tent ion because

of its ext remely complex modulated “ host -guest ” st ruc-

tures, comprised of coexist ing inter-penet rat ing, sub-

lat t ices [16]. The label “ Ba-IV” actually refers to a series

of closely related st ructures (Ba-IVa through Ba-IVd)

built upon the same host -guest st ructural mot if. I t is

within the pressure range that Ba-IV exists that Ba ex-

hibits a maximum Tc value of ⇥ 5 K at 18 GPa.

When Ba is compressed at temperatures below

⇥ 100 K, a substant ial energy barrier inhibits the

Ba(I I→IV) t ransit ion and instead a new st ructure, de-

noted Ba-VI, appears [8]. Unlike complex Ba-IV, Ba-

VI adopts a rather simple orthorhombic st ructure. The

Ba-VI st ructure exists for pressures in the range of 12-

30 GPa at low temperature, and the st ructure appears

to be metastable, as evinced by the fact that on warming

above⇥ 100 K it t ransforms to Ba-IV. Figure1a schemat -

ically represents the st ructural phasediagram reported in

Ref. [8].

Weemphasize that Desgreniers et al. [8] found that Ba-

VI cannot be synthesized by cooling from Ba-IV. Previ-

ous studies of the superconduct ing propert ies of Ba have

nearly all been carried out by applying pressure at room

temperature, and then cooling at constant pressure, so

that the most widely reported and quoted Tc values cor-

respond to Ba-IV rather than Ba-VI [17–19]. There are

two except ions. In the 1972 report of I l’ina et al. [20]

pressures up to 19 GPa were applied at 4.2 K, result ing

in crit ical temperatures about 0.5 K lower than found

for room temperature pressure applicat ion. In 1989,

Bireckoven and Wit t ig [21, 22] described an experiment

in which they released pressure from 50 GPa at low tem-

peratures. They found that below 35 GPa, Tc began to

increase more rapidly, eventually reaching up to 7 K at

27 GPa. They at t ributed the higher crit ical temperature

to the metastability of Ba-V on pressure release. How-
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Hydrogen ClathrateStructures in RareEarth Hydr idesat High Pressures: PossibleRoute
to Room-Temperature Superconductivity
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Room-temperature superconductivity has been a long-held dream and an area of intensive research.

Recent experimental findings of superconductivity at 200 K in highly compressed hydrogen (H) sulfides

have demonstrated the potential for achieving room-temperature superconductivity in compressed H-rich

materials. We report first-principles structure searches for stable H-rich clathrate structures in rare earth

hydridesat high pressures. Thepeculiarity of thesestructureslies in theemergenceof unusual H cageswith

stoichiometries H24, H29, and H32, in which H atoms are weakly covalently bonded to one another, with

rare earth atoms occupying the centers of the cages. We have found that high-temperature super-

conductivity is closely associated with H clathrate structures, with large H-derived electronic densities of

statesat theFermi level and strong electron-phonon coupling related to thestretching and rocking motions

of H atoms within the cages. Strikingly, a yttrium (Y) H32 clathrate structure of stoichiometry YH10 is

predicted to be a potential room-temperature superconductor with an estimated Tc of up to 303 K at

400 GPa, as derived by direct solution of the Eliashberg equation.

DOI: 10.1103/PhysRevLett.119.107001

It has been suggested that at high pressures the lightest
element, H, forms metallic solids with the high Debye
temperatureand strong electron-phonon coupling necessary
for high-Tc phonon-mediated superconductivity [1,2]. The
superconductivity is supported by a number of calculations
that havepredictedahighTc intherange100–760K ineither
molecular [3,4] or atomic phases [5]. Unfortunately, low-
temperature studies up to 388 GPa have not yet realized
metallization of solid hydrogen [6]. Metallization of solid
H at 495 GPa [7] has recently been reported, but additional
experimental measurementsarerequired toverify thisclaim.
H-rich materials have been considered as an alternative, [8]
because they can metallize at much lower pressures than
are accessible to experiments. Extensive theoretical studies
(e.g., Refs. [9–21]) haveexplored potential superconductiv-
ity in compressed H-rich materials. Encouragingly, the
results suggest the possibility of high-Tc superconductivity
in hydrideswith estimated Tc values in the range50–264 K
[9–21]. Thesubsequent experimental observationof high-Tc

superconductivity in the temperature ranges 30–150 K and
180–203 K for various temperature-annealed samples in
highly compressed H2S is remarkable [22]. These experi-
mentsweremotivated by atheoretical prediction of high-Tc

superconductivity in compressed solid H2S [23] which

excluded the possibility of the dissociation of H2S into
S and H and opened up the possibility of synthesizing
superconducting H3S via compression of H2S [24–26].

