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Quantum Materials

Quantum materials / quantum crystals:
Both electrons and nuclei are quantum particles

Nuclear quantum effects (NQE) strongly affect materials’ properties
Light mass à nuclear delocalization:                                                          
nuclei are not point-like but have a significant “spread”
Hydrogen and Hydrogen-rich materials belong to this family

Remarkable properties
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Towards room temperature superconductivity
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Towards room temperature superconductivity

Hydrogen–based high-pressure superconductivity  

Sulfur hydride
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Towards room temperature superconductivity

Hydrogen–based high-pressure superconductivity  

La supraconductivité par couplage électron-phonon
Michele Casula Insulator-to-metal transition in YbH2

24

Remarkable progress 
in high-pressure physics

2019: hydrogen metallization 
at 425 GPa (arXiv 1906.05634, Loubeyre et al.)
Wigner-Huntington transition at high pressure
Holy Graal in hydrogen physics, still debated result.(1) There is a sharp drop in resistivity with cooling, indicating a

phase transformation. The measured minimum resistance is at least as
low, ,10211 ohm m—about two orders of magnitude less than for
pure copper (Fig. 1, Extended Data Fig. 3e) measured at the same
temperature19. (2) A strong isotope effect is observed: Tc shifts to lower

temperatures for sulfur deuteride, indicating phonon-assisted super-
conductivity (Fig. 2b, c). The BCS theory gives the dependence of Tc on
atomic mass m as Tc / m2a, where a < 0.5. Comparison of Tc values
in the pressure range P . 170 GPa (Fig. 2c) gives a < 0.3. (3) Tc shifts
to lower temperatures with available magnetic field (B) up to 7 T
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Figure 2 | Pressure and temperature effects on Tc of sulfur hydride and
sulfur deuteride. a, Changes of resistance and Tc of sulfur hydride with
temperature at constant pressure—the annealing process. The sample was
pressurized to 145 GPa at 220 K and then cooled to 100 K. It was then slowly
warmed at ,1 K min21; Tc 5 170 K was determined. At temperatures above
,250 K the resistance dropped sharply, and during the next temperature run Tc

increased to ,195 K. This Tc remained nearly the same for the next two
runs. (We note that the only point for sulfur deuteride presented in ref. 9 was
determined without sample annealing, and Tc would increase after annealing at
room temperature.) b, Typical superconductive steps for sulfur hydride

(blue trace) and sulfur deuteride (red trace). The data were acquired during
slow warming over a time of several hours. Tc is defined here as the sharp
kink in the transition to normal metallic behaviour. These curves were
obtained after annealing at room temperature as shown in a. c, Dependence of
Tc on pressure; data on annealed samples are presented. Open coloured
points refer to sulfur deuteride, and filled points to sulfur hydride. Data shown
as the magenta point were obtained in magnetic susceptibility
measurements (Fig. 4a). The lines indicate that the plots are parallel at
pressures above ,170 GPa (the isotope shift is constant) but strongly deviate at
lower pressures.
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Figure 1 | Temperature dependence of the resistance of sulfur hydride
measured at different pressures, and the pressure dependence of Tc. a, Main
panel, temperature dependence of the resistance (R) of sulfur hydride at
different pressures. The pressure values are indicated near the corresponding
plots. At first, the sample was loaded at T < 200 K and the pressure was
increased to ,100 GPa; the sample was then cooled down to 4 K. After
warming to ,100 K, pressure was further increased. Plots at pressures ,135
GPa have been scaled (reduced) as follows—105 GPa, by 10 times; 115 GPa and
122 GPa, by 5 times; and 129 GPa by 2 times—for easier comparison with the
higher pressure steps. The resistance was measured with a current of 10 mA.
Bottom panel, the resistance plots near zero. The resistance was measured with
four electrodes deposited on a diamond anvil that touched the sample (top
panel inset). The diameters of the samples were ,25 mm and the thickness was

,1 mm. b, Blue round points represent values of Tc determined from a. Other
blue points (triangles and half circles) were obtained in similar runs.
Measurements at P .,160 GPa revealed a sharp increase of Tc. In this pressure
range the R(T) measurements were performed over a larger temperature range
up to 260 K, the corresponding experimental points for two samples are
indicated by adding a pink colour to half circles and a centred dot to filled
circles. These points probably reflect a transient state for these particular P/T
conditions. Further annealing of the sample at room temperature would require
stabilizing the sample (Fig. 2a). Black stars are calculations from ref. 10. Dark
yellow points are Tc values of pure sulfur obtained with the same four-probe
electrical measurement method. They are consistent with literature data30

(susceptibility measurements) but have higher values at P . 200 GPa.
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Hydrogen intercalation with pnictogens or chalcogens:
effective chemical pressure

2015: conventional superconductivity
at 203 K and 150 GPa in H3S (Nature 525, 73)
Critical temperature higher than Hg-based cuprates!

2015: superconductivity
at 203 K and 150 GPa in H3S
(Nature 525, 73)

Critical temperature 
higher than Hg-based cuprates!

Sulfur hydride
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Towards room temperature superconductivity

Room temperature 

250

300 LaH10 @ 188 GPa

2019

Lanthanum hydride
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Towards room temperature superconductivity

Room temperature 

250

300 LaH10 @ 188 GPa

2019

Lanthanum hydride

Superconductivity at 255 K and 188 GPa in LaH10 (PRL 122, 027001)
Highest ever measured critical temperature
Almost room temperature!

La supraconductivité par couplage électron-phonon
Michele Casula Insulator-to-metal transition in YbH2

31

Theory predictionsMotivation: Metal hydrides

Rare earth hydrides (2017) à discovery 2019 
La instead of Y 
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Hydrogen as conventional high-T superconductor

Three Bardeen-Cooper-Schrieffer (BCS) golden rules to maximize

1.large nuclear vibrations
2.high electronic density of states at the Fermi level
3.strong coupling between phonons and electrons 
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METALLIC HYDROGEN' A HIGH- TEMPERATURE SUPERCONDUCTOR'~

¹ W. Ashcroft
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14850

(Received 3 May 1968)

Application of the BCS theory to the proposed metallic modification of hydrogen sug-
gests that it wQl be a high-temperature superconductor. This prediction has interesting
astrophysical consequences, as well as implications for the possible development of a
superconductor for use at elevated temperatures.

It is well known that the alkali metals (3.2 & rs
&5.7) are thought to have no superconducting
transition, at least within the range of low tem-
peratures currently available. In the standard
weak-coupling BCS' expression for the transition
temperature,

T' =0.85e exp( —I/N V),
C

the parameter N, V in Na and K (for example) is
found to be nearly zero. The cancellation be-
bveen electron-phonon- and electron-electron-
derived terms is almost complete (and in some
cases overcomplete), and combined with their
low Debye temperatures (BD) this leads to near
vanishing transition temperatures. Now in terms
of the parameter &'= 1/na0kF= 0 166r~. we may
write NpV for a metal of valence Z as

0 (p2 (I/4g)2/s y2(i/4g)2/s

A2+ 1
(1/4Z)"'(A'+ 1) A.

