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Several key problems in physics involving hydrogen include 
production of the metallic phase, high temperature super-
conductivity, and controlled nuclear fusion (1). The transi-
tion to solid metallic hydrogen (SMH) was envisioned by 
Wigner and Huntington (WH) over 80 years ago (2). They 
predicted a first-order dissociative transition to an atomic 
lattice through compression of solid molecular hydrogen to 
a sufficiently high density. Solid atomic hydrogen would be 
a metal with one electron per atom with a half filled con-
duction band. Although WH’s density for the transition was 
approximately correct, their predicted pressure of 25 GPa 
(100 GPa = 1 megabar) was way off as they incorrectly used 
the zero-pressure compressibility for all pressures. Wigner 
and Huntington predicted a simple phase diagram. Enor-
mous experimental and theoretical developments dramati-
cally reshaped the phase diagram of hydrogen (Fig. 1) over 
the past decades. Modern quantum Monte-Carlo methods 
and density functional theory predict pressures of ~400 to 
500 GPa for the transition (3–5), with an atomic lattice be-
ing in the I41/amd space group (5, 6). Metallic hydrogen 
(MH) may be a high temperature superconductor, predicted 
by Ashcroft (7), with critical temperatures possibly higher 
than room temperature (8, 9). Moreover, other predictions 
suggest SMH is metastable at room temperature when the 
pressure is released (10). The combination of these expected 
properties make SMH important for solving energy prob-
lems and can potentially revolutionize rocketry as a power-
ful propellant (11). 

The pathways to metallic hydrogen require either in-
creasing pressure at low temperature (Fig. 1, Pathway I) or 
increasing temperature to cross the plasma phase transition 
(12–17) (Fig. 1, Pathway II). Pathway I transitions through a 
number of phases not envisioned in the simple phase dia-

gram predicted by WH. The low-pressure properties of solid 
molecular hydrogen are fascinating and many aspects such 
as the importance of ortho-para concentrations, and solid-
solid phase transitions characterized by orientational order 
have been reviewed elsewhere (3, 18). In the low-pressure 
low-temperature phase I, molecules are in spherically sym-
metric quantum states and form a hexagonal-close-packed 
structure. Phase II, III, and IV are phases with structural 
changes and orientational order of the molecules (19–23). A 
new phase in hydrogen observed at liquid helium tempera-
tures believed to precede the metallic phase was called H2-
PRE (24) (also named VI at higher temperatures (25)). 

We carried out a rigorous strategy to achieve the higher 
pressures needed to transform to SMH in a diamond anvil 
cell (DAC). Diamond failure is the principal limitation for 
achieving the required pressures to observe SMH. We be-
lieve that one point of failure of diamonds arises from mi-
croscopic surface defects created in the polishing process. 
We used type IIac conic synthetic diamonds (supplied by 
Almax-Easylab) with ~30 micron diameter culet flats. We 
etched off about 5 microns from the diamond culets using 
reactive ion etching to remove surface defects (figs. S7 and 
S8) (26). We vacuum annealed the diamonds at high tem-
perature to remove residual stresses. A second point of fail-
ure is diamond embrittlement from hydrogen diffusion. 
Hydrogen can disperse into the confining gasket or the di-
amonds (at high pressure or temperature). As an activated 
process, diffusion is suppressed at low temperatures. We 
maintained the sample at liquid nitrogen or liquid helium 
temperatures during the experimental runs. Alumina is also 
known to act as a diffusion barrier against hydrogen. We 
coated the diamonds along with the mounted rhenium gas-
ket with a 50 nm thick layer of amorphous alumina by the 
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process of atomic layer deposition. We have found through 
our extensive experience with alumina coatings at high 
pressures that it does not affect or contaminate the sample, 
even at temperatures as high as ~2000 K (12). Finally, fo-
cused laser beams, even at low laser power (10 mW) on 
samples at high pressures in DACs, can also lead to failure 
of the highly stressed diamonds. Laser light in the blue 
spectral region appears to be particularly hazardous as it 
potentially induces the growth of defects (27). Thermal 
shock to the stressed culet region from inadvertent laser 
heating is another risk. Moreover, a sufficiently intense laser 
beam, even at infrared (IR) wavelengths, can graphitize the 
surface of diamond. Thus, we studied the sample mainly 
with very low power incoherent IR radiation from a thermal 
source, and minimized illumination of the sample with la-
sers when the sample was at very high pressures. 