Two properties of metallic hydrides are particularly
beneficial for promoting high-Tc superconductivity: (i) a
largeH-derivedelectronicdensity of statesat theFermi level,
and (ii) large modifications of the electronic structure in
response to the motion of the H atoms (electron-phonon
coupling). It appears to be important to satisfy both of these
criteria in hydrides with high H content in order to achieve
highTc values.However, thestrategy of pursuing thehighest
possible H content may not always be the best solution.
In reality, a number of hydrides with higher H content
(e.g., AsH8, MgH12, and LiH8, etc. [15,27–29]) have been
found not to exhibit higher Tc values than those containing
relatively less H, such as CaH6 and YH6 [9,10]. The key
drawback of these H-rich structures lies in the appearance
of H2-like molecular units that attract many electrons from
H atoms with low-lying energies away from the Fermi
energy, which violates both criteria (i) and (ii). Another
desirable property that is important for achieving high-Tc

superconductivity is that the structures should have high
symmetry. Thisappears to beavery general property that is
not confined to metallic hydrides [30].

PRL 119, 107001 (2017) PH Y SI CA L REV I EW L ET T ERS
week ending

8 SEPTEMBER 2017

0031-9007=17=119(10)=107001(6) 107001-1 © 2017 American Physical Society
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Solid	metallic	hydrogen	is	believed	to	be	a	nearly-room-temperature	superconductor	[1],	but	its	synthesis	

proved	elusive	because	extremely	high	pressures	well	over	400	GPa	are	required	[2].	Following	a	recent	theoretical	

prediction	[3],	experiment	confirmed	record	high-temperature	superconductivity	in	H3S	with	Tc	=	203	K	at	155	GPa	

[4],	which	stems	from	electron-phonon	coupling	and	is	well	described	by	Bardeen-	Cooper-Schrieffer	theory.	Here	

we	search	for	stable	uranium	hydrides	at	pressures	up	to	500	GPa	using	ab	initio	evolutionary	crystal	structure	

prediction.	Chemistry	of	the	U-H	system	turned	out	to	be	extremely	rich,	with	9	new	compounds,	including	

hydrogen-rich	U2H13,	UH7,	UH8,	U2H17,	UH9,	predicted	to	be	high-temperature	superconductors.	For	example,	UH8	

is	predicted	to	be	thermodynamically	stable	at	pressures	above	52	GPa	(where	its	predicted	superconducting												

Tc	=	156	K)	and	dynamically	stable	upon	decompression	to	zero	pressure	(where	it	has	Tc	=	193	K).	Our	high-pressure	

experiments	confirm	the	existence	of	UH8,	UH9	and	UH7,	with	UH8	metastably	recovered	at	atmospheric	pressure.	

	

Uranium	hydride	is	a	highly	toxic	compound,	spontaneously	igniting	in	air	[5]	and	reacting	with	water	[6].	It	is	

mainly	used	for	separation	of	hydrogen	isotopes	[7],	but	it	can	also	be	a	component	of	explosives.	For	the	first	time	

it	was	synthesized	by	F.	Driggs	[8]	during	heating	of	metallic	uranium	in	hydrogen	atmosphere,	and	it	was	initially	

assigned	composition	UH4.	Later	the	composition	was	determined	as	UH3	[9]:	this	phase	is	known	as	β-UH3.	When	

bulk	uranium	was	heated	in	hydrogen	atmosphere	at	lower	temperature	[10],	metastable	α-UH3	phase	appeared,	

and	transformation	to	β-UH3	phase	occurred	above	523	K.	Crystal	structure	of	α-UH3	is	of	Cr3Si-type	(also	known	as	

