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Imaging of the electronic bonding of diamond at
pressures up to 2 million atmospheres
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Peter Eng4, Guoyin Shen3

Diamond shows unprecedented hardness. Because hardness is a measure of resistance of chemical bonds in a
material to external indentation, the electronic bonding nature of diamond beyond several million atmospheres
is key to understanding the origin of hardness. However, probing the electronic structures of diamond at such
extreme pressure has not been experimentally possible. The measurements on the inelastic x-ray scattering
spectra for diamond up to 2 million atmospheres provide data on the evolution of its electronic structures
under compression. The mapping of the observed electronic density of states allows us to obtain a two-dimen-
sional image of the bonding transitions of diamond undergoing deformation. The spectral change near edge
onset is minor beyond a million atmospheres, while its electronic structure displays marked pressure-induced
electron delocalization. Such electronic responses indicate that diamond’s external rigidity is supported by its
ability to reconcile internal stress, providing insights into the origins of hardness in materials.
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INTRODUCTION
The origin of the exceptional rigidity of diamond at 1 atm and under
extreme compression remains to be explored. Superhard diamond
undergoes structural densification upon extreme pressure (1, 2),
and the nature of the C─C bond in the compressed diamond
above megabar (million atmosphere) pressure is expected to be dif-
ferent from that at ambient pressure. Therefore, the detailed pres-
sure-driven change in diamond’s electronic structure and the
electronic density of states (DOS) at high pressure yield insights
into the origin of the diamond’s pronounced hardness. This is
because the pressure-induced evolution of DOS results from the
modification of electron distribution in C─C bond upon compres-
sion and the hardness of a material is based on its chemical bonds’
resistance to external indentation and densification. Compressed
diamonds in the Earth’s interior also help us to infer the distribu-
tion of deep carbon (3–7) and serve as a window into the planetary
interior (8–10). The studies of diamond under multimegabar con-
ditions also allow us to clarify the evolution of carbon-rich exopla-
nets whose masses are several times that of the Earth [see (11) and
references therein]. Extensive efforts have been made to unveil the
nature of diamond under extreme pressure [e.g., (1, 12–16)]. Struc-
tural deformation in diamond at high pressure has been explored
using x-ray diffraction (17–19), constraining its electronic and
optical properties (20). While elastic x-ray scattering provides
lattice structures, the local electronic bonding environment
around carbon in diamond at high pressure, particularly above a
megabar is unknown as in situ experimental probing of the detailed
nature of C─C bond in densified diamond is challenging.
Inelastic x-ray scattering (IXS) probes core electron excitations

from low-Z elements like carbon and has provided changes in the

electronic DOS under extreme pressure [see (21–26) and references
therein]. In particular, carbon K-edge IXS shows structural transi-
tions and the prevalence of sp3 carbon in amorphous carbon and
graphite at high pressure (21, 27). However, bonding transitions
in diamond above megabar pressures have not been experimentally
probed as inelastic x-ray signal intensity is often 10−4 to 10−6 of that
of elastic x-rays. As the pressure increases, background signals from
the anvils used to confine matter increase during IXS measurement.
While the overwhelming background from anvil makes it difficult
in identifying structural changes of confined matter with IXS above
100 GPa, we can turn it to our benefit by tracing the bonding tran-
sition in a compressed diamond anvil itself. In this study, we inten-
tionally irradiated the tip of the diamond anvil near the culet
compressed above megabar pressure conditions. Together with a
polycapillary postscattering collimator (28–30), collection of the
IXS signal from the focused volume of diamond is achieved (see
Materials and Methods and supplementary text A for further
details of scattering geometry). These factors led to a much im-
proved spatial resolution within the diamond anvil, opening a
window to investigate the pressure-driven electronic bonding tran-
sitions and DOS of diamond. The ability to probe the DOS is key to
direct estimation of the pressure-induced evolution of electronic
structures that reveal the origin of the diamond’s incompressibility.
The probing of its electronic structure also makes it suitable as a
useful pressure indicator above 100 GPa, as the pressure determina-
tion at megabar pressure conditions has remained difficult [see (31)
for a review]. In the current study, we report the carbon K-edge IXS
spectra and the two-dimensional IXS mapping of the electronic
bonding structure of diamond beyond megabar pressures.

