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Creating superconductivity in WB2 through
pressure-induced metastable planar defects

J. Lim 1,7, A. C. Hire 2,3,7, Y. Quan1,2,3, J. S. Kim1, S. R. Xie2,3, S. Sinha 1,
R. S. Kumar 4, D. Popov5, C. Park 5, R. J. Hemley 4, Y. K. Vohra 6,
J. J. Hamlin 1 , R. G. Hennig 2,3, P. J. Hirschfeld1 & G. R. Stewart1

High-pressure electrical resistivity measurements reveal that the mechanical
deformation of ultra-hardWB2 during compression induces superconductivity
above 50GPawith amaximumsuperconducting critical temperature,Tcof 17 K
at 91 GPa. Upon further compression up to 187 GPa, the Tcgradually decreases.
Theoretical calculations show that electron-phonon mediated super-
conductivity originates from the formation of metastable stacking faults and
twin boundaries that exhibit a local structure resembling MgB2 (hP3, space
group 191, prototype AlB2). Synchrotron x-ray diffractionmeasurements up to
145GPa show that the ambient pressure hP12 structure (space group 194,
prototype WB2) continues to persist to this pressure, consistent with the for-
mation of the planar defects above 50 GPa. The abrupt appearance of super-
conductivity under pressure does not coincide with a structural transition but
instead with the formation and percolation of mechanically-induced stacking
faults and twin boundaries. The results identify an alternate route for
designing superconducting materials.

In 2001, superconductivitywith a remarkably high critical temperature
of 39K was discovered in MgB2. Efforts to increase Tc beyond the
ambient pressure value in thematerial invariably proved unsuccessful,
as both pressure1,2 and various chemical substitutions3,4 caused a
decrease in the critical temperature. After twodecades of searching for
further high-Tc superconductors in the diboride family of compounds,
Pei et al.5 recently discovered that MoB2 transforms from the hR6,
(R�3m, CaSi2) structure to the hP3 (P6/mmm, AlB2 or MgB2) structure
above 70GPa, and exhibits a Tc that reaches 32 K at 100GPa.

Inspired by this result, we have synthesized single crystals of the
isoelectronic compound WB2, which forms at ambient pressure in the
hP12 (P63/mmc) structure. Investigating this compound in a series of
experiments to pressures as high as 187GPa, we discovered that WB2

becomes superconducting near 50GPa, with Tc jumping rapidly to
about 17 K and varying weakly with pressure thereafter.

Interestingly, WB2 had been studied earlier at ambient pres-
sure, with results that differ from ours. A critical temperature of
Tc = 5.4 K was reported in ref. 6, along with extensive X-ray and
neutron diffraction data, leading to a suggestion that the
hP12 structure was realized in large-grain polycrystalline samples.
This work emphasized that WB2 had previously been identified as
W2B5

7. The reason for the difficulty of extracting the correct struc-
ture in diffraction patterns is the enormous Z-contrast between W
(74) and B (5), such that the B positions are difficult to ascertain.
Therefore, theoretical studies are needed to resolve the origin of
the reported ambient pressure superconductivity, the difference
with our results, and the jump of Tc to 17 K at 91 GPa. By themselves,
our resistivity data might suggest a transition to a new structure.
However, synchrotron X-ray diffraction measurements under
pressure indicate that the material, or a major part of it, retains the
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ambient pressure hP12 structure with a monotonically increasing
c/a ratio. Given the weak scattering of X-rays by B, small contribu-
tions from hR6 and hP3 may be present.

To explain the experimental observations, we explored the rela-
tive stability of relevant phases and investigated their superconducting
properties as a function of pressure using density-functional theory
(DFT). The ambient pressure hP12 phase is found to have nearly the
lowest enthalpy up to pressures of 120GPa, whereas theMgB2-like hP3
phase is stronglydisfavoredovermostof this range.However, the hP12
phase was calculated to have a very low critical temperature (Tc < 1 K)
over these pressures. On the other hand, the metastable hP3 phase is
predicted to have a critical temperature of 25-40 K over a wide pres-
sure range. Thus, while the hP3 structure might explain the finding of
higher Tc, it is never sufficiently stable.

