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EXTREME ENVIRONMENTS IN THE COSMOS

Energetic photon/particle flux

Chemical extremes

Electromagnetic extremes

Pressures and temperatures




SUPERNOVAE AND NUCLEOSYNTHESIS
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Is Water Compressible? , |
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Compressing Atoms

[Fowler, Mon. Not. R. Soc. Astron. Soc. (1926); Bridgman, Phys. Rev. (1927)]




Energy

-----------------------

Kinetic Energy
= f ps3(r)dr

Total Energy

Coulomb + Exchange
+ Correlation Energy

Interatomic Distance

Ultimate state of
molecules:
“Metals” or
“Valence Lattices”

[Bernal (1926);
footnote in

Wigner & Huntington,
J. Chem. Phys. (1935)]



Repulsive
Force

Attractive
Force

Interatomic Distance

What happens when we bring atoms close together ?



1

Repulsive
Force

Attractive
Force

Interatomic Distance

What happens when we bring atoms close together ?



PRESS URE

Penodlc Table of the Elements

Halogens
13 14 15 16
3A 4A 5A 6A TA
s | 6 \ 7 | 8
B C | N o
10.81 | 12.01 | 14.01 | 16.00

3 4 5 6 7 8 9 10 11 12 13 14 15

Transition metals

| 22 23 24 25 26 27 28 729 30 31 32 33
2 Sc Ti v Cr | Mn Fe Co Ni Cu Zn Ga Ge As
| 44.96 |47.88| 50.94 | 52.00 | 54.94 | 55.85 | 58.93 |58.69| 63.55 | 65.38 | 69.72 | 72.59 | 74.92 | 78.96

39 40 41 42 43 44 45 46 47 48 49 50 51
Y Zr Nb | Mo Te Ru Rh Pd Ag Cd In Sn Sb
88.91 |91.22 |9291 (9594 | (98) |101.1 |102.9 | 1064 | 107.9 | 1124 | 114.8 | 118.7 | 121.8 | 127.6

57 72 73 74 75 76 77 78 79 80 81 82 83
S | Ba | La* | Hf | Ta w Re Os Ir Pt Au | Hg i Pb Bi
11389 | 178.5 | 180.9 | 183.9 | 186.2 | 190.2 | 192.2 | 195.1 | 197.0 | 200.6 | 204.4 | 207.2 | 209.0 | (209)

89 | 104 | 105 | 106 | 107 | 108 | 109 e
| Ac' |Unq | Unp| Unh | Uns | Uno | Une )

Alkali metals

PRESSURE

*Lanthanides

tActinides

e Filling of s, p, d, ... orbitals

* Simple structures

Under Pressure
 Orbital hybridization (e.g., s—d)
* Complex structures/electronic structure
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P — F / A [after T. Strobel]

50 kg (110 Ibs) woman on 12 mm heel (1/2”) = 43 atm (630 psi)

103 atm =~ kbar

106 atm =~ Mbar

10 kbar = 1 GPa

1 Mbar = 100 GPa

Units: atm, bar, Pa, psi,

Torr, mmHg, inH,O
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1GPa-= 10 GPa = 100 GPa =
1 Elephant per pencil =10,000 atm 10 Elephant per pencil =100,000 atm 100 Elephant per pencil =1,000,000 atm



50,000 ton press
(140 ft)

Institute of High
Pressure Physics

Troitsk, Russia
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Generating Extreme Pressures in the Laboratory

Static

Sample chamber

>100’s GPa (~0.5 TPa)

~ eV energies — valence electrons




Spectroscopies Absorption/emission

Diffraction/Scattering

inelasuciscatternng
Advariced:Photon Sogfcen:

CENTRAL LAB / OFFICE BUILDING
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Generating Extreme Pressures in the Laboratory

Dynamic

Static

Diamond

>100’s Mbars (1 Gbar)
~ keV energies — core electrons

Sample chamber

Natlorllél 1g gnition FaC|I|ty
Pk :
>100’s GPa (~0.5 TPa) \ IR e

~ eV energies — valence electrons

mmmmmmmm
aaaaaaaaaaaaaa

aaaaaaaaaaaaaa

nnnnnnnnnnn
nnnnnnnnnnnn
mmmmmmmmmmmmmmmmmm

Final optics

xxxxxx




Touching the Spring of the Air

N,

J,

e




Touching the Spring of the Air

100 GPa
heating




Touching the Spring of the Air

[Eremets et al.,
Nature Materials (2004);
J. Chem. Phys. (2004)]

: LLILU.-U;L

,rr((twr(t

100 GPa

High energy density material
_‘ 0.83 eV/atom (single bond)
4.94 eV/atom (triple bond)







Touching the Spring of the Air

: O; Clusters c

[Lundegaard et al.,
Nature (2006);
Fujihishi et al.,

Phys. Rev. Lett.
(2006)] s

Solid Oxygen at 30 GPa (300 K)
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‘Water’ at 100 GPa (1 Mbar)

Spallation Neutron
Source (ORNL)

[Guthrie et al. PNAS (2013)]
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The Simple Metals?

