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Two-dimensional (2D) materials with complete spin-polarization, high-speed conduction electrons, large
Curie temperatures and robust ferromagnetic ground states are desirable for spintronic applications.
Based on first-principles calculations, we demonstrate that the 1T-CrO, monolayer is an intrinsic 3d
ferromagnetic Dirac half metal (DHM) with two symmetry protected Dirac cones near the Fermi level.
The Fermi velocities (3.21 x 10° m s~* and 4.85 x 10° m s7%) of the Dirac cones are in the same order as

that of graphene, indicating its excellent transport properties. Its 2.48 eV half-metallic gap is large
Received 22nd October 2020 ht tth in-flio t it M the t Di bust inst biaxial strai
Accepted 26th March 2021 enough to prevent the spin-flip transition. Moreover, the two Dirac cones are robust against biaxial strain
of up to +4%. The robust ferromagnetism is mainly contributed by the 3d states of Cr and its Curie

DOI: 10.1039/d0na00884b temperature is up to 507 K. Our results indicate that the ferromagnetic 1T-CrO, monolayer is
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1 Introduction

Spintronics, through manipulating the spin degree of freedom
in electronic devices, is a promising technology for next-
generation electronics due to its low power consumption,
high speed carrier transfer, high integration density and non-
volatility." Half-metals,> behaving as metals in one spin channel
but as insulators or semiconductors in the opposite spin
channel, have attracted great attention due to their direct
application in spin filters, detectors and sensors for spintronics.
Since the discovery and preparation of graphene,® hundreds of
researchers, both experimental and theoretical, have been
pursuing new 2D Dirac materials>** due to their unique prop-
erties and tremendous potential applications, especially in
nanoscale spintronics. There has been tremendous progress in
searching for novel 2D materials with a broad range of elec-
tronic and optical properties,®”* unfortunately, most of them in
the pristine form are nonmagnetic, which significantly hinders
their application in spintronics.” Although magnetism can be
introduced by dopants or defects,''" these may destroy the
Dirac state’ and the long-range magnetic order was rarely
observed. Hence, it is desirable to search for simple and
intrinsic 2D materials with stoichiometric crystals which are
ferromagnetic.
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a promising candidate for high temperature, high efficiency spintronics applications.

Subsequent to the establishment of the spin gapless semi-
conductors (SGSs) concept in spintronics,” Dirac half metals
(DHMSs) have been proposed based on a simple Kondo lattice
model." As for DHMs, a graphene-like Dirac state exists in one
spin channel and a band gap opens in the other one, preventing
the spin-flip of the spin-polarized Dirac state. Massless Dirac
fermions derived from the linear dispersion of the Dirac cone
show a substantially different nature from ordinary electrons,
such as ballistic charge transport and enormously high carrier
mobilities.”'® The coexistence of 100% spin polarization and
massless Dirac fermions gives DHMs great potential for future
nano-electronics, spintronics and optoelectronics. Moreover,
the manipulation of both the charge and spin of the electrons
only needs small external perturbations,"” which meets the
requirements of next-generation spintronic and electronic
devices. Since the DHM concept was introduced,***® several
materials have been theoretically proposed to be DHMs, %192
such as heterostructures (CrO,/TiO,),** two-dimensional metal-
organic frameworks (Mn(C¢Hs)s, Mn-DCA and M3C1,04,),"*>*
honeycomb-Kagome lattices (VCl;, C3Ca, and Nb,0;)****** and
MXene materials (YN,).””® In comparison with TM doped 2D
materials, one of the most intriguing merits of DHMs is their
potentially high working temperature due to the intrinsic
exchange interactions. For example, the Curie temperatures of
YN, monolayers are up to 392 K, giving hope for their practical
applications.?® The high working temperatures of DHMs makes
them a promising platform for the emerging area of spintronics
devices with high Fermi velocities. However, until now, DHMs
have rarely been predicted and, consequently, the realization
and observation of intrinsic DHMs in experiments are still
challenging. Thus, exploring DHM materials, particularly
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DHMSs with high Curie temperatures, is crucial to promote the
development of spintronic devices.

