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We show that a class of compounds with I 4/mcm crystalline symmetry hosts three-dimensional
semi-Dirac fermions. Unlike the known two-dimensional semi-Dirac points, the degeneracy of these
three-dimensional semi-Dirac points is not lifted by spin-orbit coupling due to the protection by a
nonsymmorphic symmetry — screw rotation in the a-b plane and a translation along the c axis. This
crystalline symmetry is found in tetragonal perovskite oxides, realizable in thin films by epitaxial
strain that results in a0a0c−-type octahedral rotation. Interestingly, with broken time-reversal
symmetry, two pairs of Weyl points emerge from the semi-Dirac points within the Brillouin zone,
and an additional lattice distortion leads to enhanced intrinsic anomalous Hall effect. We discuss
possible fingerprints of this symmetry-protected band topology in electronic transport experiments.

Protected band degeneracy continues being a funda-
mental topic of interest to understand the physics of
various topological semimetals, e.g. Dirac, Weyl, and
nodal loop semimetals [1–6]. The guiding principle to
classify these topological semimetals has been the pres-
ence of one or more symmetries that allow degenerate
eigenstates [7, 8]. Spin-orbit coupling (SOC) lifts the
band degeneracies everywhere except at momenta where
symmetry enforces that the matrix elements of the SOC
operator vanish [9]. Since SOC is present in all materials,
the implication is that unless there is a special symmetry
that protects the band degeneracy, the topological nodal
semimetals exist in the theoretically-idealized case when
SOC is zero.

Semi-Dirac fermions in two-dimensional solids connect
the physics of monolayer graphene that exhibits lin-
ear band dispersion near the Dirac points and bilayer
graphene that has quadratic band dispersion near the
band-touching points [10, 11]. The semi-Dirac points,
in which both linear and quadratic band dispersions oc-
cur along different momentum directions, exist in the ab-
sence of SOC, in various systems including hexagonal lat-
tices under a magnetic field [12], VO2-TiO2 heterostruc-
tures [13, 14], BEDT-TTF2I3 salt under pressure [15],
silicene oxide [16], photonic crystals [17], and Hofstadter
spectrum [18]. The quadratic dispersion along one of the
momentum directions leads to an enhanced density of
states at low energies as compared to linear Dirac disper-
sion, making instabilities relatively easier to occur due to
the enlarged phase space for quantum fluctuations [19]. A
semi-Dirac semimetal becomes a Chern insulator, reveal-
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ing quantized anomalous Hall conductivity with broken
time-reversal symmetry (TRS), in the presence of SOC
that opens an energy gap at the semi-Dirac point [20]. A
similar Chern insulating state is also induced in a semi-
Dirac semimetal with two gapless Dirac nodes by im-
pinging a circularly polarized light [21]. In multilayer
(TiO2)m/(VO2)n heterostructures, the semi-Dirac point
is not destroyed by SOC in a special situation when the
spins are aligned along the rutile c axis [22].

However, the questions that remain open are whether
there exists a natural material in which the semi-Dirac
point is gapless generically when SOC is present and
whether these semi-Dirac points exist in a higher di-
mension. Here, we show that a class of materials hosts
three-dimensional (3D) gapless semi-Dirac fermions in
the presence of SOC. Tetragonal perovskite oxides with
I 4/mcm crystalline symmetry (space group 140) exhibit
such 3D semi-Dirac points at a high-symmetry point, and
its nonsymmorphic symmetry protects the semi-Dirac
points against the gap-opening by SOC. Nonsymmorphic
symmetry-protected two-dimensional Dirac semimetallic
phase was proposed in a theoretical model [23], and sub-
sequent studies using ab initio calculations in layered
compounds [24, 25]. Cubic perovskite oxide thin films
can be transformed into the tetragonal phase to realize
the I 4/mcm space group under epitaxial strain that pro-
duces a0a0c−-type (in the Glazer notation) octahedral
rotation [26, 27]. The out-of-phase octahedral rotation
brings in the nonsymmorphic symmetry: screw rotation
2π/θ (θ is the rotation angle), translation along [001]
z → z+1/2, as shown in Fig. 1(a). A consequence of the
fractional translational symmetry is that the unit cell of
the original symmorphic crystal is doubled. In this case,
the folded back bands stick together necessarily at the
Brillouin-zone boundary if the nonsymmorphic symme-
try is present, even with SOC.