'
where the actual sound velocity has been written
&s = o(&m/3M)"'&F for metals with ionic mass
M and Fermi velocity vF. In (1) the term arising
from electron-phonon coupling includes normal
and umklapp processes and both have been calcu-
lated in the rigid-ion approximation with Thomas-
Fermi screened point-ion potentials. ' The um-
klapp contribution to (1) follows from a sugges-
tion by Pines' and is probably an underestimate.
Cancellation of the screened electron-electron-
and electron-phonon-derived terms in NpV for
the monovalent (&=1) metals is largely a result
of their r~ range in combination with the fact that
the observed & values are close to l.
The (so far hypotheical) metallic phase of hy-

drogen' has a zero-pressure density' correspond-
ing to an r value of about 1.6. Its compressibil-
ity at this density has been calculated by the
methods of Ashcroft and Langreth, and yields a
value for the longitudinal sound velocity vs = 1.6
x10' cm/sec; this compares reasonably well

with the Bohm-Staver result v~ = (m/3M)"'vF
=3.5x 10' cm/sec, thereby giving for o the value
0.45. For the sake of comparison, values of &
for Na, K, Al, and Pb are, respectively, ' 0.82,
1.00, 0.51, and 0.53.
The sound velocity in metallic hydrogen is sub-

stantial: Coupled with a light ionic mass the cor-
responding Debye temperature is eD= 3.5~103'K.
Substitution of the various quantities involved in-
to (1) gives 0.25 as a reasonable lower limit on
&pV.' We note that if metallic hydrogen exists
in a close-packed phase (e.g. , hcp or fcc) the
screened point-ion potential is large enough for
significant zone contact with the Fermi surface
to occur. This will increase the umklapp contri-
bution already underestimated in (1). In any case
the value of T~ is substantial: Calculations of
the K value indicate that if metallic hydrogen re-
mains a superconductor for xz &1.6, it probably
becomes of the type-II class. It is also worth
pointing out that a form of metallic hydrogen
based on the known stable chemical entity H,+

(as metallic ion) is metastable at an rs value of
about 3.2. This is probably not superconducting
for the reasons mentioned above, although the
Debye temperature (about 1.25x10"K) is consid-
erably higher than those found in tha alkali met-
als.
If the BCS prediction is correct" then two im-

portant consequences follow. First, in the field
of astrophysics interest immediately centers on
stars and planets whose composition is predomi-
nantly hydrogen. Jupiter is an example in the lat-
ter category and in addition it is known~ to have
a low temperature (100-200'K) and a substantial
magnetic field. Calculations of De Marcus'~'
show the intensity of hydrogen to range from
about 0.1 at the surface to about 5 g/cm' (rs -0.8)
near the center. This suggests that if indeed the
bulk of the planet is composed of hydrogen in the
metallic state, part of it may also be in a super-
conducting state, and the association of magnetic
fields with, for example, persistent currents
may be of some significance.

1748

Hydrogen will meet the above requirements thanks to its light mass
But first it needs to become a metal!
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Hydrogen phase diagram
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Hydrogen phase diagram

Insulator!
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Hydrogen/water phase diagram

Hydrogen

Water (H-bonded network)
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Hydrogen/water phase diagram

Hydrogen

Water (H-bonded network)

Quantum matter:
Very complex and 
rich phase diagrams
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Hydrogen/water phase diagram

Hydrogen

Quantum matter:
Very complex and 
rich phase diagrams

Competition/interplay between
internal (electronic) and
vibrational (nuclear) energies

Water (H-bonded network)
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Theoretical/computational challenges

Accurate evaluation of electronic internal energies                                   
(i.e. full account of electronic correlation)

Accurate treatment of the nuclear degrees of freedom by a quantum 
description                                                                                                          
(i.e. full account of nuclear quantum effects)

Non-trivial interplay between the two
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Calculation of high-pressure hydrogen phase-diagram

arXiv: 2202.05740: Lorenzo Monacelli, Michele Casula, Kosuke Nakano, Sandro Sorella, Francesco Mauri
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Calculation of high-pressure hydrogen phase-diagram

arXiv: 2202.05740: Lorenzo Monacelli, Michele Casula, Kosuke Nakano, Sandro Sorella, Francesco Mauri

Electronic part: DMC
Nuclear part: Stochastic self-consistent harmonic approximation using BLYP

cmca4
csIV

Up to 1024 atoms

1-2 kcal/mol accuracy
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Color from first-principles (reflectivity)

632 | Nature | Vol !"" | #$ January %$%$

Article

ratio spectra through a 5-µm diameter sample. Simultaneous Raman 
spectroscopy and visual observation could be performed.

Figure!1 illustrates selected data obtained for the hydrogen sample 
in the T-DAC at 80!K during different compression and decompression 
stages. Four photographs (Fig.!1a) show the changes in the sample 
appearance. The formation of black hydrogen—that is, the transfor-
mation of hydrogen from transparent to totally opaque in the visible 
range—is observed around 310!GPa, as previously reported18, and this 
was reversible upon pressure release. The visual transformation of the 
sample at the probable insulator–metal transition is less contrasted. 
The observed metal-hydrogen sample is not highly reflective, as it 
appears darker than the surrounding rhenium gasket. As discussed 
below, this is consistent with the formation of a molecular metal instead 
of an atomic metal. The infrared signal was collected over the 800–
8,000!cm"1 wavenumber range; several raw spectra are shown in Fig.!1b. 
Up to 360!GPa, the signal intensity decreased owing to the shrinkage 
of the hydrogen sample size and the deformation of the toroidal anvil 
tip8. However, after intensity normalization, from 123!GPa to 360!GPa 
all spectra display the same shape when the hydrogen vibron peak is 
discarded (see Extended Data Fig.!1). Consequently, the variation of 
the infrared transmittance of the diamond anvil itself should remain 
negligible up to the 400!GPa range. Therefore changes in the infrared 
spectra can only be due to intrinsic properties of hydrogen. In Fig.!1a, 
two interesting features are clearly seen: (1) the strong absorption peak 
around 4,000!cm"1 is associated with the H2 vibron that appears above 
160!GPa upon the solid entering phase III, as reported previously20. This 
vibron mode broadens and shifts to lower wavenumbers with increasing 
pressure; (2) above 360!GPa, the shape of the infrared spectra display 
zeroing at high wavenumbers, evolving towards low values with pres-
sure (see Extended Data Fig.!2), which indicates the decrease of the 
hydrogen direct bandgap in the infrared range. Importantly, a very 
discernible Raman diamond edge (see inset Fig.!1c), used as the pres-
sure gauge, could be measured up to the maximum pressure and upon 
release, as a result of an elastic deformation at the diamond anvil tip 

facilitated by the toroidal shape. In Fig.!1c, the evolution of the sample 
pressure versus the force on the piston features the expected trend8,19.

In Fig.!2a, absorbance spectra have been obtained by taking a direct 
ratio of the spectrum at a given pressure to that taken at 123!GPa (after 
intensity normalization). For infrared measurements of semiconduc-
tors under pressure, the direct excitonic level (in the case of hydro-
gen, the values of the excitonic and of the direct bandgap should be 
almost identical)21 is positioned at the junction between the absorbance 
plateau and the lower energy tail, as done previously to position the 
hydrogen bandgap in the visible range18. In the present experimental 
configuration, a maximum absorbance value of just 2 could be meas-
ured. Hence, a lower bound for the bandgap should probably be inferred 
because the absorbance plateau might be at a higher value. However, 
because the hydrogen sample was about 1.6!(!±!0.1)!µm thick, the absorp-
tion coefficient associated with an absorbance of 2 is estimated to be 
about 28,000!cm"1, which is similar to the value obtained from the direct 
bandgap measurements in the visible range18. The bandgap underesti-
mation should be smaller than 0.14!eV. Around 425!GPa, a transition to a 
total infrared absorption is observed, corresponding to an absorption 
coefficient greater than 25,000 cm"1 over the whole infrared spectral 
range investigated. This is a necessary condition for the infrared obser-
vation of metal hydrogen but not definitive evidence, because the exist-
ence of a direct bandgap less than 0.1!eV—that is, below the 800!cm"1 
lower limit of the covered infrared spectral range—cannot be ruled out, 
although that seems unlikely because the nucleus zero-point energy is 
greater than this value. In Fig.!2c, the discontinuity of the transition is 
evidenced by the pressure evolution of the integrated infrared intensity 
over the 800–2,000!cm"1 wavenumber range. Upon pressure release, 
the infrared spectral intensity and shape are reversibly recovered (see 
Extended Data Fig.!2). The C2/c structure with 24!atoms per unit cell, 
henceforth C2/c-24, has been calculated to be the most probable can-
didate in the pressure range of the present measurements22. If so, from 
electronic band structure calculations21, an indirect bandgap should 
close under pressure before the direct bandgap does. Consistent with 
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Fig. 1 | A selection of measurements over the investigated pressure range.  
a, Photographs of the hydrogen sample taken at different stages of 
compression, under simultaneous front and back bright-light illumination. The 
hydrogen sample is indicated by the blue arrow. Around 310!GPa, the sample 
reversibly turns black, as illustrated by the photographs taken at 315!GPa for the 
increasing pressure path and at 300!GPa for the decreasing pressure path. At 
427!GPa, the sample is in the metallic state and is still distinguishable from the 
rhenium gasket. The red-coloured aspect at the diamond tip centre is 
attributed to the decrease of the diamond bandgap8. b, Infrared transmission 

spectra at various pressures. Intrinsic absorption features associated with the 
vibron and with the closing of the bandgap are indicated by the red stars and 
the triangle, respectively. c, Pressure evolution in hydrogen versus the helium 
membrane pressure acting on the piston of the T-DAC, during pressure 
increase (red) and decrease (blue). Inset, the high-wavenumber part of the 
Raman diamond spectra collected at three pressures. The wavenumber at the 
step used to calculate pressure is indicated as a red dot, and noted in the key. 
Solid lines are guides to the eye. a.u., arbitrary units.

