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The interplay between symmetry and magnetization directions in ferromagnetic materials provides an exotic
platform to investigate the symmetry-protected topological order. In this work, we propose that unexpected
ferromagnetic topological features, such as triple fermions and type-I and type-II Weyl fermions, can emerge in
three phases of chromium dioxide (CrO,), i.e., rutile CrO,, orthorhombic CrO, of the CaCl, type, and pyrite
CrO,. Using first-principles calculations and topology analysis, we reveal that the breaking of the spin-rotation
symmetry leads to tunable Weyl fermions that are robust against spin-orbital coupling, which can be easily realized
by manipulating the magnetization direction. In particular, rutile CrO,, a well-known half-metallic ferromagnet
used in magnetic recording tapes, is an ideal candidate to overcome obstacles of studying ferromagnetic topological
semimetals in experiments. The topological features in different phases of CrO, may bridge the gap between the
band topology and local chemical bonding. Our findings substantially advance the experimental realization of
ferromagnetic Weyl semimetals. More importantly, room-temperature ferromagnetic Weyl fermions in CrO, may
give rise to promising applications related to the topological phenomena in industry.
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I. INTRODUCTION

Topological semimetals or metals, in which the conduction
and valence bands cross each other near the Fermi level,
resulting in topological protected nodal points or nodal lines
in momentum space, are an emerging topological phase in
a condensed-matter system. Accordingly, different fermions
with nontrivial band topology have been proposed, i.e.,
fourfold-degenerate Dirac fermions [1,2], twofold-degenerate
type-1 or type-II Weyl fermions [3-7], three-degenerate triple
fermions [8,9], node-line fermions [10], etc. These protected
band degeneracies require a striking interplay of symmetry
and topology in electronic structures of realistic materials.
For instance, Dirac semimetal phases are protected by crystal
rotational symmetry [1,2] or nonsymmorphic symmetry [11];
Weyl semimetal (WSM) phases require either broken spatial-
inversion symmetry Z [12] or broken time-reversal symmetry
T [3.5]; node-line semimetals require a space-time inversion
(ZT) with spin-rotation symmetry [13,14] or a mirror reflec-
tion [15,16]. Distinguished from normal semimetals or metals,
the linear quasiparticle excitations in topological semimetals
or metals lead to diverse exotic quantum features. In particular,
WSMs which host the unique nodal points called Weyl points
(WPs) with definite chirality, acting as a magnetic monopole
in momentum space, exhibit interesting transport phenomena
such as surface Fermi arcs, a chiral anomaly, and anomalous
Hall effects [3-5,17,18]. Recently, WSMs were intensively
studied theoretically [3,5,12,19-27] and were observed in the
nonmagnetic TaAs family [28] and MoTe, [29].
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In comparison with nonmagnetic topological semimetals,
ferromagnetic (FM) topological semimetals with time-reversal
symmetry breaking are promising materials for future spin-
tronic devices due to their nontrivial electronic structures coex-
isting with intrinsic magnetic order [5,24,27,30]. As topologi-
cal properties in FM topological semimetals closely depend
on the magnetization direction, they will exhibit abundant
topological quantum phenomena, providing an exotic platform
to investigate the symmetry-protected topological order. Up to
now, however, only a few FM topological semimetals have
been proposed [5,24,27]. Topological fermions and accompa-
nying nontrivial surface states in FM topological semimetals
have not been successfully verified experimentally. It is well
known that the observation of topological features in FM
topological semimetals is challenging due to a number of
experimental or theoretical obstacles, e.g., magnetic doping,
magnetic domains, strong correlations, etc. [31]. Therefore,
searching for reliable FM topological materials that will be
easily verified in experiments is highly desired. Based on
the discussions above, we suggest one attractive route to
explore FM topological semimetals in widely used and well-
known materials. This not only is in favor of experimental
observations but also realizes room-temperature applications
of FM topological semimetals.

