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Design principle for high-temperature superconductivity in ternary borides at ambient pressure
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The discovery of metal borides with higher transition temperature (7;.) has been receiving continuous attention
since the observation of superconductivity in MgB, at 39 K. Here we propose a rational design strategy for
high-T. ternary metal borides through the cosubstitution of Mg with two compensating metal elements that
possess an effective isovalency of 2. Guided by this principle, we theoretically predict a collection of ternary
boride superconductors, including a representative example of KAIB, that has an isostructure to MgB,, with
T up to 67 K at ambient pressure. Our detailed analysis reveals that, compared with MgB,, due to the Stark
effect caused by the difference in valence of two metal ions, the o bands of B layers get significant splitting and
exhibit more flat character, resulting in enhanced electronic occupation; furthermore, the softened in-plane Ej,
modes produce larger deformation potential and electron-phonon coupling with B ¢ states, which in turn results
in larger superconducting gaps and much higher 7. value in KAIB4. We further propose a feasible synthesis
route of KAIB, to stimulate experimental progress. Our approach paves the way for finding more high-T7; ternary

boride superconductors at ambient pressure.

DOI: 10.1103/3cdm-mkdb

I. INTRODUCTION

Ever since Onnes discovered the superconductivity of
metal mercury at 4.2 K a century ago [1], it has been one
of the most exciting fields of research in condensed matter
physics and materials science [2], and tremendous efforts have
been devoted to raising the superconducting transition temper-
ature (7;) in order for potential technological applications [3].
Based on the Bardeen-Cooper-Schrieffer (BCS) theory, light
element compounds are believed to be promising candidates
for obtaining high-7. superconductivity since they host high
Debye temperature, which is proportional to the 7. [4,5].
Naturally, hydrogen and its hydrides first came into people’s
attention and a series of high-7;. hydride materials were found
under high pressure [6—8]. Representative examples include
HsS, LaH;¢, CaHg, and so on, with experimentally measured
T. above 200 K and even approaching room temperature
[9-15]. Nevertheless, the pressure required to realize these su-
perconducting hydrides is exceptionally high (>100 GPa) and
challenging to achieve, leading to an insurmountable obstacle
for any practical application.

Borides, also having high Debye temperature, provide
another available option to realize high-temperature super-
conductivity at ambient pressure. Hexagonal layered MgB,,
discovered by Akimitsu and co-workers in 2001, is a well-
known phonon-mediated superconductor with a transition
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temperature 7. ~ 39 K [16], and the in-plane E>, mode was
demonstrated to play a central role in the superconducting
pair via coupling with B o states [17,18]. Subsequently, a
great deal of effort has been devoted to searching for and
designing more boride-derived superconductors in order to
obtain higher T; by substituting Mg atoms or partially dop-
ing other elements experimentally and theoretically [19-32].
Regrettably, the implementation of this approach in MgB,
systems leads to degradation and even elimination of super-
conductivity, or compromised structural integrity demanding
high-pressure environments for phase stabilization. For in-
stance, Rosner et al. suggested that the layered semiconductor
LiBC, isovalent to MgB,, could transform into metal and host
superconductivity at ~100 K by introducing Li vacancies;
however, a subsequent experiment found that Li deficiency
would induce dramatic structural distortions of B-C layers
and destroy the superconductivity [33,34]. Pei et al. recently
discovered that «-MoB,, having the same structure as MgB,,
exhibited the second-highest 7; of 32 K above 60 GPa [35,36].
Additionally, a series of MgB,-like layered borocarbide films
such as CaB,C,, KB,C,, and LaB,C, were predicted to ex-
hibit high 7. of ~80 K at ambient pressure due to their strong
metallic o states of B-C layers [27,37,38], but, because B and
C atoms have very similar masses, it is extremely difficult to
precisely control alternating B-C bonding to form a perfect
honeycomb lattice during thin-film growth; we are not aware
of subsequent experimental progress on these predictions.

