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The Be,B,C,_, alloy in the antifluorite structure is theoretically studied as a possible superconductor.
Although both Be,B and Be,C terminal phases are experimentally observed to be thermodynamically stable,
our calculations suggest that the stability of the Be,B phase requires a high concentration of defects. The
carbon-rich limit is expected to contain few defects and we predict the alloy to be thermodynamically acces-
sible in the range 0 =x=0.25. The superconducting 7, is predicted to increase with boron concentration with
a value of 3-8 K at x=0.25 and a plateau of 5-13 K for x> 0.4. The uncertainty in this prediction results from
a small electron-phonon coupling of A =0.5 over the entire range of boron concentration. The material remains
in the weak-coupling regime of superconductivity where 7. is sensitive to small variations in A and u*.
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I. INTRODUCTION

Following the discovery of superconductivity in MgB, at
40 K (Ref. 1) and boron-doped diamond at 4 K,? the theo-
retical and experimental search for new superconductors has
partly focused on structurally and chemically related materi-
als. Superconductivity has since been experimentally real-
ized in analogs of boron-doped diamond, in both boron-
doped silicon? and silicon carbide.* With the incorporation of
boron into diamond beyond its solubility limit, the 7. has
experimentally’ reached 11 K at 5% boron concentration and
is predicted® to surpass 55 K at even higher boron concen-
trations. Boron doping has also been suggested as a possible
mechanism for superconductivity predicted’ in boron car-
bide, which can be synthesized over a wide range of boron-
carbon stoichiometries. Superconducting structural analogs
of MgB, such as LiB (Ref. 8) and Li,_,BC (Ref. 9) have also
been theoretically proposed, but have not yet been experi-
mentally realized.

While electron-phonon superconductivity is theoretically
understood enough to predict transition temperatures,'® such
predictions are often limited by an inability to synthesize or
characterize materials. In the case of boron-doped diamond,
the prediction® of 7. enhancement with increased doping as-
sumes that all boron is incorporated substitutionally. Other
boron-based diamond defects have been theoretically
proposed!!' and experimental NMR studies'? have shown that
not all boron dopants act as an acceptor in diamond. In the
case of boron carbide, the variation in boron-carbon stoichi-
ometry is believed'? to be related to a high concentration of
structural defects that are detrimental to a metallic state and
superconductivity. In the case of LiBC, several methods have
been used to remove lithium, but superconductivity has not
been observed.!* A proposed explanation'* of this failure is
the energetically-favorable reordering of boron and carbon
that changes the electronic states at the Fermi level. In all
three cases, an insulating crystal is theoretically expected to
be driven metallic by specific desired and expected defects.
However, the materials as-synthesized are complicated by
other experimentally unavoidable defects.

The prediction of a new superconductor that is experi-
mentally accessible is a difficult materials problem. The easi-
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est approach would be to identify a known compound or
small modification thereof that has been experimentally
overlooked as a superconductor. Otherwise, one is left with
the difficult task of determining that a new material is either
thermodynamically stable or reasonably accessible by known
or plausible nonequilibrium synthesis techniques. If the ma-
terial is expected to have a large concentration of structural
defects, these also must be taken into consideration when
studying superconducting properties. In this paper, we con-
tinue to use the design paradigm of doping a parent insulator
and the specific choice of boron-carbon substitutions. The
specific parent insulator that we choose is Be,C, which crys-
tallizes in the antifluorite structure. The primary reason for
this choice is that both Be,B and Be,C are experimentally
observed to be thermodynamically stable in the antifluorite
structure in the temperature range 1300-1800 K.'> The sta-
bility of the terminal phases suggests that alloys of Be,B and
Be,C may be thermodynamically accessible over a wide
range of concentrations, in contrast to the limited solubility
of boron in diamond.> However, one experimental report!®
finds the Be,B phase to actually have the stoichiometry
Be, ¢B, presumably from defects. The Be,C phase can be
synthesized as single-crystal film with no observed defects.!’
Alloying may serve an additional purpose of reducing the
concentration of defects as the carbon concentration is in-
creased.

