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First-principles theory of superconductivity

1958 : Migdal solved the electron-phonon coupling via MBPT

. Eliashberg considered the pair condensation in presence
of electron-phonon coupling.

: Hohenberg — Kohn formulated the Density Functional
Theory

2005 : SuperConducting-Density Functional Theory
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A new era for superconductivity

Can we predict a superconducting
material?

Can we predict Tc?

Which is the material with the highest 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



Metallic hydrogen: The holy grall of
condensed matter

The many phases of hydrogen
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Hydrogen metallization: P > 450 GPa

Modern anvil cell reaches 350 GPa

Pressure in the inner core of earth
IS about 330 GPal!

Waiting for new and better technologies?
or re-think about the problem?



Lesson 1: chemical pressure

VOLUME 92, NUMBER 18 PHYSICAL REVIEW LETTERS

week ending
7 MAY 2004

Hydrogen Dominant Metallic Alloys: High Temperature Superconductors?

N.W. Ashcroft

Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853-2501, USA
Donostia International Physics Center, San Sebastian, Spain
(Received 29 December 2003; published 6 May 2004)

The arguments suggesting that metallic hydrogen, either as a monatomic or paired metal, should be a
candidate for high temperature superconductivity are shown to apply with comparable weight to alloys
of metallic hydrogen where hydrogen is a dominant consttuent, for example, in the dense group ['Va
hydrides. The attainment of metallic states should be well within current capabilities of diamond anvil
cells, but at pressures considerably lower than may be necessary for hydrogen.

Superconductivity in Hydrogen
Dominant Materials: Silane

M. 1. Eremets,”* I. A Trojan,' 5. A. Medvedey,” ). S. Tse,” Y. Yao®

The metzllization of hydrogen directly would raquire pressure in excess of 400 gigapas<als {GPal,
out of the reach of present experimental technsques. The derse group IVa hydrides attract
corsiderable attention because hydrogen in these cempounds is chemically precompressed and a
metalli state &5 expected to be achievable at experimentally accessible pressures. We report the
transformatien of insulating molecular silane te 3 metal at 50 GFa, becoming superconducting at a
transition temperature of 7. = 17 kelan at 96 and 120 GPa. The metalli phase has a hexagonal
¢close-packed structure with 3 hsgh denssty of atomse hydrogen, ¢reating a three-dimensional
conducting netwerk. These expenimental findings support the idaa of medeling metallic
fhydregen with hydregen-rich alloy.

_esson 2: find the right crystal structure




! Periodic Table of the Elements "

H He
Hydrogen Heliim
o1 1 13 1 15 1% 17 00
EN ] H 6 (7 )] Ve Yo
Li | Be Bl CINJO| F|Ne
r e vom | taor N tas A i ) Voo |_anss
1 12 13 1u__ s 16 17 18
ke poo| 38 oo & [0 | 2 SiHa, GeHa, KHe
Sodum || Magresium Alumium Slcon | Phosphons 8 Sulfur Chome Hrqon
2.0 ) 243 3 4 e & 7 L 2 w n 12 .08 ) omoe | aner N oazos ) 3545 | 3dss 4 ] 4 y
19 20 2 n_ n 24 5 26 27 » 2 30 11 12 a3 Y] a5 T
K|C Sc Ti V C Mn Fe Co Ni Cu Zn Ga| Ge| As | Se | Br | Kr
il Al Rl e R A A A Y E
37 ET:] 39 a0 41 42 43 44 45 46 47 48 49 50 51 52 53 54
. Rb| Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd  In|Sn|{Sb|Te| I | Xe
aHs, GeHs, Sl2He  [a) | =y o e wgoe e e o miem e son oo | || e | e |
s«s' 55' s‘r-ﬁ :rz' 73 u' :rs' 76 I 77 78 70 I 80 81 82 83 '_ 84 85 85 I
Cs|Ba i Hf Ta W Re Os Ir Pt Au Hg | Tl |Pb| Bi | Po| At | Rn
Cesim Barium Hafniom  Tnahm  Tungden  Rhenim  Osmiun Iridiam Platimum [S] Hemlr; Thalium Lead Bismuth {| Poknium || Astatine Radon
13291 ) 137.33 17849 | 18085 14385 18621 19023 19222 19508 19697 20059 | 20438 J| 20720 J 20a08 || [208.08) | 20008 | 27200
87 a8 80-102 104 105 106 107 108 100 110 m 12 113 114 18 118 17 118
Fr | Ra .. Rf Db Sg Bh Hs Mt Ds Rg Cn |Nh| FI |Mc|Lv| Ts | Og
Francum Radum litterfrdon Dubniom ~ Seaborgum Behriom Hazssum  Meftnerium  Dametadtom Roanigenum Copemicum | Mhonum || Aerviom | Moscwiom | Livermorum |} ernessine || Oganesson
22302 ) 23603 [261] [262] [264] [264] [264] [27] [281] [280] [285) \_[288] A [284] N [288] ._I'&I_Ll'l_l_ﬂg“f \[254]