In this work, we propose that three phases of CrO,, i.e.,
rutile (7-)CrO;, orthorhombic (0-)CrO, of the CaCl, type, and
pyrite (p-)CrO,, can possess type-I or type-II Weyl fermions
that are strongly related to magnetic symmetries. The position
and structure of WPs are tunable in different phases of CrO,
by changing the magnetization direction with an externally
applied magnetic field, providing a realistic and promising
platform to study Weyl fermions with time-reversal symmetry
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breaking. In particular, »-CrO,, a widely used magnetic record-
ing material with a high Curie temperature in the range of 385—
400 K [32,33], is an ideal candidate to study FM topological
fermions in experiments. Importantly, we find that r-CrO,,
0-CrO,, and p-CrO, share similar chemical bonds; that is,
each Cr atom is surrounded by a distorted octahedron of six
O atoms, implying that the topological features in different
phases of CrO; highlight the link between the band topology
and local chemical bonding [34].

II. COMPUTATIONAL METHODS
AND CRYSTAL STRUCTURES

First-principles calculations are performed using the Vienna
Ab initio Simulation Package (VASP) [35,36] based on the den-
sity functional theory (DFT) [37]. The core-valence electron
interactions are treated using the projector augmented-wave
[38] method. The exchange-correlation potential is chosen
as the generalized gradient approximation with the Perdew-
Burke-Ernzerhof formalism [39,40]. A plane-wave basis set
with a kinetic-energy cutoff of 600 eV is used. The correlation
effect of Cr 3d electrons is considered by introducing the
effective on-site Coulomb energy U = 3 eV [41], which gives
an appropriate description that is in excellent agreement with
previously reported band structures and half-metallic proper-
ties of r-CrO, [42]. Importantly, FM topological features are
robust with U over a wide range.

In ambient conditions, CrO; crystalizes in a rutile structure
with space group P4,/mnm (No. 136), as shown in Fig. 1(a).
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FIG. 1. Crystal structures and Brillouin zone (BZ). (a) r-CrO,
with space group P4,/mnm (No. 136) and 0-CrO, with space group
Pnnm (No. 58) with two nonequivalent lattice constants in the plane
perpendicular to the ¢ axis. (b) The bulk BZ and the corresponding
surface BZ for r-CrO,. (c) Crystal structure of p-CrO, with space
group Pa3 (No. 205). (d) The bulk BZ and the projected surface BZ
for both (001) and (110) surfaces for p-CrO,. Cr and O atoms are
represented by green and red spheres, respectively.

The optimized lattice constants of r-CrO, are a = 4.470 A
and ¢ = 2.973 A, which nicely agree with the experimental
values @ = 4.421 A and ¢ =2.916 A [43]. Crystalline CrO,
hosts a number of pressure-induced structural phases [44].
Under a pressure of 12—-17 GPa [45], r-CrO, undergoes the
structural transition to 0-CrO; of the CaCl, type. 0-CrO, with
space group Pnnm (No. 58), in which two lattice constants
in the plane perpendicular to the ¢ axis are nonequivalent, is
very similar to »-CrO, [see Fig. 1(a)]. The calculated lattice
constants are a = 4.502A, b =4.429A, and ¢ = 2.968 A,
which are in good agreement with the experimental values
[45]. p-CrO, is demonstrated to be a stable FM half metal
at a critical pressure of ~45 GPa [46], and it crystalizes in a
simple-cubic lattice with symmorphic space group Pa3 (No.
205), as shown Fig. 1(c). The optimized lattice constant is
a=4.823A, agreeing well with previous calculations [46].
All three phases of CrO, are confirmed to be half metals with
a saturation magnetic moment of 2.00u 5. It is worth noting
that they share similar distorted CrOg octahedra, indicating
that they host similar local chemical bonds.

