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Coulomb correlation in noncollinear antiferromagnetic a-Mn
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We discuss the interplay between magnetic and structural degrees of freedom in elemental Mn. The
equilibrium volume is shown to be sensitive to magnetic interactions between the Mn atoms. While the

standard generalized gradient approximation underestimates the equilibrium volume, a more accurate treatment
of the effects of electronic localization and magnetism is found to solve this longstanding problem. Our
calculations also reveal the presence of a magnetic phase in strained «-Mn that has been reported previously
in experiments. This new phase of strained «-Mn exhibits a noncollinear spin structure with large magnetic

moments.
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I. INTRODUCTION

Manganese is one of the most complex metallic elements
[1-7] that assumes many different stable crystal phases. On
cooling the liquid, the sequence of crystal phases [8—10]
obtained includes body-centered cubic (BCC) §-Mn, face-
centered cubic (FCC) y-Mn, 8-Mn, and @-Mn as illustrated in
Fig. 1. @-Mn has 58 atoms per unit cell with space group T
(No. 217) [11] and it may be looked upon as an intermetallic
involving Mn atoms in different electronic and magnetic con-
figurations [12] on four crystallographic sublattices (I, II, III,
and I'V). Neutron diffraction experiments [13] have shown that
sublattices III and IV further split into two types (Illa, IIIb,
IVa, and IVb) when the antiferromagnetic ordering is taken
into account. Large, almost collinear magnetic moments re-
side on sites I and II, while substantially smaller and strongly
canted moments are on sites III and IV [13].

Density functional theory (DFT) results by Hobbs et al.
[1,2] using either the local-spin-density approximation
(LSDA) or the generalized-gradient approximation (GGA)
are not in agreement with experiments because the tendency
of LSDA and GGA to overbind produces a collinear spin
structure at the theoretical equilibrium volume. However, a
noncollinear spin structure develops when the lattice is ex-
panded beyond the experimental volume [2]. A semiempirical
tight-binding method using Hubbard-like correlation effects
[14] has predicted a noncollinear magnetic structure for o-
Mn at the experimental volume in qualitative agreement with
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experiment, but a more recent tight-binding study failed to
converge to the noncollinear solution [15].

In order to address the deficiencies of the LSDA and
GGA, exchange-correlation corrections must be improved.
One approach is to introduce an ad hoc Hubbard parameter U
[16-20], which attempts to correct for self-interaction errors
on localized 3d orbitals of Mn by replacing LSDA and GGA
potentials with orbital-dependent terms. An important test in
this connection is the Mn, dimer [16] which is discussed
in the Supplemental Material (SM) [21] (see also references
[22-25] therein). Note that a DFT+U approach requires
both Hubbard-repulsion U and Hund-exchange integral J
as ad hoc parameters [26]. Here the strongly-constrained-
and-appropriately-normed (SCAN) functional [27], which is
a semi-local functional that satisfies seventeen exact con-
straints, provides a systematic improvement over the GGA. It
should be noted that SCAN leads to overestimated magnetic
moments in itinerant ferromagnetic transition metals such
as iron [28-30]. However, there are many studies of anti-
ferromagnetic materials such as the cuprates [31-33], spinel
LiMn; 0O, cathode material [34], and 3d perovskite oxides [35]
where SCAN yields a good estimate of magnetic moments.
This has also been shown to be the case in some Mn-rich
Heusler alloys [36,37], where the 3d magnetic electrons are
quite localized on the Mn atoms.

In this paper, we show that SCAN significantly improves
the description of the ground-state electronic and magnetic
structure of o-Mn with respect to the LSDA and GGA by
correctly accounting for conflicting trends for maximizing
the magnetic spin moment and the bond strength. In this
way, SCAN successfully captures the complex charge and
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FIG. 1. A schematic illustrating the evolution of various crystal
phases of Mn from liquid Mn. Colors are used to differentiate
between different Mn atoms in the unit cell. The polyhedron in
the a-phase structure is the 17-atom cluster described by Proult &
Donnadieu [10].

noncollinear magnetic ordering that occurs in «-Mn at low
temperatures.

II. COMPUTATIONAL METHODS

The present DFT calculations were performed with the
plane-wave method implemented in the Vienna ab initio simu-
lation package (VASP) [38—40] with the projector augmented
wave (PAW) method [41]. The GGA exchange-correlation
functional is based on the Perdew-Burke-Ernzerhof (PBE)
formulation [42] while the meta-GGA follows the SCAN
implementation [27]. Structural relaxations were performed
with an energy cutoff of > 550 eV and a k-point spacing of <
0.02 A~!. The Methfessel-Paxton smearing method [43] was
used with a width of 0.2 eV in geometry optimization runs,
and the tetrahedron smearing method with Blochl corrections
[44] was used in self-consistency cycles as well as for gen-
erating the electronic density of states (DOS). Total energies
were converged to 10~%eV. In geometry optimizations, forces
on all atoms were converged to 10~2eVA~'. Spin polariza-
tion effects and the variational freedom for noncollinear spin
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FIG. 2. Partial /-decomposed DOS (PDOS) for d electrons in y -
Mn at the experimental Ry, = 2.753 a.u. for GGA, GGA+U (with
U = 1.1eV), and SCAN.

arrangements were included for the «-Mn structure. Note that
the inclusion of noncollinearity in calculations significantly
increases the computational cost as the electron density be-
comes a 2 x 2 matrix [45,46].

