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A first-principles study

Anuroopa Behatha,! Tulika Maitra,> Alexander N. Rudenko®,’ and V. Kanchana'-"
' Department of Physics, Indian Institute of Technology Hyderabad, Kandi 502285, Sangareddy, Telangana, India
2Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247667, Uttarakhand, India
3 Institute for Molecules and Materials, Radboud University, 6525 AJ Nijmegen, Netherlands

® (Received 4 December 2021; revised 20 April 2022; accepted 17 June 2022; published 12 July 2022)

Strongly correlated systems with the interplay of electronic, charge, spin, and orbital degrees of freedom
have, in recent times, received a surge of interest because of their rich physics, novel physical properties, and
potential applications. In the present work, we study the structural, magnetic, and electronic properties and orbital
ordering in layered perovskite-type AMnF, (A=K, Rb) from first principles. A detailed analysis of the electronic
properties in both compounds reveals an interesting nodal-line-like dispersion at ~0.4 eV below the Fermi level
at the hinges of the Brillouin zone. Magnetic properties reflect the quasi-two-dimensional magnetism in these
compounds, with very weak exchange interaction between the layers. Our results report the robust in-plane
ferromagnetic spin order in AMnF, (A=K, Rb) with the critical temperatures estimated to be around 30-60 K.
We also find an anti-ferro-orbital ordering within the ab plane and a ferro-orbital ordering out of plane favoring

the C-type orbital order in these compounds.
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I. INTRODUCTION

In condensed-matter physics, besides spin and charge, the
orbital degrees of freedom and their interactions play a piv-
otal role in the correlated electronic system with its rich
physics and novel phenomena such as the Kondo effect, heavy
fermions, and colossal magnetoresistance [1,2]. Orbital order-
ing is defined to be the spatial arrangement of different orbitals
in a manner similar to that of the ordered arrangement of mag-
netic spins in magnetic materials. Great advances regarding
its origin have been made in the field of orbital physics both
experimentally and theoretically [3—6]. Orbital ordering, in
particular, plays a key role in multi-orbital structured materials
like transition metal oxides.

Transition metal oxides are one of the celebrated com-
pounds with rich physics and extensive applications. Some
key factors for a plethora of such intriguing phenomena are
the type of atomic ion present, the availability of degenerate
orbitals in the system, and the crystallographic surround-
ing. Perovskite-based manganites set a well-known example
for such studies. In particular, manganese oxides have at-
tracted a lot of interest because of the presence of colossal
magnetoresistance [1,7], a phenomenon which is most rel-
evant to the orbital ordering [8—10] and correlation effects.
In particular, LaMnQOj3, which is a well-known colossal mag-
netoresistance manganite, is interesting due to the presence
of the cooperative Jahn-Teller (JT) distortion accompanied
by antiferromagnetic (AFM) spin ordering and C-type or-
bital ordering in it [11]. In addition to the transition metal
oxides, fluoride-based compounds also display interesting
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structural, electronic and magnetic properties [12—14]. The
compound of interest in this work, AMnF, (A=K, Rb), which
is a perovskite-type structure with the JT active ion Mn’**
(3d*), motivated us to study the existence of orbital ordering
in it. These alkalitetraflouromanganates crystallize in mono-
clinic symmetry with space group P2;/a and resemble the
related layered structure TIAIF, [15,16]. Moron et al. ini-
tially reported RbMnF; stabilizes in an orthorhombic cell with
space group Pmab and later confirmed that it possesses a
structure similar to that of KMnF, [17]. Neutron diffraction
experiments on AMnF,; (A=K, Rb) revealed different antifer-
romagnetic spin arrangements below Néel temperatures Ty =
4.5 and 2.3 K, respectively [18-20]. In the present work, the
theoretical analysis of the electronic band structure, magnetic
properties, and orbital ordering of the series AMnF, (where
A=K, Rb) was carried out using density functional theory
(DFT). From the crystal structure point of view and by ana-
lyzing the magnetic properties, it is quite evident that these
compounds form an ideal platform for two-dimensional (2D)
models due to the presence of weak interactions between the
adjacent layer of MnFg octahedra.

The outline of this work is as follows. The computational
methods used here are given in Sec. II. Following that, a
discussion of the magnetic and electronic properties along
with an analysis of the orbital ordered ground states of AMnF,
(A=K, Rb) are given in Sec. III. Finally, we conclude our
results in Sec. IV.

