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Oxide materials exhibit several structural, magnetic, and electronic properties. Their stability under ambient
conditions, easy synthesis, and high transition temperatures provide such systems with an ideal ground for
realizing topological properties and real-life technological applications. However, experimental evidence of
topological states in oxide materials is rare. In this paper, we have synthesized single crystals of oxide double
perovskite Sr2FeMoO6 and revealed its topological nature by investigating its structural, magnetic, and electronic
properties. We observed that the system crystallized in the cubic space group Fm3̄m, which is a half-metallic
ferromagnet. Transport measurements show an anomalous Hall effect (AHE), and it is evident that the Hall
contribution originates from the Berry curvature. Assuming a shift of the Fermi energy toward the conduction
band, the contribution of the AHE is enhanced owing to the presence of a gapped nodal line. This paper can be
used to explore and realize the topological properties of bulk oxide systems.
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I. INTRODUCTION

Topological materials are a class of quantum matter that
possesses a nontrivial band topology [1–7]. The anomalous
Hall effect (AHE) is one of the unique transport phenomena in
which a nontrivial topological state is discernible. The extrin-
sic mechanism of the AHE originates from skew-scattering or
side jumping of electrons due to spin-orbit coupling (SOC)
[8,9]. The intrinsic contribution can be obtained from the sum
of the Berry curvature of the Bloch wave function over occu-
pied electronic states [10–12]. In a ferromagnetic topological
system, the magnetic ordering breaks the time-reversal sym-
metry, which lifts the degeneracy and can open a gap in the
nodal lines. If such gapped nodal lines are near the Fermi en-
ergy, they may lead to a strong Berry curvature that enhances
the anomalous Hall conductivity (AHC) [13,14]. Extensive
studies of such phenomena and various other topological fea-
tures have been carried out mostly on Heusler, chalcogen,
pnictogen, and pyrite compounds [15–25]. In addition, there
is a distinct class of materials, namely, oxides, which remain
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interesting for versatile properties to date. One of the most in-
teresting families is perovskite (or double perovskite) with the
chemical formula ABO3 (or A2BB′O6), where A is generally
an alkali metal or rare-earth cation, and B and B′ are tran-
sition metal elements. Almost all choices of ferromagnetic,
ferrimagnetic, or antiferromagnetic, dielectric, ferroelectric,
metallic, semiconducting, and insulating materials can be
found in this family, and their properties can be easily tuned
by various combinations of A, B, and B′ cations [26–30].
Moreover, they grow easily, are extremely stable and robust in
ambient air, and possess a high magnetic ordering temperature
[31–35]. Whereas most of the conventional topological mate-
rials studied thus far suffer from low transition temperatures,
resulting in challenges for their application in potential tech-
nologies, a possible solution might be hidden in oxides with
high transition temperatures. In addition, some candidates are
half-metallic ferromagnets in which conduction electrons are
spin-polarized and therefore distinct from conventional ferro-
magnetic materials. These properties make oxide perovskites
and double perovskites excellent candidates for utilizing topo-
logical properties in real-life applications such as spintronics,
low-dissipation devices, and quantum computing [36–40].
Despite extensive exploration of their electronic and mag-
netic properties, it is surprising that experimental realization
of the topological properties of these materials in the bulk
phase is scarce, except for a few theoretical suggestions
[41–46]. Sr2FeMoO6 (SFMO) is a well-known ferromagnetic
double-perovskite system [47,48] and has been predicted to be
half metallic [47–49]. Investigation of the magnetotransport
properties revealed AHC in SFMO; however, its origin and
whether it is intrinsic in nature have not been explored yet
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[48]. In this paper, we successfully grew single crystals of
SFMO and investigated their topological nature through ex-
perimental and theoretical studies. The structure of the system
is described with the cubic space group Fm3̄m, which is a
half-metallic ferromagnet. The system shows an AHE, and
we reveal that the AHE has an intrinsic contribution owing
to the Berry curvature, which can be enhanced by doping
owing to the presence of a gapped nodal line above the Fermi
energy.

II. METHODOLOGY

Single-crystal growth of SFMO was facilitated using a
four-mirror laser floating-zone furnace. The growth was car-
ried out at a rate of 10 mm/h in an Ar atmosphere of pressure
0.2 MPa. A polycrystalline ceramic rod prepared using a pure
phase polycrystalline powder sample was used as the feed rod.
The detailed process of the preparation of the polycrystalline
sample in the pure phase will be discussed elsewhere. Dur-
ing the growth, the feed and seed rods were counterrotated
at 30 rpm to obtain temperature and chemical homogeneity.
The grown crystals were oriented using the OrientExpress
software program on the Laue back-reflected patterns and cut
using a wire saw. Magnetic measurements were performed
on the single crystals using a SQUID MPMS-3 magnetome-
ter (Quantum Design). The electrical transport properties
were measured using a physical property measurement sys-
tem (PPMS9, Quantum Design). For transport measurements,
the crystals were cut into standard rectangular shapes, and
a six-probe technique was used to measure the longitudi-
nal and Hall resistivity simultaneously. The recorded data
were symmetrized (antisymmetrized) to eliminate electrode
misalignment.