As a particular physical realization of the I4/mcm
space group, we primarily focus on tetragonal SrNbO3

that manifestly displays the defining characteristics of
this nonsymmorphic symmetry, and a 3D semi-Dirac
point appears close to the Fermi energy at a high-
symmetry point P at the Brillouin-zone boundary. Three
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FIG. 1. (a) Illustration of the octahedral rotation-driven
tetragonal phase of perovskite oxides. a0a0c−-type rotation
in a cubic crystal produces I 4/mcm space group that exhibits
the nonsymmorphic symmetry (screw rotation in the a-b plane
and translation along the c axis). (b) Dispersion of two elec-
tronic bands in the P-Q-N plane. (c)-(e) show the dispersion
curves along different momentum paths. The inset in the
middle shows the high-symmetry points in the Brillouin zone.

different kinds of dispersion emerge from this semi-Dirac
point—linear along the P-X direction, quadratic along
the P-Q direction, and linear in the close vicinity of
the P point along along the P-N direction, as shown
in Fig. 1(b)-(e). With a TRS-breaking element such as
an external magnetic field, we show that two pairs of
Weyl points appear within the Brillouin zone. The op-
posite zone boundaries share one pair of Weyl points.
The presence of Weyl points in a semi-Dirac semimetal
leads to unique properties such as highly-anisotropic plas-
mon frequency, unusual carrier density-dependence of the
Hall coefficient, and the divergence of the ratio of or-
bital to spin susceptibilities at low carrier doping [28].
The Weyl points in tetragonal SrNbO3 open up an en-
ergy gap in the presence of an additional broken inver-
sion symmetry, obtained by a small displacement at a
Nb site. We show that this gapped Weyl points, at the P
point, exhibits an enhanced intrinsic anomalous Hall ef-
fect. With these intriguing properties, perovskite oxides
of the I 4/mcm space group provide a unique example of
a class of compounds that hosts crystalline symmetry-
protected 3D semi-Dirac fermions. Our Berry curvature
analysis sheds light on the unusual features in transport
experiments, such as the Shubnikov de Haas oscillations
and anomalous Hall effect measurements. Furthermore,
the ability to control the Berry phase by octahedral ro-
tation shows a pathway towards developing devices for
oxide-based electronics.
Electronic structure: The band dispersion of tetrago-

nal SrNbO3 in the presence of SOC, obtained from our ab
initio calculations [29] along various high-symmetry mo-
menta in the Brillouin zone is shown in Figs. 2(a). The
three t2g orbitals of Nb 4d state predominantly populate
the Fermi level, as in the case of cubic SrNbO3 [30, 31].

Due to the zone folding at the Brillouin zone bound-
ary, the bands along the P-N momentum direction are
four-fold degenerate in the absence of SOC, creating line
nodes. The degeneracy of these nodal lines is lifted every-
where, except at the high symmetry points, when SOC is
turned on, as described in 2(b). The TRS and the non-
symmorphic symmetry protect the four-fold degeneracy
at the P point, giving rise to the 3D semi-Dirac point
at an energy approximately 0.0662 eV above the Fermi
level. Three other Dirac points appear at the N point at
energies 0.5 eV above the Fermi level. Being away from
the Fermi level, the Dirac points at the N point may not
be accessible to electronic transport; here we, therefore,
focus on the semi-Dirac point at the P point. Yet, re-
placing Nb with other transition-metal element such as
Mo might tune the Fermi level close to the Dirac points
at the N point. The Fermi surfaces of the three spin-
orbit coupled t2g orbitals are depicted in Fig. 2(c)-(e).
Due to the linear dispersion near the semi-Dirac point, a
small doping by external gating or chemical doping can
tune the Fermi level to the semi-Dirac point, creating the
possibility to obtain a quantized Berry phase and a very
high-mobility conduction [32–34]. Also, the presence of
the semi-Dirac points in the asymmetric, convex Fermi
surface is expected to produce a large nonsaturating mag-
netoresistance [35–37].

