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A. Additional Experimental and Computational details

IXS collection. The modified panoramic DAC with a large side opening was mounted on a 
multi-axis goniometer. Energy resolution is approximately 1.4 eV. The monochrometer is a 
Si(111) double-crystal with FWHM with 5(h)×3(v) m2 that were achieved by a pin-hole and a 
KB mirror pair. The analyzer is spherical Si(555) crystal [see (28, 29, 50) for the details]. The 

carbon K-edge spectra were collected with a fixed scattering angle of 25° and Bragg angle for 

the analyzer of 90°. The scattered X-rays were collimated by the poly-capillary post-
sample collimator with a 7 mm working distance (i.e., from sample to input end of poly-
capillary) and were transmitted to the Si(555) analyzer. The input field of view for the 
poly-capillary post-sample collimator is ~35 μm diameter, resulting in a spatial 
resolution of ~75 μm along the X-ray paths. The sampled volume for the current IXS 
setup is ~75×5×3 (D×H×V) μm3. In order to collect the two-dimensional IXS image of the 
compressed diamond, the position of the DAC was systematically varied. The IXS spectrum 
was collected at each point. The background was constrained from the pre-edge intensity and 
subtracted to yield the spectra presented in the current manuscript. See (28, 29) and references 
therein for further details. As shown in Figure S1, for the current IXS experiment setup, the 
diamond is under uniaxial compression. The scattering geometry of the current experiment 
selectively probes the electronic structure (DOS) perpendicular to the compression direction 
([001], q⊥c).  



Fig. S1. The IXS setup and scattering 
geometry (q⊥c) to image the electronic 
structures of the deformed diamond 
anvil. The scattering angle was fixed to 
25°.  



Ab initio calculations. We used the on-the-fly generated (OTFG) pseudopotential to describe 
the electronic interactions with a cutoff energy of 800 eV, as the convergence was achieved with 

a cutoff energy > ~600 eV. The PBE exchange-correlation functional was used to calculate the 
electron-electron correlations (53). The Monkhorst-Pack k point grid of 6×6×6 with the number 
of irreducible k points of 108 was used. The energy convergence of self-consistent field 

calculations is 5.0×10−7 eV/atom (See (24, 30, 54) and references therein). While the semi-
empirical dispersion correction may be necessary to predict the lattice parameters of graphite 
accurately (55), the IXS features for diamond, calculated with and without the dispersion 

correction, do not show any noticeable spectral difference.   

The carbon K-edge IXS spectra of compressed diamonds were calculated by applying 

the final state approximation, where the atomic orbital configuration of the target carbon atom 
is modified from 1s2 2s2 2p2 to 1s1 2s2 2p2 to describe the empty core states [See (24, 54, 56) and 
references therein]. The calculations of IXS spectrum with varying supercell size show that the 

2×2×2 supercell structure provides converged IXS features, successfully reproducing 
experimental spectra.  

As for the pseudopotential-based DFT calculations, the contribution from core-level 
excitation should be taken into consideration to estimate the K-edge onset energy because the 
electronic interactions are represented with the pseudized valence electrons (52, 57). In the 

current study, the transition energy of core electron (ET) was estimated from the total energy 
difference between excited and ground states for valence (ΔEvalence), also considering core orbital 

contribution (ΔEcore):  

ET = ΔEvalence + ΔEcore  (S1) 

Here, ΔEcore was estimated from the following relationship: 

ΔEcore = ΔEAE-atom − ΔEPP-atom (S2) 

where ΔEPP-atom and ΔEAE-atom and are the energy difference between excited and ground states 

of a single isolated carbon atom estimated from the pseudopotential and the all-electron 
calculations [See (58) for further details]. The calculated ΔEAE-atom and ΔEPP-atom are 304.38 eV and 
-93.34 eV, respectively. The ΔEvalence of compressed diamonds varies from -107.60 eV to -107.87

eV. Consequently, the ET of carbon atoms in diamond slightly decrease from 290.12 eV to 289.85
eV upon compression. Calculated carbon K-edge IXS spectrum was shifted by the
corresponding ET value. The estimated core-level shift of ~0.2-0.3 eV is comparable to the

experimental uncertainty. Finally, the calculated spectrum at 1 atm was further shifted (~ 6 eV)
to find a good match with experimental IXS spectrum.



B. Effect of pressure on calculated IXS spectra for diamond under hydrostatic compression 

The diamond structure (space group Fd3തm) exhibits two overlapping face-centered-
cubic (FCC) lattices (59). As the equation of state (EOS) for the diamond based on diffraction 

and ab initio calculations are not available beyond 140 GPa (37), we extended the EOS to 200 
GPa by reducing its molar volume isotropically. Hydrostatic pressure for diamond was also 
calculated from the diagonal components of the stress tensor. The pressure values from the 

extended EOS (blue) are somewhat smaller than those calculated from the internal stress (red) 
(Figure S2). In the current study, we used both pressure values (i.e., calculated and extended 

EOS) to show the effect of pressure on the peak shift of the * feature.  

Fig. S2. Pressure-volume relationships of the 

compressed diamonds determined from the internal 

stresses (blue) and from the extended equation of 

states (red) (37).  