III. RESULTS AND DISCUSSION

A. Electronic and topological features of r-CrO,

In the absence of spin-orbital coupling (SOC), two spin
channels of r-CrO, behave differently. Namely, the majority-
spin states show metallic properties, while the minority-spin
channel has an insulating band gap [see Fig. 2(a)]. Our
calculations indicate that r-CrO, is completely spin polarized
at the Fermi level and exhibits half-metallic properties, which
is in excellent agreement with prior calculations [42,47]
and experiments [48]. The symmorphic group elements of
space group P4,/mnm contain inversion Z; twofold rotational
symmetry C, axes oriented along [100], [010], and [110]; a
fourfold rotational symmetry C, axis along [001] (i.e., the z
axis); and mirror reflection M;. In addition, the space group
P4,/mnm also possesses nonsymmorphic symmetries such
as Ny = {M,|t} and Ny, = {Cy,|T}, where T = (%,%,%)is the
translation vector of one half of a body diagonal. The triple
points (TPs) along the I'-Z direction shown in Fig. 2(a) can
be understood by considering symmorphic symmetries Z and
C4; and the nonsymmorphic N,. Based on symmetry trans-
formation, we have the relation N, Cs, = Co;T0,—1,0)(CazNx)
(where T(o,—1,0) is the translation operator acting on the Bloch
wave function); that is, N, and C4, cannot commute (see the
Supplemental Material (SM) [49]). Every momentum point
along the I'-Z direction is invariant under C4, and N,. Hence,
the little group Cy, in the I'-Z direction can require that a
twofold-degenerate band always crosses two singly degenerate
bands, resulting in the formation of two TPs, denoted as TP1
and TP2. These band crossings have been confirmed by recent
angle-resolved photoelectron spectroscopy (ARPES) measure-
ments [50]. In addition, two bands belonging to different C;
eigenvalues =i cross each other along the A-Z high-symmetry
line. As a result, a type-II WP appears, which is protected by
C, rotation symmetry along the [110] axis.

Due to weak SOC effects of both Cr and O elements,
SOC has only an insignificant influence on electronic proper-
ties of CrO,. Therefore, the half-metallic ferromagnetism is
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FIG. 2. Band structures of r-CrO,. (a) Band structure without
SOC. The majority- and minority-spin bands are denoted by the solid
black and dashed red lines, respectively. Two TPs (i.e., TP1 and TP2)
along the I'-Z direction and a type-II WP along the A-Z direction
are labeled. (b) Band structure in the presence of SOC with a [001]
magnetization direction. (c) and (d) Enlarged views along the I'-Z
and A-Z directions in (b), respectively. W1 (W 1) and W2 (W?2') arise
from TP1 and TP2 splitting, respectively, with [001] magnetization.

preserved in the presence of SOC, as shown in Fig. 2(b).
Although r-CrO, exhibits similar band structures with and
without SOC, they host different band topologies due to sym-
metry changes caused by the introduction of magnetization. It
is worth mentioning that all possible magnetic configurations
of r-CrQ, are nearly degenerate, implying that magnetization
directions can be easily manipulated by applying a magnetic
field. As a result, r-CrO; hosts various Weyl fermions depend-
ing on the magnetization direction. Here, we pay attention only
to the band topology of the [001] magnetization direction, and
the analysis of the [100] magnetization direction is provided
in the SM [49].

In the presence of SOC, two spin channels couple together,
and the spin-rotation symmetry is broken. When the magne-
tization is along the [001] direction, the symmetry of r-CrO,
is reduced to the magnetic point group Dy, (Cyy). In this case,
C, rotational symmetries along the [100], [010], and [110]
axes are broken, while the magnetic symmetry 7 C, is still
maintained. The little group of k(0,0,k;) along I'-Z is Cj,
and the mirror reflection along this direction is broken. As
shown in Fig. 2(c), the intrinsic magnetization along the [001]
direction will split the doubly degenerate band into two singly
degenerate bands denoted by I's (e='%) and 'y (¢! + ), which

cross bands I's (¢~') and I'; (¢! ¥), respectively, where T's,
I'¢, ['7, and I'g are the irreducible representations of fourfold
rotation Cy4,. Therefore, each TP splits into two type-I WPs
with opposite chirality; that is, TP1 is degenerated to WPs
W1 and W1, and TP2 is degenerated to WPs W2 and W2'.

