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Spin-polarized materials with Dirac features have sparked great scientific interest due to their potential
applications in spintronics. But such a type of structure is very rare and none has been fabricated. Here, we
investigate the already experimentally synthesized manganese fluoride (MnF;) as a novel spin-polarized Dirac
material by using first-principles calculations. MnF5 exhibits multiple Dirac cones in one spin orientation,
while it behaves like a large gap semiconductor in the other spin channel. The estimated Fermi velocity for each
cone is of the same order of magnitude as that in graphene. The 3D band structure further reveals that MnF;
possesses rings of Dirac nodes in the Brillouin zone. Such a spin-polarized multiple Dirac ring feature is
reported for the first time in an experimentally realized material. Moreover, similar band dispersions can be also
found in other transition metal fluorides (e.g., CoF;, CrF3, and FeF3). Our results highlight a new interesting
single-spin Dirac material with promising applications in spintronics and information technologies.
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Ever since the spin and charge of one electron have been
considered separately, it has been found that the spin current
displays superior properties to the classical charge current in
the field of information transmission such as high speed, low
power consumption, and negligible energy dissipation [1].
Thus, the corresponding spin current has drawn great
attention over the past few decades and the spin electronics
are rapidly expanding [2-11]. Up to now, a number of
spintronics materials have been proposed including magnetic
metals, half-metallic ferromagnets, topological insulators,
magnetic semiconductors, diluted magnetic semiconductors,
etc. [12-16]. But to exploit the full potential of spintronics
in information transfer and storage, some basic issues still
remain, such as long distance spin transport, and the gen-
eration and injection of spin polarized currents [4,17,18].
In addition to them, the grand challenges for new generation
spintronics are how to make electrons transport with ultrahigh
speed and consume ultralow energy, which requires realizing
massless electrons by discovering the potential Dirac band
dispersion, and achieve dissipationless spin transport via
generating large spin polarization around the Fermi level [19].

It is necessary to emphasize that the well-studied materi-
als for spintronics such as half-metals, can meet the “basic”
demand of spintronics applications [20,21]. In addition,
Wang [22] proposed a new class of materials named spin
gapless semiconductors (SGS) that can generate 100% spin
polarized current and is promising in spintronics. The SGS
was then validated by Ouardi et al. in experiment [23].
However, to overcome the “grand challenge,” the perfor-
mances of half-metal and SGS are still limited as it just
behaves like a metal-semiconductor in one spin orientation,
but lacks linear Dirac dispersion, which can hardly reach the
goal of ultrahigh speed spin transport. Therefore, it is of
great interest to explore new platforms with spin-polarized
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linear energy dispersion (Dirac half-metal) and massless
Dirac fermions, which will lead towards realistic appli-
cations in high effieciency spintronics and quantum infor-
mation technologies [19,24,25]. Dirac materials with
spin-polarized band structures can effectively utilize spin
degrees of freedom of electrons. They can also break the
protection of time-reversal symmetry (TRS) but maintain the
linear relation of energy-momentum dispersion at the Fermi
level, resulting in outstanding transport properties. Such a
type of material was theoretically proposed in a triangular
ferrimagnet in recent years [24], but this novel class of
structures is very rare and has only been predicted in a limited
number of configurations such as CrO, /TiO, heterostructure
[26], Mn-intercalated graphene [13], and the NiCl; mono-
layer [27]. Yet no Dirac half-metal has been experimentally
synthesized [28]. Therefore, the search for spin-polarized
Dirac materials with a high possibility of experimental
realization is under the spotlight in spin electronics.

The MnF; crystal has been fabricated for many years, but
no theoretical work reveals its electronic band structure
before. In this Letter, we present the experimentally syn-
thesized spin-polarized Dirac material (MnF3) with promis-
ing applications in spintronics. It displays Dirac features in
one spin channel, while it possesses a large gap (7.8 eV) in the
other spin orientation. This guarantees the generation of a
spin-polarized current and spin transport with negligible
dissipation. In addition, MnF; displays multiple Dirac cones
in the band structure instead of a single Dirac cone, and the
estimated Fermi velocity of each cone is close to that found in
graphene. Strikingly, it exhibits novel rings of Dirac nodes
(see Fig. 3) in the Brillouin zone (BZ), which has not been
reported in either spin-polarized or conventional Dirac
materials. This multiple Dirac ring band dispersion is ex-
pected to have more intensive nonlinear electromagnetic
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responses [29] than Dirac materials with a single cone, and
possess a higher efficiency of carrier transport at the Fermi
level via the multiple Dirac channels. Moreover, as the spin-
orbital coupling (SOC) is very low in MnFj;, it can easily
realize the long distance spin transport for spintronics.
Furthermore, we have discovered that the unique electronic
properties of MnF; are also present in other transition metal
fluorides including CoF;, CrF;, and FeF;. The MnF;-type
configuration is expected to be a highly prospective class of
candidates for spintronics and enrich the family of novel
electronics materials.

