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Materials at High Pressure
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Pressure Effects on Superconductors
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High Pressure and Superconductivity
Superconductivity at Megabar Pressures
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o Hydrogen

ELEMENT ONE

“Let’s start at the very beginning, o cater ﬁ
a very good place to start...”
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Metallic and Superconducting Hydrogen
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Dense Molecular Hydrogen
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Is Hydrogen Metallic at these P-T Conditions?

 Semiconducting/
Semimetallic

>200 GPa, 77 K 360 GPa, 100 K

[Mao & Hemley, Science (1989)] [Zha et al., Phys. Rev. Lett. (2012)]
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Hydrogen at Higher Pressures
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> 'Utrahigh’ T_ Superconductor (e.g., >700 K)?
> Superfluidity/Superconductivity?
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[Babaev et al., Nature (2004);
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Electromic Density
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Breaking the Bond with Compression and Chemistry
DIATOMIC HYDROGEN
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CH,(H,),
33.4 wt% H
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Novel Dense Molecular Compounds

(H,0);H,
Quartz-type ice

UK
bOb
@

&$&$*
[Strobel et al., J. Am. Chem. Soc. (2016)]

(HzS),H,

&w

H20'H2
‘Stuffed ice VI
11.3 wt% H,,,

&w

[Vos et al.,
Phys. Rev.
Lett. (1993)]

Xe(H,)s

[Somayazulu et al.,
Nature Chem. (2009)]

Al,Cu type
[Strobel et al., Phys. Rev. Lett. (2010)]
» PRECURSOR TO H,S

[Somayazulu et al., in preparation]



Success of Structure Search Methods
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Enthalpy (eV/atom)

DFT Structure-Search

(CALYPSO)

[Liu et al., PNAS (2017)]
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Predicted La and Y Superhydrides
‘Novel’ Clathrate Structure Type LaH,, Atomic H
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Predicted La and Y Superhydride Superconductors

T, versus pressure
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Synthesis of Lanthanum Superhydride
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Lanthanum Superhydride Resistance Measurements
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Lanthanum Superhydride Resistance Measurements
4 PROBE

[Hemley et al.,
Superconductivity and
Pressure, Madrid (May 2018)]
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Subsequent Experimental Work
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Phase Transition and Dynamics in LaH,,
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« Strongly anharmonic in Fm3m

« Lowers Fm3m-R3m transition pressure
[Liu et al., Phys. Rev. B (2018)]

(a) 300 K (b) 800 K
Highly quantum H-lattice: rms dH = 20% of r(H-H)

Sublattice melting at higher temperature
[Liu et al., Phys. Rev. B (2018)]

‘Giant’ H ZPM (H,S): breakdown of Migdal
[Jarlborg & Bianconi, Sci. Rep. (2016)]
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Resistance, Ohm

Recent Developments: Other Superhydrides
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Emerging Systematics

 H-cage structures
- Higher T_in larger cages
» Electron-doping of H lattice
- Lad+ charge transfer to H cages

- Lad— mixed HH?* [Liu et al, Phys. Rev. B (2019)]
- Why La (Y, rare earths)?

[Semenok et al., arXiv (2019)]
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[Liu et al., PNAS (2017); Peng et al., Phys. Rev. Lett.

(2017); Zurek and Bi, J. Chem. Phys. (2019)]

Dominant role of H
- All high T_ hydrides [quan et al., arxiv (2019)]

Fully qguantum system
- Phase stability

[Liu et al., Phys. Rev. B (2018); Errea et al. Nature (2020)]

- Pairing
[Jarlborg & Bianconi, Sci.. Rep. (2016)]
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Towards Hot Superconductivity
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Ternary and More Complex Hydrides
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Hydride Perovskites:
A New Class of High T, Superconductors?

H;S Im3m CH,-H;S (CSH;) R3m



H-H g3, (meV/atom)
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function of pressure for CSH,

A New Class of High T, Superconductors?

Enthalpy per formula as a

structures relative to R3m

Hydride Perovskites:
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From H-S to H-O:
‘The Shape of Water’ Under Pressure

Structure Search / DFT Methods Ab initio MD
7 I | 1 I
Metallic fluid
i H.,O
o_ _ = _.
95— ..l
&~ O
o
:3_ E a Superionic H,0
|_
d % & # ’i"»m
¥, 'ﬁ""#*#; m A 4
ts ¥ v
. 3 &
1- :;::**’“ _.l - - === - ‘V _____
td & = Solid H,O

I I
400 450 500 550 600
Cmca clathrate-like structure Pressure (GPa)
“H;S-type” Im3m stable >2 TPa
* Predicted superionic solid and fluid metal [Huang et al., PNAS (2020)]




Extreme Hydrogen-rich Quantum Materials: H;0
Structure Search / DFT Methods

Superionic H,0  /
CH,—>C+2H,

 Explains anomalous magnetic fields: ‘thin-shell’ dynamos [Huang et al., PNAS (2020)]




Towards Hot Superconductivity/Superfluidity in Dense Hydrogen
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CONCLUSIONS AND OUTLOOK

1. High pressure studies are revealing a variety of
phenomena in quantum materials over a range of P-T

conditions as a result of the close synergy between
experiments and computation 1

2. Recent experiments on hydrogen provide evidence for
a series of transitions to metallic phases at >300 GPa

based on both static and dynamic compression, in
good agreement with theory

3. Studies of hydrogen-rich simple hydrides reveal high | .
T. approaching room temperature, and new classes of J -
novel phases continue to be found. % 2




ACKNOWLEDGEMENTS

Principal Collaborators

Maddury Somayazulu (ANL)
Muhtaer Ahart (UIC)
Zachary Geballe (Carnegie)
Hanyu Liu (Jilin)

Ravhi Kumar (UIC)

Ajay Mishra (BARC)

Maria Baldini (Fermilab)
Yue Meng (ANL)

Viktor Struzhkin (Carnegie)
Ivan Naumov (Howard)

N. W. Ashcroft (Cornell)
Roald Hoffmann (Cornell)

Financial Support

Yanming Ma (Jilin)
Wenwen Cui (JNU)
Zhenxian Liu (UIC)

Eric Rod (ANL)

Jesse Smith (ANL)

Rich Ferry (ANL)

Curtis Kenney-Benson (ANL)
Eva Zurek (Buffalo)

John Tse (Saskatoon)
Reini Boehler (ORNL)
Ronald Cohen (Carnegie)
Siyu Lu (Jilin)

Stan Tozer (FSU)

Peihao Huang (Jilin)

CDAC

T Y DD’“
| VA




THANK YOU!





