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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
a-Mn that has been reported previously in experiments. This new phase of strained a-Mn exhibits
a noncollinear spin structure with large magnetic moments.

I. INTRODUCTION

Manganese is one of the most complex metallic
elements' 7 that assumes many different stable crystal
phases. On cooling the liquid, the sequence of crystal
phases® 19 obtained includes body-centered cubic (BCC)
d-Mn, face-centered cubic (FCC) v-Mn, S-Mn, and a-
Mn as illustrated in Fig. 1. a-Mn has 58 atoms per unit
cell with space group T3 (No. 217)!' and it may be
looked upon as an intermetallic involving Mn atoms in
different electronic and magnetic configurations'? on four
crystallographic sublattices (I, II, IIT and IV). Neutron
diffraction experiments'3 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!3,

Density functional theory (DFT) results by Hobbs
et al.l'? using either the local-spin-density approxima-
tion (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 expanded beyond the experimental
volume?. A semiempirical tight-binding method using
Hubbard-like correlation effects!* has predicted a non-
collinear magnetic structure for a-Mn at the experimen-
tal volume in qualitative agreement with experiment, but
a more recent tight-binding study failed to converge to
the noncollinear solution'®.

In order to address the deficiencies of the LSDA
and GGA, exchange-correlation corrections must be im-
proved. One approach is to introduce an ad hoc Hubbard
parameter U620 which attempts to correct for self-
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FIG. 1. (Color online) 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®®.

interaction errors on localized 3d orbitals of Mn by replac-
ing LSDA and GGA potentials with orbital-dependent
terms. An important test in this connection is the Mnsg
dimer'® which is discussed in the Supplemental Mate-
rial (SM)?! (see also references?? 2 therein). Note that
a DFT+U approach requires both Hubbard-repulsion U

and Hund-exchange integral .J as ad hoc parameters2®.



Here the strongly-constrained-and-appropriately-normed
(SCAN) functional?”, which is a semi-local functional
that satisfies seventeen exact constraints, provides a
systematic improvement over the GGA. It should be
noted that SCAN leads to overestimated magnetic mo-
ments in itinerant ferromagnetic transition metals such
as iron?$3%, However, there are many studies of anti-
ferromagnetic materials such as the cuprates®' 33, spinel
LiMn,Oy4 cathode material®* and 3d perovskite oxides3®
where SCAN yields a good estimate of magnetic mo-
ments. This has also been shown to be the case in some
Mn-rich Heusler alloys3%:37, where the 3d magnetic elec-
trons are quite localized on the Mn atoms.

In this paper, we show that SCAN significantly im-
proves the description of the ground-state electronic and
magnetic structure of a-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 noncollinear magnetic ordering that
occurs in a-Mn at low temperatures.

II. COMPUTATIONAL METHODS

The present DFT calculations were performed with the
plane-wave method implemented in the Vienna Ab Ini-
tio Simulation Package (VASP)?® 40 with the projector
augmented wave (PAW) method?!. The GGA exchange-
correlation functional is based on the Perdew-Burke-
Ernzerhof (PBE) formulation®? while the meta-GGA fol-
lows the SCAN implementation®’. Structural relaxations
were performed with an energy cutoff of > 550eV and a

k-point spacing of < 0.02 A™". The Methfessel-Paxton
smearing method*? was used with a width of 0.2eV in
geometry optimization runs, and the tetrahedron smear-
ing method with Blochl corrections** was used in self-
consistency cycles as well as for generating the electronic
density of states (DOS). Total energies were converged
to 107%eV. In geometry optimizations, forces on all
atoms were converged to 1072eV A Spin polariza-
tion effects and the variational freedom for noncollinear
spin arrangements were included for the a-Mn structure.
Note that the inclusion of noncollinearity in calculations
significantly increases the computational cost as the elec-
tron density becomes a 2 x 2 matrix*>46.

III. RESULTS

We first examine y-Mn with four Mn atoms per unit
cell (see SM?! for details). Asada and Terakura?’ have
shown that the LSDA underestimates the lattice con-
stant and fails to predict the antiferromagnetic ground
state. Our GGA and SCAN total energy calculations
for the non-magnetic, ferromagnetic, and antiferromag-
netic AF1 and AF2 phases confirm that the ground state
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FIG. 2. (Color online) Partial I-decomposed DOS (PDOS)
for d-electrons in v-Mn at the experimental Ryws = 2.753 a.u.
for GGA, GGA+U (with U = 1.1eV) and SCAN.

of 7-Mn is AF1, where the sign of the moment alter-
nates between the planes stacked along the [001] direc-
tion. These phases are described by Kubler in Ref.”.
GGA gives the Wigner-Seitz radius corresponding to the
equilibrium volume*® of Ry = 2.635a.u., while SCAN
gives Rys = 2.732 a.u., which is in better agreement with
the experimental value of Rys = 2.752a.u.%?. The struc-
ture is found to be tetragonally distorted with ¢/a = 0.95
for GGA, while SCAN produces ¢/a = 0.98. The calcu-
lated magnetic moments increase with the equilibrium
volume, thus GGA yields 1.74 ug whereas SCAN gives a
higher value of 3.10 up.

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 mag-
netic moment of 2.69 up and ¢/a = 0.98. These results
are consistent with those reported previously by Pod-
loucky & Redinger®® and Di Marco et al.®*%2. 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 are also
consistent with the observation of Hubbard bands in -
Mn with angle-resolved photoemission spectroscopy®?.

