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Diamond is renowned for supreme hardness and supersized electronic bandgap, but knowledge is surprisingly

incomplete on its prominent mechanical and electronic benchmarks under large loads. Here, using first-principles
calculations, we create global mapping of extremal stress (GMES) and related strain and modulus profiles to
bring out fresh perspectives on material behaviors at different scales (small versus large) and varieties (tension,
compression or shear) of loads, unveiling patterns and trends of mechanical properties and record-shattering

maximal stress. Moreover, we construct global mapping of electronic bandgap (GMEB) profiles to set bench-
marks for rational modulation of electronic properties of diamond. This distinct protocol offers a fresh expansive
view of key benchmarks beyond the prevailing paradigm, highlighting global emergent behaviors of extreme
mechanics and electronics of diamond under ultimate elastic strain engineering.

DOLI: 10.1103/3ghh-xcz4

I. INTRODUCTION

A central task in materials physics is to assess structural
stability and its impact on broad properties. The prevailing
paradigm commonly uses elastic parameters derived at small
strains to set stability criteria for crystals at zero or finite
hydrostatic pressure; however, stability of materials under
large-strain, nonhydrostatic loads holds critical importance
in dictating key mechanical benchmarks such as ultimate
strength and toughness, and impacting other vital properties
such as electronic bandgap. Yet, materials at large strains are
much less explored. A prominent case in point is diamond,
whose supreme hardness and supersized electronic bandgap
are well known and widely utilized, but many of its crucial
strain dependent mechanical and electronic properties are lit-
tle studied and largely unknown, impeding rational pursuits of
strain engineering of diamond for innovative devices.

Fundamentally, stress-strain relations connect and eluci-
date structural and mechanical properties [1,2]. Recent years
have seen increasing interest in exploring stress responses at
large strains of diverse materials and loading modes [3-23],
but these studies focus on a few strain paths targeting narrowly
defined problems in each case, offering little insights into
broad strain dependence of material properties. Understand-
ing such properties has become more relevant and urgent as
recent advances in synthesis and characterization techniques
are increasingly more capable of producing and assessing
nearly defect-free specimens that exhibit structural and me-
chanical properties approaching the theoretical limits [24-27].
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Moreover, electronic properties are sensitive to strain and
undergo significant changes at large strains [28-31]. There
are pressing needs to develop a robust approach to explore
extreme mechanics and electronics, aiming to unveil novel
phenomena and elucidate mechanisms in the emerging field of
elastic strain engineering of functional materials like diamond
for in-depth conceptual understanding and impactful technical
applications.

In this work, we devise a protocol to better elucidate
diamond under extreme strains. Using first-principles calcu-
lations, we create global mapping of extremal stress (GMES)
and electronic bandgap (GMEB) profiles to unravel key me-
chanical and electronic benchmarks under diverse large strains
up to elastic limits, offering broad and insightful perspectives
on such foundational material properties. The GMES profiles
reveal striking contrasts between elastic moduli derived at
small strains and extremal stresses defined at large strains,
and uncover steep slopes off the narrow peaks near the global
maxima versus broad flat regions around the global minima of
extremal stress. The results also identify a surprisingly large
number of easy-slip crystal planes that are viable for forma-
tion of rich varieties of stacking faults and twin boundaries,
and a record-shattering extremal stress under a previously
unexplored shear deformation mode. Meanwhile, the GMEB
profiles showcase load sensitive strain dependence of dia-
mond’s electronic bandgap, guiding rational design of devices
with optimal strain tunability.

II. RESULTS AND DISCUSSIONS

Mapping extreme mechanical and electronic properties in
broad strain space offers fresh insights into intricate trends
and patterns under previously unexplored deformation modes.
This work exemplifies the essence of what Philip Anderson
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FIG. 1. The global mapping of (a) Young’s modulus (scale bar in units of GPa), (b) extremal stress (scale bar in units of GPa), and
(c) extremal strain of diamond under tension. The corresponding results under compression are presented in (d)—(f).

discerned in his landmark essay ‘“More is Different” [32]: that
trends and patterns arising from collection of parts can bring
out a new level of emergent behaviors of the whole that cannot
be seen via the limited view of individual parts. This paradigm
has been widely adopted by the scientific community [33].
The present work extends this profound insight to the study of
materials under extreme deformation, which is fast becoming
an active research area encompassing many scientific fields.
Our findings reveal global emergent behaviors in symmetries,
contrasts, and extremes in strained diamond, which serves
as an exemplary case of fundamental interest and aesthetic
appeal with broad implications.