RESULTS
The carbon K-edge IXS spectra for diamond up to 200 GPa reveal
the evolution of the electronic structure around carbon upon
extreme compression (Fig. 1). The IXS spectrum for diamond at 1
atm shows an absorption edge (E0) at 289.5 eV and four major fea-
tures at 291.3 (P1), 297.5 (P2), 305.1 (P3), and 307.5 (P4) eV that are
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characteristics of the transition of a 1s electron to a virtual σ* orbital
for sp3-bonded [4]C (Fig. 1A), which is consistent with earlier 1s
core-level excitation spectra for diamond [e.g., (32–35)]. The σ* fea-
tures at 1 atm are characteristically divided by the prominent gap at
~302 eV (also known as the second bandgap, E*) (36). With increas-
ing pressure up to ~200 GPa, a gradual and linear shift in the main
σ* peak and E* is observed (Fig. 1B). The pressure-induced increase
in the edge onset energy (E0) and the center of gravity (Ec) of the full
spectrum, as well as the peak positions (from E*, P1 to P4) of IXS
features, are also evident (supplementary text B). In addition to pos-
itive shifts with pressure, the main σ* features become broader with
increasing pressure as shown in the noticeable increases in the
energy difference between the features. For instance, the difference
in energy between P3 and P4 increases from 2.4 (at ambient pres-
sure) to 4.2 eV (at 200 GPa); the pressure-induced peak shift is
smallest for P1 and becomes largest for P4 (Fig. 1B). Such trends
indicate an increase in electronic dispersion upon compression.
Theoretical ab initio calculations of the carbon K-edge IXS

spectra (i.e., unoccupied DOS) for diamond up to ~2 Mbar
provide the electronic origins of the pressure-driven evolution of
σ* feature [see supplementary texts C1 to C6 for detailed results
and calculation conditions]. As the current IXS experimental
setup results in an anisotropic compression of the diamond anvil,
ab initio calculations were performed for diamond with strain ratios
from hydrostatic (ε11/ε33 = 1) to uniaxial compression (ε11/ε33 < 1)
(supplementary texts A and B). The calculated IXS peaks shift to
higher energy with pressure (supplementary texts B and C1 to
C3), consistent with the experimental results. Our calculations of
the electronic structures also include bandgap (Eg) of diamond
both under hydrostatic and uniaxial compression (supplementary
texts B and C). Upon hydrostatic compression, the Eg (and thus,
the shift in 1s electron excitation energy] of the compressed
diamond increases gradually with increasing pressure (Eg =
0.0030 × P + 4.19). Upon uniaxial compression, the Eg decreases

linearly with pressure, and the detailed trends depend on the
degree to which the crystal is uniaxially compressed (supplementary
texts B and C). Observed changes are described with linear pressure
dependence, indicating rather gradual change in electronic transi-
tions in diamond with increasing pressure (see tables in supplemen-
tary texts B and C). These compare well with the observed linear
pressure changes in σ* DOS in diamond under compression up
to 2 Mbar (Fig. 1). As the equation of state (EOS) from static x-
ray study for diamond is available up to ~140 GPa (37), the pressure
conditions beyond 140 GPa were obtained by extending the EOS to
~200 GPa and also calculated from the internal stress (supplemen-
tary text A). We use both pressure values to show the effect of pres-
sure on the peak shifts of the σ* features.
Figure 2 shows the pressure-driven changes in E* and E0 in the

experimental and theoretical C K-edge IXS spectra up to 2 Mbar.
First, our simulations show that E0 position somewhat depends
on the nature of anisotropic compression and scattering geometry,
which allows to infer the nature of diamond compression (see sup-
plementary text C4); as the calculated E0 under hydrostatic (and
uniaxial) compression increases (and decreases) with pressure, the
experimental ΔE0 appears to be similar to the predicted trend for
hydrostatic compression (Fig. 2A). However, the calculated IXS pat-
terns with varying scattering geometry [i.e., scattering vector (q)
perpendicular to (q⊥c) and parallel (q∥c) to the compression axis,
c] confirm that the experimental trend in Fig. 1 is best explained by
the IXS with q⊥c geometry under uiaxial compression. This is con-
sistent with the current experimental setting where q is perpendic-
ular to <001> direction of diamond anvils under uniaxial
compression (Fig. 2B) (see supplementary texts C4 to C6 for de-
tailed scattering geometry).
The observed shifts in the IXS patterns (e.g., E* in Fig. 1B) stem