Figure S3-left shows the calculated carbon K-edge IXS spectra for diamond under 
hydrostatic compression up to 2 Mbar. As pressure increases, C-C bond length [d(C-C)] 

decreases. This results in a higher-energy shift of the peak positions of the edge features (From 
P1 to P4) (Figure S3-right). The pressure-driven peak shift can be described by the following 
equation: edge peak position (P) = -A*P + B, with A and B values for the features shown in 

Table S1. We note that the intensity between the experimental and theoretical calculations are 
somewhat different, as the latter underestimates the overall intensity at higher energy features. 
The reason for the difference has been described in our earlier studies of IXS calculations [see 

(24, 30, 54) and references therein]. An observed * peak shift in hydrostatically compressed 
diamond up to ~2 Mbar corresponds to a decrease in d(C-C) of ~0.1343 Å (Figure 2). It should 

also be noted that the current IXS experimental setup results in an anisotropic compression of 
the diamond anvil. Therefore, we also performed ab initio calculations of the electronic bandgap 

and IXS patterns of the uniaxially compressed diamond in the following section 
(Supplementary Materials C below for detailed calculations protocols and results). 

Fig. S3. Calculated carbon K-edge IXS spectral patterns for diamond with varying pressures. 

Left. Calculated carbon K-edge IXS spectra for diamond with varying pressures as labeled. 
Characteristic peaks (P1–P4) are labeled. The Gaussian broadening factors are 0.5 eV (right) 

and 0.2 eV (left). Right. Effect of pressure on edge onset energy (E0), 2nd band gap (E*), and 

characteristic peak positions of the * pattern.  



Table S1. The linear relationships between * peak positions (eV) from the experimental IXS 
spectra vs. pressure (GPa) 

Peak position (Y) vs. Pressure (X) 

P1 Y = 0.0056 × X + 291.2 
(R2 = 0.999) 

Center of 
gravity (Ec) 

Y = 0.0176 × X + 297.0 
(R2 = 0.999) 

P2 Y = 0.0180 × X + 297.6 
(R2 = 0.997) 

E* Y = 0.0168 × X + 301.9 
(R2 = 0.999) 

P3 Y = 0.0171 × X + 304.9 
(R2 = 0.999) 

P4 Y = 0.0252 × X + 307.5 
(R2 = 0.998) 

Table S2. The linear relationships between calculated * peak positions (eV) of the 
hydrostatically compressed diamond vs. pressure (GPa) and peak positions vs. C-C bond length 
(dC-C) (Å) 

Peak position (Y) vs. Pressure (X) Peak position (Y) vs. dC–C (X) 

P1-1 Y = 0.0045 × X + 290.5 
(R2 = 0.996) 

Y = -6.126 × X + 299.9 
(R2 = 0.997) 

P1-2 Y = 0.0048 × X + 292.3 
(R2 = 0.987) 

Y = -6.597 × X + 302.4 
(R2 = 0.993) 

P2 Y = 0.0208 × X + 297.0 
(R2 = 0.991) 

Y = -28.233 × X + 340.4 
(R2 = 0.992) 

E* Y = 0.0205 × X + 301.9 
(R2 = 0.998) 

Y = -27.647 × X + 344.4 
(R2 = 0.986) 

P3 Y = 0.0201 × X + 305.3 
(R2 = 0.994) 

Y = -27.356 × X + 347.3 
(R2 = 0.997) 

P4 Y = 0.0263 × X + 307.6 
(R2 = 0.997) 

Y = -35.594 × X + 362.4 
(R2 = 0.988) 



Center of gravity. The center of gravity (Ec) of the C 
K-edge IXS spectra for the compressed diamond in the

current study allows us to compare the pressure-
driven spectral evolution of diamonds with those for
crystalline and amorphous oxides from earlier IXS

studies (e.g., (24, 28, 29)). Figure S4 presents
procedures as to how Ec was determined from the
XRS spectrum. First, we subtract a linear background.

Second, we calculated the spectral intensity of the
spectra, from which the Ec of the total spectrum can be

estimated (see (24) for detailed procedures).

Fig. S4. Estimation of center of gravity (dotted line) 

of the C K-edge XRS spectra for diamond at 1 atm 

and 200 GPa. The grey and blue spectra show the 
experimental IXS spectra prior to and after 
background subtraction.  

C. Calculations of the electronic structures (bandgap and IXS spectral patterns) of

anisotropically compressed diamond at high pressure

C1. Construction of lattice structures of uniaxially compressed diamond 

C2. Effect of uniaxial compression on the bandgap of diamond at high pressure 
(hydrostatic vs. uniaxial compression)  

C3. Effect of anisotropic compression on the C-C bond distance in compressed diamond 
(hydrostatic vs. uniaxial compression)  

C4. Effect of uniaxial compression on the IXS patterns of compressed diamond at high 

pressure (hydrostatic vs. uniaxial compression)  

C5. Effect of scattering geometry on the IXS patterns of compressed diamond at high 

pressure (scattering vector parallel to compression axis vs. scattering vector 
perpendicular to compression axis) 

C6. Comparison of compressed diamond at high pressure with experimental IXS spectra 



C1. Construction of lattice structures of uniaxially compressed diamond. 

We explored the electronic structures of both hydrostatically compressed diamond 
(labled ‘H’) (supplemnatry materials above) and investigated two distinct cases of anisotropic 

compression. As the contraction in the a-a plane in diamond during uniaxial compression is 
expected to be smaller than that in the c-plane, our calculations take such anisotropy into 
consideration; in particular, S2 refers to uniaxial compression with anisotropy, as described in 

an earlier theoretical (60) and experimental studies (20, 61). Stain-1 (S1) represents an 
intermediate strain between H and S2. Figure S5-left shows the pressure-induced change in 

diamond lattice parameters with varying degrees of uniaxial compression. As S2 is 
characterized as having the largest degree of uniaxial compression (S2>S1>H), more prevalent 
shortening in the c-axis is shown [i.e., c(S2)< c(S1)]. Note also that lattice parameter a under 

hydrostatic compression [a(H)] is smaller than that of a(S1) and a(S2) but larger than that of 
c(S1) and c(S2). This difference results in characteristic pressure-induced changes in c and a for 

H, S1, and S2 (Figure S5-right). 