A15	or	β-W);	U	atoms	have	icosahedral	coordination	and	form	a	b.c.c	sublattice.	Many	superconductors	belong	to	

the	Cr3Si	structure	type	(e.g.	Nb3Sn).	The	structure	of	β-UH3	is	more	complex	and	is	based	on	a	β-W-like	uranium	

sublattice	containing	hydrogen	atoms	in	distorted	tetrahedral	voids	[11,	12].	UH3	is	the	only	known	uranium	hydride	

found	to	be	stable	at	ambient	conditions	(though	there	is	evidence	for	the	isolated	molecules	of	UH,	UH2,	UH4,	UH3,	

U2H2	and	U2H4	[13]),	and	we	decided	to	check	whether	hydrogen-rich	polyhydrides	would	be	formed	under	pressure.	

Another	motivation	was	that	some	uranium	compounds	were	shown	peculiar	(and	previously	thought	to	be	

impossible)	coexistence	of	superconductivity	and	ferromagnetism	[14,	15,	16,	17].	

In	order	to	predict	stable	phases	in	the	U-H	system	at	pressures	0,	50,	100,	200,	300,	400	and	500	GPa,	we	

performed	variable-composition	evolutionary	structure/compound	searches	using	the	USPEX	algorithm	[18,	19,	20].	

By	definition,	thermodynamically	stable	phase	has	lower	Gibbs	free	energy	(or,	at	zero	Kelvin,	lower	enthalpy)	than	

any	phase	or	phase	assemblage	of	the	same	composition.	Having	predicted	stable	compounds	and	their	structures	

at	different	pressures	(Fig.	1),	we	built	the	composition-pressure	phase	diagram	(see	Fig.	2),	which	shows	pressure	

ranges	of	stability	of	all	found	phases.	As	shown	in	Fig.	2,	our	calculations	correctly	reproduce	stability	of	both	phases	

of	UH3	and	predict	10	new	stable	phases	corresponding	to	9	new	compounds	(! " #" -UH	and	$6&/ " " #-UH,	() * " -

U2H3,	$) #" -UH2,	! 2/ #-U2H5,	α-UH3	and	β-UH3,	$6" 2-U2H13,	$6&/ " " #	-UH7,	, " 3" 	-UH8,	$4" 2-U2H17,	$6&/ " " #	

-UH9	and	metastable	, 43" 	-UH9).	Detailed	information	on	crystal	structures	of	the	predicted	phases	can	be	found	

in	Supplementary	Table	S1	and	Fig.	S1.	Phonon	calculations	confirmed	that	all	newly	predicted	phases	have	no	

imaginary	phonon	frequencies	in	their	predicted	ranges	of	thermodynamic	stability	(see	phonon	dispersion	curves	

and	densities	of	states	in	Supplementary	Materials).	The	only	stable	uranium	hydride	phase	at	zero	pressure	is	β-UH3,	

and	above	5.5	GPa	it	transforms	to	α-phase	(SM	Fig.	S2).	Our	calculations	showed	that	UH3	phases	are	the	only	

ferromagnetic	phases	(the	other	phases	have	zero	local	magnetic	moments).	

 

modified	McMillan	formula	(Eq.	1),	where	for	the	Coulomb	pseudopotential	µ 	we	use	the	commonly	accepted	

bracketing	values	of	0.10	and	0.15.	Detailed	information	on	the	calculated	superconducting	properties	of	uranium	

hydrides	is	given	in	Table	1.	For	α-UH3	at	zero	pressure,	the	EPC	coefficient	λ	=	0.52	and	Tc	is	in	the	range	from	8	to	

19	K	(depending	on	the	exact	µ 	value).	For	UH7	at	20	GPa,	we	find	a	much	higher	EPC	coefficient	of	0.98,	resulting	

in	a	much	higher	Tc	in	the	range	77-101	K	(see	Table	1).	Structurally	related	U2H13	displays	very	similar	EPC	coefficient	

(λ	=	0.91)	and	Tc	(in	the	range	84-115	K).	These	are	remarkable	high-temperature	superconductors	at	mild	pressures,	

but	the	highest-temperature	superconductivity	among	uranium	hydrides	was	predicted	for	UH8:	at	50	GPa	we	

predict	λ	=	1.29	and	Tc	=	157	K,	and	at	zero	pressure	(where	it	remains	dynamically	stable)	it	has	unique	super-	

conducting	properties,	λ	=	1.88,	Tc	=	193	K	(with	µ 	=	0.1).	