TABLE I. Nodal-points of r-CrO, without and with SOC along
the [001] magnetization direction. The WP in the absence of SOC
is type-II. The coordinates in momentum space, Chern numbers, and
the energies relative to E are listed, respectively. The coordinates of

other WPs are related to the ones listed by the symmetries, P, Cy.,
TCQX, and TCzy.

Nodal Coordinates [k,(27/a), Chern E — Ep
point kyQ2m/a), k,(2m/c)] number  (eV)
Without SOC  TP1 (0,0, 0.1461) —0.256
TP2 (0,0, 0.4188) 0.428
WP (0.2669 0.2669 0.5) +1 0.092
With SOC Wi (0,0, 0.1451) —1 —0.254
wr 0,0, 0.1477) +1 —0.260
w2 (0,0, 0.4193) -1 0.427
w2 (0,0,0.4181) +1 0.430
w3 (0.1897, 0, 0.1069) +1 —0.279
W4  (0.1056, 0.1038, 0.0941) -1 —0.223

The [001] magnetization destroys the type-II WP along A-Z
with a nontrivial gap opening of ~10 meV [see Fig. 2(d)],
as the symmetry 7 C2;y does not allow band crossings on
this line. Interestingly, this type-II WP may survive with
the magnetization along the [100] direction, resulting in the
coexistence of type-I and type-II WPs in r-CrO, [49]. In
contrast, the existence of WPs in high-symmetry k,-k, and
ky-k, planes is allowed by the antiunitary symmetries 7 C»,
and 7 Cy,, respectively (see the SM [49]). Through careful
analysis, we find that WPs W3, which relate to Z, 7 Cs,, and
T Cyy, are present in the k, -k, and k,-k; planes. In addition, we
also find that WPs W4 locate near the k, = k, and k, = —k,
planes, and these WPs related by Z and C4, are accidental nodal
points, which do not correspond to any little-group symmetry.
Hence, WPs W4 are not stable and easily annihilate each other.
The precise coordinates, Chern numbers, and energies related
to the Fermi level Er of the nodal points are listed in Table 1.
The Chern numbers are calculated using the Z2PACK package
[51], in which the Wilson-loop method on a sphere around
WPs is employed [52,53].

B. Electronic and topological features of o-CrO,

In comparison with r-CrO,, 0-CrO, (space group Pnnm)
hosts a similar lattice structure and local chemical bonds, so
it exhibits half-metallic features and hosts similar band struc-
tures. However, the detailed topological features of 0-CrO;
are essentially different from those of r-CrO, due to the
lower symmetry of 0-CrO,. In the absence of SOC, 0-CrO;
possesses the point group Dy;,. The little group along I'-Z is
C»y, which cannot protect the TPs along this line but can allow
the existence of WPs (see Fig. S3 in the SM [49]). In addition,
in comparison with r-CrO;, 0-CrO;, does not possess WPs
along Z-A due to the absence of twofold rotational symmetry
C, along this line.

In the presence of SOC, we discuss only the case of [001]
magnetization. The corresponding band structure is shown in
Fig. 3. With a magnetization along the [001] direction, the sym-
metry of 0-CrO; reduces to the magnetic point group Dy (Cap).
The four WPs along I'-Z survive, protected by C,,. Namely,
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FIG. 3. The electronic band structures of 0-CrO; in the presence
of SOC with magnetization along the [001] direction. The bottom
panels show enlarged views of two crossing regions along I'-Z. The
WPs F1 (F1') and F2 (F2') are denoted by solid circles, which are
marked by red and blue, representing the WPs with Chern numbers
+1 and —1, respectively.

the crossing bands belong to irreducible representations I'; and
Iy of C,;. In addition, the antiunitary symmetries 7 C,, and
T Cy, allow the existence of WPs in high-symmetry planes
ky-k; and k -k, and the related WPs F'3 and F'4 are found. We
also find another kind of WP, F5, related by P and C,,. WPs
F'5 are generic nodal points and are not stable in principle. We
list the WPs of 0-CrO, with [001] magnetization in Table II.