Fig. S5. Lattice parameters of compressed diamond. Left. Pressure-induched changes in lattice 
parameters. H, S1, and S2 refer to hydrostaic compression, uniaxial compression with strain-
01, and uniaxial compression with strain-02, respectively. Right. c/a of uniaxially compressed 

diamond. 

Figure S6 (Left) shows change in lattic parameter for the compresed diamond with 
respect to that at 1 atm (Δa/a0) where a0 is lattice parameter at ambient pressure and Δa = a – a0. 
Figure S6 (right) illustrate Δa/Δc [(a-a0)/(c-c0)] for diamond under hydrostatic uniaxial 

compression. 



Fig. S6. Pressure-induced changes in lattice parameter and the ratio of lattice parameters. 

Left. Relative change in lattic parameter (Δa/a0) for compressed diamond with respect to that 

at 1 atm, where a0 refers to the lattice parameter at ambient pressure and Δa = a – a0. Right. 
The ratio of the lattice parameter changes in the a- and c-axes of the compressed diamond.  

Then, based on Eq. S3 and Eq. S4, strain components ϵଵଵ and ϵଷଷ are estimated; 
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Finally, figure S7 shows the pressure-induced changs in ϵଵଵ and ϵଷଷ for hydrostatically (H) 

compressed and uniaxially compressed (S1 & S2) diamond. Tables S3 and S4 shows the 
pressure-induced changes in the lattice parameters for diamond under hydrostatic and uniaxial 
compression.  

Fig. S7. Strain and strain ratio [ratio of the changes in the lattice parameters (a-axis and c-

axis)] of the compressed diamond. 
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Table S3. Strain ratio used for hydrostatically and uniaxially compressed diamond structures. 

Strain ε11/ε33 

Hydrostatic (H) ε11 = ε22 = ε33 ε11/ε33 = 1.00 

Strain-01 (S1) ε11 = ε22, ε33 = 1.58 ε11 ε11/ε33 = 0.63 

Strain-02 (S2) ε11 = ε22, ε33 = 3.03 ε11 ε11/ε33 = 0.33 

Table S4. Lattice parameters of the compressed diamond used to calculate the carbon K-edge 
IXS spectra and bandgap (Eg) with varying degree of anisotropic compression (ε11/ε33 = 1 for 

hydrostatic compression; ε11/ε33 < 1 for the uniaxial compression). The pressure values (P) 
were estimated from the stress tensor: P = −(σ11 + σ22 + σ33)/3.  

Hydrostatic compression (ε11/ε33 = 1) 

Pressure (GPa) a (= b = c) (Å) V (Å3) V/V0 ε11/ε33 Eg (eV) 

5.8 3.5560 44.9661 1.0000 4.15 

45.5 3.4671 41.6773 0.9269 

1.00 

4.32 

113.2 3.3569 37.8265 0.8412 4.55 

143.4 3.3178 36.5200 0.8122 4.63 

198.3 3.2566 34.5361 0.7680 4.77 

Uniaxial compression (ε11/ε33 = 0.63) 

Pressure (GPa) a (Å) b (Å) c (Å) V (Å3) V/V0 ε11/ε33 Eg (eV) 

5.5 3.5560 3.5560 3.5560 44.9661 1.0000 4.15 

47.9 3.4768 3.4768 3.4310 41.4758 0.9224 

0.63 

3.97 

112.9 3.3888 3.3888 3.2921 37.8060 0.8408 3.72 

144.2 3.3548 3.3548 3.2384 36.4463 0.8105 3.60 

198.9 3.3039 3.3039 3.1581 34.4730 0.7666 3.42 

Uniaxial compression (ε11/ε33 = 0.33) 

Pressure (GPa) a (Å) b (Å) c (Å) V (Å3) V/V0 ε11/ε33 Eg (eV) 

5.5 3.5560 3.5560 3.5560 44.9661 1.0000 4.15 

47.9 3.5000 3.5000 3.3860 41.4774 0.9224 

0.33 

3.44 

112.8 3.4380 3.4380 3.1980 37.8012 0.8407 2.51 

143.8 3.4144 3.4144 3.1264 36.4496 0.8106 2.12 

198.2 3.3791 3.3791 3.0191 34.4718 0.7666 1.48 



C2. Effect of uniaxial compression on the bandgap of diamond at high pressure 

C2.1. Hydrostatic compression. 

Figure S8 shows the electronic band structures for hydrostatically compressed diamond 
(ε11/ε33 = 1) using ab initio calculations, which confirms that bandgap (Eg) increases with 

increasing pressure up to 200 GPa. This increase tends to shift the 1s electron excitation energy 
(i.e., edge-energy onset) of the compressed diamond (see C4 and C5 below for further details). 

Fig. S8. Calculated electronic band structures for hydrostatically compressed diamond (ε11/ε33 

= 1). Band structures are presented along W(0.5, 0.25, 0.75)–L(0.5, 0.5, 0.5)–Γ(0, 0, 0)–X(0.5, 0, 
0.5)–W(0.5, 0.25, 0.75)–K(0.375, 0.375, 0.75). Bandgap (Eg) is shown with a black arrow.  



