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We report a unique temperature-induced insulator-metal transition in MnBy that is accompanied
by a simultaneous magnetostructural change from a nonmagnetic monoclinic mP20 phase to a
magnetic orthorhombic oP10 phase. Such a concurring magnetostructural and insulator-metal
transformation is a manifestation of a strong competition between Peierls and Stoner mechanisms
that governs a crossover from an electron-paring to an electron-localization scenario in this
system. Therefore, the phase stability of MnB, is controlled by a subtle interplay among Peierls
mechanism, Stoner mechanism and phonon free energy. Our findings not only resolve the
long-standing magnetostructural puzzle of MnB4 but also provide a realistic system for the

Peierls-Hubbard model.

Transition-metal borides (TMB) continue to be a focus of intense research that has led to the discovery
of many novel materials with appealing properties including topological Kondo insulator (e.g., SmBg) [1-4],
ferromagnetic (FM) fluctuations in the antiferromagnetic (AFM) heavy-fermion metal (e.g., CeBg) [5], the
coexistence of metallicity and superhardness (e.g., ReB,, CrB,) [6-9], the coexistence of superconductivity
and superhardness (e.g., FeB,) [10, 11], and even the coexistence of superhardness and anomalously low
lattice thermal conductivity (e.g., polytypic WB; and MoB;) [12-14]. Among TMB, manganese tetraboride
(MnBy), originally synthesized in 1960 [15], has recently attracted renewed attention not only because of its
extreme hardness [16-18], it also exhibits intriguing magnetostructural and electronic behaviors [19-22].

Based on powder x-ray diffraction data, MnB, was long assigned as a monoclinic mS10 structure (space



group C2/m) [23, 24]. However, this widely accepted structure [16, 17, 23-26] was called into question by
recent theoretical and experimental studies [19-22] that have shown that MnBy crystallizes in a new
monoclinic mP20 structure (space group P2,/c). Considering that both CrBy [8, 9] and FeB, [10, 11] adopt
an orthorhombic oP10 structure (space group Pnnm) and that Mn lies in between Cr and Fe on the periodic
table, it is rather surprising that MnB, does not follow the overall trend of structural configuration of
TMB,.

On the other hand, the understanding of magnetic and electronic properties of MnBy is far from
satisfactory. Knappschneider et al. [19] synthesized single crystals of MnB4 under normal-pressure
high-temperature conditions. Their magnetic susceptibility measurements indicate that MnB, is
paramagnetic (PM). Further electrical conductivity measurements reveal that it is a semiconductor with a
small activation energy of about 0.04 eV. These observations strongly suggest that there might be
Peierls-like distortions in MnBy, leading to a nonmagnetic (NM) insulating state. Gou et al. [20] utilized the
high-pressure high-temperature technique to synthesize single crystals of MnB,4 and also investigated its
magnetic behavior. They conclude that MnB,4 exhibits FM spin correlations but shows no long-range
magnetic ordering. In addition, they reported that MnB,4 should be metallic since there is a large electronic
contribution to the specific heat. These findings are clearly incompatible with the Peierls scenario. To
address these open issues, we have carried out an in-depth investigation of magnetostructural properties of
MnB, with the hope to reconcile these seemingly inconsistent experimental results.

In this Letter, we present a systematic investigation of the electronic, magnetic and structural
properties of MnBy using density functional theory (DFT) based first-principles methods. We find that
MnB, undergoes a temperature-induced phase transition from the NM insulating state with the mP20
structure to a magnetic metallic state with the oP10 structure. Equally importantly, we demonstrate that
such a simultaneous magnetostructural and insulator-metal transition is a result of a strong competition
between Peierls and Stoner mechanisms. To the best of our knowledge, this is the first report that these two
mechanisms are both active in one material, resulting in a unique phase transition in MnBy.

Our calculations were carried out using spin-polarized DFT as implemented in the VASP code [27].
The all-electron projector augmented wave (PAW) method [28] was adopted with 2s22p1 and 3d%s" treated

as valence electrons for B and Mn atoms, respectively. A plane-wave basis set with a large cutoff energy of



500 eV and dense k-meshes were employed for the considered phases to ensure that the numerical accuracy
can resolve an energy difference of less than 1 meV/atom. Forces on the ions were calculated through the
Hellmann-Feynman theorem, allowing a full geometry optimization of different structures (i.e., mS10,
oP10, and mP20) and magnetic phases (i.e., NM, FM, and AFM) of MnB,. In order to reveal possible
phase transitions, we have investigated free energies of different phases over a wide range of temperature
and volume. Phonon calculations were carried out using the Phonopy package [29] with the force-constant
matrices calculated from VASP.

