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Diamond anvils serve as optical windows in static ultrahigh-pressure experi-
ments, now reaching the terapascal regime. However, they exhibit poorly
understood changes in their optical properties under multimegabar pressure.
Here, we present broadband absorption measurements (ultraviolet to infrared
wavelengths) up to 520 GPa, revealing a pronounced loss of transparency with
pressure. Diamond Raman scattering is used to infer the stress profile along
the anvils’ axis under the assumption of tetragonal distortion, and crucially at
the sample interface. This enables a quantitative analysis of absorption spec-
tra, showing an indirect bandgap narrowing towards the infrared, with
metallization projected near 560 GPa sample pressure within our stress model.
A universal optical behavior is observed across different anvil geometries,
which is consistent with the universality of the Raman edge pressure scale,
here refined. These findings help define the spectroscopic operational limits of
diamond anvil cells under extreme pressure with important implications for

recent claims of hydrogen metallization.

The Diamond Anvil Cell (DAC) is a workhorse of static high-pressure
physics. It fully exploits the exceptional mechanical properties of
diamond—namely its record-breaking hardness, ability to undergo
significant elastic deformation, and remarkable optical transparency
due to a wide indirect bandgap. A wide range of spectroscopic tech-
niques have been adapted to probe the properties of materials under
high pressure!, with one of the latest developments being magnetic
measurements using NV quantum sensors (ref. 2 and references
therein). A wealth of data on material properties at high pressures have
been obtained up to the conventional DAC limit of about 400 GPa’.
Currently, the frontier of extreme pressure research lies in the ter-
apascal (TPa) regime. This range is readily accessible through shock-
less dynamic compression techniques available at large laser
facilities*”; however, microscopic diagnostics under such approach are
typically limited to X-ray diffraction. Static compression into the TPa
regime has been made possible by two novel anvil designs: toroidal
anvils and the double-stage anvil, which have reached pressures close
to 600 GPa® and 1000 GPa’, respectively. The toroidal DAC, in parti-
cular, offers advantages in terms of sample volume and optical access,

enabling continued use of spectroscopy probes up to ultrahigh
pressures.

Among the key motivations for reaching pressures in the
0.5-1TPa range is the quest to reach the atomic metallic state of
hydrogen. This phase is predicted to exhibit many intriguing quantum
phenomena, such as room-temperature superconductivity®,
supersolidity’, or a combined superfluid-superconducting state'.
Various claims of observation have been made regarding metallic
hydrogen, including a semi-metallic state near 350 GPa", molecular
metallic hydrogen at around 425 GPa for H," and 460 GPa for D,", and
atomic metallic hydrogen near 500 GPa'. However, these findings are
not fully consistent, and the claim of atomic metallic hydrogen has
faced serious criticism®. Central to the debate are two key issues: the
differences in the diamond Raman edge-based pressure scales used'*”,
and the pressure-induced changes in the optical properties of stressed
diamond. Recently, the Raman pressure scale has been recalibrated up
to 0.5TPa, demonstrating its robustness across different anvil geo-
metries. Using only this refined pressure scale has helped to improve
consistency in literature hydrogen Raman data®. Yet, the effect of
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diamond transparency remains to be studied to critically evaluate the
metallization claims.

Since the 1990’s, it has been recognized that deviatoric stresses at
the anvil tip significantly affect the optical properties of the diamond
window"?°. Specifically, the absorption edge of diamond has been
observed to shift to lower energies with increasing pressure. Ab initio
calculations suggested that diamond’s minimum bandgap is highly
sensitive to anisotropic stress, and that beyond a certain level of tet-
ragonal distortion, the bandgap decreases with pressure—opposite to
what occurs under hydrostatic compression”>. However, this loss of
transparency under extreme pressure has remained a qualitative
observation. Progress toward a quantitative understanding demands
to consider several issues: the non-uniform stress distribution within
the anvil, evolution of deviatoric stress with pressure, dependence on
anvil geometry and difficulty to reach pressures in excess of 300 GPa.
This is tackled here below using optical absorption spectroscopy
experiments performed in DACs, allowing for the quantitative
extraction of the pressure evolution of the indirect bandgap in dia-
mond under proposed tetragonal distortion, corresponding to the

maximally stressed layer of diamond at the sample interface. Based on
these findings, the pressure limits for various spectroscopic techni-
ques, commonly used to characterize samples under very high pres-
sure in a DAC, are discussed.