C2.2. Uniaxial compression 

Fig. S9. Calculated band structures for uniaxially compressed diamond (ε11/ε33 = 0.33) at high 

pressure. The data are presented along Z(0.5, 0.5, −0.5)–Γ(0, 0, 0)–X(0, 0, 0.5)–P(0.25, 0.25, 
0.25)–N(0, 0.5, 0)–Γ(0, 0, 0).  

Earlier theoretical calculations showed that, if the diamond is compressed uniaxially, its 
bandgap (Eg) is expected to decrease [e.g., (60)]. Our ab initio calculations of the compressed 



diamond are consistent with the pioneering theoretical prediction; the bandgap decreases 
gradually with increasing pressure, and the degree of the decrease depends on the degree of 

uniaxial compression. This decrease is in contrast to those observed in hydrostatically 
compressed diamond, where the systematic increase in the bandgap is observed (Figures S8 and 
S9). 

Figure S10-A shows the effect of pressure and the degree of anisotropy on the bandgap 
(Eg) of the compressed diamond. Figure S10-B reveals the pressure gradient of the bandgap (i.e., 
dEg /dP). While Eg of the isotropically compressed diamond increases gradually with increasing 

pressure, with a positive dEg/dP value of 0.0030, the gradients for ε11/ε33 = 0.63 (dEg/dP = 
−0.0038) and for ε11/ε33 = 0.33 (dEg/dP = −0.0139) are negative. This result indicates that an

increase in anisotropy further decreases Eg for the compressed diamond (Table S5).

Fig. S10. Effect of pressure on the bandgap (Eg) of diamond with varying anisotropic strain. 

(A) Variations in the Eg with varying degrees of anisotropic compression; ε11/ε33 = 1 for the
hydrostatic compression; ε11/ε33 < 1 for the uniaxial compression. (B) Variations in dEg/dP

with varying ε11/ε33, as labeled.

Table S5. The effect of pressure on the bandgap (Eg) from the calculated band structures for the 

compressed diamond with varied strain ratio (ε11/ε33). 

Strain ratio Bandgap (Eg; eV) vs. Pressure (P; GPa) 

ε11/ε33 = 1.00 Eg = 0.0030×P + 4.19 (R2 = 0.9875) 

ε11/ε33 = 0.63 Eg = −0.0038×P + 4.16 (R2 = 0.9981) 

ε11/ε33 = 0.33 Eg = −0.0139×P + 4.13 (R2 = 0.9943) 



C3. Effect of anisotropic compression on C-C bond distance in compressed diamond. 

Figure S11 shows the lattice structures of diamond under compression at ~ 200 GPa with 
varying degrees of anisotropic compression. Regardless of the type of compression (both 

hydrostatic and uniaxial), the C-C bond length decreases with increasing pressure. In addition, 
the interatomic distance between the second NN carbon atoms diverges upon uniaxial 
compression (Figure S12).  

Fig. S11. Lattice structures of diamond under compression at ~ 200 GPa with varying degrees 

of anisotropic compression with ε11/ε33 = 1 (hydrostatic) and ε11/ε33 = 0.33 (uniaxial). The 

interatomic distances between the first-order (1.4132 Å; black) and second-order (2.2657 and 
2.3894 Å; blue and red, respectively) nearest-neighbor carbon atoms are shown.  

Fig. S12. Normalized radial distribution functions for the uniaxially compressed diamond 

(ε11/ε33 = 0.33) with varying pressure. 



At constant pressure, Figures S13 and S14 reveal that the next-nearest C-C bond distance
noticeably changes and bifurcates with increasing degree of anisotropy. However, the nearest 

C-C bond length does not change with varying degrees of anisotropic compression.

Fig. S13. Normalized C-C bond distance distribution for compressed diamond under 

compression. (A) at ~113 GPa and (B) and ~200 GPa with varying strain ratio (ε11/ε33 = 1.0, 
0.63, and 0.33), as labeled.  



Fig. S14. Variation in the interatomic distance between the first-order (first-NN), second-

order (second-NN), and third-order (third-NN) nearest-neighbor carbons with varying 

pressure and the strain ratio (ε11/ε33), as labeled. The C-C distance based on hydrostatic 

compression (ε11/ε33 = 1.0) is shown in black; uniaxial compression with ε11/ε33 = 0.63 and 
with ε11/ε33 = 0.33 are shown in blue and red, respectively.  



C4. Effect of uniaxial compression on the IXS patterns of compressed diamond at high 

pressure (hydrostatic vs. uniaxial compression) 

C4.1. IXS spectral pattern. 

We performed ab initio calculations of IXS spectra for uniaxially compressed diamond 
with pressures up to 2 Mbar. Figures S15 and S16 (top) show the calculated carbon K-edge IXS 
spectra for diamond under compression, with strain ratios (ε11/ε33) from 1 (hydrostatic) to 0.33 

(uniaxial compression). Figure S16 shows the changes in the calculated positions of the IXS 
patterns with pressure and the varying degree of anisotropy. The peak positions for E0 and P1 

of the IXS patterns for the diamond somewhat vary with varying degree of anisotropic 
compression (See sections C4.2 and C4.3 for details). However, regardless of the degree of 
anisotropic compression, the peak positions for E* and other high energy peaks are not 

substantially affected. In particular, the calculated results reveal that the E* position does not 
vary noticeably with varying degrees of anisotropic compression (Figures S10-S12).  

Fig. S15. Calculated carbon K-edge IXS 

spectra for diamond under compression 

with varying strain ratios (ε11/ε33) from 1 to 

0.33. The pressure values were estimated 

from the stress tensor: P = −(σ11 + σ22 + σ33)/3. 
Gaussian broadening (FWHM) of 0.5 eV is 

used to mimic instrumental broadening. 



