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Computational prediction of new auxetic materials
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Auxetics comprise a rare family of materials that manifest negative Poisson’s ratio, which
causes an expansion instead of contraction under tension. Most known homogeneously
auxetic materials are porous foams or artiﬁcial macrostructures and there are few examples
of inorganic materials that exhibit this behavior as polycrystalline solids. It is now possible
to accelerate the discovery of materials with target properties, such as auxetics, using
high-throughput computations, open databases, and efﬁcient search algorithms. Candidates
exhibiting features correlating with auxetic behavior were chosen from the set of more than
67 000 materials in the Materials Project database. Poisson’s ratios were derived from the
calculated elastic tensor of each material in this reduced set of compounds. We report that
this strategy results in the prediction of three previously unidentiﬁed homogeneously auxetic
materials as well as a number of compounds with a near-zero homogeneous Poisson’s ratio,
which are here denoted “anepirretic materials”.
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material’s Poisson’s ratio reﬂects the deformation of its
cross-section in response to an orthogonal tensile strain.
The term “auxetic” deﬁnes a class of exotic materials that
exhibit a negative Poisson’s ratio, which causes a counter-intuitive
expansion under tension rather than contraction1. These
materials have been shown to possess enhanced hardness and
toughness, as well as absorb vibrations and sound better
than their non-auxetic counterparts2, 3. As a result, the atypical
elastic behavior of auxetic materials is enabling advancements
in a broad range of technologies such as impact-resistant
composites, extremely precise sensors, tougher ceramics, and
high-performance armor2–5.
Auxetic behavior is generally believed to originate at the
structural level. Materials with anisotropic mechanical behavior,
such as crystalline materials, exhibit orientation-dependent
directional Poisson’s ratios, νij (where i and j are the directions
of the applied tensile strain and the resultant transverse strain).
For polycrystalline solids, which are macroscopically isotropic,
these directional values average to a “homogeneous” value, μ2.
A number of crystalline materials have been found to exhibit
negative Poisson’s ratios in certain directions associated with
speciﬁc features of their crystal structures6–9. However, nearly all
of the currently known homogeneously auxetic materials are
porous foams or purposefully designed hinged meta-materials
with open, re-entrant structures3, 10, 11. The most well-known
example of a crystalline material with a negative homogeneous
Poisson’s ratio, α-cristobalite (SiO2), was discovered via
laser Brillouin spectroscopy in 1992 by Yeganeh-Haeri et al.12, 13.
They hypothesized that the material’s unusual elastic behavior
originates from the rotation of rigid SiO4 tetrahedra.
Indeed, the prevailing theory for auxetic behavior in α-cristobalite
and other inorganic materials relies on rigid unit modes (RUM’s)
in which connected polyhedra rotate without deforming
(see Fig. 1)2, 3, 14–17. Interestingly, the unique deformation
behavior of this class of materials may also induce speciﬁc phase
transformations. For example, at high temperature, α-cristobalite
transforms
into
β-cristobalite
where
the
structural
transformation path is characterized by a static rotation of the
silica tetrahedra18, 19.
Some zeolites with RUM features have been predicted as
auxetic using semi-empirical molecular force ﬁeld models20, 21;
however, subsequent experiments were only able to verify
negative Poisson’s ratio for certain directions, not homogeneous
auxetic behavior. Goldstein et al. report negative average
Poisson’s ratios for a small number of tetragonal and
cubic materials calculated from previously published elastic
constants22, 23. These include C16 FeGe2, elemental Ba, and solid
solutions based on rocksalt-structured SmS. However, we note
that other reference work cites the Poisson’s ratio of Ba as 0.2824
and the calculated Poisson’s ratio of C16 FeGe2 is obtained as
0.2425. Previous studies have also found unusual Poisson’s ratios
to correlate with elastic anisotropy26, 27. In fact, auxetic behavior

in certain directions is not uncommon for materials with
some degree of anisotropy, such as cubic metals6 and layered
materials2, 26, 28. However, it is worth emphasizing that the
existence of auxetic directions alone is not enough to render a
material’s bulk, average Poisson’s ratio negative. Finally, we
note that—with the possible exceptions listed above—no new
homogeneously auxetic crystalline materials have been discovered
since α-cristobalite SiO2.
In this work, we utilize a screening process for auxetic
materials that employs open-source tools and algorithms to
efﬁciently and systematically ﬁnd promising candidates. Several
open materials databases with structural information are available
today29, 30; for this study, we use the Materials Project31, which
provides access to structure information for more than 67 000
materials and open-source structure manipulation software32.
This process yields 38 candidate materials, which are
subsequently investigated via ﬁrst-principles density functional
theory (DFT) calculations of their full elastic tensors. Of the
38 candidates, 7 new compounds are identiﬁed to exhibit negative
homogeneous Poisson’s ratios in addition to the known auxetic
α-cristobalite. The most notable of these predictions is a high
temperature aluminum orthophosphate polymorph, HT-AlPO4.
The other new materials predicted to exhibit auxetic behavior are
four hypothetical SiO2 polymorphs and two hypothetical
metal vanadate structures. Additionally, we report near-zero
homogeneous Poisson’s ratios for a number of materials in
various chemical systems, which we denote “anepirretic
materials” after the Greek word for “unaffected.”
Results
Screening process. To date, the Materials Project31 contains data
for over 67,000 distinct inorganic crystalline materials where
of over 4000 have an associated calculated elastic tensor.
Benchmarks of the Materials Project elastic tensor workﬂow
suggest that it reproduces elastic-tensor derived bulk and shear
moduli well; within 15% of experimentally measured values.
However, the workﬂow requires computationally demanding
MP database
( ~67,000 inorganic compounds )
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Fig. 1 The “rotating squares” model for auxetic behavior. a The relaxed
structure under no strain and b the structure under uniaxial tension
showing positive strain along both axes
2

