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Abstract
The observation of in-plane ferromagnetism in layered magnetic materials in conjunction with
the topological nodal-ring dispersion in a spin gapless semimetal with 100 % spin polarization
has a fertile ground for novel physics, rich scientific significance and for the next-generation
advanced spintronic and topological devices. Topological nodal ring spin gapless semimetals
with large band gap in the other spin channel prevents the spin leakage and are excellent
spintronic materials. On the basis of density functional theory (DFT), we have studied the
layered magnetic perovskite, CsMnF4 which is predicted to be a ferromagnetic insulator
though the fellow compounds like AMnF4 (A = Na, K, Rb) are anti-ferromagnetic in nature.
DFT + U calculations reveal that this layered system undergoes a transition from an insulating
to half-semimetallic nature with decreasing on-site Hubbard Coulomb interaction, U. For
U = 2.5 eV, we observe the topological nature in the system with the emergence of four
Mexican hat like dispersions associated with band-flipping. Also, we calculated the
magneto-crystalline anisotropic energy with inclusion of spin–orbit coupling (SOC) and found
that the system consists of in-plane ferromagnetism. Transport properties infer huge
anisotropy of one order of magnitude between ’a’ and ’c’ axes. Interestingly, the estimated
Fermi velocities are 2.66 × 105 and 2.24 × 105 m s−1 for Z(=0) and Z(=0.5) plane
respectively and are comparable to that of graphene, which might fetch applications in high
speed spin electronic devices. The topological phase observed is robust to SOC and the
band-crossings associated with nodal rings could be preserved by additional symmetry as the
time-reversal symmetry breaks in magnetic systems. The nearly charge compensation
observed from Fermi surfaces might fetch memory device applications.
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1. Introduction

Topological materials (TM), are a fashionable and intrigu-
ing topic that not only grabs the focus of many researchers

∗ Author to whom any correspondence should be addressed.

by providing a platform in realising novel physics in con-
densed matter, but they also possess a rich scientific signifi-
cance and broad application potential [1–13]. Some of these
applications include novel quantum Hall effect [14], giant
linear magnetoresistance [15] and so on. The presence of
band crossings near the Fermi level in 3D materials is the
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Figure 1. Schematic representation of a nodal ring in xy plane
protected by a mirror reflection plane.

representative signatures of a TM. Depending upon the nature
of the band crossings, the TM are classified into materials that
host zero-dimensional (0D) nodal points or one-dimensional
(1D) nodal line etc. If these nodal points/lines are associated
with band crossings that are four-fold (two-fold) degenerate,
they are described as Dirac (Weyl) nodal points/lines. For
instance, in Dirac (Weyl) semimetals, this highly linear dis-
persive bands intersect at isolated points close to the Fermi
level (EF) and are considered to be nodal points. The elec-
trons around this linear dispersion are described by the Dirac
(Weyl) equation of the relativistic quantum field theory which
allows the emergence of Dirac (Weyl) Fermions. Besides the
0D nodal points, band crossings in TM can also be continu-
ous such as 1D nodal lines (NLs). If this nodal line circles
around specific high-symmetric points in the Brillouin zone
(BZ), we consider it to be a nodal ring. The schematic repre-
sentation of an example of a nodal ring in the xy-plane pro-
tected by mirror symmetry is shown in figure 1. However
the nodal points or NLs are further classified into two types
(type1 & type2) based on the degree of tilting at the band
crossing points. A recent study of the antiferromagnetic mono-
layer CrAs2, reports the coexistence of such type-1 & type-2
NLs [16].

An interesting classification among the TM is topological
nodal line semimetals, where the lowest conduction band and
highest valence bands touch each other along a 1D line close
to the EF. If this continuous band of touching points forms
a closed loop around a high symmetry point in BZ, then the
compound is termed as topological nodal ring semimetals.
This new class of TM are extensively studied for their novel
properties [17–25].

