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Abstract

Hydrogen, being the simplest and most abundant element in the Universe, is

of fundamental importance to condensed matter sciences. Through advances

in high pressure experimental technique, hydrogen (and its isotope deuterium)

has been contained and studied using in situ optical spectroscopy to 315 (275

GPa) at 300 K, pressure and temperature conditions previously thought to be

inaccessible. At 200 GPa, hydrogen undergoes a phase transformation, attributed

to phase III, previously observed only at low temperatures. This is succeeded at

220 GPa by a reversible transformation to a new phase, IV, characterized by

the simultaneous appearance of the second vibrational fundamental mode, new

low-frequency phonon excitations, and a dramatic softening and broadening of

the first vibrational fundamental mode. To impose constraints on the P-T phase

diagram, the temperature stability of phase IV is investigated through a series of

low temperature experiments, where the phase IV-III transformation is observed.

Analysis of the Raman spectra suggests that phase IV is a mixture of graphene-

like layers, consisting of elongated H2 dimers experiencing large pairing fluctua-

tions, and unbound H2 molecules. Isotopic comparisons reveal spectral di!erences

between the phase IV-III transition of hydrogen and deuterium, which strongly

indicates the presence of proton tunnelling in phase IV.

Optical transmission spectra of phase IV reveals an overall increase of absorption

and a closing band gap reaching 1.8 eV at 315 GPa. No di!erences between

the isotopes were observed in absorption studies, resulting in identical values for

the band gap. Extrapolation of the band gap yields 375 GPa as the minimum

transition pressure to a metallic state of hydrogen (deuterium).

i



Declaration

Except where otherwise stated, the research undertaken in this thesis was the

unaided work of the author. Where the work was done in collaboration with

others, a significant contribution was made by the author.

R. Howie

June 2012

ii



Acknowledgements

I would like to record my thanks to all those who have helped me in the course

of this work. In particular, the following:

Prof. E. Gregoryanz for his support, guidance, assistance and encouragement

throughout my studies. I would especially like to thank him for captivating my

interest in the field of high pressure.

Dr. C.L. Guillaume for his constant support, encouragement, and for always

keeping morale high through tough times. Without his unerring patience when

coaching, I would not have been anywhere near technically able to conduct the

work for this thesis.

Mr. T. Scheler for never failing to help with operating the FIB and for useful

discussions in our weekly squash matches.

Ms D.M. Morton and Mr P. Dalladay-Simpson for help and companionship

through experiments and at conferences.

To the technical sta! at the physics workshop who had to put up with job requests

sometimes on a daily basis for the course of the work.

To the Institute of Shock Physics, Imperial College London for financial support.

Finally, to my parents, my sisters and Freyja for their unfailing encouragement

and support throughout. I would especially like to thank my mum who has always

been there for me and to whom this thesis is dedicated.

iii



Contents

Abstract i

Declaration ii

Acknowledgements iii

Contents iv

List of figures v

1 Introduction 1
1.1 Introduction and motivation . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 A Review of Solid Molecular Hydrogen 5
2.1 Solid Hydrogen at High Pressure . . . . . . . . . . . . . . . . . . 5
2.2 Pathways to a Metallic State . . . . . . . . . . . . . . . . . . . . . 14

3 A Review of Optical Spectroscopy at High Pressure 20
3.1 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1.1 Theory of Raman Spectroscopy . . . . . . . . . . . . . . . 21
3.1.2 High Pressure Raman Setup . . . . . . . . . . . . . . . . . 26

3.2 Pressure Calibrants . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Technical Developments 34
4.1 The Diamond Anvil Cell . . . . . . . . . . . . . . . . . . . . . . . 34

4.1.1 DAC Preparation . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Low Temperature Equipment . . . . . . . . . . . . . . . . . . . . 40

4.2.1 Cryostat . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2.2 Testing the cryostat: Measurements on dense sodium . . . 41

5 Multi-megabar room temperature compressions of H2 and D2 46
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2 Phase I-III Transition at Room Temperature . . . . . . . . . . . . 47

iv



CONTENTS

5.3 Discovery of phase IV . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3.1 Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3.2 Deuterium . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.3.3 Optical Transmission Spectroscopy . . . . . . . . . . . . . 57

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.4.1 Determining a Structure for Phase IV . . . . . . . . . . . . 59
5.4.2 Evidence for further high pressure phases . . . . . . . . . . 66
5.4.3 Use of the H2 and D2 vibron as a pressure gauge . . . . . . 70

6 Exploring the stability of phase IV in the P-T space 74
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.2 Low Temperature Studies . . . . . . . . . . . . . . . . . . . . . . 75
6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

7 Conclusion 86

Appendix A 88

Bibliography 90

Publications 99

v



List of Figures

2.1 A) Rotational energy level diagram for free hydrogen (left) and
deuterium (right). I is the total nuclear spin and J is the rotational
quantum number. The frequencies of the intramolecular rotational
excitations are given. B) Raman spectra of D2 at 0.8 GPa in the
fluid state with diagrams of the principal vibrational excitations of
solid molecular hydrogen. Diagrams are adapted from [Mao 94]. . 7

2.2 Left panel: Low temperature hydrogen phase diagram for H2 (black
line) and D2 (red line) adapted from Ref. [Goncharov 11]. Left
panel: H2 vibron frequency vs pressure at 100 K. Phase transitions
are separated by dashed lines. Data are taken from Ref. [Mao 94]
and Ref. [Loubeyre 02]. . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Left: A layer of the C2/c monoclinic structure at 300 GPa as
predicted for phase III from Ref. [Pickard 07]. Right: Four layers
of the Pbcn structure at 300 GPa with unit cell shown. All atomic
positions are taken from Ref. [Pickard 07]. . . . . . . . . . . . . . 13

2.4 Phase diagram of hydrogen prior to this work. The melting curve
(thick solid line) is a Ketchin fit from Ref. [Gregoryanz 03], and
the symbols along it are from Refs. [Datchi 00] (red circles),
[Gregoryanz 03] (blue triangles), [Deemyad 08] (orange squares),
[Subramanian 11] (purple triangles) and [Eremets 09] (orange
diamonds). The solid lines separating the phases I, II, and III
are from Ref. [Goncharov 11]. . . . . . . . . . . . . . . . . . . . 16

2.5 Pressure evolution of the frequency of the H2 vibron with pressure.
Symbols and lines represent measurements on the LiH part and
the hydrogen part of the sample, respectively. Triangles and line
(blue) show measurements at 120 K, while diamonds and line (red)
represent measurements at room temperature. The inset shows the
synthesized LiH sample in hydrogen media at a pressure of 155 GPa. 18

3.1 Energy-level diagram illustrating transitions corresponding to
Rayleigh, Raman Stokes, and Raman anti-Stokes scattering . . . . 24

vi



LIST OF FIGURES

3.2 Diagram of the high pressure Raman setup. BP is the band pass
filter, M1-M3 are mirrors, P1 is a periscope comprising of two
mirrors, S1-S6 are plano-convex spherical lenses, BSC is a 50:50
beam splitter cube, BS is the beam splitter for reflected light, SNF
and NF are SuperNotch and notch filters respectively, and WL1-2
are white light sources. . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Representative Raman spectra showing the diamond Raman edge
on compression of H2 to 318 GPa (calculated using Ref. [Akahama 10b]).
(b) Representative Raman spectra showing the diamond Raman
edge upon a cooling cycle of D2. . . . . . . . . . . . . . . . . . . . 32

4.1 Left: Standard diamond anvil cell schematics. Right: Diagram of
the modified piston-cylinder diamond anvil cell used in the multi-
megabar experiments. . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 Scanning ion micrographs of a laser drilled gasket hole from
directly above (A) and from a 45! angle and scanning ion
micrographs of an ion-milled gasket hole from directly above (C)
and from a 45! angle (D). . . . . . . . . . . . . . . . . . . . . . . 38

4.3 Left: Temperature dependence of the E2g mode at 180 GPa (right)
and 190 GPa (left). . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.4 Na phase diagram. The lower-pressure region, shown in open
circles, is adapted from [Gregoryanz 08] and [Gregoryanz 05]. The
solid circle is a measurement in this study. The dot-dashed line
shows the extrapolation of the melting curve from 30 GPa with the
Simon-Glatzel empirical law. Dashed lines between tl19 and hP4
represent hysteresis of the phase transition: the higher pressure
phase line represents a phase change on increasing pressure, whilst
the lower represents a phase change on decompression. . . . . . . 45

5.1 Representative Raman spectra of H2 and D2 at various pressures
passing through the phase I to phase III transition. At low
pressures, the peak at 2500 cm"1 corresponds to the second-order
Raman band of diamond, which becomes unresolvable above 100
GPa. The break from 1200 cm"1 to 2100 cm"1 cuts only the first-
order Raman band from diamond . . . . . . . . . . . . . . . . . . 48

5.2 Left: H2 (black triangles) and D2 (red diamonds) vibron frequency
versus pressure. Right: H2 (black triangles) and D2 (red diamonds)
vibron FWHH versus pressure. The red and black dashed lines
indicate the phase I to phase III transition for D2 and H2 respectively. 49

5.3 Top: Representative Raman spectra of H2 at various pressures
passing through the phase III to phase IV transition at 220
GPa. Bottom: Representative Raman spectra of H2 showing the
evolution of phase IV with pressure. . . . . . . . . . . . . . . . . . 51

vii



LIST OF FIGURES

5.4 Top left: H2 vibron mode frequency shift as a function of pressure.
Closed triangles and closed circles are the !1 and !2 vibron modes.
The blue dashed line is Raman measurements at low temperature
from [Loubeyre 02]. Open diamonds are low temperature infra-red
measurements from [Goncharov 98, Hanfland 93]. Top right: H2

!1 (closed triangles) and !2 (closed circles) vibron mode FWHH as
a function of pressure. Bottom: H2 lattice modes as a function of
pressure. Vertical dashed lines indicate phase transitions. . . . . . 52

5.5 Representative Raman spectra of D2 at various pressures. . . . . . 55
5.6 Top left: D2 vibron mode frequency shift as a function of pressure.

Closed triangles and closed circles are the !1 and !2 vibron modes.
Blue triangles indicate the phase III !1 vibron frequencies when
phases III and IV coexist. Top right: D2 !1 (closed triangles) and
!2 (closed circles) vibron mode FWHH as a function of pressure.
Bottom: D2 lattice modes as a function of pressure. Vertical
dashed lines indicate phase transitions. . . . . . . . . . . . . . . . 56

5.7 Top: Optical absorption spectra of H2 in a visible spectral range
at 300 K and di!erent pressures. The reference transmission
spectrum was measured at 75 GPa. Bottom: H2 (black squares)
and D2 (red squares) combined band-gap points as a function of
the pressure at 300 K. Open triangles are the low temperature
data in phase III taken from [Loubeyre 02]. Quadratic [upper
(magenta) curve] and cubic [lower (blue) curve] polynomial fits
extrapolated to higher pressures are shown as solid lines. Inset:
Optical microscopy images of a H2 sample in transmitted and
reflected white light at 275 GPa and 300 GPa. . . . . . . . . . . . 58

5.8 Top: Top and side views of the Pbcn structure at 300 GPa showing
bond lengths. The atomic positions are taken from [Pickard 07].
Bottom: Top and side views of the Pc structure, where the atomic
positions have been taken from [Pickard 12]. Black atoms indicate
the top weakly bonded G-layer. The black dashed lines show the
next nearest contacts within the layer. . . . . . . . . . . . . . . . 61

5.9 The atomic motions of the (A) low frequency libron Raman mode
and (B) soft vibron (!1) Raman mode of the Pbcn structure as a
result of MD simulations taken from [Goncharov 13]. . . . . . . . 63

5.10 The frequencies of the observed modes in hydrogen versus the
corresponding frequencies of the deuterium modes from 70 to 275
GPa. The blue filled triangles are the !1 mode, the red filled circles
are the !1 modes. The filled squares and stars are the low energy
phonon modes. The arrows indicate the change in frequency of the
given excitation when pressure is increased. The straight solid line
has the slope of 1/

!
2 . . . . . . . . . . . . . . . . . . . . . . . . . 64

viii



LIST OF FIGURES

5.11 Comparison of the experimentally observed and theoretically
calculated [Pickard 12] Raman intensities and spectral positions
of the hydrogen bands at 250 GPa. (A) Experimental raw spectra
observed in phase IV (in black); spectra corrected for decreasing
sensitivity of the detector are shown above (in red). The broad
peaks between 1333 cm"1 and 1800 cm"1 are due to the first order
Raman from diamond. (B) Experimental renormalized spectra
plotted as Gaussian distributions for phase IV (vertical black
lines); theoretically calculated spectra for Pc. The intensities for
renormalized and theoretically calculated spectra are plotted on
a logarithmic scale to clearly compare the weaker low frequency
modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.12 Upper: Illustrations and photomicrographs showing how the
sample chamber was observed to partially collapse. Hydrogen
vibron frequencies and pressure estimates (calculated using Ref.
[Akahama 10b] are indicated at each stage of deformation. Lower:
Raman spectra of H2 (bottom) and D2 (top) at diamond edge
frequencies of 1765 cm"1 and 1770 cm"1 respectively. The
upper spectrum in each isotope shows measurements on the
transparent part of the sample. The lower (weaker) spectrum
shows measurements on the partially collapsed sample chamber,
as illustrated in the photomicrograph inset. The inset shows a
photomicrograph in both transmitted and reflected light, whilst
the probing laser reflects on the partially collapsed gasket segment
of the sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.13 Hydrogen and deuterium combined band-gap points (filled squares)
as a function of pressure at 300 K. Dotted (black) straight lines
are linear fits to the measured data points in phase IV and phase
IV’. Quadratic [upper (red) curve] and cubic [lower (blue) curve]
polynomial fits extrapolated to higher pressures are shown as solid
lines. Inset: Frequency of the !1 mode of hydrogen as a function of
pressure. Open circles are measured !1 vibron frequencies versus
pressure. The solid (red) line shows the nearly linear (from 275 to
400 GPa) extrapolation of the !1 frequency up to above 375 GPa-
the minimal pressure needed to close the optical band gap. Dashed
vertical lines indicate the proposed phase transition between phase
IV and phase IV’. . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.14 H2 and D2 vibron frequency versus diamond Raman edge frequency
for 10 separate experimental runs. Insets: Vibron frequency
versus pressure comparison between this study and [Eremets 11].
Solid symbols represent this study with pressure calibrated using
[Akahama 10b] and open symbols are from [Eremets 11]. . . . . . 72

ix



LIST OF FIGURES

6.1 Representative Raman spectra of deuterium upon cooling (top)
and warming (bottom) showing phase IV-III transformations at
242 GPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.2 Representative Raman spectra of deuterium upon cooling (top)
and warming (bottom) showing phase IV-III transformations at
247 and 256 GPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3 Top: Frequency discontinuities of the !1 modes of H2 (filled
triangles, 262 GPa; filled circles, 242 GPa) and D2 (open squares,
256 GPa; open diamonds, 247 GPa) across the III-to-IV transfor-
mations. Bottom: FWHH of the !1 vibrons of H2 (filled triangles,
262 GPa; filled circles, 242 GPa) and and D2 (open squares, 256
GPa; open diamonds, 247 GPa) plotted versus temperature. Note
the similar values of FWHH for both isotopes in phase III. . . . . 78

6.4 Generalized P-T-!1 diagrams for (a) D2 and (b) H2 showing the
di!erence in the vibron frequency landscapes. . . . . . . . . . . . 80

6.5 Comparison of the experimentally observed and theoretically
calculated [Pickard 12] Raman intensities and spectral positions
of the hydrogen bands at 250 GPa. (A) Experimental raw spectra
observed in phase III (in black); spectra corrected for decreasing
sensitivity of the detector are shown above (in red). The broad
peaks between 1333 cm"1 and 1800 cm"1 are due to the first order
Raman from diamond. (B) Experimental renormalized spectra
plotted as Gaussian distributions for phase III (vertical black
lines); theoretically calculated spectra for Cmca-12 (blue) and
C2/c (red). The intensities for renormalized and theoretically
calculated spectra are plotted on a logarithmic scale to clearly
compare the weaker low frequency modes. . . . . . . . . . . . . . 83

6.6 Proposed phase diagram of H2 (top) and D2 (bottom). The melting
curve (thick solid line) of H2 is a Ketchin fit from [Gregoryanz 03]
and the symbols along it are from [Datchi 00, Gregoryanz 03]. The
black diamonds separating the phases I, II and III of H2 and D2

are from [Goncharov 11]. The thin red solid lines show the P-T
paths taken in this study and the stars along them show phase I to
III and III to IV transformations. The dashed lines are proposed
boundaries between I-III, III-IV and I-IV phases. The solid purple
and orange lines show the theoretically predicted phase III-IV-V
transition lines [Pickard 12, Liu 12]. The calculated transition lines
between molecular and atomic liquid H2 are shown with dashed
lines and crosses [Tamblyn 10] and triangles [Morales 10]. . . . . 85

x



Chapter 1

Introduction

1.1 Introduction and motivation

As the simplest and most abundant element in the universe, the understanding

of hydrogen is vital to multidisciplinary fields in physics. Specifically, the high

pressure behaviour of hydrogen is of the utmost importance in the understanding

of simple molecules under pressure. How the material behaves under pressure will

also have important implications for reaching inertial confinement fusion (ICF)

conditions and for planetary modelling, as hydrogen is the primary constituent

in Jovian planets.

A long outstanding challenge of condensed matter physics is the production

of metallic hydrogen in the experimental laboratory. In 1935, Wigner and

Huntington predicted solid molecular hydrogen would to dissociate into an atomic

metallic solid at 25 GPa [Wigner 35]. However, this first prediction was still

in the early development of quantum mechanics and the predicted transition

pressure was outwith experimental capabilities. Now, modern calculations and

experiments predict metallization pressures in excess of 300 GPa. In 1968,

Ashcroft predicted that atomic metallic hydrogen may be a high temperature

superconductor based on a BCS model [Ashcroft 68]. Furthermore, in a later

study, a new exotic state of matter was predicted, whereby hydrogen may not be

characterized exclusively as a superconductor or superfluid [Babaev 04]. If found

to be metastable, metallic hydrogen has been suggested to have revolutionary

1



1.2. Thesis Outline

applications from lightweight structural materials, to rocket fuel that could

provide four times more propellent power than conventional liquid hydrogen

rocket fuel [Silvera 10].

The first early e!orts to obtain metallic hydrogen used large presses [Kawai 75,

Vereshchagin 75], however significant progress was made only when the diamond

anvil cell (DAC) was developed to obtain multi-megabar pressures in the late

1980s. As experiments continued to push hydrogen to higher pressures, the

predicted metallic transition has yet to be observed, at least not below 1000

K. The DAC has been a vital tool in many important discoveries concerning the

phase diagram of hydrogen at high pressures [Mao 94]. Only three solid phases

(I, II and III) of solid hydrogen are known and claims of additional solid phases

predicted theoretically and observed experimentally remain contraversial.

Metallic hydrogen has only been observed experimentally at high temperatures

in the fluid state [Weir 96], alluding to the theory that high temperature may be

the simplest pathway to obtaining a metallic form. However, due to technical

di"culties, low temperature hydrogen studies have not reached pressures exceed-

ing 300 GPa [Loubeyre 02, Akahama 10a], whilst room temperature experiments

have not surpassed pressures of 180 GPa [Baer 07]. The work presented in this

thesis has addressed and overcome such technical challenges, opening a window

of opportunity to study solid hydrogen at conditions previously thought to be

completely inaccessible.

1.2 Thesis Outline

There are 7 chapters in this thesis including this introductory chapter. The

outlines for each of the following chapters are presented below.

Chapter 2 serves as an introduction to solid molecular hydrogen and deuterium

at high pressure and is divided into two parts: Chapter 2.1 reviews the

most important properties and characteristics of solid molecular hydrogen and

deuterium and aims to lay the foundation for the work that this thesis builds upon.

Chapter 2.2 reviews the experimental approaches that past studies have taken in

attempting to reach the elusive metallic state, highlighting the importance of

2



1.2. Thesis Outline

room temperature studies of hydrogen and deuterium above 180 GPa.

Chapter 3 gives a general background on Raman spectroscopy and details of

the Raman spectroscopy setup used in the work presented here. Chapter 3.2

contains a background review of pressure calibrants used in high pressure optical

studies.

Chapter 4 gives both general background information and the way in which

diamond anvil cell techniques and low temperature methods were developed for

the work contributing to this thesis. Chapter 4.1.1 outlines how the diamond

anvil cells were prepared, introducing FIB drilled sample chambers for containing

hydrogen. Chapter 4.2.1 outlines the developments of the cryostat used in low

temperature measurements and Chapter 4.2.2 presents results on dense sodium

collected, whilst testing the capabilities of the cryostat.

Chapters 5 presents the first set of experimental results using Raman and

visible transmission spectroscopy to investigate dense hydrogen (deuterium) up

to 318 (275) GPa at 300 K. This chapter is divided into the results (chapter 5.3)

and discussion (chapter 5.4), which are then subdivided. Chapter 5.3 presents

the room temperature hydrogen (deuterium) phase I-to-III transition at 190 (185)

GPa (chapter 5.3.1). This is succeeded at 220 GPa by a reversible transformation

to a new phase, IV. This phase is characterized by the simultaneous appearance

of the second vibrational fundamental mode and new low-frequency phonon

excitations, and a dramatic softening and broadening of the first vibrational

fundamental mode (chapters 5.3.2 - 5.3.3). The optical transmission spectra of

phase IV show an overall increase of absorption and a closing band gap, which

reaches 1.8 eV at 315 GPa. The extrapolation of the band gap yields 375 GPa as

the minimum transition pressure to the metallic state of hydrogen (deuterium)

(chapter 5.3.4). Chapter 5.4 opens the discussion in determining a structure for

phase IV (chapter 5.4.1). Analysis of the Raman spectra suggests that phase IV

is a mixture of graphene-like layers, consisting of elongated dimers and unbound

molecules . Furthermore, features of the Raman spectra indicates that the phase

IV structure exhibits remarkable fluxional characteristics related to its quantum

nature. Evidence for further high pressure phases are discussed and compared

with recent theoretical and experimental results (chapter 5.4.2). Finally, the

way in which pressure is determined in multi-megabar hydrogen experiments is

3



1.2. Thesis Outline

questioned and proposes that the frequency of the vibrational mode is the only

definitive way to compare studies.

Chapter 6 presents the second set of experimental results, investigating the

temperature and pressure stability of the newly discovered phase IV. This chapter

is divided into the results (chapter 6.2) and discussion (chapter 6.3). The results

present a series of low-temperature experiments, through which the phase III-to-

IV transformation is observed, imposing constraints on the P-T phase diagrams.

The spectral features of the phase IV-III transition and di!erences in appearances

of the isotopes’ Raman spectra strongly indicate the presence of proton tunnelling

in phase IV. The implications of phase IV on the P-T phase diagram are discussed

and a comparison is made with recent experimental and theoretical results.

Chapter 7 summarizes the main results and also postulates questions to

stimulate further investigations.

4



Chapter 2

A Review of Solid Molecular

Hydrogen

2.1 Solid Hydrogen at High Pressure

At low pressures, the anisotropic intermolecular interactions between hydrogen

molecules are weak and, as a result, the angular momentum of an individual

molecule (J) remains a good quantum number. The molecular wavefunction

for any isolated homonuclear diatomic molecule must be symmetric or anti-

symmetric under nuclear exchange, having the implication that molecular

hydrogen can only occur in two isomeric forms, ortho-hydrogen, with nuclear spin

aligned parallel (I = 1, odd J) or para-hydrogen, with nuclear spin anti-parallel (I

= 0, even J) [Kranendonk 83]. For hydrogen, the total wavefunction of an isolated

molecule, "mol = "vib"rot"spin, must be anti-symmetric under the exchange of two

spin 1
2 protons. "vib is always symmetric and "spin is symmetric for the triplet

state I=1 and anti-symmetric for the singlet state I=0. Thus, the symmetric

total nuclear spin must couple with rotational states which are anti-symmetric

under permutation of the nuclei (J=1,3,5...), designating the ortho species. H2

molecules with anti-symmetric total nuclear spin I=0 can only be coupled with

symmetric rotational states (J = 0, 2, 4...), designating the para species. In

contrast, D2 has one extra (spin-12) neutron per atom. Thus, molecules with I =

0 or I = 2 can only be coupled with even rotational states and molecules with I =

5



2.1. Solid Hydrogen at High Pressure

1 only with odd rotational states. This defines ortho-deuterium, corresponding

to I = 0, 2 with even J and para-deuterium I = 1 with odd J [Silvera 80].

Fig. 2.1 illustrates the rotational energy level diagram for free hydrogen and

deuterium. Due to the large separation of the rotational energy levels, only

either the J = 0 (para-hydrogen or ortho-deuterium) or J = 1 (ortho-hydrogen

or para-deuterium) states are thermally populated at low temperatures. Pure

para-hydrogen molecules freely rotate about their centre of mass, i.e. each has

a spherically symmetric wavefunction and have no orientational ordering, whilst

ortho-hydrogen aligns even at low temperatures (ortho-hydrogen has figure eight

shaped p wavefunctions). At room temperature, ’normal’ hydrogen (n-H2) has an

ortho-to-para ratio of 3:1, while ’normal’ deuterium (n-D2) has an ortho-to-para

ratio of 1:2 [Silvera 80]. Below pressures of 20 GPa, the ortho-para conversion

rate is slow [Silvera 80, Eggert 99] and phase transitions at low temperatures

are sensitive to their concentration. For example, it has been found that n-H2

crystallizes in the hexagonally closed packed (hcp) structure (Phase I) [Hazen 87],

whilst molecules in the pure ortho species orient along the body diagonals of a

face-centred cubic (FCC) structure with Pa3 symmetry [Mills 65].

Prior to this thesis, only three firmly established solid phases of n-H2 and

n-D2 were known: one orientationally disordered phase (I) and two partially

or completely ordered phases (II and III) [Mao 94]. The e!ect of ortho-para

distinction on phase transitions is not entirely understood, due to di"culties

in performing experiments with pure orth-para composition. Nevertheless, it is

currently accepted that ortho-para distinction does not a!ect the transition to

phase III, which is suggested to be classically orientationally ordered [Mazin 97].

From herein, references and measurements of hydrogen reported in this thesis refer

to the ’normal’ concentration, with the work focussing entirely on transitions

above 100 GPa, where the e!ects of ortho-para distinction are substantially

diminished.

The low x-ray scattering e"ciency of hydrogen, small sample sizes and

limitations due to high pressure apparatus pose challenges to current x-ray

di!raction techniques. As such, Raman spectroscopy has been the primary

technique for probing the vibrational and electronic excitations in dense solid

hydrogen [Mao 94]. The fundamental vibrational excitations of hydrogen,
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2.1. Solid Hydrogen at High Pressure

illustrated in Fig. 2.1, are intramolecular stretches (vibrons), intramolecular

rotations (rotons), lattice vibrations (phonons). The rotational spectrum for the

free molecule, which give rise to roton excitations, is given by;

Erot = BJ(J + 1) (2.1)

where B is the rotational constant (59.31 cm"1 and 29.91 cm"1 for free H2 and

D2 respectively) and J is the rotational quantum number [Kranendonk 83]. In

H2 (D2), the S0(0) roton corresponding to the J=2"0 transition has a Raman

frequency of 354.4 cm"1 (179.12 cm"1), whilst the S0(1) roton corresponding

to the J=3"1 transition has a Raman frequency of 587.1 cm"1 (297.6 cm"1).

Rotational transitions and Raman spectra of H2, are shown in Fig. 2.1. Lattice

phonons observable include the Raman active E2g (TO) mode as well as overtones,

which involve combinations of excitations. Although measuring changes in the

rotational Raman spectra can provide a great deal of information regarding

the molecular rotational and orientational states, such measurements remain

experimentally challenging. Thus, it has been changes in the molecular vibron,

which are significantly more intense than the rotational Raman spectra, that have

been utilized to map out phase boundaries in the majority of studies of hydrogen.

Phase I is observed to be stable up to pressures of 180 GPa at room

temperature [Baer 07, Baer 09] and extend to temperatures as high as 1050 K

[Eremets 09]. No solid phase is known to exist at temperatures higher than Phase

I, with only the transition to a fluid state observed in experiments. Phase I adopts

an hexagonally closed packed structure with freely rotating molecules, evidenced

by the persistence of rotational transitions (rotons) observed in the Raman

spectra. Interestingly, the molecular vibron is observed to harden with pressure

up to approximately 38 GPa, after which it begins to soften. This behaviour

is indicative that the hydrogen molecules could dissociate with pressure, as this

phenomenon is related to partial charge transfer, due to increased coupling of the

molecular orbitals through the intermolecular bonds [Mao 94].

At temperatures below 135 K, and in the pressure region of 70-160 GPa

[Lorenzana 90, Goncharenko 05], hydrogen enters phase II. The transition to

phase II was originally described as one from a spherically symmetric rotational
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2.1. Solid Hydrogen at High Pressure

state of pure para-H2 or pure ortho-D2 to a broken symmetry phase, in which

the symmetric states deform and the material transforms to an orientationally

ordered state [Silvera 81]. It was later shown that mixed ortho-para materials

(n-H2) also transform to phase II at lower pressures, revealing di!erent rotational

dynamics and, perhaps, di!erent crystal structures [Silvera 80]. A very large

isotope e!ect is observed for the transition to phase II, which suggests that the

transformation is related to the ordering of the quantum rotational degrees of

freedom. This is due to the rotational constants, given by:

B =
h

4#2cI
(2.2)

where I is the rotational moment of inertia, which governs the rotational

energies, being very di!erent for H2 and D2. Raman spectra of phase II

reveals a combination of free molecular excitations and the appearance of

libron-like vibrations, characteristic of orientationally ordered molecules [Cui 95,

Goncharov 98] and changes in the vibron-roton coupled modes (overtones)

[Goncharov 96]. Above 140 GPa, the vibron frequency has a rather strong

temperature dependence in phase II prior to the transition to phase I, suggesting

that the orientational ordering develops gradually with pressure within phase II.

Phases I, II, and III coexist at a triple point at 125 K and 155 GPa (135 K

and 165 GPa for D2), above which a phase line with positive slope separates

phases I and III (see Fig. 2.2). Phase III is separated from phase II by

an almost vertical phase line from 0 K to 125 K at #155 GPa (165 GPa for

D2) [Hemley 88, Goncharov 11]. The transition line between phases II and III

occurs at similar pressures for hydrogen and deuterium, indicating that the

phase transformation is mainly determined by classical ordering. Phase III

was discovered by Raman observations at 77 K, the Raman vibron revealed an

astonishing 100 cm"1 discontinuity at 155 GPa (see Fig. 2.2) and observations

showed a two-phase coexistence in the pressure range of about 20 GPa, which

is characteristic of a first-order transition [Hemley 88]. Subsequent infrared

absorption (IR) measurements also showed an increase of over two orders of

magnitude in the vibron mode activity in phase III [Hemley 88, Lorenzana 89].

In addition to the vibron discontinuity, the II-III transition is characterized by a

total alteration of the low-frequency spectra; the roton spectra (or their remnants)
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2.1. Solid Hydrogen at High Pressure

disappear and a number of new peaks appear at the transition to phase III.

These show a very strong pressure dependence, which identifies them as lattice

modes (translational and librational), unlike the rotational modes (rotons) in

phases I and II, which are very weakly pressure dependent [Goncharov 11]. The

frequencies of the Raman modes increase strongly with pressure and the modes

become sharper. Features of the Raman and IR spectra of phase III are strongly

temperature dependent.

The phase I-III transition exhibits a discontinuity in vibron frequency,

which rapidly decreases with increasing temperature, disappearing at 250 K

[Goncharov 95]. The disappearance of the discontinuity in the vibron frequency

with increasing temperature led to speculation that yet another phase, denoted

by I’, could exist at higher temperatures, conditions that at the time were

deemed inaccessible. The results suggested that phase I’ would be of similar

structure to phase III, with a critical point at the P-T conditions where the

vibron discontinuity vanishes [Goncharov 95]. Further evidence for phase I’ was

shown in a subsequent study by Baer et al., using coherent anti-Stokes Raman

spectroscopy on D2 [Baer 07, Baer 09]. Comparing the pressure dependence of

the Raman shift of the D2 vibron at temperatures of 77 K and 300 K, they

observed a change in the gradient of the vibron frequency versus pressure at 140

GPa. This change was attributed to the phase I-I’ transition at 300 K, which

was in agreement with a theoretical study by Surh et. al. [Surh 97]. However,

for both the experimental observations by Goncharov et. al. [Goncharov 95],

and Baer et. al. [Baer 07, Baer 09], the phase I-I’ transition line would need to

have a negative slope and, therefore, must have a strong temperature dependence,

which was not observed by Goncharov et. al.,. In a further, more refined study

by Goncharov et. al., [Goncharov 11], they concluded that there was not enough

evidence in the analysis by Baer et. al. to support the existence of phase I’.

The determination of the structure of orientationally ordered hydrogen phases

is a very challenging topic. In x-ray di!raction and neutron studies, normally

one or two of the strongest reflections originating from the major (100) and

(101) peaks of the hcp phase I of hydrogen are observed. X-ray di!raction

measurements up to 183 GPa indicate that the centre of each molecule in phases

II and III still have an hcp structural basis [Akahama 10c]. This is consistent with

neutron scattering measurements of phase II of deuterium, which also observed

11



2.1. Solid Hydrogen at High Pressure

basic hexagonal symmetry [Goncharenko 05]. Despite combined Raman, X-ray

and neutron di!raction data providing some evidence of partial orientational

ordering, the available data still remains insu"cient to determine any structure

unambiguously. As such, there have been many attempts to identify possible

structure candidates for phase II and III through simulations.

Predictions of the molecular orientations of phases II and III are mostly based

on fully ab initio calculations, which include density functional theory (DFT)

and quantum monte carlo (QMC). Such calculations often evaluate the stability

of the static structure at zero temperature, neglecting important contributions

from zero point motion (ZPM) and thermal e!ects, which are significant in an

element as light as H2.

The theoretical determination of orientational ordered phases, in particular

phase II, remains challenging, as phase II still retains a large amount of

orientational disorder. Numerous structures have been proposed for phase II,

which include Cmc21 [Kitamura 00], P21/c [Johnson 00, Zhang 07] and Pca21

[Kohano! 97, Nagao 99, Stadele 00]. Using the ab initio random structure

searching (AIRSS) method [Pickard 06], Pca21 and P63/m were identified as

“phase II-like” structures [Pickard 09]. The majority of the structures predicted

are all similar with orthorhombic primitive cells and lattice sites close to hcp,

only di!ering in molecular orientation. Pca21 is one of the most comprehensively

studied structures as a candidate for phase II. However, as with many of the other

candidate structures, there are inconsistencies with experiments; four Raman

modes are predicted for Pca21, whilst Raman experiments observe one single

mode.

There have been as many structures predicted for phase III as for phase II. The

most promising structure, C2/c, was revealed using the AIRSS method, which

included estimates of proton zero-point motion. C2/c has 12 atoms per unit cell,

with hydrogen molecules centred close to distorted hcp lattice site [Pickard 07].

The structure is qualitatively in agreement with the limited di!raction data and

the intense IR activity observed experimentally in phase III. However, as will

be discussed later, C2/c is in strong disagreement with the experimental Raman

data of phase III presented in this thesis. Another theoretical candidate for

phase III, competing in energetic stability with the C2/c structure, is the Pbcn

12
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C2/c Pbcn 

Figure 2.3: Left: A layer of the C2/c monoclinic structure at 300 GPa as predicted
for phase III from Ref. [Pickard 07]. Right: Four layers of the Pbcn structure
at 300 GPa with unit cell shown. All atomic positions are taken from Ref.
[Pickard 07].
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structure (see Fig. 2.3). Pbcn has a ”mixed” hydrogen structure, comprising of

alternate layers of strongly bonded molecules and weakly bonded graphene-like

sheets [Pickard 07]. However, Pbcn is calculated to be dynamically unstable

and predicted Raman modes do not agree with the experimentally observed

Raman bands of phase III. Although Pbcn cannot be considered viable for phase

III, it is of vital importance in the interpretation of the data reported in this

thesis. It is interesting that, in spite of a large number of energetically competing

structures determined in theoretical calculations, experimental observations show

the stability of only one phase III in a very broad pressure-temperature range.