Body Centered Cubic (BCC)

MAY 15, 1933 PHYSICAL REVIEW VOLUME 43

On the Constitution of Metallic Sodium

E. WiGNER AND F. SE11z, Department of Physics, Princeton Uﬁiversity
(Received March 18, 1933)



The Simple Metals?

[Gregoryanz et al., Science (2008)]

fec e cl16

[Wigner & Seitz,
Phys. Rev. (1933)]

>100 GPa

« >11 Phases in Na

 Na melts <300 K

 Transparent
>200 GPa!

199 GPa
[Ma et al., Nature (2009)]



The Simple Metals?

[Gregoryanz et al., Science (2008)]

fec e cl16

[Wigner & Seitz,
Phys. Rev. (1933)]

>100 GPa

« >11 Phases in Na

 Na melts <300 K

 Transparent
>200 GPa!

Bonding
‘without nuclei’

199 GPa
[Ma et al., Nature (2009)]



The Simple Metals?

Bonding
‘without nuclei’

’Quasimolecules’
in Lithium (80 GPa)

[Miao, Naumoyv, Hoffmann, & Hemley, submitted]



Superconductivity
merer
s s
SUPERCONDUCTING ELEMENTS HgBa,Ca,Cu,0,., " _\,g.. e

23 produced under pressure; T =164 K
e.g., O, S, B, Fe, Li, Ca at 30 gPa)
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[Drozdov et al., Nature (2015)]




Novel Compounds

Elements from Noble
to Ignoble

Xe(H,)s

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

Xe ‘bonding’ with H,



DECEMBER, 1935 JOURNAL OF CHEMICAL PHYSICS VOLUME 3

On the Possibility of a Metallic Modification of Hydrogen

E. WIGNER AND H. B. HUNTINGTON, Princelon University
(Received October 14, 1935)

I > 25 GPa
— 4]

[Ginzburg, Key Problems
in Physics and
Astrophysics (1982)]
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LATE @:ﬂ HW Weeknights 11:35/10:35pm ¢
wilh T “"There is no off position on the genius switch.”

WHY HYDROGEN IS INTERESTING

o~ nuclei . electrons .

H=2T1>+ et EONE
1. Tests of fundamental theory R e
2. Most abundant element S B R T
3. Very strong covalent bond 3 %ﬁ(o )
4. Chemical dichotomy B ; e il

U s s [c|'n o [N

5. R-T superconductor? i
6. Fluid ground state? P A e ——
7. Superconducting/superfluid? . RELRREEERRE [4
8. Energetic material (35 x TNT) Fully quantum mechanicalsystem;
9. Path to inertial confinement fusion
10. Drives high P-T technique develop. &




Temperature (K)

Hydrogen Phase Diagram
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Absorbance

High-Pressure Vibrational Spectra

‘Collision-induced’
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[Hanfland et al. Phys. Rev. Lett. (1992)
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Dipole allowed: Phase Transition
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[Hanfland et al. Phys. Rev. Lett. (1993);
Hemley et al., Nature (1994);
Chen et al. Phys. Rev. Lett. 1995)]



Hydrogen Phase Diagram

L "N \
\ |
1000 L 4 |
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[Zha et al., Phys. Rev. Lett. (2013); PNAS (2014);
see also, Howie et al., Phys. Rev. B (2013)]

Pressure (GPa)



Hydrogen Phase Diagram

| 1 | L .}\ |
\ W
N Fluid -
\ transition Dynamic
a 800 ltne\s (Shock Wave) -
— N
o \
2 600 \ i
(\] N\
— |
g |
|
= 400 Static ' IV Y
2 e
200 =
[Wigner & Huntington (1935)] "l
0 ] ] I | | | ] -

0 50 100 150 200 250 300 350

[Zha et al., Phys. Rev. Lett. (2013); PNAS (2014);

see also, Howie et al., Phys. Rev. B (2013)] Pressu re (G Pa)



Hydrogen Phase Diagram

| | | | |
1000
g 800 =
o
= 600F
o
Q
Q.
g 400 Ordered
—
200
0H ] | |

0 50

[Zha et al., Phys. Rev. Lett. (2013); PNAS (2014);
see also, Howie et al., Phys. Rev. B (2013)]
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Phase IV is a
graphene-based
layer structure

C-graphene

H-graphene

H; ‘aromatic cluster’ : : o
[Naumov & Hemley, Acct. Chem. Res. (2014); % % & cw
see also, LeSar & Herschbach, J. Phys. Chem. (1981);

Dixon et al., Faraday Disc. (1977)] [Pickard et al., Phys. Rev. B (2012)]



Graphene-based
layer structures
for dense hydrogen

[Cohen, Naumov & Hemley, PNAS (2013)]

C-graphene

S

H-graphene

H; ‘aromatic cluster’



Is hydrogen metallic at these P-T conditions?