Be,B in the antifluorite structure has already been pro-
posed as a possible superconductor.'® The chemical flexibil-
ity of the Be,B,C;_, alloy allows the electronic properties at
the Fermi surface to be further tuned so as to maximize the
superconducting 7.. The antifluorite structure is formally
ionic, with Be2* cations and B*~ or C*~ anions, but the re-
duced electronegativity difference between Be and B leads to
some covalent character.!® In this configuration, carbon has a
filled shell and Be,C is an insulator,”® while Be,B has par-
tially filled 2p bands that are metallic.'® Boron substituted
for carbon within the antifluorite structure is expected to act
as an acceptor, leading to an incomplete filling of the valence
bands and a metallic state.

Here we calculate and discuss both the superconducting
properties and thermodynamic stability of antifluorite
Be,B,C,_, for stoichiometries in the range 0=x=1. In Sec.
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II, the computational techniques used in this study are out-
lined, which are all based on the standard density-functional
theory (DFT) framework. In Sec. III, electronic and struc-
tural properties of Be,B,C;_, are computed. The effects of
boron-carbon disorder are observed to be small and boron
doping is well described by rigid-band doping of Be,C. In
Sec. 1V, the thermodynamic stability of the antifluorite
Be,B,C,_, phase is assessed by considering decomposition
toward known phases of the Be-B-C ternary phase diagram.
We confirm that defect-free Be,B is not thermodynamically
stable in the experimentally observed temperature range, re-
quiring the presence of unknown defects to further lower its
free energy. The accessible concentration regime of the
Be,B,C,_, alloy synthesized at high temperatures is esti-
mated to be 0=x=0.25. In Sec. V, the superconducting
properties of Be,B,C,_, are calculated. The T is predicted to
increase with boron concentration, attaining a value of 3-8 K
at x=0.25 and reaching a plateau at 5-13 K for x>0.4.

II. COMPUTATIONAL METHODOLOGY

The most common first-principles computational ap-
proaches in condensed matter physics are DFT for the
normal ground state of materials and Migdal-Eliashberg
theory?! for the superconducting state. Unless otherwise
noted, all DFT calculations are performed here within
the plane wave and pseudopotential formalism using the
VASP computer program??> with projector augmented wave
(PAW) pseudopotentials®® and the PBE exchange-correlation
functional.”* The superconducting gap is assumed to be
isotropic. This approximation is justified based on the
similarity?® of the electronic structure of Be,C to diamond,
which is believed to have an isotropic superconducting
gap.?¢ Isotropy reduces the dependence of T, to only a few
parameters—awj,e, N, and u*—according to the Allen-Dynes
modification of the McMillan formula.?” Both w)g and \ are
computed from the isotropic Eliashberg spectral function
o’F(w) that is calculated from first principles. The range of
w* values in typical free-electron-like metals®® is 0.09-0.12,
which will lead to an uncertainty in 7. that is proportional to
the uncertainty from other theoretical and computational er-
rors. A typical value of w*=0.1 will be used for predictions
made in this paper.

To account for the effects of disorder caused by the ran-
dom distribution of boron and carbon in Be,B,C,_,, we em-
ploy the formalism developed for studying disorder in boron-
doped diamond.® The main approximation of this formalism
beyond isotropic Eliashberg theory is that the spectral func-
tion can be approximated by using only I'-point electron-
phonon properties,

azFF(w) = 2 |g’:k,nk|25(6F_ €n1) S — w?n). (1)

m,nk

In this equation, w”, are phonon frequencies at I, Sk Are
the standard electron-phonon matrix elements evaluated for
k=k’, and €, are electronic band energies sampled over the
Brillouin zone. The gy} ,, matrix elements can be computed
directly from the deformation potentials de, /dR; and re-
quire no additional integrations. If Eq. (1) is applied to a
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supercell of the original unit cell, then more phonon modes
of the crystal are folded to the I" point and the approximation
is improved. It is crucial to test convergence with respect to
unit-cell size and compare with more exact electron-phonon
calculations, as this approach has been shown? to have poor
convergence in some systems, such as aluminum. The accu-
racy of this approach for Be,B,C;_, is tested in Sec. V. This
formalism enables inexpensive calculations of the supercon-
ducting properties of systems with large unit cells, allowing
us to approximate substitutional disorder with random sub-
stitutions inside a large supercell.