The experimentally determined pressure and temperature dependencies of vibron

and phonon frequencies suggest that phase III becomes more stable at higher

pressures and lower temperatures.

2.2 Pathways to a Metallic State

Arguably, the greatest experimental challenge in high pressure physics still

remains reaching and comprehensively measuring the properties of the predicted

metallic form of hydrogen. Several claims have been made of reaching such state,

with only one shock study providing su"cient evidence that the sample was

contained and a conductive fluid phase was reached [Nellis 99, Weir 96]. There

are three main experimental approaches that have been explored in attempts to

obtain the metallic solid state - cold compression (<300K), high temperature

compression(>300 K), and chemical compression.

Cold compression experiments have the advantage that, at low temperatures,

anvil failure due to hydrogen di!usion is significantly reduced. Measurements

of vibrational and optical properties of hydrogen have been extended to 315

GPa at 100 K [Loubeyre 02, Akahama 10a]. The vibron was still observed at

these conditions, signifying the persistence of the H2 molecule. The important

feature of the vibron behaviour with pressure observed at this temperature is

the steady decrease of both Raman and IR active vibrons (also observed at

room temperature). Using visible transmission spectroscopy, Loubeyre et. al.

[Loubeyre 02], reported a direct band gap of 2 eV at 315 GPa (100 K) and

predicted that a metallic form of H2 would be observed through direct band gap
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closure at 450 GPa. Akahama et. al. [Akahama 10a], reported a band gap of 2

eV at a slightly lower pressure of 296 GPa (90 K), indicating that the transition to

a metallic state is more likely to occur at 400 GPa. Pressures exceeding 400 GPa

still lie outwith the pressure capabilities of current hydrogen DAC experiments,

thus alternative pathways to cold compressions must be explored.

While metallic hydrogen has not yet been observed in the low temperature

solid, metallization has been achieved in the fluid state [Nellis 99, Weir 96]. Using

reverberating shocks to achieve quasi-isentropic compressions, the resistivity of

H2 was observed to decrease continuously by almost 4 orders of magnitude

between pressures of 93 and 140 GPa. The resistivity then saturated between

140 GPa and 180 GPa to 500 µ#cm, a typical resistivity value for liquid metals.

The observation of a metallic fluid in hydrogen has driven static compression

measurements of the melting line using DACs. Although multi-megabar pressures

can be achieved in DACs, the temperature range is significantly limited, due to

the di!usion of hydrogen into the gasket or diamonds, causing sample loss and

anvil embrittlement, inevitably leading to anvil failure. Interestingly, all high

temperature studies have focussed on the behaviour of H2 and there are no studies

dedicated to deuterium to provide isotopic comparisons.

The H2 melting line was first extended to high pressures by Datchi et. al.

to 526 K and 15 GPa, where it was concluded that it would not be possible

to attain higher temperatures, due to sample loss through di!usion of hydrogen

[Datchi 00]. By inserting a ceramic disk in the sample chamber, thereby reducing

hydrogen di!usion into the gasket, Gregoryanz et. al. extended melt line

measurements to 800 K at 44 GPa [Gregoryanz 03]. Even with the improvement

in hydrogen confinement, experiments could not detect the indistinguishable

change in the hydrogen vibron frequency when crossing the melting line at higher

pressures. Nevertheless, at elevated temperatures in the fluid, H2 would still

di!use into the diamonds, causing embrittlement. The most important result

from these experiments was the suggestion that the best fit to the melting line

is a Kechin curve, implying a maximum on the melting curve. Deemyad et. al.

later claimed the observation of a maximum in the melting curve using laser

heating techniques, however no physical property of hydrogen was reported to

prove that hydrogen was actually present in the sample chamber at the P-T

conditions claimed [Deemyad 08, Goncharov 09]. More convincing evidence of
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Figure 2.4: Phase diagram of hydrogen prior to this work. The melting
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a maximum was presented in a laser heating study by Eremets et. al. and

subsequently by Subramanian et. al., however few available data points, large

errors in temperature, and di"culties in resolving signal from a sample with a

large temperature gradient make it di"cult to definitively infer the P-T conditions

of the maximum [Eremets 09, Subramanian 11]. Figure 2.4 illustrates all available

high pressure melting data on hydrogen.

Nevertheless, all available high temperature data show evidence that the

melting temperature of H2 may decrease with pressure after the maximum. If

such behaviour exists, hydrogen may even reach a (possibly metallic) fluid state at

room temperature. This accentuates the importance in developing experimental

techniques to reach pressures above 180 GPa at room temperatures. In a recent

study by Eremets and Troyan, a metallic fluid state of hydrogen was claimed to

be observed at room temperature [Eremets 11]. A critical review of this study

will be addressed later in Chapter 5.

Recently, there has been much interest in the chemical compression of

hydrogen from a fundamental solid state physics perspective. Through theoretical

calculations, it has been suggested that “a little bit of lithium” could have the

profound e!ect on lowering the metallization pressure of hydrogen through the

formation of a poly-hydride [Zurek 09]. Metallic LiH2, LiH6 and LiH8 were

predicted to become more stable than the LiH+H2 mixture at pressures above

100 GPa, well within experimental capabilities. Further yet, another theoretical

study using ab-initio random structure searching [Pickard 11] reported that at

a lower pressure of 100 GPa, the lithium-hydrogen compound with much higher

hydrogen content (LiH16) is stable against decomposition into LiH8 and H2.

A very useful, subtle characteristic of all predicted structures is that they all

contain stretched hydrogen molecules. The vibrational intramolecular Raman-

active mode, !1, is extremely sensitive to any structural changes. It is predicted

that LiH6 will have Raman active optical phonons with the highest mode at

frequencies of 2920 cm"1 at 100 GPa, which would be a significant deviation from

the pure hydrogen vibrational mode (4170 cm"1). In addition, as LiH6 is predicted

to be metallic, it is expected that the sample would become optically opaque in

transmitted light, as a result of band-gap closure. However, compressions of a

LiH sample embedded in H2 to pressures as high as 160 GPa did not observe the
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predicted formation of LiH2, LiH6 and LiH8 [Zurek 09, Pickard 11, Howie 12b].

Up to pressures of 65 GPa, x-ray di!raction studies showed no structural change.

Whilst using Raman spectroscopy up to the maximum pressure reached (160

GPa), only the !1 vibron of H2 was observed in the Raman spectra and its

frequency corresponded very well to the known value of pure H2 at such conditions

(see Fig. 2.5). No additional Raman lines or change of colour were detected that

would be indicative of the predicted LiHx compound [Howie 12b].

As such it remains that static studies of hydrogen in the high temperature

regime are likely the most accessible pathways to obtaining a metallic solid state.
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Chapter 3

A Review of Optical

Spectroscopy at High Pressure

3.1 Raman Spectroscopy

The beginning of the 20th century was characterized in physics by the develop-

ment of the theory of quantum mechanics, which proved consequential in the

understanding of the theory of light scattering. A theoretical study by Smekal

postulated that the scattering of light by a system with two quantized energy

levels contains not only photons with the incident-photon frequency, but also

some with altered frequency [Smekal 23]. The actual experimental discovery

of Raman scattering was made by two independent groups at the same time.

Landsberg and Mandelstam discovered Raman scattering of light in crystals

[Landsberg 58, Mandelstam 47], whilst C.V. Raman and K.S. Krishnan, who,

guided in their studies in trying to discover the optical analogy of Compton

scattering, observed Raman shifts in liquids [Raman 28a, Raman 28b]. Since

then, formidable progress in Raman studies has been made. The invention

of the laser and improvement of detection techniques simplified how Raman

spectra were obtained and also led to discoveries of unknown e!ects, such as

the resonance Raman e!ect and stimulated Raman e!ect. By now, Raman

scattering in all three normal phases of matter is very well understood and

documented [Anderson 71, Herzberg 60, Freeman 74, Hayes 78, Sherwood 72,
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3.1. Raman Spectroscopy

Iqbal 84, Ibach 90, Banwell 94].

Raman spectroscopy is a highly versatile tool used to provide a wealth of

data that is both easy to obtain and quick to analyse. The Raman spectra

can provide information on the elastic, vibrational, electronic, and magnetic

properties of a material, through the analysis of the corresponding elementary

excitations. Information on the crystal structure can be attained through the

analysis of the Raman spectra of phonons. The Raman activity of phonons is

highly dependent on vibrational selection rules, which, consequently, depends on

both the symmetry and wave vector. Electronic and magnetic states can also be

probed through their coupling to vibrational states and observations of electronic

and magnetic excitations in the Raman spectra. As these elementary excitations

are altered through the application of pressure, Raman spectroscopy is one of the

primary diagnostics in high pressure science, used to measure changes in energy of

vibrational excitations, phase transformations, chemical reactivity, and magnetic

and electronic transitions.

3.1.1 Theory of Raman Spectroscopy

When a transparent gas, liquid or solid is illuminated with a beam of monochro-

matic radiation of frequency !S, most of the incident radiation is transmitted

without change, while a small component is scattered. Spectral analysis of the

scattered radiation shows that, in addition to scattering without a frequency

change of the incident radiation (Rayleigh scattering), it contains discrete

components of shifted frequency. Appearing in the spectrum, there are new

additional pairs of spectral lines, positioned at symmetrical frequencies either

side of the Rayleigh line, i.e.

!S = !0 ± !M , (3.1)

where the frequency !M is an internal frequency corresponding to rotational,

vibrational or electronic transitions within a molecule. In Raman scattering, the

system is not excited for any measurable length of time to a higher energy level,

but excited to a purely virtual state. Raman scattering is always accompanied
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by Rayleigh scattering, with intensity usually 3-5 orders of magnitude greater.

Rayleigh scattering itself is only approximately 10"4 10"3 of the intensity of

the incident excited radiation, thus Raman scattering is a comparatively weak

e!ect. The components appearing in the scattered radiation spectrum at shifted

frequencies are known as Raman lines or Raman bands and are collectively

referred to as the Raman spectrum. The Raman lines at greater frequencies

with respect to the Rayleigh line (!0 + !M) are referred to as anti-Stokes lines,

whilst those appearing at lower frequencies (!0 $ !M), as Stokes lines.

Raman scattering can be explained using two di!erent approaches; a classical

model and quantum mechanics. The classical model relates the interaction

between light and matter to the polarization of the scattering medium. When

an electric field is applied to a molecule, Coulombs Law infers that the electrons

and nuclei respond by moving in opposite directions. The applied electric field

thus induces a dipole moment in the molecule. This dipole moment, µind is

proportional to the applied electric field intensity, E:

µind(t) = $E (3.2)

The proportionality constant, $, is defined as the polarizability constant and

is characteristic of the molecules of the scattering medium. The variation of

polarizability with respect to direction can be described as a tensor, which is

explained in Appendix 1. The intensity of the scattered radiation is proportional

to the magnitude squared of the induced oscillating dipole. If one considers the

electric field intensity, E, of the incident electromagnetic wave varying as:

E = E0cos(%0t), (3.3)

where the induced dipole oscillates with angular frequency %0. By substituting

(3.3) into (3.2), the equation for the induced dipole moment is obtained:

µind(t) = $E0cos(%0t) (3.4)

Considering a given internal motion within the molecule, modulating the
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induced dipole moment, classically this infers that the polarizability has a

constant term $0 and a sinusoidal oscillating term with an amplitude $1:

$ = $0 + $1cos(%M t) (3.5)

Combining equations (3.4) and (3.5), an expression is derived for the induced

dipole moment of the molecule vibrating with angular frequency %M , acted upon

by an electromagnetic wave of angular frequency %0:

µind(t) = $0E0cos(%0t) + $1E0cos(%0t)cos(%M t) (3.6)

Using simple trigonometry, a generalised equation is derived for the induced

dipole moment, for which angular frequencies %0 and %0 have been substituted

for frequencies !0 and !M respectively:

µind(t) = $0E0cos(2#!0t)+
1

2
$1E0[cos(2#(!0$!M)t)$ cos(2#(!0+!M)t)] (3.7)

From the first term in (3.7), it can be seen that the scattered radiation contains

an elastic contribution of !0; Rayleigh scattering. The second term indicates

that the scattered radiation contains Raman bands with frequencies !0 ± !M ,

corresponding to Raman Stokes scattering with energy h(!0 $ !M), and Raman

anti-Stokes scattering with energy h(!0 + !M).

From a quantum mechanical point of view, the Raman e!ect is an interaction

between a molecule and a photon of light, with an energy lower than the energy

di!erence between the first excited and ground states in the molecule (see Fig.

3.1). An incident photon of initial energy, h!0, interacting with a molecule in the

ground state, or an excited vibrational state, may excite the molecule to a higher

energy level, or unstable virtual state. The molecule then may return to lower

excited states in three possible ways:

• A molecule from the ground state returns to the ground state and the

scattered photon inhibits the same energy as the incident photon (Rayleigh

scattering).
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Figure 3.1: Energy-level diagram illustrating transitions corresponding to
Rayleigh, Raman Stokes, and Raman anti-Stokes scattering
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• A molecule from the ground state returns to an excited vibrational state,

higher than the ground state. The energy of the scattered photon is thus

equal to the energy of the incident photon, minus the di!erence in energy

between the ground state and excited vibrational state. The energy of the

scattered photon is therefore less than the incident photon (Raman Stokes

scattering).

• A molecule from a vibrational excited state rises to a higher virtual energy

level by interaction with the incident photon and returns to the ground

state. The energy of the scattered photon is equal to the sum of the energy

of the photon and the di!erence between the ground state and vibrational

excited state. The energy of the scattered photon is therefore greater than

incident photon (Raman anti-Stokes scattering).

The most pronounced di!erence between the classical and quantum models

is that the quantum mechanical treatment of Raman scattering explains the

di!erence between the relative intensities of Raman Stokes and Raman anti-

Stokes scattering; the intensity ratio being dependent on both temperature and

Raman mode frequency. Boltzmann’s law infers that the population of molecules

lies most prominently in the vibrational ground state. If one introduces a

Boltzmann distribution of vibrational populations, it can be shown that the

intensity ratio of Raman anti-Stokes to Stokes radiation is given by [Herzberg 60]:

IaSt
ISt

=
(!0 + !M)4

(!0 $ !M)4
e

!h!M
kBT (3.8)

where !0 and !M correspond to the frequencies of the incident radiation and the

molecular vibration respectively, h is the Planck constant, kB is the Boltzmann

constant and T is the absolute temperature of the sample. Equation (3.8) can be

rearranged and expanded giving;

ln(
IaSt
ISt

) +
h!M
kBT

= ln(
IaSt
ISt

)0 +
h!M
kBT0

(3.9)

where T0 is ambient temperature and ln( IaSt
ISt

)0 is the Raman anti-Stokes to

Stokes ratio at such temperature. Rearranging for temperature, T, gives;
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3.1. Raman Spectroscopy

T =
h!M
kB

ln( IaSt
ISt

) + ln( IaSt
ISt

)0 +
h!M
kBT0

(3.10)

As the intensity ratio of the Stokes to anti-Stokes scattering is dependent

on temperature, Raman spectroscopy can be used as a temperature gauge with

systems with high intensity and relatively low frequency Raman excitations.

As the intensity of the Raman anti-Stokes scattering increases with increasing

temperature, this gauge is particularly suited to high temperature studies.

3.1.2 High Pressure Raman Setup

Raman spectroscopy is a fundamental technique for probing samples at high pres-

sure, and as such, various setups have been reported [Goncharov 03, Goncharov 00].

There are several modifications needed to a typical Raman setup to accommo-

date the DAC interface. Firstly, in ultra-high pressure experiments, the probing

depth must be considered, where samples may reduce to less than 10 µm in

diameter, resulting in reduced signal intensity. The diamond windows, typically 2

mm in depth, result in geometric and chromatic aberrations, which can reduce the

image quality, the signal-to-noise ratio and the selectivity of depth. Fluorescence

in the laser beam originating from the diamond anvils also contribute to a higher

background in the Raman spectra, requiring a high level of spatial filtering. These

combined contributions require Raman setups to be custom built to address such

issues.

All Raman setups follow the principal rule in minimizing the ratio of the

input power from the excitation source to the Raman signal received at the

spectrometer, whilst maximising the spatial filtering. Each setup has a high

number of users, requiring optimum performance and, as a result, needs to be

simple to align and easy to optimize. The Raman setup developed for the work

contributing to this thesis has 180! backscattering geometry and is illustrated in

Fig. 3.2.

Argon-ion lasers of excitation lines 514 nm and and Krypton-ion laser of 647

nm are used. The excitation lasers initially need to be filtered of any wavelengths
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Excitation Laser

BP

M1

P1

BSCS1S2

H1

S3

SNF

NF MitutoyoM2 BS

Spectrometer

CCD

Camera

WL1

WL2

M3

S4 S5

S6

DAC

XYZ-Stage

Figure 3.2: Diagram of the high pressure Raman setup. BP is the band pass
filter, M1-M3 are mirrors, P1 is a periscope comprising of two mirrors, S1-S6
are plano-convex spherical lenses, BSC is a 50:50 beam splitter cube, BS is the
beam splitter for reflected light, SNF and NF are SuperNotch and notch filters
respectively, and WL1-2 are white light sources.
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3.1. Raman Spectroscopy

emitted outwith the desired excitation line, using a band pass filter (BP). The

grating of the band pass filter emits the filtered laser light at 90! relative to

the incident light and typically reduces the incident laser power by 2%. High

reflectance silver mirrors typically reflect 98% of incident light, however this can

dramatically reduce if not cleaned regularly. As such, we used the minimal

number of mirrors that are involved in collecting Raman spectra; 1 used to

redirect the incident beam (M1) and 2 used as a periscope (P1) to raise the height

of the beam. After the periscope, the beam follows a ‘T’ path; adopting this

alignment greatly reduces the time required for realignment. At the intersection

of the ‘T’ is a 50:50 beam splitter cube (BSC), directing the incident beam

towards the sample. The beam is then focussed with a Mitutoyo infinity-corrected

long working distance objective lens onto the sample. Objective lenses with long

working distances are required due to the restricted geometry of the DAC.

The scattered light then follows the same path, passing through the beam

splitter cube towards the spectrometer. The beam passes through a spatial filter,

comprising of two plano-convex spherical lenses (S1 and S2) of 50 mm focal

length and pinhole (H1), with diameter corresponding to the diameter of the

excitation laser. The pinhole is placed at the focal point of both lenses, the first

lens (S1) focuses the laser onto the pinhole, whilst the second lens (S2) collimates

the beam. Both the lenses and pinhole can be adjusted in all x-y-z directions,

which is required for optimization of the setup. The use of the pinhole both

attenuates undesired elastically scattered laser radiation and makes the depth of

focus smaller. By probing a narrower depth of sample, the fluorescence from the

diamond is also substantially reduced.

After spatial filtering, the beam passes through both notch (NF) and

SuperNotch (SNF) holographic filters, which are used to minimise the Rayleigh

scattering from the sample. The notch filters can be adjusted to measure close

to the Rayleigh line, however, at the expense of minimising the intensity of the

Rayleigh signal. A final lens (S3), with focal length 75 mm, is used to focus the

laser light onto the entrance slit of the spectrometer. In all Raman setups, a

single grating Acton SpectraPro 2500i spectrograph is used coupled with an 1840

x 1840 Acton CCD.

The sample is imaged using a mirror M2 on a flip mount, directing the image
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3.2. Pressure Calibrants

towards the video camera ccd and focussed with lens S4. WL1 provides a source

for reflected light which is focussed using lens S5 and directed to the Mitutoyo

objective lens using a second beam splitter (BS). Transmitted light is provided

by either a standard LED white light source or a supercontinuum laser (WL2),

which is directed towards the sample with mirror M3 and focussed using lens S6.

With the removal of the notch filters, the setup allows easily for the acquirement

of the sample transmission spectrum.

3.2 Pressure Calibrants

The pressure boundary at which the diamond anvil cell can reach is continuously

being pushed to beyond 300 GPa and, as such, it is imperative to have an

accurate pressure gauge to probe such conditions. The most common pressure

determination method in high pressure physics is the ruby fluorescence technique.

When a chip of ruby, Cr3+ doped Al2O3, is illuminated by focussed laser light, it

will fluoresce. This process produces an intense fluorescence doublet, R1 and R2,

with wavelengths of 692.7 nm and 694.2 nm at ambient pressures respectively.

The pressure dependence of Ruby has been calibrated extensively up to 100 GPa.

Up to 29 GPa, the R2 line is approximately linear [Piermarini 75], and follows

the relation

P = A&' (3.11)

where P is the pressure in GPa, &' is the shift of the R2 fluorescence line from

ambient pressure (694.2 nm), and the constant of proportionality A is given as

0.0274 GPa nm"1. It was subsequently observed by Mao et. al. that the shift of

R2 fluorescence line is non-linear at pressures beyond 29 GPa [Mao 78], and the

proposed relation is given as;

P = 380.8[(
&'

694.2
)5 $ 1] (3.12)

Ruby fluorescence is also sensitive to the hydrostaticity of the sample. As

pressure is increased, the hydrostaticity of the sample reduces, resulting in
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3.2. Pressure Calibrants

broadening of the R1 and R2 lines. At pressures higher than 100 GPa, the

fluorescence intensity is significantly reduced and the fluorescence lines broaden

to the extent that a definitive pressure is undistinguishable.

Above 100 GPa, pressure is often determined from the equation of state (EOS)

of noble metal standards, a grain of which is present in the sample. Due to the

dimensions of the sample involved at such high pressures, a synchrotron radiation

source must be used to measure the compression data of the pressure gauge. In

addition, the high pressure chemistry of the sample must be considered using

such method, particularly with reactive elements, such as hydrogen.

Due to the low Z number, and consequently low x-ray scattering cross section,

studies of H2 in the megabar regime rely almost solely on optical measurements

in determining phase transitions. Samples sizes at such pressures are typically

between 1-10 µm, which further restricts the probing method.

In Raman spectroscopy studies, the first-order T2g Raman mode of diamond is

commonly used as a pressure gauge and, in some optical experiments, particularly

at multimegabar pressures, the sole means of pressure determination. This

method can allow both the probing of the sample and determination of pressure

in a single optical measurement. This is of particular advantage when working

with samples of hydrogen above pressures of 150 GPa, as it is well known that

over exposure of the sample to laser light exacerbates hydrogen di!usion into the

diamonds, enhancing the probability of anvil failure [Mao 94].

Diamond was first calibrated as a pressure gauge by Hanfland and Syassen

to 30 GPa, where they found that the high-frequency edge of the T2g Raman

band was associated with the stress of the (100) diamond culet face of the

diamond and had a linear dependence with pressure [Hanfland 85]. Subsequently,

the calibration curve has been studied into the multi-megabar pressure regime

and found to no longer follow a linear dependence [Akahama 06, Akahama 10b,

Occelli 03]. However, it is apparent through the lack of consistency with results

that the determination of pressure using this technique is dependent on many

factors. Firstly, the spatial resolution of the Raman setup ultimately a!ects the

probing area and at high pressures the diamonds exhibit large pressure gradients

across the culets. It was found, due to the uniaxial strain in the diamond anvils

during compression, that the exact frequency shift depended on both the culet
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3.2. Pressure Calibrants

size and sample geometry [Baer 08]. However, more importantly this pressure

calibrant is dependent on the sample type. In the work by Akhama et. al., this

method has been reportedly calibrated up to pressures of 410 GPa, using the Pt

EOS [Akahama 06, Akahama 10b]. The following expression was found to be a

“satisfactory” least-squares fit allowing a 3% error in their calculated pressure

values;

P = A
&%

%0
[1 +

1

2
(B $ 1)

&%

%0
] (3.13)

where pressure P is in GPa, %0 is the edge frequency at ambient pressures

(1333 cm"1, A and B are frequency constants of value 547 GPa and 3.7 GPa

respectively. Above 200 GPa, the authors found that a quadratic expression was

a better fit to the observed data, particularly at pressures exceeding 300 GPa.

The work by Akahama et. al., remains the highest pressure study calibrating

the diamond Raman edge to pressure, and as such, the expression (3.13) was used

to calculate pressure above 100 GPa in this thesis. However, the samples used

in the study by Akahama et. al., were elemental Sc, Al, Mo, Ni; materials with

much lower compressibility than the lighter solid molecular systems (e.g. H2, N2,

O2). Due to the large di!erential between compressibilities of the materials used

in the work by Akahama et al., and solid molecular systems, the universality of

such pressure calibration is questionable.

Figure 1a shows our Raman spectra of the stressed diamond edge to

frequencies up to 1842 cm"1 with an H2 sample, which according to the

pressure scale proposed by Akahama et al., [Akahama 10b], would be 318

GPa. At the maximum pressure, the diamond Raman edge is much sharper

and more resolvable than that presented in the work by Akahama et al.,

[Akahama 06, Akahama 10b]. This di!erence is most likely due partly in probing

highly compressible optically transparent samples, compared with the high bulk

metals in Refs. [Akahama 06, Akahama 10b]. Fig. 3.3, also shows the diamond

Raman edge on cooling, where despite reducing by half in intensity, remains sharp

and well defined.

In the low temperature study of H2 by Loubeyre et al., [Loubeyre 02], a Raman

spectrum of diamond is presented, where the phonon frequency of 1783 cm"1
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Figure 3.3: Representative Raman spectra showing the diamond Raman edge
on compression of H2 to 318 GPa (calculated using Ref. [Akahama 10b]). (b)
Representative Raman spectra showing the diamond Raman edge upon a cooling
cycle of D2.
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is used “as the ultra-high pressure gauge under a Gruneisen expansion form to

second order with the equation of state of diamond”, giving pressures of 290 GPa.

According to the work by Akahama et al., [Akahama 10b], the pressures claimed

using this method are overestimated by at least 20 GPa. This is contrary to

their estimated pressure error of 3 GPa, which when converted to diamond edge

frequency, using Ref. [Akahama 10b] is approximately 4 cm"1, a third of their

reported diamond edge width.

It is apparent that pressure determination through the first-order Raman

spectra of diamond anvils used in high pressure cells is both sample and geometry

dependent, and thus cannot be used as a definitive pressure gauge. This poses

a major problem when comparing conditions at which phase transitions occur

in experiments above 100 GPa. How this problem a!ects the recent studies of

hydrogen [Eremets 11, Howie 12a] will be discussed later in Chapter 4.
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Chapter 4

Technical Developments

4.1 The Diamond Anvil Cell

Pressure is a vital thermodynamical variable with diamond anvil cells as the

primary apparatus to investigate material properties at static high pressure. The

DAC design is based on the opposed anvil principle, developed by Percy W.

Bridgman in the early 1900’s, with the main di!erence being that the tungsten

carbide anvils used in the Bridgman press were replaced by flawless single crystal

diamonds. Pressure is simply force divided by area and great pressures can be

achieved by applying a large load on anvils with very small tips, so long as the

anvil material can withstand the exerted pressure. Static pressures exceeding

100 GPa were first attained by Mao and Bell in 1976, using the Mao-Bell

diamond anvil cell and subsequent variations allowed multimegabar conditions

to be reached routinely [Mao 76, Bell 84, Jayaraman 83, Xu 86]. The extreme

hardness of diamond enables the generation of static pressures exceeding 300

GPa and the transparency to a wide range of electromagnetic radiation, from

high energy x-rays to low energy ultraviolet-visible-infrared radiation, allows a

range of in-situ experimental probes. To apply pressure to a confined sample, a

metallic gasket is used, which is typically a high bulk modulus material, such as

rhenium or tungsten. The anvils exert pressure on this gasket, in which a circular

sample chamber is confined centred on each anvil. As pressure is exerted beyond

the yield strength of the gasket material, the ductile flow of the gasket material
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4.1. The Diamond Anvil Cell

exerts pressure on the sample. The ductile flow ceases when the gasket becomes

thin enough to reach mechanical equilibrium through a gradient of pressures

supporting the sample chamber.

4.1.1 DAC Preparation

A modified Mao-Bell cell has been used in the work contributing to this thesis and

is illustrated in Fig. 4.1. It was found that the alignment of diamonds with culets

under 30 µm required less time with tight fitting piston-cylinder type diamond

anvil cells compared with other DAC designs. Molykote ball bearing grease was

used to lubricate the piston, enhancing the fit of the cell. This procedure allowed

diamonds to be aligned within 1 micron after a single gasket indentation to 40

GPa. Reducing the number of indentations minimises the risk of fine ’ring’ cracks

around the diamond culets, which are often observed after numerous indents. This

simple improvement meant that a cell could be prepared and loaded within two

working days.

In this work both type Ia Boehler-Almax design and type Ia modified brilliant-

cut diamonds were used. The geometry of the diamond cut is an important

consideration in actually reaching multi-megabar conditions. Culet diameters

ranged from 12 µm to 40 µm and the di!erence in diameter of each pair did

not exceed more than 10 µm. In various experiments, single, double and triple

bevelled diamonds were used. It was found that only the triple bevelled diamonds

consistently reached pressures above 290 GPa. All diamonds were ultra low

fluorescence, an important characteristic to maximise the signal-to-noise ratio of

the Raman spectra. Diamonds were glued to tungsten carbide seats with Stycast

epoxy. The openings of each seat were chosen, considering the geometry of the

complete DAC assembly, so that the excitation laser or transmission light would

not be cut when focussed on the sample.

To contain such a light and reactive element such as hydrogen at multimegabar

conditions, both the selection of the gasket material and the way in which the

gasket is prepared is imperative for the success of an experiment. Firstly, the

chemistry between the gasket material and H2 has to be considered. While many

metals are known to react readily with hydrogen, most transition metals between
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Piston-cylinder diamond anvil cell

Figure 4.1: Left: Standard diamond anvil cell schematics. Right: Diagram
of the modified piston-cylinder diamond anvil cell used in the multi-megabar
experiments.
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periodic table groups 6 and 11 do not and often both high temperature and high

pressure are required for synthesis [Antonov 02]. However, recently there has

been much attention on the formation of transition metal hydrides with high

pressure alone [Scheler 11b, Scheler 13, Scheler 11a]. Of particular interest is the

formation of rhenium hydride and tungsten hydride, since both rhenium and

tungsten are used in this study and are common gasket materials. Rhenium

hydride is a well studied material and forms from its pure constituents above 5

GPa at room temperature. In a recent study, it was found the the solubility of

hydrogen in rhenium hydride increases both with pressure and time approaching

the stoichiometric composition of Re2H. If high temperature is applied, rhenium

hydride undergoes a phase transition to the (2 phase, which has significantly

higher hydrogen solubility. This may have an e!ect on maintaining a sample in

high temperature (e.g. 300 K) studies of hydrogen. Due to the formation of

rhenium hydride, the bulk properties of the gasket changes, which may a!ect the

maximum pressures that can be reached and the stability of the sample chamber,

which will be discussed later. The formation of rhenium hydride was clearly

observed around the sample in all experiments where rhenium was used as a

gasket. As a precautionary measure, sample spectra were taken on the rhenium

gasket, and on the formed rhenium hydride, to ensure the observed spectra of the

sample originated from the sample itself.

Although tungsten has a lower bulk modulus than rhenium and its brittleness

causes complications in gasket preparation, it does, however, react with hydrogen

at much higher pressure (25 GPa), which may reduce sample loss even at higher

pressure [Scheler 13]. In an experimental control run using tungsten as the gasket

material, the same sample chamber instabilities were observed as those observed

in rhenium. Again, the the bulk properties of the gasket material surrounding

the sample may change upon the hydrogenation of tungsten and compromise the

stability of the sample chamber. Future studies may benefit from using a gasket

material that does not form a hydride.

A major improvement to previous experimental techniques was the application

of a focussed ion beam (FIB) to drill the sample chamber as opposed to the more

common laser drilling or spark erosion techniques. Laser drilling uses an infra-

red laser to ablate the surface of the gasket material, causing extensive infra-red

damage, which a!ects a greater ratio of material when working with culets below
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Figure 4.2: Scanning ion micrographs of a laser drilled gasket hole from directly
above (A) and from a 45! angle and scanning ion micrographs of an ion-milled
gasket hole from directly above (C) and from a 45! angle (D).
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20 µm. Although the infra-red damage can be avoided using spark erosion, drilling

a sample chamber centred accurately on a micron scale can be problematic. In

addition, the size of the sample chamber is limited to either the beam profile in

laser drilling or the needle size in spark erosion.

FIB systems work in the same way as scanning electron microscopes (SEM),

but use ions from a liquid metal ion source, instead of accelerated electrons. The

ions are extracted by field emission from a droplet of supercooled metal in the

source and accelerated to 50 keV. FIB systems have many applications, such as

imaging over sputtering (which can also be used for milling) and the deposition

of metallic films [Reyntjens 01, Volkert 01, Gierak 09]. The use of FIB milling to

drill DAC gaskets has been previously reported in [Orlo! 00] and was claimed to

have helped in reaching high pressure on H2 [Narayana 98] at 300 K. However,

the claims of reaching such pressure with H2 has been criticised, as no physical

property of H2 was measured. Nevertheless, sample chambers drilled with a FIB

system are of superior quality, compared with any other drilling methods. Figure

4.2 shows secondary electron FIB images of gasket holes drilled into rhenium,

demonstrating the di!erences between using laser drilling and FIB milling. All

complications ascribed to laser and spark erosion drilling are resolved using FIB

milling, whereby holes are drilled cleanly with sub-micron precision. In a study

of lithium, the di!usion of lithium into the diamonds at room temperature (a

similar process observed with hydrogen) was reduced by using small gasket holes

[Guillaume 11]. In this thesis, the smallest possible sample chamber was drilled

to minimise the area of contact between the sample and diamond. Such sample

chambers could only be drilled with such precision using a FIB system.

The samples were loaded into the DAC using a high pressure gas loading

technique. The gas loading setup is a modified design of that reported by Mills

et. al. [Mills 80]. The DAC is initially open, and placed in a high pressure vessel.

99.9% purity hydrogen (deuterium) is pressurised to 2000 bar in the vessel, using

a two stage compressor (the first stage of the compressor feeds the second stage

with a gas pressure of 200 bar). Once pressurised, the DAC is closed through a

gear system, clamping the sample. Typically, the cell is calibrated to compress

the sample to 1 GPa while in the gas loader, to ensure the success of loading.

At 1 GPa, H2(D2) is in the fluid state and the Raman spectra clearly shows the

sharp, well-defined rotons and intense vibron.
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4.2 Low Temperature Equipment

4.2.1 Cryostat

A cryostat, based on a modifed Oxford Instruments OptistatCF-V cooling tail,

has been developed during the course of this work to allow a variety of DACs

to be cooled to low temperatures. Piston cylinder cells have not been loaded

into the existing cryostat due to its length prohibiting it to be placed within

the cryostat. The original method, for smaller cells, involved securing the cell

into a sample holder fixed to the cryostat tail, then lowered into the radiation

shield. The sample holder was modified with a detachable thread that allowed a

cell, enclosed in a mating threaded cup, to be screwed in via the radiation shield

windows. This solution not only allowed the cell to be held in place but also

allowed the distance between the window and cell to be varied. This distance is

vital in allowing the sample to be both brought into focus and separated from

the window adequately to reduce the build up of snow, which distorts the sample

image. The existing cryostat radiation shield was not designed initially to use

piston-cylinder cells, resulting in a compromise whereby, in bringing the sample

into focus, the position of the DAC leads to an increased distance between the

sample and point of cooling. This results in an increase in the achievable minimum

temperature and an increased cooling/warming time.

To achieve low temperatures, the cryostat must be held under ultra-high vac-

uum when cooling, using a vacuum pump. When obtaining Raman spectroscopic

measurements, it is imperative that the sample is held stationary in order to

obtain reliable spectra. As samples are of the scale of 2 µm -10 µm, the slightest

vibration can misalign the probing laser from the sample during measurements.

