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ABSTRACT: It is highly desirable to combine recent
advances in the topological quantum phases with technolog-
ically relevant materials. Chromium dioxide (CrO,) is a half-
metallic material, widely used in high-end data storage
applications. Using first-principles calculations, we show that
a novel class of half semimetallic Dirac electronic phase
emerges at the interface CrO, with TiO, in both thin film and
superlattice configurations, with four spin-polarized Dirac
points in momentum-space (k-space) band structure. When
the spin and orbital degrees of freedom are allowed to couple,
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the CrO,/TiO, superlattice becomes a Chern insulator without external fields or additional doping. With topological gaps
equivalent to 43 K and a Chern number +2, the ensuing quantization of Hall conductance to +2¢”/h will enable potential
development of these highly industrialized oxides for applications in topologically high fidelity data storage and energy-efficient

electronic and spintronic devices.
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he defining feature of massless Dirac Fermions"” is a

linear energy dispersion, implying that a quasiparticle
moves at a constant speed independent of its energy, as
governed by relativistic quantum mechanics. The exploration of
novel Dirac materials with bulk Dirac or Dirac—Weyl states
remains a §reat challenge in condensed matter and materials
physics.”~'" It is very interesting to develop materials with
single-spin Dirac points, which may be called a half semimetal.
Half metals are a class of ferromagnetic materials in which the
conduction is dominated by one spin component, while the
other spin is gapped, which stands to enable reduced device size
and nonvolatile memory. At a rudimentary level, a half
semimetal will harbor the fascinating Dirac physics' "% all
with a single spin. As a not-so-trivial consequence, it may lead
to Chern insulators''~"* or valleytronics materials'>~"® when
the low-energy excitations turn massive. A Chern insulator
exhibits quantum anomalous Hall (QAH) effect with a
quantized, dissipationless transport from the chiral edge
channels, in the absence of external magnetic field and the
magnetic field-induced Landau levels. It was established
experimentally recently in magnetically doped topological
insulator at 30 mK.'* Yet, there is no basic reason that this
fundamental phenomenon can only be realized based on
topological insulators. A half semimetal will be a viable
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precursor for the QAH phase, without the need for magnetic
doping. For these reasons, it is highly desirable to achieve
ferromagnetic half-semimetallic phase, which will significantly
broaden the scope of the study of topological materials.
Precisely controlled growth of heterojunctions of oxides
offers a unique avenue for exploring novel topological phases,
enjoying rich interplay of orbital, charge, spin, and lattice
degrees of freedom.”"** In the letter, we investigate the
possibility to fashion two-dimensional (2D) chromium dioxide
(CrO,) layers into single-spin Dirac states by interfacial orbital
design, given that bulk CrO, is a robust half metal even at
elevated temperatures™ > and widely used in enterprise-grade
data storage. Based on first-principles calculations, we show that
in heterostructures of CrO, and TiO,, the d-orbitals of Cr are
isolated into Dirac states, with four single-spin Dirac points in
the 2D k-space. Spin—orbit coupling (SOC) renders these
Dirac nodes field-tunable; that is, they can continuously vary
from massless to massive by aligning their magnetization. The
non-Abelian Berry curvature is directly calculated using ab
initio method, which indicates that the gapped CrO,/TiO,
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superlattice with out-of-plane magnetization is a topological
Chern insulator with a Chern number = +2, having twice the
chiral edge states available from the Chern insulator based on
topological insulators."””"* We also propose a low-energy
effective model Hamiltonian and discuss the role of symmetry
for Dirac states in 2D CrO, systems. Experimental advances
suggested by these theoretical proposals will pave the way
toward field-tunable single-spin Dirac Fermions and high-
temperature QAH states, with potential applications in
spintronics as well as low-power and noise-tolerant quantum
electronics.