Fig 2 Overview of the screening process. Tier I ﬁltered on formation energy
and number of sites, thereby resulting in a reduction from over 67,000 to
~46,000 compounds. Tier II applied the homologous structure classiﬁer
which resulted in a reduction from 46,000 to 38 compounds, including
α-cristobalite SiO2. In the ﬁnal step, Tier III, DFT calculations of the full
elastic tensors identiﬁed 8 structures (α-cristobalite included) predicted to
exhibit negative homogeneous Poisson’s ratios
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Table 1 Predicted directional and homogeneous Poisson’s ratios for a selection of Tier 2 materials
Material

Structure

Space group

Prev. synthesized?

Directional Poisson

Homo. Poisson (μ)

Class

SiO2 (αC)
HT-AlPO4
SiO2 (a)
SiO2 (b)
SiO2 (c)
FeV3O8
CoV3O8
SiO2 (d)
FePO4
SiO2 (βC)
BVO4
GaPO4
MnV3O8
GeO2

Tetragonal
Orthorhombic
Tetragonal
Orthorhombic
Orthorhombic
Triclinic
Triclinic
Monoclinic
Orthorhombic
Orthorhombic
Tetragonal
Orthorhombic
Triclinic
Tetragonal

P41212 [92]
C2221 [20]
P43212 [96]
P212121 [19]
P21nb [33]
P1 [1]
P1 [1]
C2/c [15]
Pn21a [33]
I42d [122]
I4 [82]
C2221 [20]
P1 [1]
P41212 [92]

Yes12
Yes18
No
No
No
No
No
No
No
Yes43
No
Yes42
No
Yes51

(νmin)
−0.580
−0.582
−0.551
−0.518
−0.478
−0.379
−0.452
−0.651
−0.328
−0.102
−0.502
−0.343
−0.338
−0.301

−0.29
−0.28
−0.27
−0.20
−0.05
−0.05
−0.04
−0.01
0.01
0.05
0.06
0.07
0.09
0.10+

Auxetic
Auxetic
Auxetic
Auxetic
Anepirretic
Anepirretic
Anepirretic
Anepirretic
Anepirretic
Anepirretic
Anepirretic
Anepirretic
Anepirretic
Meiotic
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Auxetic

600

 > 0.1
Meiotic
~0
Anepirretic

500

Frequency

input parameters to ensure this level of accuracy25. It is currently
projected to take years to calculate the elastic tensor for all known
crystalline compounds using available supercomputing resources.
Hence, approaches which prioritize certain compounds based on
structure-property descriptors are useful to accelerate the rate of
discovery. For example, predictive statistical learning methods
have been used to estimate bulk and shear moduli of materials in
the MP database, illustrating that existing DFT-based data on
elasticity and structure can be leveraged to guide the search
for speciﬁc elastic behavior33. In this work, to expedite the
discovery process with respect to Poisson’s ratio, materials were
screened though a set of criteria designed to reduce the number of
elasticity calculations required to identify novel auxetics. In Tier I
(see Fig. 2), we ﬁrst narrowed our candidate pool by applying a
stability criterion, retaining only materials for which the formation energy is less than 100 meV per atom above the convex hull.
This removes materials from consideration that may be challenging to synthesize34. From this set, computationally tractable
materials with fewer than 50 sites per unit cell were retained,
resulting in roughly 46,000 structures (see Fig. 2, Tier I). We
note that this constraint necessarily excludes many zeolites and
porous materials, which may exhibit negative Poisson’s ratios8, 20.
However, auxetic behavior in those materials may be due to
structural motifs at a larger scale than those targeted in our
search16.
In Tier II, we used a homologous structure motif to identify
materials likely to exhibit auxetic behavior using α-cristobalite as
a structural archetype. The advantage of homologous structure
matching over methods using select geometric descriptors is
that information with seemingly inconspicuous signiﬁcance is
inherently included in the crystallographic description of the
structure. This is especially relevant for inorganic crystalline
auxetic materials because so few positive examples exist. To
implement the structural screening, we utilized the pymatgen
structure matcher32 to construct a structure similarity classiﬁer
which compared the roughly 46,000 materials that passed the
ﬁrst tier to α-cristobalite’s corner-connected tetrahedral motif.
A species-agnostic algorithm was used to initialize the structure
matcher in order to expand the scope of the search beyond binary
chemical systems.
The result of the overall screening process was a reduction in
the number of candidate materials for full DFT elasticity
calculations by three orders of magnitude, from more than
67 000 materials to 38. We note that this set included the known
auxetic α-cristobalite SiO2. The Poisson’s ratios of the candidate
compounds were subsequently calculated using the Materials