II. COMPUTATIONAL DETAILS

First-principles calculations were carried out to compute
the electronic band structure, magnetic properties, and orbital
ordering phenomena within an accurate projected augmented

©2022 American Physical Society
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wave (PAW) [21] method as implemented in the Vienna Ab
initio Simulation Package (VASP) [22,23]. Experimentally,
AMnF,; (A=K, Rb) is reported to possess noncollinear and
collinear AFM magnetic order [17]. To explain the ground
state of the system, we carried out full geometrical optimiza-
tion of these compounds, and the resulting parameters are
given in Tables IV and V (see the Appendix). Our calculations
reveal the ferromagnetic (FM) order in both compounds. We
proceeded further with experimental lattice parameters (i.e.,
by relaxing the atomic positions alone) with a k mesh of
6 x 6 x 8 to sample the irreducible Brillouin zone and a
large energy cutoff of 520 eV for a plane-wave basis set to
attain a ground state on par with experiments. When the force
between the atoms reaches 0.01 eV/A with a total energy
tolerance of 107% eV, self-consistency is achieved. The va-
lence configurations used throughout the calculations were
35%3pt4s!, 4s24p°5s', 4523d°, and 2s*2p° for K, Rb, Mn,
and F respectively. The presence of Mn d electrons demands
better accounting of electron correlations in these compounds.
To enable the localization of Mn d electrons, we utilized the
Perdew-Burke-Ernzerhof (PBE) 4+ U method by including the
effective Hubbard U parameter using the Dudarev approach
[24] and found that the local Coulomb interactions have neg-
ligible effects on the observed ground state and the electronic
band profile (details are given in the Appendix, Figs. 12
and 13) of the compounds. Spin-orbit coupling was included
at the level of the scalar relativistic PAW pseudopotentials.
We performed both collinear and noncollinear calculations in
different magnetic spin configurations to identify the ground
state of the system. The FM ground state of the system and the
calculated exchange interactions were tested for convergence
with respect to the k-point mesh and the plane-wave energy
cutoff values (see Fig. 10 in the Appendix).

III. RESULTS AND DISCUSSION

A. Crystal structure and magnetic properties

AMnF,; (A=K, Rb) belongs to the family of layered per-
ovskites and has the same monoclinic symmetry with space
group P2;/n (No. 14), with 24 atoms in the primitive cell
(i.e., 4 f.u.). As shown in Fig. 1, AMnF, forms a sandwichlike
structure with the presence of a MnFg corner-sharing octa-
hedral arrangement separated along the ¢ axis by the K/Rb
atoms. In 1993, Moron et al. [17] reported the experimental
parameters along with their atomic positions, which are (in A)

Jahn-Teller
Distortion

Octahedral
Environment

L

FIG. 1. Crystal structure of AMnF, in P2,/a space group (No.
14) with (a) side and (b) top views of the unit cell. Orange, green,
and pink spheres represent K, Mn, and F, respectively. (¢) Schematic
illustration of energy-level splitting in AMnF, in an octahedral crys-
tal environment surrounding a “Mn” atom.

a =7.6830 (7.7865), b = 7.6290 (7.7447), and ¢ = 5.7444
(5.9968) for KMnF, (RbMnF,). We have fixed the experi-
mental parameters and optimized the atomic positions under
the generalized gradient approximation (GGA) PBE scheme.
The structural parameters are summarized in Table I.

The crystal symmetries (besides the translations) present
in the following compounds are the horizontal glide mirror
G, x,y,2) > (x+1/2, —y+1/2, z); screw axis, (x, y,

TABLE I. Details of the experimental lattice parameters along with the calculated bond lengths and bond angles for AMnF, (A=K, Rb).
Mn-F,, refers to the axial bond length, whereas Mn-Fq (a) and Mn-F, (b) correspond to the equatorial bond lengths along the a and b axes,

respectively.
a(A) b(A) c(A) Mn-F,, (A) Mn-Fe, (a) (A) Mn-F, (b) (A) Mn-Fe,-Mn (deg)
KMnF, 7.68 7.63 5.74 1.81° 2.10° 1.922 146.37°
1.81¢ 1.91¢ 2.13¢ 140.11¢
RbMnF, 7.79 7.74 5.99 1.80° 2.112 1.96 150.32°
1.82¢ 1.92¢ 2.09¢ 145.50¢
2Mn(0,0,0) octahedron.