C H SH H 57 58 59 &0 (4] 62 63 64 &5 &5 &7 68 69 70 |

are, SlHA4(MR2 la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lamthamam ~ Ceum Pras um Meadymiom | Pomethium | Samaium | Biopiun | Gadolniom | Tebium | Dysprosiom  Holminm Ehitm Thulun | Yetehiom ~ Lutetium
138.91 140,02 1 14001 14424 | 14491 15036 | 15186 15735 | 15893 650 | 16483 | 16736 0 16893 | 17H06 | 17447
89 90 " 92 93 94 95 96 97 o8 99 100 101 102 103
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Adinum ~ Thoum  Prtatiniom Ureniom | Mepoanum  Futonium | Amendaim  (uriem Beieliom |~ (difomiam  Ensteiniun© Fermiun | Merdeleviom Mobelum | Lawnendim
22703 0 23004 0 23104 0 23803 0 23706 0 2406 | 4306 | 24707 24707 35108 [254] 25710 25810 35400 [262]

uammmm[lmmlmllmllmlmsﬁ]m Actinide

were 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 BaReHq (7 K, 2015)
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Hydrogen sulfide

Discovered in 1777

It is a colorless gas with
the characteristic foul odor
of rotten eqgs.

It is very poisonous,
corrosive, and flammable,
explosive

Solid hydrogen sulfide (H2S) has not previously
been considered a superconductor because, upon ®
meta”ization under pressure’ |t was believed tO THE JOURNAL OF CHEMICAL PHYSICS 140, 174712 (2014)

dissociate into its constituent elements. The metallization and superconductivity of dense hydrogen sulfide

Yinwei Li,"@ Jian Hao," Hanyu Liu,? Yanling Li," and Yanming Ma3°)

1School of Physics and Electronic Engineering, Jiangsu Normal University, Xuzhou 221116,
People’s Republic of China

2Department of Physics and Engineering Physics, University of Saskatchewan,
Saskatchewan S7N 5E2, Canada

3State Key Laboratory of Superhard Materials, Jilin University, Changchun 130012,

Metallization of H2S People’s Republic of China

(Received 20 March 2014; accepted 18 April 2014; published online 7 May 2014)
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https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Egg_(food)

Eremets’'s experiment

Max-Planck-Institut fur Chemie (Mainz), Germany.

H.Smp

SQUEEZING SULFUR HYDRIDE in a diamond anvil cell.

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

sent into the cell through a capillary.

Inside the cell, H,S liquefies; only then pressure is applied
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200K (-73 °C) superconductivity?