III. RESULTS

We first examine y-Mn with four Mn atoms per unit cell
(see SM [21] for details). Asada and Terakura [47] have
shown that the LSDA underestimates the lattice constant and
fails to predict the antiferromagnetic ground state. Our GGA
and SCAN total energy calculations for the nonmagnetic,
ferromagnetic, and antiferromagnetic AF1 and AF2 phases
confirm that the ground state of y-Mn is AF1, where the sign
of the moment alternates between the planes stacked along
the [001] direction. These phases are described by Kubler in
Ref. [9]. GGA gives the Wigner-Seitz radius corresponding
to the equilibrium volume [48] of Ry = 2.635 a.u., while
SCAN gives Rys = 2.732 a.u., which is in better agreement
with the experimental value of Rys = 2.752 a.u. [49]. The
structure is found to be tetragonally distorted with ¢/a = 0.95
for GGA, while SCAN produces c/a = 0.98. The calculated
magnetic moments increase with the equilibrium volume, thus
GGA yields 1.74up whereas SCAN gives a higher value of
3.10ug.

In order to gauge the strength of corrections beyond the
GGA captured by SCAN, we compare SCAN, GGA, and
GGA+U results and extract an effective U value which
reproduces the experimental equilibrium volume. In this way,
we find that for U = 1.1eV, the equilibrium Wigner-Seitz
radius is Rys = 2.722 a.u. with a Mn magnetic moment of
2.69up and c/a = 0.98. These results are consistent with
those reported previously by Podloucky & Redinger [50] and
Di Marco et al. [51,52]. Figure 2 highlights the effect of U on
the Mn partial DOS (PDOS) at the experimental volume. The
GGA PDOS is seen to differ significantly from SCAN, but for
U = 1.1eV the two Mn PDOSs becomes closer. These results
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FIG. 3. SCAN-based cohesive energies for various magnetic
structures of w-Mn discussed in the text. The dotted vertical line
corresponds to the GGA volume calculated with PBE [42] while
the solid vertical line marks the experimental R, = 2.688 a.u. of
noncollinear ¢-Mn [13]. Eo, of ¥-Mn in SCAN is —3.27¢eV, see also
the SM [21]. The weakly ferrimagnetic (FIM) solution is compared
to the AFM (collinear and noncollinear) solutions.

are also consistent with the observation of Hubbard bands in
y-Mn with angle-resolved photoemission spectroscopy [53].

In «-Mn, sublattices I, II, and IV are occupied by close-
packed polyhedra although this is not the case for sublat-
tice III [11,54]. This close packing results in shrinking of
the Wigner-Seitz radius to the experimental value [13] of
Rys = 2.688 a.u. Figure 3 shows the cohesive energy E.on
as a function of Ry for a collinear solution. Even with
this constraint SCAN significantly corrects the GGA vol-
ume. Moreover, the calculated bulk modulus of 131GPa is
in good agreement with the experimental value of 151GPa
[55]. The computed magnetic moment distribution follows
trends consistent with the experimental results given in Table
IT of Ref. [2]. However, exact comparisons with theory are
difficult because the moments extracted from the experimental
data depend sensitively on the choice of the form factors
used [13,56-60]. Interestingly, our computations predict the
existence of an additional collinear (metastable) solution at a
higher volume with a bulk modulus of 68GPa. The magnetic
distribution for this solution becomes weakly ferrimagnetic
with an average moment of 0.11ug per Mn atom and the
corresponding charge distribution involves Mn atoms in six
different electronic configurations with charge differences
reaching 0.4 e/atom. When spin-orbit coupling (SOC) is
included in the calculations, a noncollinear magnetic struc-
ture develops to reduce frustration. We have performed two
different types of noncollinear calculations in this connection.
The first involved fully relaxed atomic positions with a fixed
cell shape [61], while the second achieved full structural
relaxation. The corresponding cohesive energies E., as a
function of Ry are shown in Fig. 3.

In the GGA the structure remains collinear at the exper-
imental volume [2] but in SCAN the moments rotate out of
their collinear orientations. [The SCAN-generated magnetic

(a) (b)

FIG. 4. SCAN-based noncollinear magnetic structure of various
a-Mn sublattices: I (red), 11 (yellow), Illa (blue), I1Ib (light blue), IVa
(green), and I'Vb (light green). Only the atomic positions are relaxed
in (a), while both the atomic positions and cell shape are relaxed
in (b).

structure is noncollinear for both the calculations shown in
Fig. 4.] In contrast to GGA, SCAN thus predicts noncollinear
magnetic ordering at the experimental volume. In fact, as we
noted above, we obtain two distinct magnetic structures, both
with large collinear magnetic moments on Mn I sites, while
the moments on Mn II sites are slightly smaller and canted
away from the collinear direction. For the first solution, which
is based on the fully-relaxed structure, we obtain Ry, = 2.781
a.u., and this solution might correspond to the strained -
phase reported experimentally by Dedkov et al. [62]. The
second solution involves computations with a fixed cell shape.
Here the determination of the equilibrium volume is more
delicate since several degenerate solutions with different spin
structures can coexist as is the case in YBa,CuzO; [33]
cuprate high-Tc superconductor. We note, however, that since
SCAN tends to favor solutions with large magnetic moments,
the stabilization of the strained o phase we have found might
be due to the exaggerated corrections in SCAN [36,63]. Non-
collinear magnetism in manganese nanostructures has been
reported also within the GGA [46].