"Mn-F-Mn angle along the a axis.
‘Mn(0, 1/2, 0) octahedron.
4Mn-F-Mn angle along the b axis.
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FIG. 2. Schematic model representing the Mn spin moments in
various magnetic configurations used for calculating the exchange
constants. J1, J,, and J5 are the intraplanar nearest-neighbor exchange
coupling constants, and J, is the interplanar nearest-neighbor ex-
change coupling constant. For KMnF, and RbMnF,, the total energy
differences of different magnetic configurations (meV /f.u.) relative
to the FM ground state are presented in parentheses.

z) > (—x+1/2, y+ 1/2, —z); and the inversion symmetry
P. With the presence of magnetic ordering, the time-reversal
symmetry 7 would be broken. The structural stability of these
AMnF, compounds has been verified by computing the cohe-
sive energy/atom, which is —2.62 eV for AMnF, (A=K, Rb).
These negative energy values confirm the stability of these
systems.

To understand the ground state magnetic properties, we
have simulated different magnetic spin configurations in
collinear and noncollinear regimes using the DFT approach.
The collinear magnetic spin alignments include FM, A-AFM,
C-AFM, and two striped-type AFM states, as shown in Fig. 2.
By comparing the energies of the different magnetic orders
under the PBE+U scheme, we found that AMnF4 (A=K, Rb)
stabilizes in FM order, with the individual magnetic moment
values listed in Table II. Following previous works [25-27], in
most of the cases considered, we have fixed Uy = U — J to
be 3 eV to treat 3d Mn electrons using the Dudarev approach

TABLE II. Magnetic moments (in units of ug) of Mn as a func-
tion of the parameter U.

U=3eV U=5eV
Orbital Spin Orbital Spin
KMnF,
GGA+U 3.787 3.873
GGA+U+SOC —0.005 3.784 —0.006 3.868
RbMnF,
GGA+U 3.805 3.801
GGA+U+S0C —0.005 3.801 —0.006 3.883

TABLE III. Details of the simulated exchange constants and
the calculated mean-field (TM™) and random-phase (T}™*) critical
temperatures at different Hubbard parameters (i.e., U = 3, 5 eV)
using PAW methods.

Uete Ji D 5 Je TN TR

(eV) (meV) (meV) (meV) (meV) XK) X

KMnF, 3 0.448 1.003 0.057 0.018 73.29 31.8
5 0.475 0924 0.029 0.019 6949 298

RbMnF, 3 1.037 1.694 0.089 0.021 135.79 56.5
5 0.942 1476 0.050 0.020 117.73 49.0

[24]. In some cases, we also used U = 5 eV for comparative
purposes.

Further, we have included spin-orbit coupling (SOC)
in both the compounds in order to compute the magne-
tocrystalline anisotropy energy (MAE) by aligning magnetic
moments in different directions (i.e., along [100], [010],
[001], [110], [011], and [101]). We found that the preferred di-
rection of magnetization (easy axis) is along [100] for KMnF,
and [110] for RbMnF,, whereas the hard axis corresponds
to [001] for both compounds. The energy difference between
[100] and [110] is of the order of pueV, implying that the in-
plane directions of magnetization are nearly degenerate. The
resulting MAE is found to be 0.58 meV /f.u. for KMnF, and
0.54 meV /f.u. for RbMnF,. Considering that the energy dif-
ference between different magnetization directions is small,
we continue our further magnetic and electronic structure
analysis with the magnetization direction along [001].

The exchange interactions can be estimated by mapping
the DFT total energies of each spin configuration to the un-
derlying Heisenberg spin model,

1
H:—EZJi,-sisj, (1)
ij
where J;; is the exchange interaction between sites i and j and
Si(j) is the corresponding spin.

Mn+3 Mn+3

d, d,
_T_é_\F"l .
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FIG. 3. Schematic representation of superexchange phenomena
between Mn and F ions leading to FM order in AMnF, (A=K, Rb).

