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ABSTRACT: Diamond, with a bulk modulus of 435 GPa, is the o 0 charged diamond 0.25 e/agm
most incompressible natural material. Searching for ultra-  Electron 600 |- A oxides and nitrides o
incompressible materials with a bulk modulus significantly higher ™" [{ inj';zl;n | o ABype arystals 0° °

than diamond has attracted much attention. However, this search g 450 |- '%?:g%lﬁge Do

has been long questioned since it has not found incompressible Py 000 %caﬁu
materials significantly superior to diamond to date. From first- 2 300 Bl sio:A
principles calculations, we here demonstrate that the density (4.34 E b-SisNs A A
g/cm’) and the bulk modulus (645 GPa) of the electronically & 1o o scAN, A0
modified diamond can exceed 23% and 48% of the pristine | Besg, °F MgO

diamond. Meanwhile, the tensile strength and strain-to-failure Si

increase from 86 GPa and 13% for the pristine diamond to 242 %5 25 30 35 20 25

GPa and 30% for the electronically modified diamond. These Dramond Density (g/cm?)

results indicate simultaneous stiffening, strengthening, and

toughening of the diamond upon electronic modifications. Electronic structure analyses show that the ultrahigh density and
mechanical performance of the electronically modified diamond are attributed to the shortening and stiffening of covalent bonds
from the increase of bonding electron density.

B INTRODUCTION discovery of ultra-incompressible materials, which discover
numerous high bulk modulus materials from material data-
bases. For example, Zeng et al.* screened out 50 materials with
the largest predicted bulk moduli from 18,493 stable inorganic
compounds, in which the highest bulk modulus is found as 401
GPa for Re,C. The development of these approaches has
driven the continuous discovery of new materials with a high
bulk modulus, such as transition metal and transition-metal
dioxides (e.g, 396 GPa for RuNF, 343 GPa for RuO,, 382—
476 GPa for Os, and 411 GPa for 0s0,)."" > More
interestingly, it has been reported that C;N, (451 GPa),”" ¢-

Bulk modulus, defined as the ratio of volumetric stress to the
volumetric strain, is a physical measure that characterizes the
incompressibility of materials. High bulk modulus materials
(e.g, diamond, the most incompressible natural crystal with a
bulk modulus of 435 GPa) have been used in a wide range of
industrial applications,' ™ such as abrasives and cutting tools.
Driven by the increasing industrial demand, considerable
efforts have been devoted to searching for more incompressible
materials.*® Since the trial-and-error experimental approach is

time-consuming, current approaches are mainly based on high- > 22,23 = 24,24
fidelity first-principles calculations, efficient empirical/semi- BN (376-404 GPa), ReC (418-440 GPa), and

empirical formulae,~"® and high-throughput data-driven lonsdaleite (437 GPa)***” have a bulk modulus rivaling that
approaches such as machine learning and data mining.*>"* of the diamond. However, this search did not yield
With the development of computational powér first incompressible materials significantly superior to diamond to

)

L. . . . date. It has even been concluded that the bulk modulus for any
principles provide a useful tool to predict the properties of a N 0 . )
material based on its structure.'S By using first-principles material will not exceed 10—20% of diamond under ambient

28

calculations, Swamy and Muddle'® identified an ultrastiff cubic temperature and pressure. .

TiO, Wang et al 17 found low temperature phase trans In addition to searching for new materials, structural

formation from graphite to sp® orthorhombic carbon that has a moglﬁcatloniggg existing ma;enals can be ?sﬁd for hhlgheé

high bulk modulus comparable to that of the diamond. To pertormance. For ‘example, Huang et al” synthesize
. . ; . T s nanotwinned diamond with unprecedented hardness through

predict material properties more efficiently, Kamran et al.