We cryogenically loaded the sample chamber at 15 K, 
which included a ruby grain for pressure determination. We 
initially determined a pressure of ~88 GPa by ruby fluores-
cence (26). Determining the pressure in the megabar regime 
is more challenging (26). We measured the IR vibron ab-
sorption peaks of hydrogen at higher pressures (>135 GPa) 
with a Fourier transform infrared spectrometer with a 
thermal IR source, using the known pressure dependence of 
the IR vibron peaks for pressure determination (26). We did 
this to a pressure of ~335 GPa, while the sample was still 
transparent (Fig. 2A). The shift of the laser excited Raman 
active phonon of the diamond in the highly stressed culet 
region is currently the method used for determining pres-
sure at extreme high pressures. For fear of diamond failure 
due to laser illumination and possible heating of the black 
sample, we only measured the Raman active phonon at the 
very highest pressure of the experiment (495 GPa) after the 
sample transformed to metallic hydrogen and reflectance 
measurements had been made. We equip our DACS with 
strain gauges that allowed us to measure the applied load, 
which we found was proportional to pressure during cali-
bration runs (26). We estimated pressure between 335 GPa 
and 495 GPa using this calibration. We increased the load 
(pressure) by rotating a screw with a long stainless steel 
tube attached to the DAC in the cryostat. Increasing the 
pressure by rotating the screw after the 335 GPa pressure 
point resulted in our sample starting to turn black (Fig. 2B) 
as it transitioned into the H2-PRE phase (24). Earlier studies 
of hydrogen reported the sample as black at lower pressures 
(28), but we believe that this is a result of different pressure 
calibrations in this high pressure region (26). 

After some more screw turns (fig. S3) the sample reflec-
tance changed from black to high reflectivity, characteristic 
of a metal (Fig. 2C). We then studied the wavelength de-
pendence 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-distance 
microscope (Wild Model 420 Macroscope) that not only al-
lowed visual observation, but also allowed an attenuated 
laser beam to be co-focused 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 Macro-
scope (fig. S5) (26) enables an external image to be formed 
that can be further magnified for a total calibrated magnifi-
cation of ~44; this was imaged onto a color CMOS camera 
(Thorlabs DC1645C). We can select the area of interest (ef-
fectively spatial filtering) and measure the reflectance from 
different surfaces (fig. S6). We measured the reflectance 
from the metallic hydrogen and the rhenium gasket. We 
measured at three wavelengths in the visible spectral region, 
using both broadband white light, and three narrow band 
lasers that illuminated the sample (26), as well as one wave-
length in the infrared. The measured reflectances are shown 
in Fig. 3, along with measurements of reflectance of the Re 
gasket, and reflectance from a sheet of Re at ambient condi-
tions, that agreed well with values from the literature (29). 

At high pressure the stressed culet of the diamond be-
comes absorptive due to closing down of the diamond band 
gap (5.5 eV at ambient) (30). This attenuated both the inci-
dent and reflected light and is strongest in the blue. Fortu-
nately 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 de-
termined the corrected reflectance (Fig. 3A). Finally, after 
we measured the reflectance, we used very low laser power 
(642.6 nm laser wavelength) and measured the Raman shift 
of the diamond phonon to be 2034 cm−1. This value fixes the 
end-point of our rotation or load scale, as 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 in-
clude the potentially large systematic uncertainty in the 
pressure (26). This is the highest pressure point on our 
pressure vs. load or rotation scale (fig. S3). Such curves 
eventually saturate, i.e., the pressure does not increase as 
the load is increased. 