mainly from contraction of the C─C bond distance [d(C─C)] and
the accompanying electron delocalization. Our ab initio simulations
of diamond both under hydrostatic and uniaxial compression reveal
the shortening of d(C─C) with pressure (Fig. 2C; supplementary
text C3); at constant pressure, while the next-nearest d(C─C)
changes and bifurcates with increasing anisotropic strain, the
nearest d(C─C) does not change notably with varying degrees of
anisotropic compression [e.g., at 113 GPa, 1.4536 Å (hydrostatic);
1.4549 Å (ε11/ε33 = 0.33); supplementary text C3]. An observed E*
peak shift in diamond up to ~188 GPa corresponds to a decrease in
the nearest d(C─C) of ~0.134 Å (Fig. 2D). Except those for near-
edge features (E0 and P1), the K-edge peak positions (E*, Ec, and
P2 to P4) are not substantially affected by the varying degree of an-
isotropic compression and correlates with pressure (supplementary
text C4). In particular, the E* position systematically shifts with in-
creasing pressure (Figs. 1 and 2D), which can be described by the
linear equation: E*(P) = 0.0168 × P + 301.93 (Fig. 2D). This indi-
cates that E* of compressed diamond serves as a reliable pressure
gauge (see below for further discussion).
As shown in Figs. 1 and 2, the change in IXS features becomes

more pronounced the further away they are from the edge onset
(E0). Therefore, the changes in diamond’s overall IXS patterns
during compression are dominated by dispersion of σ* states,
rather than a shift in E0. This behavior is in contrast to those ob-
served for much softer materials (24, 29); earlier experimental mea-
surements and theoretical calculations of IXS spectra for diverse
materials (e.g., SiO2, MgSiO3, and B2O3) above 100 GPa show
that the E0 increases systematically with increasing pressure, and

Fig. 1. Evolution of electronic bonding structures of diamond with pressure
up to 2 Mbar. (A) Carbon K-edge inelastic x-ray scattering (IXS) spectra for
diamond with increasing pressure up to 200 GPa. The IXS spectra spectral intensity
is plotted with respect to the energy loss (i.e., incident energy – elastic energy). (B)
Effect of pressure on peak positions [second bandgap (E*), center of gravity (Ec),
and characteristic peak positions of the σ* pattern].
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the magnitude of such a positive shift in the edge energy is compa-
rable to the pressure-induced overall shift at the center of gravity of
the σ* feature of these oxides under compression above megabar
pressures (28). For example, the σ* shift (measured at the center
of gravity, Ec) are primarily attributed to an increase in E0 (~2 to
3 eV/100 GPa for MgSiO3-bridgmanite and SiO2 phases), without
noticeable changes in the width of the IXS pattern, confirming that

the pressure-driven evolution in DOS is controlled by the E0 shift
(see supplementary text D). In contrast, our IXS results for the hy-
drostatically compressed diamond show that the edge energy shift is
minor (~0.3 eV/100 GPa), yet the pressure-induced changes at the
center of gravity of σ* and E* are prevalent (~2 to 2.5 eV/100 GPa for
peak shift of Ec, E*, and P4, see supplementary text D). Together
with the pressure-induced increase in spectral width (Fig. 1), the

Fig. 2. Pressure-induced changes in lattice and electronic
structures, IXS patterns, and bulk modulus of diamond. (Top)
Lattice structures of diamond at 200 GPa with varying degrees of
anisotropic compression with ε11/ε33 = 1 (hydrostatic, left) and ε11/
ε33 = 0.33 (uniaxial, right). The interatomic distances between the
first and second nearest-neighbor carbons are shown. (A) Pressure-
induced changes in the edge energy onset [ΔE0 = E0(P) − E0(1atm)]
for hydrostatically and uniaxially compressed diamond with varying
anisotropic stain (ε11/ε33) (see supplementary texts C1 to C6). Upon
uniaxial compression, E0 decreases, and the detailed trends depend
on the degree to which the crystal is compressed. Black circles show
experimental results. (B) Pressure-induced changes in the edge
energy onset for uniaxially compressed diamond with varying
scattering geometry (q⊥c and q∥c). (C) Variation in the interatomic
distance between the first-, second-, and third-order nearest-
neighbor carbons with pressure and ε11/ε33; the C─C distance based
on hydrostatic compression (black); uniaxial compression with ε11/
ε33 = 0.63 (blue) and with ε11/ε33 = 0.33 (red). (D) Effect of pressure
on E* and nearest neighboring C─C length with varying degree of
anisotropic compression [ε11/ε33 of 1 and 0.33]. The pressure values
from the extended EOS (red) (37) and those calculated from the
internal stress (blue) are shown (see supplementary texts C1 to C6).
Red circles denote E* of the experimental IXS spectrum. (E) Effect of
pressure onMulliken overlap population (MOP) (supplementary text
E). (F) Relationship among MOP, bulk modulus, and ΔE* [=E*(P) −
E*(1 atm)] of compressed diamond (supplementary text E). The
figure in the inset shows the scattering geometry (q⊥c) of the ex-
periment (supplementary text C5).
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results highlight flexible overall changes in the DOS pattern of
diamond due to electron dispersion under densification. Consider-
ing the vertical beam sizewith full width at half maximum (FWHM)
of ~3 μm and the overall scattering volume determinedmainly from
a spatial resolution along the x-ray paths (see supplementary text
A), the IXS spectrum near the culet may capture signals with
varying pressure conditions. Such pressure gradient may increase
with increasing pressure, which could partly contribute to a broad-
ening of the spectral features. Nevertheless, the magnitude of spec-
tral dispersion in the experimental spectra up to 2Mbar is similar to
that in theoretical spectrum (supplementary texts B and C4), indi-
cating that the pressure-induced dispersion is intrinsic to the com-
pressed diamond.
The observed trends enable us to postulate that diamond’s in-