In doing so, surrounding MgB,, we propose a rational
design strategy for high-T; ternary metal borides through the
cosubstitution of Mg with two compensating metal elements

©2025 American Physical Society
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FIG. 1. (a) The superconducting transition temperature as a func-
tion of the effective metal valency. The existing systems predicted
by theory and identified by experiment in the previous literature are
marked by green squares and blue dots, respectively, while the newly
predicted systems are denoted by red dots [see the data in Table S1
of the Supplemental Material (SM) [44]]. The ionic radii of metals
are shown in (b), and for the dual alloy, the average ionic radius of
two metal atoms is used.

in terms of valence electrons and ionic radius, and here dual
metal elements A (A = Li, Na, K, and Rb) and Al are cho-
sen as model systems. On the one hand, two compensatory
metal atoms possess effective metal valency of 2, which is
beneficial to stabilize the B atomic layer and metallize its o
states simultaneously. In MgB,, B atoms form a graphitelike
honeycomb layer, but with only three valence electrons the
layer is not stable, and intercalated Mg stabilizes it by trans-
ferring two electrons to the B layer. Meanwhile, Mg>* has
a stronger electrostatic attraction with the 7 electrons of the
B layer, which lowers the 7 bands and resultsinaoc — =«
charge transfer that induces the hole doping of ¢ bands, and
thus B o states get metallization associated with emergent
large occupation at the Fermi level (Eg) [17]. Deviation from
two valence electrons disrupts this balance: fewer electrons
(e.g., alkali-metal borides [39,40]) prevent the formation of
the honeycomb structure, while excess doping (e.g., AlB; or
transition-metal borides such as ScB, and ZrB,) shifts o states
below the Eg [22,41-43]. Therefore, as the effective metal va-
lency (EMV) increases or decreases from 2, the 7 is distinctly
lowered, as shown in Fig. 1(a). On the other hand, by adjusting
the ionic radius of alloy atoms [from smaller to larger than
Mg®* [see Fig. 1(b)]] through the variation in alkali metal, it
would open up possibilities to effectively modulate the B-B
o-bond length and strength to realize the optimal metalliza-
tion of o states, in order to obtain stronger electron-phonon
coupling (EPC) and higher T superconductivity at ambient
pressure.

Based on this motivation, we performed a comprehensive
first-principles calculation [45] and structure searches for the
ternary metal borides A-Al-B, (y = 3-9) at ambient pressure
via the swarm-intelligence-based calypso code [46,47], and
predicted a collection of new boride superconductors. Among
them, P6/mmmKAIB4, which is isostructural to MgB,, ex-
hibits higher T; of 67 K. Our detailed analysis demonstrates
that the Stark effect, caused by the difference in valence of K
and Al ions, drives the o bands of B layers to get significant
splitting energetically associated with the emergence of more
flat dispersion, enhancing electronic occupation of o states
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FIG. 2. The predicted new boride structures (a) PmmmLiAlB,,
(b) P6/mmmNaAlBy, (c) P4mmKAIBs, and (d) PmmmKAIBg.
KAIB, and RbAIB, also adopt the same space group as NaAlBy. (e)
The calculated total EPC constant A of ternary borides, in comparison
with those of MgB, and AIB,. (f) The estimated 7 values of metal
borides by using the anisotropic Migdal-Eliashberg equations.

at Ep; furthermore, the softened in-plane E;, modes strongly
couple with Fermi surface (FS) o states, producing larger
deformation potential and EPC strength, which induces larger
superconducting gaps and higher 7. in KAIB4 than MgB,.
The calculated results indicate that the compensatory cosub-
stitution strategy provides a feasible way to design higher-7;
ternary metal boride superconductors.