Results

Marked visual changes in diamond anvils above 300 GPa

The main effect is illustrated in Fig. 1A, which shows a complete loss of
transparency in the visible range around 500 GPa. We have measured
the optical transmission spectra of diamond anvils from the UV to
near-infrared (220-950 nm) range with increasing pressure. Two
complementary setups were used: one using the SOLEIL synchrotron
as a UV source, and the other one using a supercontinuum laser (see
Supplementary Fig. 2). Experiments were performed using different
anvil shapes oriented with the [100] diamond axis on the compression
direction, beveled and toroidal geometries, and all diamond anvils
were electronic-grade type llas, so as to minimize any influence of
impurities. All DACs were loaded with a neon sample, as solid neon
remains a wide bandgap insulator into the TPa range®* so any
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Fig. 1| Evolution of the transparency of diamond anvils under extreme pres-
sure. A Visible microscopy images of a Ne sample confined in a DAC with toroidal
diamond anwvils, at pressures from 15 GPa to over 500 GPa. The toroidal shape of the
diamond tip modifies the usual appearance of a standard DAC sample. The central
bright area corresponds to the 24 pm culet of the toroidal diamond anvil, while the
small gray disk near its center is the gasket hole (-4 pm in diameter) that contains
the neon sample. The dark spots on the upper-right edge of the culet correspond to
fluorescence pressure gauge particles, used as pressure markers during pre-
indentation of the gasket. The dark region surrounding the culet is caused by the
toroidal groove. More details about sample geometry are shown in Supplementary
Fig. 1. Diamond intrinsic pressure-induced absorption from the closing bandgap is
visible in the red color and eventual opacity acquired by anvils with increasing
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pressure. All three presented samples reaching above 300 GPa showed this effect in
visible-light images. B UV absorbance data collected through a DAC loaded with a
neon sample from 26 to 139 GPa, with 70 um culet beveled anvils. C VIS-NIR
absorbance data collected through a DAC loaded with a neon sample from 220 to
328 GPa, with 20 pum culet beveled anvils. D VIS-NIR absorbance data collected
through a DAC loaded with a neon sample from 234 to 513 GPa, with 24 um culet
toroidal anvils. E Measured wavelengths for Optical Density (OD) values of 1 and 2
as a function of sample pressure. The apparent data gap between 160 GPa and
280 GPa is thus due to the difference between the highest pressure achieved in UV
spectroscopy experiment, and the lowest pressure at which absorbance could be
detected in visible-IR experiments. Round symbols are data from beveled anvils,
triangles are from toroidal anvils.
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absorption from the Ne sample could be neglected. The evolution of
the observed diamond absorption edge from ambient pressure to over
500 GPa is shown in Fig. 1B-D, corresponding to three independent
runs, each targeting a different pressure range with specific anvils. A
continuous redshift of the absorption edge is observed. This shift is
quantified in Fig. 1E, which reports optical density thresholds of 1and 2
under pressure. This evolution was found reversible with pressure
cycling and reproducible across different runs (see Supplementary
Fig. 11). While absorption spectroscopy is a well-established technique
for determining the bandgap of a semiconductor, its use in the present
case is more complex. The absorption of light is not measured through
a homogeneous sample, but rather along the entire axis of the dia-
mond anvils, where the tensorial stress continuously evolves from
ambient hydrostatic pressure to the maximum pressure at the sample
interface, accompanied by a large elastic tetragonal distortion of the
diamond lattice. Understanding this internal stress distribution is
therefore essential for accurately interpreting the absorption data.

Stress state in the diamond anvil tip inferred from Raman
measurements

Under [100] axial pressure loading, only the diamond Raman singlet
LO mode is observed in back-scattering geometry. The shift of this
phonon mode, derived from the Raman edge spectra, has been cali-
brated as a pressure gauge for multi-megabar pressures'®. Above
300 GPa, the calibration validity could be questioned, as it relies on an
inaccurate equation of state (EOS) of platinum". A recent calibration
resolved this issue and aligns well with the extrapolation of the cali-
bration made up to 300 GPa'. Also, a key finding of that study is the
robustness of the diamond edge scale to variation in the load dis-
tribution and to operation with diamond anvils of different shapes. In
the present work, we conducted a similar calibration using gold sam-
ples as the X-ray pressure standard. Measurements of the phonon edge
frequency versus pressure, conducted with both toroidal and beveled
anvils, follow a single curve (Fig. 2), confirming the universal applic-
ability of the Raman diamond edge scale. Furthermore, the fit shows
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Fig. 2 | Diamond Raman egde scale. A Pressure dependence of the first order
Raman mode of diamond. Blue squares show the peak Raman shift of the three-fold
degenerate T,g diamond mode under hydrostatic pressure. Red, orange and yellow
symbols correspond to the diamond anvil high-frequency Raman edge. Pressure
was measured by simultaneous X-ray diffraction of gold samples corrected for the
IPPS-Ruby2020 recommended EOS™. Fits to the data using the standard equation
P=K, ,ATZ(I +1Ko -1 XATI)/) from ref. 16 yield parameters K, = 443 + 5GPa and

