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Our research is focused on making and studying hydrogen in a
Diamond Anvil Cell-- DAC
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The Simple High Pressure

Phase Diagram
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We shall see that it becomes much more complex!



In recent decades a remarkable change
has developed in the view of the phase
diagram of hydrogen.

It was realized that there are
two pathways to metallic hydrogen

shown in the next viewgraph.
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We use Diamond Anvil Cells to create
multi-megabar static pressures

Nd:YAG LASER LIGHT (1064 nm)
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A liquid-liquid phase transition to
Atomic Metallic Hydrogen

For Pathway Il, We need:

 Megabar pressures: 100-200 GPa (100GPa=1 megabar)
in a diamond anvil cell
* High temperatures: 1000-2000 K

Challenges:

* Hydrogen diffuses into the gasket of the DAC—loss of sample

* Hydrogen diffuses into diamonds at high temperature;
diamonds embrittle and fail

Wigner-Huntington Transition
For Pathway |, we need pressures of 400 to 600 GPa



Laser Pulses and Heating

Temperature (K) Temperature (K)

Time Time

Pulsed laser heating. a) Recovery of initial temperature between pulses. The
square waves represent the laser power. b) Increase of steady state
temperature for short pulse period.

Pulsed laser heating inhibits hydrogen diffusion effects;

Sample thermalizes in picoseconds; pulses ~100-300 nanosecond



Laser heated sample in diamond anvil cell
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Sample can be heated to several thousand Kelvin with a laser
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We measure heating curves:
If there are no phase transitions we expect
a monotonically Increasing curve
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A phase transition leads to a kink or plateau in the curve

plateau
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Average pulse power



peak temperature (K)

Temperature vs pulsed laser power:
This was for a Platinum absorber, 2013
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To show that hydrogen is
metallic we want to measure
transmission and reflection on
the plateaus.



Heart of the DAC with semi-transparent laser
absorber: enables measurement of transmission and
reflection while pulsed laser heating
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Now, Pathway Il, we need
high pressure and high temperature

Problems: Attempts by others found that with continuous heating to high
temperature, hydrogen diffused into the gasket and the sample was lost; if a
diffusion barrier was used on the gasket to inhibit diffusion, then hydrogen
diffused into the diamond anvils and the diamonds failed
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Origin of plateaus: two possibilities
Reflectivity increases, so laser
power must increase to maintain

Plateaus on Tungsten absorber

heating and temperature

Latent heat of transformation: if

this is the case, then it is

evidence of a first-order phase

transition
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Pressure-Temperature points of Plateaus
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Transmission and Reflection on or at higher
temperatures than the plateau
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Heating to thick film and bulk reflectance limit
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According to theory the PPT is a first-order phase transition.

The plateaus can arise either from latent heat of
transformation (characterizes a first-order transition) or
increased reflectivity at the plateau.

Reflectance is negligible so the plateau is due to latent heat
and the transition is first order; the latent heat is most likely
due to dissociation of molecules

At 170 GPa and 1240K we estimate the Fermi
energy is ~13 EV, assuming complete dissociation of
the molecules

So the MH is a metal with a well-defined Fermi
surface; it is not a hot plasma with Maxwell-
Boltzmann statistics.



Estimate of DC electrical conductivity from Drude/dielectric function
is ~¥13,000 (ohm-cm)”A-1—much better than Mott minimum
conductivity for a metal, assuming full dissociation of the hydrogen



Significance of weak reflectance on the plateau:
Plateaus due to latent heat

We have observed a first-order phase transition in
agreement with theory:

The Plasma Phase Transition to metallic hydrogen
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What about Pathway I?



Temperature (K)

2000

Critical Point~

Pathway Il

1500 -
N Plasma
1 Liquid H2 Phase
Transition
1000 Melting line
| Metallic Liquid H
: N
Solid H2 N
500 (I
| V.
N
| I "N Pathway |
[ N,
0 T I T T T T I I \ T
0 100 200 300 400

500



Temperature (K)
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Hydrogen: the Stubborn Insulator
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Thank you
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