Isotope effect
(phonons are involved)

Temperature (K)

Electronic
energy gap

Pressure (GPa)
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Lesson 3: New chemistry

Duan et al. (2014)
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Crystal structure of the superconducting phase of
sulfur hydride

Mari Einaga' ", Masafumi Sakata’, Takahiro Ishikawa', Katsuya Shimizu'", Mikhail I. Eremets?T,

Alexander P. Drozdov?, Ivan A. Troyan?, Naohisa Hirao® and Yasuo Ohishi?
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Is H2S (HsS) an isolated example?
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Superconducting phosphines (PHx3)

It is a colorless, flammable, toxic gas and odorless.

Superconductivity above 100 K in PH; at high pressures

A. P. Drozdov, M. I. Eremets and I. A. Troyan

Max-Planck Institut fur Chemie, Hahn-Meitner Weg 1,55128, Mainz, Germany

a

a. Clamped at 20 GPa, 180 K b. 46 GPa, 191 K

Following the recent discovery of very high temperature conventional superconductivity
in sulfur hydride (critical temperature T, of 203 K, Ref') we searched for superconductivity in
other hydrides and found that a covalent hydride phosphine (PH3) also exhibits a high T, >100 K

at pressure P > 200 GPa as determined from four-probe electrical measurements.
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Which Is the stable crystal structure?

Decomposition: P + 1/2H,
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200
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All phases are metastable with respect to

elemental decomposition



Superconductivity by metastability

Hypotesis:

Possible non equilibrium process and/or non-hydrostatic effects can stabilize
the lowest energy phases (PH and PH>)

PHz decomposes at high P 070] o___

" @@ Predicted PH, |
® @ Predicted PH,
______________ OO0 Predicted PH; . __

O Experimental

0 | . | . | . |
100 150 200 250

PH2 seems to be the best Pressure
candidate (?)




Lesson 4. Metastabillity,
a new possibility

Energy

Diamond
IS more stable
than graphite
above 1 GPa
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Interplay between structure and superconductivity: Metastable
phases of phosphorus under pressure

José A, Flores-Livas, Antonio Sanna, Alexander P. Drozdov, Lilia Boeri, Gianni Profeta, Mikhail Eremets, and
Stefan Goedecker

Fhys. Rev. Materials 1, 024802 — Published 20 July 2017 nm
Article References No Citing Articles Supplemental Material m

Pressure-induced superconductivity and structural phase transitions in phosphorus (P) are studied by
resistivity measurements under pressures up to 170 GPa and by fully ab initio crystal structure
exploration and superconductivity calculations up to 350 GPa. Two distinct superconducting transition
temperature (T;;) vs pressure ( P) trends at low pressure have been reported more than 30 years ago,
and we are able to devise a consistent explanation founded on thermodynamically metastable phases
of black phosphorus. Our experimental and theoretical results form a single, consistent picture which
not only provides a clear understanding of elernental P under pressure but also sheds light on the
longstanding and unsolved anomalous superconductivity trends. Moreover, at higher pressuras we
predict a similar scenario of multiple metastable structures which coexist beyond their
thermodynamical stability range. We observe that all the metastable structures systematically exhibit
larger transition temperatures than the ground-state structures, indicating that the exploration of
metastable phases represents a promising route to design materials with improved superconducting
properties.




Phosphorus superconducting
phase diagram

old problem new solution
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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

Superconductivity of barium-V 1 synthesized via compression at low temperatures

D. E. Jackson,1 D. VanGennep,l Y. K. Vohra,2 S. T. Weir,3 and J. J. Hamlin®'®

lDepartment of Physics, University of Florida, Gainesville, FL 32611
2Department of Physics, University of Alabama at Birmingham, Birmingham, AL, 35294
*Physics Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

(Dated: July 20, 2017)
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Hydrogen Clathrate Structuresin Rare Earth Hydrides at High Pressures: Possible Route

®
L

Structures

Clathrate cages

Units

0.02 -

0.00 -

S

to Room-Temperature Superconductivity

Feng Peng,“*® Ying Sun,® Chris J. Pickard,” Richard J. Needs,” Qiang Wu,” and Yanming Ma>""