Color from theory

Color from experiment
Loubeyre, Ocelli, Dumas 
Nature 577, 631 (2020)

After some more screw turns (fig. S3), the
sample reflectance changed from black to high
reflectivity, characteristic of a metal (Fig. 2C).
We then studied the wavelength dependence of
the reflectance of the sample at liquid-nitrogen
and liquid-helium temperatures (Fig. 3). In order
to do this, the stereo microscope, used for visual
observation (Fig. 2), was replaced with a high-
resolution long-working-distancemicroscope (Wild

Model 420 Macroscope) that not only allowed vi-
sual observation but also allowed an attenuated
laser beam to be cofocused with the microscope
image. In order to measure the reflectance, we
wanted to magnify the image of the sample and
project it on a camera. The Macroscope (fig. S5)
(26) enables an external image to be formed that
can be further magnified for a total calibrated
magnification of ~44; this was imaged onto a

color CMOS (complementary metal-oxide semi-
conductor) camera (DC1645C, Thorlabs). We can
select the area of interest (effectively spatial fil-
tering) and measure the reflectance from different
surfaces (fig. S6). We measured the reflectance
from the MH and the Re gasket. We measured at
three wavelengths in the visible spectral region,
using both broadband white light and three nar-
row band lasers that illuminated the sample (26),
as well as one wavelength in IR. The measured
reflectances are shown in Fig. 3, along with mea-
surements of reflectance of the Re gasket and
reflectance from a sheet of Re at ambient con-
ditions that agreed well with values from the
literature (29).
At high pressure, the stressed culet of the dia-

mond becomes absorptive, owing to closing down
of the diamond band gap (5.5 eV at ambient) (30).
This attenuated both the incident and reflected
light and is strongest in the blue. Fortunately,
this has been studied in detail by Vohra (31),
who provided the optical density for both type
I and II diamonds to very high pressures. We
used this study (fig. S4) and determined the
corrected reflectance (Fig. 3A). Last, after we
measured the reflectance, we used very low
laser power (642.6 nm laser wavelength) and
measured the Raman shift of the diamond pho-
non to be 2034 cm!1. This value fixes the end
point of our rotation or load scale because the
shift of the diamond phonon line has been
calibrated. The linear 2006 scale of Akahama
and Kawamura (32) gives a pressure of 495 ±
13 GPa when the sample was metallic. We do
not include the potentially large systematic un-
certainty in the pressure (26). This is the highest
pressure point on our pressure versus load or
rotation scale (fig. S3). Such curves eventually sat-
urate; the pressure does not increase as the load
is increased.
An analysis of the reflectance can yield impor-

tant information concerning the fundamental
properties of a metal. A very successful and easy-
to-implement model is the Drude free-electron
model of a metal (33). This model of a metal is
likely a good approximation to relate reflectance
to fundamental properties of a metal. A recent
band structure analysis of the I41/amd space
group by Borinaga et al. (9) shows that for this
structure, electrons in SMH are close to the free-
electron limit, which supports the application
of a Drude model. The Drude model has two
parameters, the plasma frequency wp and the
relaxation time t. The plasma frequency is given
by w2

p ! 4pnee2=me, where me and e are the elec-
tron mass and charge and ne is the electron
density. The complex index of refraction of MH
is given by N2

H ! 1!w2
p="w2 # jw=t$, where w is

the angular frequency of the light. The MH is
in contact with the stressed diamond that has
an index of refraction ND; this has a value of ~2.41
in the red region of the spectrum at ambient
conditions. We measured reflectance R"w$ !
j"ND!NH$="ND # NH$j2 as a function of energy
or (angular) frequency w. We used a least-squares
fit to the corrected reflectance data to determine
the Drude parameters at 5 K, 32.5 ± 2.1 eV, and

Dias et al., Science 355, 715–718 (2017) 17 February 2017 2 of 4

Transparent H2 Reflective HOpaque H2

205 GPa 415 GPa 495 GPa

Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an
iPhone camera (Apple, Cupertino, CA) at the ocular of a modified stereo microscope, using light-
emitting diode (LED) illumination in the other optical path of the microscope. (A) At pressures up to
335 GPa, hydrogen was transparent. The sample was both front and back illuminated in this and in
(B); the less bright area around the sample is light reflected off of the Re gasket. (B) At this stage of
compression, the sample was black and nontransmitting. The brighter area to the top right corner is
due to the LED illumination, which was not focused on the sample for improved contrast. (C) Photo
of metallic hydrogen at a pressure of 495 GPa. The sample is nontransmitting and observed in
reflected light. The central region is clearly more reflective than the surrounding metallic Re gasket.
The sample dimensions are ~8 to 10 mm, with thickness of ~1.2 mm (26).

Fig. 1. Experimental/theoretical P-Tphase diagram of hydrogen. Shown are two pathways to MH: I is
the low-temperature pathway, and II is the high-temperature pathway. In pathway I, phases for pure para
hydrogen have lettered names: LP, low pressure; BSP, broken symmetry phase; and H-A, hydrogen-A. The
plasma phase transition is the transition to liquid metallic atomic hydrogen.
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After some more screw turns (fig. S3), the
sample reflectance changed from black to high
reflectivity, characteristic of a metal (Fig. 2C).
We then studied the wavelength dependence of
the reflectance of the sample at liquid-nitrogen
and liquid-helium temperatures (Fig. 3). In order
to do this, the stereo microscope, used for visual
observation (Fig. 2), was replaced with a high-
resolution long-working-distancemicroscope (Wild

Model 420 Macroscope) that not only allowed vi-
sual observation but also allowed an attenuated
laser beam to be cofocused with the microscope
image. In order to measure the reflectance, we
wanted to magnify the image of the sample and
project it on a camera. The Macroscope (fig. S5)
(26) enables an external image to be formed that
can be further magnified for a total calibrated
magnification of ~44; this was imaged onto a

color CMOS (complementary metal-oxide semi-
conductor) camera (DC1645C, Thorlabs). We can
select the area of interest (effectively spatial fil-
tering) and measure the reflectance from different
surfaces (fig. S6). We measured the reflectance
from the MH and the Re gasket. We measured at
three wavelengths in the visible spectral region,
using both broadband white light and three nar-
row band lasers that illuminated the sample (26),
as well as one wavelength in IR. The measured
reflectances are shown in Fig. 3, along with mea-
surements of reflectance of the Re gasket and
reflectance from a sheet of Re at ambient con-
ditions that agreed well with values from the
literature (29).
At high pressure, the stressed culet of the dia-

mond becomes absorptive, owing to closing down
of the diamond band gap (5.5 eV at ambient) (30).
This attenuated both the incident and reflected
light and is strongest in the blue. Fortunately,
this has been studied in detail by Vohra (31),
who provided the optical density for both type
I and II diamonds to very high pressures. We
used this study (fig. S4) and determined the
corrected reflectance (Fig. 3A). Last, after we
measured the reflectance, we used very low
laser power (642.6 nm laser wavelength) and
measured the Raman shift of the diamond pho-
non to be 2034 cm!1. This value fixes the end
point of our rotation or load scale because the
shift of the diamond phonon line has been
calibrated. The linear 2006 scale of Akahama
and Kawamura (32) gives a pressure of 495 ±
13 GPa when the sample was metallic. We do
not include the potentially large systematic un-
certainty in the pressure (26). This is the highest
pressure point on our pressure versus load or
rotation scale (fig. S3). Such curves eventually sat-
urate; the pressure does not increase as the load
is increased.
An analysis of the reflectance can yield impor-

tant information concerning the fundamental
properties of a metal. A very successful and easy-
to-implement model is the Drude free-electron
model of a metal (33). This model of a metal is
likely a good approximation to relate reflectance
to fundamental properties of a metal. A recent
band structure analysis of the I41/amd space
group by Borinaga et al. (9) shows that for this
structure, electrons in SMH are close to the free-
electron limit, which supports the application
of a Drude model. The Drude model has two
parameters, the plasma frequency wp and the
relaxation time t. The plasma frequency is given
by w2

p ! 4pnee2=me, where me and e are the elec-
tron mass and charge and ne is the electron
density. The complex index of refraction of MH
is given by N2