C. Electronic and topological features of p-CrO,

The band structures of p-CrO, without and with SOC are
illustrated in Figs. 4(a) and 4(b), respectively, indicating the
half-metallic features of p-CrO,. In the absence of SOC, the
symmetry group contains four threefold rotational symmetry
Cs axes (i.e., [111], [111], [111], and [111]) plus inversion
I and three mirror symmetries M; (i = x,y,z). From the
magnified view of the band structure along I'-R (ork || [111])

TABLE II. WPs of 0-CrO, in the presence of SOC with the
magnetization along the [001] direction. The positions in momentum
space, Chern numbers, and energies relative to Ep are listed. The
coordinates of the other WPs are related to the ones listed by
symmetries, P, T Csy, T Cay, and C,.

Nodal Coordinates [k, (2 /a), Chern E—Er
point ky(2m /b), k. (27 /c)] number (eV)

F1 (0,0, 0.1378) -1 —0.270
F1 0, 0,0.1397) +1 —0.281
F2 (0, 0, 0.4089) -1 0.430
F2 (0, 0, 0.4078) -1 0.435
F3 (0.1891, 0, 0.1013) +1 —0.306
F4 (0,0.1443 0.1224) +1 —-0.279
F5 (0.1643, 0.0429, 0.0991) -1 —0.282

(d)

0.04

r k|| [111]

FIG. 4. The band structures of p-CrO,. (a) Band structure without
SOC. The majority- and minority-spin bands are denoted by the solid
black and dashed red lines, respectively. (b) The SOC band structure
with the magnetization along the [111] direction. (c) and (d) Enlarged
views along the I"-R direction (or k || [111]) near the I" point in (a)
and (b), respectively. The insets in (d) show the Chern numbers of
WPs determined by the Wilson-loop method.

in Fig. 4(c), we can see that a nodal point locates ~10 meV
below the Fermi level. This crossing point is a TP. Different
from those protected by Cy4, in r-CrO,, the TP on I'-R in
p-CrO, is protected by the threefold rotational symmetry along
the [111] axis C3'! [8,9,54].

In the presence of SOC, the [111] easy axis is found to be
the energetically most favorable magnetization direction. The
presence of SOC with amagnetization along the [111] direction
breaks the mirror reflection symmetries M; (i = x,y,z). The
corresponding magnetic space group with the [111] magne-
tization direction contains only six elements formed by two

TABLE III. WPs of p-CrO, in the presence of SOC along the
[111] magnetization direction. It must be noted that the TP occurs
in the absence of SOC. The positions, Chern numbers, and energies
relative to E are listed. W1 and W2 with opposite Chern numbers
are the type-1I WPs formed by the splitting of the TP in the presence of
SOC. WP W2 is the crossing between the Nth and (N + 1)th bands,
while the others are the crossings between the (N — 1)th and Nth
bands. The coordinates of the other WPs are related to the ones listed
by the inversion symmetry Z.

Nodal Coordinates [k, (2 /a), Chern E—Er
point kyQ2m/a), k,2m/a)] number (meV)
TP (0.0641, 0.0641, 0.0641) —10
w (0.0269, 0.0269, 0.0269) +1 +36
w1 (0.0621, 0.0621, 0.0621) -1 -6
w2 (0.0687, 0.0687, 0.0687) +1 —15
w3 (0.0011, 0.1414, 0.0842) +1 111
w4 (0.0907, 0.0006, 0.1613) +1 137
w5 (0.1419, 0.0844, 0.0010) +1 141
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FIG. 5. Fermi surface at the k, = k, [or (110)] plane. A part of
the BZ is shown, and a’ = ?a. (a) Without SOC, Er is set to the
TP (Er = —10 meV), and contact between electron and hole pockets
occurs at this point. With SOC, E is gradually tuned from W1 to W2,
the electron and hole pockets (b) occur at W1 (Er = —6 meV), (c)
disconnect (Er = —10meV), and (d) occurat W2 (Er = —15meV).
The contour lines formed by bands N — 1, N, and N + 1 are shown
in cyan, green, and magenta, respectively.