To minimise vibrations from the vacuum pump, a braided rubber pvc alloy hose

was used to connect the vacuum pump to the cryostat. The hose maintains its

dexterity under vacuum and allows the cryostat to be pumped to high vacuum.

The previous design of the cryostat tail incorporates a Rh-Fe thermoresistor at

the top of the sample holder, which is the first point of contact between the liquid

nitrogen and the sample holder. This point is cooled at a faster rate than the

outer body of the DAC, resulting in drastically inaccurate sample temperature

measurements. A CLTS temperature sensor has been added to the cryostat,
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which is attached close to the back diamond of the DAC each time a sample is

to be cooled, enabling accurate temperature measurements. A second heater has

been added to allow the sample to be rapidly heated from both above and below

the cell.

4.2.2 Testing the cryostat: Measurements on dense sodium

The vibrational Raman spectroscopy of metals at high pressures is not widely

used due to several limiting factors. These include the strong background from

the sample environment and experimental di"culties associated with the usually

weak scattering. Due to the lack of first order Raman activity in the metals of

cubic symmetry, such as Na below 100 GPa, Raman spectroscopy cannot provide

much information. However, the appearance of complex, low symmetry structures

in Na give rise to Raman activity, opening a window of opportunity to study

properties such as vibrational dynamics and/or chemical bonding [Marques 11,

Ma 09].

Above 100 GPa, Na adopts the cI16 structure. Group theory analysis predicts

5 Raman active bands of which only an unresolved Raman doublet is observed

[Marques 11]. At 118 GPa, there is a significant redistribution of the electronic

charges entering the oP8 phase, resulting in the emergence of a new Raman

band with additional high frequency modes [Gregoryanz 08, Marques 11]. At

pressures above 127 GPa, Na transforms to the host-guest incommensurate tI19

phase, which has been shown to exhibit a significant reduction in reflectivity

[Lundegaard 09, Lazicki 09]. All 8 Raman active modes in the tI19 phase

originate from the host structure, as the guest structure has only one atom per

unit cell therefore will exhibit no Raman activity. At pressures of 178 GPa,

Na transforms from the metallic tI19 structure to to a completely transparent

insulating hP4 structure with one very intense Raman mode at 350 cm"1. Such

a dramatic change in the optical properties indicate profound alterations in the

electronic structure and bonding. This transition is quite remarkable, as the alkali

metals have always been regarded as ‘ideal metals’. In addition, analogies were

often made between the light alkali metals and the predicted metallic state of

hydrogen [Ashcroft 68], however at comparable pressures this may no longer be

applicable.
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Figure 4.3: Left: Temperature dependence of the E2g mode at 180 GPa (right)
and 190 GPa (left).
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The hP4 phase has been shown to be stable up to 218 GPa at room

temperature and the single observable Raman mode has been observed to

increase in frequency with pressure [Ma 09]. However, the behaviour of the hP4

Raman mode with temperature is unknown and knowledge of this is vital in the

understanding of the stability of the phase in P-T space. Several cooling and

heating cycles of dense sodium were performed between 140 to 200 GPa, covering

the tI19 to hP4 transition. This experiment not only provided an insight into the

behaviour of Na-hP4 phase, but allowed an opportunity to test the capabilities

of the cryostat.

At 140 GPa (Na-tI19 ), the sample was heated to a temperature of 550 K and

showed no observable melting. This indicates that that the melting temperature

must steeply rise with pressure after the melting minima (see Fig. 4.4), reaching

values of its maximum in the bcc phase (#1000 K).

At a pressure of 179 GPa, the sample transformed from the tI19 phase to the

hP4 phase and remained stable to 200 GPa at room temperature, in agreement

with the previous study by Ma et. al. [Ma 09]. The sample of Na-hP4 was

then cooled to 138 K in 4 pressure intervals on decompression. At 190 GPa, the

sample was also heated to 337 K using an external resistance heater. Throughout

these temperature cycles, the sample remained optically transparent and the

hP4 Raman mode was sharp and well defined. Fig. 4.3 shows the temperature

dependence of the hP4 Raman mode at 190 GPa and 200 GPa.

The experimentally observed hP4 Raman mode is of E2g symmetry and

correlates with a transverse acoustic phonon. Thus, its frequency shift provides

information on the C44 elastic constant, which represents the slope of the branch

at the centre of the brillouin zone. C44 can be estimated from the frequency

shift of the E2g mode using the following relation derived from a three body force

model for an hexagonal solid with a non-ideal c/a ratio [Upadhyaya 94]:

C44 = 2#2M(

!
3c

6a2
)!2, (4.1)

where M is the atomic mass, a and c are the measured lattice constants, and

! is the Raman frequency of the E2g mode. The values of C44 at 190 GPa, as

estimated from the frequency of the E2g mode (120 GPa), and from first principles
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calculations (129 GPa) are in very good agreement. One of the shear moduli of

an hexagonal media is given by the expression:

G=2C44+C66 (4.2)

The calculations for C66 give a value of approximately 40 GPa, showing that

the shear modulus of Na-hP4 is mostly driven by C44 [Marques 11]. The measured

temperature dependence of the E2g mode at 190 GPa is #0.2 cm"1/K. This

measurement indicates that quite high temperatures are needed to substantially

decrease G and thus melt Na-hP4. Approximating the point of melting when

G"0, the melting temperatures would reach almost 2000 K at #190 GPa. The

revised phase diagram of Na is illustrated in Fig. 4.4. Previous melting points

[Gregoryanz 05] lying below the maximum at 31 GPa have been extrapolated

with the Simon-Glatzel law; a relation extensively used for many melting lines

[Gregoryanz 03]. Interestingly, the estimates of melting using the temperature

dependence of the E2g mode are in some agreement with the extrapolation of the

Simon-Glatzel melting line.

On releasing pressure to 175 GPa, a significant reduction in the intensity of

the hP4 Raman mode was observed. After leaving the sample for a period of 24

hours, the hP4 mode disappeared entirely, replaced by a Raman mode at # 160

cm"1, indicating a complete transformation to the tl19 phase. At this pressure

of 175 GPa, the sample was heated to 500 K, showing no transition back to

the hP4 phase. Pressure was increased further to 178 GPa and a cooling cycle

performed to 140 K. Although no complete transformation was observed, the

Raman mode of the tI19 phase was observed to drop in intensity as temperature

decreased, which could be interpreted as the onset to Na-hP4. Nevertheless,

these measurements indicate that the Na-tI19 to Na-hP4 phase boundary must

be vertical or near-vertical (see Fig. 4.4).
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Figure 4.4: Na phase diagram. The lower-pressure region, shown in open circles,
is adapted from [Gregoryanz 08] and [Gregoryanz 05]. The solid circle is a
measurement in this study. The dot-dashed line shows the extrapolation of the
melting curve from 30 GPa with the Simon-Glatzel empirical law. Dashed lines
between tl19 and hP4 represent hysteresis of the phase transition: the higher
pressure phase line represents a phase change on increasing pressure, whilst the
lower represents a phase change on decompression.
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Chapter 5

Multi-megabar room

temperature compressions of H2

and D2

5.1 Introduction

By combining all of the experimental improvements discussed in the previous

chapters, the first set of experiments compressed H2 and D2 at room temperature,

reaching pressures of 318 GPa and 275 GPa respectively, conditions previously

thought to be inaccessible. Raman spectroscopy was used, both to measure

pressure and to determine the bonding characteristics of H2 (D2). Both 514

nm Ar+ and 647 nm Kr+ ion excitation wavelengths were used for Raman

measurements, up to pressures of 200 GPa. Above 200 GPa, only the 647 nm

excitation line was used to minimise the pressure-induced background fluorescence

from the diamond anvils. Raman spectra were collected with 3s exposure time

with a laser power of 40 mW. Visible transmission spectroscopy was measured,

using a white light source in the collection region of 400 nm to 900 nm to estimate

the direct band-gap of the sample. The pressure of the samples below 90 GPa were

initially measured with the frequency of the H2(D2) main fundamental vibrational

mode (!1), that was pre-calibrated to the ruby standard in a separate loading.

Above 90 GPa, pressure was measured with the frequency of the stressed diamond
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5.2. Phase I-III Transition at Room Temperature

edge and calibrated using the scale reported in [Akahama 10b].

5.2 Phase I-III Transition at Room Tempera-

ture

At the solidification point to phase I at 5.5 GPa, the rotons are observed

to broaden significantly compared with the liquid state, whilst the !1 vibron

increases in intensity. On further compression above 100 GPa, the low energy

Raman bands below frequencies of 1000 cm"1, which consist of rotons and librons,

broaden and decrease in intensity with pressure (see Fig. 5.1). Up to 180 GPa,

the !1 vibron frequency is observed to shift with pressure, in good agreement with

previous studies [Goncharov 11].

Above 190 GPa in H2 and 185 GPa in D2, we observe the emergence of a

relatively intense broad band at 500 cm"1. This low energy band is similar to

a band at 450 cm"1 that was observed in phase III of H2 (H2-III) at 178 GPa

and at a temperature of 18 K [Goncharov 98]. In H2, the new Raman band is

accompanied by the change of slope of !1 from -3 cm"1/GPa to -7 cm"1/GPa,

whilst for D2 the slope changes from -2 cm"1/GPa to -5 cm"1/GPa (see Fig. 5.2).

The full width at half height (FWHH) also shows an indication of a transition.

In H2, the FWHH increases linearly from 5 cm"1 at the solidification point to 45

cm"1 at 190 GPa, then abruptly increases to 130 cm"1 within a pressure interval

of 30 GPa. Similarly in D2, we observe the FWHH increase linearly, then abruptly

increase at the transition but shifted to slightly lower pressures compared with

H2. Both the changes in slope of !1 and increased FWHH are in good agreement

with previous low temperature measurements (250 K for vibrons and 18 K for

librons) of H2-III [Goncharov 98, Akahama 10a]. No measurements of the D2-III

low frequency Raman bands have been reported at any temperature prior to this

study.

By extrapolating the existing low temperature transition lines for H2 (D2)

[Goncharov 11] to 300 K and 190 GPa(180 GPa), this P-T point would lie on

the phase I-III boundary. This is the first solid to solid phase transition to be

identified in H2 (D2) at room temperature.
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Figure 5.1: Representative Raman spectra of H2 and D2 at various pressures
passing through the phase I to phase III transition. At low pressures, the peak
at 2500 cm"1 corresponds to the second-order Raman band of diamond, which
becomes unresolvable above 100 GPa. The break from 1200 cm"1 to 2100 cm"1

cuts only the first-order Raman band from diamond
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Figure 5.2: Left: H2 (black triangles) and D2 (red diamonds) vibron frequency
versus pressure. Right: H2 (black triangles) and D2 (red diamonds) vibron FWHH
versus pressure. The red and black dashed lines indicate the phase I to phase III
transition for D2 and H2 respectively.
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5.3. Discovery of phase IV

5.3 Discovery of phase IV

5.3.1 Hydrogen

Increasing pressure beyond 220 GPa, a transformation to the new phase IV is

observed, evidenced by profound changes in the vibrational spectra and the low

energy spectra below 1200 cm"1. At 220 GPa, the low frequency broad band

identified as phase III splits into two Raman modes; one mode that is initially

weak in intensity at a frequency of 325 cm"1, and a broader Raman mode at

a frequency of 540 cm"1 (see Fig. 5.3). A comparatively weaker Raman mode

also emerges at a frequency of 1062 cm"1. At this pressure, the main vibron !1

reaches a frequency of 3780 cm"1, whilst a new vibrational mode (from here on

in referred to as !2) emerges at a frequency of 4150 cm"1.

The !1 vibron is observed to soften and broaden very rapidly. The frequency

versus pressure gradient changes from -7 to -12.7 cm"1/GPa (see Fig. 5.4), and

by 260 GPa, the frequency reduces below the values expected for the vibron in

phase III at 77 K [Loubeyre 02]. This would suggest that phase IV has a di!erent

molecular bonding character compared to phase III. At 318 GPa, the frequency

of the !1 vibron is 2750 cm"1 which is a 35% reduction compared to the vibron at

its maximum frequency of 4260 cm"1 at 40 GPa. The intensity of the !1 vibron

also increases 3-fold from 250 GPa to 318 GPa. There is a discontinuous jump

in the FWHH of the !1 vibron from 130 cm"1 to 204 cm"1 at the transition and

the FWHH continues to increase with pressure at a rate of 3 cm"1/GPa.

The !2 vibron does not soften as rapidly as !1, with a frequency versus pressure

gradient of -1.2 cm"1/GPa. Whilst the !1 vibron is observed to continuously

broaden with pressure, the FWHH of the secondary vibron !2 lies on the linear

extrapolation of the FWHH of phase I (see Fig. 5.4). It is clear that the !2

vibron is driven by the normal pressure-induced broadening, unlike the !1 vibron;

an indication of two very di!erent local atomic environments involved in these

modes.

The low frequency Raman band is observed to continuously evolve with

pressure, an indication of ongoing changes in the structure of phase IV (see Fig.

5.3 and Fig. 5.4. At 260 GPa, the three low frequency modes are well-defined
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Figure 5.3: Top: Representative Raman spectra of H2 at various pressures passing
through the phase III to phase IV transition at 220 GPa. Bottom: Representative
Raman spectra of H2 showing the evolution of phase IV with pressure.
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Figure 5.4: Top left: H2 vibron mode frequency shift as a function of pressure.
Closed triangles and closed circles are the !1 and !2 vibron modes. The blue
dashed line is Raman measurements at low temperature from [Loubeyre 02].
Open diamonds are low temperature infra-red measurements from [Goncharov 98,
Hanfland 93]. Top right: H2 !1 (closed triangles) and !2 (closed circles) vibron
mode FWHH as a function of pressure. Bottom: H2 lattice modes as a function
of pressure. Vertical dashed lines indicate phase transitions.
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and increase with intensity with pressure. Above 280 GPa, the Raman mode

observed at a frequency of 1155 cm"1 splits, giving rise to to another band that

rapidly increases in intensity with pressure. At the highest pressure reached of

318 GPa, there are four well defined intense Raman modes at frequencies of 289,

732, 1057 and 1247 cm"1. The relative intensity of the lowest frequency mode

at 289 cm"1 significantly increases with pressure to more than 4-fold higher in

intensity than the other 3 modes. Plotting the Raman frequency versus pressure,

the modes at 732 and 1247 cm"1 are observed to increase with pressure, whilst

the frequency of the modes at 289 and 1057 cm"1 soften. Such complex behaviour

suggests that there could be coupling between the !1 vibron and low frequency

modes of the same symmetry. Such coupling was observed in the high pressure

phases of Ice (Ice-VII and Ice-VIII), whereby softening and gains in intensity

were modelled through combinative coupling of deformational, translational and

rotational modes [Goncharov 99]. The Raman modes at 289 and 1057 cm"1 in

H2 may couple with the !1 vibron, as both are observed to soften. Coupling

would also explain the rapid gain in intensity of these low frequency modes with

pressure.

5.3.2 Deuterium

Deuterium enters phase IV at 230 GPa; 10 GPa higher in pressure than observed

in hydrogen. The transition is evidenced by similar changes as were observed in

hydrogen (see Fig. 5.5). Two modes initially emerge with Raman frequencies

of 265 cm"1 and 400 cm"1 from the broad phase-III Raman band, with a third

emerging at 240 GPa with a frequency of 780 cm"1. These low frequency Raman

modes are observed to continuously evolve, and behave similarly with pressure

to the corresponding modes of phase-IV hydrogen. The lowest frequency Raman

mode softens from 265 cm"1 at 230 GPa to 240 cm"1 at 270 GPa, whilst the

other two modes are observed to harden with pressure (see Fig. 5.6). The mode

initially at a frequency of 400 cm"1 increases at a rate of 3 cm"1/GPa, whilst the

mode at 780 cm"1 increases at a rate of 1 cm"1. At the highest pressure reached,

all three observable low frequency modes are intense and well defined. The lowest

frequency mode is the most intense, with intensity more than 3-fold higher than

the other two modes. As with H2, this rapid gain in intensity may be explained
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5.3. Discovery of phase IV

by coupling with the !1 vibron, which is also observed to soften with pressure.

The !1 vibron in phase III softens to a frequency of 2760 cm"1, after which

co-existence of vibrons from phase III and phase IV are clearly visible up to 250

GPa (see Fig. 5.5). The phase III !1 vibron continues to soften at a rate of -5

cm"1/GPa, whilst the phase IV !1 vibron softens at a higher rate of -8 cm"1/GPa.

It is interesting that the coexistence between phases III and IV was only observed

in D2 and not in H2. At the transition, there is a discontinuous jump in the

FWHH of the !1 vibron from 110 cm"1 to 150 cm"1 and the FWHH continues

to increase with pressure at a rate of 3 cm"1/GPa (see Fig. 5.6). Although the

!1 vibron of D2 broadens at the same rate as the !1 vibron of H2 in phase IV,

the initial FWHH is much greater in H2 than in D2, so at any given pressure the

FWHH of !1 is greater in H2 than in D2. Such an increased broadening in H2

may give reason as to why coexistence of phases III and IV is observed in D2 and

not in H2: the narrower phase III !1 vibron is submerged by the broad phase-IV

!1 vibron. Another isotopic di!erence is that the !1 vibron of D2 softens at a

slower rate than the !1 vibron of H2. This subtle di!erence may have important

consequences for the expected dissociation at higher pressures.

Above 235 GPa, the secondary vibron !2 emerges at a frequency of 3055 cm"1

and softens with pressure at a rate of -0.7 m"1/GPa. Whilst the !1 vibron is

observed to continuously broaden with pressure, the FWHH of the secondary

vibron !2 lies on the linear extrapolation of the FWHH of phase I (see Fig. 5.6).

This again provides evidence of two very di!erent local atomic environments

associated with each mode.
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Figure 5.5: Representative Raman spectra of D2 at various pressures.
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Figure 5.6: Top left: D2 vibron mode frequency shift as a function of pressure.
Closed triangles and closed circles are the !1 and !2 vibron modes. Blue triangles
indicate the phase III !1 vibron frequencies when phases III and IV coexist. Top
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dashed lines indicate phase transitions.
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5.3.3 Optical Transmission Spectroscopy

Measuring the conductivity of hydrogen directly is experimentally challenging,

due to the high risk of a reaction between hydrogen and common electrical

probes, e.g. platinum, tungsten and gold. Reactions of metallic probes forming

hydrides have proved controversial in conductivity measurements of hydrogen rich

materials. In 2008, Eremets et. al. claimed to have found a new metallic phase of

silane (SiH4) at 50 GPa, and that such phase became superconducting at 100 GPa

[Eremets 08]. However in a later study, it was found that silane decomposes into

its constituents at pressures above 50 GPa [Hanfland 11], casting doubt on the

observed transition. As it turned out, the metallic probes used in the study were

platinum, which forms PtH at 27 GPa and has indeed been predicted to become

superconducting at conditions claimed for silane [Degtyareva 09, Scheler 11b].

Although not a direct measurement of conductivity, optical transmission

spectroscopy provides an in-situ method to investigate absorption features that

can be used to infer band gap values. In all experimental runs, optical

transmission measurements were carried out in the spectral range of 400 - 900

nm, using a white light source. Reference spectra were taken below pressures of

100 GPa in Phase I, after the size of the sample chamber had stabilized. It has

been previously suggested that, at multi-megabar pressures, samples may darken

due to the stressed diamond culet, giving reduced transmission values. Visually,

this e!ect was not observed in any of the experimental runs and was evidenced by

no obvious darkening of the surrounding gasket material (see inset of Fig. 5.7).

At 150 GPa, the band gap of H2 is estimated at 2.9 eV and appears to decrease

linearly with pressure to 2.4 eV at 275 GPa. Both H2 and D2 give similar band

gap values at any given pressure. Above 275 GPa, a strong band-gap feature

appears in the spectra and shifts in red with pressure (see Fig. 5.7). The overall

absorption increases with pressure in this regime and the sample becomes visibly

darker in appearance. There is also a change in slope of the band-gap versus

pressure at 275 GPa, with the band gap dropping to 1.8 eV at 318 GPa. From

these estimations, hydrogen could be considered a wide band-gap semiconductor

at 318 GPa.

As measurements were conducted in the visible region, only the direct band
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Figure 5.7: Top: Optical absorption spectra of H2 in a visible spectral range
at 300 K and di!erent pressures. The reference transmission spectrum was
measured at 75 GPa. Bottom: H2 (black squares) and D2 (red squares) combined
band-gap points as a function of the pressure at 300 K. Open triangles are the
low temperature data in phase III taken from [Loubeyre 02]. Quadratic [upper
(magenta) curve] and cubic [lower (blue) curve] polynomial fits extrapolated to
higher pressures are shown as solid lines. Inset: Optical microscopy images of a
H2 sample in transmitted and reflected white light at 275 GPa and 300 GPa.
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gap could be measured. Absorption could still be occurring at frequencies below

the optical range measured, therefore it cannot be ruled out that the samples

could still be electrically conducting through an indirect band gap. Although the

band-gap shift with pressure is comparable to that for phase III at 75 K (see Fig.

5.7), the overall significant increase in absorption may suggest that, above 275

GPa, hydrogen may become semimetallic.

Using the combined D2 and H2 band-gap points di!erent polynomials were

used to fit and extrapolate the data (see Fig. 5.7). The pressures at which the

band gap is fully closed vary widely, depending on the power of the polynomial

but the lowest value is approximately 375 GPa. It is instructive to estimate

the frequency of the !1 vibron at this pressure, as the !1 vibron frequency is

an absolute pressure gauge in experiments and should be used for direct result

comparison, in both experimental and theoretical studies (see later section). The

extrapolation of hydrogen frequency versus pressure is almost linear and yields

2350 ± 50 cm1 at 375 GPa. This value is about 55% of the vibron frequency

under ambient conditions and is much lower than any frequencies ever reported

in experiments.

5.4 Discussion

5.4.1 Determining a Structure for Phase IV

Apart from phase I, the structures of all solid phases of hydrogen are unknown,

which makes the definitive interpretation of the observed phenomena of phase IV

di"cult. Before the discovery of phase IV, it was thought that hydrogen would

remain in phase III up until the transition to the metallic state. As such, there

have been extensive ab initio theoretical calculations of phase III to find potential

structure candidates for phase III at pressures in the stability region of phase IV.

In a study by Pickard and Needs [Pickard 07], which included contributions of

zero-point energy, three structures (C2/c, Cmca-12 and Pbcn ) were determined

as plausible candidates for phase III. The C2/c andCmca-12 structures all have

H2 molecules with approximately the same bond length (within 1%) and would

have a second Raman vibrational mode, due to Brillouin zone doubling with
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respect to phase I. This is in some agreement with the experimentally observed

infrared [Goncharov 01, Hanfland 93] and !2 Raman vibron in phase III. The !2

Raman vibron is extremely weak and assigned to a folded mode from the Brillouin

zone boundary; the frequency of the Phase III !2 vibron is close to that of the

strong IR mode, as they both correspond to the vibrational states near the top

of the vibrational band. At 175 GPa, both IR and Raman vibrons are relatively

close in frequency (4400 cm"1) to that of free molecules in an unbound state. In

the following chapter, low temperature Raman data will be used to re-evaluate

the appropriateness of these candidates for phase III.

The third proposed structure by Pickard and Needs, Pbcn, could explain all

the features of the Raman spectra of phase IV [Pickard 07]. This structure is

highly unusual; it consists of unbound molecules sandwiched between honeycomb

graphene-like (G) layers made of 6-atom rings, yielding both molecular and atomic

hydrogen at the same time. Each bond in the G layer has a di!erent size length,

ranging from 0.85 to 1.04 Å as shown in Fig. 5.8. Density functional theory

calculations predict 16 fully-symmetric Raman modes (Ag) for the Pbcn structure

[Pickard 07]. 6 out of 16 of these predicted Raman modes can be assigned with

experimental observations. Using the empirical formula [Herzberg 60];

!r3 = const (5.1)

where ! is the Raman frequency and r is the bond length, the observed vibron

frequencies can be qualitatively assigned to the predicted modes of the Pbcn

structure. At 300 GPa, the 0.72 Å bond, which is very close to the bond length

of an unbound molecule, can be assigned to the !2 mode (4150 cm"1), while the

0.83 Å bond length (bonds within the G-layer) can be assigned to the !1 mode

(2800 cm"1). Subsequent molecular dynamic (MD) simulations [Goncharov 13]

have confirmed this assignment and the atomic motions are illustrated in Fig.

5.9. The 1.04 and 1.03 Å calculated bond lengths could correspond to the doublet

observed at 1050 and 1200 cm"1. Although 6 Raman modes are calculated in the

region of 1500 - 2000 cm"1, this band would most likely be obscured behind the

signal from the stressed diamond.

MD simulations have been used to investigate the characteristics of the low
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Pbcn

Pc

Figure 5.8: Top: Top and side views of the Pbcn structure at 300 GPa showing
bond lengths. The atomic positions are taken from [Pickard 07]. Bottom: Top
and side views of the Pc structure, where the atomic positions have been taken
from [Pickard 12]. Black atoms indicate the top weakly bonded G-layer. The
black dashed lines show the next nearest contacts within the layer.
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frequency lattice modes below 1300 cm"1 at 240 GPa [Goncharov 13]. Through

these simulations, the observed pressure-induced changes in intensity of the low

frequency lattice modes are explained through vibrational coupling with the !1

mode from the G-layer, which softens with pressure. The mode at 300 cm"1 is

a unique mode, corresponding to the librational motion of the G-layer hydrogen

rings (see Fig. 5.9). Coupling is more obvious between the 300 cm"1 lattice mode

and the !1 vibron, as both are observed to soften and increase with intensity with

pressure. The two other low frequency modes (800 and 1050 cm"1) are shown to

correspond to molecular translation and rotations in the unbound molecule layer.

The !1 vibron mode has a very large isotope e!ect and pronounced broadening,

compared to other phases of hydrogen; an indication of increased anharmonicity

of the mode due to hydrogen bond symmetrisation. Such behaviour has been

observed in ice-VII, where in the vicinity of the symmetrisation transition, the

lattice becomes highly anharmonic, causing both softening and broadening of the

O-H stretching mode [Goncharov 99]. Due to the increased anharmonicity, the

potential well becomes very shallow, due to the lowering of the barrier between

potential wells and can only accommodate two vibrational levels [Goncharov 13].

As the first excited vibrational level is now close to the top of the barrier,

proton tunnelling becomes frequent. Because of the larger zero-point energy,

tunnelling is more energetically favourable in hydrogen than in deuterium, leading

to the enhanced proton tunnelling in the regime approaching symmetrisation as

observed in ice [Goncharov 99]. As such, the hydrogen vibron would show larger

softening and broadening of the !1 mode relative to deuterium, as the lighter

hydrogen tunnels more easily. Fig. 5.10 plots the frequencies of the observed

modes in hydrogen versus the corresponding frequencies of deuterium modes

and there is a clear divergence of the !1 vibron mode from the expected 1/
!
2

behaviour. Such behaviour is exemplary of the strong quantum characteristics of

phase IV.

In subsequent DFT studies, it was shown that the Pbcn structure is dynami-

cally unstable, as the lowest frequency libron mode has an imaginary frequency

[Pickard 12]. However, three more dynamically stable Pbcn-like structures with

6 member rings have been proposed: Pc-48 (which still has imaginary phonons),

Pc-96 [Pickard 12] and Cc [Liu 12] (both dynamically stable) symmetries (see Fig.

5.8). These studies calculated that the structures would became stable above 220
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(A)

(B)

Figure 5.9: The atomic motions of the (A) low frequency libron Raman mode
and (B) soft vibron (!1) Raman mode of the Pbcn structure as a result of MD
simulations taken from [Goncharov 13].
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Figure 5.11: Comparison of the experimentally observed and theoretically
calculated [Pickard 12] Raman intensities and spectral positions of the hydrogen
bands at 250 GPa. (A) Experimental raw spectra observed in phase IV (in black);
spectra corrected for decreasing sensitivity of the detector are shown above (in
red). The broad peaks between 1333 cm"1 and 1800 cm"1 are due to the first
order Raman from diamond. (B) Experimental renormalized spectra plotted as
Gaussian distributions for phase IV (vertical black lines); theoretically calculated
spectra for Pc. The intensities for renormalized and theoretically calculated
spectra are plotted on a logarithmic scale to clearly compare the weaker low
frequency modes.
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GPa and 300 K, which is in good agreement with the results presented in this

thesis. Fig. 5.11 shows a comparison between the calculated spectral positions

and intensities of the Pc structure with the renormalized Raman spectra from

experimental observations. An interesting feature is that, after renormalizing,

the Raman spectra is heavily dominated by the vibron modes. Although the

calculated modes for Pc are not a perfect fit, they are in much better agreement

with the experimental data, compared to the calculated modes for the Pbcn

structure.

Ultimately, x-ray di!raction studies are needed to unambiguously determine

the structure of phase IV, however such experiments remain exceedingly di"cult

with the current capabilities. It has even been suggested that, due to the

extremely large atomic motions, phase IV may not have a well defined crystal

structure, which could be a reason for the disagreement between predicted phase

IV structures. However, what is promising is that theoretical studies all agree on

the presence of two distinct structural units, a “molecular” and a “graphene-like”

layer, which repeat periodically in the A-B-A-B sequence. Only the symmetry of

the graphene-like layer is a matter of debate. With impending infra-red studies,

no doubt the number of potential candidate structures for phase IV will be further

reduced, awaiting definitive confirmation from x-ray studies. It is interesting

that the hexagonal configuration of molecules in the graphene-like layer is similar

to predictions, suggesting that intermolecular complexes could form before the

transition to the atomic phase [Labet 12].

5.4.2 Evidence for further high pressure phases

A recent study by Eremets and Troyan [Eremets 11] compressed hydrogen to 300

GPa and provided evidence for the transition to phase IV at 220 GPa. Both the

transition pressure and appearance of low frequency Raman modes are in good

agreement with phase IV presented in this work. Despite these observations, the

authors attributed the transition at 220 GPa to the purely molecular Cmca-12

structure and claimed the sample to be both opaque and electrically conductive.

They reported a further transformation to a metallic monatomic fluid at 270 GPa,

inferred from the disappearance of the Raman signal. However, analysis of the

presented Raman data in [Eremets 11] suggests that in all runs the signal was
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lost, due to factors other than molecular dissociation of H2 (D2).

The agreement in the observed frequencies of the vibrational band vs. pressure

is good for H2 up to 260 GPa, whilst there is some discrepancy for the D2 shifts,

most likely due to the di!erent pressure scale used (see next section). Unlike

in Ref. [Eremets 11], 6 Raman modes are observed up to the highest pressures

reached. Contrary to the claims of the signal disappearance, the intensities with

pressure for the lowest lattice mode at #300 cm"1 and both vibrational bands are

observed to increase with pressure. Furthermore, the presented Raman data in

[Eremets 11] for D2 are inconsistent with their data for H2, despite the claim that

both isotopes behave similarly. [Eremets 11] did not observe the low frequency

modes for D2, explaining it by the isotope e!ect and/or pressure di!erence. It is

known that the frequencies of H2 and D2 rotons and phonons are scaled by factor

of 2 and
!
2 respectively [Silvera 80]. The low energy frequencies for D2 scale

to the corresponding H2 frequencies as
!
2, indicating that these excitations are

phonons (lattice modes); this unequivocally proves that H2(D2) is in a solid state

up to 318 GPa.

The disappearance of the Raman signal in [Eremets 11] could be explained by

the partial collapse of the sample chamber and increased background from the

diamond. In many of our experimental runs, we have observed partial collapse of

the sample chamber, Fig. 5.12. The cause of such collapsing behaviour originates

from the preparation of our experiments where we have used either infra-red laser,

spark erosion or focussed ion beam gasket drilling. Depending on the laser profile

of the infra-red laser used, the sample chambers may be drilled asymmetrically,

resulting in partial drilling of the gasket material at the sample chamber edges.

As the sample is typically loaded into the diamond anvil cell as a compressed

gas, when further compressed, the chamber often collapses in diameter by up to

a factor of 2. If the sample is asymmetrically drilled, then the gasket material

will flow under the sample and continue to do so up to pressures exceeding 200

GPa (see Fig. 5.12).

Fig 4 shows representative Raman spectra of H2 and D2 on the transparent

part of the sample (upper spectra and A in photomicrograph) and the partially

collapsed gasket part of the sample (lower spectra and B in photomicrograph).

It was observed that there is still a Raman signal from H2(D2) on the partially
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Figure 5.12: Upper: Illustrations and photomicrographs showing how the sample
chamber was observed to partially collapse. Hydrogen vibron frequencies and
pressure estimates (calculated using Ref. [Akahama 10b] are indicated at each
stage of deformation. Lower: Raman spectra of H2 (bottom) and D2 (top) at
diamond edge frequencies of 1765 cm"1 and 1770 cm"1 respectively. The upper
spectrum in each isotope shows measurements on the transparent part of the
sample. The lower (weaker) spectrum shows measurements on the partially
collapsed sample chamber, as illustrated in the photomicrograph inset. The
inset shows a photomicrograph in both transmitted and reflected light, whilst
the probing laser reflects on the partially collapsed gasket segment of the sample.
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collapsed gasket, indicating that there must be a thin layer of hydrogen lying on

the hydride formed from the gasket material. The signal is weaker due to probing

only a small depth of hydrogen, compared with the transparent part of the sample.

Such an e!ect could explain the apparent loss of Raman activity above 270 GPa

at the reported ‘metallic’ transition in [Eremets 11]. Eremets and Troyan also

claim high reflectivity of the sample, based on visual observations which are not

supported by the measurements and are inconsistent with the presented extremely

low values of measured conductivity (one can estimate ) #0.2 #"1m"1 from the

data provided in [Eremets 11]). This observation can also be explained by the

partial collapse of the gasket, as the increased reflectivity would be from the non-

transparent layer of metallic gasket material, rather than the layer of H2 (Fig.

5.12 inset shows the reflection of the laser on the partially collapsed gasket).

Contrary to the claims of high reflectivity in [Eremets 11], the sample(s) in this

work were still transparent in the visible and infra-red region below #1.9 eV. The

analysis of the data presented here, demonstrates that H2(D2) is a wide band-gap

solid semiconductor at 300 K and up to 318 GPa.

Recent theoretical studies have predicted that hydrogen may transform back

into a molecular phase at higher pressures [Liu 12, Pickard 12]. Pickard et.

al. predicted the transformation into a molecular metallic Cmca-12 phase at

pressures above 275 GPa, while Liu et. al. predicted a transformation to a Cmca-

4 structure. These predictions of a new metallic phase seem to be in agreement

with the claims of metallization above 260 GPa by [Eremets 11]. However, as

discussed above, our optical spectroscopy results above 260 GPa are in strong

disagreement with these claims. In addition, the theoretically proposed molecular

metallic phases (Cmca-12 and Cmca-4 ) are Raman active, which would also be

at variance with the claimed disappearance of Raman modes in [Eremets 11]. Up

to pressures of 310 GPa, there are no major changes in the Raman spectra that

would indicate a complete change in structure to either Cmca-12 and Cmca-4

phases.

Although there is no evidence of the transformation back into a molecular

state, there is evidence of slight modulations of the phase IV structure at higher

pressure. Above 275 GPa, there is a slight change in the optical properties, such

as the appearance of the 4th low energy mode, the change of slopes of the !1

frequency and the value of the D2/H2 band gaps with pressure. The transition
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indicated in Fig. 5.13 may be interpreted as the presence of a new solid structure

(phase IV’). However, with very similar Raman spectra, phase IV’ must be closely

related to phase IV structurally.

