
communications chemistry Article
A Nature Portfolio journal

https://doi.org/10.1038/s42004-025-01723-8

Ambient-pressure superconductivity in
covalent Au-B frameworks stabilized by
electropositive metals
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Shuai Han1, Xiaohua Zhang 1, Li Zhu 2 , Sheng Wang1, Shicong Ding1, Eva Zurek 3 &
Guochun Yang 1,4

Extended covalent compounds that contain gold are virtually unknown because Au prefersmetallic or
molecular coordination. Using crystal structure search combined with first-principles calculations at
high pressure, we have identified a family of ternary compounds, M2AuB6 (M =Na, K, Mg, Ca, and Sr),
featuring Au-B covalent frameworks that satisfy a simple “push-pull” design rule: strongly
electropositive cations donate charge that anchors Au in electron-deficient B6 octahedra, thereby
stabilizing Au–B σ bonds through Au dsp2 hybridization. The low enthalpy phases, Na2AuB6 and
K2AuB6, exhibit superconductivity, with Au-6px/6py and B-2p states contributing to Cooper pair
formation, facilitated by low- and medium-frequency phonons arising from Au−B bond stretching.
These pressure-induced structures and bonding configurations can be quenched to ambient
pressure, demonstrating an effective approach to bypassing traditional electronegativity constraints.
We propose M2AuB6 compounds as realistic and chemically unique platforms for exploring gold-
based superconductivity and for testing electron-donor-guided materials discovery.

Chemical bonding is intertwinedwith the stability, properties, and behavior
of matter, serving as the essential link between atomic interactions and
macroscopic functionalities1–5. Emerging bonding paradigms—such as
multi-center bonds6,7, high-pressure-stabilized bonds8–10, and bonds influ-
enced by relativistic effects11,12—challenge traditional theories and offer
valuable insights into unconventional interactions. Thesemechanisms have
led to the discovery ofmaterials with extraordinary properties, such as high-
temperature superconductivity13–15 and ultra-hardness16–18. Yet, one con-
spicuous gap remains: extended covalent frameworks that incorporate gold.

Gold, known for its strong relativistic effects, exhibits distinctive phy-
sical and chemical properties in both elemental and compound forms19–23. Its
relativistic effects induce contraction of the 6 s orbital alongside slight radial
expansion and energetic stabilization of the 5 d orbitals, endowing gold with
unique bonding configurations11,24, rich oxidation states (ranging from−3 to
+6)25–27, and unusual aurophilic interactions28,29. These properties place gold
at the forefront of studies exploring unconventional bonding and electronic
properties, making it a key element in materials science30–33.

Boron, on the other hand, stands out as an electron-deficient element
with an unparalleled ability to form diverse multi-center bonds, funda-
mentally broadening our understanding of chemical bonding34–38. Boron-

based compounds exhibit exceptional properties, including high chemical
stability, exceptional mechanical strength39–41, large nonlinear optical
response42–44, and high conductivity45–47, with some even displaying
superconductivity48–50. For instance, MgB2, a prototypical boride super-
conductor with the highest transition temperature (Tc = 39 K) among
ambient-pressure conventional superconductors, features two super-
conducting gaps—one associated with strong-coupling σ bands and the
other with weaker π bands50,51. These unique features arise not solely from
boron itself but from its interplay with the crystal structure, electronic
configuration, and interatomic interactions in the compounds.Nonetheless,
the presence of boron contributes significantly to enabling such function-
alities through its versatile bonding characteristics and electronic richness.

In molecular chemistry these features enable the formation of isolated
Au–B covalent bonds stabilized by bulky ligands or cluster confinement52–54.
Translating such bonds into an infinite solid, however, has remained elusive.
Although an early report described an AlB2-type AuB2 phase55, subsequent
analyses indicate that the Au–B interactions in this structure are predominantly
ionic rather than covalent56,57. The comparable electronegativities58,59 of Au and
B (as exemplified by the Au-H system60), hinder the formation of strongly polar
Au–B covalency, and the enthalpic contribution to the free energy disfavors
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binary Au-B compound formation. Thus far, no crystallographically authen-
ticated bulk phase exhibiting an extended Au–B covalent framework has yet
been established, leaving both the geometry and electronic consequences of
Au–B covalency in extended solids unexplored.