To date, topological properties have been extensively stud-
ied for non-magnetic compounds due to the appropriate pres-
ence of time-reversal (TRS) and inversion symmetry. But the
story changes, due to the breaking of time reversal sym-
metry (TRS) in magnetic systems, and the nodal points or
NL are required to be protected by additional symmetries.
Hence examples of magnetic TM [18] are comparatively less.
Few such studies on magnetic systems include single crys-
tal Weyl semimetal candidates like pyrochlore iridates [26]

& HgCr2Se4 [27], CuMnAs [28] Co-based Huesler alloys
[16, 29, 30] etc.

Also NLs/rings present in the system need not be fully
spin-polarized. It would be interesting to have a system with
a wide band gap in one spin channel so that they are resis-
tant to thermally induced spin-flip transitions at room tem-
perature. Recently, a new class of materials (i.e., spin gapless
semiconductors) have been identified which are considered to
be an upgraded version of the existing half-metals because of
their high electron mobilities and other interesting properties
[31]. Such spin gapless semimetals (SGSs) hosting topological
NLs, with 100 % spin polarization associated with large band
gaps in another spin channel combine spintronics and topology
together and find application in advanced spintronic devices.
Such candidates are considered to be topological nodal line
spin gapless semimetals and exhibit ultra high Fermi veloc-
ities [32, 33]. Recent findings of intrinsic ferromagnetism
along with topological properties in a two-dimensional rhe-
nium halide paved a way for potential realization of the quan-
tum Hall effect [34]. Interestingly, in this compound, the
DFT + U calculations reveals the transition from a non-trivial
to trivial state with increasing on-site Hubbard Coulomb inter-
action U through the emergence of a Dirac cone which is
corroborated by the emergence of chiral edge states and
anomalous Hall conductivity. Such studies motivated us to
work on the well known layered magnetic perovskite, CsMnF4

which is predicted to be a ferromagnetic insulator [35].
CsMnF4 crystallizes in tetragonal structure with the space

group P4/nmm [35] same as that of CsFeF4, although the mag-
netic structure of these are not the same with the latter being
antiferromagnetic [36]. CsMnF4 is reported to be a 2D fer-
romagnetic insulator which is quite rare. The compound has
similar structure to that of TlAlF4 [37]. The x-ray diffrac-
tion studies by Massa et al reveals CsMnF4 to have a puck-
ered layered structure [35]. Neutron diffraction experiments
showed that the compound has planar magnetization and a
magnetic moment μB = 4.04 ± 0.2 [38]. The magnetic sus-
ceptibility measured using SQUID and Foner magnetometers
confirmed the ferromagnetic nature of the solid and the eval-
uated value of exchange energy J/k is found to be +1.30 K
[39] which also explains the relatively low Tc and weak ferro-
magnetism. CsMnF4 is one member of the family of layered
fluorides AMnF4 (A = K, Rb, Cs). Of these, only the Cs com-
pound is ferromagnetic with the experimentally reported Curie
temperature of Tc = 18.9K while the K and Rb derivatives
are antiferromagnetically ordered at 3.7 and 5.2 K respec-
tively [38]. Pressure dependent structure studies on CsMnF4

reveal the system to undergo a structural phase transition to
the orthorhombic RbMnF4 structure (space group Pmab) at
around 1.5 GPa and this is expected to have antiferromagnetic
ordering below Tc ([38]). The high pressure optical absorption
spectroscopy study conducted by Aguado et al on CsMnF4

shows that this exhibits a spin crossover from high spin
S = 2 to low spin S = 1 configuration due to Jahn Teller
suppression at 37 GPa. The low spin state is found to be sta-
ble up to 46 GPa, and when the pressure was released, an
abrupt reversible change was observed at 30 GPa to the high
spin state. This simultaneous spin change and Jahn–Teller
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suppression involves a first order structural phase transition
[40].

In the present work, we study the variation of electronic
properties of CsMnF4 as a function of Hubbard, U. At
U = 2.5 eV, we observed that, CsMnF4 turns out to be a
ferromagnetic topological nodal ring SGS with 100% spin
polarization.

This paper is organised as follows. In section 2, we discuss
the computational methods used to study the present com-
pound. Section 3 is devoted for the results and discussion
which focuses on the magnetic, electronic, transport and topo-
logical properties of CsMnF4 and last but not the least, we
conclude our results in section 4.