In this work, using the first-principles method, we find that
the 1T-CrO, monolayer is an intrinsic ferromagnetic DHM with
a high Curie temperature of 507 K. When spin-orbit coupling is
not considered, two spin-polarized Dirac cones are located at
the high symmetry point K and the high symmetry line I'-K,
which endows the monolayer with interesting properties and
potential applications in spintronics. The Fermi velocities, v, of
the two Dirac cones (3.21 x 10’ m s~ " and 4.85 x 10° m s~ ") are
in the same order as those of graphene (9.5 x 10° m s~ ') and
YN, (3.74 x 10° m s '), which reveals the great carrier
mobility of the monolayer. Moreover, the Dirac cones are pro-
tected by rotation symmetry and are robust under biaxial strain
of up to +4%. When considering the SOC, a small band gap
opens for the two Dirac cones, however, this can be ignored at
room temperature. Our results indicate that the 1T-CrO,
monolayer is a promising DHM candidate for spintronics with
a high Curie temperature.

2 Computational methods

The first-principles calculations were performed with the
Vienna ab initio simulation package (VASP).>**° The projector-
augmented-wave (PAW) potential was adopted to describe the
interactions between the nucleus and the electrons. The
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) was used for the exchange-correlation func-
tional,*® and the hybrid functional HSE06 (ref. 31) was used to
validate the results obtained with PBE. The spin-orbit coupling
effect was also taken into account as part of our calculations.?**
The cutoff energy was set to 520 eV, and the energetic and force
convergence criteria were set as 10”° eV and 10> eV, respec-
tively. A 11 x 11 x 1 I'-centered Monkhorst-Pack K-sampling
mesh was used for integration in the Brillouin zone (BZ). The
atomic positions and the lattice constants were fully optimized
by the conjugate gradient algorithm. A vacuum region of 20 A
was used to avoid interactions between neighboring periodic
images of the monolayer. To confirm the dynamic stability of
the 1T-CrO, monolayer, phonon spectra were obtained using
the finite displacement method implemented in the CASTEP
package®® in Materials Studio software. Ultrasoft pseudopoten-
tials were used, and the energy cutoff and SCF tolerance were set
at 500 eV and 5 x 1077 eV per atom, respectively. The cutoff
radius was set at 5.0 A, which means that a 4 x 4 x 1 supercell
was employed. The Monkhorst-Pack grid and separation of
dispersion were set at the fine-level. To study the thermal
stability of the 1T-CrO, monolayer, ab initio molecular dynamics
(AIMD) simulations at 300 K for 6 ps were performed. Further-
more, to account for the localized 3d orbitals of the TM atoms
more accurately, the Hubbard U correction was employed
within the rotationally invariant DFT + U approach proposed by
Dudarev et al.,** where only the Ui = U — J value is meaningful
instead of the individual U and J values. We chose a broad range
of U values (0 ~ 5 eV) to allow a detailed examination of the
effects of electronic correlation on the electronic structure of
the system. The magnetic anisotropy energy (MAE) is defined as
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the difference of the energies corresponding to the in-plane axis
and out-of-plane axis. To obtain the magnetic anisotropy energy
(MAE), noncollinear non-self-consistent calculations with SOC
were performed.