Single-Spin Dirac Points. Both CrO, and TiO, have stable
rutile (XO,, X = Tj, Cr) phases. In the rutile structure, each
metal atom, Cr or Tj, lies in the center of an octahedral cage
formed by six oxygen atoms. These XOg octahedra share
corners to form a three-dimensional network in the space group
P4,/mnm (Figure la). We define local coordinates for the
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Figure 1. Structure and symmetry of rutile oxides and the
heterostructures of CrO, and TiO,. (a) Rutile structure cleaved
along (001) plane, showing the XOg4 octahedra with two distinctive
orientations. (b) Symmetry and local coordinates of a XO, unit cell.
Here, we use xyz for the local coordinates and abc for the global
orientation. (c) Structural model of the superlattice of CrO, and TiO,.
(d) Structural model of CrO, thin film on TiO, substrate. Orange,
blue, and gray balls correspond to Cr, Ti, and O, respectively.

metal sites to account for two orientations of the oxygen
octahedra, as depicted in Figure 1b. The X—O bonds along the
crystallographic a = b (or [110] and [110]) directions are
elongated. Consequently, the local symmetry of the distorted
octahedral shell is D,;, for which the principal 2-fold axis (i.e.,
the local z axis) can be aligned along the corresponding
elongated X—O bonds. Crystallographic (110) and (110)
planes are planes of mirror symmetry of the distorted
octahedra, which we call M, and M_, respectively. The system
also has a 4-fold rotoinversion, S,. M, and S, constitute the
generators of the lattice point group.

As shown in Figure 1c,d, we construct two types of CrO,/
TiO, heterostructures, i.e., superlattices of CrO, and TiO, and
ultrathin films of CrO, coupled to a TiO, substrate, which both
include the 2D CrO, layers, given that CrO,/TiO, hetero-
structures are readily achievable.”"*> While the superlattices
inherit the S, and M, symmetries of the rutile structure, M,
remain intact but the S, symmetry is broken in the thin film
models. We investigate the geometric and electronic structure
of these 2D CrO, systems, using density functional theory
(DFT), within the generalized-gradient approximation,”®™* as
detailed in the Methods section. A series of (CrO,),/(TiO,),,
superlattice and thin film models with indices (n—m) are
considered in our first-principles calculations. Here, the n and m
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refer to the number of XO, (X = Cr, Ti) formula units per unit
cell in the models. With the number of TiO, layer (m = 10 for
the superlattice and m = 9 for the thin film), an insulator-to-
metal transition is observed as the layer number n of CrO, layer
increases, as shown in Figures S1 and S2 of Supporting
Information (SI hereafter). During the phase transition, a novel
class of half semimetallic Dirac electronic phase emerges in the
heterostructures, with n = 4 for the superlattice and n = 5 for
the thin film, which will be focused upon in subsequent
discussions.

For (4—10) superlattice and (5—9) thin film systems,
ferromagnetic (FM) ordering in the 2D CrO, layer is
energetically favored compared with the antiferromagnetic
(AFM) and nonmagnetic ones, similar to the case of bulk
CrO,. The Epy — Eppy = —214 and —127 meV/Cr for the
superlattice and thin film, respectively. The nonmagnetic
configuration is more than 1.2 eV/Cr higher in energy. As
shown in Figure 2a,b, these models give rise to clear single-spin
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Figure 2. Single-spin Dirac points of CrO,/TiO, interfacial states.
(a,b) Nonrelativistic DFT band structure of superlattice and thin film
models, respectively. Here, the blue and red bands are for two spins,
and the Fermi level is set to zero energy.