To overcome this intrinsic thermodynamic barrier, we propose a strategy
inspired by “push–pull” principle61, previously demonstrated to effectively
redistribute charge and stabilize unconventional materials in multicomponent
systems62–64. In this framework, strongly electropositive calcium element is
introduced to modulate the electron distribution within the Au-B system.
Calcium atoms act as electron donors, effectively pushing electrons toward the
electron-deficient boron sublattice, while simultaneously pulling electron
density into the Au-centered orbitals. This dual modulation results in the
accumulation of charge density on Au atoms, thereby promoting orbital
interactions and enhancing the covalent character of the Au–B bonds. When
further combined with pressure tuning, this approach enables precise control
over energy-level alignment and bonding configurations, providing a pow-
erful means to stabilize Au–B interactions in boron-rich compounds.

Using this strategy and first-principles calculations, we predict a
metastable metallic phase, Ca2AuB6, at 50 GPa. This compound features
four-coordinate Au−B bonds stabilized by dsp2 hybridization of Au.
Remarkably, this bonding configuration remains stable in related com-
pounds, such as Na2AuB6 and K2AuB6, which exhibit metallized Au−B σ-
bonds and are predicted to be superconductors at ambient pressure. Our
findings not only fill the gap in Au-B chemistry, but also provide trans-
formative insights into the role of Au−B bonds in stabilizing structures and
driving superconductivity.

Results and discussion
Structure and stability
Pressure is widely recognized as a powerful tool for stabilizing distinct
structures with unique bonding behaviors and intriguing properties65–70.
Based on extensive structure searches, including the AuB2 phase, our

constructed convex hull for the Au-B system reveals that even at pressures
up to 300 GPa, no stable binary Au-B compounds emerge due to their large
positive formation enthalpies (Supplementary Fig. S1). This indicates that
pressure alone cannot compensate for the electronegativity difference
between Au and B to stabilize binary Au-B compounds. Interestingly, upon
incorporating Ca into this system, a metastable phase, Ca2AuB6, was
identified, lying only 68meV/atomabove the convex hull relative to itsmost
stable decomposition products in the Ca-Au-B system at 50 GPa (Fig. 1a).
This value falls within the range of many synthesized metastable
materials71–74. Phonon dispersion calculations from 0 to 50 GPa revealed no
imaginary frequencies across the Brillouin zone (Fig. 1b and Supplementary
Fig. S2), confirming its dynamical stability and the potential for quenching
to ambient pressure. To be noted, the Ca-Au-B ternary phase diagram also
includes several other metastable phases (Supplementary Fig. S3) featuring
discreteAuandB structuralmotifs, alongwith the stableCa-Au compounds
(e.g., CaAu3, Ca2Au3, CaAu, Ca3Au2, Ca2Au and Ca3Au, Supplementary
Fig. S4), which will be published in future work. Structural predictions and
stability analyses used the PBE functional, validated by known pressure-
induced phase transitions of Ca, Au, and B (Supplementary Fig. S5).

Ca2AuB6 crystallizes in a tetragonal structure with P4/mmm sym-
metry, featuring a three-dimensionalAu-B framework (Fig. 1d).At ambient
pressure, the B atoms occupy two inequivalent sites: B1 at 4j (0.8216, 0.1784,
0.0000) and B2 at 2g (0.0000, 0.0000, 0.7064). These atoms form B6 octa-
hedra, with B1 atoms positioned within the basal plane and B2 atoms
located at the vertices. The Au atoms coordinate with B1 atoms from four
octahedra in the ab-plane, forming a square-planar AuB4 configuration,
while theB2 atoms link the octahedra along the c-axis, resulting in a robustly
interwoven Au-B skeleton. The B−B bond lengths (1.73–1.80 Å) are
comparable to those in α-B12 (1.77 Å)