The present noncollinear implementation of VASP [45,46]
neglects noncollinear correlation effects beyond the LSDA
[64,65], which could possibly be the reason that SCAN yields
solutions with too large equilibrium volume in @-Mn [66], see
Fig. 3. At the GGA level, a noncollinear spin structure sta-
bilizes when the lattice is expanded beyond the experimental
volume. In fact, in order to converge towards a noncollinear
solution, Hobbs e al. [2] had to start their calculations with
a strongly expanded initial volume (Rys ~ 2.96 a.u.), which
however was not the final converged volume. The preceding
results suggest that SCAN is a step in the right direction for
stabilizing noncollinear solutions.

Overmagnetization in 3d transition metals [28-30] has
been found in recent SCAN calculations. This issue has
been addressed with a deorbitalized potential [63]. A similar
problem is present in DFT4U, where the magnetic moment
changes considerably if one adopts either the fully-localized
limit or the mean-field approximation [67]. Here also a de-
orbitalized potential for states at the Fermi level has been
suggested as a possible cure [68].
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IV. SUMMARY AND CONCLUSIONS

Our results are relevant for smart materials such as the
shape-memory and magnetocaloric Mn-rich Heusler alloys
[69—71] because elemental Mn and the Mn-rich Heusler alloys
present phase diagrams with common features. For example,
BCC §-Mn and FCC y-Mn can be viewed as austenite and
martensite phases of Heusler alloys, respectively. Although
we have shown previously [36] that SCAN corrections beyond
the GGA are small for Mn-poor compounds, our results
here indicate that we can expect substantial differences be-
tween the GGA and SCAN in Mn-rich compounds such as
NipMn;,(Ga, Sn);_,. SCAN corrections should work par-
ticularly well for short Mn-Mn distances where antiferro-
magnetic coupling tends to suppress itinerant ferromagnetism
[72]. In fact, the presence of spin- and charge-density wave
like orderings in «-Mn could help rationalize the complex
phase diagrams of Heusler alloys and the associated phase
instabilities driven by Fermi-surface nestings [73—75]. Since
SCAN tends to promote complex solutions [33], future inves-
tigations of Mn-rich materials should consider large simula-
tion cells to capture modulated phases, which could be more
stable than the simple martensitic [76] phase.

Our study provides a robust self-consistent scheme to
correct the overbinding in elemental Mn in LSDA and GGA.
The SCAN corrections for the equilibrium volume also yield
noncollinear antiferromagnetism with complex charge and

spin patterns in o-Mn. These results demonstrate that the
density-functional framework is capable of capturing the sub-
tle correlation effects needed to predict technologically rel-
evant Mn-rich materials for shape-memory, magnetocaloric,
and other applications.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge important discussions with
John Perdew. The authors acknowledge CSC-IT Center for
Science, Finland, for computational resources. The work of
Chelyabinsk State University was supported by RSF-Russian
Science Foundation project No. 17-72-20022 (calculations
for y- and §-Mn). The work at Northeastern University
was supported by the U.S. Department of Energy (DOE),
Office of Science, Basic Energy Sciences Grant No. DE-
FGO02-07ER46352 (core research), and benefited from North-
eastern University’s Advanced Scientific Computation Center
(ASCC), the NERSC supercomputing center through DOE
Grant No. DE-AC02-05CH11231, and support (testing effi-
cacy of advanced functionals) from the DOE EFRC: Center
for Complex Materials from First Principles (CCM) under
Grant No. DE-SC0012575. The work at Tulane University
was supported by the startup funding from Tulane University
and by the U.S. DOE, Office of Science, Basic Energy Sci-
ences Grant No. DE-SC0019350. B.B. acknowledges support
from the COST Action CA16218.

[1] D. Hobbs and J. Hafner, J. Phys.: Condens. Matter 13, L681
(2001).

[2] D. Hobbs, J. Hafner, and D. Spisak, Phys. Rev. B 68, 014407
(2003).

[3] J. Hafner and D. Hobbs, Phys. Rev. B 68, 014408 (2003).

[4] H. Ehteshami and P. A. Korzhavyi, Phys. Rev. Mater. 1, 073803
(2017).

[5] H. Ehteshami and A. V. Ruban, Phys. Rev. Mater. 2, 034405
(2018).

[6] S. Lee, C. Leighton, and F. S. Bates, PNAS 111, 17723
(2014).