We compute stress-strain relations in eclectic deformation
modes and verify dynamic stability of deformed diamond
crystal via first-principles calculations [34], then create global
mapping of elastic modulus profiles by data at small strains
and extremal stress and strain profiles at large strains reaching
elastic limits. The results offer fresh perspectives on global
emergent behaviors of key mechanical benchmarks beyond
the prevailing paradigm. In this work, we follow the estab-
lished scientific practice and textbook standard to set key
material benchmarks on ideal and defect-free diamond crystal,
which define intrinsic material properties. Such knowledge
lays the foundation for considering factors like defects and
experimental constraints under diverse realistic conditions.
Below we first examine the GMES profiles under tension
(t-GMES) and compression (c-GMES) along with related ex-
tremal strain and Young’s modulus profiles.

At small strains, stress responses to tension and com-
pression as measured by Young’s moduli show the same
pattern [Figs. 1(a) and 1(d)], with global minima and maxima

pointed in the (001) and (111) directions, respectively. At
large strains, however, extremal stress and strain behaviors
diverge under different loads. Under tension, extremal stress
reaches the global maxima in the (001) directions [Fig. 1(b)],
and declines precipitously upon directional deviations, but
exhibits weak direction dependence in a large patch near the
global minima in the (111) directions. Under compression,
the extremal stress profile adopts a distinct cubical pattern
[Fig. 1(e)], with the maxima occurring in the (111) direc-
tions at the vertices of the cubical profile, connected by high
extremal stresses along the cubical edges; meanwhile, the
minima occur in the (001) directions, each surrounded by
a large flat region of low extremal stress. Interestingly, the
global extremal stress and Young’s modulus profiles exhibit
contrasting alignments in their maxima and minima, which
show opposite patterns under tension [Figs. 1(a) and 1(b)],
but share the same pattern under compression [Figs. 1(d)
and 1(e)], highlighting distinct stress responses at small and
large strains under different loading conditions. Moreover, the
extremal strain profiles show the same pattern as the extremal
stress profiles under tension [Figs. 1(b) and 1(c)], but exhibit
opposite patterns under compression, with the directions of
the highest extremal strain aligned with those of the lowest ex-
tremal stress, and vice versa [Figs. 1(e) and 1(f)]. The largest
and smallest extremal strains under tension and compression
arein (001) and (111) directions [Figs. 1(c) and 1(f)], opposite
to the alignments of the maximal and minimal Young’s moduli
[Figs. 1(a) and 1(d)].

The t-GMES, c¢c-GMES, and related extremal strain and
modulus profiles showcase complex stress-strain relations un-
der extreme loads that are in stark contrast with and, therefore,
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FIG. 2. The global mapping of extremal shear stress (blue solid lines) and modulus (red dashed lines, scaled by a factor 1/4) of diamond in
(a) (111), (b) (110), (c) (001), and (d) (112) planes in polar coordinates. The scales up to 200 GPa (in 50 GPa intervals marked by gray circles)
and the major high-symmetry crystallographic directions are indicated in each case.

cannot be derived from elastic moduli, which are obtained
at small strains yet widely used in characterizing properties
like hardness and toughness under extreme loads [43-55].
The present results provide a more relevant and reliable basis
for predicting and analyzing physical processes and material
phenomena at large strains. The emergent global behaviors of
mechanical responses to large loads offer crucial insights for
key property modulation via strain engineering. Our findings
show that achieving maximal tensile or compressive strength
in diamond requires accurate orientation control, since a
slight misalignment would greatly degrade mechanical per-
formance. Meanwhile, there exist large swaths in the crystal
orientation space where extremal stresses are close to the
global minimum; crystal planes normal to these directions are
all likely cleavage planes [3] and are all viable for activat-
ing shear slips to promote microstructures, such as twinning,
that can notably impact hardness and toughness [56]. More-
over, the knowledge of highly anisotropic extremal stress and
strain offers crucial guidance for rational design and modu-
lation of diamond structures ranging from ultrahigh-pressure
anvils [57] to tunable nanoscale device components [24-27].
These insights stem from the unique global view of major
benchmarks on stress-strain responses obtained via the global-
mapping protocol devised in this work, which may serve as
a general and robust method for unveiling material behav-
iors under extreme deformation. We next apply this method
to study diamond under shear loads to explore behaviors in
structural and mechanical properties.