75. The Au−B bond length is 2.29 Å,
slightly exceeding that in the gold boride complex (~2.19 Å)52. TheCa atoms
are situated in the channels formed by the Au-B skeleton along the c-axis,
formingCa−B andCa−Au bond of 2.66–2.78 Å and 3.28 Å, respectively. It

Fig. 1 | Stability, structure, and chemical bonding of Ca2AuB6. a Convex hull of
predicted Ca-Au-B compounds relative to stable elemental solids and binary compounds
at 50GPa. Fm-3m Au, Pm-3m Ca, and γ-B28 were selected as reference elemental
structure. The colored circles represent phases that may be thermodynamically stable,
metastable or unstable, and the color bar denotes the magnitude of the relative formation
enthalpies (ΔH) of the compounds. The AlB2-type AuB2

55 with a positive formation
enthalpy is also plotted. b Phonon dispersion curve of Ca2AuB6 at ambient pressure.

c Free energy as a function of MD time at the temperature of 2800K for Ca2AuB6 at
ambient pressure, and the inset illustrates the trajectories of the atoms within Ca2AuB6
within the 2 × 2 × 2 supercell after MD equilibration. d Predicted crystal structure of P4/
mmm Ca2AuB6. The blue and golden spheres represent Ca and Au atoms, while the two
inequivalent B atoms are denoted by green (B1) and magenta (B2) spheres, respectively.
e Calculated ELF of Ca2AuB6 in the (001) plane. f Calculated charge density of Ca
sublattice in Ca2AuB6, with an isosurface value of 0.008 e/bohr3.
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is worth noting that P4/mmm structures have been previously reported in
Au-based ternary systems, including both perovskite-type and structurally
simpler compounds76,77. Taken together with its robust Au-B skeleton and
favorable thermodynamic and dynamical stability, these features suggest
that Ca2AuB6 may be experimentally accessible under proper conditions.

Chemical bonding analysis
We subsequently investigate the chemical bonding attributes and stability
mechanism of Ca2AuB6 at ambient pressure using Bader charge analysis,
electron localization functions (ELF), and solid state adaptive natural den-
sity partitioning (SSAdNDP). Significant charge transfer occurs from theCa
atoms to the Au-B framework, resulting in ionic Ca−Au and Ca−B bonds.
High ELF values are observed at the center of B−B bonds (Fig. 1e), sig-
nifying strong covalent bonding. In contrast, the regions of high ELF values

along the Au−B bonds are polarized towards the B atoms, indicating the
presence of polar covalent interactions. The charge density of the Ca sub-
lattice (Fig. 1f) shows significant electron accumulation in the interstitial
regions near the original Au-B framework, which stabilizes the Au-B net-
work and resembles the chemical template effect78. The SSAdNDPanalysis79

identified several key bonding features: one two-center−two-electron (2c
−2e) B−B σ bond, eight 3c−2e B−B σ bonds, four 2c−2e Au−B σ bonds,
and four lone pair (LP) electrons of Au (Fig. 2a–d and Supplementary
Fig. S6). This Ca2AuB6 structure, featuring a multicenter-bonded Au–B
polyanionic anionic network with covalently bonded B6 octahedra and
AuB4 units, exhibits substantial charge transfer from theCa cations and can
be classified as a polar intermetallic80,81. Temperature-dependent molecular
dynamics (MD) simulations demonstrated that Ca2AuB6 maintains its
structural integrity up to 2800K (Fig. 1c and Supplementary S7),