II. RESULTS

The main results of convex hull diagrams for A-Al-
B, are shown in Figs. S1 and S2 of the Supplemental
Material (SM) [44], and considering the non-negligible quan-
tum effects associated with the relatively light B atom,
the contributions of the zero-point energies were included
in all our calculations of the formation enthalpies for
the ternary borides. From the structural searching, four
classes of stable structures are obtained at ambient pressure,
including PmmmLiAIB4, P6/mmmNaAlB4/KAIB4/RbAIBy,
P4mmKAIBs, and PmmmKAIBg. The detailed structural in-
formation is shown in Figs. 2(a)-2(d) and listed in Table S2
of the SM [44]. PmmmLiAlB4, having a layered structure
similar to that of AlB,, can be obtained by substituting half
of the Al atoms in \/3 x 1 x 1 AlB, with Li atoms, and Li
and Al atoms are spaced apart in the honeycomb center of the
B layer. Three P6/mmm phases NaAlB,4, KAIB4, and RbAIB4
also originate from AlB;, and they adapt the double cells
of AlB; (1 x 1 x 2 primitive cell) along the ¢ axis with one
Al atom layer replaced by Na, K, or Rb atoms, respectively.
Here, due to the radius difference of three alkali-metal ions,
the formed borides have different lattice constants, interlayer
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space, and B-B bond length and strength, which could greatly
influence the o state distribution, phonon frequency, and EPC
strength, as discussed below. In addition, we find another two
novel ternary borides that are dynamically stable. Specially,
in P4mmKAIBs, B atoms form a one-dimensional chainlike
structure, intertwined in mutually orthogonal directions, and
this structure provides a platform to study one-dimensional
superconductivity. For the PmmmKAIBg, B atoms also adopt
layered structures, formed by triangles and hexagonal rings.
These searching results demonstrate that the compensatory
cosubstitution provides an effective route to design more
metal borides.

Having investigated the stability and structural information
of these ternary borides, we focus on their superconducting
properties. From the Eliashberg equations [48,49], the total
EPC strength A and the values of 7. with typical Coulomb
pseudopotential parameters from 0.13 to 0.16 [36,50,51] were
calculated, and the corresponding results of MgB, are also
listed as comparison, as shown in Figs. 2(e) and 2(f). As
shown in Fig. 2(e), KAIB4 hosts the largest EPC constant
A of 0.75 among the studied compounds, which is larger
than A = 0.64 of MgB,. Correspondingly, Fig. 2(f) shows
that the KAIB4 obtains the highest 7. of 67-73 K by us-
ing the anisotropic Migdal-Eliashberg equations, significantly
higher than the calculated value of MgB, (T. = 44-47 K).
Here, it needs to be noted that anisotropic Migdal-Eliashberg
equations would slightly overestimate the Tt, higher than the
experimental value measured at 39 K in MgB,, and this
phenomenon is also found in other boride and hydride super-
conductors [35,36,52-54]. Likewise, the A and T; of NaAlB4
are estimated to be 0.67 and 47-52 K, respectively, slightly
larger than those of MgB,. In addition, the 7, of LiAlBy,
RbAIB,4, KAIBs, and KAIBg are predicted to be 28, 38, 20,
and 14 K with u* = 0.16, respectively. We note that NaAlBy,
KAIB4, and RbAIB4 have similar structures to MgB,, while
KAIBy, obtains the highest T, which indicates that dual metals
K and Al make the B layers realize optimal metallization
of o states, and thus effectively couple to the mode Ejg, as
discussed below.

To reveal how such compensatory cosubstitution behaves
synergistically to enhance the EPC and obtain a higher 7. in
KAIB4, we here make comparative discussions of MgB,, and
the calculated results of other ternary borides are shown in
Figs. S3-S5 of the SM [44]. Since the A and T are closely
related to the FS states, phonon frequencies, and their cou-
pling strength, we first examine the electronic properties of
KAIB, by modeling the band structures and density of states
(DOS) as shown in Figs. 3(a) and 3(b). The projected band
structure shows that dual metals K and Al effectively tune
the o bands to be across the Ep, forming four cylindrical FS
sheets surrounding the I" point (see Fig. S6 of the SM [44]).
Meanwhile, it is noteworthy that, due to valence imbalance
between K (~+1) and Al (~ + 3) ions (see Fig. S7 in the
SM [44]), the B layers on both sides experience unequal
external electric field, e.g., inducing a Stark effect. This leads
to a splitting of the o bands into two regimes of o and o,
with the o} regime shifting closer to the Ep. Compared to the
MgB, (see band structure in Fig. S8 of the SM [44]), these o
and o, bands exhibit stronger two-dimensional characteristics,
and their band dispersions along path I'-A are much flatter.
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FIG. 3. (a) Calculated band structure and partial DOS for KAIB,.
(b) Electronic states at Er (Ng,) per B atom of KAIB4, in comparison
with those of MgB, and AIB,. (c) Phonon spectrum projected on
B atomic in-plane (x, y) and out-of-plane (z) vibrations. (d) Phonon
spectrum with projection of EPC parameter Aq, using the color
scale in the range [0,1], and the isotropic Eliashberg spectral func-
tion o>F (w) with integrated EPC constant A(w). (¢) Two kinds of
atomic displacements of the E,, mode, marked by a-E,, and b-Es,,
and atomic displacement of the A;, mode. The arrows indicate the
vibrational directions of atoms. (f) Band structure with the atomic
displacement of the a-E»,.