Hydrostatic vs. Uniaxial compression 

Fig. S16. Effect of pressure on carbon K-edge IXS features of diamond under hydrostatic and 

uniaxial compression. Top. Calculated carbon K-edge IXS features of diamond under 

hydrostatic (Left, ε11/ε33 = 1) and uniaxial compression (Right, ε11/ε33 = 0.33). Bottom. Effect of 
pressure on the IXS peak positions. 



Table S6 shows the pressure-induced changes in P1-1 peak position in our calculated IXS 
spectra for the compressed diamond, revealing a linear relationship between pressure and IXS 

peak position. With increasing anisotropy, the pressure-induced changes in peak position 
become more prevalent, as is evident from Figure S16. The results with positive value (i.e., shift 
/pressure) confirm the gradual increase in electronic excitation energy in compressed diamond 

with pressure. 

Table S6. The linear relationships between P1-1 peak positions in the calculated IXS spectra for 

compressed diamond vs. pressure with varying strain ratio (ε11/ε33) obtained from ab initio 
calculations. 

Strain ratio Peak position of P1-1 (eV) vs. Pressure (P; GPa) 

ε11/ε33 = 1 P1-1 = 0.0046×P + 290.5 (R2 = 0.990) 

ε11/ε33 = 0.63 P1-1 = 0.0058×P + 290.5 (R2 = 0.998) 

ε11/ε33 = 0.33 P1-1 = 0.0072×P + 290.5 (R2 = 0.992) 



C4.2. Estimation of edge-energy onset. 

The IXS pattern reveals a pressure-induced change in edge-onset that yields spectral 
patterns of the uniaxially compressed diamond, a change that is distinct from that which occurs 

under hydrostatic compression at high pressure (Figure S17): Upon hydrostatic compression, 
the edge energy (E0) in the C K-edge IXS spectrum of compressed diamond increases with 
increasing pressure, while upon uniaxial compression, the edge-energy onset tends to decrease 

slightly with pressure, and the detailed trends depend on the degree to which the crystal is 
uniaxially compressed (Figures S17-S18, and Figure S19). Figure S16 also shows that edge 

energy shifts to lower energy with an increasing degree of anisotropic strain.  

The resolution of ~0.02 eV in the simulated spectrum for the compressed diamond can 
be useful for estimating the true edge-onset and, therefore, the band-gap (Figure S17). However, 

given the current spectral resolution and the signal-to-noise ratio of the experimental IXS 
pattern, it is not trivial to locate the edge-energy onset (E0) from the IXS spectra themselves, as 

locating the position of the non-zero spectral build-up is subject to uncertainty. Here, we 
obtained E0 using the protocols described in Figure S18. First, the baseline is identified. Then a 
linear line is drawn from the near-edge spectral pattern. The E0 is then determined from the 

energy position where the two lines intersect, so the peak position of the edge-energy onset is 
expected to be higher than the true E0.  

Fig. S17. Carbon K-edge IXS features of diamond under uniaxial compression at a pressure of 

~140 GPa near the absorption edge at ~290 eV. Various strain ratios (ε11/ε33) were applied to 

the diamond structures to establish how the anisotropic stress affects diamond’s electronic 
structures. The broadening factor of 0.02 eV was used to show the onset of IXS features.  



Fig. S18. Protocols used to determine the E0 values for the calculated carbon K-edge IXS 

spectra of the compressed diamond with varying strain ratios, as labeled. 

 The pressure-induced increase in the bandgap in oxide materials is often accompanied 
by an increase in edge-energy onset (28). While these results highlight that the IXS E0 pattern 
can be used to infer the change in the bandgap of the compressed diamond, the direct 

estimation of the optical bandgap (that could also result from a minute change in DOS) from the 
edge-energy onset (that is mainly effective in estimating a moderate change in average DOS) is 

not trivial: as spectral intensity near the energy-edge onset is small, identifying the build-up of 
spectral intensity directly from the IXS spectrum is difficult, and care must be taken to provide 
fully quantitative estimation of the bandgap using the protocol. The inference to be taken here is 

a semi-qualitative trend in the bandgap of diamond under compression (see C6 below). Having 
said that, the E0 can be rather easily estimated from the experimental IXS spectra and is 

practically useful to infer the pressure-induced changes in population of average electronic 
density of states. Therefore, in the current manuscript, we discuss the evolution of E0 with 
pressure.  



C4.3. Effect of pressure and uniaxial compression on peak positions in IXS spectra for 

diamond at high pressure. 

Fig. S19. Pressure dependence of the edge-energy onset with varying strain ratios (ε11/ε33), as 

labeled. 



C5. Effect of scattering geometry on the IXS patterns of compressed diamond at high 

pressure (scattering vector parallel to the compression axis vs. scattering vector perpendicular 

to the compression axis) 

C5.1. Ab initio calculations. 