All the calculations were performed using density func-
tional theory (DFT) within the Perdew-Burke-Ernzerhof
(PBE) parametrization of the generalized gradient approxi-
mation (GGA) [30], as implemented in the VASP code
[31,32]. Dispersion corrections to the total energy [33]
were used to incorporate the long-range van der Waals
interaction. A plane-wave basis set with an energy cutoff of
500 eV was employed. The structures were fully optimized
until the maximum energy and force were less than
107 eV and 0.005 eV/A, respectively. A Monkhorst-
Pack k-point mesh of 6 x 6 x 2 was used for geometry
optimization. Spin polarization was included through all
the calculations and SOC was also considered. The
electronic properties of MnF; have also been examined
by using the DFT + U method [34] and the state-of-the-art
Heyd-Scuseria-Ernzerhof (HSE06) functional [35].

The well-studied manganese fluorides [36] include
a-MnF, (space group, 141/a, no. 88) and a-MnF; (space
group, C2/c, No.15). However, little theoretical research has
focused on another phase MnF; (also named f-MnF, in
literature) [37,38] despite its experimental synthesis many
years ago. The crystal structure of MnF; bulk in this work
resembles the vanadium (III) fluoride (VF3) structure type in
the hexagonal R-3c¢ space group (no. 167). It contains
octahedrally coordinated metal centers with the equal M-F
bond lengths of 1.930 A [Fig. 1(a)]. The optimized lattice
constants for MnF; are a = b = 5.20 A and ¢ = 13.46 A,
respectively. These values are relatively larger than the
experimental lattice parameters with a = b = 4.892 A and
¢ = 13.0 A. The unit cell contains 6 Mn and 18 F atoms,
respectively. The magnetic moment is found to be 4 uB per
formula unit, which is mainly attributed to the transition metal
Mn atoms. This can be further verified by plotting the 3D
magnetic charge density as shown in Fig. 1(b). Clearly, all
magnetic moments are localized around Mn atoms, indicating
these atoms are responsible for the magnetic nature of MnF;.

To determine the magnetic ground state of MnFs, an energy
comparison was made among three different configurations:
ferromagnetic (FM), antiferromagnetic (AFM) as well as the
nonmagnetic (NM) system. Different magnetic configurations
inthe2 x2 x 1 and 1 x 1 x 2 supercell, and 1 x 1 x 1 unit
cell are presented in Figs. S1-S3 of the Supplemental Material
[39]. We found the optimized FM state is most energetically
stable in all magnetic configurations and it has lower energy
than that of the AFM and NM states, respectively. In addition,

FIG. 1. (a) The crystal structure and (b) 3D magnetic charge
density of MnF;. Key: red, manganese; silver, fluorine; blue,
magnetic density.

the remarkable energy difference between FM and NM states
indicates very strong magnetism in MnF;.

Having identified the magnetic ground state of MnF;, the
detailed electronic properties are explained below. The calcu-
lated PBE band structures and the Brillouin zone of MnF; are
illustrated in Figs. 2(a)-2(b), respectively. Without SOC, it
can be seen that there are a total of 8 Dirac cones located at or
in the vicinity of the Fermi level. Specifically, Dirac cones 1
and 2 are located at the A point and along the A-H line,
respectively. As the A-H line is the symmetry line above the
I'-K line, two more cones (3 and 4) are found along the I'-K
line. Although the I'-M line in reciprocal space is shorter than
the I'-K line, three cones (5, 6, and 7) are found along this line
and the last cone (8) is found along the M-L line. If symmetry
effects are considered, there would be observed more Dirac
cones in the whole BZ. Additionally, all of the Dirac points
along theI'-A and A-H lines are formed by double-degenerate
bands as marked by the solid and dotted lines, respectively.
In general, the Dirac cones in MnF; are protected by the D5,
symmetry. A detailed band symmetry analysis is illustrated in
Fig. 2(c). It can be clearly seen that bands near the Fermi
level belong to two-dimensional irreducible representation £
(Table S1). Noticeably, along the wave vector I'-K, it has a
doubly degenerate Dirac cone 4 and a nondegenerate cone 3,
which are protected by the group C;,. However, the non-
degenerate cone 3 disappears along wave vector A-H due to
the symmetry decrease in this line. The large number of Dirac
cones and cone degeneracy in MnFj3 are unusual and unique
among all reported Dirac materials. As the valence band
maximum (VBM) and conduction band minimum (CBM)
of the Dirac cones are both contributed to by electrons with
the same spin orientation (spin-up), they cannot absolutely
touch at the Fermi level because of Pauli repulsion. Therefore
a small gap opens for every cone, ranging from 1.4 to
33.8 meV. This gapped Dirac cone feature has been proposed
to be a distinctive feature for valley current transport [41].
Considering the electron spin in the band structure, it can be
seen that all Dirac cones are contributed to by spin-up orbitals,
whereas a 4.1 eV energy gap in the spin-down orientation
can be observed [Fig. 2(b)].
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FIG. 2. Band structures of MnFj; calculated by the (a)—(b) PBE and (c)—(d) HSE06 methods. Dirac cones are distinguished by different
numbers and Dirac-like crossings are presented by black squares in (a). Inset of (b) the corresponding Brillouin zone. The irreducible
representations of selected bands at the high-symmetric k points are shown in (c) and two specific bands are labeled as L; (i = 1, 2).