Topological invariant: We investigate the topological
properties of the compound under consideration, tetrag-
onal SrNbO3, by using two protocols—first, by looking
at the Berry curvature, and second, by computing the
topological invariant of the Bloch bands. The Berry cur-

(a)

sDP

(c)

(d)

(b)

(e)
Without SOC (line node)

With SOC

FIG. 2. (a) Band dispersion of tetragonal SrNbO3 in the pres-
ence of spin-orbit coupling, through various high-symmetry
momenta in the Brillouin zone. (b) Expanded view of the dis-
persion along the P-N direction, without and with spin-orbit
coupling. (c)-(e) The three Fermi surfaces of the spin-orbit
coupled t2g bands at the Fermi level. The semi-Dirac point
(sDP) is denoted by the dashed circle at the P point in (a)
and by the yellow dot in (c).
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FIG. 3. Berry curvature Ω(k) for Nb spin polarization (a)
M = 0, and (b) M = 0.2, plotted in a momentum plane con-
taining the P point at the center, and the N points at the
side centers. We use a dense 100×100 momentum grid. (c),
(d) The Wannier charge centers x̄n along momentum ky with
kx=0 for (a)M=0, and (b)M=0.2. The blue line represents
the center of the maximum gap between the Wannier charge
centers. In (d), the gap center crosses the Wannier charge
centers an odd number of times, resulting in a topological
index Z2 =1.

vature is given by [38]

Ω(k)=−
εmk 6=εnk∑
m,n

2 Im
〈ψnk|vx|ψmk〉〈ψmk|vy|ψnk〉

(εmk − εnk)2
, (1)

where |ψnk〉 is the spinor Bloch wave function of the
nth band with eigenenergy εnk, and v = (vx, vy) is the
velocity operator. We use Wannier interpolation based
on maximally-localized Wannier functions [39, 40]. The
Berry curvature in the P−N−Q plane, the same plane
considered in Fig. 1(b), is shown in Fig. 3(a). The semi-
Dirac point, being gapless, reveals zero Berry curvature
at the center P point. We introduce TRS breaking and
opening of an energy gap at the semi-Dirac point by con-
straining to a spin polarization at the Nb sites. Fig. 3(b)
shows a large Berry curvature contributions at and near
the P point with M = 0.2, which represents 20% spin
polarization along the +z direction. M is defined as
M =

∑
a∈Nb t2g orbitals〈na,↑〉 − 〈na,↓〉, where na,↑ is the

occupation of electrons at orbital a and spin ↑. The en-
hanced Berry curvature induced by a nonzeroM strongly
suggests the nontrivial band topology. To check this
possibility, we compute the topological invariant via the
Wannier charge centers x̄n, corresponding to the Wannier
functions that are maximally localized in one dimension,
defined as [41]

x̄n=
i

2π

∫ π

−π
dk〈unk|∂k|unk〉, (2)

where |unk〉= e−ik·r|ψnk〉 represents the periodic parts
of the Block states. In Fig. 3(c) and 3(d), we show the

evolution of the Wannier charge centers with the mo-
mentum ky for, respectively, M = 0, and M = 0.2. With
M=0.2, the center of the largest gap between the Wan-
nier charge centers (blue line) crosses the Wannier charge
centers odd number of times in traversing a path from
ky=0 to ky=π/a, yielding a topological invariant Z2 =1.
A non-zero Z2 index in a Chern insulator with broken
TRS usually predicts a quantum anomalous Hall effect.
We, however, find that the Hall conductivity is not quan-
tized, and the semi-Dirac points in tetragonal SrNbO3

may, therefore, be classified as type I [20], similar to that
proposed in VO2-TiO2 heterostructures [14]. This is also
verified by the absence of a band crossing of the surface
states [29].
Anomalous Hall effect: In the absence of TRS, e.g.

with an external magnetic field that is applied perpendic-
ular to the a-b plane, the semi-Dirac point in the I 4/mcm
space group compounds splits into two Weyl nodes, as
illustrated in Fig. 4(a). In the considered tetragonal
SrNbO3, we find that a finite magnetization at the Nb
sites generates a Weyl point close to the P point, as shown
in Fig. 4(b). The pair of Weyl points appears along the
P-X-P momentum direction, totaling two pairs in the en-
tire Brillouin zone, as shown in the inset of Fig. 4(d). By

M = 0.2 M = 0.2

Weyl
point

Weyl pairs

c

TRS Lattice
breaking distortion

(a)