An analysis of the reflectance can yield important infor-
mation 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 funda-
mental properties of a metal. A recent band structure analy-
sis 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 ωp, and the relaxation time τ. The plasma
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frequency is given by 2 24p e en mω p=  where me and e are the

electron mass and charge, and ne is the electron density. The 
complex index of refraction of metallic hydrogen is given by 

( )2 2 21H pN jω ω ω τ= − + , where ω is the angular frequency 

of the light. The metallic hydrogen 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 

( ) ( ) ( ) 2
D H D HR N N N Nω = − + as a function of energy or 

(angular) frequency ω. A least-squares fit to the corrected
reflectance data was used to determine the Drude parame-
ters; at 5 K 32.5 ± 2.1 eV and 6.7 ± 0.6 × 1016 sec. These val-
ues differ appreciably from a fit to the uncorrected data. 

Because the diamond culet is stressed, we expect the in-
dex of refraction in the region of contact with the metallic 
hydrogen to change from the value at ambient pressure, and 
this might lead to an important uncertainty in the fitting 
parameters. The index of the diamond under pressure and 
uniaxial stress has been studied by Surh et al. (34). For hy-
drostatic pressures up to 450 GPa, the pressure dependence 
is rather weak; however, for uniaxial stressed diamond the 
change of index can be substantial. We fitted data for values 
of 2.12 and 2.45 for extreme uniaxial stress along the [001] 
crystal direction, and [100] and [010] directions, respective-
ly, corresponding to a sample pressure of 250 GPa (34). This 
resulted in an uncertainty in the Drude parameters that was 
much smaller than that due to the uncertainty in the meas-
ured reflectance (Fig. 3). We fit the reflectance using a value 
ND = 2.41, yielding the values for the Drude parameters 
shown in Fig. 3 and Table 1. 

Figure 4 shows the pressure-temperature phase diagram 
of hydrogen along Pathway I, focusing on the lower temper-
ature region. With increasing pressure, hydrogen enters the 
phase H2-PRE at 355 GPa and this is followed by the phase 
line based on the two points at T = 83 and 5.5 K for the 
transition to metallic hydrogen. (24). Because we changed 
the pressure in larger increments by rotating a screw, there 
could be a systematic uncertainty of about 25 GPa on the 
low-pressure side of the phase line. The transition to metal-
lic hydrogen may have taken place while increasing the 
pressure from about 465 to 495 GPa (26). We believe the 
metallic phase is most likely solid, based on recent theory 
(35), but we do not have experimental evidence to discrimi-
nate between the solid and liquid states. We detected no 
visual change in the sample when the temperature was var-
ied between 83 and 5.5 K. A theoretical analysis predicted a 
maximum in the pressure-temperature melting line of hy-
drogen (36). The maximum was first experimentally ob-
served by Deemyad and Silvera (37). One speculation has 
the melting line (Fig. 1) extrapolating to the T = 0 K limit at 

high pressure resulting in liquid metallic hydrogen in this 
limit (36), (10). An extrapolation of the negative P,T slope 
was supported by a calculation (38) showing that the liquid 
atomic phase might be the ground state in the low tempera-
ture limit. On the other hand, Zha (39) has extended the 
melting line to 300 GPa and finds a slope that is shallower 
than the extrapolation shown in Fig. 1. The vibron spectra at 
low temperature in phase H2-PRE correspond to spectra 
from a solid. Although H2-PRE is solid, the possibility re-
mains that an increase in translational zero-point energy 
occurs when molecular hydrogen dissociates resulting in a 
liquid ground state. 