generators: inversion Z and C3 symmetry along the [111] axis.
With magnetization along this axis, the eigenvalues can be
distinguished by the irreducible representations of threefold
symmetry C3 as ¢'3 for I'y, ™5 for I's, and e =" for I'g. The
effective Zeeman field of SOC leads to the twofold-degenerate
band splitting into two singly degenerate bands, and each band
corresponds to either of the two irreducible representations, I'4
and I's. As shown in Fig. 4, the band I'¢ will respectively cross
the I'y and I's bands, forming two WPs with opposite Chern
numbers, denoted as W1 and W2. Another WP, W, induced
by the band crossing between I's and I'¢ is also present. Their
precise positions in momentum space, Chern numbers, and
energies related to the Fermi level E g are listed in Table III.

The nontrivial properties in topological metals do not sim-
ply depend on the relations between valence and conduction
bands because the occupied states are functions of the crystal
momentum k [23]. For instance, the WP W2 is the crossing
point between the Nth and (N + 1)th bands, where N is the
total number of valence electrons in a primitive cell of p-CrO;.
The WPs W and W1 are formed by the crossings of valence
bands N — 1 and N. In addition, we find more WPs between the
bands N — 1 and N, some of which are close to Er, denoted
as W3, W4, and W5. In comparison with the WPs on I'-R,
these WPs are accidental nodal points without the protection of
any little group and are not stable with respect to perturbation.
Detailed information about these WPs is also listed in Table II1.
Importantly, there is only one pair of symmetry-protected WPs
W2 forming at the boundary of electron and hole pockets, while
the other WPs arise at the crossing points of two pockets of
the same carriers. Therefore, the surface Fermi arcs from the
projections of two type-II WPs W2 may be clear and will be
easy to observe in experiments.

The TP without SOC and WPs with SOC in p-CrO, located
on the I'-R axis are type II [6,7]. This can be verified by

FIG. 6. Surface states and Fermi arcs of r-CrO,. The energy bands
projected on the (a) (100) and (b) (110) surfaces. (c) The regions
denoted by 1, 2, and 3 in (a) and (b) are enlarged in the left, middle,
and right panels, respectively. The red and blue dots indicate the
projections of WPs with Chern numbers +1 and —1, respectively.
The black dots are projected from two WPs with opposite chirality.
The Fermi arcs projected on the (d) (100) and (e) (110) surfaces.

examining the Fermi surface at the k, = k, [or (110)] plane.
Without SOC, the hole and electron pockets touch at the
position of the TP [Fig. 5(a)]. With SOC, when Ef is tuned
to W1, the hole and electron pockets touch at the position of
W1 between bands N — 1 and N, as shown in Fig. 5(b). A
further decrease of Er separates the electron and hole pockets
[Fig. 5(c)], and the pockets will touch again when E is tuned
to the energy of W2.