(b) (c) (d)+Nb displacement

FIG. 4. (a) Illustration of the effect of broken symmetries on
the semi-Dirac points. TRS breaking splits the semi-Dirac
point into a pair of Weyl points, and additional lattice dis-
tortion opens up an energy gap. (b) Band dispersion along
the momentum path X-P-Q in the vicinity of the P point,
in the presence of the broken time-reversal symmetry that
lifts the four-fold degeneracy of the semi-Dirac point at the
P point, and creates a pair of Weyl points near the P point.
(c) The Weyl point acquires an energy gap in the presence
of an inversion symmetry-breaking lattice distortion. (d) The
anomalous Hall conductivity, with varying energy, reveals a
plateau within the energy gap at the Weyl point. Inset in (d)
shows the two pairs of the Weyl points within the Brillouin
zone, appearing near the P point.
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lowering the lattice symmetry further, an energy gap is
induced at the Weyl points. We consider a lattice dis-
tortion that lowers the inversion symmetry but preserves
the nonsymmorphic symmetry. This is achieved by shift-
ing the center Nb site vertically by a small amount. Such
a distortion may be realized naturally by epitaxial strain
induced by lattice mismatch with the substrate at a polar
interface, or by applying an electric field perpendicular
to the interface. Fig. 4(c) shows a distortion-induced en-
ergy gap at a Weyl point. In a truly semimetallic system,
such an energy gap gives rise to quantum anomalous Hall
effect in the vicinity of the Dirac or semi-Dirac point. In
tetragonal SrNbO3, a net quantization is not achieved
due to the presence of other bands at the Fermi level
and instead an enhanced intrinsic anomalous Hall effect
is expected to appear within the energy gap, as shown
in Fig. 4(d). We find that the anomalous Hall conduc-
tivity is dependent on the amount of distortion in the
tetragonal lattice, and the octahedral rotation, suggest-
ing another route to obtain tunable anomalous Hall effect
in oxide interfaces.
Tunable Berry phase: Understanding the Berry phase-

driven phenomena in perovskite oxides is fundamentally
important, not only to realize emergent electromagnetism
in a feasible way, but also to identify the origin of non-
trivial Hall signatures. In oxide compounds where mag-
netism coexists with a non-trivial band topology, such
as SrRuO3, the intrinsic anomalous Hall effect appears
without any external magnetic field [42]. In the non-
magnetic tetragonal perovskites, like the one considered
here i.e. SrNbO3, doping magnetic impurities or ap-
plying an external magnetic field leads to a finite Berry
phase in the Bloch bands. We find that the Berry cur-
vature Ω can be tuned externally by changing the oc-
tahedral rotation angle θ [29]. Particularly, the Berry
curvature and the resulting anomalous Hall conductivity
vary non-monotonically with increasing θ. Previous ex-
periments have demonstrated that external strain mod-
ulation can control octahedral rotations in oxide thin
films [43, 44]. Our presented results, therefore, show an
effective way to control the Berry phase and consequently
the topological properties of perovskite transition-metal
oxides by epitaxial strain engineering.
Effective low-energy model: To study the low-energy

behavior of the 3D semi-Dirac dispersion, we derive an
effective tight-binding model for the SOC-coupled t2g
electrons in tetragonal perovskite oxides [29]. From this
tight-binding Hamiltonian, we obtain the following low-
energy Hamiltonian that describes the 3D semi-Dirac dis-
persion around the P point

Hlow−E =−A
(
k2
x + k2

y

)
τ0σ0−B(−kxτ3σ1−kyτ3σ2)

−
{
C
(
k2
x − k2

y

)
−Dkz

}
τ1σ0, (3)

where σi and τi are the Pauli matrices in the spin space
and the sublattice space; A, B, C, and D are parameters.
The partial density of states surrounding the semi-Dirac
point, exhibits a depletion at the energy at which the
semi-Dirac point appears [29], rather than a minimum

as in the isotropic Dirac or 2D semi-Dirac cases [45]. A
depletion of the density of states near the Fermi energy
usually indicates a strong effect of electronic correlation
or disorder [46]. The mutual interplay of these additional
effects in the present semi-Dirac compound may, there-
fore, produce unconventional properties.
Discussion: We further analyzed the electronic prop-

erties of four other compounds from the I 4/mcm space
group, viz. CaNbO3, SrRuO3, SrMoO3, and SrTiO3 and
confirmed the presence of the 3D semi-Dirac fermions
at the P point [29]. This establishes that the discussed
symmetry-protected band topology is generic to tetrago-
nal perovskite oxides that belong to this space group, the
only difference being the location in energy of the semi-
Dirac points. For CaNbO3 and SrRuO3, the semi-Dirac
point at the P point is closer to the Fermi level than in
SrNbO3. On the other hand, SrTiO3, having a large en-
ergy gap at the Fermi level, the semi-Dirac points are
situated far away from the Fermi level. Using SrTiO3 as
a substrate is, therefore, beneficial for providing epitax-
ial strain. For SrMoO3 and SrRuO3, three Dirac points
at the N point are also located close to the Fermi level
which indicates that these two compounds can be inter-
esting also to explore the influence of the non-trivial band
topology in transport experiments.