proposed semiempirical formulae for the bulk modulus of

diamond-like and zinc-blende covalent crystals in terms of the Received: Mar_Ch 29, 2023

bond length and ionicity fraction of the bonding. Li et al.”' Re‘“fed‘ April 17, 2023

demonstrated that the bulk modulus essentially depends on the Published: May 11, 2023

electronegativity and proposed a formula to predict the bulk

modulus and hardness of crystalline materials. Furthermore,

data-driven approaches have been developed to accelerate the
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Figure 1. Structures and energies of the electronically modified diamond. (a) Illustration of charge injection into the diamond. (b) Cohesive energy
of the diamond as a function of charge injection. Negative values of charge injection indicate electron injection into the diamond, while positive
values indicate hole injection (depletion of the electron) into the diamond.

direct conversions of certain carbon precursors at high pressure
and high temperature. Yue et al.’” reported a hierarchically
structured diamond composite with exceptional tou%hness.
Under high pressures and temperatures, Xie et al.”” have
demonstrated that the bulk modulus of diamond can be
improved to the maximum value of about 3200 GPa by first-
principles calculations, which is attributed to the increase in
atomic density and density of valence electrons. In addition to
these structural modifications, it is still an open question
whether there are more convenient approaches to enhance the
performance of diamond. Fortunately, it has been found that
linear atomic chains,®* graphene,” graphene oxide,® phos-
phorene,”” and Ti,C MXene® upon charge injection exhibit
extraordinary structural and mechanical responses. In 2012, Si
et al.’” reported that moderate charge injection of either
electrons or holes can enhance the ideal strength of graphene
by up to 17%. These results provide inspiration for modifying
the electronic structure of diamond for higher performance.

In this work, we demonstrate that, upon electronic
modification, the density, bulk modulus, tensile strength, and
strain-to-failure of the diamond can be improved from 3.52 g/
cm?, 435 GPa, 86 GPa, and 13% to the maximum values of
4.34 g/cm?®, 645 GPa, 242 GPa, and 30%, respectively. These
results indicate simultaneous stiffening, strengthening, and
toughening of the diamond upon electronic modifications.
Electronic structure analyses indicate that the shortening and
stiffening of covalent bonds from the increase in bonding
electron density account for the ultrahigh performance of the
electronically modified diamond.

B METHODS

First-principles calculations were performed under the frame-
work of density functional theory using the Vienna Ab-Initio
Simulation Package (VASP).*’ The Perdew—Burke—Ernzerhof
(PBE) parameterization”' of the generalized gradient approx-
imation (GGA)"* was adopted for the exchange-correlation
functional. For comparison, calculations using the local density
approximation (LDA) for the exchange-correlation functional
were also performed. In the energy-minimized calculations, an
energy cut-off of 520 eV and a k-point mesh with a density of
over 30 A (the product of each lattice constant and the
corresponding number of k-points) were adopted.”™ All atomic
positions and lattice parameters of the structures were
optimized until all forces were less than 0.01 eV/A. Injected
charges (electrons and holes) were compensated using a
background jellium to maintain charge neutrality in the
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computational cell. To be specific, the number of electrons
was controlled by the keyword “NELECT” in VASP, which
simulates the charge injection by adding or removing electrons
to the structure with a compensating uniform charge
background of the opposite sign. Such a jellium model has
been found to well describe the structural, mechanical, and
electronic properties of charged materials.**”* In ab initio
molecular dynamics (AIMD) simulations, the energy cutoff of
400 eV is used for a balance between computational accuracy
and cost. The temperature was controlled by using an
Andersen thermostat.*®