H ! 1!w2
p="w2 # jw=t$, where w is

the angular frequency of the light. The MH is
in contact with the stressed diamond that has
an index of refraction ND; this has a value of ~2.41
in the red region of the spectrum at ambient
conditions. We measured reflectance R"w$ !
j"ND!NH$="ND # NH$j2 as a function of energy
or (angular) frequency w. We used a least-squares
fit to the corrected reflectance data to determine
the Drude parameters at 5 K, 32.5 ± 2.1 eV, and
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Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an
iPhone camera (Apple, Cupertino, CA) at the ocular of a modified stereo microscope, using light-
emitting diode (LED) illumination in the other optical path of the microscope. (A) At pressures up to
335 GPa, hydrogen was transparent. The sample was both front and back illuminated in this and in
(B); the less bright area around the sample is light reflected off of the Re gasket. (B) At this stage of
compression, the sample was black and nontransmitting. The brighter area to the top right corner is
due to the LED illumination, which was not focused on the sample for improved contrast. (C) Photo
of metallic hydrogen at a pressure of 495 GPa. The sample is nontransmitting and observed in
reflected light. The central region is clearly more reflective than the surrounding metallic Re gasket.
The sample dimensions are ~8 to 10 mm, with thickness of ~1.2 mm (26).

Fig. 1. Experimental/theoretical P-Tphase diagram of hydrogen. Shown are two pathways to MH: I is
the low-temperature pathway, and II is the high-temperature pathway. In pathway I, phases for pure para
hydrogen have lettered names: LP, low pressure; BSP, broken symmetry phase; and H-A, hydrogen-A. The
plasma phase transition is the transition to liquid metallic atomic hydrogen.
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After some more screw turns (fig. S3), the
sample reflectance changed from black to high
reflectivity, characteristic of a metal (Fig. 2C).
We then studied the wavelength dependence of
the reflectance of the sample at liquid-nitrogen
and liquid-helium temperatures (Fig. 3). In order
to do this, the stereo microscope, used for visual
observation (Fig. 2), was replaced with a high-
resolution long-working-distancemicroscope (Wild

Model 420 Macroscope) that not only allowed vi-
sual observation but also allowed an attenuated
laser beam to be cofocused with the microscope
image. In order to measure the reflectance, we
wanted to magnify the image of the sample and
project it on a camera. The Macroscope (fig. S5)
(26) enables an external image to be formed that
can be further magnified for a total calibrated
magnification of ~44; this was imaged onto a

color CMOS (complementary metal-oxide semi-
conductor) camera (DC1645C, Thorlabs). We can
select the area of interest (effectively spatial fil-
tering) and measure the reflectance from different
surfaces (fig. S6). We measured the reflectance
from the MH and the Re gasket. We measured at
three wavelengths in the visible spectral region,
using both broadband white light and three nar-
row band lasers that illuminated the sample (26),
as well as one wavelength in IR. The measured
reflectances are shown in Fig. 3, along with mea-
surements of reflectance of the Re gasket and
reflectance from a sheet of Re at ambient con-
ditions that agreed well with values from the
literature (29).
At high pressure, the stressed culet of the dia-

mond becomes absorptive, owing to closing down
of the diamond band gap (5.5 eV at ambient) (30).
This attenuated both the incident and reflected
light and is strongest in the blue. Fortunately,
this has been studied in detail by Vohra (31),
who provided the optical density for both type
I and II diamonds to very high pressures. We
used this study (fig. S4) and determined the
corrected reflectance (Fig. 3A). Last, after we
measured the reflectance, we used very low
laser power (642.6 nm laser wavelength) and
measured the Raman shift of the diamond pho-
non to be 2034 cm!1. This value fixes the end
point of our rotation or load scale because the
shift of the diamond phonon line has been
calibrated. The linear 2006 scale of Akahama
and Kawamura (32) gives a pressure of 495 ±
13 GPa when the sample was metallic. We do
not include the potentially large systematic un-
certainty in the pressure (26). This is the highest
pressure point on our pressure versus load or
rotation scale (fig. S3). Such curves eventually sat-
urate; the pressure does not increase as the load
is increased.
An analysis of the reflectance can yield impor-

tant information concerning the fundamental
properties of a metal. A very successful and easy-
to-implement model is the Drude free-electron
model of a metal (33). This model of a metal is
likely a good approximation to relate reflectance
to fundamental properties of a metal. A recent
band structure analysis of the I41/amd space
group by Borinaga et al. (9) shows that for this
structure, electrons in SMH are close to the free-
electron limit, which supports the application
of a Drude model. The Drude model has two
parameters, the plasma frequency wp and the
relaxation time t. The plasma frequency is given
by w2

p ! 4pnee2=me, where me and e are the elec-
tron mass and charge and ne is the electron
density. The complex index of refraction of MH
is given by N2

H ! 1!w2
p="w2 # jw=t$, where w is

the angular frequency of the light. The MH is
in contact with the stressed diamond that has
an index of refraction ND; this has a value of ~2.41
in the red region of the spectrum at ambient
conditions. We measured reflectance R"w$ !
j"ND!NH$="ND # NH$j2 as a function of energy
or (angular) frequency w. We used a least-squares
fit to the corrected reflectance data to determine
the Drude parameters at 5 K, 32.5 ± 2.1 eV, and

Dias et al., Science 355, 715–718 (2017) 17 February 2017 2 of 4

Transparent H2 Reflective HOpaque H2

205 GPa 415 GPa 495 GPa

Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an
iPhone camera (Apple, Cupertino, CA) at the ocular of a modified stereo microscope, using light-
emitting diode (LED) illumination in the other optical path of the microscope. (A) At pressures up to
335 GPa, hydrogen was transparent. The sample was both front and back illuminated in this and in
(B); the less bright area around the sample is light reflected off of the Re gasket. (B) At this stage of
compression, the sample was black and nontransmitting. The brighter area to the top right corner is
due to the LED illumination, which was not focused on the sample for improved contrast. (C) Photo
of metallic hydrogen at a pressure of 495 GPa. The sample is nontransmitting and observed in
reflected light. The central region is clearly more reflective than the surrounding metallic Re gasket.
The sample dimensions are ~8 to 10 mm, with thickness of ~1.2 mm (26).

Fig. 1. Experimental/theoretical P-Tphase diagram of hydrogen. Shown are two pathways to MH: I is
the low-temperature pathway, and II is the high-temperature pathway. In pathway I, phases for pure para
hydrogen have lettered names: LP, low pressure; BSP, broken symmetry phase; and H-A, hydrogen-A. The
plasma phase transition is the transition to liquid metallic atomic hydrogen.
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ratio spectra through a 5-µm diameter sample. Simultaneous Raman 
spectroscopy and visual observation could be performed.