In contrast to the isotropic Dirac semimetals, the semi-
Dirac semimetals can be realized at a quantum critical
point between a 3D Dirac semimetal and a topologically
trivial insulator [47, 48]. In response to a circularly
polarized light, the semi-Dirac semimetals with a gap-
less Dirac node do not open an energy gap, unlike the
isotropic Dirac semimetals [49]. Tetragonal perovskite
oxides, therefore, offer a feasible material platform to
study new phenomena that cannot be found in known
Dirac semimetals.

The interplay of Coulomb interaction and disorder in
a two-dimensional semi-Dirac semimetal gives rise to a
variety of quantum phase transitions and non-Fermi liq-
uid behaviors [50]. Disorder, particularly, has a profound
effect as it can drive a Lifshitz transition from an insu-
lator to a semimetal, and a topological transition to a
Chern insulating state [51]. The interplay of topology,
disorder and Coulomb interaction in the nonsymmorphic
symmetry-protected semi-Dirac fermions, found in the
tetragonal perovskite oxides, can lead to even richer phys-
ical properties due to their three-dimensional nature.

To conclude, we have shown that non-magnetic tetrag-
onal perovskite oxides with I 4/mcm symmetry, e.g.
SrNbO3, CaNbO3, and SrMoO3, host 3D semi-Dirac
fermions that are protected by a nonsymmorphic sym-
metry. This crystalline symmetry can be realized by a
substrate strain when the cubic perovskites undergo an
octahedral rotation of type a0a0c−. Due to the symme-
try protection, the semi-Dirac degeneracy is maintained
in the presence of SOC, making this class of compounds
a unique, natural example. Breaking the TRS leads to
two pairs of Weyl points from the semi-Dirac points.
In the presence of an additional inversion symmetry-
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breaking lattice distortion, the Weyl points acquire an
energy gap, and an enhanced intrinsic anomalous Hall
effect is realized. The presence of the Weyl points is ex-
pected to produce negative magnetoresistance induced
by chiral anomaly [52]. The Berry phase arising due to
the semi-Dirac point with a broken symmetry is tunable
by controlling the octahedral rotation angle that can be

changed by the sample thickness, or advanced interface
engineering. Our findings serve as an important stepping
stone towards understanding various kinds of quasiparti-
cles that can be found in solids [53–55].
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I. Details of ab initio calculations
The electronic structure was computed within ab initio density functional theory (DFT) [R2] as implemented in
the QUANTUM ESPRESSO code [R3] with the plane-wave pseudopotential method. We adopted the Perdew-Burke-
Ernzerhof generalized gradient approximation exchange-correlation functional [R4] and used a 16×16×16 Monkhorst-
Pack momentum-point mesh to discretize the first Brillouin zone. A plane wave cut-off of 600 eV, which were found
to be sufficient to achieve convergence of the total energy. The energy convergence criterion was set to 10−6 eV during
the minimization process of the self-consistent cycle. Starting with the experimental lattice constants a= 5.518 Å,
b=5.518 Å, and c=8.280 Å [R5], full optimization of the crystal structure was performed using the force convergence
criterion of 10−3 eV/Å.

The Bloch wave functions, obtained from the DFT calculations, were used to construct the maximally localized
Wannier functions [R6–R9]. Starting from an initial projection of atomic d-basis functions belonging to the t2g
manifold and centered on metal sites, the t2g-like Wannier functions were obtained. Using the tight-binding
Hamiltonian, formulated using the t2g orbitals and obtained from Wannier90, the topological invariant was computed
within the Wannier charge center formalism using the WannierTools code [R10, R11].

II. Tight-binding model
To gain insight into the nature of the semi-Dirac dispersions in t2g perovskite transition-metal oxides with the I4/mcm
crystalline symmetry, we develop an effective tight-binding Hamiltonian.