(νmax)
−0.030
−0.043
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Fig. 3 The distribution of homogeneous Poisson’s ratio. Within the set of
materials with elasticity data in the Materials Project database, meiotic
materials far outnumber auxetic and anepirretic materials, which make up
less than 1% of the total distribution. The inset shows the number of auxetic
and anepirretic materials before and after the homologous structure search
based on α-cristobalite SiO2

Project’s high-throughput DFT elasticity workﬂow, which
has been benchmarked to within 15% of available experimental
measurements25. Of the 38 elastic tensor calculations, 30 successfully converged, passing all of the built-in ﬁlters of the workﬂow.
These ﬁlters include removing materials that exhibit negative
eigenvalues of the elastic tensor, which indicates soft modes and
mechanical/dynamic instabilities at low temperatures. The
average, homogeneous Poisson’s ratio of the set was 0.07 and
an average negative Poisson’s ratio was obtained for 8 out of
the 30 (Supplementary Table 1). In addition to α-cristobalite,
four polymorphs of SiO2, two ternary metal vanadates, and a
high-temperature phase of AlPO4 were predicted to exhibit
negative homogeneous Poisson’s ratios. Another 5 materials
of the 30 exhibited positive but near-zero homogeneous Poisson’s
ratios. (Table 1).
Instead of classifying the materials solely by the sign of the
Poisson’s ratio, we introduce a new criterion based on both sign
and magnitude of μ. Following the precedent set by Evans in
assigning materials by Poisson’s ratio under Greek terms1,
we have grouped structures with |μ| ≤ 0.1 separately from
homogeneously auxetic materials. We denote this class of
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Fig. 4 Directional Poisson’s ratio maps for α-cristobalite SiO2 and HT-AlPO4. ν32 was calculated from the elastic tensors of for α-cristobalite SiO2 a, b and
HT-AlPO4 c, d under basis rotations around the Eulerian z, xʹ, and zʹʹ axes. These rotations were: ϕ = π/4, θ = [0, π], and ψ = [0, π] for α-cristobalite and
ϕ = 0, θ = [0, π], and ψ = [0, π] for HT-AlPO4

materials ‘anepirretic’ after the Greek word ανεπηρε′αστος,
which means “unaffected”. These materials will maintain a nearly
constant cross-section under linear-elastic tensile strain. The
remaining, bulk majority of materials with μ > 0.1 are denoted
‘meiotic’ after the corresponding antonym, μειωτικóς. Figure 3
shows the distribution of computed homogeneous Poisson’s
ratios in the Materials Project, which comprises the largest elastic
tensor resource to date25. While the overwhelming majority
(99%) of materials display meiotic behavior, the current search
identiﬁed a statistically signiﬁcant number of calculated negative
or near-zero homogeneous Poisson’s ratios. Of the 30 materials
that passed Tier I and II, 1 known auxetic, 3 new auxetic, 9 new
anepirretic, and 17 meiotic Poisson’s ratios were predicted.
This has greatly increased the total number of predicted auxetic
and anepirretic materials in the MP database, as shown in the
inset of Fig. 3. In the following section we discuss the resulting
materials with negative Poisson’s ratios (auxetic and anepirretic)
in more detail.
Resulting auxetic and anepirretic materials. The results of the
elastic analysis for each of the auxetic and anepirretic materials
identiﬁed by the screening process are included in Table 1. Also
included in Table 1, due to its pertinence to the role of chemistry
in controlling the Poisson’s ratio of materials, is GeO2, a meiotic
compound exhibiting a structure identical to α-cristobalite.
Two novel silica polymorphs, denoted SiO2(a) and (b), were
identiﬁed as auxetic by the screening process. We note that
SiO2(a) is the enantiomer of α-cristobalite SiO2, hence it is not
surprising that its elastic properties are close to those of its chiral
partner. Coh and Vanderbilt investigated the structural stability
of cristobalite and described how the α and β structures may be
4