Fig. 2 | Chemical bonding analysis of P4/mmm Ca2AuB6 at ambient pressure.
a–d SSAdNDP analysis along with the occupation number (ON). In total 17 bonds
are shown, including four two-center−two-electron (2c−2e) Au−B σ bonds, one 2c
−2e B−B σ bond, eight three-center−two-electron (3c−2e) B−B σ bonds, and four
lone pairs (LP) onAu. The orbital-resolved PDOS of eB1 and fAu atoms. Calculated
g −COHP and h, i− pCOHP of Au−B1 interaction. Positive and negative values

denote bonding and antibonding orbital interactions for COHP, respectively. j−
ICOHP values between Au and B1 atom pairs. Positive −ICOHP values represent
bonding states. k The schematic diagram of the formation of Au−B covalent bonds
via dsp2 hybridization in Ca2AuB6, along with the anti-bonding contribution to the
Au−B1 bond from the Au 5dxy states.
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highlighting its thermal robustness. Furthermore, the compoundmeets the
criteria for mechanical stability with a calculated Vickers hardness of
24.5 GPa (Supplementary Table S3), making it a promising candidate for
applications requiring high hardness and thermal resilience.

The square-planar AuB4 configuration provides an excellent frame-
work to investigate the valence electrondistributionandhybridizationof the
Au atom. Projected density of states (PDOS) analysis reveals strong
hybridization below the Fermi level betweenAu andB1 atoms (Fig. 2e, f and
Supplementary Fig. S8). This hybridization arises from interactions invol-
vingB2s−Au6s/6px/6py/5dxy, B 2px−Au6s/6py/5dxy, andB2py−Au6s/6px/
5dxy orbitals (Fig. 2g–i), demonstrating that Au 5dxy, 6s, 6px, and 6py orbitals
actively participate in forming Au−B bonds, and Au atom shows a dsp2

hybridization. InCa2AuB6, electrondonation fromCaatoms leads to charge
accumulation onAu.Mulliken orbital population analysis indicates that the
additional electrons are primarily distributed in the Au 6s and 6p orbitals
(Supplementary Table S4). Meanwhile, the Au 5dxy orbital participates in a
dsp2 hybridization and also contributes to the formation of an Au−B anti-
bonding orbital (Fig. 2j). This hybridizationmechanism is further validated
by crystal orbital Hamilton population (COHP) analysis (Fig. 2k) per-
formed with the LOBSTER code82,83. The integral of the COHP (ICOHP)

value, reaching up to−4.00 eV per bond, highlights the significant strength
of the Au−B bond84. Notably, this dsp2 hybridization in the anionic Au
differs fundamentally from the hybridization observed in cationic Au
(Au3+). In the latter, Au loses three valence electrons to achieve a formal+3
oxidation state, creating four vacant dsp2 hybrid orbitals that accept elec-
trons from ligands to form coordination bonds24. Additionally, PDOS and
ICOHP analysis of Ca2AuB6 at pressures of 25 and 50GPa reveal its
pressure-insensitive hybridization and robust Au−B bonding (Supple-
mentary Fig. S9 and S10).

Electronic and superconducting properties
We also explored the response of the Au-B framework to the nature of the
cationic species by substituting the Ca atomwith various alkali and alkaline
earth metals, resulting in the formation of four dynamically stable M2AuB6
(M=Na, K, Mg, and Sr) compounds at ambient pressure (Supplementary
Fig. S11, 12). These compounds also exhibit negative formation enthalpies,
indicating their potential thermodynamic accessibility from the selected
precursors (Supplementary Fig. S13). The covalency within the Au-B fra-
mework remained intact across these substitutions (Supplementary Fig. S14
and Table S5). Band structure calculations (Fig. 3a, d, Supplementary