K, =4.1%0.1for hydrostatic compression, Ko = 575 + 7GPa and K{; =3.3+ 0.1 for
the anvil edge. Shaded error bands show one standard deviation errors on the fit
parameters. Ambient pressure diamond Raman shift is set to vo = 1334 cm™. The
inset shows the difference in pressure estimation between the pressure scale from

Raman shift (cm™)

the fit to our data and previously published work'®'®, Gray points are residuals from
our data compared to our fit. B Estimates for the stress anisotropy parameter § at
the diamond anvil surface (stress in the plane of the culet is 6P; where Py is sample
pressure) from refs. 2,26,28. The value selected for further analysis here is the mean
of all these values, denoted by the dashed line, with error taken as their standard
deviation shown by the purple-shaded region (0.6 + 0.05). C Colormap of the
intensity of the diamond Raman signal collected at varying depths relative to the
loaded surface of a beveled anvil at a sample pressure of 77 GPa. The black dashed
line represents the pressure profile predicted by a simple stress model (described
in “Methods”).
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excellent agreement with the recent calibration. Minor discrepancies
are attributed to differences in the gold EOS since we updated the gold
EOS to align with the IPPS-Ruby2020 scale” (see Supplementary
Fig. 7). The Raman phonon was also measured under hydrostatic
compression of diamond, in which case the triply degenerate LO-TO
mode is observed, thereby extending previous data to 200 GPa. The
difference in Raman frequency between the hydrostatic and the anvil-
tip cases arises from anisotropic stress in the latter. Stress normal to
the diamond surface at the anvil culet center can be taken as the
sample pressure, Ps, and the stress tensor assumed to have axial
symmetry with a perpendicular proportional component 6Ps. Raman
data were used to reconstruct the stress state at diamond tip using
recent ab initio calculations of the diamond Raman frequencies under
non-hydrostatic stress?. Notably, it is found that the deviatoric stress
parameter § remains nearly constant under pressure, around 0.68.
Linear elasticity calculations predicts 6 = 0.61”, while NV centers
measurements determined § = 0.57 to be constant up to at least
70 GPa% In the case of [111]-oriented anvils, the splitting of LO/TO
phonon modes can be measured by Raman spectroscopy and the
deviatoric ratio can be estimated, as reported up to 220 GPa’®. In this
configuration, the deviatoric ratio was found to remain constant at
0.56 up to about 100 GPa, in very good agreement with NV measure-
ments under [100] loading. Above 100 GPa, it may gradually increase
with a weak pressure dependence, reaching only 0.63 at 220 GPa.
These independent estimates, summarized in Fig. 2B, give further
confidence that § can be considered constant with sample pressure,
about 0.6 + 0.05 in our analysis. The axial pressure distribution along
the diamond anvil axis was mapped using confocal Raman spectro-
scopy. As shown in Fig. 2C, the observed pressure evolution along the
compression axis is well reproduced by a simplified elasticity model of
a semi-infinite anvil with uniform pressure applied to a circular flat
face”. A notable feature of this pressure evolution is the presence of a
region with nearly constant pressure extending a few microns below
the culet surface, followed by a quasi-exponential pressure decrease
with increasing depth. The thickness of this uniform slab is mostly
determined by the diameter of the loaded region, i.e., the anvil culet
(see “Methods”). Recently, the pressure distribution within a diamond
anvil was studied using spatially-resolved inelastic X-ray scattering,
however only a monotonous pressure decay was observed, and the
constant stress layer could not be resolved™. Still, this study confirmed
the fast pressure decay within the anvil thickness, supporting the idea
that the absorption edge of stressed anvils along their axis should be
dominated by the high pressure layer close to the tips.