considered higher-symmetry special cases of a three-dimensional
manifold with general P212121 symmetry accessed by RUMs19.
Both SiO2(a) and (b) appear on this manifold along with α and β
cristobalite. Intuitively, the homogeneous Poisson’s ratios of these
structures fall between those of α and β-cristobalite SiO2.
Two other silica polymorphs, denoted SiO2(c) and (d), as well
as β-cristobalite, denoted SiO2(βC), were calculated as anepirretic.
Furthermore, two ternary metal vanadates; FeV3O8 and CoV3O8
were identiﬁed as anepirretic with predicted Poisson’s ratios
of −0.05 and −0.04, respectively. The four silica polymorphs
SiO2 (a)–(d) and the two ternary vandates are part of the
growing number of materials in the Materials Project which
are ‘hypothetical’ new compounds31, 35, e.g., they have been
generated using various transformation schemes, such as
substitutions on existing materials, to explore novel chemistries
and structures for different applications. Hence, there is no
existing literature on synthesis and testing of these materials;
however, they exhibit favorable formation energies and may be
amenable for synthesis34.
The potentially most interesting of the novel identiﬁed auxetic
materials is a high-temperature phase of aluminum orthophosphate: HT-AlPO4. This known polymorph exhibits a structure
very similar to α-cristobalite but has a lower crystal symmetry
(C2221) due to its stoichiometry. Our calculations predict it has a
Poisson’s ratio of −0.28, rivaling that of α-cristobalite SiO2.
Berlinite AlPO4 spontaneously transforms to HT-AlPO4 at
elevated temperatures, which remains metastable at room
temperature18, 36. Although NAT-type aluminophosphate zeolites
have been investigated for negative Poisson’s ratio37, 38, to our
knowledge HT-AlPO4 has not been experimentally investigated
for auxetic behavior39.
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a

b

Fig. 5 Tetrahedral rotations in α-cristobalite SiO2. Illustration of the
rotational axes for the SiO4 tetrahedra under tensile strain along the [001]
direction as viewed from the a [110] direction and the b [110] direction in
α-cristobalite SiO2

In order to study the extremal values of the anisotropic
directional Poisson’s ratio, νij, for the materials identiﬁed in Tier 3,
we calculate ν32 over the entire range of possible orientations and
compare to the known α-cristobalite SiO2. The elastic tensors were
rotated around the Eulerian z, xʹ, and zʹʹ directions between 0 and
2π radians at a resolution of π/30 and for each orientation, ν32 was
recorded as a function of the rotation angles. Figure 4 shows
the variation in the anisotropic directional Poisson’s ratio ν32 for
α-cristobalite and HT-AlPO4 over the subspace of orientations
spanned by rotations about the xʹ and zʹʹ axes. In order to more
directly compare the Poisson response of the two materials, the
elastic tensor of α-cristobalite was ﬁrst rotated by π/4 around z to
align its orientation with that of HT-AlPO4’s elastic tensor with
respect to its conventional standard unit cell.
Indeed, νmax is predicted as negative for both α-cristobalite
and HT-AlPO4, implying that, similar to α-cristobalite SiO2,
HT-AlPO4 will behave auxetically when strained in any direction.
We note that these results are consistent with other DFT
calculations of the elastic properties of α-cristobalite, which
slightly overestimate the auxetic response such that νmax < 0,
whereas Brillioun spectroscopy indicates νmax = +0.0840. Nevertheless, α-cristobalite SiO2 still exhibits overall auxetic behavior in
experiment12 and the same is expected for HT-AlPO4. We ﬁnd
that νmin appears on the xʹ–zʹʹ rotation surfaces of α-cristobalite
and HT-AlPO4 at coinciding rotations, hence the character of
their Poisson behavior is highly similar. Figures 5 and 6 illustrate
the tetrahedral rotations of the two materials for [001] tensile
strains, which are also congruent in character. These predictions
for RUM rotations under strain are consistent with the results
of previous investigations into the origins of auxetic behavior in
α-cristobalite14, 41. Moreover, these soft rotational modes are also
activated in the α–β transformation of cristobalite SiO218. SiO2 (a)
also exhibits a negative νmax, and hence global auxetic behavior,
and SiO2 (b) manifests a νmax very close to 0.0, indicating auxetic
behavior in a majority of directions.
Auxetic materials have conventionally been classiﬁed as
“partially auxetic” if they possessed one or more negative
directional Poisson’s ratios or “completely auxetic” if they
exhibited no positive values for νij22. While completely auxetic
materials will always be homogeneously auxetic, partially auxetic
materials can average to auxetic, anepirretic, or meiotic depending on the distribution of νij. Anepirretic materials typically
exhibit directional Poisson’s ratios that are distributed across both
positive and negative values resulting in a homogeneous Poisson’s
ratio close to zero. As indicated in Table 1, a number of the ﬁnal
NATURE COMMUNICATIONS | 8: 323
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Fig. 6 Tetrahedral rotations in HT-AlPO4. Illustration of rotational axes of
AlO4 and PO4 tetrahedra under tensile strain in the [001] direction. In a the
rotational axis of the AlO4 tetrahedra is depicted as viewed from the [100]
direction whereas b shows the rotational axis of the PO4 tetrahedra as
viewed from the [010] direction