To resolve this paradox, we have investigated defect structures
intermediate between the hP3 and hP12 phases, i.e., those involving
twin boundaries and stacking faults. Based on their formation enthal-
pies, we estimate that such planar defects plausibly occur within the
hP12 phase during plastic deformation of the sample. These defect
structures resemble nanometer-thick regions of the hP3 and
hR6 structures, with W atoms in eclipsing positions above and below
unbuckled B hexagons. We thus argue that the observed super-
conductivity appears following the formation of significant quantities
of stacking faults above 50GPa, which percolate through the sample
above 100GPa. In contrast to our results obtained on single crystals,
the presence of hR6-like planar defects may also explain the

superconductivity observed at ambient pressure in large-grain poly-
crystalline samples6.

This unprecedented creation of superconductivity through
mechanically induced metastable defects opens opportunities to
search for othermaterials systems wheremetastable structures can be
stabilized in the form of planar defects. While interfaces and twin
boundaries can lead to surface phonons that somewhat increase an
existing Tc8, themechanismhere involves the formation of percolating
metastable planar defects induced by mechanical processing, thereby
inducing superconductivity. This offers the potential to stabilize at
ambient pressure defectmicrostructures that exhibit novel properties.
With the discovery of high-Tc superconductivity in high-pressure
hydrides9,10, new routes are being sought to stabilize metastable high-
Tc superconductivity11, and our proposal may represent a promising
direction toward this goal.

Results
Experiment
We synthesized high-quality single crystals of WB2 using an arc-melting
technique described in the Methods section. Figure 1 presents a sum-
maryof the electrical resistivitymeasurementsononeof these samples,
extending from 1.8 to 297K and to pressures as high as 187GPa. The
pressure values shown are measured at 10K. The residual-resistivity
ratio (RRR) at 6GPa is 2.24 calculated fromρ(297 K) =0.118mΩ-cmover
ρ(1.8 K) =0.053mΩ-cm. Superconductivity first appears at 57GPa as a
broad, incomplete drop in the resistivity, with an onset near 4K (Fig. 1a)

Fig. 1 | Representative high-pressure resistivity curves and Tc(P) phase dia-
gram. a Temperature-dependent resistivity curves of WB2 measured while warm-
ing at several pressures to 187GPa during compression (7.0 and 16GPa data
measured while cooling). The reported pressures are measured at 10 K. The black
crossed lines represent the criterion used to determine Tc (onset). The inset shows
an enlarged view of the superconducting transition. b Temperature-dependent
upper critical field of WB2 at 63GPa (Run 2). The dark cyan solid line refers to
Ginzburg–Landau (G-L) fitting. The inset shows temperature-dependent relative
resistivity curves (after smoothing) under different magnetic fields to 3.5 T. The
gray dashed line indicates 90%of the normal-state value,where the Tc is defined for
the upper critical field. c Pressure-dependent resistivity curves at room tempera-
ture (RT), 150, and 20K. The insets show photographs of the experimental setup at
~1 (lower left) and 173GPa (upper right), respectively. The white scale bars indicate

50μm. d Superconducting phase diagram of WB2 with pressure (at 10 K) using the
90% criterion. Closed dark blue symbols (spheres, a square, and triangles) indicate
the Tc taken from compression (Run 1 and Run 2), whereas open blue square
symbols are from decompression (Run 2). A sharp increase of Tc is present around
70GPa. The inset in the upper left shows a photograph of an arc-melted boule of
WB2. Hexagonal crystal facets are visible on the surface. A small single crystalline
fragment of the larger boule was selected for the electrical resistivity measure-
ments under pressure. A second inset at lower right shows the Eliashberg theory Tc
calculated for WB2 in the hP3 structure with DFT relaxed lattice constants at 100,
120, 140, 160, and 180GPa (orange squares), along with the Allen–Dynes Tc (red
hexagons). A magenta circle and a green upside-down triangle show similar cal-
culations for experimental lattice constants at 145GPa.
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marked by two crossing lines for Tc (onset). With further pressure
increase, Tc goes up rapidly at a rate of 0.72 K/GPa. At 74GPa, the
transitiononset has reached 17K, but the transition remains broad,with
the resistance failing to reach zero at the lowest temperatures. Addi-
tional pressure increases have only a weak effect on the super-
conducting transition onset temperature with a rate of −0.024K/GPa,
but the transition becomes much sharper. Zero resistance is achieved
for pressures above 80GPa. The superconductivity of WB2 is further
supported by the suppression of Tc with increasing external magnetic
fields as shown in Fig. 1b. The temperature-dependent relative resis-
tivity curves at 63GPa in Fig. 1b inset show that the superconducting
transition is suppressed by increasing field and completely destroyed
above 3.5 T, where Tcis defined as the temperature at which the resis-
tance has dropped to 90% of the normal-state resistivity just above
the transition. The temperature-dependent upper critical fields are
fitted using the empirical Ginzburg–Landau (G-L) formula,
μ0Hc2(T) =μ0Hc2(0)(1 − t