024409-3



BEHATHA, MAITRA, RUDENKO, AND KANCHANA

PHYSICAL REVIEW B 106, 024409 (2022)

N T TSFETRY S
T Mn Mn
s 1 oy Aoy dydy,
v
> dxz,yz,dzz dxz_yz,dlz
g Vyi F F
) -
& L ,,< 4 > )21 PyiPz PxsPyiPz
-1K —
P | =
%ég§§§§><§ 3 ———
7B A 4 72 o 5 10 15 Z DB AE

> 145 10 -5
DOS (states/eV) DOS (states/eV)

FIG. 4. Spin-polarized electronic band structure of KMnF, along
the high-symmetry points as indicated in the irreducible Brillouin
zone (shown in the inset) and the partial density of states (DOS)
highlighting the predominant contribution of Mn d and F p states
close to the Fermi level Er. Left: spin-up channel. Right: spin-down
channel.

Figure 2 depicts the various magnetic configurations used
to calculate the exchange constants. The total energies for 8
f.u. can be stated as follows using the Heisenberg Hamiltonian
for all magnetic configurations:

F = Ey — 87,5% — 8,57 — 87,57 — 16J552,

A =Ey — 8,5 — 8,87 + 8J.8% — 16J357,

C = Ey + 8J,5% + 8/,5% — 8J.5% — 161557,

S, = Ey — 8,8% + 8,87 — 8J.5% + 16J357,

Sy = Ey + 8J,8% — 85,87 — 8J.8% 4+ 16382,  (2)
where Ey, F, A, C, S|, and S3 represent the energies of the
nonmagnetic, FM, A-AFM, C-AFM, and two striped AFM-
type configurations, respectively. The relevant exchange
constants (Jy, J», J3) are the first-, second-, and third-nearest-
neighbor intraplanar exchange coupling constants, and J. is
the interplanar exchange coupling constant, as illustrated in

Fig. 2. These exchange constants can be obtained from Eq. (2)
using

1
Ji=———[F —C+ S8 —83],
1 3252[ + 81 — 831
1
J=— F—-C-8+8;3],
2 3252[ 1+83]
1
S =————[F+C—8 —83],
3 G 452[ + 11— 831
1
J.=———=[F — A], 3
1 652[ ] 3)
NI TSP TSR ke =——1 —_ =
T Mn Mn
S eyn sy dyyrdy,dy,
- dg_y2,d |Crprdyz
:JE :{;/ X ,pr.pz 1'\,PFyr1’z
—1>4/—>‘ K —
= ==
Z T ZG Y, To 15 Z DB AE 2G Y, 5
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FIG. 5. Spin-polarized electronic band structure of RbMnF,
along the high-symmetry points as indicated in the irreducible Bril-
louin zone (shown in the inset) and the partial DOS highlighting the
predominant contribution of Mn d and F p states close to the Fermi
level Er. Left: spin-up channel. Right: spin down channel.

where we assume S = 2, in accordance with the calculated
magnetic moment per Mn ion.

Next, we proceed to find these exchange constants with
Hubbard U parameters (Usy = 3 and 5 eV) and the values
are listed in Table III. The close difference in energies of the
FM and A-AFM magnetic configurations (see Fig. 2) justifies
the smallness of the interplanar coupling J., as shown in Eq.
3).

Positive exchange interactions indicate that a FM coupling
is favored in both compounds. The intraplanar couplings (i.e.,
Ji and J,) between the Mn ions being strongest when com-
pared to the negligible interplanar coupling (i.e., J..) intuitively
suggests the possibility of quasi-2D magnetism in these lay-
ered magnetic materials.

The critical (Curie) temperature can be estimated using the
mean-field expression [28] as

S8+ 1) -
T. = W(ZZ’J’) )

1

where kg is the Boltzmann constant and z; represents the
number of nearest neighbors corresponding to the exchange
constants J;. Here, z; = 2, zo = 2, and z3 = 4 are the numbers
of in-plane nearest neighbors, and z. = 2 is the out-of-plane
nearest neighbors. The obtained values are given in Table III,
whereas in the experimental reports they have an antiferro-
magnetic ground state with corresponding Néel temperatures
of Ty = 4.5 and 2.3 K [18-20]. Given the quasi-2D char-
acter of magnetism in these compounds, the mean-field 7,
values could be significantly overestimated. Note that 7. ~
{In[J./(J; + 1)]}~"; that is, T, logarithmically approaches
zero in the case of vanishing interlayer coupling, in accor-
dance with the Mermin-Wagner theorem [29].