2. Computational details

We have performed the first principle calculations using the
accurate projected augmented planewave (PAW) [41, 42]
method as implemented in Vienna ab initio simulation pack-
age (VASP) [42, 43] with a large plane-wave energy cut
off of 520 eV for plane wave basis. In order to treat the
exchange correlation effects, we have used generalised gradi-
ent approximation (GGA) method within the parametrization
of Perdew–Burke–Ernzerhof parametrization (PBE) [44]. The
valence configurations used throughout the calculations were
4s23d5, 5s25p66s1 & 2s22p5 for Mn, Cs and F respectively.
A k-mesh sampling of 6 × 6 × 8 has been used in the irre-
ducible BZ. In order to achieve the ground state energy, the
atomic positions along with the lattice parameters were relaxed
using conjugate-gradient algorithm with the atomic force tol-
erance of 0.01 eV Å−1 and total energy tolerance of 10−6 eV.
For the better description of the 3d electrons, we have included
GGA + U scheme [45] with a Hubbard U-value of 3.5 eV
for Mn. Also the fully relativistic PAW potentials were used
in order to include spin–orbit coupling (SOC) in the present
system.

We have employed the semi-classical Boltzmann theory
using BoltzTrap code [46] in order to compute the electri-
cal conductivity scaled by relaxation time within constant
relaxation time approximation and rigid band approximation
(RBA). We have performed the surface studies using maxi-
mally localized Wannier functions (MLWFs) [47], in order to
analyze the topological nature. At first, we have constructed
the tight binding Hamiltonian using MLWFs in conjunction
with VASP code. Further, the tight binding parameters are
fed to WannierTools [48] package, which employs an iterative
Greens function [49] technique for obtaining the surface state
properties.

3. Results and discussion

3.1. Structural details, chemical bonding and stability

CsMnF4, a well known layered-perovskite, crystallizes in
tetragonal structure with a space group P4/nmm (129). It con-
sists of [MnF6] octahedra which form a planar network and
two such layers are separated by Cs atoms as illustrated in

Figure 2. Representation of the crystal structure of CsMnF4 with
unit cell in (a), along 001 projection in (b) respectively.

Table 1. Experimental and calculated lattice parameters (in Å) of
CsMnF4 in the ground state configuration (FM) as a function of
Hubbard, U.

a (Å) b (Å)

Expt [35] 7.944 6.338
GGA 7.990 6.500

GGA+U (U in eV)
U = 2 8.049 6.444
U = 2.5 8.055 6.427
U = 3 8.057 6.423
U = 3.5 8.065 6.427
U = 4 8.059 6.431

figure 2. The MnF6 group deviates from being a proper octa-
hedra due to the presence of Jahn–Teller active Mn+3 cation.
The experimental lattice parameters (i.e., a = 7.9440 Å &
c= 6.3376 Å) along with their positions are reported by Massa
et al [35]. We have performed the optimization of geometry
and internal structural parameters within both the GGA and
GGA + U schemes. Experimental and theoretical lattice con-
stants are given in table 1 and are in reasonable accordance
with each other.

In order to understand the chemical bonding in CsMnF4,
we have plotted the charge density distribution along (100)
and (110) planes (see figure 3). Flourine (F), being the most
electronegative element, receives the electrons from Cs and
Mn (i.e., the flow of charge would be towards F). However
in (110) plane (see figure 3 (right)), we observe the sharing
of charge between transition metal (Mn) and halide atoms
(F). This reflects the covalent nature of bonding between Mn
and F which is mainly due to the hybridisation of Mn–d and
F–p states. This nature is very well observed in partial den-
sity of states (DOS), which highlights the strong hybridisa-
tion between Mn–d and F–p states near the Fermi level and
the spherical charge distribution around Cs atom reflects the
ionic bonding between Cs and MnF6. From the figure 3 (left)
(i.e., in 100 plane), we observe that the charge flow occurs
only within the layers but not out of these. This reflects the
anisotropic nature of the system. In order to explain the struc-
tural stability of this compound, we have computed the cohe-
sive energy/atom. The negative energy values confirm that the
system is bound and stable (see table 1 in supporting informa-
tion (https://stacks.iop.org/JPCM/33/165803/mmedia) (SI)).
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Figure 3. Charge density distribution plots of CsMnF4 along (100)
plane which highlights that the charge flow is purely in xy plane but
not along z direction (left) and (110) showing the ionic bonding
between Cs and MnF6 and covalent bonding between Mn and F
atoms (right).