compressibility can be explained by the observed DOS pattern
with pressure. In particular, the relatively small change in the E0
beyond megabar pressures may result from the resistance of
d(C─C) contraction of under compression. The marked increase
in electronic dispersion as evidenced by ~2 eV/100 GPa increase
in E* attributes to the exceptional rigidity of diamond under com-
pression [e.g., with its bulk modulus from 466 (at ~6 GPa) to 825
GPa (at ~113 GPa)] (supplementary texts D and E) (38), while more
extensive efforts are necessary to corroborate our postulate of the
IXS pattern as a window into materials’ incompressibility.
Bulk modulus of superhard covalent solids with incompressibil-

ity has strong correlation with intrinsic hardness as both properties
record the resistance in change in bond length upon compression
[e.g., (39)]. Incompressibility of superhard materials mainly stems
from the strength of chemical bond (see supplementary text E for
relationship between hardness, bulk modulus, and electronic DOS
in diamond). The intrinsic hardness has been reported to correlate
with electronic bond density, bandgap, and enhanced Mulliken
overlap populations (MOPs) [see (40–45) and references therein;
supplementary text E4]. All these bond properties correspond to
how DOS pattern evolves as it represents the collective nature of
chemical bonding and bond strength. As the MOP has been corre-
lated with the bulk modulus of materials (45), the observed pres-
sure-induced increase in MOP corresponds to an increase in its
incompressibility (Fig. 2E), mainly due to manifested pressure-
induced electronic dispersion (Fig. 1). As shown in supplementary
text E4, the pressure-induced increase in electronic dispersion in
electronic 1s excitation in the unoccupied DOS spectra of
diamond at high pressure is also linked to a shift in E* position.
Therefore, the diamond’s exceptional incompressibility under com-
pression can also be parameterized by ΔE* (Fig. 2F). While the
strong covalent bonding in diamond has been attributed to its ex-
ceptional hardness, the detailed evolution of DOS with pressure
yield complimentary electronic insights into the nature of incom-
pressibility upon extreme compression.
The position of E*, together with other characteristic peaks, can

be used as a spectral proxy of the diamond densification based on
IXS. While the Raman peak shift for the diamond edge has been
effective in estimating the pressure within a diamond anvil at
high pressure (46), the validity of the Raman scale needs further re-
finement, particularly above 150 GPa, and additional accurate pres-
sure scales operating above megabar pressures are anticipated (31,
47–49). The peak positions for distinct σ* features and the second
bandgap also show a linear relationship with the Raman shift (ΔR)
of the diamond anvil edge: E*(P) = −97 × ΔR(P) – 27,960

(supplementary text F). Further calibration, potentially with
smaller beam is necessary to fully quantify the relationship. Consid-
ering aforementioned inefficiency in IXS processes, uncertainty in
peak position, its utility as a pressure indicator may rather be
limited. Nevertheless, the ~10-keV x-rays used to make the mea-
surement do not induce anvil instability. The current C K-edge
IXS pressure gauge with compressed diamond up to 2 Mbar pro-
vides a useful way to determine the pressure conditions during
IXS experiment.
On the basis of the established relationships between pressure