A more accurate and consistent estimation of 7. can be
obtained using Tyablikov’s decoupling approximation (also
known as the random-phase approximation) [30],

-1
_SEHD (I
=35k, (NZE@) ' ©

q

Here, E(q) is the spin-wave dispersion. Assuming nonin-
teracting magnons, the spin-wave dispersion for a single-
sublattice ferromagnet reads

E(q) =S[J(0) — J(q)], (6)

where J(q) = ZR,»,- J(R;j)e™"Rii is the Fourier transform of
the distance-dependent exchange interaction. According to
the model depicted in Fig. 2, there are two types of nearest-
neighbor in-plane interactions (J; and J,) forming a square
lattice, a next-nearest-neighbor in-plane interaction (J3), and
an interplane (chainlike) interaction (J,.). In this situation, we
have

J(q) = 2J; cos(gx) + 2J> cos(qy)
+4J3 cos(gy)cos(qy) + 2J; cos(q.), @)

where g, and g, (q.) are given in units of the lattice constants
a~! (¢7"). From Eq. (7), J(0) = 2J; + 2J, + 4J3 + 2J,. Sub-
stituting the exchange constants (J;, J», J3, J.) calculated for
AMnF, (A=K, Rb) from Eq. (3) given above, we numerically
obtain 7, values from the random phase as given in Table III
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FIG. 6. (a) Calculated orbital-projected band structure in the spin-up channel for KMnF, along with the 3D band representation of the
nodal line (highlighted in the blue box). (b) Illustration of the nodal line along the selected band paths between I"-Z and B-D (i.e., along the

k. = 0 plane)

which are expectedly smaller compared to the mean-field es-
timate.

A schematic illustration of the superexchange pathway
that leads to the possible magnetic ground state in AMnF,
is presented in Fig. 3 using the semiempirical Goodenough-
Kanamori-Anderson (GKA) rules [31-33]. According to the
GKA rules, AFM coupling occurs when two half-filled cation
orbitals interact, whereas FM coupling occurs when one half-
filled and one empty cation orbitals interact [32]. Within the
GKA picture, various factors that influence the sign and mag-
nitude of the superexchange interaction between magnetic
ions are (i) the bond angle between magnetic ions and the
ligand, (ii) the crystal field environment, and (iii) the oxi-
dation state of the magnetic ion. An alternative mechanism
of superexchange interactions may be considered within the
Kugel-Khomskii formalism [34], which results in a compe-
tition between AFM and FM interactions, originating from
the multiorbital character of the d shell. While some orbitals
couple antiferromagnetically, by following the GKA rules, the
other orbitals may couple ferromagnetically [35]. The latter is
strongly affected by the hybridization between the #,, and e,

(@),

Energy (eV)
o

-2 Y, A B Z D B

FIG. 7. (a) and (b) Calculated electronic band structures in spin-
up states for KMnF, along the high-symmetry paths I"-Y,-A-B-I" and
I'-Z-D-B-T (i.e., along the k, = 0 and k, = O planes, respectively)
along with the schematic representation of the band profiles high-
lighting the nodal lines in the Brillouin zone.

orbitals, as well as by the magnitude of the local Coulomb
interactions and Hund’s rule coupling. A detailed balance
between these ingredients might be responsible for the FM
ground state magnetic order in KMnF, and RbMnF,, which
warrants further refinement of experiments observing AFM
ordering and might indicate insufficiency of our theory level,
which motivates further studies.

B. Electronic properties

Let us now turn our attention towards the electronic prop-
erties of AMnF4 (A=K, Rb). In Fig. 4, we provide the details
of the spin-polarized band structure for KMnF, along with
the partial density of states (PDOS) for FM magnetic order.
We clearly observe that KMnF, behaves as a semiconductor
in the spin-up channel (1) with a band gap of 1.6 eV and as an
insulator in the other spin channel (| ) with a large band gap
of around 5 eV. Likewise, Fig. 5 illustrates the electronic band
structure of RbMnF, along with the PDOS in its FM ground
state, which are similar to those of KMnF, with a band gap of
1.8 eV in the spin-up channel and a large band gap of around
5 eV in the spin-down channel.

From the PDOS analysis in both compounds, we observe
that it is Mn d,>_,» states that predominantly dominate at the
valence states with a negligible contribution from the other
Mn d states and F p states. When it comes to conduction
bands, it is Mn d2 states that play a vital role with a negligible
contribution from the other Mn d and F p states.