2)/(1 + t2), where t is the temperature normal-
ized to the zero-field superconducting transition temperatureT/Tc0 and
μ0Hc2(0) is the zero-temperature upper critical field. The G-L fitting
provides 2.36 T for μ0Hc2(0) at 63GPa. Figure 1c shows the electrical
resistivity as a function of pressure at three different temperatures. The
room temperature resisitivity drops monotonically, but at the lowest
temperatures (20K) the resistivity, which is related to the residual
resistivity due to the defect scattering, exhibits a broad minimum as a
function of pressure. This minimum appears to roughly coincide with
the pressure at which superconductivity first appears above 50GPa.

The pressure dependence of Tc is shown in Fig. 1d using the 90%
criterion. Below 50GPa, no trace of superconductivity is observed
down to 1.8 K. Superconductivity suddenly appears above 50GPa,with
Tc rapidly rising to 14 K. On subsequent pressure increase, the transi-
tion temperature passes through a broad maximum with a maximum
of 17 K (onset) near 90GPa and then gradually declines. The broad
superconducting transitions in the pressure range between 50 and
90GPa, together with the sudden increase in the onset temperature in
this range, suggests that the transition temperature in fact increases
discontinuously, and that thebroad resistive transitionsmaybe caused
by incomplete percolation of the superconducting phase through the
sample.We note that broad,multi-step transitions have been observed
in other systems in the vicinity of transitions between different struc-
tural/electronic phases12. The pressure-dependent superconducting
transition temperature is shown be reproducible in Run 2 (see also
Supplementary Fig. 7) under compression to 63GPa. Interestingly,
under decompression to 48GPa, Tc first increases from ~10 to 13 K and
then decreases to with further decompression to 4.9GPa. This irre-
versible behavior suggests the superconducting phase of WB2 is
metastable at low pressure. The subsequent second compression on
the same sample in Run 2 after completely opening the cell and
released to ambient pressure, the superconductivity reappears only
above 50GPa (See Supplementary Fig. 8 and Fig. 1d), consistent with
the compression behavior in Run 1. These additional results suggest
that the planar defects and twin boundaries responsible for super-
conductivity are only (meta)stable under high pressure. The abrupt
appearance of superconductivitywith a largeTc(P) slope, followedby a
sudden change to a lower slope at higher pressures is suggestive of a
possible structural transition. However, the normal-state electrical
resistivity does not exhibit any clear features that could be attributed
to a structural transition. We carried out high-pressure X-ray diffrac-
tion measurements in order to determine if a structural transition
could be responsible for the appearance of superconductivity.

Figure 2 summarizes the X-ray diffraction data that we have
obtained onWB2 to pressures as high as 145GPa using Ne as the quasi-
hydrostatic pressuremedium.Thediffractionpatterns in Fig. 2a (Run 1)
and b (Run 2) used different X-ray wavelengths (0.41 and 0.31Å,
respectively), and present a consistent result. The patterns are well
described by the ambient pressure hP12 structure (P63/mmc, 194)13.

Figure 2c shows the experimental unit-cell volume along with the
theoretically obtained results relaxed using PBEsol and PBE functional
for the DFT calculations. The theoretically calculated volumes agree
well with the experimental values, with a slight overestimation in the
DFT calculated volumes, as expected14. The obtained bulk modulus
(B0) 267GPa from a Vinet equation of state fit is relatively low com-
pared to a previous experimental study finding 349GPa from ambient
pressure ultrasonic measurements15.