Figure!1 illustrates selected data obtained for the hydrogen sample 
in the T-DAC at 80!K during different compression and decompression 
stages. Four photographs (Fig.!1a) show the changes in the sample 
appearance. The formation of black hydrogen—that is, the transfor-
mation of hydrogen from transparent to totally opaque in the visible 
range—is observed around 310!GPa, as previously reported18, and this 
was reversible upon pressure release. The visual transformation of the 
sample at the probable insulator–metal transition is less contrasted. 
The observed metal-hydrogen sample is not highly reflective, as it 
appears darker than the surrounding rhenium gasket. As discussed 
below, this is consistent with the formation of a molecular metal instead 
of an atomic metal. The infrared signal was collected over the 800–
8,000!cm"1 wavenumber range; several raw spectra are shown in Fig.!1b. 
Up to 360!GPa, the signal intensity decreased owing to the shrinkage 
of the hydrogen sample size and the deformation of the toroidal anvil 
tip8. However, after intensity normalization, from 123!GPa to 360!GPa 
all spectra display the same shape when the hydrogen vibron peak is 
discarded (see Extended Data Fig.!1). Consequently, the variation of 
the infrared transmittance of the diamond anvil itself should remain 
negligible up to the 400!GPa range. Therefore changes in the infrared 
spectra can only be due to intrinsic properties of hydrogen. In Fig.!1a, 
two interesting features are clearly seen: (1) the strong absorption peak 
around 4,000!cm"1 is associated with the H2 vibron that appears above 
160!GPa upon the solid entering phase III, as reported previously20. This 
vibron mode broadens and shifts to lower wavenumbers with increasing 
pressure; (2) above 360!GPa, the shape of the infrared spectra display 
zeroing at high wavenumbers, evolving towards low values with pres-
sure (see Extended Data Fig.!2), which indicates the decrease of the 
hydrogen direct bandgap in the infrared range. Importantly, a very 
discernible Raman diamond edge (see inset Fig.!1c), used as the pres-
sure gauge, could be measured up to the maximum pressure and upon 
release, as a result of an elastic deformation at the diamond anvil tip 

facilitated by the toroidal shape. In Fig.!1c, the evolution of the sample 
pressure versus the force on the piston features the expected trend8,19.

In Fig.!2a, absorbance spectra have been obtained by taking a direct 
ratio of the spectrum at a given pressure to that taken at 123!GPa (after 
intensity normalization). For infrared measurements of semiconduc-
tors under pressure, the direct excitonic level (in the case of hydro-
gen, the values of the excitonic and of the direct bandgap should be 
almost identical)21 is positioned at the junction between the absorbance 
plateau and the lower energy tail, as done previously to position the 
hydrogen bandgap in the visible range18. In the present experimental 
configuration, a maximum absorbance value of just 2 could be meas-
ured. Hence, a lower bound for the bandgap should probably be inferred 
because the absorbance plateau might be at a higher value. However, 
because the hydrogen sample was about 1.6!(!±!0.1)!µm thick, the absorp-
tion coefficient associated with an absorbance of 2 is estimated to be 
about 28,000!cm"1, which is similar to the value obtained from the direct 
bandgap measurements in the visible range18. The bandgap underesti-
mation should be smaller than 0.14!eV. Around 425!GPa, a transition to a 
total infrared absorption is observed, corresponding to an absorption 
coefficient greater than 25,000 cm"1 over the whole infrared spectral 
range investigated. This is a necessary condition for the infrared obser-
vation of metal hydrogen but not definitive evidence, because the exist-
ence of a direct bandgap less than 0.1!eV—that is, below the 800!cm"1 
lower limit of the covered infrared spectral range—cannot be ruled out, 
although that seems unlikely because the nucleus zero-point energy is 
greater than this value. In Fig.!2c, the discontinuity of the transition is 
evidenced by the pressure evolution of the integrated infrared intensity 
over the 800–2,000!cm"1 wavenumber range. Upon pressure release, 
the infrared spectral intensity and shape are reversibly recovered (see 
Extended Data Fig.!2). The C2/c structure with 24!atoms per unit cell, 
henceforth C2/c-24, has been calculated to be the most probable can-
didate in the pressure range of the present measurements22. If so, from 
electronic band structure calculations21, an indirect bandgap should 
close under pressure before the direct bandgap does. Consistent with 
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Fig. 1 | A selection of measurements over the investigated pressure range.  
a, Photographs of the hydrogen sample taken at different stages of 
compression, under simultaneous front and back bright-light illumination. The 
hydrogen sample is indicated by the blue arrow. Around 310!GPa, the sample 
reversibly turns black, as illustrated by the photographs taken at 315!GPa for the 
increasing pressure path and at 300!GPa for the decreasing pressure path. At 
427!GPa, the sample is in the metallic state and is still distinguishable from the 
rhenium gasket. The red-coloured aspect at the diamond tip centre is 
attributed to the decrease of the diamond bandgap8. b, Infrared transmission 

spectra at various pressures. Intrinsic absorption features associated with the 
vibron and with the closing of the bandgap are indicated by the red stars and 
the triangle, respectively. c, Pressure evolution in hydrogen versus the helium 
membrane pressure acting on the piston of the T-DAC, during pressure 
increase (red) and decrease (blue). Inset, the high-wavenumber part of the 
Raman diamond spectra collected at three pressures. The wavenumber at the 
step used to calculate pressure is indicated as a red dot, and noted in the key. 
Solid lines are guides to the eye. a.u., arbitrary units.

Color from theory

Color from experiment
Loubeyre, Ocelli, Dumas 
Nature 577, 631 (2020)

After some more screw turns (fig. S3), the
sample reflectance changed from black to high
reflectivity, characteristic of a metal (Fig. 2C).
We then studied the wavelength dependence of
the reflectance of the sample at liquid-nitrogen
and liquid-helium temperatures (Fig. 3). In order
to do this, the stereo microscope, used for visual
observation (Fig. 2), was replaced with a high-
resolution long-working-distancemicroscope (Wild

Model 420 Macroscope) that not only allowed vi-
sual observation but also allowed an attenuated
laser beam to be cofocused with the microscope
image. In order to measure the reflectance, we
wanted to magnify the image of the sample and
project it on a camera. The Macroscope (fig. S5)
(26) enables an external image to be formed that
can be further magnified for a total calibrated
magnification of ~44; this was imaged onto a

color CMOS (complementary metal-oxide semi-
conductor) camera (DC1645C, Thorlabs). We can
select the area of interest (effectively spatial fil-
tering) and measure the reflectance from different
surfaces (fig. S6). We measured the reflectance
from the MH and the Re gasket. We measured at
three wavelengths in the visible spectral region,
using both broadband white light and three nar-
row band lasers that illuminated the sample (26),
as well as one wavelength in IR. The measured
reflectances are shown in Fig. 3, along with mea-
surements of reflectance of the Re gasket and
reflectance from a sheet of Re at ambient con-
ditions that agreed well with values from the
literature (29).
At high pressure, the stressed culet of the dia-

mond becomes absorptive, owing to closing down
of the diamond band gap (5.5 eV at ambient) (30).
This attenuated both the incident and reflected
light and is strongest in the blue. Fortunately,
this has been studied in detail by Vohra (31),
who provided the optical density for both type
I and II diamonds to very high pressures. We
used this study (fig. S4) and determined the
corrected reflectance (Fig. 3A). Last, after we
measured the reflectance, we used very low
laser power (642.6 nm laser wavelength) and
measured the Raman shift of the diamond pho-
non to be 2034 cm!1. This value fixes the end
point of our rotation or load scale because the
shift of the diamond phonon line has been
calibrated. The linear 2006 scale of Akahama
and Kawamura (32) gives a pressure of 495 ±
13 GPa when the sample was metallic. We do
not include the potentially large systematic un-
certainty in the pressure (26). This is the highest
pressure point on our pressure versus load or
rotation scale (fig. S3). Such curves eventually sat-
urate; the pressure does not increase as the load
is increased.
An analysis of the reflectance can yield impor-

tant information concerning the fundamental
properties of a metal. A very successful and easy-
to-implement model is the Drude free-electron
model of a metal (33). This model of a metal is
likely a good approximation to relate reflectance
to fundamental properties of a metal. A recent
band structure analysis of the I41/amd space
group by Borinaga et al. (9) shows that for this
structure, electrons in SMH are close to the free-
electron limit, which supports the application
of a Drude model. The Drude model has two
parameters, the plasma frequency wp and the
relaxation time t. The plasma frequency is given
by w2

p ! 4pnee2=me, where me and e are the elec-
tron mass and charge and ne is the electron
density. The complex index of refraction of MH
is given by N2

H ! 1!w2
p="w2 # jw=t$, where w is

the angular frequency of the light. The MH is
in contact with the stressed diamond that has
an index of refraction ND; this has a value of ~2.41
in the red region of the spectrum at ambient
conditions. We measured reflectance R"w$ !
j"ND!NH$="ND # NH$j2 as a function of energy
or (angular) frequency w. We used a least-squares
fit to the corrected reflectance data to determine
the Drude parameters at 5 K, 32.5 ± 2.1 eV, and
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Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an
iPhone camera (Apple, Cupertino, CA) at the ocular of a modified stereo microscope, using light-
emitting diode (LED) illumination in the other optical path of the microscope. (A) At pressures up to
335 GPa, hydrogen was transparent. The sample was both front and back illuminated in this and in
(B); the less bright area around the sample is light reflected off of the Re gasket. (B) At this stage of
compression, the sample was black and nontransmitting. The brighter area to the top right corner is
due to the LED illumination, which was not focused on the sample for improved contrast. (C) Photo
of metallic hydrogen at a pressure of 495 GPa. The sample is nontransmitting and observed in
reflected light. The central region is clearly more reflective than the surrounding metallic Re gasket.
The sample dimensions are ~8 to 10 mm, with thickness of ~1.2 mm (26).