Dirac states at the Fermi level, absent other electronic levels in
a 0.1-0.2 eV window. Two bands cross the Fermi level at four
distinct points, which are along the diagonals of the Brillouin
zone (BZ), namely, the path of mirror planes. For the (4—10)
superlattice, these crossing points have equal distance away
from the center of BZ, located at kp = +(0.482, +0.482)x. For
the (5—9) thin film, four Dirac points are present with unequal
distances away from the center of BZ, located at +(0.206,
0.206)7 and +(0.454, —0.454)7. The numerical gaps in the
Kohn—Sham bands at the band crossing points kj, are found to
be less than 0.1 meV, indicating that the system is truly half-
semimetallic, and that the inter-CrO, layer coupling between
periodic images is vanishingly small. Examining these two bands
in the vicinity centered at kp, it is found that away from this
point a gap opens linearly. In contrast, Pardo and Pickett”
proposed that VO,/TiO, nanostructure exhibits half metallic
semi-Dirac dispersion, but which does not become completely
massless Dirac Fermions.”” Besides, VO, is strongly correlated
in the sense that both electron—electron and electron—phonon
channels are important,® and consequently VO, may not be
well described by DFT-based calculations within the static
lattice approximation. By comparison, DFT in the LDA+U
framework is quite successful in describing the basic electronic
structure of CrO,.>"*> Moveover, these Dirac cones are rather
anisotropic, with principal Fermi velocities falling in the range
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1.0—2.2 X 10° m/s, roughly an order of magnitude smaller than
that of graphene (see Figure 3a).
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Figure 3. Field-tunable Dirac points in (CrO,),/(TiO,),, superlattice.
(a) The 2D band structure without SOC in the vicinity of a Dirac
point. (b) The 2D band structure with SOC in the vicinity of a Dirac
point magnetized along c-direction. (c) The band gap of the
superlattice as a function of the strength of SOC, magnetized along
c-direction. (d) The band gap of the superlattice with rotating the
direction of magnetization from crystallographic [001](6 = 0°) to
[110] (0 = 90°) within the (110) plane.

The Dirac points in the above interfacial electronic phase are
quite extraordinary, from three points of view. First, they are
single-spin Dirac species, unlike graphene that has 2-fold spin
degeneracy. Second, these single-spin Dirac points are not
located at high-symmetry points, in contrast to typical Dirac
systems such as graphene and the surface states of 3-
dimensional topological insulators. Third, these Dirac points
are field-tunable; that is, they can be massless (gapless) or
massive (gapped) depending on straightforward field align-
ment.

Specifically, the field-tunability of the Dirac points is
associated with gap opening by SOC effect, as is introduced
in relativistic DFT calculations. When the crystallographic c-
direction is the spin quantization axis, mirror symmetry (M, ) is
broken. The SOC lifts the degeneracy at the Dirac points, and
identical gaps of 3.7 meV are opened up at each Dirac node in
the (4—10) superlattice, with S, symmetry preserved (see
Figure 3a,b). To ascertain that the gap is induced by SOC and
is accurately determined, we examine how the gap depends on
the strength of SOC. The strength of SOC is characterized by
(c/c')?, where ¢ is the speed of light in vacuo, and ¢’ the
artificially retarded speed of light used in actual calculations.
The linearity of gap vs SOC strength plot in Figure 3c gives
accurate extrapolation to the band gap at full speed of light,
assuring that the gap is induced by SOC and is computed
correctly. In the case of (5—9) thin film, SOC opens gaps
differently for Dirac points on the diagonal (k, = k,) and
antidiagonal (k, = —k,) of the BZ. The gap is over S meV on
the antidiagonal, but about 0.5 meV on the diagonal. The thin
film remains semimetallic by the electron—hole compensation
between valleys (details in SI).

However, if the superlattice is magnetized by an in-plane
field, one expects a momentum shift of the Dirac point rather
than gap opening.”” We have computed the electronic structure
of CrO,/TiO, superlattice with in-plane spin quantization
along crystallographic [110], [110], [100], and [010] directions
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(See Table 1 in SI). With a very dense k-mesh we find that the
gaps in these cases are less than 0.1 meV in all valleys. For the
magnetization along [110], gapless Dirac points in the first and
third quadrants deviate from the diagonal of the Brillouin zone
(BZ), but remain symmetric with respect to M_. The other two
nodes are still on the antidiagonal of BZ but with unequal
distances away from the center of BZ. They are expected as M,
is broken whereas M_ remains intact. For the [110]
magnetization, the momentum shift of Dirac points respects
the absence of M_ and the presence of M,. For [100] or [010]
magnetization, two broken mirrors lead to lower symmetries of
the location of Dirac points. Besides, there is an electron—hole
compensation of a few meV between valleys with in-plane
magnetization. Figure 3d further shows the band gap of the
superlattice gradually increases as the magnetization direction
rotates from [110] to c-direction, demonstrating that the Dirac
states of the interfacial quantum phase can be continuously
tuned by rotating the magnetization.