Figure 4. Crystal structure with two magnetic configuration (a) FM
(b) AFM1.

3.2. Magnetic properties

In compounds like CsMnF4, magnetism is due to the presence
of unpaired spins on the transition-metal element. The octahe-
dral environment around Mn splits the 3d orbital into t2g and
eg states, with t2g at lower energy. The four 3d electrons gener-
ally remains in high spin state with S = 2 and our calculations
reflect the same which will be discussed further.

In order to understand the ground state magnetism in this
compound, we have optimised the structure and compared the
energies in two possible magnetic configurations (i.e., FM and
AFM1 as shown in figure 4). Using the GGA XC-functional
under PBE parametrisation, we could not find the FM config-
uration to be the stable state which is contrary to the exper-
imental work [35]. To determine the proper ground state of
a strongly correlated system like CsMnF4, we proceeded the
optimisation with GGA + U which includes the on-site repul-
sion by the Hubbard U value. We have considered U values
from U = 2 to 4 eV with equal intervals of 0.5 eV. We have
also calculated the magnetic anisotropic energy by including
SOC with spin moments along the x and z directions and found
that the easy axis is along x direction. The calculated energies
(with SOC along the x & z direction) and the bond lengths,
the planar angle details are shown in table 2 and the individual
magnetic moment values of Mn as a function of U are given in
table 3.

From our results, one can observe that, the ground state
remains to be FM for all the investigated U values. Interest-
ingly, the total magnetic moment remains an integer (i.e., 4 μB

per f.u.) for all values of U. Though the Hubbard U acts like a
strain to the system this behaviour is expected as the compound
has a spin transition only at very high pressure [40].

Ferromagnetic semiconductors are often discussed in terms
of a competition between short range antiferromagnetic
superexchange interaction and long-range carrier mediated
mechanism establishing ferromagnetic order [50]. Here we
use the semi empirical Goodenough–Kanamori–Anderson
(GKA) [51–54] rules in explaining the ferromagnetic state
of our compound. The sign and magnitude of the superex-
change interaction between the magnetic cations depends
on (i) cation–anion–cation bond angle (ii) oxidation state
of the magnetic cation (i.e., no of d electrons present) and
(iii) symmetry of the crystal field. Though, the magnitude of
the superexchange requires a downfolding procedure as imple-
mented in NMTO code [55], the sign of the interaction can
be established using the GKA rules. The interaction between
half-filled cation orbitals leads to antiferromagnetic coupling,
whereas the interaction of one half filled and empty orbital
of the cation exhibits ferromagnetic coupling. This exchange
interaction can be regarded as kinetic exchange between the
atoms participating and a potential exchange between the
orthogonal orbitals which are always ferromagnetic [56]. It
should be noted that the sign of kinetic exchange depends on
the filling of the transition metal d orbital.

In an octahedral environment, the five fold degenerate ‘d’
orbitals split into doubly degenerate eg and triply degener-
ate t2g levels. The compressed octahedral environment fur-
ther splits the eg and t2g levels. The crystal field splitting
(i.e., Δ = 1.36 eV) and the energy splittings of each eg and
t2g levels are 0.18 and 0.08 eV respectively which are shown
in figure 5. The bond angle Mn–F–Mn is closer to 180-degree
with Mn+3 (d4) state as in figure 5. It is important to note
that 180-degree superexchange are antiferromagnetic in nature
but d4–d4 configuration is bit tricky, the type of superex-
change exhibited in d4–d4 configuration depends on the line
of superexchange [53]. Keeping all these in mind, we propose
ferromagnetic superexchange pathway for our compound to be
dx2 − y2 −px−dz2 (see figure 5).