3 Results and discussions
3.1 Structure and stability of the 1T-CrO, monolayer

Fig. 1(a) presents the top and side views of the 1T-CrO, mono-
layer, which contains one chromium (Cr) atom and two oxygen
(O) atoms per unit cell, and the Cr atom is sandwiched into the
two staggered O atomic layers. The space group of the mono-
layer is P3m1(D34, no. 164). The lattice constants of 1T-CrO, are
a = b = 2.89 A and the bond length between neighbouring Cr
and O atoms is 1.92 A. To prove the stability of the monolayer,
we calculate the energies under different strains and the results
are presented in Fig. 1(c). The percentage strain is defined as ¢ =
(a4 — ao)lay, where a, and a; are the lattice constants without or
with strain, respectively. We find that the pristine 1T-CrO, is
located at the energy extremum and it is stable under strain.
Moreover, by distorting the 1T-CrO, monolayer, we can obtain
a stable 1T4-phase of CrO, with a ferromagnetic magnetic
ground state. However, its average energy is higher than that of
1T-CrO,. Therefore, we can conclude that the 1T phase is more
stable than the 1Ty phase for 2D CrO,. The charge transfer
between Cr and O atoms was investigated by Bader charge
population analysis.*® The results show that each O atom gets
an average of 0.88e from the Cr atom, which indicates the ionic-
covalent characteristic of the Cr-O bonds. To evaluate the
energy stability of the 1T-CrO, monolayer, its cohesive energy
E.(Cr0,) and formation energy EfCrO,) were obtained with the
following formulae:

E(Cr) + 2E,(O) — E(Cr0O,)

EC(CFOZ) = 3 [1)
and
E(CrO,) — E(Cr0O,) — Eb3 (Cr) — 2E,(O) -

where E(CrO,) denotes the total energy of CrO, per unit cell,
Ey(Cr) and E4(O) are the energies of single Cr and O atoms,
respectively, and E,(Cr) and Ey(O) are the binding energies of
each atom in pure chromium metal (body center cubic) and
oxygen, respectively. The cohesive energy of the 1T-CrO,
monolayer is 5.69 eV per atom, which is smaller than that of 2D
graphene (7.86 eV per atom)*® but larger than those of 1T-ZrSe,
(5.35 eV per atom),”” 1T-YN, (4.28 eV per atom)’ and silicene
(3.71 eV per atom).*® The formation energy of the 1T-CrO,
monolayer is Ef{CrO,) = —1.78 eV per atom, and the negative
value of E; reveals that it can be synthesized from elemental Cr
and O. To investigate the dynamic stability of the 1T-CrO,
monolayer, the phonon spectra were calculated witha 4 x 4 x 1
supercell using the CASTEP package,* and the results are pre-
sented in Fig. 1(b). The absence of imaginary frequencies
reveals that the 1T-CrO, monolayer is dynamically stable. In
addition, it is clearly indicated that the dispersion of the ZA
mode around I is distinguished from the LA and TA modes,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Top and side views of the 1T-CrO, monolayer. (b) Phonon dispersion curves of the 1T-CrO, monolayer. (c) Total energy of the unit cell

as a function of strain. (d) Total potential energy fluctuation during molecular dynamicﬁsimulitions at 300 K for 6 ps for the 1T-CrO, monolayer.
(e) First Brillouin zone of the 1T-CrO, monolayer with the reciprocal lattice vectors b; and b,.

which is very similar to the 1T phase of other two-dimensional
materials, such as 1T-HfO,,** 1T-ZrSe, ** and 1T-HfTe,.** To
analyze the mechanical stability, we calculated the linear elastic
constants and the results with Voigt notation** are C;; = 18.69
Gpa nm, C,, = 18.53 Gpa nm, C;, = 9.25 Gpa nm and Cy4 = 4.59
Gpa nm. We can see that the elastic constants satisfy the Born-
Huang criteria well*® (Cy;C,,-C1,> > 0 and Cyy > 0), which
suggests the mechanical stability of the 1T-CrO, monolayer.
Moreover, ab initio molecular dynamics (AIMD) simulations
were carried out for 6 ps (with a time step of 1 fs) at 300 K and
600 K using a 4 x 4 x 1 supercell. The snapshots (the results
can be found in Fig. S1 in the ESI{) and evolution of the energies
as a function of time (see Fig. 1(d) and S1(c)}) reveal that 1T-
CrO, is preserved well under these temperatures.