B RESULTS AND DISCUSSION

Stabilities of the Electronically Modified Diamond.
DFT calculations were used to investigate the structures and
stabilities of the electronically modified diamond (Figure 1a).
First, diamond structures upon different charge injections were
structurally optimized, and thereafter, their elastic tensors were
calculated using a strain—stress method.*” The elastic tensors
for diamond structures upon charge injection ranging from
—0.08 to +0.25 e/atom are positive-definite, indicating that the
Born elastic stability criteria are satisfied (Table S1). In the
following text, only these elastically stable diamond structures
were further investigated. Meanwhile, phonon calculations
provide a criterion for quantifying structural stability. Our
calculations do not find negative frequencies for diamond upon
charge injections from —0.08 to +0.25 e/atom (Figure S1),
which indicates their dynamic stabilities. Afterward, cohesive
energy that provides a criterion for characterizing the thermal
stability of materials was calculated (Figure 1b) The result
shows that the cohesive energy for the diamond increases from
6.6 to 11.4 eV/atom as the charge injection increases from
—0.08 to +0.25 e/atom, indicating the significant increase in
the thermal stability of diamond upon hole injection compared
with that of the pristine diamond with a cohesive energy of 8.0
eV/atom. Electron injection would excite electrons to higher
energy states, while injected holes would induce electrons to
lower energy states. These results account for the decreased
and increased cohesive energies of the diamond upon electron
and hole injections, respectively. Finally, ab initio molecular
dynamics (AIMD) simulations were performed to explore the
thermodynamic stabilities of the electronically modified
diamond. These simulations were performed on a supercell
of 64 atoms for 10 ps at 300 K, and the temperature was
controlled by using an Andersen thermostat.** The evolution
of temperature and system energy is gentle. As shown in

https://doi.org/10.1021/acs.jpcc.3c02079
J. Phys. Chem. C 2023, 127, 9931-9938


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02079/suppl_file/jp3c02079_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02079/suppl_file/jp3c02079_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02079?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02079?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02079?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02079?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
a b
-4 —o— -0.08 e/atom
—o— 0.00 e/atom . 600
B —o— +0.08 e/atom &
O]
S 6} e
8 3
3 3 500
> o
g
u a
400
—10f
3 6 9 12 0.1 0.0 0.1 02

Volume (A%atom)

Charge (e/atom)

Figure 2. Incompressibility of the electronically modified diamond. (a) Energy as a function of volume change for the diamond upon charge
injection of —0.08, 0.00, and +0.08 e/atom, respectively. (b) Bulk modulus for the diamond upon charge injection.

Movies S1 and S2, the electronically modified diamond
upholds its structural integrity with only slight corrugation
because of thermal fluctuations for the duration of the AIMD
simulations. These results indicate the elastic, thermal, and
thermodynamic stabilities of the electronically modified
diamond upon charge injection ranging from —0.08 to +0.25
e/atom, which can be seen as the upper limit of charge doping
in the computations.

Ultrahigh Density and Incompressibility of the
Electronically Modified Diamond. To explore the incom-
pressibility, we extracted the Hill average bulk modulus from
the calculated elastic tensors of the electronically modified
diamond. For comparison, DFT calculations at the local
density approximation (LDA) and generalized gradient
approximation (GGA) levels were performed. As shown in
Figure S2a, the bulk moduli of the electronically modified
diamond calculated using these two methods are in good
agreement. Considering the accuracy, the following mechanical
properties and the relevant structural analyses were calculated
at the GGA level. We also performed calculations using
computational cells of different sizes (primitive, unit, and
supercells, Figure S2b), indicating that the calculated results
are almost independent on the computational cell sizes. The
below-reported results were calculated using a unit cell of the
diamond.

The energy of the electronically modified diamond as a
function of volume change shows that the energy changes
more sharply as charge injection increases from negative to
positive values (Figure 2a), signaling the increase in the bulk
modulus. Furthermore, the bulk moduli of the electronically
modified diamond were extracted from the calculated elastic
tensors. The results show that the bulk moduli increase almost
linearly as the charge injection increase from —0.08 to +0.25 e/
atom (Figure 2b). The density and the bulk modulus are
improved from 3.52 g/cm’® and 435 GPa for the pristine
diamond to the maximum values of 4.34 g/ cm?® and 645 GPa
for the electronically modified diamond, indicating the
ultrahigh-density and ultra-incompressibility of the electroni-
cally modified diamond. A literature survey shows that the
highest value of bulk moduli of the electronically modified
diamond is significantly superior to any known materials upon
no charge injection (Figure 3). Furthermore, we used the same
method to calculate the bulk moduli for typical ultra-
incompressible materials (C;N,, BN, ReC, OsO,, and
lonsdaleite) upon charge injection. It was found (Figure S3)
that the bulk modulus of the electronically modified diamond
is also higher than these materials upon the same level of
charge injection. These results indicate that the most
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Figure 3. Comparison of bulk modulus and density of the
electronically modified diamond with other highly incompressible
materials. The raw data are provided in Table S2.