candidates display positive but near-zero homogeneous Poisson’s
ratios. The SiO2 (c) polymorph as well as the ternary vandates
display weakly negative Poisson’s ratios while positive νmax.
Uniformly small directional Poisson’s ratios as well as combinations of positive and negative directions can minimize the
magnitude of the homogeneous Poisson’s ratio in anepirretic
materials, which may be a useful materials design feature for
applications where transverse strain is undesirable.
Discussion
Accelerated discovery of novel materials with target properties is
desirable to meet current and future material needs. In this study,
we show how a tiered search, targeting speciﬁc structural motifs,
can greatly accelerate the discovery of materials with unusual
elastic behavior.
To date, very few inorganic crystalline materials other than
α-cristobalite SiO2 are known to exhibit homogeneous auxetic
behavior. Prior to this study, through the Materials Project
calculations of elastic tensors, a tungsten oxide (WO3) with
weakly negative Poisson’s ratio, μ = −0.08, was serendipitously
found among the ﬁrst 2000 materials calculated25. This result
represents an ~0.02% chance to discover a material with a
negative homogeneous Poisson’s ratio. Using the target screening
described here, we ﬁnd that almost one in ﬁve of the materials
identiﬁed by the homologous structure search exhibit negative
homogeneous Poisson’s ratios and 3/30 are proposed new
homogeneous auxetics. Hence, the approach delivers an
improvement of three orders of magnitude.
It is important to note that the Materials Project database does
not discern between materials that have been synthesized and
those that remain hypothetical. Previously synthesized or known
materials, identiﬁed by the tiered search as either auxetic or
anepirretic, are HT-AlPO4, β-cristobalite SiO2, and GaPO4.
Both phosphates are metastable at room temperature and can be
ﬂux-grown or synthesized through annealing of quartz-structured
AlPO4 and GaPO4 above the cristobalite transition temperature
with subsequent quenching36, 42. However, β-cristobalite SiO2
spontaneously transforms to α-cristobalite upon cooling and
must be chemically stabilized to exist at room temperature43. The
remaining seven materials identiﬁed by the search as auxetic or
anepirretic are hypothetical compounds with low formation
energies which indicate a fair chance of successful synthesis34.
The polymorphs SiO2 (a), (c), and (d) are frameworks generated
by simulated annealing35 while SiO2 (b) represents an early
suggestion for the α-cristobalite structure proposed in 1932. The
four vanadates (FeV3O8, CoV3O8, MnV3O8, and BVO4) originate
from a variety of structure manipulations of known compounds,
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Fig. 7 Directional Poisson’s ratio map for α-cristobalite GeO2. The Poisson’s ratio surface a and contour plot b for α-cristobalite GeO2 show the variation of
ν32 as derived from the calculated elastic tensor under basis rotations around the Eulerian z, xʹ, and zʹʹ axes. These rotations were: ϕ = π/4, θ = [0, π], and
ψ = [0, π]

such as orderings of disordered structures, and cation substitution
in such frameworks44. We stress that the fact that these materials
are hypothetical does not necessarily preclude the possibility that
they can be made, and identifying them as auxetic may inspire
design and discovery of similar compounds. Additionally, we note
that the restriction on energy above the convex hull in Tier I of
the screening process does not reﬂect an absolute limit for
stability. As such, this screening method may exclude materials
that can be synthesized and exploring higher energies may lead to
the discovery of additional homogeneously auxetic materials of
interest.
The presented work is built on the hypothesis that the
structural motif—encompassed by rigid, corner-connected tetrahedra and open structures—is the dominating driver for auxetic
or anepirretic behavior. As such, our search was intentionally
agnostic to chemistry. While this hypothesis is clearly validated
by the high success rate of the Tier III materials, chemistry
also clearly plays a role in differentiating the Poisson’s ratios
of materials with similar structures. As an example, we offer
α-cristobalite GeO2 which exhibits the exact same crystal structure, symmetry, and stoichiometry as α-cristobalite SiO2. Indeed,
GeO2 has previously been proposed as an auxetic material9.
However, while auxetic directions are found in this material
(see Fig. 7), the majority of strain directions result in positive
Poisson’s ratios and hence, its homogeneous Poisson’s ratio is
calculated as 0.10. Thus, we ﬁnd that the compound most similar
to alpha-cristobalite both in structure and chemistry is meiotic.
This example is similarly mirrored by HT-AlPO4 being auxetic
while the highly related compound GaPO4 is not. We speculate
that small differences in bonding and bond lengths may be
enough to inﬂuence the soft rotational modes that underlie
auxetic behavior. Hence, this particular structural motif is found
to be a highly correlated, but insufﬁcient, descriptor for auxetic
behavior. We speculate that additional or broader structural
motifs could be employed as markers for potential auxetic and
anepirretic behavior.
In summary, using a structure-matching procedure, together
with stability and computational cost screening, drastically
reduced the number of DFT calculations required to predict three
previously unknown homogeneously auxetic compounds,
whereof one is a known material; the high-temperature AlPO4.
Furthermore, our screening identiﬁed nine anepirretic materials,
which are characterized by possessing a combination of
both auxetic and meiotic directions resulting in an almost zero
Poisson’s ratio. The success of our approach suggests that negative or near-zero Poisson’s ratio is a common feature of materials
with cristobalite-like structures, such that a dramatically higher
success rate is achieved if the structure motif is included in a
6