We have carefully checked the sensitivity of calculated results to different energy functionals,
including the generalized gradient approximation (GGA) [30] and local density approximation (LDA) [31],
with and without an effective Hubbard U. Our results show that the GGA gives a most faithfully overall
description of structural parameters, relative energies, magnetic and electronic structures of the different
phases of MnBy, although other methods (e.g., LDA) also reproduce the main results. Therefore, we shall
restrict our discussion based on the GGA results, unless otherwise specified.

Figure 1(a) shows the calculated total energy as a function of volume for several possible structures
and magnetic phases of MnBy; corresponding numerical values of the total energy and local magnetic
moment at the respective equilibrium volumes are presented in Table I. We first notice that the mS10
structure is the most energetically unfavorable one in all different magnetic states (NM, FM, and AFM). In
addition, phonon calculations indicate that this structure is dynamically unstable (see Fig. S1 in
Supplementary Material [32]). Hence, we can safely exclude the mS10 structure, although being a long
perceived structure for MnB, [23, 24]. Unlike the mS10 structure for which all three magnetic states can be
obtained from our calculations, the spin-polarized calculations for the mP20 structure always converge to
an NM solution. This NM state has the lowest total energy among all considered phases, suggesting that
this is the ground state of MnB,4. Moreover, phonon calculations show no soft modes for this structure,
indicating that this structure is also dynamically stable (see Fig. S2 in Supplementary Material [32]). Our
results therefore support the recent theoretical and experimental proposals on the mP20 structure [19-22].

For the oP10 structure, the NM state is much higher (by 84.0 meV/f.u.) in energy than the ground state
and is dynamically unstable (see Fig. S3 in Supplementary Material [32]). We thus conclude that MnBy,

cannot assume the NM oP10 structure as several other TMB,4 do. However, allowing the development of



magnetic moments (about 0.6 £3/Mn) significantly lowers the total energy (by about 40 meV/f.u.) of the
oP10 structure. Remarkably, the formation of local magnetic moments greatly stabilizes the oP10 structure
and all soft phonon modes disappear (see Fig. S3 in Supplementary Material [32]). We have calculated
both FM and AFM ordered states and find that they are nearly degenerate (with a difference of about 6
meV/fu.), indicating a weak magnetic coupling in this system. These results substantiate that the magnetic
oP10 phase of MnB, is a metastable phase and should be viable under appropriate conditions. In the
following, we only focus on the FM state for simplicity since the AFM state share much of the general
feature with the FM state.

As can be seen from Fig. 1(a), there is no crossing between the two energetically competitive phases
(NM mP20 and FM o0P10), suggesting that there are no pressure-induced phase transitions at zero
temperature. In order to take temperature effects into account, we have calculated the phonon free energy
of both phases. As shown in Fig. 1(b), a phase transition from the NM mP20 phase to the FM oP10 phase
takes place at about 440 K. Such a unique magnetostructural phase transformation has never been reported
in TMB.

It is puzzling that the magnetostructural behaviors of MnBy could be so much different from those of
other TMB; (e.g., CrB,4 and FeB,), and several fundamental questions remain to be answered: (1) What is
the origin of the instability of the NM oP10 phase? (2) What mechanism stabilizes the NM mP20 phase? (3)
What drives MnBy to transform from the NM mP20 phase to the FM oP10 phase? The answers to these
questions must lie in the fundamental structural and electronic properties of the system.

As illustrated in Fig. 2(a), an orthorhombic cell of the oP10 structure contains two TMB, formulas in
which TM and B atoms locate at the Wyckoff 2a and 4g sites, respectively. Within planes parallel to (001),
the B atoms are linked into groups of four in a parallelogram arrangement and these parallelograms are
connected above and below, thus forming a three-dimensional B network (By4). The interstitial positions of
B, are occupied by the TM atoms, forming one-dimension metal chains in the z direction. Thus, each TM
atom is surrounded by twelve B atoms, four in a parallelogram and eight in a parallelepiped, and the TM
atoms form one-dimensional chains along the z direction [33, 34].