5.4.3 Use of the H2 and D2 vibron as a pressure gauge

Room temperature studies of hydrogen to above 300 GPa have been reported

previously [Narayana 98], but the results remain controversial, due there being

no positive diagnostics confirming the presence of hydrogen in the sample chamber

at such conditions. Instead, Narayana et. al. provided only diagnostics of the

gasket material as evidence the gasket (and therefore assumed the softer sample)

was above 300 GPa. It is obvious now that pressure metrology in such early

experiments is problematic. The majority of researchers in the field have currently

adopted the diamond Raman edge as a pressure calibrant. However, the use of

the diamond Raman edge as a pressure calibrant is dependent on the physical

(pressure, temperature and sample type) and geometrical conditions at which it

was calibrated. As more experimental groups are to claim to have compressed

hydrogen at room temperature in the multi-megabar regime, it is important to

evaluate both the way pressure is determined, and the way in which pressure is

used, to compare the stability ranges of phase transitions.

Fig. 5.14 shows a plot of H2 and D2 vibron frequencies versus diamond Raman

edge frequencies for 10 separate experimental runs. In each run, there is lack of

consistency with the frequency of the diamond Raman edge and the frequency of

the vibron. In the most extreme case, there is a separation of 10 cm"1 in H2 and 22

cm"1 between the diamond Raman edge frequencies at a given vibron frequency.

This variation in diamond Raman edge frequency could correspond to changes in

pressure of 8 GPa to 18 GPa respectively, thus the diamond edge is ultimately

unreliable in claiming stability pressures of reported phases. Furthermore, the

insets of Fig. 5.14 provide a comparison between this study and that of Eremets

and Troyan [Eremets 11], showing a clear disagreement between pressure and

corresponding vibron frequency.

Importantly, what is observed in this study is the consistency in the frequencies

of the vibron at which the Raman characteristics of phases III and phase IV
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Figure 5.13: Hydrogen and deuterium combined band-gap points (filled squares)
as a function of pressure at 300 K. Dotted (black) straight lines are linear fits to
the measured data points in phase IV and phase IV’. Quadratic [upper (red) curve]
and cubic [lower (blue) curve] polynomial fits extrapolated to higher pressures are
shown as solid lines. Inset: Frequency of the !1 mode of hydrogen as a function of
pressure. Open circles are measured !1 vibron frequencies versus pressure. The
solid (red) line shows the nearly linear (from 275 to 400 GPa) extrapolation of
the !1 frequency up to above 375 GPa-the minimal pressure needed to close the
optical band gap. Dashed vertical lines indicate the proposed phase transition
between phase IV and phase IV’.
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appear. Phase III is observed at vibron frequencies of 3850 cm"1 and 2895 cm"1

for H2 and D2 respectively. Phase IV is observed at 3780 cm "1 for H2, while for

D2 an overlap of vibrons from Phases III and IV are observed at 2740 cm"1 and

2675 cm"1 respectively. Ultimately, for external studies to confirm the existence

of the new phases recently reported, vibron frequencies within the stability range

of the phase must be reported.

To conclude, estimations of the minimum pressure for metallization from

extrapolations of band gap measurements give a pressure of 375 GPa as the

minimum pressure for complete band gap closure. Extrapolating the H2 vibron

frequency versus pressure, gives a value of 2350 ± 50 cm"1, which can be

considered the minimum vibron frequency value at which hydrogen will become

conductive under complete band gap closure.
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Chapter 6

Exploring the stability of phase

IV in the P-T space

6.1 Introduction

The experimental discovery of phase IV of hydrogen (deuterium) is exemplary

of how studies of hydrogen at multi-megabar pressures is constitutive to the

understanding of the pressure induced complexity in simple systems at extreme

compressions [Howie 12a]. At 300 K, hydrogen transforms to phase IV at

pressures above 220 GPa exhibiting quite unique and unusual Raman spectra

features, which strongly suggests that the structure consists of graphene-like 6-

member rings, made up of the elongated H2 dimers and unbound H2 molecules.

Compared to the three other molecular phases (I, II and III) [Goncharov 11], little

is known about the stability field of phase IV. Experiments aimed at determining

the stability fields of H2(D2) are highly desirable and of fundamental interest,

because they are expected to provide a clear picture of the hydrogen phase

diagram and therefore reveal new aspects relevant to theoretical modelling and

interpretation.

In a second set of experiments, phases III and IV of H2 and D2 have been

mapped out up to 300 GPa and between 200 and 300 K. Samples were initially

compressed at 300 K. At the desired pressure, the cell was mounted in a custom-

built continuous-flow cryostat (see Chapter 3) and Raman measurements were
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performed on cooling/warming scans between 200 and 300 K. Both 514 nm Ar+

and 647 nm Kr+ ion excitation wavelengths were used for Raman measurements

up to pressures of 200 GPa. Above 200 GPa, only the 647 nm excitation line was

used to minimise the pressure-induced background fluorescence from the diamond

anvils. Raman spectra were collected with 3 s exposure time with a laser power

of 40 mW. The pressure of the samples below 90 GPa were initially measured

with the frequency of the H2(D2) main fundamental vibrational mode (!1), which

was pre-calibrated to the ruby standard in a separate loading. Above 90 GPa,

pressure was measured with the frequency of the T2g Raman band of the stressed

diamond edge and calibrated, using the scale reported in [Akahama 10b].

6.2 Low Temperature Studies

In the first set of cooling experiments, H2 was compressed to within the stability

field of phase IV at room temperature then cooled to 190 K. Figure 6.1 shows

selected Raman spectra of the cooling cycle at 242 GPa. As temperature is

decreased below 264 K at 242 GPa (251 K at 262 GPa), the intensities of the

low frequency modes associated with phase IV decrease significantly and the

!2 vibrational mode disappears. Within a cooling interval of 10 K, another

intense low frequency Raman band emerges (Fig. 6.1). The appearance of this

Raman band is in very good agreement with that observed in the literature for

phase III [Goncharov 01]. Together, with the !1 vibron observed to harden and

becoming narrower with temperature, these changes strongly indicate that there

is a transformation from phase IV to phase III. The transition is reversible upon

heating, and exhibits no hysteresis; the low frequency modes associated with

phase IV and the !2 vibrational mode reappear and the !1 mode significantly

broadens and softens.

In the second set of cooling experiments, D2 was observed to undergo the

same transition upon cooling as was observed with H2, albeit at di!erent P-

T conditions. Selected Raman spectra of D2 at 245 GPa and 256 GPa, and

at various temperatures are shown in Fig. 6.2. At room temperature (phase

IV) both !1 and !2 vibrational modes are clearly visible, having very di!erent

widths. Upon cooling at 245 GPa, the !1 mode of D2 shows splitting, with a
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warming (bottom) showing phase IV-III transformations at 242 GPa.
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higher frequency band emerging from phase III and the lower band from the

remaining phase IV (see Fig. 6.2). Upon cooling, the intensities of all Raman

modes associated with phase IV decreases, while new peaks appear and grow.

By 285 K, the transition to phase III is complete, the !2 mode disappears and

the !1 hardens significantly. The temperature scans at the higher pressure of

256 GPa show identical changes in the Raman spectra, although at di!erent

transition temperatures. To the knowledge of the author, there are no published

Raman spectra of low frequency modes in phase III of deuterium to compare our

data with. However, the overall spectrum appearances [Goncharov 01] and
!
2

scaling of the corresponding modes frequencies between H2 and D2 [Silvera 80]

unequivocally demonstrate that the phase at low temperatures is phase III. The

phase III to phase IV transformations in both isotopes are very well defined,

happen within a 10 K interval and are reversible without any hysteresis both in

pressure and temperature, which is expected from the light materials with high

ZPE.

The spectral positions of the fundamental vibrational modes of both isotopes

shift considerably during the phase transition and the value of the shift increases

with increasing pressure and decreasing temperature (Fig. 6.3). For example,

when phase IV is reached at 300 K (at 220 (230) GPa for H2 (D2)), there is no

discontinuity of the vibron mode frequency but only slight change of the frequency

versus pressure slope. However, as pressure increased above 220 (230) GPa,

and temperature lowered, the vibron modes frequencies undergo discontinuous

hardening upon entering phase III from phase IV (see Figs. 6.3 and 6.4).

The most interesting observation is the discontinuity of the FWHH of the !1

mode at the III-to-IV transition, which reflects fundamental changes during the

transformation and demonstrates quite unusual characteristics of phase IV. Fig.

6.3 shows the FWHH of !1 vibron of D2(H2) versus T at di!erent pressures. In

phase III, the FWHH of the !1 is marginally larger for hydrogen; between 290

and 250 GPa the !1 width is from 150 to 100 cm"1, while for D2, it is from 100 to

75 cm"1. However, in the same pressure range (290 to 250 GPa), the behaviour

changes quite drastically upon warming. By raising temperature by an interval

of 10 K, thus entering phase IV, the H2-!1 broadens to #450 (350) cm"1, while

the D2-!1 reaches #250 (150) cm"1. The most plausible explanation for the

increased FWHH of !1 in phase IV, is the intermolecular proton exchange and
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reduced life-time of molecules. The expanded intra-molecular bond-length and

association of these elongated molecules in the 6-member rings [Pickard 12] would

facilitate such intermolecular proton tunnelling in one phase (IV), compared to

another (III) at nearly identical P-T conditions; in particular this e!ect will

be enhanced in lighter hydrogen, as reflected by its much wider FWHH. The

e!ect of the increased FWHH of the vibrational mode is already present in phase

III [Akahama 10a, Goncharov 07], but phase III has only one type of molecule

with characteristic life-time and bond-length, with the FWHH being from 75

to 150 cm"1 for both isotopes in a wide P-T range. The observations of the

FWHH behaviour across the III-IV transformation illustrate the importance of

temperature e!ects and that phase IV is a thermally driven partially disordered

phase, contributing to the evidence for the proposed mixed atomic and molecular

state of dense H2 and D2.

By combining the P-T scans of the !1 mode frequencies, the 3-D phase

diagrams of both species can be constructed (Fig. 6.4). The overall appearances

of the phase diagrams are markedly similar but there are several subtle di!erences.

The phase III-to-IV transition pressures are shifted to slightly higher values for

D2. As a result, the III-IV phase line of D2 lies above the one for H2. Our

measurements for H2 yield the III-IV line gradient of $1.6 K/GPa, while the

slope is twice as shallow for D2, as seen in Fig. 6.4. Another di!erence during

the III-IV transformation between the isotopes is the very di!erent values of the

vibron frequency discontinuities. With increasing pressure, the discontinuity of

the III%IV transition is increasing (see Figs 6.3 and 6.4), reaching much larger

values for hydrogen, e.g. #500 cm"1 for H2 at 315 GPa and 250 cm"1 for D2

at 300 GPa. These are the largest discontinuities observed between the di!erent

phases; for comparison the largest value of the frequency softening of the !1

mode upon entering phase III from II is only around 100 cm"1 for both H2 and

D2 [Hemley 88, Goncharov 95].

6.3 Discussion

Recent DFT calculations have proposed the C2/c structure as a possible

candidate for phase III and the re-entrance back into a molecular phase V (Cmca-
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12 above 280 [Pickard 12] or Cmca-4 above 250 GPa [Liu 12]), which appears to

have metallic properties in both studies. Fig. 6.5 shows a comparison between

the low temperature, experimentally observed, phase III and the theoretically

calculated Raman intensities and spectral positions of the hydrogen bands of the

C2/c structure (phase III) and Cmca-12) (phase V) at 250 GPa. Although the

experimentally observed spectral position and intensity of the !1 vibron is in

good agreement with the theoretically calculated !1 position and intensity, the

low frequency Raman spectra are in utmost disagreement with both C2/c and

Cmca-12 structures, casting doubt on their candidacy for phase III.

The predictions of a new metallic phase V are in agreement with the recent

claims of metallization of H2(D2) at above 260 GPa [Eremets 11]. However, the

results presented in this work for phase IV are in strong disagreement with Ref.

[Eremets 11] (see Chapter 5.4.2). The P-T phase diagram of H2 is displayed

in Fig. 6.6, showing the theoretically proposed phase III-IV-V transition lines

[Pickard 12, Liu 12]. Although the calculated phase III-IV boundaries are in

good agreement with experiment, the phase IV-V boundary clearly passes within

the stability range of phase IV. As the theoretically proposed molecular metallic

phases are Raman active, there would be significant changes in the Raman spectra

at the transition. Changes would be both in the low frequency Raman bands and

with the possible disappearance of !2: this is at a variance with the reproducibly

experimentally observed persistence of the Raman bands associated with phase

IV above 220 GPa at room temperature.

The claim of a metallic phase V also contradicts experiments conducted at

identical compressions in the low temperature regime [Loubeyre 02, Akahama 10a,

Zha 12], whereby phase III is observed to persist up to 360 GPa below 100 K. In a

recent infra-red study, H2 was compressed to 360 GPa and infra-red measurements

conducted over a broad P-T range [Zha 12]. Phase IV was not observed and

the study concluded that the observations of a pronounced IR vibron, together

with no discontinuities in frequency as a function of pressure and temperature,

indicated that phase III persists over the broad P-T covered in the study. Plotting

the P-T conditions based on the IR spectra presented in [Zha 12] on the phase

diagram of hydrogen (Fig. 6.6), it becomes apparent that the P-T conditions

reached in the IR study were never within the stability regime of phase IV. IR

studies would be greatly beneficial in order to gain further insight into both the
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Figure 6.5: Comparison of the experimentally observed and theoretically
calculated [Pickard 12] Raman intensities and spectral positions of the hydrogen
bands at 250 GPa. (A) Experimental raw spectra observed in phase III (in black);
spectra corrected for decreasing sensitivity of the detector are shown above (in
red). The broad peaks between 1333 cm"1 and 1800 cm"1 are due to the first
order Raman from diamond. (B) Experimental renormalized spectra plotted as
Gaussian distributions for phase III (vertical black lines); theoretically calculated
spectra for Cmca-12 (blue) and C2/c (red). The intensities for renormalized
and theoretically calculated spectra are plotted on a logarithmic scale to clearly
compare the weaker low frequency modes.
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structure and properties of phase IV.

In order to better understand the connection between phase IV, the melt-

ing curve, and predicted atomic liquid states [Gregoryanz 03, Tamblyn 10,

Morales 10], further investigations are clearly needed. The phase I-III-IV triple

points are tentatively placed at 210 GPa and 325 K for H2 and 205 GPa and 330

K for D2, however the slope of the phase I-IV boundary needs to be established.

This boundary is of particular interest, because it has important consequences

for the behaviour of the melting curve. Independently of the phase IV slope

boundary, it is very likely that the melting curve will change its slope at some P-

T condition, because phases I and IV are very dissimilar. Depending on whether

the slope has a positive or negative gradient, one could expect that the predicted

ground liquid state [Babaev 04] could be realized at higher pressures or may be

not realized at all, as in case of lithium [Guillaume 11]. It is interesting to note

that the intersection of the molecular to atomic liquid states boundary predicted

theoretically [Tamblyn 10, Morales 10] and the extrapolation of the melting curve

[Gregoryanz 03] is in close proximity to the stability field of phase IV. This is a

clear indication of the connection between changes in both liquid and solid states

in this interesting and unusual material.
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Figure 6.6: Proposed phase diagram of H2 (top) and D2 (bottom). The melting
curve (thick solid line) of H2 is a Ketchin fit from [Gregoryanz 03] and the symbols
along it are from [Datchi 00, Gregoryanz 03]. The black diamonds separating the
phases I, II and III of H2 and D2 are from [Goncharov 11]. The thin red solid
lines show the P-T paths taken in this study and the stars along them show phase
I to III and III to IV transformations. The dashed lines are proposed boundaries
between I-III, III-IV and I-IV phases. The solid purple and orange lines show the
theoretically predicted phase III-IV-V transition lines [Pickard 12, Liu 12]. The
calculated transition lines between molecular and atomic liquid H2 are shown
with dashed lines and crosses [Tamblyn 10] and triangles [Morales 10].
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Chapter 7

Conclusion

The aim of this thesis was to study hydrogen and deuterium at pressure and

temperature conditions previously unattainable. In surpassing these conditions,

a new phase of hydrogen, phase IV, has been observed; the first solid phase to be

discovered in the past 25 years.

The first set of experimental results used Raman and visible transmission

spectroscopy to investigate dense hydrogen (deuterium) up to 318 (275) GPa

at 300 K. Above 190 (185) GPa, there is a transition from phase I to phase

III which is the first solid-to-solid phase transition to be observed in hydrogen

and deuterium at room temperature. This is succeeded at 220 GPa by a

reversible transformation to a new phase, IV. This phase is characterized by

the simultaneous appearance of the second vibrational fundamental mode and

new low-frequency phonon excitations, and a dramatic softening and broadening

of the first vibrational fundamental mode. The optical transmission spectra of

phase IV show an overall increase of absorption and a closing band gap which

reaches 1.8 eV at 315 GPa. The extrapolation of the band gap yields 375 GPa as

the minimum transition pressure to the metallic state of hydrogen (deuterium).

Analysis of the Raman spectra suggests that phase IV is a mixture of graphene-

like layers, consisting of elongated dimers, and unbound molecules. The discovery

of phase IV has stimulated many theoretical studies in predicting candidate

structures. All predicted candidates are structurally similar but di!ering slightly

in symmetry [Pickard 12, Liu 12]. Furthermore, features of the Raman spectra,

86



together with MD simulations, indicate that the phase IV structure exhibits

remarkable fluxional characteristics that are related to its quantum nature

[Goncharov 13].

Experiments aimed at determining the stability fields of hydrogen and

deuterium are highly desirable and of fundamental interest, because they are

expected to provide a clear picture of the phase diagram and, therefore, reveal

new aspects relevant to the theoretical modelling and interpretation. In a series of

low-temperature experiments, phases III and IV were mapped out up to 270 GPa,

imposing constraints on the P-T phase diagram. The low temperature stability

of phase IV was investigated, revealing di!erences in the stability fields between

the isotopes and similarities in the electronic structure. The spectral features of

the phase IV-III transition and di!erences in appearances of the isotopes Raman

spectra strongly indicate the presence of proton tunnelling in phase IV.

Although the discovery of phase IV is of fundamental importance in the

understanding of hydrogen and deuterium, key questions still remain about the

higher pressure behaviour. Theoretical predictions propose that phase IV may

transform to a metallic molecular phase [Pickard 12, Liu 12] and could compete

with monatomic phases at similar compressions [McMahon 11, Labet 12]. Al-

though no further phase transformations were observed in experiments, minute

changes in the optical spectra above 275 GPa might suggest the presence of a

new solid modification of hydrogen (deuterium), closely related structurally to

phase IV.

With the continuous improvement of static compression techniques, experi-

mental studies may soon be within range of routinely reaching pressures above

300 GPa [Dubrovinsky 12]. Accessing such a pressure regime will succeed in both

verifying theoretical predictions and unifying experiments. Such studies will no

doubt allude to the existence of the predicted ground state fluid atomic metallic

hydrogen [Babaev 04]. There is still so much more to learn and understand about

the complexity of element number one.
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Appendix A

The variation of the polarizability of a molecule with respect to direction can be

defined in the form of a tensor, due to the polarizability of a molecule varying for

di!erent directions in space:

$ij =

!

"#
$xx $xy $xz

$xx $xy $xz

$xx $xy $xz

$

%&

If the molecule itself vibrates with a certain frequency, then the components

of the polarization can be represented in the following approximation:

$ij = ($ij)0 + (
d$ij

dQ
)0Q (7.1)

where ($ij)0 is the value of $ij at the nuclei equilibrium positions and (d"ij

dQ )

is the change of polarization tensor $ij, describing the displacement of the atoms

in the molecule during vibration about their equilibrium positions. The normal

mode, Q, varies as the following function:

Q = Acos(%M t) (7.2)

where A is the amplitude of the normal vibration of angular frequency %M .

Substituting Eqn. (7.1) and Eqn. (7.2) into Eqn. (3.6), one finds a more refined

equation for the induced dipole moment:
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µind = $0E0cos(2#!0t) +
1

2
(
d$ij

dQ
)0AE0[cos(2#(!0 $ !M)t)$ cos(2#(!0 + !M)t)

(7.3)
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High-pressure synthesis and characterization of iridium-trihydride
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We have performed in-situ synchrotron x-ray di↵raction studies of the iridium-hydrogen system up
to 125 GPa. At 55 GPa, a phase transition in the metal lattice from the fcc- to a distorted simple
cubic phase is observed. The new phase is characterized by a drastically increased volume per metal
atom, indicating the formation of a metal hydride, and substantially decreased bulk modulus of
190 GPa (383 GPa for pure Ir). Ab-initio calculations show, that the hydrogen atoms occupy the
face-centered positions in the metal matrix, making this the first known non-interstitial noble metal
hydride and, with a stoichiometry of IrH3, the one with the highest volumetric hydrogen content.
Computations also reveal that several energetically competing phases exist, which can all be seen
as having distorted simple cubic lattices. Slow kinetics during decomposition at pressures as low as
6 GPa suggest that this material is metastable at ambient pressure and low temperatures.

PACS numbers:

High pressure as a general route to material synthesis
[1–3] has been used in the past to obtain hydride
phases of most transition metals under thermodynamic
equilibrium conditions [4, 5]. However, in particular
for the noble metals, the required pressures can be
substantial (with the sole exception of palladium [6]). So
far, the highest reported pressures for hydride synthesis
are 25 GPa for tungsten [7, 8] and 27 GPa for platinum
hydride [9]. Most known d -metal hydrides exhibit a
closed-packed metal host lattice with hydrogen atoms
occupying the octahedral or tetrahedral interstitial sites,
the former being by far the most common modification
[5]. Thus, these hydrides usually exhibit a hydro-
gen:metal (H:M) ratio close to 1, with few exceptions
where higher ratios are achieved (e.g. rhodium-dihydride
[10]). No hydride phases are known for the noble metals
silver, gold [11], osmium and iridium. Interstitial
hydrogen alloys are interesting due their potentially
important physical properties, such as modified crys-
talline structures and mechanical properties [12], altered
microstructure [8] (nanocrystallinity), hydrogen medi-
ated superconductivity [13, 14] or potential hydrogen
storage capabilities [10, 15, 16]. Furthermore, according
to theoretical predictions, hydrogen confined in a host
matrix might undergo the elusive transition to a metallic
groundstate at considerably lower pressures than pure
hydrogen [17, 18]. Recent studies [19] estimate the
metallization pressure for pure hydrogen to be above
375 GPa, still out of reach of current static compression
techniques. The formation of a hydride phase is readily
observed in x-ray di↵raction (XRD) measurements as
an expansion of the unit-cell (see e.g. in rhenium [12]),
or a structural phase transition with increased volume
per metal atom compared to the parent metal (e.g.
bcc-to-hcp in tungsten [7, 8, 20] or fcc-to-hcp in platinum

[9]). It has been found that, due to contributing its
electron to the valence band of the surrounding metal,
the presence of one hydrogen atom expands the host
lattice by 2-3 Å3 (depending on the material, see Ref.
[4, 5]). From the formation of the nitrides of iridium and
osmium [21] at conditions identical to those at which
platinum nitride forms [22], it could be argued that an
equivalent behaviour might be observed for hydrogen.
However, although platinum hydride readily forms at 27
GPa, no hydride phases of iridium or osmium are known.

We have performed x-ray di↵raction (XRD) studies on
iridium in a hydrogen medium at pressures up to 125
GPa in the diamond anvil cell (DAC) (see Ref. [23]
for details). At 55 GPa an additional phase appears in
XRD patterns of iridium. The new phase can easily
be indexed in the Pm 3̄m space group (simple cubic,
see Figure 1) and exhibits a significantly larger volume
per atom than pure iridium at the same pressure. This
indicates the formation of a compound material, i.e. a
metal hydride (as opposed to a phase transition in pure
iridium). At 65 GPa, the volume di↵erence amounts
to ⇠ 6.6 Å3 per metal atom, substantially more than
usually observed for interstitial metal hydrides (e.g. 2.1
Å3 for platinum hydride [9]). Direct comparison with
other metal hydrides suggests a H:M ratio of 3 (assuming
full stoichiometry). However, such comparisons are not
directly valid since estimating the hydrogen content
by comparing unit-cell volumes is based on empirical

findings in interstitial hydrides. The simple cubic lattice
does not exhibit comparable interstitial sites. At room
temperature, the formation of the new phase progresses
very slowly at first and accelerates exponentially over
time during the first 50 hours after crossing synthesis
conditions (see inset Figure 1). The transition was
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FIG. 1: Integrated x-ray di↵raction pattern at 120 GPa, in-
dexed with simple cubic iridium hydride (a = 2.591 Å, upper
red tick marks) and fcc iridium (a = 3.577 Å, lower blue tick
marks). Other visible reflections stem from rhenium hydride
formed at the gasket rim. The inset shows the development
over time of the relative scattering intensity (left scale) of the
IrH3 (001)-peak compared to the Ir (111)-peak (circled reflec-
tions in the di↵raction pattern). The dashed line indicates an
exponential guide to the eye to the data up to t=50h. The
solid red line denotes the applied pressure (right scale). The
optical micrograph shows the gasket and sample at 100 GPa.
The extension of the rhenium hydride zone in the gasket is
clearly visible.

measured through the relative scattering intensities
between Bragg peaks belonging to the hydride phase
and parent material measured in the same di↵raction
pattern. Interestingly, the progress is independent of
pressure. During this period, pressure was increased
to 110 GPa with no deviation from exponential growth
detectable. However, after 50 h, the formation process
slows down. Even after two weeks at 110 GPa, pure
Ir is still present in the sample volume. We therefore
employed low-power single-sided laser heating to ac-
celerate the formation process. Indeed, within a few
minutes, the parent material had completely vanished
and only the hydride phase remained. Due to the low
laser power applied (<6 W), temperature measurement
was not possible but could only be estimated to be
below 1000 K. In a subsequent experiment, we repeated
the laser heating process at 55 GPa and achieved almost
complete transformation of the sample within ca. 30 min.

On decompression we found the hydride phase of
iridium to be visible to pressures as low as 6 GPa, with
onset of decomposition visible between 15 and 20 GPa
(indicated by a decrease in scattering intensity). Thus,
we were able to establish the equation of state of this
phase in the pressure range between 6 and 125 GPa.
The data was fitted to a Vinet-type equation of state

yielding a zero-pressure volume V0 = 23.33Å3 and a
surprisingly low zero-pressure bulk modulus B0 =190(3)
GPa (B0

0 = 5.62(11)) (see Fig. 2). A similar change
in mechanical properties is only known for chemically
produced hexagonal copper hydride where the bulk
modulus drops from 142 GPa to 70 GPa, a phenomenon
attributed to the hydrogen-metal bond which is partly
covalent and ionic [24, 25]. However, copper hydride still
exhibits a closed-packed structure. No other hydride is
known to exhibit a simple cubic host lattice which makes
it di�cult to establish the correct crystal structure
by comparison, i.e. determine the position of the
hydrogen atoms which are almost invisible to x-rays.
We therefore employed ab-initio computational methods
to address crystal structure, thermodynamic properties
and stability of this material. Assuming the Pm3̄m
space group (Ir atoms located on the 1a sites), there are
three potential stoichiometries IrHn, n = 1 � 3. Taking
the experimentally observed volume at 81 GPa (V =
18.59 Å3), placing a single hydrogen atom on the 1b site
yielded a calculated pressure of -0.5 GPa while three
hydrogen atoms on the 3d sites lead to a pressure of 324.6
GPa. Therefore, these two configurations can be ruled
out as possible candidates. A derived layered structure
with only two of the three available 3c sites occupied
(IrH2, P4/mmm, Ir(1a), H(2e)) would correspond to
a somewhat plausible pressure of 49.8 GPa. However,
it is well known that calculations employing the PBE
functional slightly overestimate the pressure and better
agreement (98.5 GPa) is found for the IrH3 structure
with hydrogens occupying the 3c sites (for more details
see Ref. [23]).

It can therefore be concluded that the hydrogen atoms
most probably occupy the center of the faces in the
simple cubic metal lattice, making this phase iridium
trihydride. The calculated parameters for the equation
of state are, V0=23.739 Å3, B0=238.3 GPa, B0

0=4.36.
The di↵erence to the calculated volume of pure iridium
at 65 GPa is 7 Å3, in good agreement with experimental
data. The calculated volume is 1.75 % larger than the
experimental value, which is typical for GGA-based DFT
calculations. However, the bulk modulus is unexpectedy
larger than the one found in fitting an equation of state
to our experimental data. The inclusion of the spin-orbit
coupling (SOC) yields a slightly smaller bulk modulus
(232.28 GPa), but associated to a bigger equilibrium
volume (23.858 Å3). This implies an almost negligible
influence on the equation of state. Moreover, including
Hubbard interaction to account for the correlated 5d
states or going one step further on Jacob’s ladder by
using a rev-TPSS meta-GGA functional [28] leads to an
even larger bulk modulus, 239.13 GPa and 249.90 GPa,
respectively (see Figure 2). When constraining B0 = 4
in fitting the equation of state to our experimental data,
a bulk modulus of B0 = 231 GPa is found. However,
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FIG. 2: (Colour online) Measured pressure-volume data of
iridium (black diamonds) and iridium hydride (green circles).
The dotted black line is a literature equation of state of irid-
ium (V0 = 14.145 Å3, B0 =383 GPa, B0

0 = 3.1, see Refs.
[21, 26]). The solid green line is a Vinet fit to our data
(V0 = 23.33 Å3, B0 =190(3) GPa, B0

0 = 5.62(11)), the dashed
blue line the calculated equation of state of IrH3 using a
rev-TPSS approach for the Pm3̄m structure (V0=23.291 Å3,
B0=249.9 GPa, B0

0=4.32). Inset shows the volume di↵erence
between IrH3 and Ir in comparison to the equation of state
for free hydrogen (solid line, showing volume for 3 hydrogen
atoms, adapted from Ref. [27]).

the quality of fit deteriorates drastically, rendering this
value significantly less plausible. Thus, to test if the
lower experimental bulk modulus arises from a not-fully
stoichiometric phase, we also calculated the equation of
state of IrH2.875, modelled by creating a single hydrogen
vacancy on a 2x2x2 supercell of the simple cubic phase.
However, its compressibility turned out to be very close
to that of the fully stoichiometric IrH3 phase (B0=240
GPa). Although we can not exclude a deviation from
ideal stoichiometry at higher pressures, it does not
seem physically reasonable. Even if site vacancies exist
in the synthesized material, taking into account the
overestimation of the volume linked to the use of the
PBE functional, the H:M ratio would still be very close
to 3.

Interestingly, the Pm3̄m structure does not emerge
as dynamically stable, with phonon softening in all the
high-symmetry points at low pressures and in M and X
at high pressures (see Figs. 1 and 2 in [23]). Freezing-in
the atomic distortions involved in these soft modes leads
to several structures with lower enthalphies (see Fig.
3a). For instance, the unstable M�

3 mode that consists
of the closing and elongation of two of the C2 axis of the

Ir-Ir6 octahedra yields to a P4/nmm structure involving
a doubling of the simple cubic unit-cell. It exhibits
imaginary phonons at � (see Fig. 3 in [23]), related to
a lowering of the symmetry to the P 4̄21m space group,
where two thirds of the hydrogen atoms deviate from
the center of the cube faces. It corresponds, in fact, to
the condensation of the M�

3 and M+
2 modes. Moreover,

the simultaneous condensation of the M�
3 ,M

+
2 and X�

5

modes leads to a P212121 structure without imaginary
frequencies (see Fig. 4 in [23]).

From structural searches (see Ref. [23] for details),
two competitive structures (Pna21 and Cc) appear as
thermodynamically stable below 68 GPa at 0 K. These
structures are also distortions of the simple cubic lattice
with decreased distortion amplitude when increasing
pressure. It can be noted that the observed di↵raction
peaks exhibit varying degrees of broadening which is
not explained by a strain- or size-e↵ect. However, the
broadening can be explained by overlapping doublets or
triplet peaks of these distorted-simple cubic structures,
in which the positions of the iridium atoms deviate
slightly from their ideal positions in a simple cubic cell
(see Table 1 in Ref. [23]). In fact, the Pna21 structure
is dynamically stable at 125 GPa and a Le Bail fit yields
good agreement with experimental data (see Figs. 5
and 6 in Ref. [23]). However, this structure can not be
confirmed as a unique solution given the variety of struc-
tures energetically competitive and very similar to the
simple cubic structure at that pressure and susceptible
to be stabilized by local stress, thermal and anharmonic
e↵ects. Particularly, entropic and anharmonic contri-
butions might help to reduce the distortion amplitudes
and, ultimately, stabilize less distorted structures than
those computationally predicted at 0 K. It can be still
concluded that the present structure is most probably
no perfectly simple cubic but rather slightly distorted.

At pressures above 68 GPa, a di↵erent phase with
Pnma space group emerges as energetically favourable
at 0 K and dynamically stable (see Fig. 7 in Ref. [23]).
This structure, which still exhibits a H:M ratio of 3, is
not a simple distortion of the simple cubic lattice (see
Table 1 in Ref. [23]). Although the metallic atoms are
hexaconnected as in the (distorted)-simple cubic struc-
tures, the motif of iridium octahedra with hydrogens
located close to the center of the edges transforms to
one of triangular prisms with interstitial hydrogens and
short distances in between (At 125 GPa, the shortest
H-H distance is 1.46 Å, being 1.85 Å for the simple cubic
structure). We do not see any experimental evidence
for this phase in our data up to 125 GPa. It can be
assumed that, similarly to other hydride phases, the
formation is hindered by an energy barrier, which also
accounts for the large hysteresis between synthesis and
decomposition in the cubic phase. It has been suggested
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FIG. 3: (Colour online) (a) Calculated enthalpies of forma-
tion as a function of pressure for proposed iridium hydride
structures. The enthalpy of the constituent elements at the
corresponding pressure is taken as the reference enthalpy.
�H = H(IrHn)�H(Ir)�nH(0.5H2). (b) Atomic framework
in the Pm3̄m-structure (left), Pna21-structure (middle) and
Pnma-structure (right). Details of the positioning for Pna21
and Pnma can be found in Table 1 in [23]. Larger red spheres
denote iridium atoms, smaller blue spheres hydrogen atoms.

that a higher observed synthesis pressure compared
to the calculated equilibrium pressure is due to the
additional energy required to dissociate the hydrogen
molecule and macroscopically expand the metal sample
(which requires energies comparable to the yield strength
of the metal) [29]. Therefore, it could well be possible
that the distorted cubic phase transforms into this phase
at pressures above 125 GPa. Taking into account that
experiments are performed at room temperature, it is
also plausible that the observable structure remains
trapped in any of the local minima of the flat energy
surface in the vicinity of the simple cubic structure.

It is interesting to compare the di↵erences between
iridium hydride and other transition metal hydrides:
In most known d -metal hydrides, synthesized at high
pressures, the hydrogen atoms occupy the octahedral or
tetrahedral interstitial sites in the closed-packed metal
host lattices. On these sites, hydrogen appears to be

mostly incompressible and the mechanical behaviour
of the hydride is almost identical to that of the parent
material. In iridium hydride however, the presence
of the hydrogen atoms has profound impact on the
material’s mechanical properties, decreasing the bulk
modulus significantly. It is sometimes observed that
the formation process in other hydrides is slow but
can usually be accelerated by increasing pressure (e.g
in tungsten or rhenium), which is not observed here.
Decomposition usually happens rapidly (instantaneously
within the time scale of the experiment, i.e. usually
<5 min.) as soon as pressure falls below equilibrium
conditions. Again, this is not observed in IrH3 where
decomposition happens slowly. Since formation is accel-
erated at higher temperatures, it can be assumed that
the material might be “frozen” at lower temperatures
and decomposition prevented, rendering it (meta-)stable
at ambient pressure (similar to copper hydride). The
calculated elastic constants for the simple cubic struc-
ture (Pm3̄m) at zero pressure (C11= 460.63 GPa, C12=
127.54 GPa, C44= 24.31 GPa) of IrH3 obey the Born
stability criteria for the mechanical stability and inform
on its metastability. It is also interesting to note the
high Zener anisotropy (2C44/(C11-C12)=0.15) of this
material and, especially, its low shear modulus (59.07
GPa, under the Voigt-Reuss-Hill approximation [30]),
in contrast to the high value (210 GPa) for pure fcc

iridium. Thus, one can conclude that the hydrogenation
process turns a brittle into a ductile material. The
observation of the high hydrogen content in conjunction
with a severely increased compressibility lends itself
to the debate whether the confined hydrogen might
be compressed to densities surpassing the proposed
metallization density. However, a direct comparison
between the equations of state for iridium and iridium
hydride shows that the volume di↵erence approaches a
constant value in the high-pressure limit corresponding
to pure hydrogen at ⇠250 GPa, well below predicted
metallization pressures (see also inset Figure 2).

