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The properties of FE materials are sensitive to atomic displacements and strain, so it is essential to start our
calculation with accurate structural parameters. The lattice constants and Wyckoff positions obtained from our
calculations are summarized in the Tables I and II, with experimental results provided for reference. Our structure
parameters are very close to the experimental results.

To investigate the magnetic structures of MnaFeWQOg and MnsWOg, four different types of unit cell are considered
in the calculation. We adopt a notation like “udu” to describe the possible spin structure, where “u” is spin-up, “d”
is spin-down, and the spins are given on atom §, ¢ and -, in that order. The four possible states (not counting those
that are trivially related by a global spin reversal) are uuu, uud, udu, and udd. The energy of each fully-relaxed
magnetic structure is listed in Table III. Of those, the most stable state for both MnsFeWOQOg and MnzWOg is udu.
However, for MngWOg, the energy difference between the uud and udu states is tiny, so we considered the polarization
reversal for both magnetic states.

The magnetic ground states of MnyFeWOg and MngWOg can be understood by analyzing the super-exchange
interactions between A;, As and B cations (also shown as 3, v and ¢ cations). The magnetic moments are coupled
through the oxygen octahedra, and there are three independent coupling constants. The moments on A; and B sites
are coupled through face-sharing and corner-sharing oxygen octahedra with strength Ja,p; the A; and B moments
are coupled through edge-sharing octahedra with strength J4,5; and the A; and Ay moments are coupled through
corner-sharing octahedra with strength Ja, 4,. Then the magnetic energy Ey,,¢ can be written as

Erag = JAlBSh1 -Sp+ JAQBS’AQ - Sp+ JAlAggAl : SAQ ; (1)

where S represent the spin on each site. Substituting the energy of different magnetic orderings in Table III into
Eq.(1), we find that the coupling constants are all positive. This result implies that the three magnetic moments all
favor AFM coupling. However, it is impossible to make three collinear spins couple antiferromagnetically, and this
frustration implies that one pair must be ferromagnetically coupled.

In Table IV we list the relative spin orientations of the magnetic ions. Since the face-sharing coupling Ja,p is
the strongest, it is not surprising that the As and B moments couple antiferromagnetically; the competition between
Ja, B and Jy, 4, then determines the magnetic ground state. In MngWOg, these two couplings are comparable, so
the energy difference between the uud and udu states is tiny. In the case of MnyFeWOQOg, the magnetic moment on
the B cation is smaller, so the coupling J4, g is weaker than Jy4, 4,. Therefore, the lowest-energy state is udu.

For the ordered-LNO materials the two A cations are inequivalent, and one of them is already closer to the oxygen
plane in the ground state (§15 # £a2s). Therefore it is energetically favorable for this particular A cation to migrate
first in the reversal path, which causes either the B or B’ cation to be sandwiched between two A cations in the
midpoint structure. If &1 > £ag, the sandwiched cation is B; otherwise it is B’. By calculating the energy difference
AE= Ep— Ep/ between the B and B’ sandwiched midpoint structures, we find that the cations that are sandwiched
in the midpoint structures are Zr for LisZrTeOg, Hf for LioHfTeOg, W for MnysFeWOg and MnzWOg, and Os for
ZnoFeOsOg. These results are consistent with the analysis of &5 and &5, as shown in Table V. We find that the
energy difference between the two distinct midpoint structures is mainly due to the difference AEM = EM — EM
between the Madelung energies of the two structures in a simple point-ion model, as shown in Table. V.
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TABLE I: Rhombohedral structural parameters of LNO-type ABOs corundum derivatives LiNbOg, LiTaOs, ZnSnOs, FeTiO3
and MnTiOg from first-principles calculations and experiments. The Wyckoff positions are 2a for A and B cations, and 6¢ for
oxygen anions (note that A, = Ay = A, and B, = By = B.). The origin is defined by setting the Wyckoff position B, to zero.