In a-Mn, sublattices I, IT and IV are occupied by close-
packed polyhedra although this is not the case for sub-
lattice IIT'1:54. This close packing results in shrinking
of the Wigner-Seitz radius to the experimental value'?
of Rys = 2.688a.u. Figure 3 shows the cohesive en-
ergy E.on as a function of Ry for a collinear solution.
Even with this constraint SCAN significantly corrects the
GGA volume. Moreover, the calculated bulk modulus
of 131 GPa is in good agreement with the experimental
value of 151 GPa®®. The computed magnetic moment dis-



tribution follows trends consistent with the experimental
results given in Table II of Ref.2. However, exact compar-
isons with theory are difficult because the moments ex-
tracted from the experimental data depend sensitively on
the choice of the form factors used!3-°6-60, Interestingly,
our computations predict the existence of an additional
collinear (metastable) solution at a higher volume with a
bulk modulus of 68 GPa. The magnetic distribution for
this solution becomes weakly ferrimagnetic with an aver-
age moment of 0.11 ug per Mn atom and the correspond-
ing 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 structure de-
velops to reduce frustration. We have performed two
different types of noncollinear calculations in this con-
nection. The first involved fully relaxed atomic positions
with a fixed cell-shape®!, while the second achieved full
structural relaxation. The corresponding cohesive ener-
gies Econ as a function of Ry are shown in Fig. 3.

In the GGA the structure remains collinear at the ex-
perimental volume? but in SCAN the moments rotate
out of their collinear orientations. [The SCAN-generated
magnetic structure is noncollinear for both the calcula-
tions shown in Fig. 4.] In contrast to GGA, SCAN thus
predicts noncollinear magnetic ordering at the experi-
mental 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 Rys = 2.781
a.u., and this solution might correspond to the strained
a-phase reported experimentally by Dedkov et al.52. The
second solution involves computations with a fixed cell
shape. Here the determination of the equilibrium vol-
ume is more delicate since several degenerate solutions
with different spin structures can coexist as is the case
in YBayCuzO733 cuprate high-Tc superconductor. We
note, however, that since SCAN tends to favor solutions
with large magnetic moments, the stabilization of the
strained a-phase we have found might be due to the ex-
aggerated corrections in SCAN3%:63. Noncollinear mag-
netism in manganese nanostructures has been reported
also within the GGA46,

The present noncollinear implementation of VASP45:46
neglects noncollinear correlation effects beyond the
LSDA%465  which could possibly be the reason that
SCAN yields solutions with too large equilibrium volume
in a-Mn®%®, see Fig. 3. At the GGA level, a noncollinear
spin structure stabilizes when the lattice is expanded be-
yond the experimental volume. In fact, in order to con-
verge towards a noncollinear solution, Hobbs et al.? had
to start their calculations with a strongly expanded ini-
tial 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.
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FIG. 3. (Color online): SCAN-based cohesive energies for

various magnetic structures of a-Mn discussed in the text.
The dotted vertical line corresponds to the GGA volume cal-
culated with PBE*? while the solid vertical line marks the
experimental Rys = 2.688 a.u. of noncollinear a-Mn'3. FEeon
of 4-Mn in SCAN is —3.27¢eV, see also the SM?!.

FIG. 4. (Color online): SCAN-based noncollinear magnetic
structure of various a-Mn sublattices: I (red), II (yellow), IIla
(blue), IIIb (light blue), IVa (green), and IVb (light green).
Only the atomic positions are relaxed in (a), while both the
atomic positions and cell shape are relaxed in (b).

Overmagnetization in 3d transition metals?®3% has
been found in recent SCAN calculations. This issue has
been addressed with a deorbitalized potential®®. A sim-
ilar problem is present in DFT+U, where the magnetic
moment changes considerably if one adopts either the
fully-localized limit or the mean-field approximation®’.
Here also a deorbitalized potential for states at the Fermi

level has been suggested as a possible cure®®.

IV. SUMMARY AND CONCLUSIONS

Our results are relevant for smart materials such as
the shape-memory and magnetocaloric Mn-rich Heusler
alloys®® ™! because elemental Mn and the Mn-rich
Heusler alloys present phase diagrams with common
features. For example, BCC 6-Mn and FCC ~-Mn



can be viewed as austenite and martensite phases of
Heusler alloys, respectively. Although we have shown
previously®® that SCAN corrections beyond the GGA
are small for Mn-poor compounds, our results here in-
dicate that we can expect substantial differences be-
tween the GGA and SCAN in Mn-rich compounds such
as NigMn;,,(Ga,Sn);_,. SCAN corrections should
work particularly well for short Mn-Mn distances where
antiferromagnetic coupling tends to suppress itinerant
ferromagnetism”. In fact, the presence of spin- and
charge-density wave like orderings in a-Mn could help
rationalize the complex phase diagrams of Heusler alloys
and the associated phase instabilities driven by Fermi-
surface nestings™ 7. Since SCAN tends to promote
complex solutions®3, future investigations of Mn-rich ma-
terials should consider large simulation cells to capture
modulated phases, which could be more stable than the
simple martensitic’® 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 a-Mn. These results demon-
strate that the density-functional framework is capable
of capturing the subtle correlation effects needed to pre-

dict technologically relevant Mn-rich materials for shape-
memory, magnetocaloric and other applications.
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