As mentioned above, the NM oP10 structure is stable for both CrB4 and FeB,4 but is unstable for MnB;.

It is of great interest to understand the electronic origin of this instability. Figure 3 (a), (b) and (c) show the



total density of states (DOS), projected DOS and band structure, respectively, of the NM oP10 structure.
The lowest six bands in the range of (-16, -8) eV have predominantly B-2s character. The weight of the
Mn-3d states increases gradually and there is a strong hybridization between the B-2p,, (2p.) and Mn-3d,,
(3d,,) states. The eight bands in the range of (-8, -3) eV may be viewed as the bonding states of the pd
hybridization complex, while the six unoccupied bands in the range of (0.5, 4) eV are the corresponding
antibonding states. In addition, from -3 to -1 eV, there are four bands which are mainly derived from the
Mn-3d,>,” and 3d,. states.

The most important feature, a hallmark of instability, is the extremely high DOS at the Fermi level.
The fairly flat bands ranging from -1 to 0.5 eV are derived from Mn-3d.” states as highlighted in red in Fig.
3 (b) and (c). We can clearly see that the Fermi level lies nearly at the peak position. It is this high DOS at
the Fermi level that is responsible for the instability of the NM oP10 phase of MnBy. In this structure, the
Mn atoms form one-dimensional chains in the z direction. Thus the Mn-3d.” derived states show a strongly
one-dimensional character. Due to a large Mn-Mn distance, the dispersion of the Mn-3d.” derived bands is
very small. Therefore, the instability of the system is attributed to the half-filled, quasi one-dimensional
Mn-3d.” derived states. In CrBy (FeBy), the Cr-3d.* (Fe-3d22) orbitals are fully unoccupied (occupied) and
the Fermi level lies at a minimum of the DOS [8, 10], thus the NM 0oP10 structure is stable.

There are two fundamental modes of restoring the stability of a structure with a high DOS at the Fermi
level: One is by structural distortion (Peierls mechanism), the other by developing magnetism (Stoner
mechanism). The Peierls mechanism breaks the structural degeneracy while the Stoner mechanism lifts the
spin degeneracy; both mechanisms may reduce the density of states at the Fermi level and may restore the
stability of a material system. However, usually one mechanism dominates, and seldom are both
mechanisms active in one material. Exactly which mechanism dominates will then depend on the details of
the competition between the electronic (including magnetic) and structural (phonon) degrees of freedom.
Interestingly, we find that MnBy is such a system that both mechanisms are in action, resulting in rich and
complex magnetostructural behaviors of this system.

At low temperatures, the Peierls mechanism is more effective in stabilizing MnBy, as confirmed by
our first-principles calculations [see Fig. 1(b)]. The monoclinic mP20 structure can be derived from the

orthorhombic oP10 structure by a structural distortion [see Fig. 2(b)]. The basis vectors (a, b, ¢) of the



mP20 structure correspond to the [0, 0, 2], [0, 1, 0] and [-1, 0, -1] lattice vectors of the oP10 structure,
respectively. The angle (90°) between the [1, 0, 0] and [0, 0, 1] vectors of the oP10 structure is changed to
92.117° in the mP20 structure. As a result of this distortion, the one-dimension metal chains with a uniform
Mn-Mn distance of 2.929 A are dimerized with alternating distances of 2.702 and 3.198 A.

The total and projected DOS of the NM mP20 phase are presented in Fig. 3(d) and 3(e), respectively.
The DOS of the NM mP20 phase share much common feature with that of the NM oP10 phase except for
the Mn-3a’z2 derived states. Due to the dimerization of Mn atoms, the Mn-3a’z2 derived states now split into
bonding and antibonding states in the mP20 structure and a small band gap (about 0.02 eV) develops. Our
results not only support the recent experimental observations of the mP20 phase of MnB, with the
semiconducting behavior [19] but also explain the origin of the instability of the NM oP10 phase. We
should mention that the band gap could be larger in reality since DFT calculations typically underestimate
the band gap of semiconductors and insulators.