Quantum Anomalous Hall Effect. When M, are broken
but S, symmetry is preserved, the single-spin massive Dirac
states in the superlattice by [001] magnetization will become a
nontrivial Chern insulator. It is of interest to quantify the
topological character of the SOC-gapped superlattice, by
computing the U(N) Berry curvature of Kohn—Sham Bloch
states, Q(k), as™*

Q(Kk)5k 0k, = Arg{det[L,(K)L,(k + 5k,)L; (k + 5k,)L; (k)]}
(1)

where L, (k) =@'(k) - 6(k + 6k,) with & = a,b and 5k, = 5k 2,
Here, #(k) = [lu)(k)), .., luy(k))], with u;(k) being the cell-
periodic part of the Bloch wave function, y;(k), of the jth band
at k. A quadrant of BZ is pixelated into 60 X 60 plaquettes for
evaluation of U(N) Berry curvature. A total of 176 bands up to
the band gap are considered, below which there is a subvalence
gap of about 10 eV. The full zone Berry curvature (see Figure
4a) can be retrieved by imposing S, symmetry. Integrating the
non-Abelian Berry curvature over the 2-torus BZ yields a Berry
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Figure 4. Topological character of Dirac states in the (CrO,),/
(TiO,)yo superlattice. (a) The non-Abelian Berry curvature over the
entire BZ. The Berry curvature is given in the units of area of real-
space unit cell. (b,c) The U(1) Berry curvature of the massive Dirac
valley of the highest-occupied valence band and the lowest-unoccupied
conduction band, respectively. The U(1) Berry curvatures have
opposite signs for the electron and hole excitations.
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phase of 4.00 7. We note that the Hall conductance, o,, = (1/
27) f dk €, where o, is given in the units of conductance
quantum, €*/ h.%> Therefore, the interfacial material is a Chern
insulator and will exhibit a fully quantized Hall conductance, o,

+2.00¢*/h. Here, the + sign corresponds to the sense of
magnetization of the material prior to the Hall measurements.

Figure 4a also shows that the main contribution to the U(N)
Berry curvature in the (4—10) superlattice is sharply
concentrated around the locations of the four massive Dirac
states, indicating that the main source of the anomalous
conductivity arises from the SOC gaps. To confirm this, we
compute the U(1) Berry curvatures of the valence and
conduction bands across the gap, as shown in Figure 4b,c.
We see that the massive Dirac Fermion states show prominent
U(1) Berry curvature near the gap, with opposite signs for the
electron and hole excitations. The integration of the Berry
curvature of the highest occupied band in the vicinity of the gap
over the small k-space region for a single valley encloses a Berry
phase of ~0.95 X &. By the S, symmetry of the system, the four
valleys will have identical contribution to the Hall conductance.
This confirms that the SOC gap dominates the anomalous
velocity of Bloch electrons.

Discussion. Given that the spin polarization in CrO,/TiO,
heterostructures is inherited from CrO,, single-spin Dirac states
and QAH state may mainly arise from the 2D CrO, layer in the
heterostructures. To ascertain the origin of novel Dirac
electronic phase, we compute the projected electronic density
of states/band structure and Kohn—Sham wave functions,
which reveal that Dirac states in the heterostructure are indeed
contributed by 2D CrO, layer (see Figures S3—S6 in SI). While
half-metallicity of bulk CrO, is already known, these novel
quantum states in 2D CrO, systems are quite intriguing.
Moreover, analyses of the Kohn—Sham wave functions
demonstrate that the dominant orbitals of Dirac states are
the combination of d,, and d,, orbitals of Cr atoms, of which
projection views are shown schematically in Figure Sa, while the
other t,, orbital, d,, is away from the Fermi level. The splitting
of t,, orbitals is due to the local D,, symmetry at Cr sites by
axial elongation of the octahedron. The same applies to
conducting channels close to the Fermi level of bulk Cr0,.”!