D. Surface states and Fermi arcs

Based on the maximally localized Wannier functions
[55,56], we obtain the surface states using the iterative Green’s
function method [57] as implemented in the WANNIERTOOLS
package [58]. We calculate the surface states of r-CrO,
projected on (001), (100), and (110) surfaces, respectively. We
find that the topologically protected surface states projected
onto (100) and (110) surfaces are clearly visible in Figs. 6(a)
and 6(b), respectively. The surface states on the (001) surface
are mostly hidden in the projection of bulk states, which
are supplied in the SM [49]. The band gap arising from the
type-II WP with SOC is nontrivial, exhibiting visible surface
states along A-Z [see the left panel of Fig. 6(c)]. The WPs
W1 (W1’) and W2 (W2') projected onto the (100) and (110)
surfaces are different. However, only W1’ is apparent, and its
projection acts as the termination of surface Fermi arcs, while
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the projections of other WPs are hidden in bulk states, as shown
in Figs. 6(a)-6(c). The WP W3 projected on the (100) surface
locates on I'-Z [see the middle panel of Fig. 6(c)]. There are
two topological surface states terminated at the projection of
W3 since this surface Dirac point projected from two WPs
with opposite chirality. Similarly, the projection of W4 on the
(110) surface also exhibits two nontrivial surface states which
are distributed on two sides of the surface Dirac core, shown
in the right panel of Fig. 6(c). The projections of the bulk
Fermi surface onto the (100) and (110) surfaces are shown in
Figs. 6(d) and 6(e), respectively. The nontrivial Fermi arcs are
clearly visible and very long, making them easy to observe
in ARPES. The compounds 0-CrO, and p-CrO, also exhibit
visible Fermi arcs and are included in the SM [49].

E. Quasiparticle interference

The surface Fermi arcs are crucial properties associated
with the topological nontrivial features of bulk WPs. On the
one hand, the surface Fermi arcs can be directly confirmed
by ARPES. On the other hand, they will exhibit unique
signatures in quasiparticle interference (QPI) and can be
observed via spectroscopy measurements using scanning
tunneling microscopy. Compared with the projected Fermi
surface of nonmagnetic WSMs in which Fermi arcs are
spin textured and time-reversal symmetry prevents scattering
between the states with opposite spins, the spin-polarized
Fermi arcs in half-metallic CrO, will exhibit single-spin
scattering. Hence, the QPI pattern of surface states is mainly
dominated by initial and final states in momentum space. It
can be approximated by the joint density of states (JDOS) as
a function of momentum difference q [59]:

J(q.e) = / Pk k.0 K+ ), ()

where p(kj,€) = —%Im[TrG(k”,e)] is the momentum-
resolved surface density of states of a clean sample and
G(k,€)] is the surface Green’s function at surface momentum
vector k and energy € relative to the Fermi level. The weighted
Fermi arcs of r-CrO, with only the surface contribution on
the (100) and (110) surfaces are shown in Figs. 7(a) and 7(b).
We can see that the open Fermi arcs have a nearly constant
spectral density. Based on the curvature of the weighted Fermi
arcs, we can identify four different groups of scattering wave
vectors for two surfaces, i.e., Q1 to Q4 for the (100) surface
and q; to g4 for the (110) surface. Figures 7(c) and 7(d)
illustrate the JDOS patterns for (100) and (110) surfaces of
r-CrO,, respectively. In addition, the QPI pattern of p-CrO,
is clearly visible (see Fig. S4 in the SM [49]).
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FIG. 7. The weighted Fermi arcs and JDOS of r-CrO,. The
weighted Fermi arcs with only a surface contribution on (a) the (100)
and (b) (110) surfaces. The scattering wave vectors are denoted by
0, (gq1) to Q4 (g4) for the (100) [(110)] surface. The JDOS patterns
for (c) the (100) and (d) (110) surfaces related to the scattering wave
vectors are visible.

IV. SUMMARY

In summary, we proposed that FM Weyl fermions can exist
in three different phases of CrO;. The breaking of spin-rotation
symmetry leads to the tunability of Weyl fermions, which can
be easily realized by manipulating the magnetization direction.
In particular, r-CrO; is an ideal candidate to investigate FM
topological semimetals, possessing potential topology-related
applications at room temperature. In addition, the topological
features in different phases of CrO, may establish the strong
relationship between the band topology and local chemical
bonding. The topologically protected surface states and Fermi
arcs are clearly visible. Our findings strongly suggest that
CrO; not only provides a promising platform to investigate
the symmetry-protected topological order but also provides
an exotic avenue to search for the desired FM topological
semimetals in a framework of band structures arising from
local atomic orbitals.
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