The plasma frequency ωp = 32.5 ± 2.1 eV is related to the
electron density and yields a value of ne = 7.7 ± 1.1 × 1023 
particles/cm3. No experimental measurements exist for the 
atom density at 500 GPa. Theoretical estimates range from 
~6.6 to 8.8 × 1023 particles/cm3 (26). This is consistent with 
one electron per atom, so molecular hydrogen is dissociated 
and the sample is atomic metallic hydrogen, or the WH 
phase. While some predictions suggest metallization of mo-
lecular hydrogen at high pressure (39), this requires one 
electron for every two atoms instead. Metallic hydrogen at 
495 GPa is about 15-fold denser than zero-pressure molecu-
lar hydrogen. We compared metallic hydrogen to other ele-
ments in the first column of the periodic table (Table 1), 
which has a remarkable contrast in properties. 

We have produced atomic metallic hydrogen in the la-
boratory at high pressure and low temperature. Metallic 
hydrogen may have important impact on physics and per-
haps will ultimately find wide technological application. 
Theoretical work suggests a wide array of interesting prop-
erties for metallic hydrogen, including high temperature 
superconductivity and superfluidity (if a liquid) (40). A 
looming challenge is to quench metallic hydrogen and if so 
study its temperature stability to see if there is a pathway 
for production in large quantities. 
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Fig. 1. Experimental/theoretical P-T 
phase diagram of hydrogen. Shown 
are two pathways to metallic 
hydrogen, I the low temperature 
pathway and II 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 (PPT) 
is the transition to liquid metallic 
atomic hydrogen. 

Fig. 2. Photographs of hydrogen at different stages of compression. Photos were taken with an iphone 
camera at the ocular of a modified stereo microscope, using LED illumination in the other optical path of the 
microscope. (A) At pressures 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 non-transmitting. The brighter area to the upper 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 non-transmitting and is observed in reflected 
light. The central region is clearly more reflective than the surrounding metallic rhenium gasket. The sample 
dimensions are approximately 8-10 microns with thickness ~1.2 microns (27).  
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Fig. 3. Reflectance as a function of photon energy. (A) The energy dependence of the normal incidence 
reflectance off metallic hydrogen and the rhenium gasket, P = 495 GPa, at liquid nitrogen and liquid helium 
temperatures. We also show our measured reflectance from a surface of Re at a pressure of 1 bar at room 
temperature; this is in good agreement with literature values, verifying our measurement procedure. The 
reflectances have been corrected for absorption in the diamond. The lines through MH data are fits with a 
Drude free electron model; the lines through the Re data points are guides to the eye. (B) Raw reflectance 
data without the diamond absorption correction. The uncertainties in the data points are from 
measurement of the reflectance and the correction procedure and represent random errors. 
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Fig. 4. The T-P phase diagram of 
hydrogen along Pathway I of Fig. 1. The 
data shows the thermodynamic pathway 
followed for our measurements. We also 
show other recent data for the phases at 
lower pressures from Zha et al. (40), 
Howie et al., Eremets et al. (25), and Dias 
et al. (24). A transition claimed by 
Dalladay-Simpson et al. (41) at 325 GPa 
is plotted as a point, as is the earlier 
observation of black hydrogen by 
Loubeyre et al. (28). 
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Table 1. Elements of the first column of the periodic table. We compare the electron density (calculated from the plasma frequen-
cy) in the second column to the atom density in the third column, and see that there is about 1 electron/atom. The plasma frequencies 
are from Ref. (42). The data are for hydrogen at 5.5 K; all other elements are at 77 K. See ref. (27) for a definition of rs/a0. 

Element 2

24
e p

e

m
n

e
ω
p

=

(10
22

/cm
3

)

na (10
22

/cm
3

) rs/ao Plasma frequen-
cy (eV) 

H 77 ± 11 66.5–86.0 1.255–1.34 32.5 ± 2.1 

Li 3.68 4.63 3.25 7.12 

Na 2.36 2.54 3.93 5.71 

K 1.00 1.33 4.86 3.72 
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