Our Raman study thus supports the existence of a homogeneous,
tetragonally distorted diamond slab—several microns thick—located at
the center of the anvil tip/sample interface, where the axial pressure
distribution within the anvil reaches its maximum and the deviatoric
stress parameter remains constant up to the highest pressures
reached. This configuration is favorable for extracting the pressure
dependence of the bandgap in the tetragonally distorted diamond
from absorption data.

Determination of the indirect bandgap energy from
absorption data

One of the most fundamental properties affecting the optical behavior
of diamond is the bandgap describing the energy barrier between
conduction and valence bands. Absorption measurements were first
used in the 1960’s to determine the energy value of the indirect
bandgap in diamond, found to be 5.47 eV under ambient conditions®.
Redshift and blueshift of this bandgap were also measured by
absorption, under increasing temperature® and pressure’***>. For
diamond, optical absorption spectroscopy primarily probes the
indirect bandgap, with indirect inter-band transitions assisted by
phonons dominating the absorption process near the threshold. As a
result, the absorption coefficient above the absorption threshold is

described as being proportional to (hvtEp, — E g)z, where hv is the
photon energy, E,, is the phonon energy and £, is the indirect bandgap
energy. The =+ E,, accounts for phonon absorption and emission
processes, both of which occur at 300 K. Using the LO phonon energy
as given in Fig. 2, the phonon contribution is estimated to be at most
0.25eV in the 300 GPa range. In our analysis, we neglect this con-
tribution, as the induced error falls within the uncertainty of the cur-
rent bandgap determination. In Fig. 3A, we apply the standard method
for extracting the indirect bandgap value from the absorption
threshold by plotting A¥? versus hv, where A is the absorbance defined
as —log(l/1,). A clear linear region at the threshold is observed, con-
sistent with previous absorption studies, and the indirect bandgap £, is
thus determined from the x-intercept of this linear region. These
results can be explained within our stress model by the presence of a
homogeneous diamond slab—located at the diamond-sample inter-
face—that dominates the absorption threshold. Indeed, the measured
absorption spectra are well reproduced by the model (discussed fur-
ther in “Methods”) that incorporates the stress distribution in the
diamond anvil tip, consistent with Raman measurements. This agree-
ment is illustrated in Fig. 3B, where the absorbance spectra calculated
at 80 GPa and 328 GPa closely match observations.

This analysis proves effective for beveled anvils, while in the case
of toroidal anvils the absorption threshold appears more broadened in
energy. This likely indicates that the homogeneous layer at maximum
pressure at the sample interface is not sufficiently thick to dominate
the absorption threshold in this geometry. Nevertheless, the evolution
of the OD =1 threshold with pressure—which tracks the minimum
bandgap, albeit shifted in pressure—agrees between beveled and tor-
oidal anvils (see Fig. 3C). This consistency supports a universal evolu-
tion of diamond anvil minimal bandgap, that is independent of tip
geometry similarly to the behavior observed for the diamond Raman
edge scale.

At the diamond anvil’s tip, the bandgap decreases with pressure,
as expected for diamond subjected to tetragonal distortion under
anisotropic stress. Considering that this evolution occurs under a
quasi-constant deviatoric stress parameter § = 0.6 + 0.05, the average
pressure in the maximally distorted diamond slab is given by
P = Py(1 + 26)/3, Ps being the quasi-hydrostatic sample pressure in
contact with the diamond anvil. The measured evolution of the indir-
ect bandgap is converted to a density dependence, within our aniso-
tropic stress model, using diamond’s EOS (IPPS-Ruby2020*
recommended values, see “Methods”) and the mean pressure, as
shown in Fig. 3C. A linear relationship between the indirect bandgap
and density is observed. Extrapolation of this trend suggests that
the indirect bandgap would close at an estimated density of
5.41 + 0.05g/cm?, corresponding to a sample pressure of about
555 + 6 GPa. Sample pressures about 600 GPa have been reported
using toroidal anvils® and diamond was not observed to lose its
strength, even though metallization may have occurred in the thin
diamond layer in contact with the sample.