incompressible material under ambient temperature and
pressure can be obtained through electronically modifying
diamond. We also investigated the effect of defects
(substitution and vacancy defects) on the densification and
stiffening of diamond (Figure S4). Specifically, diamonds with
substitution and vacancy defects were constructed from
supercells of defect-free diamond with 32 atoms by replacing
one carbon atom with one boron atom and one vacancy,
respectively. Compared to defect-free diamond, the density
and bulk modulus of defective diamonds also increase as the
hole injection increases. These results indicate that the strategy
of electronic densification and stiffening is also effective for
defective diamonds despite the fact that the defects generally
reduce the performance.

Meanwhile, the strength and toughness of materials are
important for practical applications. We here probed such
properties by performing uniaxial tensile tests on the
electronically modified diamond along the highest Young’s
modulus direction (<111> direction). Like the bulk modulus,
both the tensile strength and strain-to-failure increase as the
charge injection increases from —0.08 to +0.25 e/atom (Figure
4). The tensile strength and strain-to-failure increase from 86
GPa and 13% for the pristine diamond to the maximum values
of 242 GPa and 30% for the diamond upon hole injection of
+0.25 e/atom. To our knowledge, no materials have both a
higher strength and a higher strain-to-failure than those of the
diamond upon the optimal charge injection. These above
results demonstrate that electronic modifications can be used
for the simultaneous stiffening, strengthening, and toughening
of the diamond.
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Figure 4. Uniaxial tensile behavior of the electronically modified diamond. (a) Tensile stress—strain curves for the diamond upon charge injection
of —0.08, 0.00, +0.08, +0.16, and +0.24 e/atom. (b) Tensile strength and strain-to-failure of the electronically modified diamond in the highest

Young’s modulus direction (<111> direction).
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Figure 5. Mechanism analyses. (a) Band structures and projected densities of states (PDOS) of the electronically modified diamond. (b) Atomic
volume, atomic valence electron, and valence electron density of the electronically modified diamond. (c) Bond length and bond order of the
electronically modified diamond. (d) Charge density distribution of the electronically modified diamond with the iso-surface values of 0.5 e/Bohr’.
(e) Plane-averaged charge density difference along the highest modulus direction (<111> direction).

Mechanism Discussion. To understand the ultrahigh
incompressibility of the electronically modified diamond, we
first investigated the bonding state via band structures and
projected densities of states (PDOS) (Figure Sa). The valence
band of the pristine diamond consists of two regions showing
high and low energies, which are mainly occupied by 2p and 2s
states, respectively, whereas 2p states are dominant in the
conduction band. Our DFT calculations at the PBE level show
that the pristine diamond exhibits an indirect band gap of 4.54
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eV, which is consistent with the previous DFT calculations at
the same level’">* The band gaps remain indirect for
diamond upon charge injection. Notably, DFT calculations at
the PBE level usually underestimated the values of the band
gap due to the issue of exchange correlation. Hence, we
performed additional DFT calculations at the HSE06 level.*”
The calculated band gap (5.52 V) for the pristine diamond is
also indirect and agree well with experimental values (5.47
eV>" and 5.50 €V>°), while the increased band gaps with the