To further confirm the roles of the 2D CrO, layer in forming
single-spin Dirac states, we now establish the bonding
mechanism of the CrO, layer (Figure la), based on dominant
d,, and d,, orbitals of Cr atoms. We consider one single CrO,
bilayer for simplicity, which contains only two Cr with different
heights in a tetragonal unit cell, referred to as sites A and B,
respectively. With four Wannier bases, {ld..(A))Id.(A)),
d,.(B)),ld,.(B))}, a tight-binding (TB) spinless Hamiltonian,
H,, immediately follows, taking into account the nearest-
neighbor (NN) and next nearest-neighbor (NNN) bonding

Hy Hyp
(}{k = t
Hyp Hp (22)
8,-“(‘1) 0
j = P I=AB
0 ¢&%(q (2b)
—2t3(cos q, + cos qz) 2it, sin q,
Hy =
2it, sin q, 0 (20)
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Figure S. Tight-binding (TB) model of one single CrO, bilayer. (a)
The Wannier-like basis orbitals considered in our TB model. Left
panel: d,, on sites A and B. Right panel: d, on sites A and B. The
lobes of orbitals are colored to show a 7 phase difference. (b,c) TB
band structure of the superlattice and the thin film models,
respectively. The green (black) bands correspond to even (odd)
mirror eigenstates, with respect to M, or M_. The arrows represent the
photoemission or the vertical interband transition. Solid (dashed)
arrows stand for light linear polarization parallel (perpendicular) to the
corresponding mirror plane.

where g, = (k, £ k;,)/2, and £/(q) = E + 4t cos q; cos q,,
with — 7 < k,k, < 7. Ef' are on-site energies and ¢ the NNN
hopping, with site index j = A, B and orbital index a = d,,, d,..
The NN hopping is described by ¢, t,, t;. Notice that ¢; and ¢,
do not vanish because sites A and B are not on the same (001)
plane. The NN hopping between Id,.)’s on sites A and B is
zero, as ensured by M, mirror planes.

The Hamiltonian proposed above leads to band structures
shown in Figure Sb,c, for which the parameters used are given
in SI. In Figure Sb, the parameters are chosen respecting the S,
symmetry, i.e., Ef = Eg and f§ = t5. We may also break the S,
symmetry, by setting unequal on-site energies of orbitals of A
and B sublattices, as shown in Figure Sc. In both cases, there are
four Dirac points arising along the BZ diagonals, with lkp,| =
lkpyl. The four Dirac points are band contact points between
the second and third Bloch bands in energy. They have equal
distances away from the center of BZ for the case with S,
symmetry, while the distances become unequal with a broken
S, symmetry. These two parameter settings correspond to the
superlattice and thin film models, respectively, and indeed give
similar band structures with the corresponding first-principles
results in Figure 2. Note that the Wannier bases in TB bands
with one CrO, bilayer considered should be referred to as
effective combinations of more d,, and d,, orbitals in CrO,/
TiO, heterostuctures, given that the heterostructures include
more Cr sites and more effects, such as geometric relaxation.
Moreover, when symmetry-allowed NN SOC terms between
d,. orbitals on sites A and B are added, the Hamiltonian gives a
Chern number of +2 and two gapless chiral edge modes within
the bulk gap (See SI).

The presence of four degenerate Dirac points away from
high-symmetry points in CrO,/TiO, superlattice is very
interesting and important to the proposed single-spin Dirac
states and QAH state. Then we make a remark upon the role of
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symmetry of CrO,/TiO, superlattice, which can be general-
izable in search of novel Dirac systems. Specifically, it is crucial
to realize that the S, symmetry is key to the formation of the
four Dirac points, akin to the role of inversion symmetry to
Dirac points in graphene.”® We define a unitary matrix
associated with the S, symmetry, w,,, (k) = (u,, §4k|§4|un,k>' It
can be readily shown that the Berry flux bounded by the first
quadrant of BZ is uniquely determined by the w-matrices of
1'(0,0) and M(z,x), as

det[w(I")]

exp[if%ZM Alk)-dk] = det[w(M)]