Spectroscopic limitations illustrated in the search for metallic
hydrogen

Up to now, only light absorption and scattering techniques have been
implemented to probe the properties of matter in the DAC above
400 GPa. The primary diagnostics rely on high-brilliance hard X-ray
beams (>15keV) produced at large-scale facilities*. The X-ray trans-
parency of the diamond anvils is not affected by the closure of their
indirect bandgap, and measurements in the TPa range should be
performed similarly to those at a few GPa, especially since X-ray beams
can now be focused to sub-micron spots. In our case, X-ray diffraction
of the Ne sample and the Re gasket was used on our highest pressure
run to determine the sample pressure at 523 + 13 GPa (Supplementary
Fig. 12), at which point Raman edge determination was no longer
possible due to diamond absorption. This pressure measurement
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Fig. 3 | Diamond anvil bandgap estimation with applied stress. A Square root of
four typical measured diamond anvil absorbance curves at various pressures. The
linear portion is fitted to extract minimal bandgap £, estimates (red dashed lines).
All measured curves are shown in Supplementary Fig. 4. B Diamond anvil absor-
bance curves at 80 and 328 GPa, with corresponding estimates from an absorption
model taking into account the contributions from the stress gradient along the
anvil axis (see “Methods”). C Extracted values for the diamond anvil minimum

Diamond density (g/cm3)

indirect bandgap £ as a function of diamond density at the anvil tip (estimated for
the average pressure P=P¢(1+26)/3). The observed density-linear dependencies are
fitted by the dashed lines. The purple shaded area denotes one standard deviation
error for the fit including error on 8, as well as diamond EOS uncertainties. The red
star indicates the diamond bandgap value constraint at ambient pressure. Round
symbols are data from beveled anvils, triangles are from toroidal anvils. Data up to
55GPa from ref. 33 are reported for comparison.

aligns well with the evolution of sample pressure versus applied force
on the piston (Supplementary Fig. 9). Additionally, X-ray absorption
mapping across the sample clearly reveals the positions of the gasket
and Ne sample (Fig. 4) and enables measurement of the thickness
profile across the sample chamber. Unfortunately, X-ray diffraction on
hydrogen samples remains extremely challenging, and the maximum
achieved pressure—about 250 GPa—is still well below the predicted
metallization pressure®.

In laboratory high-pressure experiments, Raman scattering and
optical absorption are the two most widely used optical spectroscopy
techniques. Both are affected by pressure-evolution of the indirect
bandgap, which governs the transparency of diamond. The measured
changes in diamond anvil transparency with pressure define three
pressure-energy regimes (as shown in Fig. 4): one in which optical
measurements are unaffected, one where they are partially perturbed
between the indirect bandgap and an optical density threshold of 2,
and one where measurements become impossible. This evolution of
transparency with pressure applies similarly to measurements in
reflection, due to the dual light path through one anvil in this config-
uration. This classification is exemplified in the present Ne measure-
ments. Above 480 GPa, the Ne sample becomes completely obscured
by the anvils (Fig. 4C), marking the onset of the opaque-anvil regime in
the visible spectrum. However, the sample remains observable in the
infrared using wavelengths around 1900 nm, which is only slightly
absorbed even at 520 GPa. Conversely, Raman diamond edge mea-
surements become infeasible above 480 GPa (Supplementary Fig. 10),
as the 660 nm excitation line we used reaches the OD =2 threshold.

Pressures beyond this point were extrapolated from the pressure vs
load curve (Supplementary Fig. 9) and subsequently validated by X-ray
diffraction, as mentioned previously.

The observation of metallic hydrogen has recently been reported
by two groups. Both used the Raman pressure scale of ref. 16, which
differs only slightly from the present updated calibration, thereby
supporting the accuracy of their reported pressures. The first group
employed infrared absorption and reported a probable transition to
the molecular metallic state at 425 GPa for hydrogen' and 460 GPa for
deuterium®. As shown in Fig. 4, these infrared measurements fall
within the transparent diamond anvil regime and thus do not require
reevaluation. The second group claimed the observation of atomic
metallic hydrogen at 495 GPa', based on visual inspection in the visible
range and reflectance measurements at four wavelengths (three visible
and one near-infrared). However, as shown in Fig. 4, both visual
observation and reflectance in the visible fall deep within the opaque
anvil regime at this claimed pressure. Only the near-infrared reflec-
tance point could remain accessible, though still significantly affected
by anvil absorption. This inconsistency with the now well-established
pressure-dependent transparency of diamond anvils raises serious
doubts about the validity of the claim and quantitatively reinforces
earlier criticisms®”. As such, the observation of atomic metallic
hydrogen remains an open and unresolved challenge.