The Fermi level is set to zero.

When SOC is switched on (Fig. S4 [39]), the linear
dispersion of the Dirac cones is hardly affected, only
leading to the slight value variation (2.0-15.0 meV) of
the opened gaps. In addition, it is also interesting that
several Dirac-like crossing points [illustrated in Fig. 2(a)
by black squares] are also found above or below the Fermi
level. These points are preserved when SOC is considered,
which is similar to observations in ZrSiS [42]. As the SOC
effect is not significant in its impact on electronic structure,
it is expected that MnF; possesses a long spin coherence
length, and will be an ideal material for spin transport.

It should be noted that the standard DFT is unable to accu-
rately describe the physics of the magnetic transition metal
(Mn) with strong correlated d electrons. The DFT + U me-
thod is therefore used to examine the band structure of MnF;.
In the spin-up orientation, the DFT + U band structure has
negligible difference compared with the PBE bands (Fig. S5a
in the Supplemental Material [39]). But for the spin-down
channel, the effect of strong correlation of d electrons push the
VBM to lower energy and the CBM to higher energy
(Fig. S5b [39]), resulting in a larger energy gap of 5.5 eV.

In addition to the DFT 4 U approach, the highly reliable
HSEO06 hybrid functional was also employed to yield more
accurate band dispersion for MnF;. As shown in Fig. 2(c),
the HSE band curves in the spin-up direction are similar with
that of the PBE results, only leading to a slight gap opening of
some cones (up to 53.5 meV). It also causes the extension
zof bands in energy. For example, the energy difference of
band L and L, attheI" pointis 3.2 eV by the HSE06 method

[Fig. 2(c)] while it is only 2.4 eV according to the PBE result
[Fig. 2(a)]. As for the spin-down channel, the HSEQ6
calculation produces a larger energy gap (7.8 eV) compared
with that of the PBE method. To the best of our knowledge,
such a substantial energy difference between spin-up and
spin-down states has not been reported before and it also
demonstrates the spin-down electrons behave like a large
gap semiconductor in MnFj3, while in the spin-up orientation
electrons it acts as a Dirac material with massless Dirac
fermions. Therefore, MnFj is expected to be an ideal platform
to generate large spin polarization near the Fermi level and
greatly increase charge-carrier mobility. The Fermi velocity
V; was calculated through the expression V, = OE/hok.
The estimated V for cones 1-8 ranges from 1.79 x 10° to
3.96 x 10° m/s, which are close to that of graphene. Itis also
believed the transport efficiency of the polarized electrons in
MnF; should be higher than the nonpolarized electrons in
graphene or other Dirac materials because the electron
scattering would be significantly reduced in the single spin
channel, leading to a negligible energy loss when electrons
are flowing. This is an important aspect that the spin-
polarized Dirac cones possess more intriguing properties
than the conventional one (e.g., graphene).