[7] A. 1. Kolesnikov, A. Podlesnyak, R. A. Sadykov, V. E. Antonov,
M. A. Kuzovnikov, G. Ehlers, and G. E. Granroth, Phys. Rev. B
94, 134301 (2016).

[8] S. Bigdeli, H. Mao, and M. Selleby, Phys. Status Solidi B 252,
2199 (2015).

[9] J. Kiibler, Theory of Itinerant Electron Magnetism, International
Series of Monographs on Physics (Oxford University Press,
Chippenham, Wiltshire, UK, 2009).

[10] A. Proult and P. Donnadieu, Philos. Mag. Lett. 72, 337 (1995).

[11] L. H. Bennett and R. E. Watson, Phys. Rev. B 35, 845 (1987).

[12] J. Bradley and J. Thewlis, Proc. R. Soc. London, Ser. A 115,
456 (1927).

[13] A. C. Lawson, A. C. Larson, M. C. Aronson, S. Johnson, Z.
Fisk, P. C. Canfield, J. D. Thompson, and R. B. Von Dreele,
J. Appl. Phys. 76, 7049 (1994).

[14] K. Sasaki, H. Betsuyaku, N. Mori, and T. Ukai, J. Magn. Magn.
Mater. 31-34, 41 (1983).

[15] F. Siiss and U. Krey, J. Magn. Magn. Mater. 125, 351 (1993).

[16] C.Huang,J. Zhou, K. Deng, E. Kan, and P. Jena, J. Phys. Chem.
A 122, 4350 (2018).

[17] A. I Liechtenstein, V. I. Anisimov, and J. Zaanen, Phys. Rev. B
52, R5467(R) (1995).

[18] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Phys. Rev. B 57, 1505 (1998).

[19] M. Cococcioni and S. de Gironcoli, Phys. Rev. B 71, 035105
(2005).

[20] C. Ricca, I. Timrov, M. Cococcioni, N. Marzari, and U.
Aschauer, Phys. Rev. B 99, 094102 (2019).

[21] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.101.075115 for information on Mn, dimer
and y-Mn.

[22] S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys. 58, 1200
(1980).

[23] U. von Barth and L. Hedin, J. Phys. C: Solid State Phys. 5, 1629
(1972).

[24] V. L. Moruzzi, J. F. Janak, and A. R. Williams, Calculated
Electronic Properties of Metals (Pergamon, New York, 1978).

[25] H. Ebert, D. Kodderitzsch, and J. Mindr, Rep. Prog. Phys. 74,
096501 (2011).

[26] 1. Yang, S. Y. Savrasov, and G. Kotliar, Phys. Rev. Lett. 87,
216405 (2001).

[27] J. Sun, A. Ruzsinszky, and J. P. Perdew, Phys. Rev. Lett. 115,
036402 (2015).

[28] E. B. Isaacs and C. Wolverton, Phys. Rev. Mater. 2, 063801
(2018).