materials screening. However, we also note that chemistry is
not unimportant as several α-cristobalite-structured materials
still exhibit meiotic behavior. We hope that the results of
this study demonstrate the advantage of combining materials
databases and intelligent materials design to accelerate materials
discovery.
Methods
Ab initio calculations. The high-throughput methodology and workﬂow used
to calculate the elastic tensors was documented and benchmarked for all
experimentally known elastic tensors as described previously in detail by de
Jong et al.25 In short, the elastic workﬂow begins with a structure optimization and
subsequently calculates the stress of independent deformations of the optimized
structure. Independent linear and shear strains between −1 and 1% are applied to
the relaxed structures and the resultant stress tensors are calculated for each of
these strain states. The calculations use ﬁrst-principles DFT as implemented in the
VASP code45, 46. Because the calculations require converged determinations of the
bulk stress, a dense mesh of 7000 k-points per reciprocal atom and a cutoff energy
of 700 eV for the plane-wave basis set are used. Exchange-correlation effects of
the electronic density are accounted for using the Perdew–Burke–Ernzerhof
functional47. In addition, standard Materials Project Hubbard U corrections are
used for a number of transition metal oxides48, as documented and implemented in
the pymatgen VASP input sets32. Resulting elastic tensors are ﬁltered on the
basis of multiple criteria for mechanical stability and reliability as previously
documented25. The full content of the workﬂow and analytical tools used to
generate this and all other MP elastic tensor data may be found in the
MPWorks and pymatgen code packages at github.com/materialsproject.
Calculation of Poisson’s ratios. The homogeneous approximation of the
Poisson’s ratio was calculated from the elements of the calculated elastic tensors as:
μ¼

3KVRH  2GVRH
6KVRH þ 2GVRH

ð1Þ

where KVRH and GVRH are the Voigt–Reuss–Hill averaged bulk and shear moduli,
respectively25. Furthermore, the anisotropic Poisson response of materials
were investigated through the calculation of the directional Poisson ratios, νij,
determined from the coefﬁcients of the Voigt compliance tensor (inverse of the
elastic tensor), S, as:
ν ij ¼ 

Sij
Sii

ð2Þ

where the value for νij represents the ratio of deformation in the principal direction
j to a uniaxial strain applied along the orthogonal principal direction i in the basis
frame of the elastic tensor26. The global minimum and maximum directional
Poisson’s ratios were found by rotating the original elastic tensor through the range
of possible orientations via the Euler–Rodriguez and Cayley method and Euler
angle rotations around the z, xʹ, and zʹʹ axes at a resolution of π/30 radians49.
Determination of tetrahedral rotations. The tetrahedral rotations displayed in
Figs. 5 and 6 were derived from ideal tensile strain calculations50, in which the
equilibrium bulk structures are deformed in a single direction and optimized
isotropically in the perpendicular directions. This allowed for an estimate of the
structural response to a uniaxial load, and further reinforces the prediction of
auxetic behavior in elastic tensor results.
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Structure comparisons. The structure-comparison algorithm described in this
study was implemented using the structure matcher in Pymatgen32. Structurematching proceeds by: 1. reducing to unit cells and comparing the total number of
sites, 2. further reducing to Niggli cells and scaling by volume, 3. removing
oxidation states, and 4. comparing, within speciﬁed tolerances, the lattice angles
and atomic positions of all permutations of valid lattices. A full description of the
algorithm is provided. (Supplementary Methods) The structure matcher was
initialized with a framework comparator, which ignores species and oxidation
state when comparing sites between two structures, and the following structurematching parameters: fractional length tolerance = 0.2, fraction of average free
length per atom = 0.5, and angle tolerance = 5°.
Data availability. The code and data used to develop the screening process in this
study are available at http://pymatgen.org and https://materialsproject.org. Any
other information supporting the conclusions presented is available from the
authors upon request.