The 2D band structure is only capable of characterizing
electronic properties along some specific reciprocal space
directions. To shed more light on the Dirac feature of the
materials in the whole BZ, it is necessary to plot 3D
band dispersion. In general, multiple Dirac cone materials
display two different behaviors in BZ. The first behavior is
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discontinuous Dirac cones; i.e., the number of cones is
countable and they are isolated in the BZ, e.g., the predicted
P6/mmm boron sheet [43]. The second case is the con-
tinuous Dirac cones, which means a high density of Dirac
cones exists and they form a ring of Dirac nodes [44] or a
Dirac loop as reported before. As a material with multiple
cones, MnF; is found to be different from both the above.
From the 3D band plots in Fig. 3(a) and 3(b), we can clearly
see the MnF; displays two rings of Dirac nodes in the M-K-I"
plane of the BZ. Interestingly, if symmetry effect is consid-
ered in this bulk material, it is expected to possess additional
Dirac ring in the A-H-L plane. Such multiple Dirac ring
material is very rare and it differs from the known Dirac
materials such as graphene. If we compare the 3D plot with
2D band dispersion in Fig. 2(a), we can find the Dirac cone
pair 3 and 7 are responsible forring 1, and cone 3 and 5 are the
origins of ring 2. Furthermore, a ring of Dirac-like crossings
[as mentioned in Fig. 2(a)] can also be found below the Fermi
level [black square in Fig. 3(a)], which indicates the high
carrier mobility of the MnFj; is not just confined to the Fermi
level, but also occurs above or below the Fermi level within
the energy range of 0.75 eV. Such a unique multiple Dirac
ring feature in MnF; is expected to bring about more
fascinating electronic properties and applications than other
Dirac structures with the single cone or ring.

To gain more insight into the electronic properties of MnF;
in the vicinity of Fermi level, the spin-resolved total density of
states (TDOS) and projected density of states (PDOS) are

K'-\\

’ Pi Ojectl n

(a) 3D band plot of MnF; in the M-K-I" plane. (b) The 3D band view of VBM and its corresponding projection.

presented in Fig. 4(a) and 4(b), respectively. From TDOS
[Fig. 4(a)], it can be seen that the orbitals near the Fermi level
are solely contributed by spin-up electron states. Additionally,
the spin-down states are mainly distributed below —4.2 eV
and above 3.6 eV, resulting in a large band gap of 7.8 eV. As
we can see from Fig. 4(b), the state of Dirac cones at the Fermi
level is dominated by the 3d spin-up orbital of Mn and is
marginally contributed by the 2p orbital of F. Notice that
s p-electron materials with a single Dirac cone have been
extensively studied, but such Dirac material with multiple
cones or rings dominated by d electron orbitals has not
been seen [45]. The orbital-resolved band structures are also
calculated to identify the origin of orbital contributions of
different Dirac cones as illustrated in Figs. S6-S8. In general,
the cones of MnF; are dominated by the hybridization of
d,, and d ., electronic states from Mn atoms. In the view of
linear combination of atomic orbitals, we also take the Dirac
cone 1 as an example and adopt the tight-binding (TB) method
to reproduce the electronic bands in the vicinity of the Fermi
level and in an attempt to gain more insight into the existence
of Dirac cones (see details in the Supplemental Material [39]).

To further test the robustness of Dirac band dispersions
in this structure, a pressure up to 6 x 10° Pa were added in
MnF; (Fig. S10 [39]). We find all Dirac cones were barely
affected under such a high pressure, only inducing a
moderate change of cone slopes. As the 3d-orbital plays
an important role in forming the Dirac cones in this
material, we further investigated the electronics properties
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(a) TDOS and (b) PDOS of MnF; by HSE06 calculation. The Fermi level is set to 0.
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of some other 3d-transition metal fluorides CoF3, CrF;, and
FeF; as shown in Fig. S11-S13. Large magnetic moments
of 3, 3, 5 uB per formula unit can be found in these three
structures, respectively. Interestingly, the spin-polarized
multiple-Dirac cones are all seen, but they are shifted
upwards in energy with respect to the Fermi level.

In conclusion, we report the first example of an exper-
imentally realized material which exhibits spin-polarized
multiple Dirac cones or rings in the electronic structure.
MnF; bridges a gap between Dirac materials and spin-
tronics and it exhibits many unique properties including
multiple Dirac rings, large spin polarization, and high
carrier mobility. Furthermore, the properties in MnF; are
intrinsic and do not require any external conditions in
experiments such as electric field, pressure, doping, or
element substitution. The reported MnF; structure meets
the requirement of high-efficiency spintronics, and the
speed of spin-polarized electrons and holes in MnF; should
be much faster than previously reported spintronics mate-
rials such as spin gapless semiconductor PbPdO, [22],
Mn,CoAl [23], and diluted magnetic semiconductors. This
work is expected to enrich the diversity of spin-polarized
Dirac materials and boost the development of spintronics.
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