3.3. Electronic properties

We have carried out spin-polarised calculations under GGA
approximation to perceive the ferromagnetic insulating nature
as experimentally observed [35]. The details of the electronic
ground state properties along with the partial DOS is given
in SI (see figure 1). From the results, we observe the system
to possess the half-metallicity, with conducting spin-up chan-
nel (up) and insulating spin-dn channel (dn). The spin polar-
ized DOS highlights the dominating nature of Mn–d and F–p
states near EF. As our calculations did not initially give the FM
insulating nature, we continued our calculations by including
onsite electronic correlations (i.e., GGA + U scheme [45]) for
better description of the ground state properties.
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Table 2. Calculated total energies for CsMnF4 in different magnetic configurations. As an
example, Ex

FM denotes the energy per formula unit for the FM state with spins aligned in
x-direction. The ground state energy is taken to be zero (as a reference point).

U
(eV)

Mn–F(Å)
in plane

Mn–F(Å)
out of plane

<Mn–F–Mn>
in degrees

Ex
FM

(meV)
Ex

AFM
(meV)

Ez
FM

(meV)
Ez

AFM
(meV)

2 2.035 1.849 162.62 0 40.5 3.1 44.3
2.5 2.040 1.846 161.28 0 14.3 3.4 18.1
3 2.047 1.845 159.35 0 15.1 3.5 18.9
3.5 2.048 1.847 159.74 0 19.6 3.5 23.3
4 2.048 1.848 159.16 0 21.6 3.5 25.3

Table 3. Magnetic moments of Mn as a function of U.

U = 2 eV U = 2.5 eV U = 3 eV U = 3.5 eV U = 4 eV

Orbital Spin Orbital Spin Orbital Spin Orbital Spin Orbital Spin

GGA + U — 3.798 — 3.809 — 3.823 — 3.845 — 3.866
GGA + U + SO −0.024 3.794 −0.026 3.805 −0.027 3.818 −0.028 3.841 −0.029 3.862

Figure 5. Schematic model of superexchange interaction between
Mn and F ions leading to FM order in the structure.

We have performed a series of GGA + U calculations by
varying U from 2 to 4 eV (i.e., U = 2, 2.5, 3, 3.5, 4 eV respec-
tively). The ground state configuration (i.e., an FM insulating
state) is achieved by applying Hubbard U value of 3.5 eV. At
this U value, we obtain the semiconducting nature in one chan-
nel (up) and insulating nature in the other channel (down) with
a band gap of 0.19 eV and 5.14 eV respectively as shown in
figures 6(a) and (b). The spin-polarized DOS given in figure 5
(in SI) showcases the dominant nature of Mn–d and F–p states
near EF. In addition, we provide the orbital resolved bands
structure of spin up channel in a view of analysing the atomic

orbital contributions at EF. From the figure 7(a), we see that the
conduction band is mainly from the Mn–dz2 hybridized with
F– pz and valence band contribution arises from Mn–dx2−y2

mostly which is hybridised with F–px, py. Among the Mn
orbitals, unoccupied Mn–dz2 in both spin up and spin down
channel and partially occupied Mn–t2g and dx2−y2 (of eg state)
reflects the +3 oxidation state of Mn (i.e., Mn+3).

The similar orbital character and electronic property is
found for the U = 4 eV (i.e., GGA + U calculation) with only
change that, the band gap increases with increase in U. The
details of electronic and magnetic properties are given in SI
(see figure 6).

Interestingly we found that, electronic property changes
with the variation of on-site electronic correlation effect (i.e.,
by varying Hubbard U-value in GGA + U calculations). As
we decrease the Hubbard U from 3.5 eV to 3eV, the band gap
decreases further and highlights the semi-metallic nature in
one spin direction (up) and insulating nature in other direction
(down) with corresponding pseudo gap in partial DOS. The
electronic band structure along with the spin-polarized DOS
are given in SI (see figure 4). The orbital contribution remains
to be same as that of U = 3.5 eV case. However, when we fur-
ther decrease U value from 3 to 2.5 eV, the system is driven
to spin-semimetallic nature with one spin channel (up) con-
ducting and other (down) insulating with a large band gap of
around 4.6 eV. These changes in electronic property as a func-
tion of correlation, (i.e., U) prompted us to further investigate
the system from various perspectives.