The C K-edge IXS spectra of the compressed diamonds were calculated with varying 
strain ratios [ε11/ε33 = 1 (hydrostatic) and 0.33] and scattering geometry using the full-potential 
linearized augmented plane wave with local orbitals (FP-LAPW+lo) method (Wien2K) (57) and 

the Perdew-Burke-Ernzerhof exchange-correlation functional. The Muffin-Tin radius of carbon 
of 1.2 a.u. was used, allowing us to avoid core overlap in the compressed diamond. The energy 

for core–valence separation of −6.0 Ry, and the 6×6×6 Monkhorst-Pack grid (total of 108 k 
points) were used. The convergence of self-consistent field calculations was met with 1×10−4 Ry 
and 1×10−3 e for the total energy and charge distance, respectively. Inelastic scattering of 

incident X-rays involves the electronic transition of 1s electron to the unoccupied states. The 
ELENES module implemented in the Wien2K code enables calculations of such transitions from 
the transition matrix of double differential scattering cross section, consisting of dynamic 

structure factor (57). The C K-edge IXS spectra of the compressed diamonds were calculated 
with varying strain ratios [ε11/ε33 = 1 (hydrostatic) and 0.33] and scattering geometry using the 

full-potential linearized augmented plane wave with local orbitals (FP-LAPW+lo) method 
(Wien2K) (57) and the Perdew-Burke-Ernzerhof exchange-correlation functional. Finally, the 
crystal-orientation-dependent carbon K-edge IXS spectra were calculated to explore the effect of 

scattering geometry (q⊥c and q∥c) on IXS spectral patterns. Here, q and c refer to the scattering 

vector and [001] the direction, respectively. The scattering geometry of q⊥c and q∥c can be 

described with the Euler angles of (0°, 0°, 0°) and (0°, 90°, 0°), respectively. The scattering 
geometry-dependent carbon K-edge spectra for graphite calculated in the current study are 

consistent with the results reported in a previous study (Figure S20) (62). In ELENES module, 
the q-vector range can be defined using the detector collection semi-angle and the microscope 
collection semi-angle (57). These were set to 5.0 and 1.87 mrad (0.29° and 0.11°) for the low-q 

limit, therefore selectively observing dipole-allowed transitions only. The pressure (P) was 
estimated from the stress tensor: P = −(σ11 + σ22 + σ33)/3. 



C5.2. IXS patterns for compressed diamond with varying scattering geometry (scattering 

vector perpendicular to compression axis vs. parallel to compression axis) on C K-edge IXS 

spectra for compressed diamond at high pressure. 

The dynamic structure factor [S(q)] of compressed diamond contains information about 
the electronic structure along the direction of the scattering vector (q). Therefore, depending on 

the orientation [perpendicular (q⊥c) vs. parallel (q∥c) to the compression axis [001]] of the 

diamond anvil relative to incoming x-ray, distinct electronic structures are probed, resulting in 

different IXS spectra. Orientation-driven changes in the C K-edge IXS patterns have been 
reported for graphite under pressure (21) and at ambient conditions (62), and similar 

orientation dependence has been reported in earlier IXS studies for uniaxially compressed BN 
(63). Here, C K-edge IXS spectrum of graphite is calculated with varying scattering geometry, 
demonstrating the spectral pattern’s distinct crystal-orientation dependence (Figure S20). The 

result is consistent with the earlier experimental and theoretical results (21, 62).  

Fig. S20. Calculated carbon K-edge IXS spectra for the graphite. Crystal orientation average 

(black); scattering vector (q) perpendicular to the compression axis ([001]) (blue, q⊥c); 

scattering vector parallel to the compression axis (red, q∥c). 



To identify further the effect of scattering geometry on the DOS for uniaxially 
compressed diamond, we calculated the IXS spectra with varying crystal orientation. Figure S21 

shows the C K-edge IXS spectra for uniaxially compressed diamond with varying scattering 
geometry. The result reveals that the edge-onset energy of the uniaxially compressed diamond 

with q⊥c can also increase with pressure. In contrast, the edge energy of calculated IXS 

spectrum projected along the q∥c direction to the compression axis tends to decrease with 

increasing pressure (Figure S21-right). Therefore, the edge energy for the diamond with q⊥c 

geometry is systematically larger than that with q∥c. The results also reveal that the pressure-

induced change in the E* position is negligible, so it can be used as a pressure indicator. 

Fig. S21. Calculated carbon K-edge IXS spectra for uniaxially compressed diamond with 

ε11/ε33 = 0.33. Crystal-orientation-averaged K-edge spectrum (black) is shown with K-edge 

spectrum with two distinct scattering geometries [q⊥c (blue) and q∥c (red)].  



Figure S22 shows the pressure dependencies of the characteristic peak positions in the 
calculated carbon K-edge IXS patterns of the compressed diamond structures with varying 

strain ratios. Figure S22-B shows the pressure-induced changes in the IXS peak positions (E*, E0, 
and P1) of the uniaxially compressed diamond with varying C-C bond lengths, confirming that 
E* can be used to infer the nearest C-C bond length in compressed diamond.  

Fig. S22. Variations of the characteristic peak positions in carbon K-edge IXS spectrum for 

uniaxially compressed diamond (ε11/ε33 = 0.33) with varying scattering geometry [q⊥c 

(blue) and q∥c (red)]. (A) Effect of pressures. (B) The relationship between peak positions 

and interatomic distances between nearest-neighboring C–C bond length.  



C6. Comparion with experimental IXS spectra for compressed diamond at high pressure 

As shown in Figure S1, the diamond is under uniaxial compression. The scattering 
geometry of the current experiment selectively probes the electronic structure (DOS) 

perpendicular to the compression direction ([001], q⊥c), so a comparison between the 

experimental result and the theoretically calculated IXS spectrum for uniaxially compressed 

diamond with q⊥c geometry can be made.  