Discussion
We have quantified the evolution of optical transparency of diamond
anvils operated in DACs. Remarkably, the low energy absorption edge
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the present data on Ne. The red dashed horizontal line marks the energy of the

660 nm laser used for Raman excitation. B X-ray transmission image of a Ne sample
in a DAC at ~523 GPa. C Visible light microscopy image of the same sample. The
sample is completely obscured by the opaque anvils. D Infrared (1650-2150 nm)
microscopy image of the same sample. Although anvil transparency is reduced in
this spectral range, it remains sufficient to provide optical access to the sample.
Joint X-ray, visible and IR imaging has only been performed on the highest pressure
sample presented.

behavior is independent of the diamond culet size and shape, analo-
gous to the universality observed in the diamond Raman edge pressure
scale, whose calibration is refined in this work. This universality ori-
ginates from the elastic deformation at the culet surface in contact
with the sample. Within a simple mechanics model along the anvil axis,
a layer of a few microns in thickness is tetragonally deformed under
pressure below the anvil surface, exhibiting an almost constant
deviatoric stress anisotropy factor. The minimum indirect bandgap of
diamond anvils, tetragonally deformed with a stress anisotropy of 0.6,
is then measured to linearly decrease with density and is expected to
close when density is reaching 5.4 g/cm®. Claims in the literature
regarding the observation of metallic hydrogen are critically reas-
sessed in light of the present new experimental constraints. Specifi-
cally, the reported optical evidence for metal atomic hydrogen around
500 GPa appears to be incompatible with the now well-characterized
transparency limits of diamond anvils. Recent advanced calculations
place this transition at 577 GPa*®. Infrared reflectance measurements
remain the only viable optical method for characterizing this transi-
tion. Using a toroidal-DAC, we show here by compressing Ne that this
pressure range is within reach for hydrogen. Although the infrared
transparency of the anvils shall be perturbed in the 560 GPa range, it
still should allow for the detection of an expected reflectivity jump at

the transition. However, should the stability field of metal atomic
hydrogen shift beyond 600 GPa, its observation in DACs would likely
rely solely on X-ray diagnostics.

Methods

DAC sample preparation

High pressure was generated using LeToullec-type membrane DACs
equipped with Boehler-Almax type llas synthetic diamond
anvils obtained from Almax easyLab. Beveled and toroidal anvil shapes
were used, as indicated in Supplementary Information Tables 1 and 2.
The toroidal shape was machined by focused ion beam machining. The
central flat diameter, groove and depth are 24 pm, 80 um and 4.6 um,
respectively. Rhenium gaskets were used. The neon sample was loaded
in the DACs under a pressure of 140 MPa. The sample pressure versus
the membrane pressure follows the typical S curve, as illustrated for
the highest pressure run in Supplementary Fig. 9. The conversion
between the membrane pressure, P,,, and the force on the piston, F,
amounts to F[kN] = 0.05 x P,, [bar].

Effective diamond anvil EOS
Quantitative analysis of the optical behavior of diamond anvils with
increasing pressure seems to be well linearized by expressing
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quantities relative to diamond density. However, the non-hydrostatic
nature of the stress field at the diamond anvil tip implies that the
relationship between DAC sample pressure and the relevant diamond
density is not simply the hydrostatic diamond EOS. To account for this
effect, we derived an effective EOS for the diamond at the tip of the
diamond anvil from the community-standard IPPS-Ruby2020 hydro-
static diamond EOS* combined with a our model of stress anisotropy.
This modified EOS, illustrated in Supplementary Fig. 5, is computed
from the” Vinet EOS with parameters V, = 3.4178 cm®/mol,
Ko =443.3 GPa, K, =3.7, corrected considering that the actual average
pressure on the anvil tip is P = Py(1 + 26)/3 with é = 0.6, Ps being the
sample pressure. The resulting effective EOS can also be fitted to a
Vinet form with parameters K, = 604.5 GPa, K, =3.7.

Anvil absorption model

The intrinsic absorption of the diamond anvils can be approached by a
simple model combining different parts of the known behavior of
stressed diamond. Qualitatively, the optical path through a loaded
diamond anvil is a straight line through a diamond single crystal under
a complex stress field. This stress is maximum at the anvil culet, where
the normal stress is assumed to be equal to the quasi-hydrostatic
pressure within the sample Ps, by continuity. Then it decays through
the thickness of the anvil towards its back-face, where the stress is
minimal and very close to zero. Along this optical path, light traverses
compressed diamond with a pressure gradient, and is progressively
absorbed in a spectrally non-uniform way.