3.2 Magnetic ordering

3d transition metal Cr is included in 1T-CrO, and its prefer-
ential magnetic ground state firstly needs to be confirmed. As
shown in Fig. 2, the antiferromagnetic (AFM) and ferromagnetic

(b)

Fig. 2 The spatial distribution of spin-polarized electron density for
the 1T-CrO, monolayer in the AFM (a) and FM (b) states. Yellow and
blue represent the spin-up and spin-down charge densities, respec-
tively. The isosurface is 0.03 e A=* and the gray area marks the AFM and
FM cells that we used.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(FM) configurations are presented for the supercell of 2 x 2 x 1.
The energy of the FM configuration is 0.144 eV per Cr atom
lower than that of the AFM one, indicating the ferromagnetic
ground state of the 1T-CrO, monolayer. The integration of the
spin-polarized electronic density around the Cr atoms shows
that the magnetic moment of each Cr atom is 2 pg, corre-
sponding to the d***" spin configuration of Cr*".

The magnetic exchange of the 1T-CrO, monolayer can be
explained by the Goodenough-Kanamori-Anderson (GKA)
formalism.**** According to the GKA formalism, the magnetic
properties are determined by two distinct exchange mecha-
nisms: the direct exchange between two Cr atoms, and the
superexchange interaction of Cr-O-Cr chains. Since the angle
of Cr-O-Cr is nearly 90° (97.61°), and the distance of two Cr**
cations is 2.89 A, as shown in Fig. 3(a), the direct AFM exchange
interactions are weak and the majority exchange mechanism is
the superexchange interaction. The d-orbitals of Cr can only
couple with the orthogonal p-orbitals of O, making it impos-
sible for electrons on one of the d-orbitals of Cr to hop to the d-
orbital of the nearest Cr atom. Therefore, the superexchange
between the nearest Cr atoms is mediated by the middle O atom

p-orbital
of Oxygen

pd

-d
ex(g]yange [ Pr ) Px \ exchange

of Chromium

Fig.3 (a) The structural parameters of the 1T-CrO, monolayer and the
angle of Cr—O-Cer. (b) lllustration of the superexchange mechanism in
1T-CrO..
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that forms a bridge between the two Cr atoms. It is worth noting
that the p-orbitals which mediate the hopping of the two d-
orbitals of the Cr atoms are the p, and p, orbitals of the O
atoms, as shown in Fig. 3(b). The energy of the system depends
on the relative spin orientation of the d and p states. According
to Hund’s rule, the O atoms tend to be triplet, namely the spin
orientations of the p, and p, orbitals are parallel, which means
that the d state hopping electrons of the two Cr atoms are also
parallel to each other. In this case, the superexchange of the
system produces the FM ordering for the 1T-CrO, monolayer.
The magnetic anisotropy of the 1T-CrO, monolayer induced by
SOC¥ is an important property related to its magnetic stability,
which keeps the long-range magnetic ordering of the monolayer
and counteracts thermal fluctuations.*®* We have performed
noncollinear magnetic calculations to obtain the magnetic
anisotropy energy (MEA) of the 1T-CrO, monolayer, and the
results indicate that the easy magnetization axis is along the in-
plane [100] direction.

3.3 Electronic properties and Curie temperature

Based on the ferromagnetic ground state of the 1T-CrO,
monolayer proven above, the spin-resolved band structure
without spin-orbit coupling (SOC) and the corresponding local
density of states (LDOS) are shown in Fig. 4(a). The results
indicate that there are two Dirac cones in the spin up channel
located at the high symmetry point K (denoted as D,) and the
high symmetry line I'-K (denoted as D,). D, is rightly located at
the K point and is similar to that of graphene and 1T-Na,C.*”
Therefore, we expect that this cone is protected by C; rotation
symmetry. For the cone of D,, we find that only the C, rotation
operator exists along the high symmetry line I'-X (Fig. S27).
Further symmetry representation calculations reveal that the
two crossing bands have opposite eigenvalues to the C, oper-
ator, which indicate D, is protected by the C, rotation symmetry.
The energy levels of the two Dirac points are 0.194 eV (D,) and
0.187 eV (D,) higher than the Fermi level. The results show that
the system has half metallic behaviour and the Dirac cones are
100% spin polarized. Moreover, the insulating spin-down
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channel shows a band gap of 2.48 eV, making the spin-up
channel, which includes the spin-polarized Dirac cones,
extremely pure and steady around the Fermi level. These char-
acteristics are favorable for spintronics due to it meaning spin-
flip is avoided.