For the sake of simplicity, we define the local orbitals as {a, b, c} = {dxy, dyz, dzx}, and denote the hopping integral
from orbital β to α along the hx̂+ kŷ + lẑ direction as tαβhkl. This leads to the following tight-binding Hamiltonian:

HTB = −
∑
α,β

∑
~r,~r′

∑
σ

tαβ~r−~r′α
†
~rσβ~r′σ, (E1)

where α(†)
~rσ is an annihilation (creation) operator of an electron on orbital α at position ~r with spin σ. Typical hopping

integrals are presented in Fig. S1. The amplitude and the sign of tαβhkl are determined by the relative direction and
the sign of two orbitals and must satisfy the underlying I4/mcm symmetry. This leads to the following relations:

taa100 = taa1̄00 = tbb010 = tbb01̄0,

taa010 = taa01̄0 = tbb100 = tbb1̄00,

taa001 = taa001̄ = tbb001 = tbb001̄,

ta
′b

100 = ta
′b

1̄00 = ta
′b

010 = ta
′b

01̄0 = −t({a, b} ↔ {a′, b′}),
tab001 = tab001̄,

tcc100 = tcc1̄00 = tcc010 = tcc01̄0,

tcc001 = tcc001̄ (E2)

for the nearest-neighbor bonds, and

taa110 = taa1̄1̄0 = tbb1̄10 = tbb11̄0 = tb
′b′

110 = tb
′b′

1̄1̄0 = ta
′a′

1̄10 = ta
′a′

11̄0 ,

taa11̄0 = taa1̄10 = tbb110 = tbb1̄1̄0 = tb
′b′

11̄0 = tb
′b′

1̄10 = ta
′a′

110 = ta
′a′

1̄1̄0 ,

tab110 = tab1̄1̄0 = −tab11̄0 = −tab1̄10,

tcc110 = tcc1̄1̄0 = tcc1̄10 = tcc11̄0,

taa011 = taa01̄1̄ = taa01̄1 = taa011̄ = tbb101 = tbb1̄01̄ = tbb1̄01 = tbb101̄,

taa101 = taa1̄01̄ = taa1̄01 = taa10̄1 = tbb011 = tbb01̄1̄ = tbb01̄1 = tbb011̄,

tac101 = tac1̄01̄ = −tac1̄01 = −tac101̄ = tbc011 = tbc01̄1̄ = −tbc01̄1 = −tbc011̄,

tbc101 = tbc1̄01̄ = tac011 = tac01̄1̄ = −tbc101̄ = −tbc0̄1 = −tac011̄ = −tac01̄1 = −t({a, b, c} ↔ {a′, b′, c′}) (E3)
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FIG. S1. Typical hopping integrals. Hopping integral from orbital β to orbital α along the hx̂ + kŷ + lẑ direction tαβhkl is
indicated by an arrow. Here, red and blue circles belong to sublattice A and B, respectively. Orbitals a : dyz, b : dzx, and
c : dxy are indicated by orange, green, blue robes, respectively. To highlight the sign difference in electron orbitals, negative
regions are shown in white. Solid lines indicate how O6 octahedra rotate, creating bond angles smaller than 180 degrees. In
the second row, hopping is between second-neighbor sites on two adjacent layers.

for the second-neighbor bonds, and the elements that are not listed here are zero up to second-neighbor bonds. When
the hopping integral depends explicitly on the sublattice A and B, we use {a′, b′, c′} for sublattice B. Further-neighbor
hopping integrals could be considered, but including these terms does not alter our discussion.

In the undistorted perovskite structure, many hopping integrals disappear reflecting the symmetry (positive and
negative sign of t2g orbitals). Among such hopping integrals, non-zero value of tac101 and symmetry related hopping as
well as finite spin-orbit coupling are found to lift the band degeneracy of nodal lines along the P-N direction, creating
semi-Dirac dispersions at the P point and Dirac dispersions at the N point.

In addition to the hopping integrals, there could exist crystal field splitting between orbitals a, b, and c as

HCFS =
∑
σ

{
εab(a

†
σaσ + b†σbσ) + εcc

†
σcσ
}
, (E4)

where a and b remain degenerate in the I4/mcm symmetry.
Finally, as the most important ingredient, the spin-orbit coupling is included. Here, we consider the atomic-like

form given by

HSOC = λ
(
~l · ~s

)
t2g

=
λ

2

∑
α,β,γ

∑
σ,σ′

iεαβγα
†
σσ

γ
σσ′βσ′ , (E5)

where (. . .)t2g indicates the projection onto the t2g subspace, α, β, and γ are orbital indices, σγ is the Pauli matrix,
and εαβγ is the Levi-Civita antisymmetric tensor. For HCFS and HSOC , site indices are omitted for simplicity.