Surprisingly, we observe that there exists a quantum topo-
logical transition associated with character band flipping tak-
ing place from U = 3.5 to 2.5 eV. Figures 7(a)–(c) shows the
orbital resolved spin up band structure along with correspond-
ing 3d bands along the high symmetry path of Γ–X–M–Γ in
figures 7(d)–(f) respectively. This figure clearly spotlights the
character band-flipping on decreasing Hubbard U. Thus we
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Figure 6. (a) and (b) Ground state electronic band structure reflecting the ferromagnetic insulating nature with spin up & spin down
channels in U = 3.5 eV.

Figure 7. (a–c) Projected band structure of CsMnF4 for U = 3.5, 3, 2.5 eV respectively and showing orbital character flip of dz2 (pz) and
dx2−y2 (px , py) by varying U. (d) Shows the corresponding 3D band structures.

capture the topological nodal line semimetal as a function of
correlation effect and the details are further explained below.

Figure 8 highlights the spin-polarized electronic band struc-
ture, corresponding Fermi surfaces and transport properties
in spin up direction at U = 2.5 eV. The details of the band

structure (spin down) and DOS is given in SI (see figures 3(a)
and (b)). In spin up channel (figure 8(a)), the conduc-
tion band minimum and valence band maximum touches at
two sets of iso-energy points along Γ–X–M–Γ (below EF)
and Z–R–A–Z (above EF) leading to the Mexican hat like
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Figure 8. (a) Electronic band structure of spin up channel in U = 2.5 eV along with four unusual Mexican hat like dispersions shown in
insets along the high symmetry path M–Γ–X in BZ shown as an inset (b) Fermi surfaces representing hole and electron nature respectively.
(c) Electrical conductivity scaled by relaxation time for CsMnF4 at 400 K.

dispersions [57] around Γ and Z. The four unusual Mexican
hat like dispersions (i.e., two from conduction bands and two
from valence bands), which are shown in the insets of figure 8
hints for the possibility of nodal rings present in the system.
Thus two nodal rings are expected around Γ and Z (i.e., NL1
and NL2).

To understand the electron and hole-like nature of bands,
we have calculated the Fermi surface for U = 2.5 eV. The
Fermi surface plots are shown in figure 8(b). The open cylinder
Fermi surface, centered around Γ in Z(=0) plane, corresponds
to the red color band. This reflects the hole nature and the other
one along Z(=0.5) plane corresponds to the green color band.
This is also a cylinder around high symmetry point Z, reflect-
ing the electron nature. From these Fermi surface contours, it
is predicted that the charge compensation will occur. An ear-
lier study on charge compensation through the Fermi surface,
claimed the possibility of high magneto-resistance and open
Fermi surface leading to non-saturated magneto-resistance
[58]. Other studies revealed the possibility of giant magneto-
resistance through full charge compensation [58–61]. The
observation of a nearly charge compensated Fermi surface
in CsMnF4 might lead to finite magneto-resistance possible
memory device applications.

Figure 9 shows the orbital resolved band structure of
CsMnF4. Interestingly, there exists a band flipping of
Mn–dx2 − y2 , F– px , py states with Mn–dz2 , F– pz states in
U = 2.5 eV which hints for the topological nature in this sys-
tem. Zhang et al and Wang et al showed similar band charac-
ter flip and highlighted the topological nature in their works
[16, 62]. The 3D band structure, highlighting Mexican hat
like dispersions, is shown in left (right) inset along the path
M–Γ–X (A–Z–R) (see figure 9). This gives the hint for the
shape of the NL1 and NL2 which are circulating around Γ and
Z respectively. However, the radius of the nodal ring, NL2 is
less compared to that of NL1. Thus, four such unusual Mex-
ican hat like band dispersions in U = 2.5 eV present along

the paths Γ–X–M–Γ and Z–R–A–Z (i.e., two from conduc-
tion bands and two from valence bands) demonstrates CsMnF4

to be a topological nodal ring semimetal in spin up channel
whereas spin down channel remains to be insulating. Since
these nodal rings are found to be only due to one spin channel,
it is believed to host great advantages in spintronic applica-
tions. Quite recently, He and Zhang et al showed similar spin-
polarized nodal line study in an antiferromagnetic material
β-Fe2PO5 [63].