According to the spin-resolved LDOS and orbital-resolved
band structures shown in Fig. 4, we find that the band cross-
ings are mainly contributed to by the d states of the Cr atoms.
Furthermore, the v¢ of the Dirac cones are 3.21 x 10° m s * (D,)
and 4.85 x 10° m s~ ' (D,), which are in the same order as that of
graphene (9.5 x 10° m s %),” and in particular the v¢ of D, is
above half of that of graphene, implying the high electron
mobility in the monolayer. The large gap of the insulating
channel (spin-down), in combination with the pure and high
electron mobility in the other channel (spin-up) of the 1T-CrO,
monolayer, can filter the current into a single spin channel
effectively. These properties can be beneficial for the applica-
tion of the 1T-CrO, monolayer in polarization optics and spin-
tronics.”™ When considering the effect of SOC, the results shown
in Fig. 4(b) indicate that the Dirac cones open negligible gaps of
17 meV (D;) and 21 meV (D,). The feature of the Dirac cones is
still preserved due to the tiny gap induced by the SOC which can
always be ignored with the thermal perturbation under room
temperature.

Additionally, the calculated 2D Young’s modulus is 140 N
m™", which is lower than that of graphene (340 N m™")** but
higher than those of 2D MoS, (130 N m™~")* and 2D NiCl; (25 N
m").2° According to the stress-strain diagram in Fig. S6,t we
find that the stress suddenly changes at a strain of 20%. This
indicates that 20% is the elastic limit of 2D CrO,. That is to say
that this material can keep its original stable structure when the
strain is not beyond 20%. These results demonstrate that the
effect of strain must be taken into consideration because it may
influence the band structure of the monolayer. Therefore, we
checked the stability of the DHM properties under external
strain. The DHM states are still preserved under strain of up to
+4%, and the results can be found in Fig. S3 in the ESLf
indicating the robustness of the DHM properties of the 1T-CrO,
monolayer with regards to external strain.

—~

(=)

~
w

|
W — PBE-up

— PBE-dn
—=- HSE-up

Energy (eV)
Energy (eV)

r M K

Fig. 4

M K r “r M K T

(a) Spin-polarized band structures from PBE and HSEQ6. The red (green) and blue (pink) lines (dashed lines) represent the spin-up and

spin-down channels calculated by PBE (HSEQ6), respectively. The spin-resolved local densities of states (LDOS) from PBE are also presented. (b)
Band structure with SOC. The tiny band gaps of D; and D, are 17 meV and 21 meV, respectively. All Fermi levels are set to zero. (c) Under the
trigonal crystal field of the O atoms, the d orbitals of the Cr atoms can be split into three groups: Eig(d,e_2, dy,), Exgldyz. dy2) and Agld,2).
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(a) The average magnetic moment (blue) and specific heat (red) as functions of temperature. The two figures reveal that the T, of 1T-CrO,

is 507 K. (b) The comparison of the T, of the 1T-CrO, monolayer with previously reported 2D transition metal compounds, where the green (blue)
bars represent the 1T structured (other structured) monolayer similar to (different from) that of CrO,.