Figure 2d, e shows the comparison of experimental XRD patterns
for WB2 at 2.3 and 145GPa, respectively, with the five different struc-
ture models calculated and shown in Fig. 3. The hP12 structure, which
is found to be the ambient structure13, is still the most probable
structure for bulk high-pressurephase to 145 GPa as the peak positions
best line up with the experimental XRD patterns. The extra peaks in
Fig. 2e, which aremarked by the red and black asterisk symbols, come
from the Ne pressuremedium and Re gasket, respectively. To account
for the effects of stress and strain in WB2 under nonhydrostatic pres-
sure condition similar to the electrical resistivity measurements, we
have performed XRD measurements up to 98GPa without any pres-
sure medium filling the Re gasket hole with only the WB2 sample (see
Supplementary Fig. 9). The results indicate mostly hP12 phase except
for oneor twopeaks appearing above 50GPa thatmaybedue tohP3or
hR6 phase as the possible local defects. Therefore, it is concluded that
there is no bulk structural transition to hP3 or hR6 structure and WB2

remains predominantly in the hP12 phase even in nonhydrostatic
pressure condition in agreement with the quasi-hydrostatic XRD
measurements in Fig. 2. Figure 2f shows the crystal structures of five
competing phases of WB2 from ref. 12. Out of these five competing
phases, the tI12 phase forms a 3-d network structure. The remaining
four competing phases form a layered structure, where the boron
layers are either buckled or unbuckled depending on the position of
the tungsten atoms in between the layers.

Theory of bulk phases
Figure 3 shows the calculated enthalpy as a function of pressure for
various competing phases of WB2. According to our calculations, the
WB2 hP6 structure has (by a small margin) the lowest enthalpy at
ambient pressure conditions but is not observed in the experimental
sample. The theoretical enthalpy of the experimentally observed
hP12 structure is about ~16meV/atom higher than the hP6 structure.
We used arc melting to synthesize the samples, which were then
quickly cooled to room temperatures on a water cooled Cu hearth. At
the arc-melting temperatures (~2370K), entropic contributions to the
Gibbs free energy can easily overcome the energy difference of
16meV/atom between the hP12 and hP6 phases. And because of the
quick cooling of the samples, the high-temperature metastable hP12
phase, as is evident from the XRD, is retained at room temperature. At
ambient pressure and low temperature, one can expect a phase
transformation from the metastable hP12 phase to the DFT ground
state hP6 phase, likely via nucleation and growth. However, due to the
vanishingly small diffusivity at low temperatures, such a phase trans-
formation is unlikely. Moreover, with the accuracy of the existing
exchange-correlation functional, the difference in energy is too small
to resolve the question of the ’true’ low-temperature ground state16–19.
Even if the DFT prediction of metastability of 16meV/atom were cor-
rect, we expect the hP12 phase to remain sufficiently metastable.

The hP12 and hR6 structures both have equal number of planar
and buckled B layers in their respective unit cells and are related by
changes in stacking sequences of W planes along the c axis. If the
stacking sequenceofWatoms in hP12 is labeled as “AA-BB-AA-BB” then
the stacking sequence in hR6 is “AA-BB-CC-AA-BB-CC”. This is also
evidenced by the nature of the enthalpy vs pressure curves of the two
phases. With increasing pressure, the stability of the hP12 structure
increases. From Fig. 2f, the hP6 phase has no planar boron layers.
Empirically, the lack of planar B layers might be responsible for the
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increasing enthalpy of the hP6 phase with pressure. The tI12 phase
consists of B layers with a 90° twist at every c/4 increment along the c
axis. In contrast to the hP6 phase, the hP3 phase has only planar B
layers. Above ~ 130GPa one can expect the phase transition hP12→
hP3, but kinetic barriers may prevent this phase transition.

To investigate the origin of pressure-induced superconductivity
in this material, we performed electron–phonon calculations under
pressure to determine the theoretical electron–phonon super-
conducting critical temperature for the hP3, hP12, and hR6 phases.
Table 1 summarizes the electron–phonon coupling strength λ and the
frequencymoments �ω2 andωlog obtained from the Quantum Espresso
code. Using the Allen–Dynes equation with μ* = 0.13, or the formula by
Xie et al.20, we find thatwhile both the hR6 and the hP12 structure have
consistently subkelvin Tc’s up to 140GPa, the hP3 structure has a cri-
tical temperature of 30K, relatively insensitive to pressure up to
140GPa. If experimental lattice constants are used (same a value but
four times smaller c in hP12 at 145GPa), this critical temperature is
found to be lower, about 20K. Details are presented in “Methods”.