Fig. 1. Experimental/theoretical P-Tphase diagram of hydrogen. Shown are two pathways to MH: I is
the low-temperature pathway, and II is the high-temperature pathway. In pathway I, phases for pure para
hydrogen have lettered names: LP, low pressure; BSP, broken symmetry phase; and H-A, hydrogen-A. The
plasma phase transition is the transition to liquid metallic atomic hydrogen.
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After some more screw turns (fig. S3), the
sample reflectance changed from black to high
reflectivity, characteristic of a metal (Fig. 2C).
We then studied the wavelength dependence of
the reflectance of the sample at liquid-nitrogen
and liquid-helium temperatures (Fig. 3). In order
to do this, the stereo microscope, used for visual
observation (Fig. 2), was replaced with a high-
resolution long-working-distancemicroscope (Wild

Model 420 Macroscope) that not only allowed vi-
sual observation but also allowed an attenuated
laser beam to be cofocused with the microscope
image. In order to measure the reflectance, we
wanted to magnify the image of the sample and
project it on a camera. The Macroscope (fig. S5)
(26) enables an external image to be formed that
can be further magnified for a total calibrated
magnification of ~44; this was imaged onto a

color CMOS (complementary metal-oxide semi-
conductor) camera (DC1645C, Thorlabs). We can
select the area of interest (effectively spatial fil-
tering) and measure the reflectance from different
surfaces (fig. S6). We measured the reflectance
from the MH and the Re gasket. We measured at
three wavelengths in the visible spectral region,
using both broadband white light and three nar-
row band lasers that illuminated the sample (26),
as well as one wavelength in IR. The measured
reflectances are shown in Fig. 3, along with mea-
surements of reflectance of the Re gasket and
reflectance from a sheet of Re at ambient con-
ditions that agreed well with values from the
literature (29).
At high pressure, the stressed culet of the dia-

mond becomes absorptive, owing to closing down
of the diamond band gap (5.5 eV at ambient) (30).
This attenuated both the incident and reflected
light and is strongest in the blue. Fortunately,
this has been studied in detail by Vohra (31),
who provided the optical density for both type
I and II diamonds to very high pressures. We
used this study (fig. S4) and determined the
corrected reflectance (Fig. 3A). Last, after we
measured the reflectance, we used very low
laser power (642.6 nm laser wavelength) and
measured the Raman shift of the diamond pho-
non to be 2034 cm!1. This value fixes the end
point of our rotation or load scale because the
shift of the diamond phonon line has been
calibrated. The linear 2006 scale of Akahama
and Kawamura (32) gives a pressure of 495 ±
13 GPa when the sample was metallic. We do
not include the potentially large systematic un-
certainty in the pressure (26). This is the highest
pressure point on our pressure versus load or
rotation scale (fig. S3). Such curves eventually sat-
urate; the pressure does not increase as the load
is increased.
An analysis of the reflectance can yield impor-

tant information concerning the fundamental
properties of a metal. A very successful and easy-
to-implement model is the Drude free-electron
model of a metal (33). This model of a metal is
likely a good approximation to relate reflectance
to fundamental properties of a metal. A recent
band structure analysis of the I41/amd space
group by Borinaga et al. (9) shows that for this
structure, electrons in SMH are close to the free-
electron limit, which supports the application
of a Drude model. The Drude model has two
parameters, the plasma frequency wp and the
relaxation time t. The plasma frequency is given
by w2

p ! 4pnee2=me, where me and e are the elec-
tron mass and charge and ne is the electron
density. The complex index of refraction of MH
is given by N2

H ! 1!w2
p="w2 # jw=t$, where w is

the angular frequency of the light. The MH is
in contact with the stressed diamond that has
an index of refraction ND; this has a value of ~2.41
in the red region of the spectrum at ambient
conditions. We measured reflectance R"w$ !
j"ND!NH$="ND # NH$j2 as a function of energy
or (angular) frequency w. We used a least-squares
fit to the corrected reflectance data to determine
the Drude parameters at 5 K, 32.5 ± 2.1 eV, and
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Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an
iPhone camera (Apple, Cupertino, CA) at the ocular of a modified stereo microscope, using light-
emitting diode (LED) illumination in the other optical path of the microscope. (A) At pressures up to
335 GPa, hydrogen was transparent. The sample was both front and back illuminated in this and in
(B); the less bright area around the sample is light reflected off of the Re gasket. (B) At this stage of
compression, the sample was black and nontransmitting. The brighter area to the top right corner is
due to the LED illumination, which was not focused on the sample for improved contrast. (C) Photo
of metallic hydrogen at a pressure of 495 GPa. The sample is nontransmitting and observed in
reflected light. The central region is clearly more reflective than the surrounding metallic Re gasket.
The sample dimensions are ~8 to 10 mm, with thickness of ~1.2 mm (26).

Fig. 1. Experimental/theoretical P-Tphase diagram of hydrogen. Shown are two pathways to MH: I is
the low-temperature pathway, and II is the high-temperature pathway. In pathway I, phases for pure para
hydrogen have lettered names: LP, low pressure; BSP, broken symmetry phase; and H-A, hydrogen-A. The
plasma phase transition is the transition to liquid metallic atomic hydrogen.
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After some more screw turns (fig. S3), the
sample reflectance changed from black to high
reflectivity, characteristic of a metal (Fig. 2C).
We then studied the wavelength dependence of
the reflectance of the sample at liquid-nitrogen
and liquid-helium temperatures (Fig. 3). In order
to do this, the stereo microscope, used for visual
observation (Fig. 2), was replaced with a high-
resolution long-working-distancemicroscope (Wild

Model 420 Macroscope) that not only allowed vi-
sual observation but also allowed an attenuated
laser beam to be cofocused with the microscope
image. In order to measure the reflectance, we
wanted to magnify the image of the sample and
project it on a camera. The Macroscope (fig. S5)
(26) enables an external image to be formed that
can be further magnified for a total calibrated
magnification of ~44; this was imaged onto a

color CMOS (complementary metal-oxide semi-
conductor) camera (DC1645C, Thorlabs). We can
select the area of interest (effectively spatial fil-
tering) and measure the reflectance from different
surfaces (fig. S6). We measured the reflectance
from the MH and the Re gasket. We measured at
three wavelengths in the visible spectral region,
using both broadband white light and three nar-
row band lasers that illuminated the sample (26),
as well as one wavelength in IR. The measured
reflectances are shown in Fig. 3, along with mea-
surements of reflectance of the Re gasket and
reflectance from a sheet of Re at ambient con-
ditions that agreed well with values from the
literature (29).
At high pressure, the stressed culet of the dia-

mond becomes absorptive, owing to closing down
of the diamond band gap (5.5 eV at ambient) (30).
This attenuated both the incident and reflected
light and is strongest in the blue. Fortunately,
this has been studied in detail by Vohra (31),
who provided the optical density for both type
I and II diamonds to very high pressures. We
used this study (fig. S4) and determined the
corrected reflectance (Fig. 3A). Last, after we
measured the reflectance, we used very low
laser power (642.6 nm laser wavelength) and
measured the Raman shift of the diamond pho-
non to be 2034 cm!1. This value fixes the end
point of our rotation or load scale because the
shift of the diamond phonon line has been
calibrated. The linear 2006 scale of Akahama
and Kawamura (32) gives a pressure of 495 ±
13 GPa when the sample was metallic. We do
not include the potentially large systematic un-
certainty in the pressure (26). This is the highest
pressure point on our pressure versus load or
rotation scale (fig. S3). Such curves eventually sat-
urate; the pressure does not increase as the load
is increased.
An analysis of the reflectance can yield impor-

tant information concerning the fundamental
properties of a metal. A very successful and easy-
to-implement model is the Drude free-electron
model of a metal (33). This model of a metal is
likely a good approximation to relate reflectance
to fundamental properties of a metal. A recent
band structure analysis of the I41/amd space
group by Borinaga et al. (9) shows that for this
structure, electrons in SMH are close to the free-
electron limit, which supports the application
of a Drude model. The Drude model has two
parameters, the plasma frequency wp and the
relaxation time t. The plasma frequency is given
by w2

p ! 4pnee2=me, where me and e are the elec-
tron mass and charge and ne is the electron
density. The complex index of refraction of MH
is given by N2

