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New candidate ground states at 1:4, 1:2, and 1:1 compositions are identified in the well-known Fe-B
system via a combination of ab initio high-throughput and evolutionary searches. We show that the
proposed oP12-FeB, stabilizes by a break up of 2D boron layers into 1D chains while oP10-FeB,
stabilizes by a distortion of a 3D boron network. The uniqueness of these configurations gives rise to a set
of remarkable properties: oP12-FeB, is expected to be the first semiconducting metal diboride and
0oP10-FeB, is shown to have the potential for phonon-mediated superconductivity with a 7, of 15-20 K.
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A range of advanced compound prediction methods has
been developed recently to accelerate the experimental
search for materials displaying novel physics or techno-
logically relevant features [1—4]. Unconstrained structural
optimization with evolutionary algorithms (EAs) has
shown the ability to predict complex configurations given
only the composition leading to identification of exotic
high-pressure phases [3]. High-throughput screening with
data mining techniques has proven effective in revealing
compositions favorable to form in large sets of multicom-
ponent systems [4]. In this study we demonstrate that new
ambient-pressure materials with appealing properties
could be found in such a well-known and accessible binary
system as Fe-B.

The experimental research on Fe-B compounds has been
driven primarily by their potential to serve as a hardening
agent in steels [5] or as hard protective coatings [6,7].
According to the latest experimental phase diagram [8],
FeB and Fe,B are the only reproducible low temperature
phases that have been shown to crystallize in the 0P8 (or
the related 0S8 [9]) and #7112 configurations, respectively.
Less is known about the boron-rich ordered phases with
only a few reports available: observation of a metastable
FeB,y intercalation compound [10] and possible synthesis
of amorphous [11] and the AIB,-type [12] iron diborides.
Previous modelling work on Fe-B compounds has given
insights into their binding, magnetic, and structural prop-
erties [13—18] but has not systematically explored the
possibility of obtaining new stable iron borides.

Our reexamination of the Fe-B system within density
functional theory (DFT) begins with a high-throughput
scan of known configurations listed in the Inorganic
Crystal Structure Database ICSD [19]. We show that never
observed oP6-FeB, (hP6-FeB,) and t/16-FeB phases are
marginally stable relative to the known compounds. The
proposed Fe-B ground states are then refined with an
ab initio evolutionary search that suggests o P10-FeB, and
oP12-FeB, to be ground states at 1:4 and 1:2 compositions.
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The prediction of the brand new stable structure types is
surprising as transition metal (TM) borides tend to crystal-
lize in configurations correlating well between the 3d, 4d,
and 5d series [20]. We link the stabilization of the Fe-B
phases to the structural changes in the B networks that lead
to radically new properties. At 1:2 metal-boron composi-
tion, famous for the outstanding MgB, superconductor
[21] and the hardest metal-based ReB, material [22],
oP12-FeB, stands out as the first semiconducting metal
diboride made out of B chains rather than B layers. At 1:4
composition, the nonmagnetic oP10-FeB, is examined us-
ing electron-phonon (e-ph) calculations and predicted to be,
subject to spin fluctuation effects [23], a superconductor
with an unexpectedly high 7, of 15-20 K. The critical
temperature falls between the typical 10 K 7. of TM borides
[24] and the 39 K T, of MgB, [21]. If synthesized,
0P10-FeB, could extend the family of recently discovered
iron-based LaFeAsO,_,F, and FeSe superconducting ma-
terials [25] but have the conventional phonon-mediated
coupling mechanism.

We carry out the high-throughput scan by calculating
formation enthalpies at 7 =0 K and P = 0 GPa with
VASP [26] for over 40 commonly observed M-B and M-C
ICSD structure types [27] in the whole composition range.
The B-rich end of the phase diagram is further explored
with the Module for Ab Initio Structure Evolution
(MAISE) [28] linked with VASP which enables an EA
search for the lowest enthalpy ordered phases. The uncon-
strained structural optimization is carried out for most
likely to occur 1:6, 1:4, 1:3, and 1:2 compositions starting
from random unit cells of up to 15 atoms (for further details
see supplementary material [27]).