A known deficiency of the a?Fp(w) approximation is that
it poorly represents coupling to acoustic phonons because the
frequency and electron-phonon coupling to the acoustic
modes are both zero at the I" point. Whether or not acoustic
phonons play a role in superconductivity in Be,B,C,_, is
unknown. To gauge the accuracy of a’Fp(w), the exact iso-
tropic spectral function &®F(w) is calculated using the Wan-
nier function formalism®” for high-accuracy sampling of both
electrons and phonons within the Brillouin zone. Because of
the substantial computational cost of this approach, it is only
used for a few representative structures with small unit cells.
Wannier-based calculations are performed with the PWSCF
computer program’! using norm-conserving pseudopotentials
and the local-density approximation (LDA) exchange-
correlation functional.

In order to compare the relative thermodynamic stability
of competing structural phases and predict structural transi-
tion temperatures, free energies must be calculated as a func-
tion of temperature. The free energy of an ordered solid is
composed of electronic and static lattice contributions that
are calculated from ground-state DFT calculations of cohe-
sive energy and the vibrational free energy of the lattice. For
disordered materials, the free energy has an additional con-
figurational entropy contribution. The temperature depen-
dence of the electronic contribution to the free energy is
neglected. The zero-temperature value is accurate to within a
few meV per atom for the materials and temperatures con-
sidered here. Anharmonic lattice corrections are neglected,
which include the temperature dependence of the phonon
spectrum and lattice expansion. Anharmonic effects have
been shown®? to be required for free-energy calculations of
materials that are structurally unstable at low temperatures.
All materials considered in this paper are structurally stable
at zero temperature.

The vibrational free-energy contribution of a phonon
mode of frequency w at temperature 7 is

1
thonon = Eﬁw + kgT In(1 - e—ﬁw/kBT)_ 2)

The total vibrational free energy per unit cell is approxi-
mated by summing over the I'-point phonon modes, each
approximating the contribution from its respective phonon
branch. The zero value of the acoustic modes at the gamma
point leads to an erroneous divergent contribution to the free
energy that should be canceled by a vanishing phonon den-
sity of states at zero frequency. To approximate the free-
energy contribution of the acoustic modes, we use the fre-
quency of smallest, nonzero I'-point mode. Previous studies
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FIG. 1. Calculated structural properties of antifluorite

Be,B,C,_,: (a) lattice constants and a least-squares linear fit, (b)
strain energy, contribution from the Madelung energy, and a least-
squares cubic fit, and (c) the mixing-separation phase diagram con-
structed from two models of the strain energy.

of vibrational free energy*} have demonstrated that the domi-
nant contribution is from high-frequency modes, which jus-
tifies this crude treatment of the acoustic branches. For ex-
ample, if the phonon density of states is approximated to be
linear in frequency, the frequency-dependent contribution to
the free energy attains its largest negative value near 0.4kpT
and is positive and increasing beyond kzT.

III. STRUCTURAL AND ELECTRONIC PROPERTIES

All calculations of the antifluorite Be,B,C,_, alloy are
performed on the same set of 28 test structures. Each struc-
ture is a 3 X 3 X 3 supercell of the primitive antifluorite unit
cell, which allows for the study of 28 stoichiometries ranging
from Bes,C,; to BesyB,;. For each stoichiometry, a structure
with randomly placed boron and carbon atoms on the anion
sites is generated and the atomic positions and lattice vectors
are relaxed to equilibrium. These structures are used to ap-
proximate the properties of the random alloy. An averaging
over disorder is performed by fitting alloy properties to con-
tinuous functions of x. Deviations between the properties of
the test structures and averaged alloy are observed to be
small.

The antifluorite crystal structure that both Be,B and Be,C
form is cubic. The boron and carbon anions form a close-
packed fcc lattice. The beryllium cations form a simple cubic
lattice offset by (1/4,1/4,1/4) from the anion lattice that has a
lattice constant half that of the anion lattice. The experimen-
tal lattice constants’> of Be,B and Be,C are 4.66 and
434 A, which match the DFT lattice constants of 4.57 and
433 A to within 2%. The lattice constant varies linearly
with boron concentration upon alloying Be,B and Be,C as
shown in Fig. 1(a).
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The 7% lattice mismatch between Be,B and Be,C strains
the alloy and leads to a reduction in cohesive energy. The
strain energy is calculated by taking the difference in
cohesive energies between the Be,B,C;_, structures and
xBe,B+(1-x)Be,C and is plotted in Fig. 1(b). The strain
energy of the random alloy can be fit by using the Madelung
energy of point ions for the three antifluorite structures,

x(1-x)