The band dispersions in both compounds are similar, and
we spot some interesting features. First, we can see a flat band
in the B-T direction at the valence band edge. This band gives
rise to a Van Hove singularity in the DOS for both compounds.
Next to that, KMnF, exhibits bands merging (see the left
panel in Fig. 4) at the Z and D edges (in spin-up channel),
~0.4 and ~1.2 eV away from the Fermi level, which is rem-
iniscent of a nodal-line-like dispersion along the path Z-D.
Figure 6 displays the orbital-projected band structure along
with the three-dimensional (3D) band dispersion depicting the
nodal-line-like dispersion. After analyzing the band structure
closely, we notice that this band merging is not an isolated
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FIG. 8. Calculated partial DOS projected onto the 3d orbitals of four Mn ions in ground state KMnF, with the FM structure. The upward
arrows (1) indicate the spin-up channel, and the downward arrows ({,) indicate the spin-down channel.

point but, indeed, forms a continuous one-dimensional line,
and hence, it is referred to as a nodal-line-like dispersion.

A schematic representation of the 2D plane in the Brillouin
zone is given in the inset in Fig. 6(b). Due to the existence
of a nodal line, we can expect a similar feature of bands
merging on each k path in that plane, k, = 0. To show this,
we computed the band structures for the selected k paths in
the k, = 0 plane, which shows a similar crossing at the edges,
thereby confirming the nodal-line dispersion along the path
Z-D. The 3D band dispersion confirms the same and shows
the nodal line along the path Z-D, as shown in Fig. 6.

Further, we analyzed the electronic band structures along
different high-symmetry paths and found similar nodal-line-
like dispersions along the high-symmetry path “Y,A” (i.e.,

in k, = 0 plane), ~0.4 and ~1.2 eV below Er. Hence, we
propose the existence of two nodal-line-like dispersions in
each plane (i.e., k, = 0 and k, = 0). The electronic band
structures along the k, = 0 plane and k, = 0 plane are shown
in Fig. 7, highlighting the nodal-line-like dispersions along
with the schematic representations of the band profile in the
Brillouin zone (given in the inset).

In the case of Rb, we do observe a similar interesting band
dispersion at edges Z and D, ~0.4 and ~1.2 eV below from
the Fermi level that also features the nodal-line-like dispersion
in the spin-up channel. In Fig. 15 in the Appendix, we provide
the details of orbital-projected band structure along with the
computed band structures for the selected k paths in the k,
= 0 plane, similar to how we proceeded for KMnF,. Thus,

FIG. 9. Visualization of calculated charge density in real space in the region extending (a) from —1.8 eV to the Fermi level for KMnF, and
(b) from —1.34 €V to the Fermi level for RbMnF,. The charge densities highlight the d,>_,»-like orbitals with the C-type orbital ordering.
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RbMnF; is also believed to possess the interesting nodal-line-
like dispersions situated slightly away from the Fermi level in
the kx = 0 and &, = 0 planes.

Further, we computed the electronic band structures of
these compounds by including SOC. Figure 11 in the Ap-
pendix, displays the computed band structures along with the
PDOS for both compounds when SOC is included. From the
band structure, we notice that these nodal-line-like dispersions
are protected even in the presence of SOC. This case is sim-
ilar to what we observed in our previous work on CsMnF,
[36]. We also carried out our calculations with Uy = 5 eV
to check the effect of local Coulomb interactions over the
electronic structure properties. We found negligible changes
in the band profile in both compounds (details are provided
in Figs. 12 and 13 in the Appendix). Band engineering (with
doping/pressure) can induce shifts in the Fermi level to bring
these nodal-line-like dispersions close to Er, making these
compounds viable in the field of nodal-line semimetals.