[ I I I
SYNCHROTRON INFRARED ABSORPTION

A-E Predicted Models for Simple Metals

Absorbanc

360 GPa, 100 K

Like graphite
(not ‘alkali’ metals)!

—

330 GPa, 100K

360 GPa, 17K

|

Borderline of semi-

0.4 0.6 0.8 1.0 conductor-semimetal
Photon Energy (eV)

[Zha et al., Phys. Rev. Lett. (2012)]



New View of Solid Metallic Hydrogen




New View of Solid Metallic Hydrogen
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Predicted
superconducting
superfluid
ultradense
hydrogen

(400 GPa)

[Babaev et al.,
Phys. Rev. Lett.
(2008)]




Predicted
superconducting
superfluid
ultradense
hydrogen

(400 GPa)

[Babaev et al.,
Phys. Rev. Lett.
(2008)]

MAGNETIC
VORTICES

[Abrikosov,
J.E.T.P. (1964)]
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>10° Extrasolar Planets
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Jupiter

stable regions?

165~170 K ¢ bulk abundance of warer?

HOROT deep zonal winds?
- ar

N K magnetic dynamo?

I plasma phase transition?

location & exrent of
inhomogeneous region?

metallic hydrogen
(helium rich)

(16 Mb2T

core: well—defined
or dilured?

[Guillot et al. (2002)]




Juno Mission to Jupiter

August 5, 2011 Launch

Julyl4, 2016 Arrival

Mission Goals

Origin and evolution?
Composition (e.g., H,0)?
Gravity / magnetic fields?
Internal structure?

Size and existence of a core?




National Ignition Facility

Optics assembly

© bullding Cavity mirror
’ mount assembly
/

Pockels cell assembly

’

/" Amplifier

/

/ Spatial filters

4
: Control room
, Master oscillator
g room
Power conditioning
transmission
lines

Switchyard
o support structure

Amplifier
power conditioning
modules

Periscope
polarizer mount
assembly

Beam control

& laser dingnostic J/
systems Pre-amplitier
modules
/ Diagnostics
Transport turning [ . building
mirrors ! Target chamber
500 Final oplics
system

Lawrence Livermore National Laboratory



National Ignition Facility

Lawrence Livermore National Laboratory
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High P-T Transition in Fluid Hydrogen

DYNAMIC COMPRESSION

100 GPa

Conductivity of dense
fluid hydrogen:
depth of magnetic field
generation?

[Jeanloz & Hemley (Pls),
NIF Discovery Science Campaign]

5000

Temperature (K)

—
o
o
o

300

Pressure (GPa)

— ‘ —
:
" , o
!
|
!
: fluid |
i i
:i A\ Predicted Superflui
§ Superconductor
: solid H, ¥
L .
Phase | |
B | )
I Phase IV * g
! | | ! I[N |
0 100 200 300 400

[after McMahon et al.,
Rev. Mod. Phys. (2012)]



High P-T Transition in Fluid Hydrogen

DYNAMIC COMPRESSION

100 GPa

Conductivity of dense
fluid hydrogen:
depth of magnetic field
generation?

[Jeanloz & Hemley (Pls),
NIF Discovery Science Campaign]

Temperature (K)

5000

—
o
o
o

300

© INSULATING .
H, FLUID?

CONDUCTING |
H FLUID?

Predicted SL&
Supercong

perflui
Juctor

solid H2
| N
Phase | l| o
| Phase IV
| I | LN | I |
100 200 300

Pressure (GPa)

Rev. Mod. Phys. (2

400

[after McMahon et al.,

012)]



High P-T Transition in Fluid Hydrogen

Laser Sample Geometry
PUIse Cu LiF | Al Mirror coating |
[720um]

[70um]
X-ray
drive

Optical/Velocity
(VISAR) Data

1200
2nd shock
4th shock
1000 N lf“""
Interface
(Mirror) D2 becomes
opaque
. = 800
Onset of reflectivity
near 200 GPa
600
Cu/D,
Interface T P - T
H2 9 H 400 D, becomes

15t shock reflecting
D, is transparent (Metal

[Jeanloz & Hemley (Pls),

NIF Discovery Science Campaign] Time (ns)



Hydriding of inert metals: Re, Ir, Pt, W
Structures of WH,,

Size and Existence of
the Jovian Core?