and IXS peak positions (Fig. 2), the pressure conditions within
the tip of the compressed anvil can be estimated. As shown in
Fig. 3 (bottom), the IXS spectra for the diamond anvil with
varying depth from the culet surface exhibit the changes in
carbon K-edge Ec and E* peak positions (and thus pressure)
(Fig. 3, top). The shift in the features (from that at 1 atm) decreases
with increasing depth (d, micrometers) from the culet surface. For
the compressed anvil at 200 GPa, E*(d) = 3.5 × exp(−0.018× d) +
301.93, which indicates that the culet surface shows the highest pres-
sure, and the pressure condition exponentially decreases with in-
creasing depth from the culet surface [i.e., for a diamond anvil at
200 GPa, pressure(d) = 200 × exp(0.018 × d)]. Notably, the pressure
within the culet is mostly released beyond 200 μm from the culet
surfaces, consistent with the concept of partially perforated
diamond anvils. The internal stress is therefore localized within
200 μm of the culet tip, a further illustration of incompressibility
of diamond. The extent of anisotropic compression may vary
with depth from the culet surface. While the change may be exper-
imentally observed in edge onset (E0) with a scattering geometry
with q∥c (supplementary text C), the current scattering geometry
does not show the variation in potential changes in anisotropic
compression with depths. We also point out that the E* position
does not vary with varying degree of anisotropic compression.
The simple relationships between IXS features and pressure open

a way to probe the deformation behavior of compressed diamond;
as the beam size [with FWHMof 5 [horizontal (h)] μm by 3 [vertical
(v)] μm] is sufficiently small, the depth and horizontal profile of the
diamond can be resolved, allowing us to obtain the stress distribu-
tion within the diamond anvil. Figure 4 presents a two-dimensional
image of the deformed diamond anvil at 120 GPa. Here, the image is
constructed on the basis of the E* position with pressure (Figs. 1 and
2). The image confirms that the tip of the anvil reaches the highest
pressures and that the pressure decreases with increasing distance
from the tip of the anvil. Considering the relationship between
C─C bond length and pressure (Fig. 2), the reduction in C─C
bond becomes prominent near the culet (Fig. 3). This demonstrates
that the tip of the diamond anvil under compression stores a mod-
erate amount of elastic energy. Stress is also horizontally localized
within ~120 μm, which is comparable to the size of the culet, reveal-
ing details of the bonding nature within the compressed diamond
anvil. These in situ stress maps can be used to validating finite
element analysis stress models of the truncated brilliant cut
diamond under load and could potentially be helpful in suggesting
improved tip geometries that increase the maximum achievable
pressure before the diamond breaks. The two-dimensional maps
of IXS peak intensity also reveal the shape of diamond culet
under 120 GPa where the deformation is concentrated below the
culet (Fig. 4, center). The IXS results shed light on the rare
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opportunity to image the electronic structures of materials under
extreme deformation and pressure.

DISCUSSION
While the detailed electronic bonding nature of diamond at high
pressure had not been experimentally probed, the current study
highlights an in situ IXS measurement for diamond above
megabar pressure conditions up to 200 GPa—the current high pres-
sure record for experimental nonresonant (x-ray Raman) IXS
studies, directly probing the evolution of bonding transitions in
diamond up to multimegabar. The linear relationships between C
K-edge peak shifts (including the second bandgap) and pressure

provide a predictive spectral proxy with the compressed diamond
anvil. With such advances, this study reports the in situ two-dimen-
sional image of the electronic bonding transitions with full DOS of
any condensed matter, not to mention diamond undergoing densi-
fication above 1Mbar. The pressure distribution in the anvil follows
an exponential function with increasing depth from the culet
surface, as the stress is mostly localized near the tip, regardless of
the maximum pressure up to 2 Mbar. As IXS is becoming a
widely used technique at synchrotron x-ray sources and will
become more accessible with improved x-ray optics in the future,
the established pressure dependence of E* with further refinement
may be a useful pressure indicator for future IXS studies beyond
multimegabar pressures relevant to deep super-Earth bodies