In conclusion, we have synthesized a novel metal
hydride from the elements with very high hydrogen
content and unusual crystalline structure (distorted
simple cubic metal host lattice) that is seen up to the
highest pressures reached in this study (125 GPa).
The formation of the lowest-enthalpy phase above 68
GPa (Pnma spacegroup) is not observed and might
be hindered by an energy barrier. The transition
into the hydride phase as well as its decomposition
are characterized by slow kinetics which suggests that
the material might be metastable at ambient pressure
and low temperatures. The results presented in this
work have important implications for the synthesis
of new materials at high pressures and the study of
metal hydrides in general, and we hope that our findings
will encourage further experimental and theoretical work.
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Nanocrystalline Tungsten Hydrides at High Pressures
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A combined experimental and theoretical study has been carried out on the synthesis and character-
ization of tungsten hydride at high pressures. We confirm the synthesis of tungsten monohydride at
above 25 GPa and 300 K. At higher pressures, hydrogen content is found to increase and ab-initio
calculations reveal the formation of tungsten dihydride in a mixed composition of (1 � y)WH +
(y)WH2 with y ⇠ 1

3 . Synchrotron x-ray di↵raction and transmission electron microscopy (TEM)
measurements demonstrate the formation of a nano-crystalline microstructure upon hydrogenation.
TEM micrographs show elongated grains with diameters of ⇠20 nm, a structure similar to nanocrys-
talline diamond.

PACS numbers:

The application of extreme conditions, namely high
pressures and temperatures, o↵ers a very general route
for synthesizing novel materials and manipulating their
physical properties. In the past this led to several impor-
tant discoveries, including nanopolycrystalline diamond
(NPD) [1], cubic boron nitride (c-BN) [2] and the highly
incompressible nitrides of osmium, iridium and platinum
[3, 4]. Most recently, nanotwinned c-BN was found to be
ultrahard, even exceeding the hardness of diamond [5].
In the past few years, hydrogen compounds and alloys
have attracted the renewed attention of researchers due
to their potential applications in a hydrogen economy
[6–8] and implications for the behaviour of free hydrogen,
such as its elusive metallic state [9, 10]. Here, high-
pressure synthesis has also been successfully applied
to synthesize novel hydrides, e.g. platinum hydride
[11, 12], ✏2-rhenium hydride [13], a polymeric phase
of silicon tetrahydride at pressures exceeding 1 Mbar
[14] and tungsten hydride [15, 16]. With the exemption
of SiH4, the aforementioned materials are interstitial
metal hydrides in which the hydrogen atoms occupy
octahedral or tetrahedral sites in the closed-packed
metal host lattice. Most of the known hydride phases
of the d -metals between the Cr-group and Cu-group
elements are of this type [17]. Furthermore, none of the
metals in this group readily reacts with hydrogen at
ambient conditions and high pressures are necessary to
form a hydride under equilibrium conditions [17]. The
conditions for the formation of stoichiometric hydrides
range from less than 1 GPa (e.g. NiH at 0.6 GPa, [18])
to 27 GPa in platinum [11], so far the highest synthesis
pressure observed in this group.

In this paper, we present a combined x-ray di↵rac-
tion, electron microscopy and computational study of
tungsten hydride at high pressures. We studied the
formation, decomposition and mechanical properties of
tungsten hydride synthesized from the elements in a
diamond anvil cell up to 115 GPa by x-ray di↵raction as
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FIG. 1: (Color online) Powder x-ray di↵raction spectrum of
tungsten hydride at 44 GPa. The green line denotes the result
from a LeBail fit. Tick marks indicate peak positions for
cubic W (upper, blue) and hexagonal WH (lower, red). The
di↵raction spectrum of platinum hydride at 43 GPa is added
for comparison [11] (grey dashed line). Note the di↵erence in
peak width. PtH forms under similar conditions as WH and
also exhibits the hcp-structure.

well as the microstructure of recovered dehydrogenated
tungsten by transmission electron microscopy. The
hydrogenation process was found to create a nanocrys-
talline microstructure. Theoretical ab-initio calculations
in conjunction with measurement of the equation of
state suggest that between 25 and ⇠ 50 GPa, tungsten
dihydride is formed and coexists with the monohydride
at higher pressures in a mixed composition of (1�y)WH
+ (y)WH2, saturating at y ⇠ 1

3 above 50 GPa. Details
on the experimental and computational methods are
given in the supplementary material (Ref. [19]).

Tungsten is a widely used material in both industry



2

and science. In high-pressure applications it is particu-
larly valued as a pressure calibrant and gasket material
[20]. In the past, it was widely accepted that tungsten
does not react with hydrogen, even at very high pres-
sures, and therefore was frequently used as a sealing ma-
terial in high-pressure experiments. However, it was re-
ported a few years ago that binary tungsten hydride is
formed when compressing pure tungsten to above 25 GPa
at room temperature in a dense hydrogen medium [15].
In a recent theoretical study of this material, several po-
tentially metastable phases of varying hydrogen content
were found [16], although only tungsten monohydride was
observed experimentally. The monohydride is character-
ized by a hexagonally closed-packed arrangement of the
tungsten atoms (spacegroup P63/mmc) with hydrogen
atoms occupying the octahedral interstitial sites. This
is equivalent to the NiAs-type structure, which is known
for many other hydrides in the d -metals as well and is
also the one adopted by the hydrides of the same group,
MoH [21] and CrH [22].

In our experimental runs, we observe a reaction
between tungsten and hydrogen at 25 GPa with the
appearance of new di↵raction peaks in addition to
bcc-tungsten. The new phase can be indexed in the
P63/mmc spacegroup with an expanded volume per
tungsten atom in the unit-cell. So far, our observations
are identical with earlier reports on tungsten hydride.
The synthesis conditions of WH are reminiscent of hcp
platinum hydride [11] (PtH), which forms at pressures
above 27 GPa and room temperature. However, in
contrast to PtH, the hydride formation in tungsten
progresses very slowly over time and the di↵raction
pattern of WH exhibits broadened Bragg peaks (see
Figure 1). In one of our experimental runs, we reached
pressures of ⇠45 GPa within hours of surpassing syn-
thesis conditions. At this time, the sample has not been
completely converted to tungsten hydride and the sharp
Bragg peaks of bcc-tungsten are still clearly visible (see
Figure 1). For comparison we include the di↵raction
pattern of platinum hydride at similar pressures. It is
evident that the di↵raction peaks of tungsten hydride
are considerably broadened compared to both its parent
metal and another hydride synthesized under nearly
identical conditions. While increasing pressure seems
to accelerate the transformation process, with time the
whole sample fully transforms into the hydride also at
constant pressures. In one of the experimental runs the
sample was left at a pressure of 38 GPa for one month.
Afterwards, the whole sample was hydrogenated and no
sign of bcc-tungsten was detected. Laser heating has also
been shown to accelerate the transition into the hydride
phase [16]. On decompression, tungsten hydride was
found to be stable to pressures far below synthesis con-
ditions. We observed the decomposition reproducibly at
pressures between 8 and 9 GPa. The slow progression of
the hydrogenation process, its acceleration upon heating

and the large hysteresis e↵ect in decomposition suggest
the presence of a kinetic energy barrier hindering the
formation at lower pressures and faster hydrogenation.
We found that dehydrogenated tungsten still exhibits
broadened Bragg peaks compared to its original state.

We recovered such dehydrogenated tungsten samples
from the diamond anvil cells and used focused ion beam
techniques to prepare transmission electron microscopy
(TEM) samples. TEM brightfield and darkfield imaging
revealed elongated crystallites with shortest dimensions
of below 20 nm (see Figure 2(a-c)). The observed
structure is similar to that of NPD which also exhibits
elongated crystallites with diameters of 10-20 nm and
lengths of up to a few 100 nm [1]. This new form
of artificial diamond was reported to be harder than
natural single crystalline diamond [1]. Electron di↵rac-
tion measurements on dehydrogenated tungsten further
show that the crystallites are not randomly oriented
but follow a preferred orientation (Figure 2(d)) which
explains the texture in the x-ray di↵raction patterns.
In a control experiment we prepared TEM samples
from untreated tungsten. Both, TEM micrographs
and electron di↵raction patterns (Figure 2(e)) indicate
perfect single crystallinity.

This microstructure can be related to the observed
broadening of the di↵raction peaks. Peak broadening
in x-ray di↵raction patterns during high-pressure ex-
periments can be attributed to three di↵erent e↵ects:
i) instrument broadening, ii) strain broadening and
iii) size broadening. While instrument broadening
can be neglected when using modern third generation
synchrotron radiation sources, both strain and size
broadening contribute to the peak shape. The simple
Scherrer formula L = K�

�cos(⇥) (see e.g. Ref. [14])
connects the peak width to the crystallite size, ignoring
however any strain contribution. Here, L is the grain
size, � the x-ray wavelength, � the peak width and ⇥
the scattering angle of the reflection. K is the empirical
Scherrer constant and usually 1. When comparing the
values in Table 1 for tungsten hydride with the results
of the TEM measurements on recovered dehydrogenated
tungsten, it is evident that strain plays a significant
role at rising pressures (indicated by the decreasing
calculated grain size). However, when extrapolating the
data in Table 1 to zero pressure, a grain size comparable
to what is found in the TEM images can be derived. It
should be emphasized here, that the calculated values
at high pressures do not correspond to actual grain
sizes. From the emergence of the broad di↵raction
peaks upon synthesis we conclude that it is, in fact, the
hydrogenation process that leads to the formation of a
nanomaterial.

We o↵er the following explanation for the formation
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FIG. 2: Transmission electron micrographs of recovered nanocrystalline tungsten. a) Darkfield image showing an array of
elongated crystallites. b) Brightfield image of crystallites near the surface with preferred orientation perpendicular to the
TEM-section. c) Darkfield image of small grains inside the sample. d) Electron di↵raction pattern of nanocrystalline tungsten.
e) Electron di↵raction pattern of a control sample.

TABLE I: Calculated grain size from the widths of the Bragg
peaks in tungsten hydride at various pressures using the
Scherrer approximation.

P [GPa] HKL Position [deg] FWHM [deg] est. grain size [nm]

9.7 (010) 9.368 0.21 11.5
9.7 (110) 16.251 0.229 11
15.8 (010) 9.439 0.344 7
15.8 (110) 16.301 0.276 9
37.5 (010) 9.512 0.398 6
37.5 (110) 16.432 0.26 9.5
49.7 (010) 9.57 0.41 6
49.7 (110) 16.52 0.304 8
73.7 (010) 9.715 0.428 5.5
73.7 (110) 16.785 0.377 6.5
115 (010) 9.998 0.476 5
115 (110) 17.198 0.454 5.5

mechanism of a nanostructured material during the
hydrogenation process: The unusually slow progression
of hydride formation (hindered by a large energy bar-
rier), accompanied by a structural phase transition, and
the volume expansion during hydrogenation, creates
significant stress between the hydrogenated and non-
hydrogenated parts of the tungsten sample. Starting
from the sample surface, hydrogenation slowly progresses
into the material with only a very small volume near the
hydride boundary undergoing the transition at any given
time. With the release of local boundary strain, this
leads to the formation of nanometer sized crystallites.
The long dimension of the crystal grains found in our
TEM studies is probably oriented along the hydride
boundary during synthesis. The decomposition pressure
usually lies close to the thermodynamic equilibrium
of the system while the formation pressure lies higher
due to the dissociation barrier encountered by the
hydrogen molecule at the metal surface. Thus, once
pressure is lowered below the equilibrium conditions,
rapid dehydrogenation occurs leaving the microstructure

intact. As a consequence, the dehydrogenated tungsten
exhibits the same microstructure as its binary hydride.
It can be expected, that annealing at high temperatures
would lead to a realignment of the nanometer sized
grains and the formation of larger crystallites. Indeed,
Zaleski-Ejgierd et al. seem to have observed this exact
e↵ect when laser heating tungsten hydride to above 1000
K [16]. Room temperature however does not appear to
have immediate or short term e↵ect on the crystallite
size. One of the samples studied by transmission elec-
tron microscopy was residing at ambient conditions for
several months before TEM-sample preparation, while a
di↵erent sample was recovered from high pressure only
a few days prior to TEM measurements. There were no
detectable di↵erences in the microstructure between the
two specimens.

Decreasing the grain size in materials down to a few
tens of nanometers often entails significantly altered
material properties, and it is known that, as the grain
size decreases, the influence of interface and confinement
e↵ects on the properties of a material increases [23, 24].
As a result, a nanostructured material might exhibit
increased resistance to plastic deformation [25] or
di↵erent chemical stabilities compared to macroscopic
systems [26]. In the case of metal hydrides, the grain size
has profound impact on (de)hydrogenation processes,
the overall hydrogen content and the volume expansion
of the metallic host lattice [26] due to interface stress
between the grains. It was found for example in ball
milled nanoparticles of vanadium hydride that the hy-
drogen content depends on the particle size [27]. These
possible nanometric e↵ects make it di�cult to compare
tungsten hydride to other transition metal hydrides,
e.g. in terms of volume expansion as a measure for
hydrogen content [17] or when comparing experimental
with computational results.



4

We attempted to fit a Vinet-type equation of state
to our x-ray di↵raction data resulting in a zero-
pressure bulk modulus of near 500 GPa (depending on
parametrization). Such extremely low compressibility
could be attributed to a size-e↵ect of the nanocrystalline
microstructure. However, the quality of fit was not
convincing, showing deviations at lower and very high
pressures. The construction of the equation of state
obviously assumes constant stoichiometry throughout
the probed pressure range, which unfortunately cannot
be guaranteed for metal hydrides. In fact, the volume
di↵erence between hydride phase and parent metal is
directly used to infer the hydrogen content, assuming
no change in compressibility between hydride and metal
(see e.g. Refs. [11, 13, 17]).

We therefore performed ab-initio calculations to
understand hydrogen content and the experimental
equation of states. Structure predictions through CA-
LYPSO methodology [28–30] were performed by fixing
the W atomic positions in the hcp lattice, taken from
the known experimental XRD pattern. We performed
structural searches within various stoichiometric com-
positions WH

n

(n = 0.5, 1.0, 1.5, 2) with simulation
cell sizes of 1-4 formula units (f.u.) at 30 and 60 GPa,
respectively. We did not probe higher hydrogen contents
since the resulting volumes are too large to fit our
experimental data. Our calculations gave convex hulls
on the formation enthalpy of various WH

n

with respect
to elemental W and solid H2 as shown in Fig. 3 (Details
can be found in Ref. [19]). As expected, at zero pressure
all W-H systems exhibit positive formation enthalpy
and cannot form. At 20 and 40 GPa, the monohydride
WH is the most stable compound and also the only
stoichiometry which can be synthesized, which agrees
well with the observed appearance of the hexagonal
hydride phase in this pressure range. Interestingly, at
a pressure of 60 GPa and above, WH2 becomes stable
against decomposition into WH + 1

2H2. Our results are
in good agreement with those presented in Ref. [16].
However, below 120 GPa, the proposed formation of
P4/nmm-structured WH4 or other phases with even
higher hydrogen contents can be excluded based on
our experimental observations. At pressures above
⇠220 GPa, when hydrogen enters phase IV which is
characterized by a mixed atomic and molecular state of
hydrogen [31], the formation of higher stoichiometries is
possible due the absence of the dissociation barrier.

From our calculations, WH stabilizes in the P63/mmc
spacegroup and WH2 in the Pnma spacegroup above
50 GPa. For WH, tungsten atoms form a hexagonal
closed-packed host matrix with hydrogen atoms occu-
pying the octahedral interstitial sites. In the Pnma
structure of WH2, the metal atoms are arranged in
a slightly distorted hexagonal lattice. In addition to
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FIG. 3: (Color online) The relative enthalpies of formation
per atom with respect to elemental W and molecular H2 for
di↵erent WHn compositions. The convex hulls are shown by
solid lines. Dotted lines through the neighboring points re-
siding above the convex hull are guides for the eye.
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2
3 WH and 1

3 WH2. The dashed lines are guides to the eye.
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the octahedral sites in the WH-phase, hydrogen atoms
also occupy half of the available tetrahedral sites. A
transition between these two phases therefore does not
require a major rearrangement of the metal host lattice
and thus, WH2 can form in addition to WH at higher
pressures. Figure 4 shows the calculated equation of
state for WH, WH2 and a mixed composition phase
of (1 � y)WH + (y)WH2 (y = 1

3 ), together with our
experimental data for comparison. We found that below
25 GPa, the experimental EoS can be satisfactorily
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explained by pure tungsten monohydride. However, at
pressures between 25 and 50 GPa, the experimental
volume deviates from the EoS of pure WH, suggesting
an additional uptake of hydrogen. Above 50 GPa,
the observed pressure-volume data show a behaviour
which is not explained by either pure WH or pure
WH2. Instead, a mixed-phase model of WH + WH2

where all octahedral sites and a fraction of the available
tetrahedral sites are occupied, can explain the observed
behaviour. This leads to the conclusion that the reaction
WH + 1

2H2 ! WH2 is initiated and driven by pressure
but appears to be halted at pressures above 50 GPa
reaching a composition of (1�y)WH + (y)WH2 (y = 1

3 ).
In other words, once all octahedral sites are filled and
su�cient pressure is applied, hydrogen atoms start to
occupy a fraction of the tetrahedral sites. Whether
the metallic lattice transforms into the distorted Pnma

structure or remains perfectly hexagonally oriented is
experimentally di�cult to address because of the very
broad di↵raction peaks which allow indexing in either
configuration. At the highest pressures reached in this
study (120 GPa), the reaction is still not complete
and tetrahedral occupation seems to saturate at ⇠17%
(= y/2). Even with time (some of our samples resided
in this pressure region for several weeks), no higher
hydrogen content was reached. In samples that were
not fully transformed into the monohydride phase, a
slightly smaller volume is measured, indicating a lower
hydrogen content, probably due to a deficient filling of
the octahedral sites. The nanocrystalline nature of the
hydride however might add to uncertainty in hydrogen
content and atomic ordering. At the same lattice
expansion, a larger hydrogen content might be possible
due to surface-e↵ects in the nanocrystalline grains.

The results presented here are of immediate interest
to the field of high-pressure research. The change in
microstructure as well as increased hydrogen uptake
could have potentially significant consequences since
tungsten is often employed as a sealing material in
experiments involving pure hydrogen. Due to the higher
synthesis pressure of the hydride phase and slower
formation kinetics, tungsten gaskets show improved
stability at pressures above 1 Mbar compared to rhe-
nium. We hope that the findings presented here will
encourage further experimental and theoretical stud-
ies on the influence of microstructure and also kinetic
e↵ects on the formation and properties of metal hydrides.
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Here we review recent experimental and theoretical studies of hydrogen approaching metallization regime. 
Experimental techniques have made great advances over the last several years making it possible to reach pre-
viously unachievable conditions of pressure and temperature and to probe hydrogen at these conditions. Theoretical 
methods have also greatly improved; exemplified through the prediction of new structural and ordered quantum 
states. Recently, a new solid phase of hydrogen, phase IV, has been discovered in a high-pressure high-temperature 
domain. This phase is quite unusual structurally and chemically as it represents an intermediate state between 
common molecular and monatomic configurations. Moreover, it shows remarkable fluxional characteristics related 
to its quantum nature, which makes it unique among the solid phases, even of light elements. Moreover, phase IV 
shows the presence of a band gap and exhibits distinct phonon and libron characteristic of classical solids. The 
quantum behavior of hydrogen in the limit of very high pressure remains an open question. Prospects of studying 
hydrogen at more extreme conditions by static and combined static-dynamic methods are also presented. 
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1. Introduction 

Hydrogen has a special interest for many fields of re-
search as it represents the perfect model object due to its 
seeming simplicity and abundance in the cosmos [1–4]. 
One of the objectives of studying hydrogen at extreme 
pressures is to rationalize the notion of metallic hydrogen 
as a future energy carrier. There are three major technical 
drivers in this pursuit: theoretical calculations and dynamic 
and static compressions. Each has its own pressure —
temperature — time-scale domain, which largely do not 
intersect and this poses a serious difficulty in unifying and 

comparing results. This issue is now being addressed by 
improving and modifying these techniques and by creating 
new combined static-dynamic experimental methods. 

With regard to theoretical and dynamic experimental 
studies, we refer readers to the recent review on mainly the 
theoretical approach to study hydrogen under extreme con-
ditions [5], which also contains a brief review of experi-
mental works. Study of hydrogen using dynamic compres-
sion (see the review papers [1,6,7]) is progressing very 
rapidly now with a development of laser driven technique 
compression of statically pre-compressed samples [8,9]. 
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The purpose of this review paper is to critically look at 
the most recent studies in the search for metallic hydrogen, 
which have been performed either using diamond anvil cell 
(DAC) techniques, combined DAC- dynamic ultrafast 
compressions, or heating experiments.  

Static compression of hydrogen to very high pressure is 
technically very challenging. Hydrogen is very compressi-
ble, while the materials commonly used to form the sample 
chamber around it are not. Generating high-pressure on 
hydrogen requires larger compression of the gasket materi-
al than with less compressible samples due to the limitation 
of plastic flow. Secondly, hydrogen is very diffusive; it 
tends to penetrate and rupture any small crack in both the 
diamond and gasket. In the case of diamond this always 
results in premature anvil failures. These effects accelerate 
with temperature: rarely occurring below 100 K, but in-
creasing substantially above 200 K. Owing to this, until 
2011, there were no reliable reports on static compression 
of hydrogen or  deuterium above 180 GPa at room temper-
ature [10]. Improved sample loading techniques, which 
include diamond protective coating, focused electron beam 
(FIB) gasket drilling, and better optimized anvil geometry 
have recently allowed achieving static compression of hy-
drogen well above 300 GPa at 300 K [11]. 

These technical breakthroughs resulted in extending the 
achievable pressure range for hydrogen research up to 320 
GPa at 300 K [11] and up to 360 GPa at 80 K [12]. New 
semiconducting (or semimetallic) solid phase hydrogen has 
been discovered above 220 GPa at 300 K by combined 
experimental (Raman and optical spectroscopy) and theo-
retical efforts [11,13]. A conflicting report claiming electr-
ically conducting hydrogen in the fluid state above 260–
270 GPa has been earlier published by Eremets and Troyan 
[14]. Infrared measurements in phase III to 360 GPa [12] 
also did not report metallic conductivity. However, one 
should note, that pressure metrology remain a problem as 
measurements of the diamond Raman edge as pressure 
calibrant [15] are somewhat uncertain, and, moreover, 
some experiments relied on higher pressure extrapolations 
[12]. Here, we will review the recent works and present 
prospects of new technical advances, which can enable 
next major breakthroughs. 

2. Phase relations 

Until recently, only three solid states of hydrogen have 
been known (Fig. 1). Phase I is a plastic phase of freely 
rotating molecules forming an hcp lattice whilst phases II 
and III are partially (or completely) ordered phases, which 
appear at lower temperatures and/or higher pressures (see 
Refs. 2, 16, 17 for review). The symmetries and orientation 
order types of phases II and III have been extensively dis-
cussed in the literature based on experimental spectroscopy 
observations [2,16,17,19,33–37] and theoretical calcula-
tions [20,38–45], however the available x-ray diffraction 

data are still not conclusive [46,48]. The important issue of 
ortho–para distinction, and its effect on both the structure 
and phase transitions, has also been discussed extensively. 
However, the available data remain fragmentary due to 
difficulties in performing experiments on materials with 
pure ortho–para composition. Nonetheless, the current 
consensus is that the ortho–para distinction does not affect 
the transition to phase III, which is suggested to be classi-
cally orientationally ordered [18,49]. Due to technical dif-
ficulties, the extension of the phase line between phases I 
and III to room temperature could not have been reached 
until recently. It has been proposed [23] based on the crys-
tal symmetry arguments that this line should have a termina-
tion at a critical point with finite P–T conditions, and phase 
I’, with the same symmetry as phase III, merges with phase I 
in the triple point, giving rise to the I–I’ phase line (Fig. 1). 
However, suggestions about the existence of phase I’ based 
on these symmetry considerations, theoretical calculations 
[20] or experimental observations of subtle changes in vibra-
tional frequencies [21] have yet to be confirmed (see Ref. 17 
for more information). Instead, recently it has been found 
that the I–III phase line does extend to room temperature, 

Fig. 1. (Color online) Phase diagram of hydrogen. The I–II and I–
III phase line for normal H2 are from Ref. 18; the I–III phase 
(solid line) has been corrected as proposed in Ref. 17. The filed 
circle is room temperature data from Ref. 11; the dashed line is
the proposed I–III phase line at high T. The dotted gray line 
shows a schematic location of the I–I’ phase line inferred in Refs. 
19–23. The melting measurements are from Refs. 24–29: thick 
gray line (Ref. 24), open circles (Ref. 25), crosses (Ref. 27), ver-
tical gray bars (Ref. 28), open squares (Ref. 26), dashed line (Ref. 
29). Stars correspond to the III–IV transition [11] (see also Ref. 
30). Open triangles and gray dashed-dotted lines (from DFT and 
QMC calculations) are theoretical results for a liquid-liquid tran-
sition [31,32] associated with the molecular dissociation. Thick 
dotted gray and blue lines are suggested I–IV and IV–liquid lines, 
respectively. 
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and perhaps even beyond, where it meets a new phase line 
with solid phase IV (Fig. 1). At room temperature the transi-
tion sequence is I–III–IV, and the corresponding transitions 
occur at 200 and 230 GPa (in H2) [11]. 

3. Melting and fluid behavior 

Determination of the melting line of hydrogen, espe-
cially in the limit of high pressures, remains one of the 
most challenging experimental tasks. Theoretical two-
phase simulations up to 200 GPa suggest that there is a 
decline in the melting line above 90 GPa related to soften-
ing of the intermolecular interactions, which occur at a 
faster rate in the liquid than in the solid as a function of 
pressure [29]. First principles calculations performed on 
this and other works also suggest the presence of another 
high-temperature boundary above the melt line related to 
the molecular dissociation. This transformation is often 
called the plasma line but can be also considered as a first-
order liquid-liquid transition [32,50–53]. Extrapolations of 
the melt line and the liquid–liquid phase transition [29] 
determined in theoretical calculations suggest the presence 
of a triple point at 300 GPa and 400 K. Above this pres-
sure, the solid is expected to melt into a metallic liquid. 

Two major experimental techniques have been used to 
detect melting: visual observations, which include detec-
tion of the laser speckle pattern [24,27,28], and Raman 
spectroscopy measurements [25,26]. Generally, the results 
of visual observations should be considered quite reliable 
at relatively low pressures as the optical contrast between 
solid and fluid is sufficiently large due to the difference in 
the refractive indices. The results of two available experi-
mental studies [24,54] are in agreement within the P–T 
range of overlap. The study by Datchi et al. [24] extended 
the melting line up 15.2 GPa and 530 K, but experienced 
difficulties in reaching more extreme conditions because 
the metallic gasket materials used could not contain the 
hydrogen sample. These visual observation experiments 
required substantial time as very slow temperature change 
is required to stabilize fluid and solid materials in equili-
brium. Gregoryanz et al. [25] used cubic boron nitride and 
alumina insets in rhenium gaskets and employed express 
Raman observations to detect melting. At melting, they 
observed a small Raman vibron discontinuity up to 44 
GPa, but no further discontinuities have been detected 
above this pressure. They also reported a large increase in 
the negative temperature shift of the Raman vibron with 
pressure. Combined melting temperature data to 44 GPa 
obtained in resistive heating experiments [24,25,54] sug-
gest a possible melting line maximum near 100 GPa and 
1000 K in qualitative agreement with the theoretical calcu-
lations of Ref. 29. 

Experiments on the melting of hydrogen to higher pres-
sures have been performed using laser heating techniques 
[26–28] including pulsed laser heating. The results of these 

very challenging experiments remain largely controversial, 
as there are a number of inconsistent observations. In par-
ticular the results of Deemyad, and Silvera [27], which uti-
lized visual observations, are standing alone, as they suggest 
a very narrow maximum at the melting line, inconsistent 
with the theoretical predictions and the results of other mea-
surements. Notably, Deemyad and Silvera have reported 
four pressure points obtained in one single experimental 
run; they have not been able to provide any experimental 
evidence of presence of hydrogen in the high-pressure cav-
ity after the initial laser heating experiments. The results of 
this study were not reproduced in subsequent investiga-
tions [26,28], which presents results of multiple loads, and 
clear Raman evidence of hydrogen present in the sample 
cavity. Both studies [26,28] suggest that the melt line has a 
broad maximum near 100 GPa, in a qualitative agreement 
with the theoretical calculations of Ref. 29. However, the 
diagnostics of melting in Refs. 26, 28 is somewhat contro-
versial. Eremets and Trojan [28] report changes in the laser 
speckle pattern and a large reversible drop in resistivity of 
a Pt foil which probe the sample cavity. These observations 
may be related to melting but could, in principle, be due to 
chemical reactions, or other phenomena unrelated to melt-
ing. A drop in the resistance of the Pt foil, claimed by Ere-
mets and Trojan to be an indication of melting, was pro-
posed to be due to a shunting by conducting fluid hydrogen. 
Instead, we suggest that the thermal flux, out of the laser 
heated Pt foil, increases rapidly through the convection in 
molten hydrogen, causing the foil to drop the temperature, 
and hence the electrical resistance. Subramanian et al. [26] 
reported on a large discontinuity of the Raman vibron at 
melting and attributed this to a change in chemical bonding 
in fluid hydrogen. However, this observation seemingly 
contradicts Raman measurements in resistively heated 
DACs, where a very small, or even no discontinuity was 
observed [25]. The reason for such discrepancy may be 
due to difficulties of containing, and hence measuring Ra-
man spectra of fluid hydrogen in resistively heated DACs. 
Also, or alternatively, very large temperature gradients 
across the sample can give rise to bimodal Raman spectra 
observed in the laser heating experiments [26] as the Ra-
man vibron shows a very steep temperature dependence. 
Summary of the experimental data on hydrogen melting 
strongly indicate that the available results do not provide 
the definitive prove of maximum in the melting line of 
hydrogen. 

Conventionally, it is assumed that fluid hydrogen is mo-
lecular at moderate pressures below the triple point with 
solid and dissociated fluid >200 GPa, <1000 K. Raman 
measurements of fluid hydrogen [26,55] however show a 
continuous change with pressure in intramolecular bonding 
in the fluid state. Goncharov and Crowhurst [55] also 
found a large increase in the vibron bandwidth accompa-
nied by a decreased vibron anharmonicity deduced from 
the spacings between excited vibrational states. Subrama-
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nian et al. [26] show that the roton modes essentially dis-
appear in the fluid state above 30 GPa. These observations 
can be understood due to the drastic decrease in lifetime of 
molecular states in fluid hydrogen with pressure. The life-
time of the molecular states become comparable with the 
vibrational period, but are shorter than the rotational pe-
riod, making the latter unobservable. 

Until recently, experimental observations of  conduct-
ing states in dense hydrogen could only be performed in 
shock wave experiments [56–59] and static DAC experi-
ments on hydrogen exceeding temperatures of 3000 K 
were inaccessible. Recently, Goncharov et al. [60] devel-
oped a new optical spectroscopy technique in pulsed laser 
heated DAC which allow to measure optical spectra in the 
visible spectral range. The sample is heated by 1–5 Ps 
pulses of electrically modulated Yb fiber laser at 1070 nm. 
The optical spectra are measured using a supercontinuum 
generated in a photonic crystal fiber and are recorded as a 
function of time using a streak camera in a single two-
dimensional CCD image along with the radiation spectra to 
measure the temperature spectroradiometrically. Such 
technique has opened a window of opportunity to probe 
hot dense hydrogen at P–T conditions thought to be una-
chievable through static compressions.  

4. Phase II 

The transition to phase II has been originally described as 
the one from spherically symmetric rotational states of pure 
para H2 or ortho D2 to a broken symmetry phase in which 
these symmetric states deform and material transforms an 
orientationally ordered state [34]. It has been shown that 
mixed ortho-para materials (for example with a normal 
composition corresponding to the high-T limit [61]) also 
transform to phase II (which reveals different rotational dy-
namics [37] and perhaps even a different crystal symmetry) 
at lower pressures. A very large isotope effect has been ob-
served for the transition to phase II [34,62,63]. The large 
isotope effect on the transition pressure to BSP phase sug-
gests that the transition is related to ordering of the quantum 
rotational degrees of freedom [18,49] as the rotational con-
stants 2/4 ,B h cI S  where I is the rotational moment of 
inertia, governing the rotational energies are very different 
for H2 and D2. On the microscopic level, at the entry to 
phase II, free molecular rotations are expected to transform 
to wide-angle librations for some of the rotational coordi-
nates, which can be largely incoherent [39]. The first-
principles path-integral molecular dynamic calculations re-
vealed the quantum character of these molecular motions, 
however, these experience a “quantum localization” (or 
“quantum confinement”) as molecular rotations become 
hindered in some rotation directions [38]. In contrast, recent 
ab initio path integral molecular dynamics (PIMD) of Li et 
al. [49] do not support the “quantum confinement” and in-
stead suggest that the transition is governed by a competition 

between anisotropic inter-molecular interactions, and the 
thermal and quantum nuclear fluctuations. 

Raman spectra of phase II reveal a combination of free 
molecular rotation excitations and libron like vibrations 
characteristic of the orientationally ordered molecules [35]. 
Raman and IR spectra of vibron modes have been used to 
map the II–I phase line. Below approximately 140 GPa, the 
transition can be traced by observing a small vibron dis-
continuity [16,18,19,34,37]. Above 140 GPa, the vibron 
frequency has a strong temperature dependence in phase II 
prior to the transition to phase I [17,33], suggesting that the 
orientational ordering develops gradually with pressure 
within phase II. 

The determination of the structure of orientationally or-
dered hydrogen phases is a very challenging topic. Theo-
retical structure search is difficult because phase II retains 
a large amount of orientational disorder. Thus, a single 
theoretical approach (e.g., density functional theory, DFT) 
does not work well. Recently, Li et al. [49] suggested us-
ing PIMD technique for the most stable static molecular 
configuration to account for quantum nuclear motion at 
finite temperatures. However, the validity of these results 
needs to be verified against the experimental observations.  

The experimental data are also very limited [46–48,64]. 
Normally, only 1 or 2 of the strongest reflections originat-
ing from 100 and 101 major peaks of hcp phase I of hy-
drogen could be observed. However, Goncharenko and 
Loubeyre [47] additionally reported one extra reflection 
observed in single crystal x-ray and neutron diffraction of 
D2. They interpreted this as due to an incommensurate 
long-range order. In contrast, Raman study [37] rather 
suggested 3x5 Brillouin zone folding. Moreover, the mod-
ulation appears at a lower pressure than that reported for 
the I–II in Raman measurements [37]. 