It is difficult atfirst sight to reconcile these results with our data. A
structural transition from hP12 to hP3 around 50GPa would be quali-
tatively consistent with the Tc data, but there are no clear signatures of
hP3 lines in the XRD analysis at any pressure. Furthermore, the theo-
retical enthalpy difference between hP12 and hP3 phases around
50GPa is too large to allow the hP12→ hP3 bulk phase transformation.
Calculations of the density of states near the Fermi surface and the
electron–phonon coupling in the hP12 state, on the other hand, show
no dramatic changes with pressure, and cannot explain the jump in Tc
at 70GPa with this structure alone.

hP12 P63/mmc 194

hP3 P6/mmm 191

hP6 P63/mmc 194

hR6 R3m 166

tI12 I41/amd 141

Fig. 3 | Enthalpy of various competing phases ofWB2 as a function of pressure.
The hP6 phase of WB2 has the lowest enthalpy at ambient pressure, and the
enthalpies of hP12 and hR6 structures are higher only 16 and 7meV/atom,
respectively.

Fig. 2 | High-pressure XRD patterns, PV-isotherm, and crystal structure com-
parison. a, b High-pressure XRD patterns of WB2 obtained from Runs 1 and 2,
respectively, at room temperature using Ne as the quasi-hydrostatic pressure
medium. No structural transition was observed throughout the pressure range
studied. The star symbolsdenote the Braggpeaks of the Regasket (black color) and
the Ne pressure-transmitting medium (red color), respectively. c The resulting
pressure–volume (P–V) curve fitted with the Vinet equation of state (EOS)46. The

dashed and dotted lines refer to theoretical calculations from PBE and PBEsol,
respectively42. The inset shows the c/a ratio versus pressure. d, e Comparison of
experimental XRD patterns and those of the theoretical structure models from
Fig. 3 at 2.3 and 145GPa. f Comparison of crystal structures showing different
sequences along the c axis. To aid comparison, the colors of the curves in (d, e)
match those in the corresponding structure diagrams shown in (f).
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Discussion
In their discovery of superconductivity in MoB2, Pei et al.

5 stress that
their theoretical calculations indicate important roles for both the Mo
d-electrons and for the phononmodes of theMo. By contrast, in MgB2

B phonons dominate the electron–phonon coupling strength21. Under
pressure, Pei et al.5 find that the low-pressure β structure ofMoB2 (hR6,
space group 166, R�3m, structure prototype CaSi2) transforms to the
high-pressure α MoB2 (hP3, space group 191, P6/mmm, structure
prototype AlB2) structure, i.e., the same structure as MgB2.

ForWB2, Fig. 2d shows the experimentalXRDpattern in compared
with those calculated theoretically for structures relaxed using DFT
with PBEsol functional. At high pressures, the peaks from the com-
peting phases line up at certain angles, making it difficult to determine
the correct phase from the XRD peaks alone. The most likely crystal
structure at high pressures can be inferred by combining information
from Figs. 3 and 2, and the theoretically calculated superconducting
critical temperatures of various competing phases at high pressure.
The tI12 and hP6 structures ofWB2 can be eliminated as themost likely
structures at high pressure, since both tI12 and hP6 structures have
high theoretical enthalpy, and the XRD peaks of both tI12 and hP6 do
not match the experimentally observed peaks.

As further evidence of a lack of bulk structural phase transition in
our samples, the electrical resistivity curves of our sample shown in
Fig. 1c initially decreasemonotonicallywithpressureand shownoclear
signature of structural transformation. Because the DOS and
electron–phonon coupling show no specific features occurring at or
near 50GPa, we believe that the initial decrease can be attributed to a
hardening of the phononspectrumwhich reduces the scattering phase
space, together with a weak reduction of the electronic DOS with
pressure. Both of these effects are indeed seen in our calculations. The
minimum must therefore occur because of a relatively rapid increase
in scattering in the sample around 50GPa, of unknown origin.

The same resistivity argument can also help rule out the bulk
structural transition to the hR6 phase. In the high-pressure XRD, some
of the peaks corresponding to the hR6phase aremissing. For example,
at 145GPa the theoretical peaks of the hR6 phase at ≈8. 8° (i.e., peak by
(10�15) plane) and ≈9. 9° (i.e peak by (10�17) plane) are missing from the
experimentally measured peaks. Can a strained hR6 lattice produce
the experimentally measured peaks? To answer this question we arti-
ficially strain the “a” lattice parameter of our DFT relaxed structure and
calculate the XRD pattern. The “a” lattice parameter was strained
by ±7% in steps of 2% as compared to the relaxed structure. The “c”
lattice parameter of our structure was kept unchanged as the XRD
peaks that have contributions only by the planes along the “c” direc-
tion of the hR6 phase line up almost perfectly with the experimentally
measured peaks. Supplementary Figs. 1 and 2 show the theoretical and
experimental XRD peaks of the strained hR6 phase at 85 and 145 GPa.
The peaks of the strained hR6 structures fail to produce a diffraction
pattern that is in agreement with the one measured experimentally.
Even if the hR6phase is present in our sample athighpressures it could
be well below the detection limit of the XRD apparatus. Can the

presence of a very small amount of the hR6 phase, undetectable by
XRD, account for the superconductivity seen in our samples at high
pressure? From the calculated critical temperature in Table 1, high-
pressure superconductivity deriving from the hR6 phase is not a
credible explanation.