C. Orbital ordering

In order to identify the orbital ordering state present in the
AMnF, series, we present the spin-polarized PDOS projected
onto the d states of four individual Mn atoms for the case
of KMnF,, as shown in Fig. 8 (the details for RbMnF, are
given in Fig. 14 in the Appendix). The octahedral environment
around the Mn atoms allows the Mn d states to split into
lower 1,, states (i.e., d,y, dy;, dy;) and higher e, (i.e., d,2_2,
dp) states. In AMnF,, (A=K, Rb), we notice both tetragorial
and trigonal distortions (which is a deviation of the F-Mn-F
bond angle from 90°) in MnF¢ octahedron (refer to Table I
for structural details). This local tetragonal distortion gives
rise to compression along the z direction when compared to
that of the ab plane. This compression of the MnFg octa-
hedra along the ¢ axis (i.e., the JT distortion), further lifts
the degeneracy of f, into lower-energy d,, and higher-energy
dy. and d,;, whereas the e, states split up into lower-energy
d,»_y» and higher-energy d> (see Fig. 1 for a schematic orbital
diagram). In AMnF,; (A=K, Rb), we see that the Mn lies
in the +3 oxidation state (3d*), with three of its electrons
occupying lower f,, levels and the fourth electron occupying
the d,>_,» level. The same can be confirmed from the PDOSs
provided in Figs. 4 and 5 (Left: spin up channel) for KMnF,
and RbMnF,, respectively, which highlights the predominant
existence of Mn d,2_,» orbitals in the vicinity of the Fermi
level.

To address the ground state orbital ordering in these two
compounds, we analyze the 3D charge density for the valence
states, as shown in Fig. 9. We notice an anti-ferro-orbital
ordering of d,»_,»-like orbitals within the ab plane with a
ferro-orbital ordering out of plane (i.e., along the z direction),
which confirms the C-type orbital ordering in these systems.
From the Mn-F bond length analysis given in Table I, the Mn-
F bond is elongated along the x direction and is compressed
in the other directions, which might be the reason for the
anisotropy observed in the orbital ordering along the a and
b axes. From Fig. 9, it is evident that AMnF, (A=K, Rb)
supports the C-type anti-ferro-orbital ordering.

A significant issue here to deal with is whether the SOC
ruins the observed orbital ordering in AMnF, (A=K, Rb).

—y

To address this issue, we analyzed the orbital ordering phe-
nomena when SOC was included. We found that the orbital
ordered ground state remains robust (not shown here) upon
inclusion of SOC in the system. This is consistent with the
SOC effects in the electronic details due to the presence of the
3d Mn ion.

IV. CONCLUSION

Based on density functional theory, we analyzed the
electronic, magnetic, and orbital ordering of the layered
perovskite-type structures AMnF; (A=K, Rb) under the
scheme of GGA+U. We observed that AMnF, (A=K, Rb)
stabilizes in the FM ground state. Both compounds exhibit
quasi-2D magnetism, with weak interaction between the lay-
ers. The corresponding critical temperatures are estimated to
be around 30-60 K. However, the experimental reports sug-
gest noncollinear and collinear AFM magnetic orders in both
compounds. We have examined the effect of local Coulomb
interaction in the 3d Mn shell, but the magnetic ground
state and electronic structure properties remain unaffected by
these factors. This discrepancy warrants further refinement
of experiments observing AFM ordering and might indicate
insufficiency of our theory level, which motivates further stud-
ies.

We spotted interesting nodal-line-like dispersions in these
two structures at an energy range of 0.4 eV below the Fermi
level. Such dispersion in Mott insulators may not have great
significance, but one can look into band engineering possi-
bilities through doping/pressure, which could lead to novel
applications in the field of topologically nontrivial matter.
Furthermore, we found that in both compounds, an anti-
ferro-orbital ordering of d,»_,.-like orbitals within the ab
plane and a ferro-orbital ordering out of plane were observed,
favoring C-type orbital ordering. The presence of the nodal-
like dispersion, orbital ordering, and 2D-like magnetism in
these compounds might increase the research interest in these
fields.
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APPENDIX

1. Details of optimization and convergence tests

We provide the details of the optimized lattice parameters
of AMnF, (A =K, Rb) in Tables IV and V respectively along
with the convergence of exchange interactions performed for
KMnF; as shown in Fig. 10.
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TABLE IV. Optimized lattice parameters of KMnF, calculated
with different exchange-correlation functionals.

a(A) b(A) c(d) B
Expt. 7.68 7.63 5.74 90.40
PBE without U 7.87 7.84 5.88 90.65
PBE with U (= 3 eV) 7.88 7.84 5.89 90.68
PBE with U (= 5eV) 7.86 7.81 5.92 90.68
PS without U 7.71 7.67 5.75 90.57
PS with U (= 3 eV) 7.73 7.68 5.77 90.61
PS with U (= 5eV) 7.72 7.66 5.79 90.81
LDA without U 7.55 7.49 5.56 90.40
LDA with U (= 3 V) 7.57 7.50 5.57 90.41
LDA with U (= 5 eV) 7.57 7.50 5.59 90.44