©)

where A(k) is the Berry connection (see SI). For the spinless
Hamiltonian in eq 1, det{w(I")]/det[w(M)] = —1 for the lower
two bands signifies band inversion with respect to S, symmetry
between I" and M, ensuring that a +7 Berry phase is enclosed
by a quadrant of BZ. Absent SOC, the +7 Berry phase ensures
gaplessness and consequently the formation of Dirac point in
each quadrant of BZ, when both S, and M, are present. When
M, are broken and SOC induces band gaps, the S, symmetry
ensures that the system is a Chern insulator, with a +47 Berry
phase enclosed by the full BZ. For the thin film model, four
Dirac states may survive under the continuous perturbation of
the on-site energies. Moreover, M, serves to put the Dirac
points along the diagonals of BZ and has interesting
consequences. The Bloch states along I'—(z,7) and I'—
(n,—m), are mirror eigenstates with respect to M, and M_,
respectively. The manifestation is optical selectivity in both
photoemission and interband transition under linearly polarized
light,”” as shown in Figure Sb,c. It can be well understood by
mirror-symmetry analysis on momentum-resolved optical
transition matrix element, P(k) = <V/f,k|ph//i,k>' Here, p is the

momentum operator, along the direction of linearly polarized
optical field; y; and y; are the wave functions of initial- and
final-state, respectively. When the optical field is parallel
(perpendicular) to the mirror plane, p is even (odd) under
mirror reflection. For the symmetry-allowed photoemission
with a finite matrix element, a even (odd) Bloch initial-state is
required with respect to the corresponding mirror plane, given
that the final-state is the continuum and seen to be even.
Besides, the vertical interband transition can also take place
between two Dirac bands with opposite mirror eigenvalues,
under the optical field perpendicular to the mirror plane.

Experimentally, the QAH state, arising from single-spin Dirac
states, offers a few advantages over the only experimentally
established QAH system, which required magnetic doping and
showed full quantization of Hall conductance at about 0.03 K."*
The ferromagnetic CrO,/TiO, does not require additional
magnetic impurity atoms, which are a source of scattering and
could have lowered the transition temperature. Second, the
band gap of the present system corresponds to 43 K, indicating
that QAH state may be achieved at considerably higher
temperatures. The present system has unique symmetry that
ensures its topological character and is composed of two highly
industrialized oxides, for which process technologies are rather
mature for fabrication of the heterostructure.”**

Conclusion. In summary, we demonstrated that the
interfacial electrons at the CrO,/TiO, heterostructures can
be fashioned into single-spin Dirac states. In the superlattice
model, we can obtain a Chern number = +2 QAH phase, which
will enable dissipationless digital signal transmission with
minimal influence of noise. The first-order experiments will
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include spin-polarized angle-resolved photoemission spectros-
copy (ARPES) to characterize these field-tunable Dirac states.
Direct Hall measurements on the superlattice samples with out-
of-plane magnetization will reveal the conductance plateau,'”"*
which should be robust against weak disorder that may be
present in the sample. The optical selectivity in photoemission
and interband transition from mirror symmetries can be probed
by ARPES” and time-resolved ARPES, respectively. Addition-
ally, different substrates, instead of TiO,, should also be
assayed, as stronger SOC of the substrate may further boost the
band gap (cf. Figure 3c).

Methods. Our ab initio calculations are performed using the
projector augmented wave (PAW) method, as implemented in
the Vienna ab initio Simulation Package (VASP).””** They are
based on density-functional theory (DFT) with the generalized
gradient approximation (GGA) in the form proposed by
Perdew, Burke, and Ernzerhof (PBE).”° On-site Coulomb
interaction is included in the mean-field, rotationally invariant
GGA+U approach with U=J = 2 eV for Cr 3d orbitals, as
suggested by previous calculations.’””® We have also tested
different U—]. Within a wide window of U—]J, the single-spin
Dirac states and quantum anomalous Hall state are robust (see
details in SI). A plane-wave cutoff of 520 eV is used. The
valence includes 12 electrons for Cr (3p®3d®s'), 12 for Ti
(3s?3p®3d*4s?), and six for O (2s%2p*). The in-plane lattice
constant is set to 4.65 A, i.e., the optimized lattice constant of
bulk TiO,, because TiO, layers are constructed as a infinite/
semi-infinite substrate to support ultrathin CrO, layers in the
superlattice/thin film model. Besides, by testing a series of
strain, it is seen that the single-spin Dirac states and quantum
anomalous Hall state are also robust against strain (see SI). For
the ultrathin films, a vacuum layer larger than 16 A is adopted.
We relax the ions toward equilibrium positions until the
Hellman—Feynman forces are less than 0.01 eV/A.
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