40 Mbar

loalrock core?

»> Extreme reactivity of hydrogen
will ‘erode’ the core

[Zaleski-Eigierd et al., Phys. Rev. B (2012)]




Temperature (K)

Complexity of Water
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CH,(H,),
33.4 wt% H,

[Somayazulu et al., Science (1996);
W. Mao et al. Chem. Phys. Lett. (2005)]

(H,0);H,
a-quartz-type

[Strobel et al.,
J. Phys. Chem.
(2011)]

(H;S);H,
Al,Cu type

[Strobel et al., Phys.
Rev. Lett. (2010)]

» PRECURSOR TO
HIGH T_’H.S’
T.=203 K
[Drozdov et al., Nature. (2015)]

11.3 wt% H,

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

Xe(H,)s

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









Return to Earth

New dense silicates

Pmcem (Fe-rich)

Co,

[Santoro et al.
PNAS (2012]];
Datchi et al.,
Phys. Rev. Lett.
(2012)




Biology at Extremes

R

aresinrwly e
-
o

,-.‘"' ‘—‘-\. el
LN, e
.’.fﬁt‘.

...-‘-

FERAE A A :‘.: ‘ s ‘o9
i m"\q G g
2 - ,('\
so‘n’.s' "J,_‘
~ s e vy SOty
- > ?' -cr.':»‘

.

MR e
o i‘,.,‘..,“'(\..w

-—
AT L

L7 B
¥ N

- - .l"-.
s T RN ] e T, SO
S S . PN N Y &Y
S R e b E‘A\IC)' e S0

sl
- A

0 mae

~

Y -

—
o

,4
[ 4



Biology at Extremes

DEEP CARBON
OBSERVATORY

Structure-function in
biological systems

St

“ 2 ler24
_?ﬁ
=9 © —_ ®

Yng” )
Argl25 @ .F-/:r:m
T pﬁz\ ) B
r - \
N\

, )\
[Fourme etal. \\";

. Mol. Bio. (2002)] <" Ambient

Lysozyme
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[ 2
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Pressure / Temperature Effects on Membranes

Low Temperature

—

High Pressure

Fluid Phase
(liquid-crystalline)

Gel Phase

Microbial viability to >25 kbar

Direct observations

[Sharma et al., Science (2002);

Pressure-induced directed evolution
[Vanlint et al., mBio (2011)]
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Biology at Extremes

Relative Activity (%)

Protein dynamics under
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pressure

How can
simulations
inform structure-
function relations
at high
pressures?

[Rodgers et al.
In preparation]
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Implications for New Materials
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Can we use these techniques to design, discover and
synthesize new technological materials?



Implications for New Materials
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Impllcatlons for New Matenals

‘q,.'a. 3
ST

New carbon structure:
sp® carbon nanothreads
from benzene at 20 GPa

[Fitzgibbons et al., Nature Mater. (2014)]



New Technological Materials EETCe matiome

1. Discovery of sp® carbon 2. Mesoporous ‘dense’ 3. New allotrope of
nanothreads crystalline silica silicon: Si,,

[Fitzgibbons et al., Nature Mater.
14, 43 (2014)] [Stagno et al., Phys. Chem.
Minerals (2015)]

4. Liion mobility Direct Band Gap
in battery anodes [Kim et al., Nature Mater. (2015)]

Transition
State

5. Predicted high T
superconductivity
in dense carbides

AG,=AE, +PAV,

X

[Tracy et al., Phys. Rev.
B (@014 NaC, T,>100 K

[Luetal., Phys. Rev.B
(2016)]




Alternative Routes to Synthesis of Novel Phases
Diamond Synthesis CVD Diamond

General Electric, Co. .. p 3
( 19§ 4) * Co-deposition (sp?, SP)
' « Etching (sz, sp’)

—t

e-, A
H, _— 2H
CH, +H CH, +H,

« Limited in size and quality from
Nature and conventional synthesis
« Optimized properties: strength,
toughness, doping
[Liang et al., Superhard Materials (2013)]



CONCLUSIONS AND OUTLOOK

. High pressure is opening a new world of
materials

. New predictive models are needed to
understand the bonding and other
phenomena in these regimes

. These findings provide new insights into
materials under ‘normal’ conditions

. The implications span the sciences, from
astrophysics to biology

. There is the prospect for the creation of new
useful materials using these techniques
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