Fig. 3 | Electronic and superconducting properties of M2AuB6. Ca2AuB6 at
ambient pressure: a projected electronic band structure, b Fermi surfaces with the
color drawn proportional to themagnitude of the Fermi velocity, and c Fermi surface
nesting function, ξ(Q). Na2AuB6 at ambient pressure: d projected electronic band
structure, e Fermi surfaces with the color drawn proportional to themagnitude of the
Fermi velocity, f Fermi surface nesting function, ξ(Q), and g phonon dispersions

weighted by the magnitude of the electron−phonon coupling EPC (λqv), projected
phonon density (PHDOS), Eliashberg spectral function, α2F(ω), and EPC integral,
λ(ω). h Phonon vibration modes for E-1 and B2g modes, with the red arrows on the
atoms indicating the direction of their vibrations. i Calculated Tc, λ, and −ICOHP
values of Au−B bond for K2AuB6 and Na2AuB6 at ambient pressure.
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Fig. S15 and S16a) confirmed metallic behavior, with two or three bands
crossing the Fermi level (EF). However, the origin of the metallicity differs
significantly between Na2AuB6/K2AuB6 and Mg2AuB6/Ca2AuB6/Sr2AuB6.
For example, despite similar band dispersion in Ca2AuB6 andNa2AuB6, the
EF of Ca2AuB6 is ~2 eVhigher than inNa2AuB6 (Fig. 3a, d). This shift arises
from the combined influence of differences in valence electron count and
elemental characteristics, particularly the substantial contribution of Ca 3d
orbitals, alongwithminor contribution fromB1-px/py andAu-5dxy states in
Ca2AuB6 (Fig. 3a and Supplementary Fig. S17). Additionally, electron
pockets are observed near the A and M points in the Brillouin zone of
Ca2AuB6. Additionally, the calculations performed with fully relativistic
pseudopotentials including explicit spin-orbit coupling show negligible
impact on the electronic structure near the EF (Supplementary Fig. S18),
indicating that the scalar-relativistic approximation employedhere captures
the key electronic feature.

In contrast, the metallic behavior of Na2AuB6 is primarily driven by
contributions from B1-2px/py and Au-6px/6py orbitals (Supplementary
Fig. S19a andS20), indicating that electrons in theAu−Bbondparticipate in
conductivity. The band structure near EF exhibits distinct features (Fig. 3d),
including flat bands along the Г−Z direction and around the M point, as
well as steep bands along theZ−Adirection.We also investigate their Fermi
surfaces,whose topological structures reflect the electronic behavior atEF. In
Ca2AuB6, three Fermi surfaces are associated with three energy bands that
intersect EF. The first Fermi surface exhibits a porous cylindrical character,
originating fromahybridized state ofCa-3dx2−y2/dxy/dz2, B1-2px/py andAu-
5dz2/6pzorbitals (Fig. 3bandSupplementaryFig. S17).Theother twoconsist
of twelve discrete curved surfaces oriented towards the vertices or edge
centers of the Brillouin zone, with a major contribution of Ca-3d orbitals.
For Na2AuB6, two energy bands cross EF, giving rise to two Fermi surfaces
with intriguing topology. One consists of four interconnected, two-
dimensional torpedo-like shapes, while the other features four-leaf clover
(Fig. 3e). These Fermi surfaces primarily arise from the contribution of B1-
2s/2px/py and Au-5dxy/6px/6py electronic states (Supplementary Fig. S20).
Additionally, Na2AuB6 has an obvious nesting behavior along the Z−A−M
direction (Fig. 3f), which is slightly stronger than that observed in Ca2AuB6
(Fig. 3c). Overall, these electronic characters in Na2AuB6 are considered
favorable indicators for superconductivity85,86.

The superconducting transition temperatures (Tc) of M2AuB6 com-
pounds were estimated using the Allen-Dynes modified McMillan
equation87, with μ* = 0.1 (Supplementary Table S6). Mg2AuB6, Ca2AuB6,
and Sr2AuB6 remainnonsuperconducting due to their low electron-phonon
coupling constants (λ = 0.18–0.21), much smaller than those of Na2AuB6
(λ = 0.64) and K2AuB6 (λ = 0.55). Correspondingly, Na2AuB6 and K2AuB6
exhibit higher predicted Tc values of 10.4 K and 7.0 K, exceeding those of
typical Au-based superconductors such as Pt-doped AuTe2 (4.0 K)