075115-4


https://doi.org/10.1088/0953-8984/13/28/104
https://doi.org/10.1088/0953-8984/13/28/104
https://doi.org/10.1088/0953-8984/13/28/104
https://doi.org/10.1088/0953-8984/13/28/104
https://doi.org/10.1103/PhysRevB.68.014407
https://doi.org/10.1103/PhysRevB.68.014407
https://doi.org/10.1103/PhysRevB.68.014407
https://doi.org/10.1103/PhysRevB.68.014407
https://doi.org/10.1103/PhysRevB.68.014408
https://doi.org/10.1103/PhysRevB.68.014408
https://doi.org/10.1103/PhysRevB.68.014408
https://doi.org/10.1103/PhysRevB.68.014408
https://doi.org/10.1103/PhysRevMaterials.1.073803
https://doi.org/10.1103/PhysRevMaterials.1.073803
https://doi.org/10.1103/PhysRevMaterials.1.073803
https://doi.org/10.1103/PhysRevMaterials.1.073803
https://doi.org/10.1103/PhysRevMaterials.2.034405
https://doi.org/10.1103/PhysRevMaterials.2.034405
https://doi.org/10.1103/PhysRevMaterials.2.034405
https://doi.org/10.1103/PhysRevMaterials.2.034405
https://doi.org/10.1073/pnas.1408678111
https://doi.org/10.1073/pnas.1408678111
https://doi.org/10.1073/pnas.1408678111
https://doi.org/10.1073/pnas.1408678111
https://doi.org/10.1103/PhysRevB.94.134301
https://doi.org/10.1103/PhysRevB.94.134301
https://doi.org/10.1103/PhysRevB.94.134301
https://doi.org/10.1103/PhysRevB.94.134301
https://doi.org/10.1002/pssb.201552203
https://doi.org/10.1002/pssb.201552203
https://doi.org/10.1002/pssb.201552203
https://doi.org/10.1002/pssb.201552203
https://doi.org/10.1080/09500839508242472
https://doi.org/10.1080/09500839508242472
https://doi.org/10.1080/09500839508242472
https://doi.org/10.1080/09500839508242472
https://doi.org/10.1103/PhysRevB.35.845
https://doi.org/10.1103/PhysRevB.35.845
https://doi.org/10.1103/PhysRevB.35.845
https://doi.org/10.1103/PhysRevB.35.845
https://doi.org/10.1098/rspa.1927.0103
https://doi.org/10.1098/rspa.1927.0103
https://doi.org/10.1098/rspa.1927.0103
https://doi.org/10.1098/rspa.1927.0103
https://doi.org/10.1063/1.358024
https://doi.org/10.1063/1.358024
https://doi.org/10.1063/1.358024
https://doi.org/10.1063/1.358024
https://doi.org/10.1016/0304-8853(83)90143-9
https://doi.org/10.1016/0304-8853(83)90143-9
https://doi.org/10.1016/0304-8853(83)90143-9
https://doi.org/10.1016/0304-8853(83)90143-9
https://doi.org/10.1016/0304-8853(93)90110-N
https://doi.org/10.1016/0304-8853(93)90110-N
https://doi.org/10.1016/0304-8853(93)90110-N
https://doi.org/10.1016/0304-8853(93)90110-N
https://doi.org/10.1021/acs.jpca.8b00540
https://doi.org/10.1021/acs.jpca.8b00540
https://doi.org/10.1021/acs.jpca.8b00540
https://doi.org/10.1021/acs.jpca.8b00540
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.71.035105
https://doi.org/10.1103/PhysRevB.99.094102
https://doi.org/10.1103/PhysRevB.99.094102
https://doi.org/10.1103/PhysRevB.99.094102
https://doi.org/10.1103/PhysRevB.99.094102
http://link.aps.org/supplemental/10.1103/PhysRevB.101.075115
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1088/0022-3719/5/13/012
https://doi.org/10.1088/0022-3719/5/13/012
https://doi.org/10.1088/0022-3719/5/13/012
https://doi.org/10.1088/0022-3719/5/13/012
https://doi.org/10.1088/0034-4885/74/9/096501
https://doi.org/10.1088/0034-4885/74/9/096501
https://doi.org/10.1088/0034-4885/74/9/096501
https://doi.org/10.1088/0034-4885/74/9/096501
https://doi.org/10.1103/PhysRevLett.87.216405
https://doi.org/10.1103/PhysRevLett.87.216405
https://doi.org/10.1103/PhysRevLett.87.216405
https://doi.org/10.1103/PhysRevLett.87.216405
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevMaterials.2.063801
https://doi.org/10.1103/PhysRevMaterials.2.063801
https://doi.org/10.1103/PhysRevMaterials.2.063801
https://doi.org/10.1103/PhysRevMaterials.2.063801

COULOMB CORRELATION IN NONCOLLINEAR ...

PHYSICAL REVIEW B 101, 075115 (2020)

[29] M. Ekholm, D. Gambino, H. J. M. Jonsson, F. Tasnadi, B.
Alling, and I. A. Abrikosov, Phys. Rev. B 98, 094413 (2018).

[30] Y. Fu and D. J. Singh, Phys. Rev. Lett. 121, 207201 (2018).

[31] C. Lane, J. W. Furness, I. G. Buda, Y. Zhang, R. S. Markiewicz,
B. Barbiellini, J. Sun, and A. Bansil, Phys. Rev. B 98, 125140
(2018).

[32] J. W. Furness, Y. Zhang, C. Lane, I. G. Buda, B. Barbiellini,
R. S. Markiewicz, A. Bansil, and J. Sun, Commun. Phys. 1, 11
(2018).

[33] Y. Zhang, C. Lane, J. W. Furness, B. Barbiellini, J. P. Perdew,
R. S. Markiewicz, A. Bansil, and J. Sun, PNAS 117, 68 (2019).

[34] H. Hafiz, K. Suzuki, B. Barbiellini, Y. Orikasa, S. Kaprzyk, N.
Tsuji, K. Yamamoto, A. Terasaka, K. Hoshi, Y. Uchimoto, Y.
Sakurai, H. Sakurai, and A. Bansil, Phys. Rev. B 100, 205104
(2019).

[35] J. Varignon, M. Bibes, and A. Zunger, Nat. Commun. 10, 1658
(2019).

[36] V. D. Buchelnikov, V. V. Sokolovskiy, O. N. Miroshkina, M. A.
Zagrebin, J. Nokelainen, A. Pulkkinen, B. Barbiellini, and E.
Liahderanta, Phys. Rev. B 99, 014426 (2019).

[37] B. Barbiellini, A. Pulkkinen, J. Nokelainen, V. Buchelnikov,
V. Sokolovskiy, O. N. Miroshkina, M. Zagrebin, K. Pussi, E.
Ldhderanta, and A. Granovsky, MRS Adv. 4, 441 (2019).

[38] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).

[39] G. Kresse and J. Furthmiiller, Comput. Mater. Sci. 6, 15 (1996).

[40] G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).

[41] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

[42] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[43] M. Methfessel and A. T. Paxton, Phys. Rev. B 40, 3616 (1989).