Finding ground states also depends on the accuracy of
the simulation method and the inclusion of important
Gibbs energy contributions [1]. We use the projector aug-
mented waves method [29] and allow spin polarization
unless stated otherwise; the chosen energy cutoff of
500 eV and dense Monkhorst-Pack k meshes [30] ensure
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FIG. 1 (color online). Stability of Fe-B alloys calculated with
GGA-PBE: (a) formation enthalpy; (b)-(d) Gibbs energy with
thermodynamic corrections due to the vibrational entropy for
selected candidate phases with respect to the a-B < oP8-FeB
tieline.

numerical convergence of formation energy differences to
typically 1-2 meV/atom. We employ the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation (xc) functional [31]
within the generalized gradient approximation (GGA) that
provides a realistic description of the Fe ground state [32].
Tests in the supplementary material [27] demonstrate in-
dependence of our key finding, the stability of new phases
at the 1:2 and 1:4 Fe-B compositions with respect to known
compounds, on the choice of the xc functional. The ground
state of B is modeled as «-B which has been recently
shown to be only 3—4 meV /atom above the more complex
B-B in the 0-300 K temperature range [33]. We include
phonon corrections to G(T) using a finite displacement
method as implemented in PHON [34]. The e-ph calcula-
tions are carried out within the linear response theory using
the QUANTUM-ESPRESSO package [35,36]. Our tests show
no magnetic moment in relevant B-rich phases allowing us
to do the EA, phonon, and e-ph simulations without spin
polarization.

Figure 1(a) summarizes calculated 7 = 0 K formation
energies of the considered Fe B _, ordered structures with
the convex hull drawn (in cyan) through the known
oP8-FeB and t/12-Fe,B ground states; other relevant
0110, oP10, mP8, hP3, hP6, oP6, oP12, 0S8, tI16,
t132 and cF116 structures correspond to the CrB,, FeBy
(proposed), FeB; (proposed), AlB,, ReB,, RuB,, FeB,
(proposed), CrB, MoB, NisP, and Cr,3Cq prototypes, re-
spectively. Phases with x > 0.5 show an expected ordering,
with #/12-Fe,B being stable and Fe;B and Fe,;B¢ being
metastable by less than 20 meV/atom. For x =< 0.5, we
find a set of phases that are below or close to the a-B <
oP8-FeB tieline to be viable ground state candidates. We
discuss their relative stability using structural and elec-
tronic density of states (DOS) information shown in
Figs. 2 and 3.

ol10-FeB,
oP10-FeB, (new)

hP6-FeB,
oP12-FeB, (new)

tI16-FeB

FIG. 2 (color online). Competing B-rich Fe-B phases; cell
parameters are given in the supplementary material [27].

The similarity of the local coordinations in 0P8, 0S8,
and /16 at 1:1 composition was discussed previously in
Ref. [37]. In t/16 the B chains extend in two directions, a
feature that could differentiate the structure’s mechanical
response to external load from the behavior of the other
two polymorphs. Figure 1(d) reflects the difference in the
vibrational properties of 0P8 (0S8) and #/16 and could
explain why #/16-FeB, marginally the most stable phase at
T = 0 K in our calculations, has never been observed. The
electronic DOS of FeB in the three configurations are
rather similar (Fig. 3): they are all metallic and magnetic
and have bonding p-d hybridized states in the —6— — 3 eV
energy range.

At 1:2 composition, all known metal borides stable under
normal conditions are composed of 2D boron layers that are
flat in #P3, armchair in oP6, zigzag in hP6, or mixed in
hR18 [19]. A detailed rigid band approximation study of the
TMB, phases linked the distortion of the B layers to popu-
lation of antibonding TM-TM and TM-B orbitals in
hP3-TMB, with high d-electron count [13]. The projected
DOS in hP3-FeB, (Fig. 3) shows a mismatch in the maxima
of the filled B and Fe states in the —7— — 3 eV range and
a high DOS at the Fermi level resulting in a magnetic
moment of 0.26u/atom. The magnetization energy of
11 meV/atom is insufficient to stabilize the #P3-FeB phase
which leaves it 200 meV /atom above the a-B — 0P8-FeB
tieline. Puckering of the B layers in nonmagnetic o P6 and
hP6 proves to be a more favorable way of reducing the high
DOS at the Fermi level: Fig. 3 shows a higher hybridization
of the B-p and Fe-d states with the antibonding p-d states
now lying just above Er. The net result of the more bimodal
shape of the DOS is a 217 meV/atom gain in stability. Even
more dramatic structural and electronic changes take place
in 0 P12-FeB, discovered in our EA search. The disintegra-
tion of the B layers opens up a ~0.5 eV band gap (likely
underestimated in our semilocal DFT treatment [38]) and
leads to an additional 33 meV/atom gain in stability. This
finding rules out the existence of 7P3-FeB, that has been a
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FIG. 3 (color online). Calculated density of states in selected
iron borides (the lower five compounds are nonmagnetic).

subject of controversy [39]; o P12-FeB, is below the a-B <
0P8-FeB tieline by over 30 meV/atom [Fig. 1(c)] in the
whole T range and should be synthesizable.

At 1:3 composition, the EA suggests a new mPS8
phase [27] that breaks the «-B < oP8-FeB tieline by
15 meV/atom; however it is found to be metastable with
respect to @-B and oP12-FeB, at all temperatures.