Compared to tension and compression, shear produces
distinct deformation modes featuring relative shifts of crys-
tal planes. Past studies of diamond mostly focused on
a few high-symmetry paths in the easy-cleavage (111)
plane. Here, we construct shear GMES (s-GMES) and
related modulus profiles to provide a more comprehen-
sive view of stress responses. We first examine the shear
planes normal to three principal axes. In the (111) plane,
peak stresses in opposing (111)(11 —2) and (111)(—1—
12) directions [Fig. 2(a)] were regarded as the high and
low limits on shear stress in diamond [4,11-13]. This
high anisotropy of shear stress allows microstructural en-
gineering of mechanical properties in diamond and closely
related cubic boron nitride, where densely twinned speci-
mens exhibit greatly enhanced hardness [58,59], which was
attributed to preferential bonding alignment in the stronger

(111)(—1 — 12) direction at the twin boundaries [60,61].
Strength and toughness enhancements of similar origins also
have been observed in additional covalent crystals [62—68].
Results in Fig. 2(a) reveal that deviation from the global max-
ima in the (111)(—1 — 12} direction brings about much faster
stress reduction compared to the those around the global min-
ima in the (111)(11 — 2) direction, suggesting that stringent
bonding alignments at twin boundaries are required to achieve
optimal strength. In the meantime, in the (110) [Fig. 2(b)]
and (001) [Fig. 2(c)] planes, which have been hitherto less
explored, there are twofold and fourfold rotational and mirror
symmetries in extremal stress distribution, compared to the
threefold rotational and mirror symmetries in the (111) plane,
reflecting the underlying bonding symmetries. The (110) and
(001) results possess a reflection symmetry that renders the
extremal stresses in every pair of opposing shear-slip direc-
tions to be identical. The highest and lowest extremal shear
stresses have a ratio of 1.36 (137/101), 1.42 (138/97.4), and
1.47 (140/95.5) in the (001), (011), and (111) planes, respec-
tively, and are aligned mutually at 45, 90, and 180 degrees,
respectively, in these three planes. The highest (lowest) rate
of change occurs at the stress maxima (minima), following the
same pattern as seen above under tension and compression.

The t-GMES of diamond [Fig. 1(c)] shows that its extremal
tensile stress stays close to global minima in large swaths
of orientation space near (111) directions, suggesting that
ample (/mn) planes with [ &~ m =~ n, close to (111), are viable
cleavage planes [3] and, more importantly, prime slip planes to
form stacking faults or twin boundaries. We examined many
such shear planes and found similar extremal stresses as in the
(111) plane. A conspicuous case, however, is the (112) plane
[Fig. 2(d)], which hosts extremal stresses with stark disparity,
with a lower minimal peak yet remarkably higher maximal
peak shear stress reaching 202 GPa in the (112){(—1 — 11)
direction. This is one of the largest known shear stresses in
any material, well surpassing the prior record of 140 GPa
in diamond under the (111)(—1 — 12) shear [4]. The stress
anisotropy in the (112) plane, as measured by the ratio of the
highest to lowest extremal stresses, 2.14 (202/94.5), is much
larger than those in the low-index planes, greatly expanding
the range of extremal shear stress in diamond.

The findings from the s-GMES profiles hold major sig-
nificance for microstructural tuning of strength and hardness
of diamond. A recent study reported [67] unprecedented
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FIG. 3. The GMEB profiles under (a) tension and (b) compression, mapped onto the extremal strain profiles [Figs. 1(c) and 1(f)], and
(c) shear, at 0.05, 0.1, 0.2 strains (three inner colored contours) and at the elastic limit (outermost colored contour). Bandgap (E,) data up to
maximal strains (solid symbols) on three low-index paths are shown in right panels in (a) and (b).

hardness in diamond composites with refined nanotwins.
Our results provide insights into the underlying atomistic
mechanism by unveiling the directional deformation mode,
which is capable of generating significantly increased stress
response [4], to sustain much enhanced hardness via favorable
twinning structures [60,61]. It establishes a microscopic
origin for the extraordinary mechanical performance of the
diamond composites in which twin boundaries help generate
superior strength and hardness. Moreover, all the s-GMES
profiles exhibit extremal stress distributions at large strains in
sharp contrast with the shear moduli derived at small strains.
Shear moduli are among the primary parameters widely
used as input in empirical formulas to estimate hardness
and toughness [43-55], but these prominent mechanical
benchmarks are determined at large strains and thus better
described by extremal stresses [3—23]. The s-GMES profiles
are therefore expected to offer a more comprehensive and
accurate description of these key benchmarks.