Thus, the effective Hamiltonian is given by the sum of the above three terms:

Heff = HTB +HCFS +HSOC. (E6)

In an example we show here, the following parameter set is considered: taa100 = taa001 = tcc100 = t, taa010 = tcc001 = 0.1t,
ta

′b
100 = 0.05t, ta

′b
001 = 0.1t, tcc110 = taa011 = 0.4t, taa11̄0 = 0.1t, tab110 = 0.1t, tac101 = 0.05t, εc = 0.2t, λ = 0.5t, and others

are set to zero. Resulting dispersion relation is summarized in Fig. S2. One notices that this tight-binding dispersion
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FIG. S2. Tight-binding dispersions. (a) Dispersions in the entire Brillouin zone with its first octant shown in (b). Dispersions
around the P point and the N point are shown in panels (c-e) and (f-h), respectively. The midpoint between P and N is labeled
as PN.
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FIG. S3. Partial density of states originating from one of the semi-Dirac dispersions at the P point.

relation qualitatively reproduces the DFT dispersions, in particular semi-Dirac dispersions at the P point and the
linear Dirac dispersion at the N point.

To see the consequence of the semi-Dirac dispersions, we computed the partial density of states (DOS) by focusing
on one of the P points. The resulting DOS is shown in Fig. S3. Here, the momentum ~k integral is carried out in a
small cube around the P point with ∆k = ±π/8 and the Dirac delta function approximated as the Lorentzian with
the width η = 0.02t. One notices a sharp dip in DOS, instead of a gap, reflecting the semi-Dirac dispersions. With
correlation effects, this may lead to novel many-body effects as discussed in Ref. [R1].
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FIG. S4. Dispersion relation from the low-energy effective model Eq. (E9) along three inequivalent directions. Parameter values
are chosen to be A = −0.05, B = 0.01, C = 0.5, and D = 1.0.

III. Low-energy effective model
The tight-binding model developed in the previous section is useful to derive a low-energy effective model. For this
purpose, we focus on the Kramers pairs that are eigenstates of local Hamiltonian, HCFS +HSOC. Such Kramers pairs
may be expressed as

|σ = ±1〉 ∝ |a, σ〉+ i|b, σ〉+ δ|c,−σ〉. (E7)

Considering the hopping integrals described in the previous section, a low-energy Hamiltonian may be parameterized
as

Hlow−E = −2A cos kx cos kyτ0σ0 −B(sin kxτ3σ1 − sin kyτ3σ2) sin kz −
{

2C(cos kx + cos ky) +D cos kz
}
τ1σ0, (E8)

where τi and σj are 2× 2 Pauli matrices acting on the sublattice space and the spin space specifying Kramers states,
respectively, and Kronecker product are abbreviated as τi ⊗ σj ≡ τiσj . Expanding cosine and sine functions at the P
point ~k = (π, 0, π/2), and measuring the momentum from the P point, one arrives at

Hlow−E ≈ −A
(
k2
x + k2

y

)
τ0σ0 −B(−kxτ3σ1 − kyτ3σ2)−

{
C
(
k2
x − k2

y

)
−Dkz

}
τ1σ0, (E9)

where a constant term is neglected from the diagonal component. The eigenvalues of this Hamiltonian are given by

E± = A
(
k2
x + k2

y

)
±
√
B2
(
k2
x + k2

y

)
+
{
C
(
k2
x − k2

y

)
−Dkz

}2

(E10)

In Fig. S4, we plot the dispersion relations along three different directions with A = 0.05, B = 0.01, C = 0.5, and
D = 1.0. One can notice that this effective model gives essential feature of dispersions obtained in DFT and the
tight-binding model; linear band crossing along the kz and the kx=±ky directions, and quadratic band crossing along
the kx and the ky directions. The band splitting along the kx=±ky directions, corresponding to the P-N-P direction,
is due to the parameter B, which corresponds to tac101 and symmetry-related hopping terms.