5. Phase III 

Phase III has been discovered in Raman observations at 
77 K: the Raman vibron revealed an astonishing 100 cm–1 
discontinuity at 155 GPa, and observations showed a two-
phase coexistence in the pressure range of about 20 GPa, 
which is characteristic of the first-order transition [65]. 
Subsequent infrared absorption (IR) measurements showed 
a two order of magnitude increase in the vibron mode ac-
tivity in phase III [36,66–68]. These observations initiated 
a number of suggestions about a new chemical bonding 
type in phase III related to a large intermolecular charge 
transfer [69]. However, direct reflectivity measurements 
[68] showed that the dipole moment associated to the IR 
vibron is very small (0.04e at 210 GPa), so the charge 
transfer may be of dynamic nature and be restricted within 
the molecule. However, density functional theory does 
predict a small structural distortion of the parent hexagonal 
closed-packed lattice of phase I [39,44]. 
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Fig. 2. (Color online) Raman spectra of hydrogen through transi-
tions to phases II and III [35]. 
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For a long time vibrational spectroscopy served as the 
sole source of information on properties of phase III. Ra-
man spectroscopy measurements of phase III revealed a 
number of observations, which shed light on the structural 
and dynamical properties of phase III. In addition to the 
vibron discontinuity, the II–III transition is characterized 
by a total alteration of the low-frequency spectra: the roton 
spectra (or their remnants) disappear and a number of new 
peaks appear at the transition to phase III (Fig. 2). These 
show a very strong pressure dependence, which identify 
them as the lattice modes (translational and librational) 
unlike the rotational modes (rotons) in phases I and II 
which are very weakly pressure dependent [34,70]. The 
frequencies of the Raman modes increase strongly with 
pressure and the modes become sharper (Fig. 2) [35]. Ra-
man and IR spectra of phase III are also strongly tempera-
ture dependent. The Raman and IR vibron frequencies in-
crease with temperature continuously in a wide 
temperature range which was determined in quasi-isobaric 
experimental scans [17–19]. There is a discontinuity in the 
vibron frequency at the II–III and I–III transitions , which 
quickly decreases with pressure and was reported to disap-
pear above 235 K (in D2) [37] even though two vibron 
peaks were observed near the transition. This was inter-
preted as a (tri)critical point, where either the transition 
becomes second order or terminates, so there is no distinc-
tion between phases I and III at higher pressures (and tem-
peratures). The IR intensity was also found to decrease in 
intensity in the temperature runs [18,33] similar to that of 
the Raman and IR frequencies. This was described by a 
Maier–Saupe model [71], which characterizes the orienta-

tional ordering of classical rotors and initially was derived 
for liquid crystals. Within this model, the IR frequency and 
intensity and Raman frequency of the vibron can be treated 
as scalar order parameters characterizing the orientational 
ordering in phase III [18,33]. The conclusion about the 
nature of orientational ordering in low-temperature phase 
III is also supported by a relatively weak isotope effect (cf. 
transition pressures of transitions to phase II for H2 and 
D2), the insensitivity of the transition pressure to the ortho-
para concentration [18,35] and the observation of the total 
disappearance of the roton Raman bands (Fig. 2). 

As in the case of phase II, the determination of the struc-
ture of orientationally ordered phase III of hydrogen is a 
very challenging topic and the experimental data are very 
limited [46]. Moreover, only 1 or 2 strongest reflections 
originated from 100 and 101 major peaks of hcp phase I of 
hydrogen could be observed. Recently, x-ray diffraction 
studies have been performed in the P–T range of stability of 
phase III (>155 GPa below 120 K) [46]. The results suggest 
that an hcp lattice remains a structural basis of phase III. 

Theoretical structural search for high-pressure phases of 
hydrogen has a long history [39–44,72–74]. Here we brief-
ly review the most relevant works for the high-pressure 
(>100 GPa) range, where the effects of quantum rotations 
and ortho-para distinctions is substantially diminished. In 
this regime the (DFT) should be well applicable. However, 
these results should also be treated carefully as the quan-
tum effect related to large zero point energy make substan-
tial contributions into the free energy. 

The results of an extensive theoretical DFT structural 
search [40,42] suggested a monoclinic C2/c structure as the 
primary candidate for phase III. A number of structures are 
very competitive in enthalpy in the pressure range of inter-
est; the results depend on the level of DFT theory, form of 
pseudopotentials used, and treatment of proton zero point 
motion [40]. It is interesting that none of these structures 
agree well with the x-ray diffraction data (Fig. 3), although 
some level of agreement has been achieved with the Ra-
man and IR data [35,67,75], especially with the presence 
of a strong IR vibron absorption mode. It is interesting that 
hybrid DFT calculations [76] find the P63/m structure 
(which would yield the x-ray pattern that nicely agrees 
with the x-ray experiment) the most stable, although the 
previous study found that this structure is dynamically un-
stable above 120 GPa [40]. However, this structure seems 
inconsistent with the IR observations. For the sake of com-
pleteness, we would like to mention that the Cmc21 struc-
ture proposed by Toledano et al. [23] based on group 
theory is somewhat higher in DFT enthalpy, although Ra-
man and IR activity and x-ray diffraction patterns broadly 
agree with the observations.  

It is interesting that in spite of a large number of ener-
getically competing structures determined in theoretical 
calculations, experimental observations show the stability 
of only one classically oriented solid phase in a very broad 
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pressure-temperature range [12,77]. The pressure and tem-
perature dependencies of vibron and phonon frequencies 
suggest that phase III becomes more stable at higher pres-
sures and lower temperatures. A rather strong softening of 
molecular vibron Raman mode (above 35 GPa) has been 
interpreted as a “harbinger” of molecular dissociation, but 
later it was understood (e.g., Ref. 78) that a substantial part 
of this softening is coming from the increase of the intramo-
lecular coupling [79,80]. The IR vibron, which contains 
much less contribution of this coupling starts softening only 
above 120 GPa [79]. However, unlike the situation with the 
classical soft modes related to the displacive phase transi-
tions, there is no acceleration of the softening with pressure, 
making predictions of molecular dissociation with pressure 
rather uncertain [75]. Extrapolation of the optical data sug-
gests that the optical closure in phase II should occur near 
450 Gpa [75,77]. The effect of temperature was recognized 
to be very essential for metallization of hydrogen in static 
high-pressure conditions [11,14]. 

6. Phase IV 

Until 2011 only the high-pressure room-temperature 
studies of  hydrogen up to 180 Gpa [10] and to the claimed 
340 GPa have been reported [81,82]. The latter results are 
very controversial mainly due to the fact that no positive 
diagnostics of hydrogen was offered. In Fig. 4 we show the 
compilation of the recently obtained Raman data on the 
molecular vibron up to 320 GPa compared to that reported 
previously by Ruoff [81]. The obvious conclusion is that 
either the pressure metrology in these early experiments 
was not reliable or other factors (e.g., lack of hydrogen in 
the sample chamber) are responsible for apparent discre-

pancy with the current results. The currently adopted in the 
field technique is the usage of the diamond Raman edge as 
a pressure calibrant. The Raman frequency of the diamond 
edge (e.g., Ref. 15) had been calibrated with respect to 
other sensors (mostly ruby) and is reliable in situations 
when the experiments are performed in similar geometrical 
conditions. However the results of Ruoff [81] obviously 
stand alone (Fig. 4) making the claim of transparent hy-
drogen at 342 GPa in the subsequent paper [82], which 
also does not present any positive diagnostics of hydrogen, 
highly questionable. 

Two independent experiments have recently succeeded 
in reaching pressures in excess of 300 GPa at 300 K 
[11,14]. Similar Raman observations have been reported 
that show remarkable changes in Raman spectra above 200 
GPa; firstly: the gradient of the vibron frequency versus 
pressure slope changes dramatically and a broad low-
frequency peaks appear, and secondly: another system of 
low-frequency high intensity peaks emerge and the vibron 
splits in two. Eremets and Troyan [14] did not notice the 
appearance of new low-frequency peaks and interpreted 
this change as due to a transition to the Cmca-12 phase 
[40]. They also reported a change in optical properties and 
a total disappearance of Raman signal above 260–270 GPa, 
which was suggested to be due to transformation to metal-
lic monatomic fluid. 

On the contrary, Howie et al. [11] observed Raman sig-
nal to the highest pressure reached in the experiment — 
320 GPa. They noticed the appearance of a second Raman 
vibron with very different pressure behavior of both the 
frequency and linewidth. Based on these observations and 

Fig. 4. (Color online) Raman vibron frequencies of hydrogen 
though the transition to phases III and IV at 300 K [10,11,14,81] 
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theoretical predictions [40], they suggested a Pbcn struc-
ture for phase IV of hydrogen. This structure matches 
much better with the experimental observations, as the 
appearance of two distinct vibron modes and a strong low-
frequency libron mode can be naturally explained based on 
the unique features of phase IV. Indeed, Pbcn hydrogen 
consists of molecular layers of two kinds: weakly bounded 
hexagonal, and strongly bounded graphene-like [40], which 
differ by the intramolecular distances that are substantially 
larger in the graphene-like layer. It is interesting that the 
hexagonal configuration of molecules in the graphene-like 
layer is somewhat reminiscent to the prediction of LeSar and 
Herschbach (Ref. 83, see also Ref. 84), who suggested that 
termolecular complexes [(H2)3] could form before the tran-
sition to the atomic phase. This structure has been further 
examined theoretically in a number of recent publications, 
which suggest slightly different crystal symmetries [13,85] 
and fluxional behavior of graphene-like layers [86] related 
to large atomic tunneling quantum effects, and even suggest 
quantum liquid behavior for these layers [87]. Experimental 
and theoretical studies clearly indicate that phase IV is insu-
lating or semimetallic as the optical spectra show the pres-
ence of the optical gap [11,30]. 

7. Conclusions 

Key questions still remain about the higher pressure be-
havior. Predictions propose that phase IV will transform to 
a metallic molecular phase with Cmca-4 structure above 
360 GPa [86]. However, monatomic phases [88–90] may 
compete at these compressions. We believe that experi-
mental static compression studies which will verify these 
predictions are down the road [91]. Such studies will also 
address the issue of the predicted ground state fluid atomic 
metallic hydrogen [92–94]. The central problem is the 
treatment of the quantum effects at such regimes, which 
needs to be solved for such fundamentally important sys-
tem as the element number one. 
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We have studied dense hydrogen and deuterium experimentally up to 320 GPa and using ab initio molecular
dynamic (MD) simulations up to 370 GPa between 250 and 300 K. Raman and optical absorption spectra show
significant anharmonic and quantum effects in mixed atomic and molecular dense phase-IV of hydrogen. In
agreement with these observations, ab initio MD simulations near 300 K show extremely large atomic motions,
which include molecular rotations, hopping, and even pair fluctuations, suggesting that phase IV may not have
a well-defined crystalline structure. The structurally diverse layers (molecular and graphenelike) are strongly
coupled, thus opening an indirect band gap; moreover, at 300 GPa, we find fast synchronized intralayer structural
fluctuations. At 370 GPa, the mixed structure collapses to form a metallic molecular Cmca-4 phase, which
exhibits a new interstitial valence charge bonding scheme.

DOI: 10.1103/PhysRevB.87.024101 PACS number(s): 62.50.!p, 61.50.Ks, 67.80.F!, 71.30.+h

Hydrogen at high densities is remarkably rich in phenomena
as revealed through both dynamic1 and static2–5 experiments
and theoretical calculations.6–9 Phases I and II have distinct
quantum properties related to molecular rotations and possess
species with different parity of the rotational states (ortho-
para distinction).10 In contrast, phase III was proposed to
be orientationally ordered in a classical sense,4,6 similar to
molecular phases of heavier diatomic molecules, e.g., nitrogen.
Surprisingly, the structure of a recently discovered phase IV
has been found to consist of two very distinct structural units,
as manifested by the presence of the Raman intramolecular vi-
brations (vibrons) with frequencies substantially different from
each other and from other known phases of hydrogen.5,8,11

Based on the structural search of the lowest enthalpy
phases, which included zero-point motion and full vibrational
contributions, a number of candidate structures were proposed
for phase IV.8,11,12 The theoretical studies all agree on the
presence of two distinct structural units: a “molecular” (Br2-
like) and “graphenelike” (G) layers, which repeat periodically
in the A-B-A-B sequence. However, the symmetry of the
graphenelike layer, which consists of elongated weakly bonded
H2 molecules, is a matter of debate. It has been pointed out11,12

that the originally proposed Pbcn structure,8 which contains
three kinds of hexagonal rings, is dynamically unstable as the
lowest-frequency libron (H2)3 ring mode has an imaginary
frequency. Two other very similar structures [Pc (Ref. 11) and
Cc (Ref. 12)] have further been proposed as they have slightly
lower enthalpy and show no imaginary frequencies.

Raman measurements of phase IV show a dramatic
softening of the G-layer vibron mode with pressure5 in a
qualitative agreement with theoretical calculations11 which
reported that weakly bonded H2 molecules elongate with
pressure, thus revealing a tendency of the G layers to transform
to truly graphene layers with symmetric hydrogen bonds. Thus,
one can expect that phase IV would transform to the Ibam
structure11 at 350 GPa. However, the Cmca-4 structure7,8 was

found to be energetically favorable above 225 GPa,11,13 while
metadynamics simulations12 showed the transition to the same
structure at 275 GPa. Both the Cmca-4 and competing with
it energetically Cmca-12 phases are metallic7,8,11,14 and their
occurrence in the calculations has been invoked to explain the
experimental observations of atomic metallic fluid hydrogen in
Ref. 15. However, the findings of Ref. 15 are found to disagree
with the optical data of Ref. 5.

In this paper, by combining the experimental data of Ref. 5
with ab initio molecular dynamical (MD) theoretical calcu-
lations, we demonstrate fluxional characteristics of phase IV,
which makes the description of the instantaneous structure
of phase IV difficult in terms of the conventional space
groups. This is demonstrated by experimental observations
of significant quantum effects in molecular vibrations and
librations in the G layer, which are consistent with frequent
molecular rotations and intermolecular atomic fluctuations.
These findings are supported by MD calculations, which show
very large atomic motions and intralayer H2 re-arrangements at
250–300 K. MD simulations also demonstrate the transforma-
tion to the Cmca-4 structure at 370 GPa, where the structural
diversity of the Br2-like and G layers vanishes and large atomic
motions cease.

Constant pressure–constant temperature (N,P,T) ensemble
classical molecular dynamics calculations were performed
with the pseudopotential (PS) plane-wave method. The quality
of the PS has been checked against all electron calculations
to guarantee the results are valid within the pressure range
studied here. A 1 " 1 " 2 Pbcn (Ref. 8) supercell with 48
atoms was used as the initial structure. We have performed MD
calculations for phase IV of hydrogen at 250–370 GPa at 250–
300 K. Thermodynamic equilibrium was usually achieved in
the first 6 ps. The length of the simulation varied from 20 ps at
250 and 370 GPa to 87 ps at 300 GPa. The maximum deviation
throughout the duration of the MD calculations is less than
0.4 meV/atom in the internal energy and the pressure was

024101-11098-0121/2013/87(2)/024101(8) ©2013 American Physical Society
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FIG. 1. (Color online) Vibrational properties of H2 and D2 at 300 K up to 320 GPa. (a) Intensity normalized Raman spectra with pressure;
the hatched area corresponds to Raman signal of stressed diamonds; (b) experimental Raman frequencies of the soft vibron modes in H2 and D2

with pressure; the frequencies of D2 are multiplied by
!

2; discontinuities of the vibron frequencies at 230 GPa are due to the III-IV transition;
there is a 10–15 GPa pressure range of phase coexistence; (c) vibrational spectra deduced from MD simulations. The vertical red lines show
the behavior of two major Raman vibrons.

within 2% of the target. The results of the simulations should be
at least qualitatively correct since the ratio of the mean atomic
distance (V/N )1/3 and the thermal de Broglie wavelength is
larger than 1 for the studied density range.16 Quantum effect
normally enhances delocalization of the hydrogen spatial
distribution. Since the classical simulations were performed
at relatively high temperature (ca. 300 K), it is expected
that the quantum zero-point motions will not fundamentally
alter the hopping and molecular rearrangement processes.6

GW calculations were performed with the code VASP,17

employing the projector augmented wave (PAW) potential.18

The band structure was constructed from interpolation of
GW corrected Monkhorst-pact k-point set using Wannier
functions.19

The detailed experimental procedures are described in
Ref. 5. We have carried out an intensity calibration performed
using a light source with a known spectral distribution to the
Raman spectra measured [Fig. 1(a)] and applied a coupled
oscillator model20 to the intensity corrected Raman spectra. An
interesting feature of the normalized Raman spectra is that they
are dominated by the vibron modes. The model calculations
show that the observed pressure-induced relative change in
intensity of some of the Raman modes with frequencies below
1300 cm"1 (300, 800, and 1050 cm"1 bands at 240 GPa) can
be explained by their vibrational coupling with the lower-
frequency vibron mode from the G layer, which softens
with pressure abruptly (soft vibron mode). However, the 500-
and 700 cm"1 bands do not show any measurable intensity
variation with pressure (Fig. 2). We interpret this diverse mode
behavior as due to their different vector of the normal modes
of vibrations (Fig. 3). The latter two modes correspond to
the molecular translation and rotations in the Br2-like layers,
while the former ones, which show a substantial variation
in intensity with pressure, correspond to similar motions in

the G layers. The 300 cm"1 band is a unique G-layer mode
corresponding to the librational motion of the hydrogen rings
consisting of three H2 dimers. Our mode assignment is based
on theoretical calculations for Pc (Ref. 11) and Pbcn (Ref. 8)
(Fig. 3) structures of hydrogen.

The vibron frequencies show a distinct isotope effect for
the vibron [Fig. 1(b)] and the lowest-frequency libron mode
(300 cm"1), while the other modes show very small isotope
dependencies (Figs. 4 and 5). The isotope effect on the vibron
and libron modes increases with pressure. For the vibron
modes, the isotope effect is substantially larger for the soft
mode. The linewidth of the soft vibron mode increases very
steeply at 230–250 GPa and then remains almost pressure
independent up to 320 GPa [Fig. 4(b)].

A very large isotope effect and broadening (compared to
other hydrogen phases) of the soft vibron mode from the G
layers is evidence for the dramatically increased anharmonicity
of this mode. Using the Morse formalism for an underlying
effective potential21 we determined the pressure-dependent
parameters of this potential using the experimental data for
H2 and D2 [Fig. 1(b)]. We find that at 320 GPa, the potential
well becomes very shallow due to the lowering of the barrier
between the potential wells; it can accommodate only two
vibrational levels for hydrogen (Fig. 6). The proximity of
the first excited level to the barrier top splits this level as
the tunneling between the wells becomes very frequent.24

This provides a qualitative explanation for the anharmonic
broadening effects [Fig. 4(b)]. We would like to stress that
these effects have truly quantum characteristics, as much
smaller peak broadening is observed for D2 and there is a
very large isotopic frequency difference for both the soft
vibron and roton mode in the G layer (Figs. 4 and 5). The
vibrational properties of H2 deduced from MD simulations
[Fig. 1(c)] show substantial softening and broadening of the
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FIG. 2. (Color online) The results of the Raman modes analysis performed using a coupled oscillator model (Ref. 20). Panel (a) shows the
positions of the experimentally measured Raman bands as a function of pressure determined by applying this model to the intensity corrected
Raman spectra. The positions of the bare frequencies are given in two cases: (i) the 300, 800, and 1050 cm!1 modes are coupled to the soft
mode and the intensities of these modes are fully due to the coupling (green circles); (ii) there is no coupling (red circles), the positions of the
bands and their intensities correspond to the measured ones. These cases correspond to two extremes; we expect that the reality is somewhere
in-between. Panel (b) shows the relative intensities of the four most intense low-frequency Raman bands with respect to that of the soft vibron
mode. This illustrates the diverse behavior of the modes with respect to the vibrational coupling, which is expected to increase with pressure
as the soft vibron mode and other modes become closer in frequencies.

G-layer vibron at 3100–3600 cm!1 between 250 and 300 GPa,
which is in qualitative agreement with the experiment.

Figure 7 summarizes the results of the analysis of the
MD trajectories for two dissimilar planes. At 250 GPa, the
Br2-like layers consist of a hexagonal lattice of “clouds”
(Fig. 7, leftmost columns). These correspond to almost free
rotation of H2 molecules about the center of their bonds and
maintaining the intramolecular bond lengths characteristic of
“free” molecules (0.72 Å). In comparison, the G layers can
be represented as an almost equally populated honeycomb
lattice, and one does not see any difference in dimensions
or shape of the constituting hexagons, which are expected
for the Pbcn (Ref. 8) and Pc (Ref. 11) structures. Further
inspection includes the color of dots (tracing the atoms) as the
change in color would correspond to collaborative “hopping”
of the H2 molecules in the Br2 layers and H atoms in the G
layers from one site to the other. At 250 GPa, this hopping is

relatively infrequent for the Br2 layers, while it seems more
frequent for the G layers with an average of ca. 1 jump
every 4 ps. At 300 GPa (Fig. 7, central columns), the time
average difference in distribution of the H atoms between Br2
and G layers apparently disappears; both show a honeycomb
structure superimposed by the increased “clouds” due to
molecular rotations. Closer analysis of the MD trajectories
shows that this occurs due to synchronized intralayer atomic
fluctuations, which change the molecularlike Br2 layers to the
more atomiclike G layers and vice versa. Further details of the
analysis will be published elsewhere. Based on extraordinary
large atomic fluctuations observed in the MD runs at 250
and 300 GPa, we conclude that the structural presentation of
phase IV in terms of an ideal crystal lattice may not be valid.
The averaged over time crystal structure can be represented
by the Ibam phase8 with eight atoms in the primitive unit
cell.

FIG. 3. (Color online) The atomic motions for the most prominent Raman modes of Pbcn hydrogen as the result of the DFT calculations:
(a) low-frequency libron mode; (b) soft vibron mode of the graphenelike layer; (c) vibron mode of the Br2- like layer.
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FIG. 4. (Color online) (a) The Raman isotope effect on the vibron frequency determined as ! = log10(
!

2"D2/"H2 )/ log 10(2); the dashed
lines correspond to linear extrapolations of the D2 data to higher pressures; (b) vibron linewidths of H2 as a function of pressure. Data for
phases I and III are from Refs. 22 and 23 (gray triangles and cyan triangle, respectively).

Simulations at 370 GPa and 300 K (Fig. 7, rightmost
columns) show a transition to another phase, which is very
different from phase IV structurally and chemically (cf. Ibam).
The amplitudes of the atomic motions are much smaller
for this structure and all the crystallographic layers become
structurally equivalent. This phase is metallic and it has Cmca-
4 symmetry, which has been previously proposed.7,8 The
structure consists of crystallographically equivalent molecules

FIG. 5. (Color online) Raman frequencies of the lattice and
librational modes of H2 and D2 with pressure; the Raman fre-
quencies of D2 are multiplied by

!
2. Inset: the Raman isotope

effect on the lowest-frequency libron frequency determined as ! =
log10(

!
2"D2/"H2 )/log10(2); the dashed lines correspond to linear

extrapolations of the D2 data to higher pressures.

with the bond length of 0.776 Å. The frequencies of the
vibron in the Cmca-4 phase merge to a single set of modes
at 3100 cm"1 (Fig. 8). As will be discussed later, this is a
consequence of weaker H-H bonds due to electron transfer
from the bonding to the interstitial region.

Now, we switch to the electronic properties. Optical absorp-
tion spectra [Fig. 9(a)] near the absorption edge demonstrate
that the expression ! # (h#)2 holds. This suggests that the

FIG. 6. (Color online) Effective intramolecular potential for
dense hydrogen at 320 GPa determined from the Raman data
for the soft vibron mode of H2 and D2 [Fig. 1(b)] (Ref. 21). The
data for D2 are extrapolated using the best second-order polynomial
fit shown in Fig. 1(b). The potential is approximated by the Morse
function and is plotted as a function of a dimensionless linear
coordinate (Ref. 21). Horizontal lines represent the vibrational levels.
Only two lowest-energy vibrational levels correspond to the bound
states at 320 GPa (solid lines).
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FIG. 7. (Color online) Molecular dynamics trajectories of three runs. The top row corresponds to the Br2-like layer, while the bottom row
to the G layer. Different colors correspond to different atoms.

absorption edge is determined by indirect optical transitions.
This is in agreement with theoretical calculations, which
clearly demonstrate that the band gap is indirect as the
extrema of the conduction and valence bands are not in the !
point (Fig. 10). Also, the experimental and theoretical (GW )
pressure dependencies of the indirect band gap agree very well
[Fig. 9(b)].

Theoretical calculations of the band gap using the hybrid
density functional theory (DFT techniques)25 agree well with
our data (Fig. 9), while those determined by standard DFT
methods11 show much lower band gaps (not shown). Also,
our theoretical calculations do predict the band-gap closure at
approximately the same pressure, at which the transition to the
Cmca phase occurs in MD simulations. This may be purely
coincidental as we have performed calculations for a limited
number of pressure points. Moreover, the calculated band gaps
are for the static Pbcn structures, while we believe that the
structure of phase IV is fluxional. More investigations should

be performed to find out whether this good agreement of the
experimental and theoretical GW and hybrid DFT band gaps
is meaningful. The experimental spectra also show additional
lower-energy absorption [Fig. 9(a)], which we attribute to
disorder-induced processes similar to the Urbach absorption in
disordered semiconductors. Similar effects have been observed
previously in a disordered high-pressure phase of nitrogen.27

Notably, the experimentally determined band gap of phase IV
appears to be lower than that for phase III.

To investigate the nature of the chemical interactions
on the electronic structure, calculations were performed on
independent Br2-like and G layers in the Pbcn structure and
compared with the full crystal (Fig. 11). It is surprising
that both the Br2 and G layers are metallic! However, the
interactions of these two distinct layers led to an opening of the
band gap in the Pbcn structure. This finding can be explained
by a charge transfer from the graphene layer to the Br2 layer
in the full structure. The valence band width was increased by
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FIG. 8. (Color online) The vibrational spectra deduced from MD
simulations (the lines are guides to the eye showing the evolution of
the H2 vibrons with increasing pressure).

FIG. 10. (Color online) Electronic band structure of Pbcn H2 at
300 GPa. Black and red lines are the results for GGA and GW

methods, respectively.

almost 5 eV as a result of the interaction of the Br2 and G
layers. This is accompanied by the opening of a small energy
gap between the valence and conduction bands at 250 and
300 GPa.

The electronic structures of both high-pressure high-
temperature phases of hydrogen, phase IV, and Cmca-4 are
unusual for simple molecular solids. Plots of the difference in
total charge density of the Pbcn structure from the constituent
hydrogen atoms are shown in Fig. 12. Notably, the electron
density is depleted in the atomic regions near the interstitial
sites of the graphene layer. Therefore, there is a charge transfer
from the G layers to the Br2 layer resulting in insulating
behavior, which helps to stabilize the novel structure. Bader
analysis of the electron density topology of the structure at 250
and 300 GPa (Fig. 13) shows that the electrons in the graphene
layer are not delocalized, and bond critical points between
pairs of H atoms can be clearly defined. Thus, phase IV of

FIG. 9. (Color online) Band gap of phase IV of H2. (a) Experimental optical absorption spectra at 318 GPa. The inset shows that the square
root of absorbance is linear with energy near the absorption edge, which is characteristic of indirect gap absorption. (b) Experimental and
theoretical band gaps for phases III and IV of H2 and D2. The data presented correspond to the following references: Howie et al. (Ref. 5)
reanalyzed here assuming that the band gap is indirect, resulting in lower values than in the original paper, Azadi & Kuhne (Ref. 25), Loubeyre
et al. (Ref. 23), and Zha et al. (Ref. 26).
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FIG. 11. (Color online) Full and partial density of electronic
states of Pbcn hydrogen at 300 GPa.

H2 remains molecular in nature. However, these molecules
must be extremely short-lived judging from the results of MD
simulation (Fig. 7), showing the extreme mobility of atoms in
the G layers. Moreover, at 300 GPa we even see the interlayer
structural fluctuations (Fig. 7), which are very fast (<10 fs).

Finally, we analyze chemical bonding in the Cmca-4
structure, which becomes energetically more favorable than
Pbcn above 320 GPa in our calculations; our MD simulations
show that it forms at 370 GPa spontaneously. Electron density
topological analysis28 reveals that the structure of Cmca-4 is
truly molecular but the electronic structure is metallic. The
electronic density is partially pushed out of the intramolecular
space to interstitials Fig. 12(b), thus resulting in decreased
vibron frequency [Fig. 1(c)] with the rather short closest
interatomic distance of 0.776 Å. The hypothetic high-pressure
structure of H2 (Cmca-4) demonstrates the presence of in-
terstitial space “pockets” with an increased electronic density.
Such phenomena have been previously reported under pressure
in other light elements, for example, in Li,29 but this is the

FIG. 13. (Color online) The Bader analysis (Ref. 28) of the G

layers of Pbcn hydrogen at 250 GPa. The ab plane is shown. The
(3, ! 1) bond critical points are at 0.236, 0.079, 0.250; 0.730, 0.757,
0.251; 0.500, 0.343; 0.250; 0.000, 0.486, 0.250; 0.243, 0.414, 0.249;
0.00, 0.172, 0.250. The electrons in the graphene layer are not
delocalized. The bond critical points between a pair of H atoms can
be clearly defined. The H2 remain molecular in nature.

first indication of that kind of behavior in hydrogen. Similar
to the light alkalis, the interatomic potentials in hydrogen
evolve with density to become very flat prior to this change
in chemical bonding scheme (Fig. 6). Light elements in this
regime tend to show structural diversity,29–31 low-frequency
vibrational modes,22,32 and low melting temperatures.30,31 This
is the consequence of proton zero-point energy becoming
the important energy scale because of a decline of the
intramolecular bonding (e.g., Refs. 22 and 31).

In conclusion, combined experimental and theoreti-
cal studies on the high-pressure phases of hydrogen at

FIG. 12. (Color online) Electron topology of high-pressure phases of H2. (a) Total electron density difference for Pbcn from the constituent
hydrogen (!" = !0.176 e/Å3). (b), (c) Electron density isosurfaces for the values of 1.0 e/Å3 and 0.5 e/Å3, respectively, for the Cmca-4
structure.
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250–300 K reveal a number of new phenomena, which were
not expected previously (e.g., Refs. 8,11, and 33). The optical
and vibrational spectroscopy experiments on phase IV up
to 320 GPa show strong anharmonic effects, consistent with
large atomic motions and strong proton tunneling phenomena.
The MD simulations document the strong atomic motion
for phase IV (which makes the averaged in time structure
to be Ibam), and in addition demonstrate a spontaneous
transition to the Cmca-4 structure. Electronic band-structure
calculations performed on Pbcn hydrogen, used as a structural
proxy for phase IV, demonstrate the intermolecular charge
transfer that opens an indirect band gap in good accord with
the experimental observations. Both studied high-pressure
phases of hydrogen show the electronic density anomalies,

which reduce the intramolecular bond order index. Further
experiments to higher pressures are needed to verify the
predicted phase changes reported here.

A.F.G. acknowledges support from the NSF, Army Re-
search Office, NAI, and EFRee. V.V.S. acknowledges support
of the DOE Grant No. DE-FG02-02ER45955. R.H and E.G.
acknowledge support from the U. K. Engineering and Physical
Sciences Research Council and Institute of the Shock Physics,
Imperial College. We thank C. J. Pickard for important
comments on the results concerning the charge density, and
for sending us the results of phonon calculations for the Pc
structure of phase IV of H2.

1S. Weir, A. Mitchell, and W. Nellis, Phys. Rev. Lett. 76, 1860
(1996).

2I. F. Silvera and R. J. Wijngaarden, Phys. Rev. Lett. 47, 39 (1981).
3H. K. Mao and R. J. Hemley, Rev. Mod. Phys. 66, 671 (1994).
4I. I. Mazin, R. J. Hemley, A. F. Goncharov, M. Hanfland, and H. K.
Mao, Phys. Rev. Lett. 78, 1066 (1997).

5R. T. Howie, C. L. Guillaume, T. Scheler, A. F. Goncharov, and
E. Gregoryanz, Phys. Rev. Lett. 108, 125501 (2012).

6H. Kitamura, S. Tsuneyuki, T. Ogitsu, and T. Miyake, Nature
(London) 404, 259 (2000).

7K. A. Johnson and N. W. Ashcroft, Nature (London) 403, 632
(2000).

8C. J. Pickard and R. J. Needs, Nat. Phys. 3, 473 (2007).
9E. Babaev, A. Sudbo, and N. W. Ashcroft, Nature (London) 431,
666 (2004).

10I. F. Silvera, Rev. Mod. Phys. 52, 393 (1980).
11C. J. Pickard, M. Martinez-Canales, and R. J. Needs, Phys. Rev. B

85, 214114 (2012).
12H. Liu, L. Zhu, W. Cui, and Y. Ma, J. Chem. Phys. 137, 074501

(2012).
13C. J. Pickard, M. Martinez-Canales, and R. J. Needs, Phys. Rev. B

86, 059902(E) (2012).
14S. Lebegue et al., Proc. Natl. Acad. Sci. USA 109, 9766 (2012).
15M. I. Eremets and I. A. Troyan, Nat. Mater. 10, 927 (2011).
16Z. J. Yan, Eur. J. Phys. 21, 625 (2000).
17G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169 (1996).
18G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
19D. R. Hamann and D. Vanderbilt, Phys. Rev. B 79, 045109

(2009).

20A. F. Goncharov, V. V. Struzhkin, H. K. Mao, and R. J. Hemley,
Phys. Rev. Lett. 83, 1998 (1999).

21N. W. Ashcroft, Phys. Rev. B 41, 10963 (1990).
22A. F. Goncharov and J. Crowhurst, Phase Transitions 80, 105

(2007).
23P. Loubeyre, F. Occelli, and R. LeToullec, Nature (London) 416,

613 (2002).
24K. S. Schweizer and F. H. Stillinger, J. Chem. Phys. 80, 1230 (1984).
25S. Azadi and T. D. Kuhne, Pis’ma Zh. Tekh. Fiz. 95, 509 (2012)

[JETP Letters 95, 449 (2012)].
26C. S. Zha, Z. X. Liu, and R. J. Hemley, Phys. Rev. Lett. 108, 146402

(2012).
27A. F. Goncharov, E. Gregoryanz, H. K. Mao, Z. X. Liu, and R. J.

Hemley, Phys. Rev. Lett. 85, 1262 (2000).
28R. F. Bader, Atoms in Molecules-A Quantum Theory (Oxford

University Press, Oxford, 1990).
29M. Marqués, M. I. McMahon, E. Gregoryanz, M. Hanfland, C. L.

Guillaume, C. J. Pickard, G. J. Ackland, and R. J. Nelmes, Phys.
Rev. Lett. 106, 095502 (2011).

30E. Gregoryanz, L. F. Lundegaard, M. I. McMahon, C. Guillaume,
R. J. Nelmes, and M. Mezouar, Science 320, 1054 (2008).

31C. L. Guillaume, E. Gregoryanz, O. Degtyareva, M. I. McMahon,
M. Hanfland, S. Evans, M. Guthrie, S. V. Sinogeikin, and H.-K.
Mao, Nat. Phys. 7, 201 (2011).

32F. A. Gorelli, S. F. Elatresh, C. L. Guillaume, M. Marqués, G. J.
Ackland, M. Santoro, S. A. Bonev, and E. Gregoryanz, Phys. Rev.
Lett. 108, 055501 (2012).

33V. Labet, R. Hoffmann, and N. W. Ashcroft, J. Chem. Phys. 136,
074502 (2012).