We, therefore, propose that the superconductivity onset at
55 GPa in our samples is due to a filamentary phase formed from
stacking faults known to occur in this system6. Since our calcula-
tions show that the MgB2-like hP3 phase has a high critical tem-
perature, it appears likely that as the material is plastically
deformed with increasing pressure, stacking faults and twin
boundaries form. This scenario is further supported by the meta-
stable superconducting behavior of WB2 during decompression
(see Fig. 1d). As discussed below, the structure of these defects can
resemble either the structure of the hR6 or hP3 phase locally. A
scenario that is consistent with all of the computational and
experimental evidence is that the concentration of hP3 defects
increases sharply at around 50 GPa, leading to a rise in the resis-
tivity, and, eventually, a percolating path for superconductivity
formed around these defects.

Defects of the hR6-type structure in the ambient pressure poly-
crystalline sample of ref. 6may also explain the observation of a Tc of a
few K. It is interesting to note that when the grains of the samples
fabricated in that work decreased in size, superconductivity dis-
appeared. This is consistent with the ease with which defects can
migrate to a grain boundary in smaller crystallites. It is also suggests
that our single-crystal sample contains many fewer stacking faults at
ambient pressure, such that defect-induced superconductivity does
not occur.

Supplementary Figs. 3 and 4 show how stacking fault and twin
boundary defects can be formed in the hP12 phase by sliding appro-
priate planes. With the introduction of stacking faults and twin
boundaries in the hP12 phase, the local environment at the defects can
become similar to the hP3 phase.

Figure 4a, h shows the hP3 region formed because of stacking
faults and twin boundaries, respectively. Figure4i shows the calculated
stacking fault and twin boundary energy, given by

FED =
HD � ðND*HhP12Þ

A
, ð1Þ

where FED is the formation energy of the defect, HD is the enthalpy of
the defect structure, ND are the number of atoms in the defect struc-
ture simulation cell,HhP12 is the enthalpy of the hP12 phase and A is the
area. The VASP DFT code with PBEsol functional for exchange corre-
lation was used to calculate the enthalpy of the defect structures. A
k-point density of 60 /Å and a cutoff energy of 520 eV for the plane
wavebasis setwereused in the calculation. The simulation cell used for
both defects weremade out of 4 hP12 unit cells stacked on top of each
other. Both the stacking fault and twin boundary energy decrease as
pressure increases, enhancing the probability of formation of these
defects. Figure 4b, c shows the density of states (DOS) projected onto
the atoms in the hP12 and the hP3 regions of the stacking fault defect
structure calculated at 50GPa. These spatially projected DOS closely
match the DOS of the pure bulk hP12 and hP3 phases, respectively.
From Figs. 4a–h, it is clear that both the atomic and electronic
structures of the stacking fault match those of the pure high-Tc hP3
phase. Similar correlations can also be seen between the projected
DOS of the twin boundary (Fig. 4f, g) and that of the pure phases.
Both the structural and electronic similarity between the atoms at
the planar defect structures and the pure hP3 phase strongly point
towards the possibility of superconductivity because of these
planar defects. Figure 4j shows the theoretical c/a ratio of the
stacking fault and twin boundary defect structures compared to
that of a perfect hP12 structure. Thus, one might expect that at a

Table 1 | Pressure (P in GPa), the ωlog and
--
ω2 moments of the

spectral function α2F(ω) in units of meV and the predicted
superconducting transition temperature Tc using the
Allen–Dynes equation47, isotropic Eliashberg, and the
machine-learning equation by Xie et al. 20 with μ* = 0.13

Phase P λ ωlog (meV)
--
ω2 (meV) TAD

c TEl
c TXie

c (K)

hP12 0 0.37 30.3 47.2 0.4 – 0.4

hP12 100 0.29 41.5 63.6 0 – 0

hP3 100 1.72 17.3 35.5 27.8 27.3 34.5

hR6 0 0.53 27.2 43.2 3.1 – 2.8

hR6 100 0.38 40.4 61.8 0.66 – 0.6
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given pressure, the introduction of planar defects in the hP12
phase will cause the c/a ratio to decrease. Unfortunately, such a
reduction might be below the resolution of XRD apparatus to be
observed experimentally and as shown in Fig. 2 the theoretical c/a
ratio of the hP12 phase and the experimental c/a ratio match
quite well.