AF,.. =0.15
strain 1 +0.055x

eV/atom, (3)

with an rms error of 3 meV/atom. There is a small skew to
the strain energy not represented by the Madelung model that
we correct for by using a least-squares cubic fit,

AF gpain = (0.19 = 0.075x)x(1 — x) eV/atom, (4)

with a smaller rms error of 1.7 meV/atom. Deviations from
the fitting function are caused by the interaction energy be-
tween boron and carbon atoms within the test structures. The
interaction energy can in principle be fit to a cluster expan-
sion, but these effects are neglected here.

At low temperatures, it is energetically favorable for the
Be,B,C,_, alloy to reduce lattice strain by phase separating
into a boron-rich and carbon-rich alloy. At high temperatures,
the uniformly mixed alloy is stabilized by the free-energy
contribution from the entropy of mixing of boron and carbon
in the anion lattice,

kgT
AF s = %[x Inx+ (1 -x)In(1 —x)] eV/atom. (5)

Because of the structural similarity of the competing phases,
the difference in vibrational free energy is small and can be
fit to

kgT \?
AF = —x(1 - x) [0.006 + 0.5(%) ] eV/atom  (6)
e

with an rms error of 1.6 meV/atom in the range 0-2000 K.
The vibrational free-energy contribution favors mixing of the
alloy. With the free-energy contributions parametrized as a
function of x and T in Egs. (4)—(6), the mixing-separation
phase diagram is calculated in Fig. 1(c). The phase separa-
tion region of the phase diagram corresponds to the reaction

Be2BxC1—x - n(T)BCZBxl(T)Cl—xl(T)
+ [1 - n(T)]BeZsz(T)Cl—xz(T)’ (7)

where x,(T) and x,(T) are the two points on the phase bound-
ary line at temperature 7. The accuracy of the phase diagram
is estimated by comparing it to a phase diagram constructed
using Eq. (3), which changes phase boundaries by as much
as 300 K. According to this approximate phase diagram, the
Be,B,C,_, alloy can be formed at any boron concentration
above 2300 K. This conclusion ignores the competition of
other structural phases, which are discussed in Sec. IV.

The phonon band structures for Be,C and Be,B and pho-
non density of states for the Be,B,C,_, test structures are
plotted in Fig. 2. These band structures show significant dif-
ferences, mainly resulting from the increased dispersion of
the optical modes of Be,C compared to Be,B. The densities
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FIG. 2. Calculated phonon properties of antifluorite Be,B,C;_,.

The Be,B and Be,C densities of states are plotted with a Gaussian

smearing of 0.5 meV. The alloy densities of states are approximated

from the I' point of their supercell and plotted with a Gaussian
smearing of 4 meV.

of states of the test structures show a smooth concentration
dependence that interpolate between Be,C and Be,C without
strong disorder-induced variations. The overall trend is to-
ward softer phonons as the boron concentration increases.
The electronic band structures for Be,C and Be,B and
electronic density of states for the Be,B,C,_, test structures
are plotted in Fig. 3. The valence bands of Be,C and Be,B
are very similar, the main difference being their offset from
the Fermi level. It is apparent from the alloy densities of
states that the 2p bands at the Fermi level are uniformly
shifted upward as a function of boron concentration. This
behavior validates a rigid-band description of boron doping
of Be,C for electronic states at the Fermi level. In contrast,
the lowest energy 2s band does not appear to hybridize be-
tween boron and carbon. The lower carbon 2s band disap-
pears with increasing boron concentration as the boron 2s
band emerges at a higher energy. The density of states peak
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FIG. 3. Calculated electronic properties of antifluorite
Be,B,C;_,. The dashed lines indicate the Fermi energy. The alloy
densities of states are plotted with a Gaussian smearing of 0.35 eV.
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at 5 eV above the Fermi level remains unchanged with boron
concentration and may be a resonance associated with the
unfilled 2s bands of the beryllium ions.