[44] P. E. Blochl, O. Jepsen, and O. K. Andersen, Phys. Rev. B 49,
16223 (1994).

[45] D. Hobbs, G. Kresse, and J. Hafner, Phys. Rev. B 62, 11556
(2000).

[46] M. Zeleny, M. Sob, and J. Hafner, Phys. Rev. B 80, 144414
(2009).

[47] T. Asada and K. Terakura, Phys. Rev. B 47, 15992 (1993).

[48] The Wigner-Seitz radius Ry is related to the volume per Mn
atom V by: V = 47 /3R3 .

[49] Y. Endoh and Y. Ishikawa, J. Phys. Soc. Jap. 30, 1614 (1971).

[50] R. Podloucky and J. Redinger, J. Phys.: Condens. Matter 31,
054001 (2018).

[51] I. Di Marco, J. Minar, S. Chadov, M. 1. Katsnelson, H. Ebert,
and A. L. Lichtenstein, Phys. Rev. B 79, 115111 (2009).

[52] 1. Di Marco, J. Minar, J. Braun, M. 1. Katsnelson, A. Grechnev,
H. Ebert, A. I. Lichtenstein, and O. Eriksson, Eur. Phys. J. B 72,
473 (2009).

[53] S. Biermann, A. Dallmeyer, C. Carbone, W. Eberhardt, C.
Pampuch, O. Rader, M. L. Katsnelson, and A. I. Lichtenstein,
JETP Lett. 80, 612 (2004).

[54] E. C. Frank and J. S. Kasper, Acta Cryst. 11, 184 (1958).

[55] H. Fujihisa and K. Takemura, Phys. Rev. B 52, 13257 (1995).

[56] J. S. Kasper and B. W. Roberts, Phys. Rev. 101, 537 (1956).

[571 J. A. Oberteuffer, J. A. Marcus, L. H. Schwartz, and G. P.
Felcher, Phys. Lett. A 28, 267 (1968).

[58] N. Kunitomi, T. Yamada, Y. Nakai, and Y. Fujii, J. Appl. Phys.
40, 1265 (1969).

[59] T. Yamada, N. Kunitomi, Y. Nakai, D. E. Cox, and G. Shirane,
J. Phys. Soc. Jpn. 28, 615 (1970).

[60] H. Yamagata and K. Asayama, J. Phys. Soc. Jpn. 33, 400
(1972).

[61] In the fixed cell-shape calculations, the atomic positions were
allowed to relax but the overall cell shape (c/a ratio) was kept
fixed at the experimental value (c/a = 0.99955). When both the
cell shape and atom positions are allowed to relax, the c¢/a ratio
becomes 1.002.

[62] Y. S. Dedkov, E. N. Voloshina, and M. Richter, Phys. Rev. B
81, 085404 (2010).

[63] D. Mejia-Rodriguez and S. B. Trickey, Phys. Rev. B 100,
041113(R) (2019).

[64] F. G. Eich and E. K. U. Gross, Phys. Rev. Lett. 111, 156401
(2013).

[65] S. Pittalis, G. Vignale, and F. G. Eich, Phys. Rev. B 96, 035141
(2017).

[66] Interestingly, it is possible to stabilize a noncollinear solution
for y-Mn within SCAN. The collinear SCAN calculation yields
Rys = 2.732 a.u. while the noncollinear calculation gives Ry =
2.755 a.u., which is in better agreement with the experimental
value of Ry, =2.752 au. (The PBE value is R, = 2.635
a.u.) Notably, the collinear SCAN result is only 3 meV/atom
more stable than our noncollinear solution. Increase in the
lattice constant for the noncollinear case is only 0.8%. The
lattice expansion with noncollinearity in y-Mn is thus not
large.

[67] N. Stoji¢ and N. Binggeli, J. Magn. Magn. Mater. 320, 100
(2008).

[68] B. Barbiellini and A. Bansil, J. Phys. Chem. Solids 66, 2192
(2005).

[69] P. Entel, M. E. Gruner, M. Acet, A. Hucht, A. Cakir, R.
Arrdyave, 1. Karaman, T. C. Duong, A. Talapatra, N. M. Bruno,
D. Salas, S. Mankovsky, L. Sandratskii, T. Gottschall, O.
Gutfleisch, S. Sahoo, S. Fdhler, P. Lazpita, V. A. Chernenko,
J. M. Barandiaran, V. D. Buchelnikov, V. V. Sokolovskiy, T.
Lookman, and X. Ren, Probing glassiness in Heuslers via den-
sity functional theory calculations, in Frustrated Materials and
Ferroic Glasses, edited by T. Lookman and X. Ren (Springer
International Publishing, Cham, 2018), pp. 153-182.

[70] V. D. Buchelnikov and V. V. Sokolovskiy, Phys. Met. Metall.
112, 633 (2011).

[71] A. Planes, L. Maifiosa, and M. Acet, J. Phys.: Condens. Matter
21, 233201 (2009).

[72] R. Cardias, A. Szilva, A. Bergman, I. Di Marco, M. Katsnelson,
A. Lichtenstein, L. Nordstrom, A. Klautau, O. Eriksson, and
Y. O. Kvashnin, Sci. Rep. 7, 4058 (2017).