https://doi.org/10.1021/acs.jpcc.3c02079
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charge injection is generally consistent with the calculations at
the PBE level. As the injection increases, the conduction band
minimum (CBM) increases more rapidly than the valence
band maximum (VBM), which yields an increase in the band
gap (Figures Sa and SSa). This increase in the band gap can
account for the increase in the bulk modulus from this
theoretical relation:*° y = pB + g, where y = E./v, represents
the excited energy density of chemical bonds, E, is the band
gap, 1y is the average volume occupied by each bond, and p
and g are constants. For charged diamonds, the determined
relation is ¢ = 0.003B + 0.123 (Figure SSb). To further explore
the bonding mechanism, we performed crgrstal orbital
Hamilton population (COHP) analyses’”>® using the
LOBSTER package®”® (Figure S5¢). The integrated COHP
(-ICOHP) that measures the covalent bond strength
increases from 9.0 to 11.6 eV as the charge injection increases
from —0.08 to +0.25 e/atom, indicating the significant
strengthening of covalent bonds.

Next, we investigated the valence electron density to further
understand the ultrahigh incompressibility of the electronically
modified diamond. As shown in Figure Sb, although the atomic
valence electron (valence electron per atom) of the electroni-
cally modified diamond decreases as charge injection increases,
the atomic volume (volume per atom) decreases more sharply
than the atomic valence electron, which results in an increase
of valence electron density from 0.66 to 0.82 e-A™> as the
charge injection increases from —0.08 to +0.25 e/atom. These
results generally indicate that the improved valence electron
density of the electronically modified diamond accounts for its
enhanced incompressibility. To further understand the
mechanical and structural responses of the diamond upon
charge injection, the evolution of the bond length and the
bond order was tracked (Figure Sc). The bond order that
measures the number of chemical bonds between a pair of
atoms was calculated based on a refinement of the density-
derived electrostatic and chemical approach.’’ As the charge
injection increases from —0.08 to +0.25 e/atom, the bond
lengths of the diamond upon charge injection decrease from
1.59 to 1.44 A, while the bond order remains almost a constant
of 0.76 (Figure Sc), yielding a significant increase of bonding
electron density. Such a significant increase in the bonding
electron density also supports the significant strengthening of
covalent bonds as discussed above.

Furthermore, electron density distribution shows that the
electrons accumulate atop carbon atoms upon electron
injection but accumulate in chemical bonds upon hole
injection (Figure Sd and Movie S3). When the electrons
accumulate atop carbon atoms upon electron injection, the
Coulomb repulsion between atoms would increase, which
accounts for the elongating of chemical bonds and enlarged
atomic volume. When the electrons accumulate in chemical
bonds upon hole injection, the bonding electron density would
increase, which accounts for the shortening of chemical bonds
and reduced atomic volume. To quantify the electron density
distribution, we calculated the plane-averaged charge density
difference®” along the highest modulus direction (<111>
direction), Ap, = p. — po, where p_ is the plane-average charge
density upon charge injection and p, is the plane-average
charge density without charge injection. The positive and
negative values of Ap, in bonding regions indicate the increase
and decrease in bonding electron density for the hole and
electron-injected diamond structures, respectively (Figure Se).
The increase in the bonding electron density of the diamond
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upon hole injection is attributed to the reduced atomic volume
and accumulated electrons in chemical bonds, while the
decrease in bonding electron density of the diamond upon
electron injection is attributed to the increased atomic volume
and accumulated electrons atop carbon atoms. Despite the fact
that Figure Sb has shown that the valence electron density of
the electronically modified diamond increases as the charge
injection increases from —0.08 to +0.25 e/atom, Figure Sc
further demonstrates that the increase in bonding electron
density is more important. To summarize, these above-
mentioned results indicate that the ultrahigh mechanical
performance of the diamond upon hole injection is attributed
to the shortening and stiffening of covalent bonds that result
from the increase of bonding electron density.