N

pressure release at ambient conditions stabilizes
the metastable UH8 phase with a (still predicted)
Tc=193 K
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Lesson 1: chemical pressure
Lesson 2: find the right crystal structure

Lesson 3. new stoichiometry

Lesson 4: metastability
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The clcctromc structure of the htgh 1 superconductor Y\?-aa(fu 3075 d&cﬂﬁmbd‘fmn'l highly precise all-clectron tocal density
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The discovery of superconductivity above 90 K by This paper presents detailed high resolution results
Chu and"coliabbratdts [1] in Y-Ba—Cu-O com- on the electronic band structure and density of states
pound¢-hasigénerated-Xpérimental-and theoretitalow “oderived properties & obtdined from highly precise
excntement on an un recedented scale. Recently, the state-of-the-art local density calculations [ 5]. These
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AUHA" 127" 108 ™' results demonstrate the close relation of the band
determmed by neu- structure to the structural arrangements of the con-
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Are we close to room temperature
supercondutivity?
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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

TBCS -1

No Coulomb repulsion ><

Weak coupling theory

The true “e-ph” interaction is
time dependent

Quasiparticles have finite-lifetime

Tc formula is simple, but wrong....



SuperConducting Density Functional Theory (2005)
H=T+T"+ U™ + U + Ve + Vet + Dext — uN
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It works, it Is predictive
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The holy grail of condensed matter

-
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Observation of the Wigner-Huntington transition to
metallic hydrogen

Ranga P, THas and Tsaac F, Silvera®
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Producing metallic hydrogen has been a great challenge to condensed matter physics. Metallic hydrogen
may be a room temperature superconductor and metastable when the pressure is released and could have
an important impact on energy and rocketry. We have studied solid molecular hydrogen under pressure at
low temperatures. At a pressure of 495 GPa hydrogen becomes metallic with reflectivity as high as 0.91.
We fit the reflectance using a Drude free electron model to determine the plasma frequency of 32.5 2 2.1
ey at =55 K, with a corresponding electron carrier density of 7.7 £ 1.1 % 10 particles/cm?® consistent
with theoretical estimates of the atomic density. The properties are those of an atomic metal. We have
produced the Wigner-Huntington dissociative transition to atomic metallic hydrogen in the labaratory.
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World's only piece of a metal that could
revolutionise technology has disappeared,
scientists reveal

Exclusive: Harvard University physicists say first-ever piece of metallic
hydrogen on Earth has been lost after catastrophic failure of diamond
holding it under enormous pressure

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

Hydrogen rich compounds under pressure
(so many)

Hydrates, hydrocarbons, etc...

and high pressure experiments are
too difficult (and long).

Before...

Potential energy surfaces and the global searching problem

Determine the lowest enthalpy structure at a given
pressure: a NP - hard problem
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Crystals from first principles

by J. Maddox

Oxne of the continuing scandals in the
physical sciences & that o remains
general impossible to predict the structure
of even the simplest crystalline solids from

a knowledge of their chemical composi- Ab-initio random structure searching

tuon, Who, for exampie, would guess that
raphite, not diamond, s the thermo-
gyn‘;mlcally stable allotrope of carbon at (The COIumbUS eg g)
ordinary temperature and  pressure”?
Sohids such as crystalline water (10e) are
still thought 10 e beyoad mortals’ ken
Yet one would have thought that, by
now, it should be possible 1o equip a suff-
ciently large computer with a sulficsently
large program, type ia the formula of the
chemical and obtain, as output, the atomic
coordinates of the atoms 1n a unit cell.
That ume may not yet have arrived, but
S. Tsuneyuki, M. Tsukads and H. Aoki
from the Universaty of Tokyo, with Y.
Matswi from Okayama Umsversity, have
brought it a good siep nearer. Starting
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Genetic Algorithms
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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)



Room temperature superconductivity?

Vostok base in Antarctic

In 1983 a temperature of -89 °C was measured