Electronic structure calculations were performed using
the density functional theory (DFT)-based plane-wave pro-
jected augmented wave method, as implemented in the Vienna
Ab init io Simulation Package [50–52]. For the electronic
structure calculations, we used the experimentally determined
cubic symmetry (Fm3̄m) of SFMO, with a lattice parameter
of 7.89 Å. We used a 12 × 12 × 12 k-point mesh and a plane-
wave cutoff of 520 eV for the self-consistent calculations,
which provided good convergence of the total energy. We used
the Perdew-Burke-Ernzerhof [53] exchange correlation func-
tional within the generalized gradient approximation (GGA).
The electron-electron correlation effects beyond GGA at the
magnetic sites were considered by the onsite Coulomb inter-
action strength U , and the intra-atomic exchange interaction
strength JH [54], chosen to be 4.0, 2.1, and 0.8, 0.45 eV
for Fe 3d and Mo 5d , respectively, which were recently es-
timated using the constrained random phase approximation
[55,56].

Employing the Wannier interpolation technique [57], we
assess the intrinsic Berry curvature contribution to the AHC.
To compute the Berry curvature, we first constructed a
maximally localized Wannier function (MLWF) Hamiltonian
projected from the GGA + U + SOC Bloch wave functions
using the WANNIER90 package [58–60]. Using a numerical
tight-binding model Hamiltonian, we calculated the intrinsic
AHC using the linear response Kubo formula approach as

FIG. 1. Powder x-ray diffraction pattern (Yobs) obtained at 300 K
is shown along with the calculated pattern (Ycal ) obtained by Rietveld
analysis using space group Fm3̄m. The difference pattern and the
Bragg positions are also shown. No sign of any secondary phase is
observed.

follows [12]:

�z
n(k) = −h̄2

∑
n �=m

2Im〈umk v̂x unk〉〈umk v̂y umk〉
(εnk − εnk )2 , (1)

where �n(k) is the Berry curvature of band n, h̄v̂i =
∂Ĥ (k)/∂ki is the ith velocity operator, and unk and εnk

are the eigenstates and eigenvalues of Hamiltonian
�

H (k),
respectively.

Subsequently, we calculated the AHC, given by

σ A
H = −e2

h̄

∑
n

∫
BZ

dk

(2π )3 �z
n(k). (2)

We used a k-point mesh of size 300 × 300 × 300 to
calculate the AHC using Eq. (2).

III. RESULTS AND DISCUSSION

A. Structure and magnetic properties

The room-temperature powder x-ray diffraction pattern
obtained for SFMO is shown in Fig. 1. The experimental
data were refined by the Rietveld method using FULLPROF

software. The structure can be refined using cubic space
group Fm3̄m (225) with a lattice parameter of a = 7.890 Å.
This is consistent with the optimized structure obtained using
ab init io calculations in the same space group [61].

Magnetic isotherms at various temperatures with magnetic
fields along the B ‖ a and B ‖ c axes are shown in Figs. 2(a)
and 2(b), respectively. In both crystallographic directions, the
hysteresis loops are almost isotropic, which is expected for a
cubic structure. The saturation magnetization at 2 K was 2.87
μB/f.u., which is consistent with a previously reported value
[48]. To understand the saturation magnetic moment from the
DFT calculations, we calculated the localized magnetic mo-
ments at the Fe 3d and Mo 5d sites and found them to be 4.06
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FIG. 2. Isothermal magnetization at various temperatures with magnetic field along (a) a axis and (b) c axis. Inset of (b) shows the
magnified hysteresis curve at 2 K.

and −0.54 μB, respectively, consistent with the half-filled
Fe 3d5 [t2g(3 ↑), eg(2 ↑)] and Mo 5d1 [t2g(1 ↓)] states. A net
magnetization of 4 μB/f.u. was obtained from DFT calcula-
tions, as expected in the atomic limit considering Fe in the 3d5

(S = 5
2 ) and Mo in the 5d1 (S = 1

2 ) states. The discrepancy
between the experimentally measured magnetization value of
2.87 μB/f.u. and a computed value of 4.0 μB/f.u. can be
attributed to the presence of antisite disorder between Fe and
Mo sites, whereas in first-principles calculations, we consider
the perfect ordering of Fe and Mo sites.