Received: 12 January 2017 Accepted: 14 June 2017

References
1. Evans, K. E., Nkansah, M. A., Hutchinson, I. J. & Rogers, S. C. Molecular
network design. Nature 353, 124 (1991).
2. Greaves, G. N., Greer, A. L., Lakes, R. S. & Rouxel, T. Poisson’s ratio and
modern materials. Nat. Mater. 10, 823–838 (2011).
3. Evans, K. E. & Alderson, A. Auxetic materials: functional materials and
structures from lateral thinking! Adv. Mater. 12, 617–628 (2000).
4. Lakes, R. S. Foam structures with a negative Poisson’s ratio. Science 235,
1038–1040 (1987).
5. Alderson, A. A triumph of lateral thought. Chem. Ind. 10, 384–391 (1999).
6. Baughman, R. H., Shacklette, J. M., Zakhidov, A. A. & Stafström, S. Negative
Poisson’s ratios as a common feature of cubic metals. Nature 392, 362–365
(1998).
7. Azzopardi, K. M., Brincat, J. P., Grima, J. N. & Gatt, R. Anomalous elastic
properties in stishovite. RSC Adv. 5, 8974–8980 (2015).
8. Grima, J. N. et al. Natrolite: a zeolite with negative Poisson’s ratios. J. Appl.
Phys. 101, 086102 (2007).
9. Goldstein, R. V., Gorodtsov, V. A. & Lisovenko, D. S. Auxetic mechanics of
crystalline materials. Mech. Solids 45, 529–545 (2010).
10. Bhullar, S. K. Three decades of auxetic polymers: a review. e-Polymers 15,
205–215 (2015).
11. Kolken, H. M. A. & Zadpoor, A. A. Auxetic mechanical metamaterials. RSC
Adv. 7, 5111–5129 (2017).
12. Yeganeh-Haeri, A., Weidner, D. J. & Parise, J. B. Elasticity of alpha-cristobalite
a silicon dioxide with a negative Poisson’s ratio. Science 257, 650–652 (1992).
13. Siddorn, M., Coudert, F., Evans, K. E. & Marmier, A. A systematic typology
for negative Poisson’s ratio materials and the prediction of complete auxeticity
in pure silica zeolite JST. Phys. Chem. Chem. Phys. 17, 17927–17933 (2015).
14. Grima, J. N., Gatt, R., Alderson, A. & Evans, K. E. An alternative explanation
for the negative Poisson’s ratios in alpha-cristobalite. Mater. Sci. Eng. A 423,
219–224 (2006).
15. Grima, J. N. & Evans, K. E. Auxetic behavior from rotating squares. J. Mater.
Sci. Lett. 19, 1563–1565 (2000).
16. Williams, J. J., Smith, C. W., Evans, K. E., Lethbridge, Z. A. & Walton, R. I. An
analytical model for producing negative Poisson’s ratios and its application in
explaining off-axis elastic properties of the NAT-type zeolites. Acta Mater. 55,
5697–5707 (2007).
17. Zhang, Y.-N., Wu, R.-Q., Schurter, H. M. & Flatau, A. B. Understanding of
large auxetic properties of iron-gallium and iron-aluminum alloys. J. Appl.
Phys. 108, 023513 (2010).
18. Hatch, D. M., Ghose, S. & Bjorkstam, J. L. The alpha-beta phase transition in
AlPO4 cristobalite: symmetry analysis, domain structure and transition
dynamics. Phys. Chem. Miner. 21, 67–77 (1994).
19. Coh, S. & Vanderbilt, D. Structural stability and lattice dynamics of SiO2
cristobalite. Phys. Rev. B 78, 054117 (2008).
20. Grima, J. N., Jackson, R., Alderson, A. & Evans, K. E. Do zeolites have negative
Poisson’s ratios? Adv. Mater 12, 1912–1918 (2000).
21. Grima, J. N. et al. On the role of rotating tetrahedra for generating auxetic
behavior in NAT and related systems. J. Non-Cryst. Solids 354, 4214–4220
(2008).
22. Goldstein, R. V., Gorodtsov, V. A. & Lisovenko, D. S. Classiﬁcation of cubic
auxetics. Phys. Status Solidi B Basic Res. 250, 2038–2043 (2013).
23. Goldstein, R. V. & Gorodtsov, V. A. Average Poisson’s ratio for crystals.
Hexagonal auxetics. Lett. Mater 3, 7–11 (2013).
24. Cardarelli, F. Materials Handbook 2nd edn (Springer, 2008).
NATURE COMMUNICATIONS | 8: 323