024101-8

http://dx.doi.org/10.1103/PhysRevLett.76.1860
http://dx.doi.org/10.1103/PhysRevLett.76.1860
http://dx.doi.org/10.1103/PhysRevLett.47.39
http://dx.doi.org/10.1103/RevModPhys.66.671
http://dx.doi.org/10.1103/PhysRevLett.78.1066
http://dx.doi.org/10.1103/PhysRevLett.108.125501
http://dx.doi.org/10.1038/35005027
http://dx.doi.org/10.1038/35005027
http://dx.doi.org/10.1038/35001024
http://dx.doi.org/10.1038/35001024
http://dx.doi.org/10.1038/nphys625
http://dx.doi.org/10.1038/nature02910
http://dx.doi.org/10.1038/nature02910
http://dx.doi.org/10.1103/RevModPhys.52.393
http://dx.doi.org/10.1103/PhysRevB.85.214114
http://dx.doi.org/10.1103/PhysRevB.85.214114
http://dx.doi.org/10.1063/1.4745186
http://dx.doi.org/10.1063/1.4745186
http://dx.doi.org/10.1103/PhysRevB.86.059902
http://dx.doi.org/10.1103/PhysRevB.86.059902
http://dx.doi.org/10.1073/pnas.1207065109
http://dx.doi.org/10.1038/nmat3175
http://dx.doi.org/10.1088/0143-0807/21/6/314
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.79.045109
http://dx.doi.org/10.1103/PhysRevB.79.045109
http://dx.doi.org/10.1103/PhysRevLett.83.1998
http://dx.doi.org/10.1103/PhysRevB.41.10963
http://dx.doi.org/10.1080/01411590701473101
http://dx.doi.org/10.1080/01411590701473101
http://dx.doi.org/10.1038/416613a
http://dx.doi.org/10.1038/416613a
http://dx.doi.org/10.1063/1.446800
http://dx.doi.org/10.1134/S0021364012090020
http://dx.doi.org/10.1103/PhysRevLett.108.146402
http://dx.doi.org/10.1103/PhysRevLett.108.146402
http://dx.doi.org/10.1103/PhysRevLett.85.1262
http://dx.doi.org/10.1103/PhysRevLett.106.095502
http://dx.doi.org/10.1103/PhysRevLett.106.095502
http://dx.doi.org/10.1126/science.1155715
http://dx.doi.org/10.1038/nphys1864
http://dx.doi.org/10.1103/PhysRevLett.108.055501
http://dx.doi.org/10.1103/PhysRevLett.108.055501
http://dx.doi.org/10.1063/1.3679736
http://dx.doi.org/10.1063/1.3679736


PHYSICAL REVIEW B 86, 214104 (2012)

Proton tunneling in phase IV of hydrogen and deuterium
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Using in situ optical spectroscopy we have investigated the temperature stability of the mixed atomic and
molecular phases IV of dense deuterium and hydrogen. Through a series of low-temperature experiments at
high pressures, we observe phase III-to-IV transformation, imposing constraints on the P-T phase diagrams. The
spectral features of the phase IV-III transition and differences in appearances of the isotopes Raman spectra
strongly indicate the presence of proton tunneling in phase IV. No differences between isotopes were observed in
absorption spectroscopic studies, resulting in identical values for the band gap. The extrapolation of the combined
band gap yields 375 GPa as the minimum transition pressure to the metallic state of hydrogen (deuterium). The
minute changes in optical spectra above 275 GPa might suggest the presence of a new solid modification of
hydrogen (deuterium), closely related structurally to phase IV.
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The recent experimental discovery of phase IV of hydrogen
and deuterium is exemplary of how studies of hydrogen at
multimegabar pressures is constitutive to the understanding
of the pressure-induced complexity in simple systems at
extreme compressions.1 Raman studies have shown that,
at 300 K, hydrogen transforms to a new phase (phase IV) at
pressures above 220 GPa. Quite unique and unusual features
of the Raman spectra, e.g., the appearance of the second funda-
mental vibrational mode, were interpreted as phase IV, consist-
ing of graphene-like six-member rings made up of elongated
H2 dimers, which experience large pairing fluctuations, and
unbound H2 molecules. This unusual structure, having Pbcn
symmetry and 48 atoms per unit cell, was earlier proposed
by density functional theory (DFT) as a possible candidate
for phase III at 0 K.2 The newly found experimental ability
to compress hydrogen at room temperature above 180 GPa
in the diamond anvil cell has resulted in major revision of
the hydrogen phase diagram.1 However, the new findings
did not answer many questions and both experimental3

and theoretical4,5 studies produced somewhat contradictory
results, posing many more uncertainties about the possible
states of dense hydrogen. For example, in one experimental
study at 300 K, H2 phase IV was probably observed (which
is not supported by the data presented on deuterium) however
the authors did not suggest a mixed atomic-molecular state,
instead claiming pressure-induced molecular dissociation and
metallization above 260 GPa.3 On the other hand, theoretical
studies4,5 predict the transformation of phases III and IV into
molecular phase V at pressures above 250 GPa, which is at
variance with many experimental observations.1,6–8

Our previous study focused on the behavior of hydrogen
and deuterium at 300 K and1 reported some preliminary results
on H2 phase IV at low temperatures. Compared to the three
other molecular phases (I, II and III),9 little is known about the
low-temperature stability field of H2 phase IV1 and nothing is
known about the stability field of deuterium phase IV. As
hydrogen and deuterium have the highest relative isotopic
mass difference among elements, the effects of zero point
energy (ZPE) might play an important role. Based on the
fact that phase IV exists at relatively “high” temperatures and
the transition line separating it from phase III has a negative

slope with respect to the pressure axis, we surmised1 that the
transition to the mixed state (phase IV) is entropy driven. This
suggestion is supported by the significant differences in the
Raman spectra of phase III vs phase IV, which is indicative of
very dissimilar structures of these phases. Since the structure
of phase III is not known and the proposed structural model
for phase IV needs confirmation, it is impossible to make a
quantitative comparison of entropies and ZPEs of both phases.
Therefore, experiments aimed at determining the stability
fields of hydrogen (deuterium) are highly desirable and of
fundamental interest, because they are expected to provide
a clear picture of the hydrogen (deuterium) phase diagram
and therefore reveal new aspects relevant to the theoretical
modeling and interpretation.

In this study, we mapped out phases III and IV of deuterium
(hydrogen) up to 300 GPa and between 200 and 300 K. We
investigate the low-temperature stability of deuterium (hydro-
gen) phase IV, revealing the differences in the stability fields
of the isotopes and similarities in the electronic structures. We
show that the phase III-to-IV transformation is accompanied
by a large discontinuity of the fundamental vibrational mode
frequency, the largest discontinuity observed between different
phases of hydrogen (deuterium). We also demonstrate that
the full width at half-maximum (FWHM) of the vibrational
fundamental reaches "450 cm!1 for H2 and "250 cm!1 for
D2 in phase IV while staying below "150 cm!1 for both
isotopes at pressures above 250 GPa in phase III. The large
difference between the peak widths of the main vibrational
modes of the two isotopes in phase IV indicates substantial
proton tunneling in hydrogen, probably due to the higher ZPE
of the lighter species.

High-purity normal D2 (H2) was loaded at 0.2 GPa into
a long piston-cylinder diamond anvil cell and compressed
at room temperature. At the desired pressure, the cell was
mounted in a custom-built continuous-flow cryostat and
Raman measurements were performed on cooling/warming
scans between 200 and 300 K. We have used both 514-nm
Ar+ ion and 647-nm Kr+ ion laser excitation wavelengths
for optical measurements. Pressure was determined from the
shift of the T2g Raman band of the stressed diamond using
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FIG. 1. (Color online) Representative Raman spectra of deu-
terium upon cooling (left) and warming (right) showing phase IV-III
transformations at 247 and 256 GPa. Inset: Coexistence of the !1

modes at 300 K and 230 GPa in phases III (higher frequency mode)
and IV (lower frequency mode)

the relation proposed in Ref. 10. For a full description of the
experimental procedures see Refs. 1 and 11–14.

Selected Raman spectra of deuterium at 247 and 256 GPa
and at various temperatures are shown in Fig. 1. At room
temperature (phase IV) both !1 and !2 vibrational modes are
clearly visible, having very different widths. Upon cooling at

247 GPa the !1 mode of D2 shows splitting, with a higher
frequency band emerging from phase III and the lower band
from the remaining phase IV (Fig. 1). Upon cooling the
intensities of all Raman modes associated with phase IV
decrease, while new peaks appear and grow (Fig. 1). By
285 K, the transition to phase III is complete, the !2 mode
disappears, and the !1 hardens significantly. To our knowledge,
there are no published Raman spectra of low-frequency
modes in phase III of deuterium to compare our data with.
However, the overall spectrum appearances1,15 and

!
2 scaling

of the corresponding modes frequencies between hydrogen
and deuterium1,16 unequivocally demonstrate that the phase at
low temperatures is phase III. The temperature scans at higher
pressures (e.g., the 256 GPa run in Fig. 1) show identical
changes in the Raman spectra, although at different transition
temperatures. We find that the III " IV transformation in both
isotopes is very well defined, happens within a 10 K range,
and is reversible without any hysteresis in either pressure or
temperature, which is expected from light materials with high
ZPEs. The spectral positions of the fundamental vibrational
modes of both isotopes shift considerably during the phase
transition and the value of the shift increases with increasing
pressure and decreasing temperature [Fig. 2(a)]. For example,
when phase IV is reached for deuterium at 300 K and 230 GPa
the discontinuity between the vibron modes in two phases
is around 60 cm#1 (see inset in Fig. 1) but as the pressure
is increased above 230 GPa and the temperature lowered, the
vibron mode frequencies undergo more pronounced hardening
upon entering phase III from phase IV, reaching discontinuity
values of above 200 cm#1 [Fig. 2(a); see also below and Fig. 3].

The most interesting observation is the discontinuity of
the FWHM of the !1 mode at the III " IV transition, which
reflects fundamental changes during the phase transformation
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FIG. 2. (Color online) (a) Frequency discontinuities of the !1 modes of H2 (filled triangles, 262 GPa; filled circles, 242 GPa) and D2 (open
squares, 256 GPa; open diamonds, 247 GPa) across the III-to-IV transformations. (b) FWHM of the !1 vibrons of H2 (filled triangles, 262 GPa;
filled circles, 242 GPa) and D2 (open squares, 256 GPa; open diamonds, 247 GPa) plotted versus temperature. Note the quite similar values of
FWHM for both isotopes in phase III. Lines in (a) and (b) are guides for the eye only. Inset: FWHM of the H2 (filled circles) and D2 (open
circles) !1 vibron versus pressure at 300 K.
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FIG. 3. (Color online) Generalized P-T- !1 diagrams for (a) D2 and (b) H2 showing the difference in the vibron frequency landscapes. P-T
phase diagrams for (c) D2 and (d) H2. The lines separating the phases I, II and III at temperatures below 200 K are from Ref. 9.

and demonstrates the quite unusual character of phase IV.
Figure 2(b) shows the FWHM of the !1 vibron of D2 (H2)
versus temperature at different pressures. In phase III, the
FWHM of !1 is marginally larger for hydrogen—between
290 and 250 GPa the width of !1 varies from 150 to 100
cm!1—while for D2 it is from 100 to 75 cm!1 [Fig. 2(b)].
However, in the same pressure range (290 to 250 GPa), the
picture changes quite drastically upon warming by 10 K
and entrance into phase IV: at 290 GPa !1 for H2 broadens
to "450 cm!1 (350 cm!1 at 250 GPa), while !1 for D2
reaches "250 cm!1 at 290 GPa (150 cm!1 at 250 GPa).
The most plausible explanation for the increased FWHM of
!1 in phase IV is the intermolecular proton exchange and
reduced lifetime of molecules. The expanded intramolecular
bond length and association of these elongated molecules
in six-member rings1,2 would facilitate such intermolecular
proton tunneling in one phase (IV) compared to another (III)
under nearly identical P-T conditions; particularly, this effect
will be enhanced in lighter hydrogen as reflected by its much
larger FWHM. It is important to note that some other factors

such as larger anharmonicity or enhanced electron-photon
coupling could also be responsible for the observed mode
broadening. The ultimate explanation of the described effects
should come from theoretical studies. In fact, a very recent ab
initio variable-cell molecular dynamics simulations17 study
observed “intralayer proton transfer” increasing with pressure
and temperature in phase IV, in broad agreement with the
present work.

The effect of the increased FWHM of the vibrational mode
is already present in phase III,1,7,18 but phase III has only
one type of molecule with characteristic lifetime and bond
length, with the FWHM being from 75 to 150 cm!1 for
both isotopes in a wide P-T range [Fig. 2(b)]. In phase IV,
the Pbcn structure was shown to be dynamically unstable,4

but several Pbcn-like structural models with Pc-48 (which
still has imaginary phonons),4 Pc-96,4 and Cc

5 (both dynam-
ically stable) symmetries having six-member rings were pro-
posed. X-ray diffraction studies are needed to unambiguously
determine the structure of phase IV but such experiments are
exceedingly difficult at the moment. Our observations of the
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FWHM behavior across the III-IV transformation illustrate
the importance of temperature effects and that phase IV is
a thermally driven partially disordered phase, thus adding
additional weight to the proposed mixed atomic and molecular
state of dense hydrogen (deuterium).1,2

By combining the P-T scans of the !1 mode frequencies we
constructed three-dimensional P-T-! diagrams of both species
[Figs. 3(a) and 3(b)]. The overall appearance of the phase
diagrams is markedly similar but there are several subtle
differences. The III-to-IV transition pressures are shifted to
slightly higher values for D2. As a result, the III-IV phase
line of D2 lies above the one for H2 [Figs. 3(c) and 3(d)].
Our measurements for H2 yield a III-IV line gradient of
!1.6 K/;GPa, while the slope is twice as shallow for D2
as shown in Fig. 3. Another difference between the isotopes
during the III-IV transformation is the very different values of
the vibron frequency discontinuities. With increasing pressure
the discontinuity upon the III " IV transition increases (see
Figs. 2 and 3), reaching much larger values for hydrogen, e.g.,
#500 cm!1 for H2 at 315 GPa and 250 cm!1 for D2 at 300 GPa.

These are the largest discontinuities observed between the
different phases; for comparison the largest value of the
frequency softening of the !1 mode upon entering phase III
from phase II is only around 100 cm!1 for both H2 and D2.19,20

ZPE and thermal effects must play a crucial role in the
formation of phase IV under the P-T conditions described
here. The competition between ZPE and entropy would shape
the appearance of the phase diagrams [Figs. 3(c) and 3(d)] and
create differences in the slopes. Recent DFT studies proposed
more energetically stable then Pbcn candidate structures for
the phase IV with Pc

4 or Cc
5 symmetries. These calculations

suggest that hydrogen would transform to phase IV above
220 GPa and #300 K and that this phase would be separated
from the phase III by phase line having negative (with respect
to pressure axis) slope, in good agreement with our current and
previous results.1 The calculated Raman spectral positions and
intensities of the Pc structure4 are in much better agreement
with our experimental observations than Pbcn, although they
are still not a perfect fit (Fig. 4). The DFT calculations also
proposed a C2/c structure as a possible candidate for phase III

Pc

(b)

(d)

Cmca-12

C2/c

(c)

(a)

FIG. 4. (Color online) Comparison of experimentally observed and theoretically calculated2 Raman intensities and spectral positions of the
hydrogen bands at 250 GPa. (a, b) Experimental raw spectra observed in phases III (a) and IV (b) are shown below (in black); spectra corrected
for decreasing sensitivity of the detector are shown above (in red). The broad peaks between 1333 and #1800 cm!1 are due to the first-order
Raman from diamond. (c, d) Experimental renormalized spectra plotted as Gaussian distributions for phases III (c) and IV (d) [vertical (black)
lines]; theoretically calculated spectra for (c) C2/c (red) and Cmca-12 (blue) and (d) Pc (red). Note that the intensities for renormalized and
theoretically calculated spectra are given on a logarithmic scale to show much weaker low-frequency modes and additional vibrational bands
besides !1 and !2.
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function of pressure. Open circles are measured !1 vibron frequencies
versus pressure. The solid (red) line shows the nearly linear (from
275 to 400 GPa) extrapolation of the !1 frequency up to above 375
GPa—the minimal pressure needed to close the optical band gap.
Dashed vertical lines indicate the proposed phase transition between
phase IV and phase IV!.

(a comparison between observed and calculated Raman spectra
in phase III is shown in Fig. 4) and, more importantly, the
re-entrance back into a molecular phase V (Cmca-12 above
2804 or Cmca-4 above 250 GPa5) which appears to have
metallic properties in both studies. These predictions of a new
metallic phase seem to be in agreement with the recent claims
of metallization of H2(D2) at above 260 GPa.3 However, our
optical spectroscopy results above 260 GPa are in strong
disagreement with Ref. 3, where the total disappearance of
the Raman signal, increased reflectivity, and a closed band
gap were reported. We observed an increase in Raman signal
intensities with pressure (in our studies higher pressures than
in Ref. 3 were reached for both isotopes, as evidenced by the
lower vibron frequencies) and an optical band gap of "2 eV
persisting above 300 GPa. This metallization claim contradicts
several experiments conducted at identical compressions6,7

including a quite recent infrared study of phase III of H2 at low

temperatures and up to 360 GPa.8 The theoretically proposed
molecular metallic phases (Cmca-12 and Cmca-4) are Raman
active (see Fig. 4), which would also be at variance with the
claimed disappearance of Raman modes in Ref. 3. Therefore
we attribute the experimental findings in Ref. 3 to the changes
in the sample chamber geometry and partial sample loss
rather than to the claimed “metallic liquid atomic state.”

However, the slight changes in optical properties at
275 GPa, such as the appearance of the fourth low-energy
mode (see Fig. 2 in Ref. 1), the change in slopes of the !1
frequency, and the value of the D2/H2 band gaps with pressure
(Fig. 5), might indicate the presence of a new solid structure
(phase IV’) of dense H2 (D2). The very similar Raman spectra
suggest that if phase IV! exists, it is structurally very closely
related to phase IV. Phase IV! appears to be semiconducting in
our measurements but one can estimate the pressures needed
to close the band gap and reach the metallic state. We have
combined D2 and H2 band-gap points and used different
polynomials to fit and extrapolate our data (Fig. 5). The
pressures at which the band gap is fully closed vary widely
depending on the power of the polynomial but the lowest
value is approximately 375 GPa (Fig. 5). It is instructive to
estimate the frequency of the Raman !1 mode at this pressure.
Indeed, the frequency and increasing intensity of the !1 mode
are very sensitive to compression (inset in Fig. 5). Therefore
the frequency should be considered as an absolute pressure
gauge in the experiments with H2 (D2) and could be used for
direct result comparison in both experimental and theoretical
studies. The extrapolation of hydrogen frequency versus
pressure is almost linear (Fig. 5) and yields 2350 ± 50 cm#1

at 375 GPa. We note that this value is about 55% of the vibron
frequency under ambient conditions and is much lower than
any frequencies ever reported in experiments.

In summary, we have mapped out the transformation
between phase III and phase IV of H2 (D2), demonstrating
increased proton tunneling in phase IV. We estimate that the
H2 (D2) will metallize above 375 GPa, a pressure which
is in good agreement with several previous experimental
measurements.6,7
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High-pressure synthesis of lithium hydride
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By compressing elemental lithium and hydrogen in a diamond anvil cell, we have synthesized lithium hydride
(LiH) at pressures as low as 50 MPa at room temperature. Combined Raman spectroscopy and synchrotron
x-ray diffraction measurements reveal that, once synthesized, LiH remains stable at 300 K up to 160 GPa in
the presence of molecular hydrogen. The mixture of lithium hydride and molecular hydrogen and application
of pressure alone cannot form a higher H2 content hydride (LiHx , x > 1) as was suggested from the theoretical
ab initio calculations and therefore, cannot be considered as a route to low-pressure hydrogen rich material
metallization.

DOI: 10.1103/PhysRevB.86.064108 PACS number(s): 62.50.!p

Lithium hydride, LiH, is the most elementary ionic com-
pound in terms of electronic structure, having only four
electrons per unit cell, and has the highest hydrogen content,
in mass percentage, of any saline hydride. Its volumetric
and gravimetric hydrogen contents are also very competitive
among other hydrides, electing LiH a prospective candidate
for hydrogen storage.1 Hydrogen is a propitious alternative
energy source that could be the primary facilitator in the
transition from fossil fuels to clean sources of energy. There
is, however, a challenge to produce a material capable of both
reacting with hydrogen to form a stable state and release a
significant quantity on demand, at minimum energy expense.
LiH is an industrially versatile compound with applications in
hydrogen generators, in the manufacturing of ceramics, and in
both the shielding and cooling of nuclear reactors. Because of
its high reactivity, LiH is an excellent desiccant and chemical
reducing agent, as well as the precursor for the synthesis
of binary intermetallic hydrides such as lithium aluminium
hydride, another potential candidate for hydrogen storage.2

There are various industrial methods in producing pure
LiH, all of which involve the hydrogenation of the constituent
materials, often in the presence of a catalyst, at elevated
temperatures.3,4 At ambient pressure, hydrogen is absorbed
into molten lithium at temperatures ranging between 700 and
1000 K; the melting point of lithium at ambient pressure is
453.7 K while LiH itself melts at 961 K.5 The synthesis
temperatures of NaH and KH also occur above the melting
temperature of pure Na and K, motivating investigations into
alternative, energy economical, synthesis routes. Surprisingly
no synthesis method has been reported involving cold (room
temperature) synthesis of LiH from its pure constituents.
Pressure can have a profound effect on chemical reactivity,
inducing changes in atomic and electronic structure. Two
different elements that do not react at ambient conditions can
form novel compounds if statically compressed, even without
additional heating. Pressure alone was sufficient enough to
form novel compounds such as PtH, silicon dihydride or
rhenium hydride,6–9 showing that the kinetics of the solid-state
reactions could be greatly influenced by the application of
high densities. LiH does not decompose into pure elements
until heated to above its melting point (>1000 K) at atmo-
spheric pressure, however it easily reacts with water to the

corresponding hydroxide liberating hydrogen from water.10

The decomposition of LiH at high pressures and temperatures
has yet to be investigated, which would have direct conse-
quences for the viability of LiH as a hydrogen storage material.

LiH, which crystallizes in the rock-salt structure, is the only
known stable point in the Li/H2 mixture phase diagram, other
than the elements at ambient conditions. Recently, there has
been much interest in the chemical compression of hydrogen
from a fundamental solid state physics perspective. Through
theoretical calculations, it has been shown that a little bit
of lithium could have the profound effect of lowering the
metallization pressure of hydrogen through the formation of
a higher hydrogen content hydride.11 Metallic LiH2, LiH6,
and LiH8 were predicted to become more stable than the
LiH + H2 mixture at pressures above 100 GPa,11 well within
experimental capabilities. Further yet, another theoretical
study using ab initio random structure searching12 reported
that at a lower pressure of 100 GPa, the lithium-hydrogen
compound with much higher hydrogen content (LiH16) is
stable against decomposition into LiH8 and H2.

Utilizing x-ray diffraction and Raman spectroscopy mea-
surements, we report the synthesis of LiH from the pure
constituents at pressures as low as 500 bar, to our knowledge
the lowest pressure at which metallic hydride was synthesized
at room temperature. In assessment of LiH as a candidate
for a hydrogen storage material, we investigate possible high
temperature and pressure decomposition. Furthermore we
show that at 300 K and in the presence of molecular hydrogen,
LiH is a stable compound up to 160 GPa, which does not form
any of the predicted higher hydrogen content hydrides.

We have conducted two types of experiments: synthesis
of LiH from its constituencies and studies of LiH in H2 up
to 160 GPa. To synthesize LiH we have loaded Li (99.9%
purity) together with precompressed hydrogen in the Re
gasket of a diamond anvil cell with 600 and 300 µm flat
and 80 µm diameter bevelled diamonds. Due to the high
reactivity of lithium in the presence of oxygen and moisture, all
loadings were performed in a glove box under an atmosphere
of dry argon. The cell was then gas loaded with hydrogen
(99.9% purity) at pressures varying from 50 MPa to 0.2 GPa.
We conducted experiments with various Li to H2 volume
ratios ranging from 1:10 to 1:1. We also conducted several
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experiments loading industrially produced LiH (99.4% purity)
by itself together with H2. Pressure was determined from
ruby luminescence, the equation of state of LiH, Li, or
from the frequency dependence of the !1 vibron mode of
hydrogen. Powder x-ray diffraction data for all experiments
were collected at beamline ID09 at the ESRF, Grenoble. A
focused monochromatic beam was used, with a wavelength
between 0.4117 and 0.4130 Å, and the data were recorded
on a MAR image plate. Raman spectra were recorded using
a custom-constructed Raman microprobe system described in
Ref. 13 with both 514.5 and 647.1 nm excitations at room and
low temperature.

The pressure in the first cell with Li + H2 after loading was
measured to be 0.32 GPa. X-ray diffraction pattern collected
at this pressure contained signatures from the f cc phase of
LiH [Fig. 1(a)]. Lattice parameter of the LiH f cc structure
is in agreement with the known values from high-pressure

FIG. 1. (Color online) Representative XRD profile collected from
Li + H2 phase assembly at 0.05 GPa (top) and 0.32 GPa (bottom)
at room temperature (crosses) and its LeBail fit (solid line); the
background baseline has been subtracted. Positions of diffraction
peaks of bcc-Li and fcc-LiH are shown by tick marks below; XRD
reflections from rhenium gasket are also marked.

study of LiH.14 In some of our experimental runs we observed
the persistence of a signal from pure Li in our x-ray data
which we attributed to the large volume ratio of Li to H2 (1:2)
together with the reaction rate. With such a volume ratio, the
lithium is often “bridged” between the two diamonds resulting
in only a small surface area exposed to the hydrogen. Once
lithium hydride is formed on the surface, the rate of absorption
is reduced, resulting in a slower rate of reaction (several
days to completely transform). Since all known synthesis
methods include high temperatures and catalysts we decided
to investigate the minimal pressure required to synthesize LiH
at room temperature. We loaded pure lithium at a hydrogen
pressure of 50 MPa with a Li to H2 volume ratio of 1:10.
No bridging of the sample was observed resulting in the
entire surface area of Li exposed to H2. Immediately after
loading x-ray diffraction confirmed the synthesis of lithium
hydride [Fig. 1(b)]. Within a reaction period of 48 hours the
entire sample became transparent, an indication that the bulk
sample transformed to LiH. To our knowledge, this is the
lowest pressure synthesis of any metal hydride at pressures
above ambient at 300 K, when the whole sample completely
transformed. The pressures 50 MPa could be easily generated
in large volumes, and therefore our finding could provide the
pathway for synthesis of this industrially important material
in large quantities without application of temperature.

LiH exhibits no first-order Raman activity due to the crystal
having inverse symmetry about host-lattice ion. However,
unusually strong second-order spectra are observed in the
region of 500–1500 cm!1, involving combinations of phonons
throughout the Brillouin zone.15,16 In all our loadings, both
the second-order LiH Raman band and hydrogen fundamental
molecular modes were observed, confirming the presence of
both LiH and the fluid H2 [Figs. 2(a) and 2(b)]. The intensities
of the Raman spectra arising from the hydrogen intramolecular
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FIG. 2. (Color online) (a) Representative second-order Raman
spectra of synthesised LiH + H2. Arrows indicate peaks correspond-
ing to rotational modes from pure hydrogen and ruby fluorescence
used as a pressure gauge. Inset: photomicrograph of sample at
0.05 GPa. (b) Raman spectra of recovered synthesized LiH at
various pressures. Inset: photomicrograph of recovered transparent
LiH sample from (a). (c) High temperature Raman measurements of
the recovered synthesized LiH.
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rotations (rotons) are far greater than the second-order Raman
bands from LiH. In the fluid the hydrogen rotons are sharp and
highly intense, however in the solid, the rotons broaden obscur-
ing the LiH Raman signal, restricting Raman measurements of
LiH in this pressure regime. As LiH is stable to atmospheric
conditions, we resolved this problem by releasing the excess
hydrogen in an inert environment and recovering some of our
synthesized LiH samples. Figure 2 shows Raman spectra of
the recovered synthesized LiH to 25 GPa.

In an attempt to decompose the synthesized LiH, we
heated our samples to temperatures of 600 and 550 K at
pressures of 5 and 25 GPa respectively [Fig. 2(c)]. We did
not observe through heating the appearance of the hydrogen
vibrational fundamental mode !1, which would be a clear
indication of decomposition. It appears that LiH is a very
stable compound to which the application of temperature
and pressure within the scale of the industrial capabilities
is not enough to promote decomposition. According to a
computational study, temperatures in excess of 1600 K may
be required for decomposition at 25 GPa.17 In order for LiH
to be a viable candidate for a hydrogen storage material, other
reaction mechanisms to decompose LiH must be invented.

Through single crystal x-ray diffraction, the LiH rock-salt
phase has been shown to be stable at ambient temperature up to
200 GPa.14,18 However, does a hydrogen media have any affect
on the stability of LiH at such high pressures? The results
of the present study represent an attempt to experimentally
observe the new chemistry recently predicted for hydrogen in
the presence of Li. The presence of elemental lithium in a
hydrogen medium has been suggested to reduce the pressure
required to attain the long sought metallization of hydrogen.
We have studied the synthesized LiH sample embedded
in H2 to pressures as high as 160 GPa to investigate the
predicted formation of LiH2, LiH6, and LiH8.11,12 All predicted
lithium polyhydride structures contain hydrogen molecules
which, as with any structural change, will be observable in

FIG. 3. (Color online) d spacings of observed phases as a function
of pressure (open and solid symbols) plotted against previously
reported compression data of Li (Refs. 20 and 21), LiH (Refs. 14
and 18), and H2 (Refs. 22 and 23).

x-ray diffraction. However, such light elements as lithium
and hydrogen both have very weak x-ray scattering cross
sections making x-ray diffraction on LiH + H2 mixtures very
challenging to study at high pressures in the diamond anvil cell.
A very useful, subtle characteristic of all predicted structures
is that they all contain stretched hydrogen molecules. The
vibrational intramolecular Raman-active mode !1 is extremely
sensitive to any structural changes. It is predicted that LiH6 will
have Raman active optical phonons with the highest mode at
frequencies of 2920 cm!1 at 100 GPa, which would be a
significant deviation from the pure hydrogen vibrational mode
(4170 cm!1). As LiH6 is predicted to be metallic, it is expected
that the sample would become optically opaque in transmitted
light as a result of band-gap closure.

Our x-ray diffraction study up to 65 GPa shows that the
mixture of synthesized (or industrially produced) LiH and H2
do not react and behave according to their known equation
of states.14,18,19 Figure 3 shows the evolution of observed d
spacings for Li, LiH, and H2 as observed by x-ray diffraction
in the present work, demonstrating a perfect agreement with
the known values.14,20,22,23 In the runs with pure Li as starting

FIG. 4. (Color online) Pressure evolution of the frequency of the
H2 vibron with pressure. Symbols and lines represent measurements
on the LiH part and hydrogen part of the sample, respectively.
Triangles and line (blue) show measurements at 120 K while
diamonds and line (red) represent measurements at room temperature.
The inset shows the synthesized LiH sample in hydrogen media at a
pressure of 155 GPa.
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material we were able to follow Li d spacings up to 25–35 GPa
(see Fig. 3). Above these pressures we did not observe Li either
due to its melting24 or to due complete transformation to LiH.
At pressures above 65 GPa we utilized Raman spectroscopy
and visual observations which would be very sensitive to
any chemical changes. The initial reaction to be studied was
between pure lithium and hydrogen, thus upon loading we
compressed the sample from 0.2 GPa to 20 GPa in a period of
seconds in an attempt to avoid complete transformation to LiH.
It is well known from our previous studies24 that prolonged
lithium exposure at high pressure causes premature anvil fail-
ure to diamonds and that the application of low temperatures
can, to an extent, prevent such an occurrence. As such, at
pressures above 60 GPa, we cooled our samples to 120 K as a
preventative measure. However, above 95 GPa, through visible
observations, it was clear that all lithium had reacted to form
lithium hydride and cooling was no longer required. Up to the
maximum pressure reached (160 GPa), only !1 vibron of H2
has been observed in our Raman spectra (see Fig. 4), and its
frequency corresponded very well to the know value of pure
H2 at 120 and 300 K; no additional Raman lines or change of
color were detected that would be indicative of the predicted
LiHx compound.11 One might argue that the appearance of
the predicted hydrogen rich compound in the experiment is
hindered by the kinetics. The synthesis of silicon dihydride
at above 120 GPa took several months to complete,7 but it is
possible that if high temperature were involved it could happen
within minutes, e.g., formation of PtN2 at high P-T.25 There

might be a kinetic barrier, which would allow LiH to persist
on compression to much higher pressures than the predicted
110–120 GPa. Possible heating of the LiH + H2 mixtures in the
diamond anvil cell at pressures about 120 GPa could accelerate
the chemical reaction. However, currently the heating of the
transparent material in hydrogen media at above 100 GPa
is not a trivial task. Alternatively, our recent experiments
at room temperature on pure hydrogen to above 300 GPa
showed the clear change of color and closing band gap which
reached 1.8 eV at 310 GPa. That demonstrates the possibility
of static compression of hydrogen at hot temperatures which
perhaps is the simpler and more direct approach to achieve the
long-sought metallic state of hydrogen.26

In conclusion, the synthesis of LiH from the elemental
metals at pressures as low as 500 bar at room temperature is
undoubtedly a result that will stimulate further experimental
studies especially aimed at bringing this process to the large
industrial scales. The reported high pressure synthesis of LiH
represents an energetically efficient and clean way of produc-
ing this compound that has a high industrial demand. Contrary
to theoretical predictions, no further reaction takes place
between LiH and H2 to form higher hydrogen content metallic
hydrides to the maximum pressure of 160 GPa at 300 K.

This work is supported by a research grant from the
UK Engineering and Physical Sciences Research Council
and facilities made available by the European Synchrotron
Radiation Facility.
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Proctor, S. Evans, and E. Gregoryanz, Phys. Rev. B 83, 214106
(2011).

9T. Scheler, O. Degtyareva, and E. Gregoryanz, J. Chem. Phys. 135,
214501 (2011).
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We used Raman and visible transmission spectroscopy to investigate dense hydrogen (deuterium) up to

315 (275) GPa at 300 K. At around 200 GPa, we observe the phase transformation, which we attribute to

phase III, previously observed only at low temperatures. This is succeeded at 220 GPa by a reversible

transformation to a new phase, IV, characterized by the simultaneous appearance of the second vibrational

fundamental and new low-frequency phonon excitations and a dramatic softening and broadening of the first

vibrational fundamental mode. The optical transmission spectra of phase IV show an overall increase of

absorption and a closing band gap which reaches 1.8 eVat 315 GPa. Analysis of the Raman spectra suggests

that phase IV is a mixture of graphenelike layers, consisting of elongated H2 dimers experiencing large

pairing fluctuations, and unbound H2 molecules.

DOI: 10.1103/PhysRevLett.108.125501 PACS numbers: 62.50.!p, 61.50.Ks, 78.30.Na, 78.40.Ri

The behavior of hydrogen at very high pressures is still
poorly understood due to the limitations imposed on con-
ventional experimental techniques. Currently, three solid
phases of hydrogen and deuterium (labeled I, II, and III)
are known (see Fig. 1) [1,2]. Phase I has a hexagonal
closed-packed structure with freely rotating molecules.
Phase II (the broken symmetry phase), which possesses
some degree of orientational order and may differ from the
lattice symmetry of phase I, exists at temperatures below
135 K and up to "160 GPa [3,4]. Phase III is separated
from phase II by an almost vertical phase line from 0 to
125 K at "155 (165 for D2) GPa [5,6], and the transition
between the two is characterized by a large discontinuity
(" 100 cm!1) in the vibron frequency. Phases I, II, and III
coexist at a triple point at 125 K and 155 GPa (135 K and
165 GPa for D2), above which a phase line with positive
slope separates phases I and III. The I-III transition exhibits
a similar discontinuity in vibron frequency which rapidly
decreases with increasing temperature, disappearing at
250 K [7]. At 77 K and pressures in excess of 275 GPa, a
change of color [8,9] and band gap of the order of 2 eV has
been reported with an estimation that the band gap would
close at pressures of 420–450 GPa [8–10]. Because of the
difficulties associated with the containment of hydrogen at
high pressures and elevated temperatures (> 250 K), the
highest pressure reached at 300 K prior to this study is
approximately 180 GPa [11]. Therefore, experimental
high-pressure 300 K studies of hydrogen are of fundamen-
tal interest, as they may reveal new facts relevant to the
I-III and other possible phase transformations or even shed
light on the behavior of the melting curve at high pressures
[12–14] and predicted unusual liquid state [15].
Vibrational spectroscopy is crucial for making direct mea-
surements on the state of bonding of the material at high
pressures and temperatures. In addition to information on

bonding, these spectroscopic techniques have been the sole
means for identifying phase transitions in H2 at above
150 GPa, because vibrational excitations are extremely
sensitive to changes in crystal structure, including melting
[5,6,12]. The combined experimental evidence, from the
shock-wave study on hot dense liquid hydrogen [16]
and from static studies [12,14] on solid and liquid hydro-
gen states, indicates that the application of ‘‘high’’
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FIG. 1 (color online). Proposed phase diagram of H2. The
melting curve (thick solid line) is a Ketchin fit from Ref. [12],
and the symbols along it are from Refs. [12,27]. The solid lines
separating the phases I, II, and III are from Ref. [28]. The thin
solid lines show the P-T paths taken in this study, and the stars
along them show phase I to III and III to IV transformations. The
dashed lines are proposed boundaries between I–III, III–IV, and
I–IV phases. The calculated transition lines between molecular
and atomic liquid are shown with dashed lines and crosses [24]
and triangles [25]. The microphotographs show the appearance
of deuterium in phase I and hydrogen in phase IV.
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temperatures might facilitate the dissociation of the hydro-
gen molecule and therefore promote transformation to an
atomic and metallic state at lower pressures. In this Letter,
using high-pressure Raman and visible transmission spec-
troscopy, we show that at high temperatures (T ! 300 K)
and above 220 GPa hydrogen adopts an unusual structure
containing 6-atom rings corresponding to a ‘‘predissoci-
ated’’ semimetallic state separated by a layer of free-like
(unbound) molecules.