	
Figure	3:	Experimental	data	on	U-H	compounds.	XRD	patterns	of	synthesized	U	-H	phases	at	a)	1	GPa,	b)	40	GPa	

and	c)	63	GPa.	For	all	patterns	the	peak	at	about	8.5◦	is	spurious	(from	the	transparency	sheet	used	for	protection);	

d)	Comparison	of	experimental	and	theoretical	equations	of	state	of	new	hydrides	(volumes	are	given	per	uranium	

atom).	
	

In	summary,	using	evolutionary	crystal	structure	prediction	algorithm	USPEX	we	found	9	new	uranium	

hydrides,	including	hydrogen-rich	high-temperature	superconductors	UH7,	UH8,	UH9,	U2H13	and	U2H17.	Theirs	crystal	

structures	are	based	on	either	f.c.c.	or	h.c.p.	uranium	sublattice	and	H8	cubic	units.	We	predict	UH8	to	be	a	unique	

high-temperature	superconductor	with	Tc	=	157	K	at	50	GPa,	and	we	predict	it	to	remain	dynamically	stable	at	zero	

pressure	(i.e.	it	may	exist	as	a	metastable	phase)	where	it	has	Tc	=	193	K.	Our	preliminary	experiments	have	

successfully	produced	UH8,	UH9	and	UH7	at	1,	40	and	63	GPa,	respectively,	and	UH8	remained	metastable	after	

releasing	pressure.	It	is	not	clear	yet	why	experiment	finds	all	these	phases	at	much	lower	pressures	than	predicted	

by	theory,	and	our	experiments	(including	measurements	of	Tc)	are	continuing.	If	superconductivity	of	UH8	with	

Tc	=	193	K	is	experimentally	confirmed,	this	would	be	the	highest-temperature	superconductor	at	ambient	pressure,	

and	one	must	keep	in	mind	that	Tc	may	be	further	increased	by	electron	doping.	Radioactivity	of	uranium	is	not	a	

major	problem:	since	the	predominant	isotope	of	uranium,	
238

U,	has	the	half-life	of	4.46	billion	years,	this	material	

may	find	practical	use.	It	is	also	clear	that	new	major	discoveries	are	likely	in	the	field	of	hydride	superconductivity,	

with	new	hopes	for	room-temperature	superconductivity.	
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Some Pros and Cons of BCS

First Theory of superconductivity

Explains many experimental evidences

Guided the search of new materials

Relates Tc to normal-state properties in a  
very simple formula

No Coulomb repulsion

Weak coupling theory

The true “e-ph” interaction is 
time dependent

Quasiparticles have finite-lifetime

Tc formula is simple, but wrong....
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SuperConducting Density Functional Theory (2005)
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It works, it is predictive



The holy grail of condensed matter

“It was said to have been the only piece on Earth of a metal that could 

have revolutionised life as we know it.

But a tiny sample of metallic hydrogen – purportedly created by scientists 

at Harvard University – has disappeared, The Independent can reveal.”

http://www.independent.co.uk/news/science/hydrogen-metal-revolution-technology-space-rockets-superconductor-harvard-university-a7548221.html


and high pressure experiments are 

too difficult (and long).

Hydrogen rich compounds under pressure

(so many)

Hydrates, hydrocarbons, etc…

Potential energy surfaces and the global searching problem

Determine the lowest enthalpy structure at a given 

pressure: a NP - hard problem

Discovery the superconducting phase in a computer?



by J. Maddox

Ab-initio random structure searching

(The Columbus egg) 



Genetic Algorithms

Many hydrogen-containing compounds were predicted to possess very high Tc 

64 K in GeH (220 GPa),

80 K in SnH (120 GPa), 

100 K in SiH4(H2)2 (250 GPa)

Father Mother

Son

Mutation



Vostok base in Antarctic

In 1983 a temperature of -89 oC was measured

Room temperature superconductivity?