Therefore the obtained electronic occupation at Er per B atom
(Ng;.) of KAIB4 gets enhanced, and the Ng, value is larger
than that of MgB,. Also the Ng, is much larger than that of
AlB, since its o bands are mainly located &~ 1.0 eV below
Er at the T" pont (see Fig. S8 of the SM [44]). In short, the
compensatory cosubstitution of K and Al effectively increases
the contribution of the electronic state of the B sublattice.
Next, we move on to examine the phonon vibration and
EPC within density functional perturbation theory (DFPT)
[55]. Figure 3(c) presents the phonon spectrum with pro-
jected atom vibration. It is seen that the optical branches
mainly arise from the in-plane and out-of-plane vibrations of
B atoms, exhibiting a large band dispersion, and these B-atom
vibrations produce very strong EPC, nearly accounting for
~85% of the total EPC constant A = 0.75 [see Fig. 3(d)].
Specifically, at the I' point, in-plane stretching modes Ej,
suffer from the softeness in frequency, and give rise to a

184511-3



ZHUANGZHUANG QIAO et al.

PHYSICAL REVIEW B 112, 184511 (2025)

sharp peak in the spectral function a’F (w) at ~72 meV,
obtaining the largest EPC parameter Aq, [see Fig. 3(d)]. Fig-
ure 3(e) shows the two kinds of atomic displacements in the
modes Ey,. In order to further quantitatively evaluate the cou-
pling strength of the modes E,,, deformation potentials were
calculated based on the equation D = AE;/Aq [17,56], and
the underlying concept is that a phonon with mode amplitude
q that is strongly coupled to FS states will produce a large
energetic shift in k (AE}) for states near the Eg. Figure 3(f)
shows the calculated band structures with the atomic displace-
ment a-Esg, and the result of atomic displacement b-E is
shown in Fig. S9 of the SM [44]. It is seen in Fig. 3(f) that
the phonon strongly splits the o7 and o, bands along the
I'-A line with the maximum gap opening reaching 1.25 and
1.36 €V, and the obtained deformation potentials D, and D,
are 15.3 and 16.6 eV /A, respectively. It is noted that these two
values are larger than the previously reported D, = 13 eV/A
of MgB, [17], exhibiting a stronger coupling, which high-
lights the key role of E>; modes in producing strong EPC in
KAIB4. Additionally, we note that another softened phonon
mode Ajg, out-of-plane vibrations of B atoms, also obtains
the large parameter Aq, by compressing 7 bonds, contribut-
ing to a significant peak in the a?F (w). The above phonon
and EPC analysis clearly demonstrates that B in-plane and
out-of-plane phonon modes contribute to very strong EPC,
obtaining a larger A value than MgB,, implying these two
types of phonon-modulated electron pairing would produce
larger superconducting gaps and higher 7; in KAIB,.
Furthermore, considering the anisotropic distribution of
electronic states on the FS in KAIBy, the anisotropic Migdal-
Eliashberg equations were used to reveal the k-resolved EPC
parameter Ay, and superconducting gap A for the electronic
states (n, k). The n represents the band index, and all available
electron-phonon scattering processes connecting k and other
k points on the FS sheets are included, as employed in MgB,
superconducting analysis [18]. The distribution of the Ay
and A, are displayed in Figs. 4(a) and 4(b), respectively.
It is shown that the A, value on the FS exhibits significant
anisotropy, and there are two regimes A, and A, that is, the
larger regime A, in the range 1.1-1.8 is contributed by B o
and o, states [see orbital distribution in Fig. 4(c)], and the
smaller one A, in the range 0.3-0.7 is by B 7 states. It repre-
sents that B o states give rise to the large Ak, which is consis-
tent with the calculated results that modes E»; could produce
the largest EPC parameter Aq, by stretching B-B o bonds.
Naturally, two anisotropic distributions can give rise to two
well-separated superconducting gaps, showing the feature of
two-gap superconductivity [see Figs. 4(d) and 4(e)], as in the
case of MgB,. For the k-resolved superconducting gap Ay, it
is noted that the A, and A, are correlated with each other;
i.e., the larger the A, strength, the higher the A,y value.
At 5 K, the larger gap A, (the smaller one A,) lies in the
range 8—12 meV (1.5-5 meV), and the separation of energy
between A, and A, is ~3.0 meV. Compared to MgB,, it
is noteworthy that the maximum value of A, is 12 meV,
larger than 9 meV in MgB,, indicating a larger Cooper pair
binding energy for KAIB4. Figure 4(d) shows the calculated
normalized quasiparticle DOS in the superconducting state of
KAIBy, according to I%F‘“) = Re[+(w)], which can be
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FIG. 4. Calculated k-resolved (a) EPC parameter A, (b) super-
conducting gap Ay at 5 K, and (c) two-dimensional FS sheets,
colored by the B orbital character (¢ — m)/(c + 7). (d) The nor-
malized quasiparticle DOS at 5 K. (e) Energy distribution of the
anisotropic superconducting gap A versus 7 for KAIB4 and MgB,.