25. de Jong, M. et al. Charting the complete elastic properties of inorganic
crystalline compounds. Sci. Data 2, 150009 (2015).
26. Lethbridge, Z. A. D., Walton, R. I., Marmier, A. S. H., Smith, C. W. & Evans, K.
E. Elastic anisotropy and extreme Poisson’s ratios in single crystals. Acta Mater.
58, 6444–6451 (2010).
27. Sines, G. & Turley, J. The anisotropy of Young’s modulus, shear modulus and
Poisson’s ratio in cubic materials. J. Phys. D. Appl. Phys. 4, 264–271 (1971).
28. Jiang, J.-W. & Park, H. S. Negative Poisson’s ratio in single-layer black
phosphorus. Nat. Commun. 5, 4727 (2014).
29. Kirklin, S. et al. The open quantum materials database (OQMD): assessing the
accuracy of DFT formation energies. npj Comput. Mater. 1, 15010 (2015).
30. Curtarolo, S. et al. AFLOWLIB.ORG: a distributed materials properties
repository from high-throughput ab initio calculations. Comput. Mater. Sci. 58,
227–235 (2012).
31. Jain, A. et al. The materials project: a materials genome approach to
accelerating materials innovation. APL Mater. 1, 011002 (2013).
32. Ong, S. P. et al. Python materials genomics (pymatgen): a robust, open-source
python library for materials analysis. Comput. Mater. Sci. 68, 314–319 (2013).
33. de Jong, M. et al. A statistical learning framework for materials science:
application to elastic moduli of k-nary inorganic polycrystalline compounds.
Sci. Rep. 6, 34256 (2016).
34. Sun, W. et al. The thermodynamic scale of inorganic crystalline metastability.
Sci. Adv. 2, e1600225 (2016).
35. Boisen, M., Gibbs, G. & Bukowinski, M. Framework silica structures generated
using simulated annealing with a potential energy function based on an
H6Si2O7 molecule. Phys. Chem. Miner. 21, 269–284 (1994).
36. Wright, A. F. & Leadbetter, A. J. The structures of the β-cristobalite phases of
SiO2 and AlPO4. Philos. Mag. 31, 1391–1401 (1975).
37. Gatt, R., Zammit, V., Caruana, C. & Grima, J. N. On the atomic level
deformations in the auxetic zeolite natrolite. Phys. Status Solidi B Basic Res.
245, 502–510 (2008).
38. Sanchez-Valle, C. et al. Brillouin scattering study on the single-crystal elastic
properties of natrolite and analcime zeolites. J. Appl. Phys. 98, 053509 (2005).
39. Nazaré, F. & Alderson, A. Models for the prediction of Poisson’s ratio in the
alpha-cristobalite tetrahedral framework. Phys. Status Solidi B Basic Res. 252,
1465–1478 (2015).
40. Pabst, W. & Gregorová, E. V. A. Elastic properties of silica polymorphs—a
review. Ceramics—Silikáty 57, 167–184 (2013).
41. Grima, J. N., Gatt, R., Alderson, A. & Evans, K. E. On the origin of auxetic
behaviour in the silicate α-cristobalite. J. Mater. Chem. 15, 40–43 (2005).
42. Achary, S. N., Jayakumar, O. D., Tyagi, A. K. & Kulshresththa, S. K.
Preparation, phase transition and thermal expansion studies on low-cristobalite
type Al1-xGaxPO4 (x = 0.0, 0.20, 0.50, 0.80 and 1.00). J. Solid State Chem. 176,
37–46 (2003).
43. Thomas, E. S. et al. Further investigation of the stabilization of beta-cristobalite.
J. the Am. Ceramic Soc. 77, 49–56 (1993).
44. Hautier, G. et al. Phosphates as lithium-ion battery cathodes: an evaluation based
on high-throughput ab initio calculations. Chem. Mater. 23, 3495–3508 (2011).
45. Kresse, G. & Furthmüller, J. Efﬁcient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).
46. Kresse, G. & Furthmüller, J. Efﬁciency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6,
15–50 (1996).
47. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).
48. Wang, L., Zhou, F., Meng, Y. S. & Ceder, G. First-principles study of surface
properties of LiFePO4: Surface energy, structure, Wulff shape, and surface
redox potential. Phys. Rev. B 76, 165435 (2007).
49. Norris, A. N. Euler-rodrigues and cayley formulas for rotation of elasticity
tensors. Math. Mech. Solids 13, 26 (2006).
50. Cerny, M., Šob, M., Pokluda, J. & Šandera, P. Ab initio calculations of ideal
tensile strength and mechanical stability in copper. J. Phys. Condens. Matter 16,
1045 (2004).
51. Seifert, K. J., Nowotny, H. & Hauser, E. Zur struktur von cristobalit Ge02
(concerning the structure of cristobalite GeO2). Monatshefte für Chemie I02,
1006–1009 (1971).

Acknowledgements
This work was intellectually led by the Department of Energy (DOE) Basic Energy
Sciences (BES) program—the Materials Project—under Grant No. EDCBEE. This
research used resources of the National Energy Research Scientiﬁc Computing Center,
which is supported by the Ofﬁce of Science of the U.S. Department of Energy under
Contract No. DEAC02-05CH11231. We thank Ioannis Petousis for suggesting the terms
“anepirretic” and “meiotic”.

Author contributions
J.D. developed the screening process and wrote its code, performed elastic constant
calculations, and worked on data analysis. J.M. performed elastic constant calculations

| DOI: 10.1038/s41467-017-00399-6 | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00399-6

and was involved in the data analysis. M.D.J was involved in the planning of the
screening process. K.P. was involved in supervising and planning the work. J.D., J.M, and
K.P. all contributed to the writing of the manuscript.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

© The Author(s) 2017

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00399-6.
Competing interests: The authors declare no competing ﬁnancial interests.

8

NATURE COMMUNICATIONS | 8: 323

| DOI: 10.1038/s41467-017-00399-6 | www.nature.com/naturecommunications