As discussed in section C5, a moderate degree of uniaxial compression results in a 

decrease in the edge-energy onset. This is certainly opposite to the observed trend in the 
experimental IXS spectra where the peak position of the edge-onset positively shifts with 
increasing pressure (Figure 1). The observed increase in the experimental IXS patterns may be 

seen as if the diamond would be under hydrostatic compression. However, our experimental 
data with increasing edge-energy onset are not fully consistent with the trend under hydrostatic 

compression, as they are somewhat smaller than those predicted for hydrostatic compression 
(Figure S23). While the change in edge energy is small, the slight discrepancy between the 
experimental data and theoretical results based on hydrostatic compression can be attributed 

mainly to the uniaxial compression of the diamond. Specifically, as shown in section C5, the 
calculated edge-energy onset for the IXS spectra for the uniaxially compressed diamond with 

q⊥c geometry also increases with increasing pressure, yet the change is smaller than the 

changes under hydrostatic compression (Figure S23-right). The calculated trend with q⊥c 

geometry shows similarity with the experimental trend, indicating that the experimental IXS 
spectrum is primarily attributed to changes in electronic density of states under moderate 

uniaxial compression with primarily q⊥c scattering geometry. Therefore, based on the ab initio 

results and comparing them with experimental data, the current experimental IXS spectrum of 

the compressed diamond reports primarily pressure-induced changes in DOS perpendicular to 
the compression axis. Figures 1 and 2 in the main text have been drawn to reflect this point.  

Figure S23 also shows that the edge-energy onset (E0) and the bandgap (Eg) are not 
identical, while the trend can be rather consistent (see C4.2 above). We finally note that it is 
beyond the scope of the current manuscript to estimate the exact value ε11/ε33 (our ongoing ab 

initio study will delve farther into quantifying the degree of uniaxial compression). Nonetheless, 
the observed similarilty incidates that ε11/ε33 may not be notably different from the value (of 

0.33) used in the currenty theoretical study. 



Fig. S23. Pressure-induced changes in the IXS spectral pattern for hydrostatically and 

uniaxially compressed diamond. Left. Pressure-induced changes in the edge-energy onset, 
ΔE0 and ΔEg of the IXS spectra for hydrostatically and uniaxially compressed diamond. Right. 
Pressure-induced changes in the edge-energy onset, ΔE0 and ΔEg for unxiasially compressed 

diamond (ε11/ε33) with q⊥c and q∥c geometry.  



D. Effect of pressure on bulk moduli and IXS spectral spectral patterns for compressed 

diamond and crystalline oxides at high pressure

Figure S24 shows the changes in edge-energy onset E0, E*, and EC of the IXS spectra 
hydrostatically compressed diamond and oxide phases at high pressure as labeled. As we are 

concerned about the bulk modulus of the istropically compressed materials, all the IXS spectral 
patterns are from the isotropically compressed diamond and oxides. While an increase in EC is 

mainly due to an increase in E0 for other softer oxides, E0 for the hydrostatically compressed 
diamond does not vary much with pressure and an increase in Ec and E* for the compressed 
diamond mostly stems from the electronic dispersion in DOS.   

The bulk modulus of MgSiO3-bridgmanite increases with increasing pressure from 356 
(at ~25 GPa) to 698 GPa (at ~120 GPa); those for SiO2 phases also range from ~316 GPa (at 9 

GPa, stishovite) to ~324 GPa (at ~120 GPa, PbO2-type ) [see (64-68) and references therein]. 
These are much smaller than those of diamond under compression with its bulk modulus 
ranging from 466 (at ~6 GPa) to 825 GPa (at ~113 GPa) (38).  

Fig. S24. Pressure-induced changes in edge-energy onset, E*, and EC of the IXS spectra for 

hydrostatically compressed diamond, SiO2, and MgSiO3 phases with respect to those at 

1atm. See (24, 28, 30) for the original data. 



E. Relationship between hardness, bulk modulus, and electronic DOS in diamond 

E1. Hardness vs. bulk modulus 

Hardness is a measure of material’s resistance to deform under indentation. It depends 
on both intrinsic (crystal structure, chemical bond, and electronic structures) and extrinsic (e.g., 

defects and large-scale imperfections in crystals) factors. Bulk modulus is a measure of 
incompressibility of a material. Bulk modulus of super-hard materials with exceptional 
incompressibility has shown strong correlation with the bulk hardness as both properties 

mainly record response to external indentation (41, 69), while the discrepancy between these 
properties increase for the less hard materials.  

Earlier macroscopic (empirical) and microscopic theoretical models provided insights 
into relationship between intrinsic chemical hardness and bulk modulus (20, 40-45, 70-73). 
These are based on calculations of the bulk modulus and convert it into the known correlations 

between the hardness and bulk modulus [e.g., (41, 69) and references therein]. While it is not 
trivial to establish a link between bulk modulus and hardness of multi-component super-hard 

materials, relationship for single component diamond is much less complicated and primarily 
depend on the nature of C-C bond. Chemical (intrinsic) hardness of covalent crystal 
corresponds positively with its bulk modulus [e.g., (40-44, 71, 72) and references therein]. 

Taking these into consideration, while our discussion is mainly centered around bulk modulus, 
yet it can also be extended to account for the material’s hardness. 

E2. Bulk modulus, bond properties, and electronic structures 

Earlier pioneering efforts presented empirical and ab initio based models that established 
a link between material hardness, incompressibility, and characteristics of bond; hardness has 

been linked to strength of chemical bond that has been parameterized with various bond 
properties. Particularly, material’s hardness tends to increase with, shorter bond length, higher 

electronic density, and enhanced covalence in bond [see (39, 41, 45, 70, 71, 73, 74) and references 
therein]. Furthermore, hardness is reported to correlate well with bond density (the number of 
covalent bond/volume) (75), electronegativity of bond (71) its iconicity of bond, not to mention 

overall crystal structures (71, 73, 74, 76); energy gap (or bandgap) of materials can often be used 
to account for the hardness (39, 70). Bulk modulus increases with an increase in Mulliken 

overlap populations (45, 70). Detailed overview of the microscopic models of hardness and 
incompressibility can be found elsewhere [see (40-44, 70) and references therein]. 