IV. THERMODYNAMIC STABILITY

If the antifluorite Be,B,C;_, alloy is thermodynamically
stable within some region of concentration and temperature
of the Be-B-C phase diagram, it might allow for a straight-
forward synthesis of the material. The complete ternary
phase diagram of Be-B-C is not at present known,** except
for the beryllium-poor phases BeB,C, and BeB,C, and
complete Be-B, Be-C, and B-C binary phase diagrams.'>3 A
thermodynamically stable region of antifluorite Be,B,C,_, in
the phase diagram requires an absence of more stable com-
peting phases. In Sec. III, we have shown that phase separa-
tion into boron-rich and carbon-rich alloys already limits the
accessible values of x at lower temperatures. Further analysis
of the boron-rich antifluorite structure will show that its ther-
modynamic stability requires the material to be highly defec-
tive. This restricts the discussion to the carbon-rich region,
within which we estimate the solubility limit of boron.

Within the known Be-B binary phase diagram,'> Be,B is
thermodynamically stable in the temperature range 1300-
1800 K. Be,B melts above 1800 K, and decomposes accord-
ing to the reaction

BC2B — 0451BC4B + 0.197BCB2'79. (8)

The structure of Be,B is a distorted cubic close-packed struc-
ture with ordered vacancies*® and BeB, is a boron cage
structure encapsulating interstitial beryllium atoms.?” At zero
temperature, our calculations show that this reaction is favor-
able by 73 meV per atom. At the experimental transition
temperature of 1300 K, the reaction is calculated to still be
favorable by 64 meV per atom and remains favored up to
~7000 K. A likely reason for this theoretical failure to de-
scribe Eq. (8) is that Be,B forms as a highly defective struc-
ture. In this scenario, defects with small or negative forma-
tion energies might stabilize the material at a finite
temperature with their cohesive energy and configurational
entropy contributions to the free energy. For example, the
formation energy of a boron vacancy in Be,B is almost zero
and the mixing of boron atoms and vacancies can reduce the
free energy by as much as 78 meV per Be,X unit at 1300 K
using Eq. (5). This single defect type is not enough to stabi-
lize the Be,B phase but it demonstrates the plausibility of the
defect scenario. Possible experimental evidence for this sce-
nario is the measurement'® of a beryllium to boron ratio of
2.8 to 1 in a sample of the Be,B phase. The experimental
deviation from ideal stoichiometry indicates the presence of
boron vacancies or more complicated defect structures. Since
the exact nature of defects in thermodynamically synthesized
Be,B is unclear, we cannot study the superconducting prop-
erties of the defective phase.

The presence of carbon may help to reduce defects in
Be,B because of the increased stability of Be,C. For the
simple case of an isolated boron vacancy, we consider the
energy gained from filling the vacancy with a carbon atom.
Using the same supercell as in the alloy calculations, we
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calculate that a carbon atom reduces its energy by 1.1 eV in
going from graphite to filling a vacancy in BesyB,g to form
BesyB,¢C. The configurational entropy is left unchanged, re-
placing boron-vacancy mixing with boron-carbon mixing
within the anion lattice. Any remaining vacancies may fur-
ther increase the configurational entropy by mixing three
components, boron-carbon-vacancy.

The Be,C phase has been studied more than the Be,B
phase and there are experimental reports of thermodynamic
synthesis of single crystals with no observed defects.!” The
Be-C phase diagram is much simpler than Be-B, with no
competing solid phases. Above 2500 K, Be,C begins to de-
compose into graphite and gaseous beryllium, and above
2700 K, Be,C melts.!> We assume that defects are not im-
portant in the carbon-rich limit of the antifluorite Be,B,C,_,
alloy. To estimate the solubility of boron within Be,C, we
consider the reaction

Be,B,C,_, — (1 - x)Be,C + x(0.451Be B + 0.197BeB, 7o).
9)