[73] C. P. Opeil, B. Mihaila, R. K. Schulze, L. Mafiosa, A. Planes,
W. L. Hults, R. A. Fisher, P. S. Riseborough, P. B. Littlewood,
J. L. Smith, and J. C. Lashley, Phys. Rev. Lett. 100, 165703
(2008).

[74] M. Ye, A. Kimura, Y. Miura, M. Shirai, Y. T. Cui, K. Shimada,
H. Namatame, M. Taniguchi, S. Ueda, K. Kobayashi, R.
Kainuma, T. Shishido, K. Fukushima, and T. Kanomata, Phys.
Rev. Lett. 104, 176401 (2010).

[75] J. A. Weber, A. Bauer, P. Boni, H. Ceeh, S. B. Dugdale,
D. Ermnsting, W. Kreuzpaintner, M. Leitner, C. Pfleiderer,
and C. Hugenschmidt, Phys. Rev. Lett. 115, 206404
(2015).

[76] B. Himmetoglu, V. M. Katukuri, and M. Cococcioni, J. Phys.:
Condens. Matter 24, 185501 (2012).

075115-5


https://doi.org/10.1103/PhysRevB.98.094413
https://doi.org/10.1103/PhysRevB.98.094413
https://doi.org/10.1103/PhysRevB.98.094413
https://doi.org/10.1103/PhysRevB.98.094413
https://doi.org/10.1103/PhysRevLett.121.207201
https://doi.org/10.1103/PhysRevLett.121.207201
https://doi.org/10.1103/PhysRevLett.121.207201
https://doi.org/10.1103/PhysRevLett.121.207201
https://doi.org/10.1103/PhysRevB.98.125140
https://doi.org/10.1103/PhysRevB.98.125140
https://doi.org/10.1103/PhysRevB.98.125140
https://doi.org/10.1103/PhysRevB.98.125140
https://doi.org/10.1038/s42005-018-0009-4
https://doi.org/10.1038/s42005-018-0009-4
https://doi.org/10.1038/s42005-018-0009-4
https://doi.org/10.1038/s42005-018-0009-4
https://doi.org/10.1073/pnas.1910411116
https://doi.org/10.1073/pnas.1910411116
https://doi.org/10.1073/pnas.1910411116
https://doi.org/10.1073/pnas.1910411116
https://doi.org/10.1103/PhysRevB.100.205104
https://doi.org/10.1103/PhysRevB.100.205104
https://doi.org/10.1103/PhysRevB.100.205104
https://doi.org/10.1103/PhysRevB.100.205104
https://doi.org/10.1038/s41467-019-09698-6
https://doi.org/10.1038/s41467-019-09698-6
https://doi.org/10.1038/s41467-019-09698-6
https://doi.org/10.1038/s41467-019-09698-6
https://doi.org/10.1103/PhysRevB.99.014426
https://doi.org/10.1103/PhysRevB.99.014426
https://doi.org/10.1103/PhysRevB.99.014426
https://doi.org/10.1103/PhysRevB.99.014426
https://doi.org/10.1557/adv.2019.134
https://doi.org/10.1557/adv.2019.134
https://doi.org/10.1557/adv.2019.134
https://doi.org/10.1557/adv.2019.134
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1103/PhysRevB.49.16223
https://doi.org/10.1103/PhysRevB.49.16223
https://doi.org/10.1103/PhysRevB.49.16223
https://doi.org/10.1103/PhysRevB.49.16223
https://doi.org/10.1103/PhysRevB.62.11556
https://doi.org/10.1103/PhysRevB.62.11556
https://doi.org/10.1103/PhysRevB.62.11556
https://doi.org/10.1103/PhysRevB.62.11556
https://doi.org/10.1103/PhysRevB.80.144414
https://doi.org/10.1103/PhysRevB.80.144414
https://doi.org/10.1103/PhysRevB.80.144414
https://doi.org/10.1103/PhysRevB.80.144414
https://doi.org/10.1103/PhysRevB.47.15992
https://doi.org/10.1103/PhysRevB.47.15992
https://doi.org/10.1103/PhysRevB.47.15992
https://doi.org/10.1103/PhysRevB.47.15992
https://doi.org/10.1143/JPSJ.30.1614
https://doi.org/10.1143/JPSJ.30.1614
https://doi.org/10.1143/JPSJ.30.1614
https://doi.org/10.1143/JPSJ.30.1614
https://doi.org/10.1088/1361-648X/aaf2db
https://doi.org/10.1088/1361-648X/aaf2db
https://doi.org/10.1088/1361-648X/aaf2db
https://doi.org/10.1088/1361-648X/aaf2db
https://doi.org/10.1103/PhysRevB.79.115111
https://doi.org/10.1103/PhysRevB.79.115111
https://doi.org/10.1103/PhysRevB.79.115111
https://doi.org/10.1103/PhysRevB.79.115111
https://doi.org/10.1140/epjb/e2009-00390-1
https://doi.org/10.1140/epjb/e2009-00390-1
https://doi.org/10.1140/epjb/e2009-00390-1
https://doi.org/10.1140/epjb/e2009-00390-1