TABLE V. Optimized lattice parameters of RbMnF, calculated
with different exchange-correlation functionals.

a(A) b(A) c(A) B

Expt. 7.79 7.74 5.99 90.48
PBE without U 7.96 7.94 6.12 90.81
PBE with U (=3 eV) 7.98 7.95 6.13 90.84
PBE with U (=5¢eV) 7.97 7.93 6.16 90.81
PS without U 7.80 7.77 5.99 90.67
PS with U (=3¢eV) 7.82 7.78 6.00 90.74
PS with U (=5¢V) 7.82 7.78 6.02 90.72
LDA without U 7.64 7.58 5.82 90.56
LDA with U (=3 eV) 7.66 7.61 5.87 90.66
LDA with U (=5¢V) 7.66 7.60 5.84 90.66

0.002 0.002
. Al =] =] (i=1,23,c) A =)i—Ji (i=1,230)
E 0.001 % 0.001
[}
% 0.0 — 0.0
—>, . —A4]; — A3 Tl —an — g
< —A4; — A —4, — A

-0.0015 100 200 300 “0%00 520 540 560 580 600

No. of K points Plane wave energy cutoff (eV)

FIG. 10. The convergence of exchange interactions is verified by
plotting relative J values (AJ) as a function of the number of k points
and the plane-wave energy cutoff for KMnF, using PBE4+-U (U =
3 eV). Here, AJ; =J; = J/ (i=1,2,3, c), where J/ represents the
values obtained with the finest grid (left panel) and the largest energy
cutoff (right panel).
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FIG. 11. Electronic band structures of KMnF; (left) and
RbMnF, (right) when SOC is included along with the PDOS high-
lighting the predominant contribution of Mn d and F p states close
to the Fermi level Er.
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FIG. 12. Spin-polarized electronic band structure of KMnF, cal-
culated using PBE+U (U = 5 eV) along the high-symmetry points
as illustrated in the irreducible Brillouin zone (shown in the inset)
and the PDOS highlighting the predominant contribution of Mn d
and F p states close to the Fermi level Er. Left: spin-up channel.
Right: spin-down channel.

2. Electronic band structure when SOC is incorporated in the
system, AMnF, (A =K, Rb)

Figure 11 shows the electronic band structures of KMnF,
and RbMnF, when SOC is included.

3. Electronic band structure using PBE+U (U =5 eV)

Figures 12 and 13 illustrates the spin-polarized electronic
band structure of KMnF,; and RbMnF, calculated using
PBE+U respectively.

4. Details of the partial density of states of RbMnF,

Figure 14 shows the calculated PDOS projected onto the
3d orbitals of four different Mn ions.

5. Details of the projected band structure and the 3D band
dispersion of RbMnF,

Figure 15 shows the calculated orbital-projected band
structure in the spin-up channel for RbMnF, and illustrates
the nodal line along the selected band paths.

TV R N g i ¥ Mn

2 T Mn T dyyydyyrd,,
; dxy’ dyz'dxz
v, dxz_yz, d,
<z d.o2_.2,d,.
s x2—y?r Bz F
5 E )
9] PxPyPz
§ ; PsPyPs ==

= _, =

—

G, Y, [ 15 rzDB T AE ZGY; -5 -0

DOSF'(slal:aos/eV) DOs (Stal;‘ss/ev)

FIG. 13. Spin-polarized electronic band structure of RbMnF,
calculated using PBE4+U (U = 5 eV) along the high-symmetry
points as illustrated in the irreducible Brillouin zone (shown in the
inset) and the PDOS highlighting the predominant contribution of
Mn d and F p states close to the Fermi level Ep. Left: spin-up
channel. Right: spin-down channel.
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FIG. 14. Calculated PDOS projected onto the 3d orbitals of four different Mn ions in the ground state (FM structure) of RobMnF,. Upward
arrows (1) indicate the spin-up channel, and downward arrows ({,) indicate the spin-down channel.
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FIG. 15. (a) Calculated orbital-projected band structure in the spin-up channel for RbMnF, along with the 3D band representation of the
nodal line (highlighted in the blue box). (b) Illustration of the nodal line along the selected band paths between I'-Z and B-D (i.e., along the

k, = 0 plane).
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