The free-energy model of Be,B,C,_, from Sec. III is used for
the calculation. Since this decomposition is more energeti-
cally favorable than isostructural phase separation within the
antifluorite structure, the solubility of boron is reduced from
Fig. 1(c). Considering the competition of the three solid
phases and the liquid phase, an approximate phase diagram
is plotted in Fig. 4. The decomposition to graphite and be-
ryllium gas is omitted as it may be forced to higher tempera-
tures at elevated pressures. This phase diagram is a crude
estimate that does not properly account for the liquid phase
or other solid phases. The melting temperature of Be,B,C;_,
as a function of x is not known, but Be,B and Be,C melt at
1800 and 2700 K." It is known empirically®® that melting
points of alloys can be linearly interpolated from the melting
points of their constituents. For example, the melting points
of elemental Be, B, and C are 1600, 2400, and 3900 K, and
interpolation gives reasonable melting temperatures of 1900
and 2400 K for Be,B and Be,C. This motivates the linear
interpolation of the melting points of Be,B and Be,C to es-
timate the melting temperature of Be,B,C,_,.

From the phase diagram in Fig. 4, we estimate that
antifluorite Be,B,C;_, is thermodynamically accessible in
the range 0 = x =(.25 through high-temperature synthesis. At
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ambient temperatures, Be,B,C;_, is thermodynamically un-
stable, but it is structurally stable as shown in Sec. III. The
alloy should persist as a metastable phase until phase sepa-
ration occurs. The rate of phase separation is determined by
the diffusion of boron and carbon atoms within the antifluo-
rite structure and is beyond the scope of this paper.

V. SUPERCONDUCTING PROPERTIES

We study the superconducting properties of antifluorite
Be,B,C;_, using the same 28 supercell structures as in Sec.
III. The values of N, wjo, w,, and T, calculated using the
approximate Eliashberg spectral function a?Fp(w) of Eq. (1)
are plotted in Fig. 5. As in the boron-doped diamond case. it
is assumed that a?Fp(w) of the random alloy is a smooth
function of boron concentration that is approximated by
@’Fr(w) of the calculated structures. The value of o’Fp(w)
is linearly proportional to the electronic density of states per
spin at the Fermi level, NT(EF), which goes as the cubic root
of boron concentration near the band edge for parabolic
bands in three dimensions. To account for this concentration
dependence and average over disorder, N(ef) is least-
squares fit to the functional form

&) =x"B3(fo+ frx + fox® + f3°). (10)

The quantities N, \ log(wy,,), and Aw; are all linear in
o’Fp(w) and are also least-squares fit to this functional form.

The average 7, values in Fig. 5 are calculated based on
the averaged values of A and w,, and a u* of 0.1. There is a
broad plateau of 7, near 9 K for boron concentrations greater
than 40%, with a slight dip at higher boron concentrations
due to a gradual reduction in w),,. Because this material is in
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the weak-coupling regime, the 7', values are very sensitive to
errors in N and u*, changing by ~1 K per 0.01 deviation in
either quantity within this parameter range. This sensitivity is
illustrated in Fig. 5 by calculating 7, for slightly smaller and
larger values of u*. With the fluctuations observed in the
calculations and uncertainty in u*, a safe window of predic-
tion for the maximum value of T, is 5-13 K. The value of u*
is not expected to have a strong dependence on boron con-
centration and with a smooth x dependence of A and w),,, the
random alloy should retain this plateau feature in 7. versus x
despite the uncertainty in the value of the T, plateau.

To clarify the accuracy of our superconductivity calcula-
tions based on a’Fp(w), we compare them with precise
Wannier-based calculations of &?F(w) for two small repre-
sentative systems. These systems are Be,B and Be,BC con-
structed as a 2 X 1 X 1 supercell of the primitive antifluorite
unit cell with one boron and one carbon anion. The calcula-
tion of a?Fp(w) for Be,BC is performed using a 2 X3 X3
supercell of the original supercell. A comparison of the spec-
tral functions and phonon densities of states F(w) is plotted
in Fig. 6 and the Wannier results are included in Fig. 5. For
both systems, there is a small contribution from the acoustic
part of the spectrum below 50 meV that is absent from the
I'-point approximation. The overall trend is that while F(w)
for the I"-point approximation is reasonably accurate, there is
a visible shift in a’Fp(w) to higher phonon frequencies com-
pared to a’F(w). This shift leads to an overestimate of wjg,
from 61 to 65 meV for Be,B and from 62 to 71 meV for
Be,BC, and an underestimate of N\, from 0.51 to 0.43 for
Be,B and from 0.46 to 0.44 for Bey,BC. The result is an
underestimation of 7, values, from 9.3 to 4.7 K for Be,B and
6.1 to 5.7 K for Be,BC. The integrated quantity VA(w?) is
independent of details of the phonon spectrum'® and repre-
sents the total coupling of electrons at the Fermi surface to
atomic perturbations. There is no observed systematic error
in V\A\(w?) between &’F(w) and o’Fp(w), calculated to be 46
and 44 meV for Be,B and 46 and 48 meV for Be,BC. We
conclude that &®F(w) is a good estimate of total electron-
phonon coupling strength for Be,B,C,_,, but shifts in
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FIG. 7. Comparison of a’F(w) and F(w) for Be,B and rigid-
band hole-doped Be,C each with seven valence electrons per for-
mula unit. This data is plotted with a 0.5 meV Gaussian smearing.