used to compare with the experimental tunneling conductance
directly [52]. It is seen that there are two pairs of peaks, corre-
sponding to two superconducting gaps. As the temperature 7
increases, two gaps A, and A, gradually decrease, reaching
zero at approximately 67 K with u* = 0.16, obtaining a
larger 7; than 44 K of MgB, [see Fig. 4(e)]. For comparison,
we note that SroBs, with a unique covalent sp*-hybridized
B framework, exhibits a higher 7; of above 100 K, while it
needs to remain structurally stable above 40 GPa, limiting
further experimental synthesis and measurement [70]. A high-
throughput approach was employed to screen a large number
of stable ternary metal borides, and Li;ZrBg was predicted
to exhibit 38 K superconductivity [57]. Recently, a new su-
peratomic structure CsB,, in which B, icosahedral clusters
assemble into a simple cubic lattice, was predicted with T
reaching 42 K [58], compared to MgB,. Overall, to our knowl-
edge, KAIBy is the highest-T. metal boride superconductor
at ambient pressure, urgently requiring future experimental
verification.

Finally, we would like to discuss how to reasonably syn-
thesize this boride KAIB4 in experiment, since the previous
research has predicted lots of high-7. boride superconduc-
tors but fewer compounds were synthesized. Although the
calculated formation energy above the convex hull (Ey)
demonstrates KAIB4 is a metastable structure according to
the full ternary convex hull diagram (see Fig. S2 of the
SM [44]), it becomes thermodynamically stable when the
references are restricted to the experimentally synthesized
compounds KB, KBg, and AlB,. The feasible route is 4KB +
KB¢ + 5AIB, — 5KAIB4, and the corresponding reaction
is exothermic, as shown in Fig. S10 of the SM [44]. Molecu-
lar dynamics calculations also predict that the B honeycomb
framework in KAIBy retains its structural integrity even at
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elevated temperatures (see Fig. S11 of the SM [44]). There-
fore, the vapor deposition method [59-61] may be used to
synthesize this KAIB, at high temperature.

III. SUMMARY

In conclusion, we have proposed a rational design strategy
for high-T; ternary metal borides through two compensating
metal elements that possess an effective isovalency of 2, and
we predicted a series of new strong EPC superconducting
boride compounds. The representative example of the two-
gap superconductor KAIB, exhibits larger EPC strength and
higher 7; than MgB,, which originates from the fact that
dual alloy effectively enhances electronic states of the B layer
and the coupling strength of the E», mode. We also propose
a reliable synthesis route for KAIB4 by using the known
boride precursors, which will stimulate further experimental
synthesis and identification. In addition, we found LilnB4,
NalnBy,, and NaScBy, having the same structures as KAIBy,
are dynamically stable, and also exhibit high-temperature su-
perconductivity of 7, = 53-60 K, since dual metal atoms have

an EMV of 2 and effectively metallize the B o states (see
Figs. S12 and S13 of the SM [44]). Our results demonstrate
that the strategy of two compensating metal elements with
effective isovalency of 2 indeed provides a feasible route
to design more high-T; boride superconductors, and we can
anticipate that this principle is likely more universal and
true for binary, ternary, and even potentially higher multiple-
component metal borides.
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