For 3d transition metal compounds, the influence of corre-
lation effects is significant. To estimate the correlation effects,
the GGA + U method was used. Moreover, the cRPA** method
was used to evaluate the Hubbard U. The calculated U = 2 €V,
which indicates that the electronic correlation of element Cr in
the 1T-CrO, monolayer is weaker than that in the Cr,O; bulk
state (Uegr = 3.6 €V).*> The band structure with Hubbard Ueg =
2 eV is presented in Fig. S4(b) in the ESIL.} The results indicate
that the Dirac cones are well preserved. Interestingly, the
Hubbard U, enlarges the band gap of the spin-down channel to
larger than 3 eV, which is favorable for avoiding the spin flip of
the spin-up channel. Furthermore, we chose a broad range of
values of U from 0 eV to 5 eV to examine in detail the corre-
lation effect on the electronic structure of the system, and the
results are shown in Fig. S4 in the ESL{ The results show that
the influence of the Hubbard U.s on the electronics of the
system, especially the Dirac cones, is negligible. The half-
metallicity is well retained and the Dirac cone D, is close to
Fermi level with the increase in the value of U Intriguingly,
the band gap of the spin-down channel is enlarged with the
increase in the value of U.g. These results indicate that the DHM
characteristics of the 1T-CrO, monolayer are robust to the on
site Hubbard U, correction.

The Curie temperature (7.) is one of the most important
parameters to guarantee the magnetic ordering stability of the
1T-CrO, monolayer. Based on the energy difference (AE = 0.144
eV) of the AFM and FM orderings, we can estimate the T, from
the mean-field approximation (MFA)* via

%KB TMFA = AE (3)
where Kj is the Boltzmann constant. The obtained 7o is 1114
K. As the MFA tends to overestimate the value of T,,° we further
perform Monte-Carlo (MC) simulations with the magnetic Ising
model.>* We use a 100 x 100 lattice to perform MC simulations
and the periodic boundary condition is imposed. The numbers
of steps at each temperature is set to 1 x 10°. On each site, the
spin magnetic moment is set to 2 pg. The spin Hamiltonian can
be written as

© 2021 The Author(s). Published by the Royal Society of Chemistry

H=-Y_JS:S; (4)
)

where the summation runs over all six nearest neighboring Cr
sites and J is the nearest-neighboring exchange parameter,
which is defined as

Eapm — Epm

="z )
where Z = 6 is the number of nearest-neighboring Cr atoms in
the 1T-CrO, monolayer and Expm(ryy) S the total energy per unit
cell for the AFM ( FM) state. To illustrate the effect of strain on
the exchange constant J, we calculate the values of J with
different biaxial strains and the detailed results are presented in
the ESI.{ We find no evident changes happening in the range of
—5%-5% biaxial strain. The average magnetization Ma,, and
specific heat C, are defined by

Mas = > (M~ Mar) (6)
and
.- M) ) .

The calculated results of these at different temperatures are
presented in Fig. 5. We find that the average magnetic moment
suddenly decreases at around 507 K. At the same time, the
specific heat C, also reaches a sharp peak near this temperature.
Both of these results reveal that the Curie temperature of CrO, is
close to 507 K. This value share similar level with that of Mn,CF,
(ref. 55) and is higher than those of other transition metal
compounds.®**?**%7 A detailed comparison can be found in
Fig. 5(b). For a triangular system, the ratio of Curie tempera-
tures between mean field and experiment is approximately
equal to 0.61(Ta™*/T. = 0.61)**. According to our results of
TYFA = 1114 K and T, = 507 K, the ratio of these is 2.2, which is
almost three times the empirical value. The high T, of the 1T-
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CrO, monolayer demonstrates that it is a potential candidate
for future room temperature spintronics.

4 Conclusions

In the present work, we find that the 1T-CrO, monolayer is
a stable DHM with a Curie temperature of 507 K. Its ferro-
magnetic ground state can be understood by the superexchange
mechanism from the GKA rules. The large insulating gap (2.48
eV) of the opposite spin channel prevents the spin-flip transi-
tion happening between the two different channels. There are
two spin-polarized Dirac cones at the high symmetry point K
and along the high symmetry line K-I'. The Fermi velocities of
these two cones are in the same order as that of graphene. We
expect the 1T-CrO, monolayer to be a promising platform for
future high efficiency spintronic applications.
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