At 1:4 composition, the observed proximity of the
0l10-FeB, phase to the a-B <+ oP8-FeB tieline is intrigu-
ing as there have been explicit references to unsuccessful
attempts to synthesize this phase [14]. Unexpectedly, a
phonon dispersion calculation showed dynamical instabil-
ity of 0l10-FeB,, with imaginary frequencies reaching
208i cm™! for a I'-point phonon in the conventional
10-atom unit cell. Using the phonon eigenvector that
skews the rectangle B building units in the x-y plane into
parallelograms we have constructed a new structure
type, oP10-FeB,. The considerable energy gain of
28 meV /atom and no imaginary frequencies in the phonon
spectrum make oP10-FeB, thermodynamically and dy-
namically stable in the considered temperature range rela-
tive to known phases [Fig. 1(b)]; with phonon corrections
included oP10-FeB, lies 3 meV/atom above the a-B <
0oP12-FeB, tieline at T = 0 K but 10 meV/atom below the
tieline at 7 = 900 K. Additional no-symmetry relaxations
of distorted 0710 and oP10 supercells with 10, 20, and 40
atoms have consistently produced oP10-FeB, as the most
stable configuration. The EA search has also shown that
Fe,Bg cells converge to oP10-FeB, while Fe;B, cells
evolve into a new mS30-FeB,; phase metastable by
6 meV/atom. The tests seemed necessary due to a counter-
intuitive evolution of the DOS in the 0/10 to oP10 trans-
formation: the Fermi level in 0 P10-FeB, catches the edge

of the antibonding p,, — d,»_» peak resulting in a high
n(Ep) = 1.0 states/(eV spinf.u.); the feature is unusual as
stable compounds tend to have the Fermi level lying in the
pseudogap [40].

The naturally electron-doped oP10-FeB, candidate
material with strong covalent bonds is next analyzed for
superconducting features. We use the linear response the-
ory and fine k and ¢ meshes [27,36] to calculate the phonon
DOS (PHDOS), Eliashberg function (a’F(w)), and
strength of the e-ph coupling (A(w)). The phonon spectrum
in Fig. 4 can be divided into three regions with mixed Fe-B
modes (0-320 cm™!), B modes with a relatively flat
PHDOS (320-740 cm™!), and B modes involving in-plane
optical distortions of B parallelograms (860-920 cm™!).
The Eliashberg function integrates to a large A, = 0.80
and gives the logarithmic average (w), = 430 cm™!.
While key contributions to Ay, ~ 0.8 in CaBg and MgB,
come from the low-frequency Ca modes (@ < 150 cm™!)
[41] and the high-frequency B modes (500 cm ™! < w <
560 cm™!) [42], respectively, nearly 60% of A, in
0oP10-FeBy, is generated by the mixed Fe-B modes in the
160-300 cm ™! range. (), in 0P10-FeB, is found to be
much closer to the MgB, value of ~450 cm™! [42], rather
than the CaBg value of ~200 cm™! [41]. Using the Allen-
Dynes formula [43] and typical u* of 0.14-0.10 we esti-
mate the 7. in oP10-FeB, to be 15-20 K. The compound
has two 3D Fermi surfaces centered at I' and R points and
the 7. may be further enhanced by the multiband effect.
Because of the large gradient of the DOS near the Fermi
level the superconducting properties may be strongly af-
fected by the presence of vacancies or impurities. Although
0oP10-FeB, is found to have neither ferro- nor antiferro-
magnetic moment, spin fluctuations [23] could play a
critical role in the pairing mechanism and should be exam-
ined carefully using input from experiment.

In summary, our search for new compounds in the com-
mon Fe-B system demonstrates the necessity to go beyond
standard structure types: The EA-driven unconstrained
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FIG. 4 (color online). Top: total and projected phonon density
of states (PHDOS) in oP10-FeB,. Bottom: Eliashberg function
and the strength of the electron-phonon coupling.
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structural optimization has uncovered a set of viable ground
states, with new oP10-FeB, and oP12-FeB, shown to be
thermodynamically stable by over 25 meV /atom relative to
the known «-B and o P8-FeB. To the best of our knowledge,
the identified boron-rich phases have been never observed
before and their discovery may require finding suitable
kinetic routes. The presented analysis of the structural and
electronic properties shows how the phases stabilize and
what new physics they are expected to exhibit if synthe-
sized. (i) oP10-FeB, could become yet another exception to
Matthias’ rules [44] that recommend staying away from
magnetic elements when designing new superconductors.
This compound has a high DOS at the Fermi level leading
to Ay = 0.80 and a surprisingly high 7, of 15-20 K.
(i) oP12-FeB, is predicted to be the first metal diboride
semiconductor with a ~0.5 eV band gap (time-dependent
DFT or Green’s functions techniques will likely give a
larger value [38]). (iii) The proposed materials may also
exhibit appealing mechanical properties as hardness tends
to be higher for M, B,_, with x < 0.5 [22].
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