IV. Semi-Dirac points in the tetragonal oxides
The presence of the 3D semi-Dirac fermions was investigated in a few other compounds from the I 4/mcm space group,
viz, CaNbO3, SrRuO3, SrMoO3, and SrTiO3. In Fig. S5, we show the electronic structures of these compounds that
reveal the semi-Dirac points at the P point and Dirac points at the N point, similar to SrNbO3. The semi-Dirac
points in CaNbO3 are located father away from the Fermi level than in SrNbO3. In SrRuO3, a semi-Dirac point
at the P point is located very close to the Fermi level while the Dirac points at the N point are below the Fermi
level. Furthermore, SrRuO3 is known to have magnetic order which will split the semi-Dirac points to Weyl points,
as described in the main text. In SrMoO3, the semi-Dirac point at the P point is located even farther away from the
Fermi level while three Dirac points at the N point are located very close to the Fermi level. With slight electron
doping, these semi-Dirac points can appear at the Fermi level and contribute to the transport properties. Therefore,
SrMoO3 is another candidate material that can be interesting to look at to investigate the signatures of the semi-Dirac
points. On the other hand, SrTiO3 has the semi-Dirac points ∼2 eV above the Fermi level and hence they will not
influence the transport properties. SrTiO3, is therefore, useful as a substrate compound to control the epitaxial strain
in the metallic tetragonal oxides.
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FIG. S5. DFT dispersions of tetragonal (a) CaNbO3, (b) SrRuO3, (c) SrMoO3, and (d) SrTiO3 in the presence of spin-orbit
coupling. The red circles denote the three-dimensional semi-Dirac points at the P and the Dirac point at the N point. The
lattice constants are: (a) a = b = 5.560 Å, c = 8.018 Å, (b) a = b = 5.577 Å, c = 8.087 Å, (c) a = b = 5.621 Å, c = 8.078 Å,
(d) a = b = 5.567 Å, c = 7.907 Å.

V. Octahedral rotation as a control parameter for the Berry curvature
The electronic properties of tetragonal SrNbO3 were studied at several values of the rotation angle θ of NbO6 octahe-
dra. In experiments, θ can be tuned by controlling the epitaxial strain, via an effective interface engineering, changing
the sample thickness, or an external electric field. In Fig. S6, the results at three values θ = 4◦, θ = 8◦ and θ = 16◦

are shown at a finite Nb spin polarization M = 0.2. The Berry curvature Ω exhibits peaks at the P point (center
of the plane in (d)-(f)) and the N points (side corners of the plane) — the high-symmetry momenta at the Brilluoin
zone boundary at which the semi-Dirac points appear. At the P point, Ω increases with increasing θ up to θ ≈ 10◦,
after which it decreases. On the other hand, Ω at the N points increases monotonically with increasing θ up to
θ = 16◦. The energy separation between the two relevant bands near the semi-Dirac point, shown in Fig. S6(g)-(i) at
the three values of θ, also captures the substantial changes in the band dispersion. The change in the Berry curvature
will consequently be noticeable in the intrinsic anomalous Hall conductivity σxy. The octahedral rotation, therefore,
provides an additional control knob to tune the Berry phase properties in oxides.

VI. Surface states in a slab (001) geometry
To study the nature of the surface states of tetragonal SrNbO3, we calculate the band dispersion in a slab geometry.
We consider a slab of thickness 40 unit cells oriented along the (001) direction, relevant to the common experimental
situation, and use the tight-binding Hamiltonian, expressed in the basis of the Wannier orbitals. The band dispersion
of the SrNbO3 slab, along the high-symmetry momenta in the surface Brillouin zone, is shown in Fig. S7. In this
case, the surface states do not exhibit any crossing-like feature, as expected. With a finite magnetization at the Nb
site also, the surface states do not reveal any topological band crossing, as confirmed by the non-quantized anomalous
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θ = 4∘ θ = 8∘ θ = 16∘
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FIG. S6. Unit cell of tetragonal SrNbO3 (top view) with different amount of the octahedral rotation: (a) θ= 4◦, (b) θ= 8◦,
and (c) θ=16◦. (d)-(f). Berry curvature at the respective values of θ with a Nb spin polarization M=0.2. (g)-(i) Energy gap
(in eV) between the two bands that connect the semi-Dirac point for the above three values of θ. Evidently, with increasing
the rotation angle θ, there are drastic changes in the Berry curvature Ω, and the energy gap between the Bloch bands near the
semi-Dirac points.

Hall conductivity, as presented in the main text.
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