https://doi.org/10.1134/1.1851645
https://doi.org/10.1134/1.1851645
https://doi.org/10.1134/1.1851645
https://doi.org/10.1134/1.1851645
https://doi.org/10.1107/S0365110X58000487
https://doi.org/10.1107/S0365110X58000487
https://doi.org/10.1107/S0365110X58000487
https://doi.org/10.1107/S0365110X58000487
https://doi.org/10.1103/PhysRevB.52.13257
https://doi.org/10.1103/PhysRevB.52.13257
https://doi.org/10.1103/PhysRevB.52.13257
https://doi.org/10.1103/PhysRevB.52.13257
https://doi.org/10.1103/PhysRev.101.537
https://doi.org/10.1103/PhysRev.101.537
https://doi.org/10.1103/PhysRev.101.537
https://doi.org/10.1103/PhysRev.101.537
https://doi.org/10.1016/0375-9601(68)90276-4
https://doi.org/10.1016/0375-9601(68)90276-4
https://doi.org/10.1016/0375-9601(68)90276-4
https://doi.org/10.1016/0375-9601(68)90276-4
https://doi.org/10.1063/1.1657620
https://doi.org/10.1063/1.1657620
https://doi.org/10.1063/1.1657620
https://doi.org/10.1063/1.1657620
https://doi.org/10.1143/JPSJ.28.615
https://doi.org/10.1143/JPSJ.28.615
https://doi.org/10.1143/JPSJ.28.615
https://doi.org/10.1143/JPSJ.28.615
https://doi.org/10.1143/JPSJ.33.400
https://doi.org/10.1143/JPSJ.33.400
https://doi.org/10.1143/JPSJ.33.400
https://doi.org/10.1143/JPSJ.33.400
https://doi.org/10.1103/PhysRevB.81.085404
https://doi.org/10.1103/PhysRevB.81.085404
https://doi.org/10.1103/PhysRevB.81.085404
https://doi.org/10.1103/PhysRevB.81.085404
https://doi.org/10.1103/PhysRevB.100.041113
https://doi.org/10.1103/PhysRevB.100.041113
https://doi.org/10.1103/PhysRevB.100.041113
https://doi.org/10.1103/PhysRevB.100.041113
https://doi.org/10.1103/PhysRevLett.111.156401
https://doi.org/10.1103/PhysRevLett.111.156401
https://doi.org/10.1103/PhysRevLett.111.156401
https://doi.org/10.1103/PhysRevLett.111.156401
https://doi.org/10.1103/PhysRevB.96.035141
https://doi.org/10.1103/PhysRevB.96.035141
https://doi.org/10.1103/PhysRevB.96.035141
https://doi.org/10.1103/PhysRevB.96.035141
https://doi.org/10.1016/j.jmmm.2007.05.011
https://doi.org/10.1016/j.jmmm.2007.05.011
https://doi.org/10.1016/j.jmmm.2007.05.011
https://doi.org/10.1016/j.jmmm.2007.05.011
https://doi.org/10.1016/j.jpcs.2005.09.014
https://doi.org/10.1016/j.jpcs.2005.09.014
https://doi.org/10.1016/j.jpcs.2005.09.014
https://doi.org/10.1016/j.jpcs.2005.09.014
https://doi.org/10.1134/S0031918X11070052
https://doi.org/10.1134/S0031918X11070052
https://doi.org/10.1134/S0031918X11070052
https://doi.org/10.1134/S0031918X11070052
https://doi.org/10.1088/0953-8984/21/23/233201
https://doi.org/10.1088/0953-8984/21/23/233201
https://doi.org/10.1088/0953-8984/21/23/233201
https://doi.org/10.1088/0953-8984/21/23/233201
https://doi.org/10.1038/s41598-017-04427-9
https://doi.org/10.1038/s41598-017-04427-9
https://doi.org/10.1038/s41598-017-04427-9
https://doi.org/10.1038/s41598-017-04427-9
https://doi.org/10.1103/PhysRevLett.100.165703
https://doi.org/10.1103/PhysRevLett.100.165703
https://doi.org/10.1103/PhysRevLett.100.165703
https://doi.org/10.1103/PhysRevLett.100.165703
https://doi.org/10.1103/PhysRevLett.104.176401
https://doi.org/10.1103/PhysRevLett.104.176401
https://doi.org/10.1103/PhysRevLett.104.176401
https://doi.org/10.1103/PhysRevLett.104.176401
https://doi.org/10.1103/PhysRevLett.115.206404
https://doi.org/10.1103/PhysRevLett.115.206404
https://doi.org/10.1103/PhysRevLett.115.206404
https://doi.org/10.1103/PhysRevLett.115.206404
https://doi.org/10.1088/0953-8984/24/18/185501
https://doi.org/10.1088/0953-8984/24/18/185501
https://doi.org/10.1088/0953-8984/24/18/185501
https://doi.org/10.1088/0953-8984/24/18/185501