To model this effect, we need to combine estimates for three
parameters. First, the stress tensor as a function of depth within the
stressed anvil o(z). Then, an estimate of the local bandgap evolution
with said stress Eg(0). Finally, we need a simple model of the spectral
shape of the absorption profile of diamond for a given bandgap value
a(E, Eg). These estimates are visually shown in Supplementary Fig. 6.
Putting together all of these parameters will confirm that in the case
of stressed diamond anvils, the resulting absorption edge at the
lowest energy is dominated by the behavior of the thin surface
layer at the anvil tip that is submitted to the highest stress, acting
like a quasi-uniform slab with an indirect bandgap varying with
pressure.

Regarding the stress tensor evolution within the depth of the
loaded anwvil, this is a complex problem that has been approached
many times in past studies. However, we believe that for the purpose of
this work, we can apply a simple elasticity model from ref. 29, which
has also previously been used in the work of ref. 27. Considering a
semi-infinite anvil with applied load g on a disk of radius a, the normal
stress field as a function of depth z can be derived as :

3
z } 1)

0,(2)=q {1 - m

In our case, we will consider that load is equal to the hydrostatic
pressure at the sample interface g = P, applied over the area of the disk
formed by the culet of the anvil. This gives rise to a stress profile that
decays with depth zrelative to the the anvil surface, after a small slab of
quasi-uniform stress. Notably, this profile does not depend on the
elastic properties of the material considered, and the characteristic
dimensions of the resulting profile are determined by the disk radius,
or culet size in our case. This model may at first seem like an over-
simplification, but comparison to our spatially resolved diamond
Raman measurements show that it allows a very satisfactory descrip-
tion of physical reality when combined to the usual description of
Raman frequency with normal stress'® (see Fig. 2C), while introducing a
minimal number of parameters. The question of transverse stress is
much more complex, as it more heavily relies on the elastic properties
of diamond, and on the particular massive support geometry of the

anvil-gasket assembly. However, following the successful reproduction
of the maximum-Raman-signal frequency with anvil depth that we
obtained when using'®, we will assume for simplicity that the deviatoric
fraction of stress within the anvil is constant, taken as the value
measured at the anvil tip.

For the spectral shape of the local absorption edge at a given
depth (and thus local stress value), we will simply assume a standard
indirect bandgap energy dependence of the absorption coefficient
a(E, Eg), of the form:

0 forE<Eg

2
C(E—E,)>* forExE, @

a(E, Ey)= {
where E is the photon energy, and Cis a constant giving the steepness
of the absorption edge. Note that we only consider here the absorption
due to the diamond’s indirect bandgap (no higher energy contribution
from the direct gap), and that absorption coefficient values will be
limited to a saturation maximum value «a,,,, to avoid nonphysical
divergences of the quadratic edge (this value only matters for the
description of the high energy-high absorbance regime that we are not
considering here for the determination of the lowest bandgap).

The bandgap evolution with normal stress will be adjusted to our
experimental observation, and taken to be linear in diamond density.
Note that the conclusion that the shape of the total absorption edge
is consistent with a simple indirect bandgap is essentially indepen-
dent of the exact shape of Eg(0), as long as it is monotonously
decreasing.

Bringing all of these assumptions together, one can estimate the
total anvil absorption profile from the following reasoning. At a given
sample pressure, we estimate the stress profile within the anvil from P
and culet radius a. At each depth, we estimate the local absorption
coefficient as a function of local gap value, and photon energy. Finally,
we numerically sum the contribution throughout the anvil thickness to
get an integrated absorbance profile A(Ps, E, @) = [anuuat(z, Ps, a, E) dz.
Results of this procedure are shown in Supplementary Fig. 6.

Applying parameters relevant to our experimental conditions, the
resulting profiles do confirm our observations. In spite of the sig-
nificant pressure gradient within the bulk of the anvil, the behavior of
the absorption profile at low energy is dominated by the absorption of
a slab of quasi-uniformly stressed diamond.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data for all figures are provided with this paper. Raw data and
code for this study have been deposited to Zenodo and are accessible
with https://doi.org/10.5281/zenod0.18350936 (see ref. 39). Source
data are provided with this paper.
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