Allowing the development of magnetism (the Stoner mechanism) opens up another avenue for the
stabilization of MnB, through breaking the spin degeneracy. Indeed, we find that the development of local
magnetic moments substantially lowers the total energy of the system as shown in Fig. 1(a) and Table 1.
The energy of the oP10 structure is lowered (by about 40 meV/f.u.) compared with the NM phase. Figure
4(a) displays the total and projected DOS of the FM 0P10 phase; the corresponding band structure is shown
in Fig. 4(b). The spin polarization causes a large spin splitting of the Mn-3d.” states. Despite the strong spin
splitting, the system does not develop a full gap and remains metallic. This magnetic oP10 phase, together
with the NM insulating mP20 phase, successfully explains the seemingly conflicting experimental
observations reported earlier [19, 20]. Furthermore, the metallic bands exhibit a strongly one-dimensional
character along the Mn chains. Therefore, the FM oP10 phase may provide an interesting realistic material
system for studying the one-dimensional one-band Peierls-Hubbard model. We would like to mention that
in real experiments, the long-range FM ordering is likely destroyed by thermal effects since the magnetic
coupling is very weak in this system.

As discussed above, the Peierls mechanism dominates at low temperatures thus the system is
stabilized into the distorted NM mP20 structure. However, as the temperature rises, the vibrational entropy

becomes an important driving force for the structural phase transition in MnB,4. Taking into account the



contribution from phonons, the free energy of the FM oP10 phase decreases relative to the NM mP20 phase
with increasing temperature, eventually falling below that of the NM mP20 phase above 440 K as shown in
Fig. 1(b). We would like to emphasize that this phase transition is different from a purely Stoner
mechanism: It is a temperature (phonon) assisted phase transition from a NM Peierls insulator at low
temperatures to a FM Stoner metal at high temperatures.

In summary, we have identified a temperature-induced insulator-metal transition in MnBy that is
accompanied by a simultaneously magnetostructural change from the NM monoclinic mP20 phase to the
magnetic orthorhombic oP10 phase. At low temperatures, the low-symmetry mP20 structure is stabilized
by a Peierls distortion, leading to the NM insulating state. As the temperature increases, the high-symmetry
oP10 structure is preferred. The high DOS at Fermi level, however, strongly drives it towards the Stoner
instability, resulting in the magnetic metal at high temperatures. Such a simultaneous magnetostructural and
insular-metal phase transition arises from the unique competition among Peierls mechanism, Stoner
mechanism, and phonon free-energy that has never been observed in other TMB. The present work not only
resolves the puzzling magnetostructural issue of this class of TMB, but also provides a realistic material

system for the Peierls-Hubbard model [35, 36].
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TABLE 1. Calculated relative total energy E (meV/f.u.) and local magnetic moment M (uz/Mn) for three possible
structures of MnB, with different magnetic orderings at respective equilibrium volumes. The energy of the NM mP20

phase is set as the reference energy (i.e., set to zero).

NM FM AFM
mS10 E 143.5 96.8 88.4
M 0.0 0.58 0.66
oP10 E 84.0 45.0 389
M 0.0 0.59 0.66
mP20 E 0.0
M 0.0
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FIG. 1 (color online). (a) Calculated total energy versus volume of different phases of MnBy. (b) Relative free energy versus
temperature for the oP10 (FM) and mP20 (NM) phases. The total energy at the equilibrium volume and the free energy of the
NM mP20 phase are set as the reference energy (i.e., set to zero) in (a) and (b), respectively. All energies are rescaled for one

MnBy formula unit (f.u.).
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(b)

FIG. 2 (color online). Crystal structures of the orthorhombic 0P10 (a) and monoclinic mP20 (b) phases of MnB,. The blue

(large) and green (small) spheres represent Mn and B atoms, respectively. The low-symmetry mP20 structure can be derived
from the high-symmetry oP10 structure through lattice distortions and dimerization of Mn atoms. In the 0P10 structure, Mn
atoms form one-dimensional chains (shown by blue dashed lines) with a uniform Mn-Mn distance. In the mP20 structure, Mn

atoms dimerize and form slightly zigzagged chains (shown by alternating blue solid and dashed lines).
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FIG. 3 (color online). Total and projected DOS and band structures of the NM oP10 phase (top panels) and the NM mP20
phase (bottom panels) of MnB,. The Peierls distortion results in the opening of a small gap at I" as shown in the inset. The

Fermi levels are set at 0 eV and shown horizontal dashed lines.
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FIG. 4 (color online). Projected DOS (a) and band structures (b) of the FM 0P10 phase of MnB,. Their left and right panels

represent the majority and minority spins, respectively. The Fermi levels are located at 0 eV as indicated by horizontal dashed

lines.

14