Understanding mechanical properties at large strains re-
quires knowledge of stress-strain relations approaching eclec-
tic elastic limits. This work aims to construct extremal profiles
that set intrinsic benchmarks and constrain measured values
on high-quality samples [24—27]. More broadly, such extreme
mechanics establish a foundation for probing global emer-
gent behaviors in the full strain space, which has hitherto
been much less explored compared to material behaviors
near strain-free equilibrium conditions. In particular, stress
responses at large strains provide a sound basis to extend and
possibly improve previously developed and widely applied
formulas and analysis largely derived from elastic moduli
determined at small strains near equilibrium conditions.

We now create GMEB profiles of diamond. Past studies
examined bandgaps in silicon and diamond at empirically
chosen strains [69,70], but it remains an outstanding task
to determine the bandgap tunability in ultimate elastically
tuned diamond. Here we assess bandgap of diamond on broad
GMEB profiles and also along selected key strain paths [34].
Under tension [Fig. 3(a)], bandgap remains finite on the
GMEB profile, undergoing sharp decline and reaching the
lowest value (<1.0eV) in the vicinity of the (011) direc-
tion. Meanwhile, in large swaths around the (111) directions,
bandgaps retain the highest values above 2.5 eV on the GMEB
profile, limited by the smallest maximal strains [Fig. 1(d)].
Surprisingly, in the (001) directions, the bandgap stays high
(above 1.5 eV), despite the largest maximal strain [Fig. 1(d)].
These findings reveal sensitive and intriguing direction de-
pendence of bandgap in ultimate elastically strained diamond
and provide guidance for rational device design and load
management for functional optimization. In contrast, under
compression, bandgap responses to strains exhibit different
behaviors both in variation rates and in relative directional
dependence. Especially noteworthy is that the GMEB pro-
file [Fig. 3(b)] goes almost completely dark, indicating full
bandgap closure in nearly all parts of orientation space. The
(001) compression, with the lowest maximal stress [Fig. 1(g)],
produces the fastest bandgap reduction. This global view of
bandgap variation is indispensable to optimal strain tuning of
bandgap in diamond. Finally, under shear, bandgap exhibits
high direction sensitivity and closes within the elastic limits
under favorable shear deformation modes [Fig. 3(c)].

The principles of stress induced bandgap changes
have been long established; for example, early studies
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elucidated symmetry breaking induced bandgap reduction in
diamond under anisotropic stress [71]. What has been miss-
ing, however, is bandgap evolution behaviors under diverse
deformation modes, which have been hitherto little explored.
In this work we probe bandgap profiles in deformed diamond
under diverse large strains approaching distinct elastic limits.
The results offer fresh insights into the intriguing trends and
patterns of bandgap variations in broad strain space. Such
results may guide effective elastic strain engineering and op-
timize functional tuning strategies. While detailed material
and load dependent behaviors still need to be worked out
for specific cases, the present results unveil both qualitative
(trends, patterns, symmetries) and quantitative (magnitudes,
limits) attributes that set the foundation for device design and
performance optimization.

III. SUMMARY

In summary, we have devised a GMES-GMEB proto-
col to probe structural, mechanical, and electronic properties
of ultimate elastically strained diamond. The results bring
out fresh perspectives of fundamental interest and aesthetic
appeal, showcasing, on distinct and broad scale, congruent
versus contrasting symmetries in key benchmarks, consis-
tency versus disparity in directional alignments of extremal
quantities, and steep versus flat rates of changing properties.
Notable findings include (i) stark differences in orientation
dependence of elastic moduli and extremal stresses, highlight-
ing distinct stress responses at small, and large strains; (ii)
sharp contrasts in stress variation rates near global maxima
and minima, offering insights for optimal stress modulation;
(iii) surprisingly close extremal stresses in wide swaths of
the t-GMES profile, revealing ample easy-slip shear planes

for effective microstructural engineering; (iv) unexpectedly
high anisotropy in select s-GMES profiles with the record-
shattering maximal shear stress, elucidating superior strength
and hardness in diamond nanocomposites; and (v) diverse
paths and wide ranges of tuning electronic bandgap under
eclectic deformation modes, guiding rational device design.
This paradigm appraises structure-property relations via an
expansive global view beyond the prevailing knowledge stem-
ming from individual strain paths. Our findings exemplify
the profound perspective of “More is Different” [32,33] in
the fresh context of extreme mechanics and electronics of
diamond, which is an exceptional material that has long drawn
enormous interest from fundamental research and practical
application, and has served as an exemplary case to provide
broad insights for elucidating many materials adopting the
same crystal structure and bonding type.
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