H ! 1!w2
p="w2 # jw=t$, where w is

the angular frequency of the light. The MH is
in contact with the stressed diamond that has
an index of refraction ND; this has a value of ~2.41
in the red region of the spectrum at ambient
conditions. We measured reflectance R"w$ !
j"ND!NH$="ND # NH$j2 as a function of energy
or (angular) frequency w. We used a least-squares
fit to the corrected reflectance data to determine
the Drude parameters at 5 K, 32.5 ± 2.1 eV, and

Dias et al., Science 355, 715–718 (2017) 17 February 2017 2 of 4

Transparent H2 Reflective HOpaque H2

205 GPa 415 GPa 495 GPa

Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an
iPhone camera (Apple, Cupertino, CA) at the ocular of a modified stereo microscope, using light-
emitting diode (LED) illumination in the other optical path of the microscope. (A) At pressures up to
335 GPa, hydrogen was transparent. The sample was both front and back illuminated in this and in
(B); the less bright area around the sample is light reflected off of the Re gasket. (B) At this stage of
compression, the sample was black and nontransmitting. The brighter area to the top right corner is
due to the LED illumination, which was not focused on the sample for improved contrast. (C) Photo
of metallic hydrogen at a pressure of 495 GPa. The sample is nontransmitting and observed in
reflected light. The central region is clearly more reflective than the surrounding metallic Re gasket.
The sample dimensions are ~8 to 10 mm, with thickness of ~1.2 mm (26).

Fig. 1. Experimental/theoretical P-Tphase diagram of hydrogen. Shown are two pathways to MH: I is
the low-temperature pathway, and II is the high-temperature pathway. In pathway I, phases for pure para
hydrogen have lettered names: LP, low pressure; BSP, broken symmetry phase; and H-A, hydrogen-A. The
plasma phase transition is the transition to liquid metallic atomic hydrogen.
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Phonons with quantum anharmonicity

Electronic part: DFT
Nuclear part: Path-integral molecular dynamics (Langevin thermostat)
Phonons by “quantum correlators” (static limit of Matsubara Green’s function)

JCP 154, 224108 (2021): Tommaso Morresi, Lorenzo Paulatto, Rodolphe Vuilleumier, Michele Casula

One-order-of-magnitude speedup
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Phonons (vibrons) of hydrogen phase III

Ready to be submitted: Tommaso Morresi, Rodolphe Vuilleumier, Michele Casula

We can reproduce the temperature dependence of the vibron frequency!
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Phonons in metallic phase of hydrogen

JCP 154, 224108 (2021): Tommaso Morresi, Lorenzo Paulatto, Rodolphe Vuilleumier, Michele Casula
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Phonons (vibrons) of hydrogen phase IV

Ready to be submitted: Tommaso Morresi, Rodolphe Vuilleumier, Michele Casula

Based on the vibron frequency 
matching with experiment:
Ama2-24 à phase IV
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QMC-driven molecular dynamics: protonated water hexamer 

First path integral molecular dynamics 
of protonated water hexamer 
driven by QMC ionic forces

Both ions and electrons are treated quantum!

Hints on the dynamics of hydrated proton in a 
correlated framework

Casula et al. in preparation
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Taking solvation into accountTaking for account the solvation

Problem: Zundel ion does not take into account the solvation!

More realistic system: the protonated water hexamer H13O+
6

Félix Mouhat (IMPMC - SU) Thesis defence September, 7 2018 30 / 43

protonated water hexamer H13O6
+ as “realistic” playground 

to study H-bond and proton hopping
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Nuclear quantum effects + temperature

Taking for account the solvation

Problem: Zundel ion does not take into account the solvation!

More realistic system: the protonated water hexamer H13O+
6

Félix Mouhat (IMPMC - SU) Thesis defence September, 7 2018 30 / 43
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Nuclear quantum effects + temperature
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Nuclear quantum effects + temperature

Proton delocalization makes H-bond tighter
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Nuclear quantum effects + temperature

Proton delocalization makes H-bond tighter

3

BIDIMENSIONAL DISTRIBUTION FUNCTIONS

We start analyzing the structural properties of the system by looking at the bidimensional distributions functions g2D, which
correlate the distance between the central proton and the neighboring oxygen atoms (dHO1 , dHO2 ) with dO1O2 . They are shown
in Figs. 1 and 2, for quantum and classical simulations, respectively.

FIG. 1. Quantum simulations

4

FIG. 2. Classical simulations

Classical nuclei Quantum nuclei
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Proton entanglement via Renyi entropy 

arXiv: 2202.05740: Miha Srdinsek, Michele Casula, Rodolphe Vuilleumier

3

FIG. 2. a) Stream plot of the gradient field (hK;iZ[�], hKAiZ[�]) for the single-particle 1D harmonic oscillator at � = 10 as a
function of (g, h). Colors indicate the magnitude of the gradient, according to the palette above the frame. b) Stream plot of
the variance field (var[K;], var[KA]). The black (blue) line represents the path in Eq. 5 with l = 2 (l = 3). The red line is the
linear path (l = 1). Changing the path from linear to black or to blue, regularizes the integrand by cutting o↵ its spikes at the
edges, shown at di↵erent temperatures for l = 1, 2, 3 in panels c), d) and e), respectively.

operators correspond to the elastic springs that enforce
the boundary conditions: K; (KA) drives the intra (in-
ter) -copy closure of the particle rings. These terms are
depicted in red (blue) in Fig. 1. Di↵erent paths con-
necting (1, 0) (H = H;) to (0, 1) (H = HA) can be
compared by inspecting the gradient field of the energy
K ⌘ (@H/@g, @H/@h) = (hK;iZ[�], hKAiZ[�]), and the
corresponding variance field var[K] ⌘ (var[K;], var[KA])
in the (g, h) plane, shown in Figs. 2(a) and 2(b), respec-
tively. At each (g, h) point, the direction of the field
indicates the path p ⌘ (g(�), h(�)) that would yield the
largest possible increment or the largest possible uncer-
tainty to the line integral in Eq. 3, with magnitude rep-
resented by the color of the stream plot. For the 1D
harmonic oscillator (Fig. 2c), we can clearly see that the
path connecting linearly the two endpoints, i.e. the one
that has commonly been employed so far, produces two
spikes in h@�H(�)iZ[�] at (1, 0) and (0, 1), exactly where
the scalar product of the path direction (p0 ⌘ @�p) with
the gradient field is the largest. This is understood once
the integral in Eq. 5 is recast in ��

R 1
0 p0 ·Kd�. The ori-

gin of spikes can be traced down to the KA growth along
(g, 0) and K; growth along (0, h), as the temperature in-
creases. In order to remove the spikes, one should there-
fore avoid moving towards directions where previously
non-existing interactions are switched on in H(g, h).