As for the effect of pressure on hardness and bulk modulus, earlier studies have shown 
that hardness at high pressure is directly calculated from the bulk modulus, sharing identical 
pressure dependence (42, 72). Theoretical studies showed that hardness of covalent bonds in 
diamond increases with increasing pressure (76). Currently, the experimental estimation of 
diamond’s elastic constants and properties have been limited up to ~19 GPa (2).  

E3. Bulk modulus and DOS of compressed diamond 

All the aforementioned bond properties, such as energy gap, and orbital overlap 
populations have direct correspondences to how unoccupied electronic DOS (as proved by IXS) 

evolves under compression, as DOS results from collective electronic interactions and the 
nature of bond. Particularly, full DOS of diamond contains complex information of overlap 

integrals of atomic orbitals that are closely related to the bond strength of diamond. The 
pressure-driven changes in bond properties of materials including Mulliken overlap population 
(MOP) under compression are well manifested in changes in DOS patterns with pressure. In 

this study, IXS provides a direct access to the DOS of compressed diamond beyond multi-
megabar pressures experimentally. We established a direct link between C-C bond length, MOP 

and E*(Figures 1 and 2). Similar relationship can be established for bulk modulus (Figure 2 E-F). 



E4. Effect of pressure on bulk modulus and DOS of compressed diamond 

Pressure-induced electronic dispersion vs. E* (2nd band gap energy at high pressure – that at 

1 atm). Electronic dispersion of the compressed diamond is demonstrated in Figure S25; here, to 

quantify the pressure-induced dispersion, the peak position difference in P4 and P1 (Figure 1B) 
has been used as a measure of peak width and the degree of electronic dispersion in DOS. 

Figure S25 shows the relationship between such peak width [normalized with respect to that at 

1 atm, peak position difference (P4-P1) at high pressure – that at 1 atm] and E*, confirming that 

E* effectively parameterizes the pressure-induced peak width (an increase in electronic 
dispersion in electronic 1s excitation) in the unoccupied DOS spectra of diamond at high 
pressure.   

Fig. S25. Relationship between E* and peak width defined as peak position difference (P4-

P1, Figure 1). The width of the IXS pattern is further normalized with respect to that at 1 atm. 

Bulk modulus vs. E* in diamond. Figure S26 reveals positive correlation between bulk 

modulus (38), Vickers hardness of diamond under compression (72), and E* of diamond under 
compression up to 2 Mbar (Figure S26). As expected from the relationship between the hardness 

and the bulk modules, these are positively correlated (right). E* of diamond correlates linearly 
with the bulk modulus (left). Though phenomenological, the observed trend indicates that the 

hardness of diamond can also be positively correlated with E*. 



Fig. S26. Relationship between bulk modulus, changes in E* position, and Vickers hardness 

of diamond at high pressure up to 2 Mbar. Left. Relationship between bulk modulus and 

changes in E* position with respect to that at 1atm (E*). Right. Relationship between bulk 
modulus (38) and Vickers hardness of diamond at high pressure up to 2 Mbar. Vickers 
hardness is estimated from the earlier macroscopic relationship between the properties (72). 

Fig. S27-left shows the effect of pressure on Mulliken overlap population in diamond 

with increasing pressure. The overlap population increases gradually as pressure increases. Such 
increase indicates a gradual increase in electronic interaction. 

Fig. S27. Relations among Mulliken overlap population, bulk modulus, and E* position of 

diamond under compression. Effect of pressure on Mulliken overlap population in diamond 

with increasing pressure (left). Relationships between bulk modulus (middle) E* position 

with respect to that 1 atm (E*) (right). 



F. Relationship between diamond-edge Raman peak position and carbon K-edge IXS peak

positions of the compressed diamond

Fig. S28. Relationship between diamond-edge 

Raman peak position and pressure-driven peak 

shifts in the carbon K-edge inelastic x-ray scattering 

(IXS) spectra for diamond up to 200 GPa.   

Assessment of the practical utility of E* as a pressure indicator. We have shown that position 
of E* provides a useful pressure indicator at high pressure above megabar. High quality C K-
edge measurement around E* for diamond under compression can be performed within ~20 

minutes during IXS scans for other edges. While this is certainly long for the pressure 
estimation, yet is acceptable time scale for IXS measurement. With a further advance in X-ray 

optics, the collection time will be greatly reduced, increasing its utility as efficient pressure 
indicator. We also provided detailed simulation results for C K-edge spectrum for diamond 
with pressure and varying degree of anisotropic compression (see SM-C above), where the E* 

position does not depend on the nature of anisotropic compression. The uncertainty (mostly 
depends on the resolution of the C K-edge IXS measurement) is ~5 GPa above megabar 

pressure conditions. The current IXS-based protocol can be efficient and complimentary 
pressure gauge for the IXS experiment above multi-megabar pressure conditions. This aspect 
will be further addressed in our future manuscript. 



G. Carbon K-edge IXS spectral image for diamond anvil at 120 GPa

Fig. S29. Carbon K-edge IXS spectral image for diamond anvil at 120 GPa without rescaling. 

Right. Two-dimensional image of C K-edge IXS spectral intensity of diamond at 120 GPa. 
Left. The shape of the compressed diamond can be also seen from the IXS intensity map. 
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