We have conducted several experiments at room and low
temperatures on H2 (and D2) with the highest pressures
reached 315 (275) GPa (see Ref. [17] for the details). With
increasing pressure, the low energy (< 1000 cm"1) bands
ofH2 (D2) broaden and decrease in intensity [Figs. 2(a) and
2(b)]. However, when pressures above #190 GPa were
reached, we observed the appearance of a new, relatively
intense broad Raman band at 500 cm"1 (Fig. 2). The
emergence of this band is accompanied by the drastic
change of the slope of the main vibrational mode !1

from "5 to "12:7 cm"1=GPa (Fig. 3). The full width at
half maximum (FWHM) of the !1 mode also reflects
changes at the transition; from the solidification point at
5.5 GPa, the FWHM increases linearly, reaching 100 cm"1

by 210 GPa. At this point, the broadening abruptly changes
rate, and within an interval of 50–60 GPa (at 260–270 GPa)
the FWHM reaches#460 cm"1 (Fig. 3). Our observations
of the low energy broad band are similar to a band at
450 cm"1 observed in H2-III at 178 GPa and 18 K [6]).
The change in slope of the !1 and the increase of FWHM
are in good agreement with similar observations made in

phase III at low temperatures (18 K for librons and 250 K
for vibrons) [6,9]. The 190 GPa–300 K P-T point, where
we observe an apparent phase transition, could fit on the
phase I-III boundary of existing low temperature data if
extrapolated to 300 K and above 190 GPa (Fig. 1).
As pressure is increased above 220 GPa and the !1 mode

reaches a frequency of #3800 cm"1, the transition to a
new phase (referred here as IV) starts. The transformation
is evidenced by the profound changes in vibrational and
low (< 1200 cm"1) energy spectra. At above 220 GPa, the
low-frequency broad band is superseded by three new
sharp Raman modes. A new vibrational mode (!2 #
4150 cm"1) appears at 235 GPa (Fig. 2). At the same
pressure, the !1 frequency reduces below the values ex-
pected for the vibron of phase III at 77 K (Fig. 3). This
observation suggests that phase IV has a modified bonding
character compared to phase III (see below). The !1 mode
frequency softens very rapidly with pressure at a much
higher rate than the vibron of phase III. At 315 GPa, the
frequency of the !1 mode is 2750 cm"1 (35% reduction of
frequency compared to #4260 cm"1 at 40 GPa where the

A B

FIG. 2 (color online). Representative Raman spectra of H2

(a) and D2 (b) at different pressures (shifted vertically for
clarity). The weak broad peaks at #2400 cm"1 on spectra at
120 GPa for H2 and 90 GPa for D2 are due to the 2nd-order
Raman from diamond. The inset in (a) shows the stressed
diamond peak at 315 GPa.
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modes of hydrogen; open circles are !1 and !2 modes of
deuterium. The dashed lines are infrared and Raman measure-
ments at low temperatures from Refs. [6,8,20]. The solid line is
the !1 mode of deuterium at 300 K from Ref. [11]. Inset:
Hydrogen !1 (solid circles) and !2 (open squares) modes
FWHM as a function of pressure.
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!1 mode goes through the maximum of its frequency),
which is much lower than that in phase III at 77 K and
320 GPa (!1 ! 3400 cm"1 [8]). The FWHM of the !2

mode lies on the linear extrapolation of the vibron mode
of phase I (Fig. 3) and is clearly driven by the normal
pressure-induced broadening unlike the !1 mode, indicat-
ing two very different local atomic environments involved
in these modes (see below). In the high-pressure regime,
the frequency of the !1 versus pressure shows a slope
change (slope changes from "12:7 to "7 cm"1=GPa),
and a 1050 cm"1 band branches off to give rise to another
weakly softening band above 280 GPa (Figs. 2 and 3),
which rapidly increases in intensity. The relative intensity
of the lowest-frequency band at 295 cm"1 significantly
increases, while the mode shows small softening with
pressure (Fig. 2). This complex behavior suggests that
the !1 mode couples to other modes of the same symmetry
(e.g., Ref. [18]) with the gain of intensity for the 295 and
1050 cm"1 modes. The strong coupling between the
modes also forces a small upturn of the !1 vibron fre-
quency with pressure above 275 GPa (Fig. 3).

The structures of high-pressure phases of hydrogen are
unknown, which makes the definitive interpretation of the
observed phenomena difficult. We use the structure(s)
recently proposed by the ab initio theoretical calculations
for phase III of hydrogen [19] to analyze our findings. With
the inclusion of the zero-point energy, the calculations
suggest 3 structures (C2=c, Cmca-12, and Pbcn) as the
most plausible candidates for phase III. In C2=c and
Cmca-12 structures, all H2 molecules have approximately
the same bond length (within 1%) but would have the
second Raman vibrational mode due to the Brillouin
zone doubling with respect to phase I. This is in some
agreement with the experimentally observed infrared
[10,20] and !2 Raman [6] modes. The extremely weak
Raman !2 vibron was observed in phase III and was
assigned to a folded mode from the Brillouin zone bound-
ary; the frequency of this mode is quite close to that of the
strong IR mode (Fig. 3), as they both correspond to the
vibrational states near the top of the vibrational band [21].
Both IR and Raman (at !175 GPa) are relatively close in
frequency (! 4400 cm"1) to the unbound state [21]. On
the other hand, the proposed for H2-III Pbcn structure
could explain all features of the Raman spectra of phase
IV reported here. This structure is highly unusual; it
consists of unbound molecules sandwiched between the
honeycomb graphenelike layers made of 6-atom rings,
which have different size lengths (from 0.85 to 1.04 Å;
see Fig. S2 in [17] and Ref. [19]), yielding both molecular
and atomic hydrogen at the same time. The density-
functional theory calculations give the positions of
Raman active modes [19] for the Pbcn structure; we
observe 6 out of 16 predicted fully symmetric modes
(Ag) which are expected to be the most intense. The

spectral positions of all observed modes agree well with

the theoretical calculations (see Fig. S3 in [17]). Using
empirical formula relating the frequencies (!) and the bond
lengths (r), !r3 # const [22], we qualitatively assign the
observed vibron frequencies in the Pbcn structure. The
0.72 Å length, which is very close to the bond length of an
unbound molecule, could be easily assigned to the !2 mode
(!2 ! 4150 cm"1), and the !1 2800 cm"1 mode could be
assigned to the 0.82 Å bond length. At this point we note
that 1.04 and 1.03 Å bond lengths could correspond to a
calculated (see Fig. S3) and observed doublet at 1050
and 1200 cm"1. We have not observed the band at
!1800 cm"1, corresponding to the 0.95 Å length, but
this band most probably is hidden behind the stressed
diamond signal, covering the area from 1333 to
1850 cm"1 at 315 GPa (inset in Fig. 2). Two other modes
observed here below 700 cm"1 (Fig. 3) correspond to the
out-of-plane translational and librational modes.
The increased vibron mode softening, its broadening,

and the presence of the intense !2 mode in phase IV can be
understood by the difference in local molecular associa-
tion. Phase IV provides a unique continuous route for
molecular dissociation (retaining unbound molecules),
similar to that which has been previously observed in ice
VII through the hydrogen bond symmetrization [18]. In the
vicinity of the symmetrization transition, the lattice be-
comes highly anharmonic, causing a pronounced softening
and broadening of the O-H stretch mode [18] very similar
to the observations in this study. We speculate that the
pressure-dependent changes of the soft mode, mode cou-
pling, and optical absorption are related to the predicted
continuous structural transformation of the Pbcn structure
into the higher symmetry Ibam [19] configuration with
formation of the perfect graphenelike hydrogen layers with
equal distances between atoms in a 6-member ring.
Because of the larger zero-point energy, the higher mobil-
ity of the proton compared to the deuteron is expected,
leading to the enhanced proton tunneling in the regime
approaching symmetrization as was observed in water
[23]. In this case, the hydrogen vibron would show larger
softening of the !1 mode relative to deuterium as demon-

strated in the divergence from the
!!!
2

p
ratio between H2 and

D2 !1 modes (see Fig. S2 in Ref. [17]) as the lighter
hydrogen tunnels more easily. This also could explain the
presence of the regime of an increased optical absorption
above !280 GPa (see Fig. 4). Above 268 GPa, a strong
band-gap feature appears in the spectra and shifts in red
with pressure. The overall absorption increases with pres-
sure in this regime; the sample becomes dark in
appearance (Fig. 1 and Ref. [17]). Although the band-gap
shift with pressure is comparable to that for phase III
(Fig. 4), the overall significant increase in absorption sug-
gests that above 278 GPa hydrogen may become semi-
metallic. This is in excellent agreement with the theoretical
prediction that Pbcn structure will metallize at above
300 GPa [19].
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We have observed reversible phase IV to III transforma-
tions between 230 and 285 GPa upon cooling or warming
(see Fig. S5 in [17]). These results allow us to constrain the
phase diagram of hydrogen at very high pressures. Our
observations suggest that phase IV supersedes phase III at
high temperatures and will most likely become metallic.
The transition line between phases III and IV has a nega-
tive slope, and it is relatively shallow in P-T coordinates.
This substantiates that the transition is entropy driven,
which is supported by the described above difference in
structure and related to it proton tunneling in phase IV.
Theory [19], together with this experimental study, con-
firms that a unique mixed molecular and atomic state
provides a route to solid metallic hydrogen at high tem-
peratures. In order to better understand the connection
between the described here phase IV, the melting curve,
and predicted atomic liquid states [24,25], further inves-
tigations are clearly needed. We tentatively place the sec-
ond triple point at 210 GPa and 320 K, but the slope of the
I–IV boundary needs to be established. This boundary is of
particular interest, because it has important consequences
for the behavior of the melting curve. Independently of the
I–IV slope boundary, it is very likely that the melting curve
will change its slope at some P-T condition, because the
phases I and IV are very dissimilar. Depending on the sign
of this slope, one could expect that the predicted ground
liquid state [15] could be realized at higher pressures or
may be not realized at all as in case with Li [26]. Since
phase IV could have strong quantum tunneling of protons
within two-dimensional layers, it could possess some fea-
tures of quantum proton fluid. It is interesting to note that
the intersection of the molecular to atomic liquid states

boundary predicted theoretically [24,25] and the extrapo-
lation of the melting curve is in close proximity to the
stability field of phase IV discovered in this work (Fig. 1).
This is a clear indication of the connection between
changes in both liquid and solid states in this interesting
and unusual material.
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High-resolution Raman spectroscopy of dense sodium reveals additonal low-energy lattice excitations in the
three high-pressure phases cI16, oP 8, and tI19 from 108 to 178 GPa. The Raman-active lattice modes indicate
profound changes of the chemical bonding in Na upon its transformation to an insulating state (hP 4 phase) at
pressures above 178(2) GPa. The calculated values of the valence electron localization maxima versus pressure
provide insights into the experimentally observed solid-solid phase transitions and anomalous melting behavior
of sodium.
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I. INTRODUCTION

The profound changes in elements induced by extreme
conditions are fundamental to a broad range of problems
in physics. The group-I alkali metals have been the testing
grounds for simple systems, which have been predicted to
adopt low-symmetry structures upon compression.1,2 The pro-
posed instability of cubic phases of Li under compression and
the prediction that the low-symmetry phases will take over at
higher pressures2 were later confirmed experimentally for both
Li and Na.3–7 The appearance of open and incommensurate
structures has been explained in terms of Peierls distortions,2,8

s " p and s " d electronic transitions,3 Fermi surface–
Brillouin zone interactions,9,10 and more recently in terms of
a combined effect of Couloumb repulsion, Pauli exclusion,
and orbital orthogonality that results in an increase of valence
electrons in interstitial regions.11 Theory also suggested that as
the density rises both Li and Na will become increasingly less
metallic, approaching a semiconducting phase; several candi-
date structures have been proposed at very high pressures, in-
cluding oC8 and hP 4.12,13 Indeed, the experimental studies5,14

reported the existence of Raman activity, color change, and
reflectivity decrease in Na, signaling profound electronic mod-
ifications. The optical reflectivity measurements and electronic
structure calculations demonstrated that Na transforms from
a high-reflecting free-electron metal at ambient conditions to
the nearly insulating oP 8 phase with significantly reduced
reflectivity at P > 118 GPa and suggested that compression
of the oP 8 phase beyond its range of stability would result in a
metal-insulator transition at a fivefold reduction in volume.15

The direct resistivity measurements indicated that Li exhibits
a zero-gap-semiconductor behavior above 78 GPa,16 while
optical spectroscopy and x-ray diffraction showed that at
around 200 GPa Na turns into a wide-gap insulator having
the hP 4 structure.17 In addition to the high-density low-
symmetry structures predicted by theory, some quite unex-
pected phenomena have been observed in light alkali metals,
such as pressure-induced superconductivity18 and anoma-
lously low melting temperatures at high compression.6,19

Even though the physical mechanisms responsible for the
decreasing melting temperatures over a wide pressure range
for Na and Li have been extensively studied,20–25 there is no
general agreement and the phenomenon still requires a better
understanding.

Although Raman spectroscopy of metals at high pressures
is used as a probing tool,26,27 it is not widely applied due
to several factors, such as very weak scattering and a strong
background from the sample environment. The appearance
of low-symmetry structures in Na may give rise to Raman
activity, enabling the study of vibrational dynamics and chem-
ical bonding. In this paper we report Raman measurements
on Na from 100 to 200 GPa in a wide temperature range.
In the lower-pressure phases (cI16, oP 8, and tI19) we
observe additional Raman peaks below 200 cm!1, while the
highest-pressure phase (hP 4) has only one intense band at
#350 cm!1, indicating profound changes in the electronic
structure and therefore a change of bonding. Using ab initio
calculations we show that the changes of the interstitial
electron localization patterns in the solid above 60 GPa
are responsible for the previously observed unusual melting
behavior and for the rich polymorphism of dense sodium.

II. EXPERIMENTAL AND THEORETICAL DETAILS

We have conducted experiments on three separate Na
samples, two of which were used in the structural and infrared
measurements reported in Refs. 5, 14, 15, reaching maximum
pressures of 130 to 200 GPa and temperatures ranging from
140 to 550 K. A number of pressure-heating-cooling cycles
were made on each sample, enabling us to establish repro-
ducible behavior. For the Raman spectroscopy we have used
a triple-grating monochromator (trivista555, Acton-Roper),
coupled to a CCD detector (Princeton Instruments), with the
first two stages operating in subtractive mode. For the low
temperature Raman measurements we have used the Raman
set-up and the cryostat described in Refs. 28 and 29. In order
to ensure that the detected signals are indeed Raman scattering
emanating from the sample, we performed our measurements
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using the 647.1 and 752.5 nm lines of a Kr+ ion laser and the
514.5 nm line of an Ar+ ion laser as the excitation sources, and
collected anti-Stokes components of the Raman signal. With
the exception of the insulating hP 4 phase synchrotron x-ray
diffraction was used to identify the structural modifications
of the sample. The pressure was measured from the Ta
equation of state30 and correlated with the optically measured
stressed diamond edge.31 For further information on sample
preparation and loading, see Refs. 4–6.

First-principles total energy calculations were performed
within the density-functional theory formalism with a plane-
wave pseudopotential approach, as implemented in the
Vienna ab initio simulation package.32 We used the Perdew-
Burke-Ernzerhof generalized gradient exchange-correlation
functional33 and the projector augmented wave all-electron
description of the electron–ion-core interaction.34 Due to the
extremely large compressions involved, we treat the 2s, 2p,
and 3s electrons as valence electrons. Brillouin zone integrals
were approximated using the method of Monkhorst and Pack35

and the energies converged with respect to k-point density
(21 ! 21 ! 21, 13 ! 17 ! 11, and 16 ! 16 ! 16 k meshes for
the cI16, oP 8, and hP 4 structures, respectively) and the plane
wave cutoff (850 eV). Phonon frequencies were calculated
within density-functional perturbation theory as implemented
in the QUANTUM-ESPRESSO package.36 The total energies
required in the calculation of the phonons were obtained using
the same Perdew-Burke-Ernzerhof parametrization of the
exchange correlation potential.33 The ion-electron interaction
was described by an ultrasoft (Vanderbilt37) pseudopotential
with 2s and 2p as valence states. Brillouin zone integrations
were performed using the same grids as in the VASP calcu-
lations. The topological analysis of the electron localization
function (ELF) was performed with the CRITIC code.38 To
this end, the VASP optimized structures were recalculated with
the CRYSTAL98 code39 in order to obtain all-electron wave
functions. Additionally, we have used the ELK code.40

III. RESULTS AND DISCUSSION

Up to 100 GPa Na exists in the Raman-inactive bcc and fcc
structures. Above 100 GPa sodium adopts the cI16 structure
with eight atoms in the primitive cell and five active Raman
modes. Our calculated Raman frequencies for cI16 range
from "70 to "490 cm#1 at 115(1) GPa. Figure 1 shows
the observed Raman spectrum (Stokes and anti-Stokes) of the
cI16 phase consisting of an unresolved doublet at 70 cm#1. We
assign the lower-frequency peak to the A1 mode, which is due
to the change associated with symmetric atomic stretching
movements. The Raman activity changes when Na enters
into the oP 8 phase at pressures above 118(1) GPa.5 At this
point significant redistribution of the electronic charges takes
place in the solid (see below) with additional higher-frequency
(! >100 cm#1) modes appearing. Group theory analysis for
the oP 8 phase yields 12 Raman-active modes, out of which
which we are able to observe eight. The inset of Fig. 1 shows
the Raman spectra of the oP 8 phase measured upon increasing
temperature. At 127 GPa the Raman signal disappears at
about 350 K, indicative of the melting and confirming the low
melting temperature previously observed in x-ray diffraction
experiments.19 Above 127(1) GPa Na transforms to the

FIG. 1. (Color online) Representative Raman spectra of the
cI16 and oP 8 phases. The vertical bars indicate the calculated
frequencies. Inset (right): Raman spectra of the oP 8 phase at 127
GPa taken at different temperatures. The disappearance of the spectra
corresponds to the melting at around the minima of the melting
curves. Smooth polynomial lines have been fitted to the broad
luminescence background emanating from diamonds and to the wings
of the Rayleigh line, and then subtracted from the spectra in both
panels. The spectra have been vertically scaled for clarity. Inset (left):
microphotograph of the sample in the oP 8 phase.

incommensurate tI19 phase with a pronounced reduction of
the reflectivity (see Fig. 2 and Refs. 14, 15). The Raman
activity in the tI19 phase is determined by the host structure
(tI16) which has eight allowed Raman modes while the guest
has one atom per unit cell and has no Raman activity. We
have observed all eight modes, which consist of a quite
intense triplet, below 200 cm#1, and five weaker peaks of
higher frequency (see Fig. 2). The calculations performed on
the approximate structures of tI18(20) show further increase
of the pseudogap opening with respect to the oP 8 phase,
with the valence charge density accumulating along the guest
chains.15 At pressures of 178(3) GPa the tI19 phase abruptly
changes to a completely transparent insulating phase with
very intense Raman signal (Fig. 2). The evolution of the
optimized structural parameters of the oP 8 phase with pressure
indicates that this phase will transform to the hexagonal
structure (hP 4) at around 240 GPa in good agreement with
Refs. 15 and 17.

We calculated the electron localization function for the
cI16, oP 8, and hP 4 phases of Na (see Figs. 3 and 4
for the ELF isosurfaces and contour plots, respectively).
Topological analysis of the ELF can reveal the bonding and
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FIG. 2. (Color online) Left panel: representative Raman spectra of the tI19 and hP 4 phases. The vertical bars indicate the calculated
frequencies for the hP 4 phase. Inset: magnified high-energy weak peaks in the tI19 phase. Right panel: sample microphotograph (top inset)
and its optical absorption spectrum (absorbance to the second power) in the hP 4 phase. Bottom inset: Sample microphotograph in the tI19
phase. The photographs were taken under transmitted and reflected light and show the same sample as in Fig. 1.

localization pattern from first principles. Two stationary points
are analyzed: attractors (ELF maxima) and bips (first-order
saddle points). In general, the ELF value approaches 1 in
regions of space where electron pairing occurs (e.g., atomic
shells, bonds, and lone pairs), and 0 in the limit between
those surfaces, where there is a high probability of finding
electrons from different pairs. The value 0.5 corresponds to
the homogeneous electron gas (HEG). Hence, the ELF profile
in the valence region of simple metals is nearly flat and usually
close to 0.5,41 as would be expected for the bcc phase of Na.
Indeed, our calculations in the bcc phase at ambient pressure
show a very homogeneous electron distribution consisting of
valence ELF attractors on tetrahedral 12d sites with ELF value

around 0.6 and joined through bips with a similar ELF value.
This profile is maintained until the bcc-fcc phase transition at
65 GPa. The fcc phase presents two different ELF attractors
on octahedral and tetrahedral sites. Their corresponding ELF
values are, respectively, higher and lower than the HEG value
of 0.5 and monotonically increase/decrease with pressure.
This is in agreement with the pressure-induced electron
density increase on octahedral interstices at the expense of the
tetrahedral sites proposed in Ref. 11. This trend is maintained
in the cI16 phase, with two differentiated ELF attractor regions
of high and low ELF value around the tetrahedral 12a and
12b sites, respectively. Interestingly, the cI16 phase is a
distorted 2 ! 2 ! 2 superstructure of the bcc structure, and

FIG. 3. (Color online) ELF isosurfaces (light grey; yellow online) for the cI16, oP 8, and hP 4 structures. The ELF values are fixed at
0.25, 0.5, and 0.7, respectively. The atomic positions are shown by spheres of different tonalities (dark and medium grey; red, green oline)
representing nonequivalent atomic sites. The dark (red online) spheres correspond to the equivalent Na atoms of the cI16 structure, one 4c site
of the oP 8 structure, and the 2a site of the hP 4 structure. The medium dark (green online) spheres correspond to the other 4c site of the oP 8
structure and the 2c site of the hP 4 structure.
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FIG. 4. (Color online) ELF contour plots for the (a) (110) plane
of cI16, (b) (040) plane of oP 8, and the (c) (110) plane of hP 4,
respectively. The ELF values range from 0 (dark grey; blue online)
to 1 (light grey; red online).

the ideal bcc structure in the experimental pressure range
of cI16 would have identical ELF attractors on tetrahedral
sites with a low ELF value of 0.38. As compression into
oP 8 takes place, the polarizability screening of the free
electron present at lower pressures does not hold (compare
cI16 and oP 8 in Fig. 3) and intense modes appear in the
Raman spectrum (Fig. 1). In the oP 8 phase only one attractor
type on 4c sites is present, having values close to the unity.
Although the localization of interstitial electrons in oP 8 is
deprived of the most characteristic HEG features, some of
the metallic properties are still preserved. The localization
of electrons leads to the widening of the pseudogap but
the exchange between valence electrons still takes place, as
can be seen from the connection between different valence
regions (see Fig. 4).42 Moreover, the value of the ELF at
the bips connecting the different localized regions becomes
smaller with increasing pressure, eventually leading to an
insulating structure. The small range of stability of this phase
(from !118 to !125 GPa) and its transformation to the
incommensurate tI19 phase preclude this possibility (see
also Ref. 15), shifting the metal-to-insulator transformation
to much higher pressures. In the insulating phase, hP 4 [see
Fig. 3(c)], the valence electrons localize even more strongly in
the interstitial voids, forming well-defined entities with very
low ELF values at the bips connecting them, highlighting their

FIG. 5. (Color online) Atomic movements showing observed
Raman modes in cI16, oP 8, and hP 4 phases. (a) cI16, A1 mode; (b)
oP 8, Ag mode; (c) hP 4, E2g mode. The light grey (yellow online)
spheres correspond to the equivalent Na atoms of the cI16 structure,
one 4c site of the oP 8 structure, and the 2a site of the hP 4 structure.
The dark grey (green online) spheres correspond to the other 4c site
of the oP 8 structure and the 2c site of the hP 4 structure. The smaller
spheres (pink online) represent the ELF valence attractor maxima.

orthogonality. Curiously, a semiconducting hP 4 phase has
also been reported for K transforming to the oP 8 phase with
pressure.43 Moreover, these electrons can also be characterized
as real electron pairs, as can be seen from the high ELF
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FIG. 6. (Color online) Representative Raman spectra of the hP 4
phases at 200 GPa (left panel) and 180 GPa (right panel) at different
temperatures. The spectra have been vertically scaled for clarity.

value at the center of the interstices (0.9) (see Figs. 3 and
4). The band gap is fully open in this phase and reaches
values of Eg = 2.1 eV as measured by optical transmission
spectroscopy (Fig. 2, right panel). Interestingly, if we consider
the attractors as pseudoanions without core,43 the most intense
Raman-active modes can be associated with movements of
the sodium atoms with respect to the valence attractors (see
Fig. 5). The experimentally observed Raman mode has E2g

symmetry. Its intensity is clearly influenced by the change
caused by the atomic movements toward the maxima of
the newly formed electron pairs (see Fig. 5). Thus, this
observation provides experimental proof of the pseudoanionic
ELF attractors.

We also tried to measure the Na melting temperatures
above 130 GPa in this study. However, heating of Na-tI19
at 140 GPa up to 550 K did not melt the sample. One can
try to estimate the melting temperatures from the Raman
spectroscopy. We measured the temperature dependence of the
E2g mode of the hP 4 phase at 180 and 200 GPa (see Fig. 6).
This mode correlates with a transverse acoustic phonon; thus,
its frequency shift provides information about the C44 elastic
constant which represents the slope of this branch at the center
of the Brillouin zone. The relation can be derived with a
three-body force model for a hexagonal solid with a nonideal
c/a ratio.44 In order to estimate C44 we have used the following

FIG. 7. Lower panel: Proposed phase diagram of Na. The lower-pressure region, shown in open circles, is adapted from the Refs. 5
and 19; the solid circle is measurement in this study; the dot-dashed line shows the extrapolation of the melting curve from 30 GPa with the
Simon-Glatzel empirical law (Ref. 45); the dashed line extrapolating the melting curve above 140 GPa is a guide to the eye only; the vertical
dashed lines show the region of tI19 and hP 4 coexistence. Upper panel: ELF attractor values as functions of pressure in different solid phases.
The solid circles show the ELF attractor values in the bcc phase, empty and solid triangles show the ELF attractor values at nonequivalent
interstitial sites (octahedral and tetrahedral sites, respectively, in fcc structure and tetrahedral 12a and 12b sites, respectively, in cI16). Solid
squares show the ELF attractor values in the oP 8 and hP 4 phases.
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formula:44

C44 = 2!2M

!!
3c

6a2

"
"2,

where M is the atomic mass, and a, c, and " are the measured
lattice constants and Raman frequency, respectively. The
values of C44 in the 180 to 200 GPa pressure range as
estimated from the frequencies of the E2g mode (120 GPa)
and from first-principles calculations (129 GPa) are in very
good agreement. The main shear modulus of the hexagonal
medium is G = 2C44 + C66. The calculations for C66 give a
value of about 40 GPa, showing that the shear modulus of
Na-hP 4 is mostly driven by C44. The measured temperature
dependence of the E2g mode between 180 and 200 GPa (see
Fig. 6) is "0.1 cm#1/K. This estimate suggests that quite
high temperatures (upper bound of T > 3500 K) are needed
to substantially decrease G and to melt Na-hP 4.

In Fig. 7 we show the ELF attractor values as functions of
pressure, together with the phase diagram of Na. Remarkably,
there is a clear correlation between the pressure evolution
of ELF attractors and solid-solid phase transitions, which
suggests that the changes in the interstitial electron distribution
are indeed the driving force for these phase transitions. Also,
the pressure dependence of ELF attractors tightly correlates
with the melting line. At the same pressures (P > 30 GPa),
when the melting temperatures have passed their maximum
and started to decrease, the ELF attractor value is slowly
decreasing. When Na enters the pressure domain of the
fcc phase, there is a splitting into two attractors with high
and low ELFs, as described above. The ELF value at the
lower ELF attractor monotonically decreases upon increasing
pressure. This trend is maintained in the cI16 phase and up
to the cI16-oP 8 phase transition point ("118 GPa), which
correlates with the negative slope in the melting line that
reaches a minimum in the cI16 phase. At the cI16-oP 8 phase

transition the ELF attractor value abruptly changes, reaching
the typical high values of ionic bonding, and, correspondingly,
the melting line starts to steeply increase with pressure. The
ELF attractor value is an efficient route to parametrize valence
electron localization, which in turn is the source of binding
energy and of all effects connected to binding energy, such as
phase stabilization, bulk moduli, shear moduli, and, ultimately,
melting temperatures. The existence in the fcc and cI16 phases
of attractors with very low ELF value, which also decreases
upon increasing pressure, is likely to indicate weaker binding.
And, as a consequence of less strongly bonded atoms, a lower
temperature is required to melt the solid. At above 118 GPa
(oP 8), the low ELF attractors disappear, and the high ELF
value of the only attractor indicates a change to a strong pseu-
doionic bonding, which leads to high melting temperatures.
Our estimates of the melting temperatures combined with
the experimental points indicate that temperatures in excess
of 3500 K are needed to melt sodium at around 200 GPa.
The extrapolation of the melting curve above 30 GPa using
empirical laws which do not have a negative component of the
melting curve45 suggests (see Fig. 7) that the melting curve of
Na not only would completely recover the high temperatures
after passing through the deep minimum at 118 GPa but
might reach much higher values than the simple extrapolation
suggests.
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22L. Koĉi, R. Ahuja, L. Vitos, and U. Pinsook, Phys. Rev. B 77,

132101 (2008).
23M. Martinez-Canales and A. Bergara, J. Phys. Chem. Solids 69,

2151 (2008).
24I. Tamblyn, J.Y. Raty, and S. A. Bonev, Phys. Rev. Lett. 101, 075703

(2008).
25E. Hernández, A. Rodriguez-Prieto, A. Bergara, and D. Alfe, Phys.

Rev. Lett. 104, 185701 (2010).
26H. Olijnyk, Phys. Rev. Lett. 68, 2232 (1992).
27A. F. Goncharov and V. V Struzhkin, J. Raman Spectrosc. 34, 532

(2003).
28J. Proctor et al., Phys. Rev. B 80, 073408 (2009).
29M. Hanfland et al., Phys. Rev. Lett. 106, 095503 (2011).
30M. Hanfland, K. Syassen, and J. Kahler, J. Appl. Phys. 91, 4143

(2002).
31Y. Akahama and H. Kawamura, J. Appl. Phys. 96, 3748 (2004).
32G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169

(1996).

184106-6

http://dx.doi.org/10.1103/PhysRevB.29.5982
http://dx.doi.org/10.1038/22067
http://dx.doi.org/10.1038/35041515
http://dx.doi.org/10.1073/pnas.0709309104
http://dx.doi.org/10.1073/pnas.0709309104
http://dx.doi.org/10.1126/science.1155715
http://dx.doi.org/10.1038/nphys1864
http://dx.doi.org/10.1103/PhysRevLett.106.095502
http://dx.doi.org/10.1088/0953-8984/21/2/025508
http://dx.doi.org/10.1088/1367-2630/6/1/138
http://dx.doi.org/10.1070/PU2006v049n04ABEH005948
http://dx.doi.org/10.1103/PhysRevLett.101.046407
http://dx.doi.org/10.1103/PhysRevLett.101.046407
http://dx.doi.org/10.1103/PhysRevLett.86.2830
http://dx.doi.org/10.1016/S0038-1098(01)00277-0
http://dx.doi.org/10.1016/S0038-1098(01)00277-0
http://dx.doi.org/10.1103/PhysRevB.79.064105
http://dx.doi.org/10.1073/pnas.0902062106
http://dx.doi.org/10.1038/nature07827
http://dx.doi.org/10.1038/nature07786
http://dx.doi.org/10.1038/nature01098
http://dx.doi.org/10.1126/science.1078535
http://dx.doi.org/10.1103/PhysRevLett.94.185502
http://dx.doi.org/10.1103/PhysRevLett.98.055501
http://dx.doi.org/10.1103/PhysRevLett.98.055501
http://dx.doi.org/10.1038/nature06123
http://dx.doi.org/10.1103/PhysRevB.77.132101
http://dx.doi.org/10.1103/PhysRevB.77.132101
http://dx.doi.org/10.1016/j.jpcs.2008.03.022
http://dx.doi.org/10.1016/j.jpcs.2008.03.022
http://dx.doi.org/10.1103/PhysRevLett.101.075703
http://dx.doi.org/10.1103/PhysRevLett.101.075703
http://dx.doi.org/10.1103/PhysRevLett.104.185701
http://dx.doi.org/10.1103/PhysRevLett.104.185701
http://dx.doi.org/10.1103/PhysRevLett.68.2232
http://dx.doi.org/10.1002/jrs.1030
http://dx.doi.org/10.1002/jrs.1030
http://dx.doi.org/10.1103/PhysRevB.80.073408
http://dx.doi.org/10.1103/PhysRevLett.106.095503
http://dx.doi.org/10.1063/1.1454200
http://dx.doi.org/10.1063/1.1454200
http://dx.doi.org/10.1063/1.1778482
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169


OPTICAL AND ELECTRONIC PROPERTIES OF DENSE SODIUM PHYSICAL REVIEW B 83, 184106 (2011)

33J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).

34G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
35H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
36Computer code QUANTUM-ESPRESSO, [http://www.quantum-

espresso.org].
37D. Vanderbilt, Phys. Rev. B 41, 7892 (1990).
38J. Contreras-Garcı́a et al., J. Chem. Theory Comput. 5, 164

(2009).

39V. R. Saunders et al., computer code CRYSTAL98 (University of
Torino, Torino, 1998).

40[http://elk.sourceforge.net].
41B. Silvi and C. Gatti, J. Phys. Chem. A 104, 947 (2000).
42J. Contreras-Garcı́a and J. M. Recio, Theor. Chem. Acc. 128, 411

(2011).
43M. Marqués et al., Phys. Rev. Lett. 103, 115501 (2009).
44J. C. Upadhyaya et al., Can. J. Phys. 72, 61 (1994).
45E. Gregoryanz et al., Phys. Rev. Lett. 90, 175701 (2003).

184106-7

http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://www.quantum-espresso.org
http://www.quantum-espresso.org
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1021/ct800420n
http://dx.doi.org/10.1021/ct800420n
http://elk.sourceforge.net
http://dx.doi.org/10.1021/jp992784c
http://dx.doi.org/10.1007/s00214-010-0828-1
http://dx.doi.org/10.1007/s00214-010-0828-1
http://dx.doi.org/10.1103/PhysRevLett.103.115501
http://dx.doi.org/10.1139/p94-011
http://dx.doi.org/10.1103/PhysRevLett.90.175701

	PhD coversheet April 2012
	Ross_Howie_Thesis