This analysis suggests that the optimal integration
path is the one which minimizes |p0 ·K| over the entire
path. Another criterion can be derived by minimizing
the full variance, which implies the line minimization of
((@�g)2, (@�h)2) · var[K] [49]. Either choice makes the
integrand flat as a function of �. This scheme acts there-
fore as a path regularization. Not only the spikes at the
endpoints are cut o↵, but the line integral can also be

computed on a much coarser grid, speeding up the cal-
culation and reducing both deterministic and stochastic
errors.
It is clear that the full path optimization would not

be a↵ordable in the most general case. However, the
simple 1D quantum oscillator, where the path search can
be carried out systematically, provides a shape that is
transferable to complex quantum many-body systems. p
can then be parametrized as di↵erentiable curve:

�
g(�), h(�)

�
=

�
(1� �)l,�l

�
with � 2 [0, 1]. (5)

If rescaled by the proton mass, the reported behavior of
the 1D harmonic oscillator spans a physically relevant
range of parameters with temperatures going from 4.3 K
(� = 40) to 344 K (� = 0.5) and with a vibrational fre-
quency of 5122 cm�1. In this realistic regime, it turns out
that l = 2 optimizes the path based on |p0·K| (Fig. 2(d)),
while l = 3 is the optimal power law based on var[K]
(Fig. 2(e)). Nevertheless, the latter is the best choice in
ab initio systems over a large range of temperatures[49].

1D Ising model in transverse magnetic field.— The
harmonic oscillator is however a too simple model to pos-
sess any entanglement. In a system with a larger number
of interacting particles, the coe�cients (g, h) change the
boundary condition of the full subsystem. To explicitly
check the generality of the path regularization approach,
we now study the 1D Ising model in transverse magnetic
field with periodic boundary conditions. Its Hamiltonian
reads

H =
P

i �
z
i �

z
i+1 + r�

x
i , (6)

where �
x,z
i are Pauli matrices acting on i-th site, and r

the strength of the magnetic field in the x direction. Due
to its integrability [50], it represents an ideal benchmark

Thermodynamic integration scheme to compute entanglement in realistic complex systems
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FIG. 3. Ising model. r dependence of the full Rényi entropy
of second order (S2

full/ log(2)) computed with thermodynamic
integration via path regularization (red crosses) and transi-
tion probability sampling based on the swap operator (blue
crosses) compared with exact results (dashed-black line) for
L = 64 and � = 3. Inset : Comparison of system-size scaling
for both methods at di↵erent r.

for our path regularization in an extended system. It
undergoes a quantum phase transition at r = 1.

Within the PI framework, Eq. 6 is mapped into the 2D
classical anisotropic Ising model[49]. The interaction in
the imaginary time direction of the classical counterpart
diverges as r ! 0, causing e↵ects analogous to the tem-
perature increase in the harmonic oscillator. At small r,
the path in Eq. 5 successfully kills large fluctuations ap-
pearing at the endpoints if l = 6 is used. To compare our
method with the sampling algorithms based on the swap
operator (Eq. 2), like the one of Ref. 12, we computed[51]
the thermodynamic Rényi entropy of second order S2

full.
It is the hardest quantity to evaluate. The full entropies
obtained with the swap scheme and the path regulariza-
tion both agree well with analytical results over a wide
range of magnetic field strengths (Fig. 3). S

2
full nicely

captures the quantum phase transition at r = 1, by show-
ing a clear peak. In order to estimate the maximum
system size that the path regularization procedure can
a↵ord, we pushed the entropy calculation to very long
spin chains, where the thermodynamic limit is reached.
In the limit of large L, the full entropy scales as L. From
the inset of Fig. 3, it can be seen that this limit is reached
at relatively small system sizes. It is also seen that our
procedure outperforms the swap-based one, since the for-
mer can still be applied to systems larger than 600 sites
where S

2
full exceeds the value of 50, while the latter is

broken already before 400 sites[12]. Indeed, one of the
strengths of the path regularization method is that the
number of integration steps remains constant with the
subsystem size. By increasing the level of entanglement,
the time cost grows linearly, while in methods based on
Eq. 2, it grows exponentially.

A realistic system: the formic acid dimer.— By means
of the path regularization scheme, the calculation of the

FIG. 4. a) Full (black solid line) and entanglement (black
dashed line) entropy (S2

A/ log(2)) between two protons as a
function of the distance d between the formic acid molecules
at 300K. The di↵erence between the two (“relative entropy”)
is also shown (purple solid line). b) Temperature dependence
of relative entropy. c) 2D PES spanned by the position of the
hydrogen atoms along the hydrogen bonds at d = 2.87Å.

Rényi entanglement entropy for realistic systems be-
comes feasible. As an illustrative example, we take here
the formic acid dimer, a minimal model of biochemical
physics. This is a system of two molecules that form a
dimer via a double hydrogen bond (Fig. 4c) Due to the
180� rotation symmetry around the axis connecting the
carbon atoms, the potential energy surface (PES) has two
minima, which correspond to the two hydrogen configu-
rations shown in Fig. 4. They are separated by a barrier
that grows with the inter-dimer distance d between the
oxygen atoms (d = 2.7Å in equilibrium [36, 52]), which
determines also the hydrogen bond stretch. During the
double proton transfer the two molecules get closer, up
to d = 2.4Å, and the barrier dwindles. Due to the light
hydrogen mass, at intermediate distances quantum e↵ect
become prominent[35–38] and the barrier is low enough
that the two configurations are expected to be entangled,
leading to a proton concerted motion.

In our simulations, we restricted the protons to move
along the hydrogen bond and we evaluated the PES as
a function of d by means of the coupled cluster single
double perturbative triple (CCSD(T)) method[49]. At
each distance, we ran a PI Monte Carlo simulation of
the two protons in a projected PES with our thermody-
namic integration scheme[51]. As the potential is simple
enough, the outcome of these simulations can be com-
pared against results obtained with the exact diagonal-
ization in a discretized space. This comparison further
assesses the robustness of the path regularization in Eq.5,
with the optimal power of l = 3 for ab initio systems.
Since the Rényi entropy of the 2-proton subspace (“full”
entropy) is nonzero at distances where the system is in
a mixed state, we can extract a lower bound for quan-
tum correlations[53, 54] by computing the di↵erence be-
tween the full and the entanglement entropy (i.e. the
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Rényi entanglement entropy for realistic systems be-
comes feasible. As an illustrative example, we take here
the formic acid dimer, a minimal model of biochemical
physics. This is a system of two molecules that form a
dimer via a double hydrogen bond (Fig. 4c) Due to the
180� rotation symmetry around the axis connecting the
carbon atoms, the potential energy surface (PES) has two
minima, which correspond to the two hydrogen configu-
rations shown in Fig. 4. They are separated by a barrier
that grows with the inter-dimer distance d between the
oxygen atoms (d = 2.7Å in equilibrium [36, 52]), which
determines also the hydrogen bond stretch. During the
double proton transfer the two molecules get closer, up
to d = 2.4Å, and the barrier dwindles. Due to the light
hydrogen mass, at intermediate distances quantum e↵ect
become prominent[35–38] and the barrier is low enough
that the two configurations are expected to be entangled,
leading to a proton concerted motion.

In our simulations, we restricted the protons to move
along the hydrogen bond and we evaluated the PES as
a function of d by means of the coupled cluster single
double perturbative triple (CCSD(T)) method[49]. At
each distance, we ran a PI Monte Carlo simulation of
the two protons in a projected PES with our thermody-
namic integration scheme[51]. As the potential is simple
enough, the outcome of these simulations can be com-
pared against results obtained with the exact diagonal-
ization in a discretized space. This comparison further
assesses the robustness of the path regularization in Eq.5,
with the optimal power of l = 3 for ab initio systems.
Since the Rényi entropy of the 2-proton subspace (“full”
entropy) is nonzero at distances where the system is in
a mixed state, we can extract a lower bound for quan-
tum correlations[53, 54] by computing the di↵erence be-
tween the full and the entanglement entropy (i.e. the

Formic acid dimer
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Perspectives

Nuclear quantum effects from QMC-based Machine Learning potential energy surfaces:
• Accurate phonon calculations in superconducting hydrides
• From water clusters to bulk water and ice  

Development of a non-adiabatic electron-nucleus wave function: 
• Quantum anharmonicity naturally included in the wave function
• Nuclear forces more easy to compute
• Electron-phonon coupling
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