Figure 4j shows the theoretical c/a ratio of the hP12 phase with
stacking fault and twin boundary defects compared to that of a perfect
hP12 structure. Thus, at a given pressure the introduction of planar
defects in the hP12 phase should cause the c/a ratio to decrease. Just
such a reduction in the c/a ratio at ~60GPa from its low-pressure
extrapolated values is also observed experimentally in the inset of
Fig. 2c, providing further evidence for the formation of planar defects
with increasing pressure.

In summary, we measured the resistive transition of WB2 crys-
tals under pressure up to 187 GPa, and shown that super-
conductivity around 17 K begins near 80 GPa, and that this evolution
takes place without a bulk structural transition in the sample.
According to X-ray analysis, the system remains nearly entirely in
the same bulk crystal structure as at ambient pressure through the
onset of Tc. None of the other competing bulk crystal structures are
close enough in enthalpy to form, nor do they appear in the XRD
patterns. The results lead to the fascinating and plausible scenario
in which defects that resemble the hP3 MgB2 structure locally carry
the superconductivity, but are present in filamentary quantities
only. This appears to be a novel way to create superconductivity
under pressure, and may point to a path to lower the critical pres-
sure of high-Tc superconductors like the hydrides currently under
intense investigation.

Methods
Boron pieces (99.98% pure) were wrapped in 99.9% pure tungsten sheet
in stoichiometric amounts and arc-melted together. Despite the high
melting point (2400 °C) ofWB2, the low vapor pressures of bothB andW
at this temperature led to negligible mass loss upon melting the con-
stituents together and remelting twice. Upon cooling, the arc-melted
bead showed hexagonal crystal facets on the surface (see Fig. 2d), pieces
of which were harvested for the high-pressure measurements. For an
example of this method of single-crystal production, see ref. 22.

High-pressure methods
High-pressure X-ray diffraction measurements were performed
on a powdered piece of a single-crystal facet from the arc-melted
button of WB2 at Argonne National Laboratory’s Advanced Pho-
ton Source, beamline 16-BM-D. The X-ray beam had a wavelength
of 0.41 Å (30 keV) in Run 1 and 0.31 Å (40 keV) in Run 2, respec-
tively. The X-ray beam was focused to a ~5 μm by 5 μm (FWHM)
spot at the sample. An MAR345 image plate detector was used to
record the diffracted intensity. Exposure times were typically ~60
to 120 s per image. A CeO2 standard was used to calibrate the
sample to detector distance. Neon was used as the pressure
medium. The pressure was determined both using an online ruby
fluorescence measurement as well as the equation of state of Au
grains loaded into the sample chamber. DIOPTAS23 software was
used to convert the 2D diffraction images to 1D diffraction pat-
terns. The resulting XRD patterns were then further analyzed by
Rietveld24 or Le Bail25 methods using GSAS-II software26. The
visualization of the crystal structure was depicted using VESTA
software27.

Fig. 4 | Summary of pressure dependent properties of stacking faults and twin
boundaries inWB2. a Stacking faults and h twin boundaries in the hP12 phase; the
stacking of atomic planes along the c axis at the defect mirrors the stacking in the
hP3 phase. Green and gray circles represent boron and tungsten, respectively.
b, c, f, g projected DOS for the stacking faults and twin boundary. The DOS was
spatially projected on the hP3 and hP12 parts of the defect structures. d, e DOS of