Additional Remarks on the Fabrication and Applica-
tion of the Electronically Modified Diamond. The
fabrication of the electronically modified diamond provides
an enormous challenge. The attractive approaches are to
modify the electronic structure by applying a gate voltage or by
doping impurities.”> For charge injection by applying a gate
voltage, thin diamonds are favorable for high doping levels.
Fortunately, nanodiamonds, such as diamane® and diamond
nanothreads,”>®” have been successfully fabricated. For charge
injection by doping impurities, the doping-induced modifica-
tion on the electronic structures is nonuniform, which can not
ensure an increase in the bulk modulus. Hence, the challenge
for this approach is to find effective doping manners, such as
doping elements, sites, and concentrations.

The doping level is of central importance in these
approaches. A literature survey shows that the highest
experimental accessible doping level increases as the
approaches develop. In 2008, Das et al.>® reported the highest
doping level of S X 10" cm™ (equivalent to 0.013 e/atom) for
graphene transistors in the solid polymer electrolyte gate. In
2010, Efetov and Kim®® demonstrated that the electron and
hole doping levels of 4 X 10" cm™ (equivalent to 0.11 e/
atom) for graphene can be accessed by employing an
electrolytic gate. In 2012, Khrapach et al.”’ demonstrated a
doping level of 9 X 10" cm™ (equivalent to 0.24 e/atom) for
graphene by polyatomic (FeCl;) intercalation. In 2012, Ye et
al.”" reported a high doping level of 1 X 10'® cm™ (equivalent
to 0.29 e/atom) for MoS, by monoatomic (Li, Na, and K)
intercalation. In 2014, Bao et al.”” demonstrated a high doping
level of 3.5 X 10*2 cm™ (equivalent to 0.25 e/atom) for LiCg
(Li-intercalated ultrathin graphite). In summary, the exper-
imental accessible doping levels for 2D and 3D materials are 1
X 10" ¢cm™ (equivalent to 0.29 e/atom)’" and 3.5 X 10*
cm™ (equivalent to 0.25 e/atom),”” respectively. In our
calculations, the highest doping level for diamond maintaining
enough structural integrity is 0.25 e/atom. We hope that these
calculations at the highest possible doping level can provide
guidelines for future experimental studies.

The above results show that the electronically modified
diamond has ultrahigh stiffness, strength, and toughness.
Hence, a few suggestions for the electronically modified
diamond applications are made, including cutting tools and
protective coatings. When used as a cutting tool, the
electronically modified diamond is expected to cut any
material, even the pristine diamond, since it has higher
stiffness, strength, and toughness than any raw material. When
used as protective coatings, the electronically modified
diamond is expected to provide active protection and long
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service life since the enhanced mechanical performance can be
activated or deactivated according to practical needs.

B CONCLUSIONS

In summary, we computationally demonstrate that the
diamond exhibits ultrahigh density and incompressibility
while maintaining enough structural integrity under a certain
amount of charge injection. The bulk modulus of the
electronically modified diamond can increase by 48%
compared with the pristine diamond, making the incompres-
sibility of the electronically modified diamond significantly
superior to any known materials upon no charge injection. Our
calculations further found that, at the same doping level, the
bulk modulus of the diamond is also higher than typical ultra-
incompressible materials (C;N,, BN, ReC, OsO,, and
lonsdaleite). Furthermore, the tensile strength and strain-to-
failure of the diamond can increase by 181% and 131% upon
the optimal charge injection, respectively. These results
indicate that charge engineering can be used for stiffening,
strengthening, and toughening the diamond. Structural
analyses indicate that the ultrahigh mechanical performance
of the electronically modified diamond results from the
shortening and stiffening of covalent bonds from the increase
of bonding electron density. Finally, the possible fabrication
and application of the electronically modified diamond are
discussed.
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Fig. S1. Phonon dispersion of the electronically modified diamond upon charge injection of —0.08, 0.00, and

+0.25 e/atom, respectively.
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Fig. S2. Comparison of the bulk moduli calculated by different methods and different crystal sizes. (a) The
bulk moduli are calculated at the local density approximation (LDA) and the generalized gradient
approximation (GGA) levels. (b) The bulk moduli are calculated with different sizes at the GGA level.
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Fig. S3. Bulk moduli of the electronically modified diamond as compared with other typical ultra-

incompressible materials upon charge injection.