coupling to higher phonon frequencies lead to a systematic
underestimate of N and overestimate of w,,. This may lead
to a systematic underestimation of our predicted 7. values
from the I'-point approximation Be,B,C,_, calculations.

It is often assumed that there is a proportionality between
Ny(er) and N\, which leads to a common decomposition
A=N,(ep)V,, and a design principle of raising T, by increas-
ing N;(€r). From Fig. 5 it is clear that such a principle cannot
be employed for Be,B,C,_,, as N\ saturates near 0.5 while
N;(€f) grows linearly with boron concentration. A more de-
tailed decomposition®” of \ is

2
> Ny (ep)Ly) (11)

2 9’
i M;w;

where the sum is over atomic species, M; are the nuclear
masses, (Iiz) are the electron-phonon matrix elements aver-
aged over the Fermi surface, and w, is an average phonon
frequency that is plotted for the test structures and random
alloy in Fig. 5. Considering the doping dependence of N;(er)
and ,, the overall electron-phonon coupling strength
Ei(liz)/Mi decreases by ~80% in going from Be,C to Be,B.
The matrix elements in <Ii2> contain pairs of electronic states
on the Fermi surface and a screened dipole potential induced
by atomic perturbations of atoms of species i. Doping must
significantly alter the screened potential, the electronic states,
or both.

The chemical effects of doping can be distinguished by
comparing the properties of Be,B with hole-doped Be,C,
both containing seven valence electrons per formula unit.
Be,C is doped by shifting the Fermi level and compensating
the positive charge of the unit cell with a uniform negative
charge background. Using the Wannier function approach,
o’F(w) and the phonon density of states F(w) are calculated
for these two systems and plotted in Fig. 7. There is a clear
trend of phonon softening in both Be,B and hole-doped
Be,C compared to the undoped insulating Be,C in Fig. 2.
For both Be,B and hole-doped Be,C there is a correspon-
dence of features in @’F(w) and F(w). Comparing Be,B to
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FIG. 8. Comparison of {I7)/M; for Be,B, hole-doped Be,C,
undoped Be,C, and the Be,B,C,_, alloy. For Be,B,C,_,, the x axis
corresponds to boron concentration. For the remaining materials,
the x axis corresponds to electron-phonon properties calculated us-
ing Eq. (1) for varying energy surfaces e(x). These surfaces are
chosen such that the total number of valence electrons per Be,X
integrated up to €(x) is 8—x.

hole-doped Be,C, Be,B has high-frequency optical modes of
narrower bandwidth and shifts in its mid-frequency peak
from ~65 to ~55 meV. To understand the effect of these
differences on superconducting properties, we make com-
parisons of relevant integrated quantities. Be,B is calculated
to have A\=0.51, w,=65 meV, and N,(eF)=0.13 states/(eV
atom). Hole-doped Be,C is calculated to have A=0.61,
0,=69 meV, and N,(ex)=0.16 states/(eV atom). If X is de-
composed as in Eq. (11), then the average electron-phonon
matrix element 2(I?)/ M, is reduced by ~10% in going from
hole-doped Be,C to Be,B. The chemical differences between
boron and carbon account for only a small part of the reduc-
tion in electron-phonon coupling with boron doping.