the bulk hP3 and hP12 phases. All the DOS were calculated at 50GPa in VASP with
PBEsol for exchange-correlation energy. i Stacking fault, and twin boundary energy
for the hP12 phase as a function of pressure. j Theoretical c/a ratio for the hP12
phasewith planar defects as a function of pressure. The red curve (crosses) and the
blue curve (squares) represent the twin boundary (TB) and the stacking faults (SF),
respectively.
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For the high-pressure resistivity measurements, a micron-sized
WB2 single-crystal sample (~40 × 40 × 10μm3) was placed in a gas-
membrane-driven diamond anvil cell (OmniDAC from Almax-EasyLab)
alongwith a ruby (~20μm in diameter) for pressure calibration28 below
100GPa, above which diamond anvil Raman was used29 at ~10K.
Pressure was determined via automatic real-time fitting of the ruby
spectrum, allowing dense sampling of resistance versus pressure, as
the load was smoothly adjusted using a Pace 5000 computer-
controlled pressure regulator. Two opposing diamond anvils (type
Ia, 1/6-carat, 0.15mm central flats) were used. A Re metal gasket was
pre-indented from ~250 to 26μm in thickness with a hole (~140μm in
diameter), which was filled with a 4:1 cBN-epoxy mixture and soap-
stone (relatively soft) for outer and inner areas, respectively, to elec-
trically insulate the sample from the metal gasket and also serving as
the pressure-transmitting medium (see insets in Fig. 1c). The thin WB2

sample was then placed on top of four thin and pointy Pt leads (~4μm
thick), which were extended by other four longer Pt leads, for a four-
point dc electrical resistivity measurement. Further details of the
nonhydrostatic high-pressure resistivity technique are given in a paper
by Matsuoka et al.30.

The diamond cell was placed inside a customized
continuous-flow cryostat (Oxford Instruments). A home-built
optical system attached to the bottom of the cryostat was used
for the visual observation of the sample and for the measurement
of the ruby manometer. The pressure was applied at room tem-
perature to the desired pressure, and then the sample was cooled
down to ~1.8 K and warmed up to room temperature at a rate of
~0.25 K/min at each pressure for the temperature-dependent
resistivity measurement. To estimate the electrical resistivity
from the resistance, we used the van der Pauwmethod, (assuming
an isotropic sample in the measurement plane), ρ=πtR= ln 2,
where t is the sample thickness (~10 μm) with currents of
0.1–1 mA. The accuracy of the estimated resistivity is roughly a
factor of two or three considering uncertainties in the initial
thickness of the sample. No attempt was made to take into
account the changes in the sample thickness under high pres-
sures. For the upper critical field measurements, we used a
Quantum Design physical property measurement system (PPMS)
and an Almax-EasyLab Chicago Diamond Anvil Cell (Chicago-
DAC) with two opposing diamond anvils (0.15 and 0.5 mm central
flats), whose ruby pressure was measured at room temperature
and estimated for the small change in pressure at ~10 K. One of
the diamonds was a designer-diamond anvil (0.15 mm central flat)
with six symmetrically deposited tungsten microprobes in the
encapsulated high-quality-homoepitaxial diamond31.

Computational methods
To investigate possible phase transitions, at high pressure, we
calculated the enthalpy as a function of pressure for the various
competing phases of WB2. The structures of competing phases
were obtained from ref. 12, who investigated the crystal struc-
tures of WB2 up to 200 GPa using the particle swarm optimization
algorithm. We used VASP32,33 with the PBEsol functional34 for the
exchange-correlation energy35 along with the projector aug-
mented wave (PAW) pseudopotentials36 for structural relaxation.
A plane wave cutoff of 520 eV and a k-point density of 60 /Å are
used in the calculation. The Methfessel–Paxton method was used
for smearing the electrons near the Fermi level with a smearing
value of 0.1 eV37. For the DOS calculations, we used the tetra-
hedron method with Blöchl correction38.

Electron–phonon coupling calculations for several phases of WB2

are carried out using the linear response method as implemented in
the Quantum Espresso code39–41. The exchange-correlation potential is
chosen to be PBE42, and we have used the optimized norm-conserving

pseudopotential43,44. The wave function cutoff is set to 60Ry and the
charge density cutoff is fixed at 240Ry. For the hP12 and hR6 phases,
the k-mesh consists of 16 × 16 × 16 points in the whole Brillouin zone to
preserve crystal symmetry, and the q-mesh is 4 × 4 × 4. Brillouin zone
integrationwas carried out using the optimized tetrahedronmethod45.
For the hP3 (AlB2) phase, we first calculate the phonon dispersion on
coarse k and q-meshes with 18 × 18 × 18 and 6 × 6 × 6 points, respec-
tively, which are later interpolated onto fine k and q-meshes with
60 × 60× 60 and 30 × 30 × 30points, respectively. Isotropic Eliashberg
equations are solved to obtain the transition temperatures of the hP3
(AlB2) phase under pressure.

Data availability
The datasets generated and/or analyzed during this study are available
from the corresponding author on reasonable request.
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