S4



c 700 d 65
—Q— substitution defect —Q— substitution defect
—@— vacancy defect £ —@— vacancy defect
§ 600 - —@— no defect % 6.0 —Q— no defect
<) Z
5 ;EI 55
_§ 500 + 5
€ g
(&] -
= = 5.0
m 400 k]
<
45
300 L . . ; . . ! . !
-0.1 0.0 0.1 0.2 -0.1 0.0 0.1 0.2
Charge (e/atom) Charge (e/atom)

Fig. S4. Diamonds with (a) boron substitution and (b) vacancy defects. (¢) Bulk modulus and (d) atomic

volume of defective diamonds as compared with those of defect-free diamond.
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Fig. S5. Mechanism analyses of the electronic structures. (a) Valence band maximum (VBM), conduction
band minimum (CBM), and band gap of the electronically modified diamond. (b) Linear relation between the
excited energy density and the bulk modulus. (¢) Crystal orbital Hamilton population (COHP) of the

electronically modified diamond, where bonding interactions were plotted to the right, antibonding ones to
the left.
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Table. S1. Bulk modulus (B), tensile strength (os) and strain to failure (&) in the highest Young’s modulus
direction, and minimum eigenvalue (Amin) calculated at the local density approximation (LDA) and the

generalized gradient approximation (GGA) levels, respectively.

B (GPa) Amin (GPa)
Charge (e/atom) os (GPa) &s

GGA LDA GGA LDA

—0.08 359.7  386.5 20.4 0.04 231.7 246.8
—0.04 397.5 425.6 45.8 0.08 170.8 159.6
0 435.0 4639 85.5 0.13 566.5 589.8
+0.04 466.7 4959 94.4 0.13 598.7 620.8
+0.08 499.5  529.7 116.8 0.14 566.4 532.5
+0.12 533.1 562.6 142.0 0.17 555.4 562.8
+0.16 566.8  597.5 176.3 0.21 581.5 589.2
+0.20 597.9 6315 206.1 0.27 468.2 4234
+0.24 637.4  668.2 234.8 0.30 735.7 753.7
+0.25 6454  681.7 242.2 0.30 385.9 312.0
+0.26 -105.9 —-76.3
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Table. S2. Density (p), volume (¥) and bulk modulus (B) of the electronically modified diamond as compared

with other highly incompressible materials.

Materials p (g:em™) V(A3 B (GPa) Refs
Diamond® 4.3 36.73 645 This work
Diamond 3.5 45.32 435 This work
Lonsdaleite 3.5 4542 436 This work

Si 2.4 155.81 96 !
C3Ny 3.7 40.98 391 This work
C11N4 3.6 87.12 404 This work
CN2 3.7 71.58 402 This work
SiC 3.2 82.77 204 !
c-BN 3.5 47.25 399 !

Hp-BN 3.6 34.02 382 This work

BP 2.8 93.45 171 !

b-Si3Ny 3.2 145.46 236 !

AIN 33 81.86 197 !

BeS 2.4 115.5 113 !
BeSe 4.3 135.56 95 !
AlLO; 4.0 84.87 251 !
MgO 3.6 74.25 155 !

Si0 4.3 46.54 324 !

Os 19.1 33.11 421 This work
ReC 16.4 20.07 433 This work
OsC 16.6 20.28 406 This work
Re2C 18.5 69.15 424 This work
ReOs 21.9 28.55 411 This work

Diamond: the diamond upon charge injection of +0.25 e/atom.
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Movie S1: Video of AIMD simulation of the diamond upon charge injection of —0.08 e/atom.

Movie S2: Video of AIMD simulation of the diamond upon charge injection of +0.25 e/atom.

Movie S3: Electron density redistribution for the diamond upon charge injection.
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