88,89 and
AuAgTe4 (3.5 K)

90. The Fermi-level DOS of Na2AuB6 (10.8 states/spin/Ry/
unit cell) is slightly higher than that of K2AuB6 (10.7 states/spin/Ry/unit
cell), correlating with their λ values and primarily originating from B-2px/
2py and Au-6px/6py states. Phonon analysis reveals that both low- andmid-
frequency acoustic modes dominate λ in Na2AuB6: the low-frequency
contribution mainly originates from the pronounced softening along the
M–Γ direction involving B/Au atom vibrations along the Au–B bond, while
the mid-frequency contribution arises from the B2g mode associated with
the vibrations of B atoms along theAu−B bond axis (Fig. 3g, h). In contrast,
in K2AuB6, λ arises from mid-frequency phonons, corresponding to
vibrations of B atoms along the Au−B bond axis (Supplementary Fig. S16c,
d). This distinction stems from stronger Au–B bonding in Na2AuB6,
enabled by the smaller ionic radius ofNa (Fig. 3i). Therefore, thehigherTc of
Na2AuB6 compared to K2AuB6 arises from the synergistic effects of an
enhanced Fermi-level DOS and stronger Au–B bonding strength.

Conclusions
In summary, we have investigated the stabilization of Au−B bonds through
the incorporation of electropositive elements andpressure tuning,which led
to the discovery ofmetallicM2AuB6 compounds (whereM =Na,K,Mg,Ca,

and Sr). These compounds feature distinctive bonding configurations,
including Au−B σ-bonds stabilized by dsp2 hybridization, which remain
robust under ambient conditions. Our findings underscore the crucial role
of charge transfer and orbital hybridization in stabilizing these structures,
contributing to their enhanced mechanical strength and thermal stability.
Furthermore, we disclose superconductivity in K2AuB6 and Na2AuB6, with
Tcs of 7.0 K and 10.2 K, respectively. The increased electron-phonon cou-
pling, particularly from low-frequency phonons associated with Au−B
bond vibrations, is identified as a key factor driving superconductivity in
thesematerials. This discovery not only advances our understanding of Au-
B chemistry but also opens up new avenues for unconventional bonding
strategies in material design, with potential applications in creating func-
tional materials with unique properties.

Methods
Structure searches of CaxAuyBz (x = 1−4, y = 1−2, z = 1−8) at 50 GPawere
performed using the Crystal structure AnaLYsis Particle Swarm Optimi-
zation (CALYPSO) code91–93. Structural optimization and electronic prop-
erty calculations were carried out using density functional theory (DFT) as
implemented in the Vienna Ab initio Simulation Package (VASP)94. The
Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA)95 was employed for the exchange–correlation functional. The pro-
jector−augmented wave (PAW)method96 was used, with valence electrons
specified as 3s23p64s2 for Ca, 5d106s1 for Au, and 2s22p1 for B. A cutoff energy
of 550 eV was adopted, and the Monkhorst–Pack scheme97 with a dense
k-point grid spacing of 2π × 0.03 Å−1 was used to ensure excellent con-
vergence of the enthalpy. Phonon calculations were carried out using the
finite displacementmethod98, as implemented in the PHONOPY code99. Ab
initio MD simulations in the canonical ensemble (NVT) employed the
Nose–Hoover thermostat100, using a 2 × 2 × 2 supercell with a time step of
1 fs over a total duration of 20 ps. The chemical bonding analysis was
analyzed using the solid state adaptive natural density partitioning
(SSAdNDP) method79 at the 6–31G*/ANO-R1 level of theory. The crystal
orbital Hamilton population (COHP)84 calculations were performed using
the LOBSTER software package. Electron−phonon coupling calculations
for superconductivity were performed with the QUANTUM−ESPRESSO
package101, employing a kinetic energy cutoff of 90 Ry. Further computa-
tional details are provided in Supplementary Methods.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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