We also performed SOC with magnetic moments aligned
in the x-direction. Figure 3(a) in SI, shows that there exists no
change in electronic properties when SOC is included and this
is not surprising because of the fact that the Mn orbitals are
half-filled at the Fermi level.

To get more details about the topological nature, we have
proceeded with the surface state study along (001) surface
using wannier functions. Figure 10(a) gives the schematic rep-
resentation of nodal rings (in blue color) in (001) projected
planes within the BZ, i.e., one around Γ and other around
Z. The two nodal rings appear in (001) projected surface but
with different radius which can be observed from the surface
bands along (001) plane as shown in figure 10(b). A pair of
iso-energy nodal rings (i.e., one around Γ and other around Z)
along with the surface states are labeled in figure 10(b) with an
inset along different path M̄ − Γ̄− X̄. The surface band struc-
ture also possesses the Mexican hat like dispersion as shown
in the bulk and Fermi arc displays the two circular nodal rings
(see figure 10(c)) as CsMnF4 is ferromagnetic in nature, the
TRS is broken and hence nodal rings are expected to be pro-
tected by additional symmetries. In our case, the investigated
system possess the inversion, D4h (4-fold rotational symme-
try) and the nodal points present along the high symmetry path
Γ–M, Γ–X in kz = 0 and Z–R, Z–A in kz = π plane are pro-
tected by the glide mirror symmetry perpendicular to the (001)
surface, thereby protecting the nodal rings (NL1 and NL2).
Such symmetry protected NLs were discussed in earlier works
for different materials [64–66]. All these above mentioned
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Figure 9. The bulk electronic band structure of CsMnF4 with GGA + U (U = 2.5 eV) under PBE parametrization. The representation of
Mexican hat like bands around Γ(Z ) are indicated in insets along M–Γ–X (A–Z–R). The orbital-projected band structures shows that the
band near the Fermi level is mostly composed of Mn–d and F–p orbitals. The 3D band structure highlights the existence of nodal ring
around Γ(Z ) in kz = 0(kz = π) plane.

Figure 10. (a) Schematic representation of nodal rings, NL1 (NL2) around Γ (Z ) in 001 plane (b) surface band structure plotted along 001
plane with an inset showing the Mexican hat like surface states (c) Fermi arc showing nodal rings (NL1 and NL2) along 001 plane. (d) Berry
curvature, Ωz in kz = 0 plane.

interesting features demonstrate this system to be a topological
nodal ring half-semimetal which can fetch application in spin-
tronic devices. To get more insight about topological nature,
we have calculated berry curvature and chern number as shown
in figure 10(d) in kz = 0 plane. The close contour suggests the

Berry curvature to be zero for this plane and the chern number,
which is the integration of berry curvature over BZ will be zero
inferring the trivial nature and claims the surface states to be
trivial surface states. Another important parmater, Berry phase,
which is the surface integral of Berry curvature also vanishes

8
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Figure 11. (a) Schematic model of superexchange interaction between Mn atoms via F atoms showing the AFM possibility in the system
(b) electronic band structure at high pressure.

in kz = 0 plane. Hence, we infer that, the investigated system
possesses trivial topological nature. The electronic properties
and physical properties remains same for U = 2 and 2.5 eV.
Hence, the details of electronic properties of U = 2 eV is not
shown here (see figure 2 in SI).