Another possible difference in (I?) between Be,C and
Be,B is the additional metallic screening of the dipole po-
tential due to a large N;(ep) in Be,B. To avoid chemical
differences, we study this possibility by comparing the
a@’Fr(w) of hole-doped Be,C to insulating Be,C with Eq. (1)
evaluated for an energy surface € instead of ep. This € is
chosen such that the electron density of states per Be,X in-
tegrated up to € is 7, the same number of valence electrons as
in the hole-doped material. The difference in (Iiz) between
these test systems should be contained mainly within their
screened potentials, since the electronic states considered
should be similar. If screening caused by electrons at the
Fermi surface is a large effect, then the electron-phonon ma-
trix elements in Eq. (1) should be very different for these two
calculations since insulating Be,C has no Fermi surface and
thus no metallic screening. These two systems also have
small differences in their self-consistent potentials, which
lead to small changes in the band structure and electronic
states. The result of the calculation is that N=0.48,
©,=79 meV, and N,(er)=0.16 states/(eV atom) with
metallic screening and A=0.47, @,=96 meV, and
N;(€r)=0.14 states/(eV atom) without metallic screening.
Metallic screening leads to a ~40% reduction in S{I?)/ M,
compared to the system with similar electronic states but no
metallic screening. This has a larger effect than the chemical
difference between boron and carbon.

The final contributions to (I%) to consider are the elec-
tronic states used in the matrix elements. To separate this
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effect from variations in the screened potential, we vary the
energy surface on which Eq. (1) is evaluated for a given
material. In Fig. 8, the value of S{I?)/M, is evaluated for
varying energy surfaces of Be,B, Be,C, and hole-doped
Be,C. The variations in S{I7)/M; within this energy range
are on the order of 20%, but there is no definite trend with
doping. In contrast, there is a steady decline of E,-(Iiz)/ M; in
Be,B,C,_, as a function of x. We conclude that the electronic
states on these energy surfaces do not approximate the states
on the Fermi surfaces of Be,B,C,_,. This deviation may be
the result of localization caused by varying on-site potentials
between boron and carbon in Be,B,C,_,. Such localization
has been theoretically shown to increase electron-phonon
coupling.®® In this class of materials, the net effect of this
coupling enhancement is to expedite the onset of supercon-
ductivity as a function of boron concentration, without
changing the maximum attainable 7.

VI. CONCLUSIONS

Our calculations suggest that Be,B,C,_, in the antifluorite
structure is thermodynamically stable at high temperatures in
the range 0 =x=0.25. This alloy is predicted to be a super-
conductor when boron is introduced. For the most boron-rich
phase that is likely to be accessed by high-temperature syn-
thesis, x=0.25, the transition temperature is predicted to be
in the range 3-8 K. At higher boron concentrations, x=0.4,
T. is predicted to plateau somewhere in the range 5-13 K. As
is the case in boron-doped diamond,’ achieving these higher
T, values may be possible through nonequilibrium synthesis
techniques such as chemical-vapor deposition. The predicted
transition temperature is small compared to the 40 K ob-
served in MgB, (Ref. 1) and the 80 K predicted to be the
limit in boron-doped diamond.® The reduced T, compared to
other boron-containing structures is because Be,B,C_, re-
mains in the weak-coupling regime of superconductivity.
Even with boron-carbon substitution acting as a flexible tun-
ing parameter of electronic properties in Be,B,C,_, and the
large value of N;(ep) attainable, the value of \ saturate near
0.5.

The overall reduced magnitude of electron-phonon cou-
pling in Be,B,C,_, may be attributed to the ionic antifluorite
structure lacking in the strong covalent bonding of the sp?
graphitic plane of MgB, or sp* framework of diamond. One
advantage of Be,B,C,_, over boron-doped diamond is that
all substituted boron uniformly contributes free carriers and
increases N(€f). In diamond, neighboring substituted boron
atoms can lead to deep acceptor states** that cause large
variations in NT(eF) between simulated microscopic
configurations.® This study cannot rule out the possibility of
competing phases that may thermodynamically destabilize
antifluorite Be,B,C,_, or defects that might compensate free
carriers and destroy superconductivity. These problems be-
come more relevant with increasing boron concentration,
originating from the many stable Be-B solid phases'> and
experimental uncertainties of the Be,B phase.!® Experimen-
tal verification remains as the test of the predictions made in
this paper.
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