Lattice constants Wyckoff positions
a (A) a (%) A, B, 0. 0, 0,
LiNbOs Calci 5.486 56.0 0.282 0.000 0.360 0.719 0.112
Exp. 5.494 55.9 0.280 0.000 0.359 0.720 0.111
LiTaOs Calc. 5.476 56.2 0.284 0.000 0.365 0.726 0.119
Exp.? 5.473 56.2 0.291 0.000 0.368 0.732 0.124
ZnSn0s Calc. 5.584 56.5 0.283 0.000 0.392 0.709 0.104
Exp.? 5.569 56.4 0.286 0.000 0.381 0.721 0.111
FeTiOs Calcé.l 5.434 56.5 0.290 0.000 0.364 0.721 0.104
Exp. 5.458 56.0 0.287 0.000 0.364 0.720 0.109
MnTiOs Calc; 5.481 56.6 0.279 0.000 0.348 0.721 0.120
Exp.” 5.455 56.8 0.276 0.000 0.345 0.731 0.128

TABLE II: Rhombohedral structure parameters of ordered-LNO A2 BB’Og corundum derivatives LizZrTeOg, LizHfTeOg,
MnoFeWOg, MngWOg and ZnaFeOsOg from first-principles calculations and experiments. Wyckoff positions are la for Aj,
Az, B and B’ cations, and 3b for O; and Oz anions. The origin is defined by setting the Wyckoff position B, to zero. For

ordered-LNO MnsWOg and Zn2FeOsOg, no experimental results are available.

Magnetic Lattice constants Wyckoff position

order a (A) a (%) Al Az Be B, Oz O1y O1: Oz Oz O

LisZrTeOg Calc(.3 — 5.526 56.1 0.291 0.781 0.504 0.000 0.366 0.745 0.111 0.628 0.219 0.895
Exp. — 5.497 56.1 0.298 0.768 0.507 0.000 0.390 0.729 0.133 0.621 0.235 0.893

LiyHfTeOg Calc. — 5.480 56.3 0.289 0.781 0.504 0.000 0.366 0.743 0.115 0.629 0.222 0.889
Exp. — NA NA NA NA NA NA NA NA NA NA NA NA

MnyFeWOs Calc% udu 5.531 57.3 0.286 0.787 0.506 0.000 0.356 0.744 0.109 0.632 0.207 0.884
Exp. NA 5.562 56.9 0.278 0.785 0.493 0.000 0.347 0.745 0.102 0.631 0.197 0.885

Calc. udu 5.607 56.7 0.287 0.790 0.508 0.000 0.356 0.742 0.102 0.631 0.199 0.893

MnszWOg Calc. uud 5.613 56.6 0.283 0.779 0.493 0.000 0.384 0.693 0.124 0.595 0.234 0.848
Exp.® NA 5.605 56.7 0.283 0.788 0.510 0.000 0.351 0.744 0.104 0.631 0.190 0.901

71y FeOsOg Calc. FiM 5.410 56.7 0.284 0.783 0.504 0.000 0.376 0.732 0.114 0.619 0.223 0.885
Exp. NA NA NA NA NA NA NA NA NA NA NA NA NA

TABLE III: Magnetic energy of different magnetic states relative to the lowest-energy state in MnaFeWOg and MnsWOs, in

units of meV per formula unit (f.u.).

Energy (meV/f.u.)

uuUL uud udd udu

MnoFeWOg 90.2 32.1 39.5 0.0

MnsWOg 101.8 1.0 19.2 0.0
TABLE IV: Relative spin direction between different magnetic ions in MnaFeWOQOg and MnzWOg.

uuU uud udd udu

A; and B FM AFM FM AFM

As and B FM AFM AFM FM

A1 and A, FM FM AFM AFM




TABLE V: Ground state and midpoint structures of ordered-LNO candidates and the energy differences between B and B’
sandwiched midpoint structures. The distances between A cations and the oxygen planes in the ground state are characterized
by £1s and €3s. The energy difference between the B and B’ sandwiched midpoint structures is AE. The Madelung energy
difference between the B and B’ sandwiched midpoint structures is AEM.

Ordered-LNO B B’ Sandwiched cation &s (A) a5 (A) AEM (meV) AE (meV)
LiaZrTeOs Zr Te Zr 0.607 0.559 —186 —48
LipHfTeOg Hf Te Hf 0.582 0.550 —94 —29
MnyFeWOg Fe \WY% W 0.623 0.707 2085 225
uud MnzWOs Mn \WY% W% 0.635 0.799 1666 266
udu MnzWOg Mn A% W 0.642 0.790 1499 290
Zn2FeOsOg Fe Os Os 0.565 0.574 382 102