Prompted by the emergence of nodal rings near the Fermi
level, we have analysed some transport characteristics for the
U = 2.5 case. We can expect the Fermi velocity (vF) to be
much higher near the nodal rings, due to linear dispersion of
the bands. So we have calculated the vF through linear fitting
using the relation vF = (1/�)

∗
dE/dk, which is valid for bands

having non-parabolic dispersion [67]. Our estimated Fermi
velocities are 2.66 × 105 and 2.24 × 105 m s−1 for Z(=0)
and Z(=0.5) plane respectively. The values of vF are in the
range of several well known Weyl semi-metals [68–70] and
comparable to that of graphene, which indicates that CsMnF4

may have application in high mobility transport. Further, we
have calculated the electrical conductivity scaled by relaxation
time (σ/τ ) which is shown in the figure 8(c), for the crystal-
lographic directions ’a’ and ’c’. There is a huge anisotropy
with nearly an order of magnitude difference between the ’a’
and ’c’ direction due to the linearly dispersive bands along
the ’a’ when compared to the ’c’ direction which has flat
band-dispersion.

Also, we have calculated the electrical conductivity for dif-
ferent U values as a function of temperature by fixing the
carrier concentration at 1018 cm−3 and the details are given
in the SI (figure 8). The investigated system shows metal-
lic nature for the U values of 2 and 2.5 eV. As the CSTA
and RBA fails to explain the correct nature of electrical con-
ductivity with respect to temperature for metallic systems,
we have performed the calculations for other U values (i.e
U = 3, 3.5 and 4 eV). It is observed that, the electrical conduc-
tivity increases with temperature and decreases as the Hubbard
U value increases, which can be inferred from the electronic
bandstructure as well.

4. Pressure study

CsMnF4 being a weak ferromagnetic in nature, there arises the
possibility for the occurence of structural/magnetic phase tran-
sition under application of pressure and we found that, there
exists the magnetic phase transition from FM to AFM at a pres-
sure of 2.4 GPa. The driving force from FM to AFM transition
is mainly due to the decrease in superexchange angle within
the layers (i.e., Mn–F–Mn angle). A critical superexchange
angle, αc = 156.7◦ is determined from our theoretical study.
However the experimentally reported [38] value is 147◦. This
change can be attributed to the variation of experimental and
theoretically obtained parameters. The reduction in superex-
change angle is due to the decrease in volume of the cell. As the
volume decreases, the bond lengths between Mn–F changes,
the distance between the adjacent layers decreases thereby
octahedra within the layers get affected due to the change
in electronic forces which causes this dramatic change from
the magnetic point of view (i.e., FM to AFM transition). The
variation in bond lengths and bond angle from the ground
state FM to AFM state is given in SI (see figure 7(a)).
The schematic model explaining the AFM state possibility is
shown in figure 11(a).

The details of electronic properties of CsMnF4 after the
transition pressure are given in figure 11(b), spin-polarized
DOS are given in figure 7(b) in SI, which reflects the anti-
ferromagnetic insulating nature with and indirect band gap
of 2 eV.

5. Conclusion

In summary, based on first-principles study, we analyzed the
electronic, magnetic, transport and topological properties of
a layered perovskite structure CsMnF4. Hubbard U correla-
tions are included in the system to well explain the ground
state properties. We found that our system is ferromagnetic
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insulating in nature with inclusion of Ueff value of 3.5 eV.
However, the electronic band profile changes with the vari-
ation of U. At U = 2.5 eV, we observed two nodal rings
associated with four unusual Mexican hat like dispersions
and band-flipping. Also, we have calculated the magneto-
crystalline anisotropic energy with inclusion of SOC and
found that the system consists of in-plane ferromagnetism
with half- semi-metallicity. Observation of in-plane ferromag-
netism along with topological phase in a SGS (100 % spin
polarization) and a large band gap in other spin channel spot-
lights CsMnF4 to be a topological nodal ring spin gapless
semimetals. The observed topological phase is robust to SOC
and the nodal rings are preserved by glide mirror symmetry as
the time-reversal symmetry breaks in magnetic systems. Our
estimated Fermi velocities, 2.66 × 105 and 2.24 × 105 m s−1

for Z(=0) and Z(=0.5) plane respectively are comparable to
that of graphene which might fetch high speed spin elec-
tronic devices. The observation of a nearly charge compen-
sated Fermi surfaces in CsMnF4 might lead to finite magneto-
resistance possible memory device applications.
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