Fig. 3. The pressure-driven changes in carbon K-edge features for diamondwith varying depth from the culet surface. (Top) The pressure-induced changes in the
peak positions for center of gravity and the second bandgap with varying pressure and varying depth from the culet surface. (Bottom) Carbon K-edge IXS spectra for
diamond with varying depth from the culet surface at high pressure as labeled.
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(supplementary text F for the assessment of the practical utility of
the protocol). The current IXS results may unveil the underlying
mechanism of diamond’s hardness; its incompressibility upon den-
sification is manifested in minor changes in IXS features near the
edge onset for diamond under hydrostatic compression beyond a
million atmospheres (supplementary texts C1 to C6 and D). Never-
theless, the overall electronic structure exhibits greater flexibility at
external pressure, highlighted by marked pressure-induced shift
and electron delocalization in σ* features in full DOS pattern, dis-
tinct from those observed for other “softer”materials. We postulate
that the observed dispersion is likely to contribute their resistance to
deform under extreme pressure conditions. Such dual electronic re-
sponses (a minor change in edge energy onset and pronounced dis-
persion and thus flexibility in extended DOS) of sp3 bond during
compression further characterize the diamond’s ability to reconcile
internal stress and therefore its high bulk modulus. These unique
evolutions of electronic structures account for diamond’s unprece-
dented hardness and rigidity under extreme compression. The in-
formation on the pressure-driven changes in the DOS pattern
proved by C K-edge may be useful to explore the electronic
origins of hardness and rigidity in diverse materials.

MATERIALS AND METHODS
Synchrotron IXS experiment
A modified panoramic diamond anvil cell with Be gasket was used
with the diamond culet of ~110 μm for low-pressure experiment up
to 120 GPa and those of 90 μm from 165 to 200 GPa. We used the
modified brilliant cut diamond anvils where its <001> axis is
aligned parallel to the compression axis. Carbon K-edge IXS
spectra for the compressed diamond anvil tip from the culet surfac-
es were collected at the Advanced Photon Source [beamline 16-ID-
D of high-pressure collaborative access team (HPCAT)] (see supple-
mentary text A for experimental details). During the IXS spectrum

collection of the compressed diamond anvil with varying pressures
from 1 atm to 200 GPa, the monochromatic x-rays with the FWHM
of ~5 (h) μm by ~3 (v) μm were focused to the tip of the anvil. The
intensity of the inelastically scattered photons from the diamond
anvils near the culet surfaces was counted with varying incident
beam energy relative to 9.9047 keV (the analyzer energy). Postcol-
limation of the photons was achieved using polycapillary optics [see
(28, 29, 50, 51) for the details] with a scattering angle of 25°. Hor-
izontal and vertical profile of the anvil tip was scanned by moving
the diamond anvil cell (DAC) position. The Raman pressure scale of
the diamond culet was used (46), which was then correlated with the
observed IXS peak shift.

Ab initio calculations of IXS spectra for diamond at high
pressure
The carbon K-edge IXS spectra and σ* DOS (i.e., double differential
scattering cross section, describing electronic transition from 1s to
virtual states) for diamond at high pressure were calculated from the
core electron excitation spectroscopy module in the CASTEP code
(52). To explore the densification of diamond structures, we varied
the lattice parameter from 3.5560 to 3.2004 Å (i.e., 1.0–0.7290V0 in
volume); the estimated internal stress increased up to ~220 GPa.We
investigated the electronic structures of hydrostatically compressed
diamond and explored two distinct cases of anisotropic compres-
sion. See supplementary texts C1 to C6 for detailed calculated
lattice structures of the compressed diamond used. The electronic
structure calculations were performedwithout further geometry op-
timizations. The projector augmented wave–type pseudopotential
method with the on-the-fly scheme was used. The IXS spectra
were calculated by considering the core-hole effect on a target C
atom in unit cell. The Perdew-Berke-Ernzerhof exchange-correla-
tion functional with the generalized gradient approximation
(GGA) was used to evaluate the short-range electronic interactions.
The plane-wave cutoff energy was 800 eV (supplementary text A for

Fig. 4. Carbon K-edge IXS spectral image for diamond at 120 GPa. (Left) The diamond anvil (modified brilliant cut diamond) used for the current study. (Center) Two-
dimensional image of C K-edge IXS spectral intensity (i.e., normalized intensity of IXS peak for P1 with respect to that at ~60 μm in depth at zero horizontal offset) with the
maximum intensity where the shape of the compressed diamond can be seen. (Right) Carbon K-edge IXS spectral image for diamond at 120 GPa based on the E* peak
position (the images here are scaled in that the sizes of the pixels are not identical; see supplementary text G for the unscaled images).
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additional calculation details). The IXS spectra of compressed dia-
monds were calculated by applying the final state approximation.
The 2 × 2 × 2 supercell structure containing 108 carbon atoms
was used. The current ab initio calculations enable estimation of
the quantitative effect of pressure on the σ* peak shift.

Supplementary Materials
This PDF file includes:
Supplementary texts A to G
Figs. S1 to S29
Tables S1 to S6
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