B. Transport and magnetotransport properties

The electric transport and magnetic-field-dependent Hall
resistivity ρyx, longitudinal resistivity ρxx, and Hall conduc-
tivity σxy at several temperatures are shown in Fig. 3. Like
the magnetic properties, the transport properties were also
observed to be isotropic with a magnetic field along differ-
ent crystallographic directions. The temperature dependence
of the resistivity shows typical metallic behavior. With in-
creasing magnetic field, ρxx decreases, and the observed
magnetoresistance is −14.7% at 2 K under a maximum field

FIG. 3. (a) Temperature as a function of resistivity. (b) Variation of longitudinal resistivity ρxx , (c) Hall resistivity ρyx , and (c) Hall
conductivity σxy with magnetic field at several temperatures.
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FIG. 4. Temperature dependence of carrier concentration ob-
tained from the ordinary Hall coefficient RH at different
temperatures.

of 9 T, which is moderate and comparable with that of many
other similar double perovskites [62,63]. The Hall resistivity
ρyx first increases up to magnetic field B (B = μ0H ) by ∼ 1 T,
which is attributed to the AHE. However, it decreases with
a further increase in the field >1 T. The corresponding Hall
conductivity (σxy) is given by σxy = ρyx

ρ2
yx+ρ2

xx
, which shows

a similar dependence on the field as ρyx and as shown in
Fig. 3(d).

The observed ρyx consists of two contributions from a field-
dependent ordinary term and an anomalous term:

ρyx = ρO
yx(B) + ρA

yx(M ), (3)

where B is the magnetic induction, and ρO
yx and ρA

yx are the
ordinary and anomalous Hall resistivities, respectively. The

FIG. 5. Variation of the anomalous Hall conductivity (AHC) as a
function of the temperature until 50 K. The extrinsic part of the AHC
(σ sk

xy ) originated from skew scattering and intrinsic part of AHC (σ int
xy )

resulting from Berry phase and side jump are separately shown here.

FIG. 6. Spin-polarized density of states, projected onto Fe d
(blue line), Mo d , (cyan line), and O p (orange line) states.

ordinary Hall coefficient (RH) corresponding to ρO
yx can be

obtained from dρyx/dH in the high-field region where M
has already reached saturation. A negative slope, as shown
in Fig. 3(c) within the region μ0H > 1 T, indicates that the
dominant charge carrier is electronlike. The corresponding
carrier concentration (n) can be calculated from the rela-
tionship RH = 1/ne, where e is the electron charge. At 2 K,
n is of the order of 1.08 × 1022/cm3, which increases expo-
nentially as the temperature increases, as shown in Fig. 4.
The anomalous part of the Hall resistivity (ρA

yx) is derived
by extrapolating the high-field region of ρyx to zero field.
This anomalous Hall resistivity ρA

yx involves both intrinsic and
extrinsic mechanisms and can be further expressed as

ρA
yx = (

αρxx + βρ2
xx

)
M(T ), (4)

where the first term on the right-hand side is due to skew
scattering, which is an extrinsic mechanism and linear to
ρxx, whereas the second term represents the intrinsic Berry
phase and side-jump contributions to the AHE, and both vary
quadratically with ρxx. Here, α and β are two parameters that
can be obtained by plotting ρA

yx/Mρxx vs ρxx. Once α and β are
extracted, the contributions of skew scattering and intrinsic
plus side jump to ρA

yx can be calculated. The corresponding
AHC due to extrinsic skew scattering (σ sk

xy ) and combined
effect of intrinsic Berry phase contribution and side jump
(σ int

xy ) were obtained within the temperature range of 2–50 K

using the relationships given by σ sk
xy = αρxxM(T )

(ρA
yx )2+ρ2

xx
and σ int

xy =
βρ2

xxM(T )

(ρA
yx )2+ρ2

xx
, and their variations with temperature are shown in

Fig. 5. The highest values of σ sk
xy and σ int

xy at 2 K were 59.34
and 46.75 S cm−1, respectively, and both correspond to an
anomalous Hall angle of 1.5%. It is observed that |σ sk

xy − σ int
xy |

matches nicely with σ A
xy. Therefore, it can be inferred that

these two contributions have opposite signs with respect to
each other.
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FIG. 7. (a) (left) Band structure of Sr2FeMoO6 magnetic ground state considering the magnetization M ‖ (001). (right) Computed intrinsic
anomalous Hall conductivity (AHC) contribution. The green line marks the peak in the AHC at E = 259 meV. (b) Three-dimensional (3D)
band structure considering the two bands that form the nodal line in the kx−ky and (c) ky−kz planes. M is the direction of the fully polarized
magnetic moments with spin-orbit coupling (SOC). The insets show a cut in the respective planes, showing the (b) closed and (c) gaped nodal
lines, depending on the alignment of the magnetic moments with the mirror planes [ M ‖ (001)].

C. Computed AHC and nodal line structure

The DFT-calculated spin-polarized density of states (DOS)
without the SOC is shown in Fig. 6. Both Fe and Mo are in the
regular octahedral environment of oxygen ions, and within the
crystal field of the regular octahedron, the d levels split into t2g

and eg states. As shown in Fig. 6, the states close to the Fermi
level (EF) were dominated by partially filled Mo t2g states in
the down-spin channel. The majority spin channel is filled
with Fe d states, which have finite hybridization with O p
states. The partially filled t2g states of Mo cross the Fermi level
in the minority spin channel, which makes the minority spin
channel conduct, while there is a clear gap in the majority spin
channel, leading to a half-metallic ground state. The ground
state remains a half-metallic ferromagnet in the presence of
SOC.

The electronic band structure considering the spin moment
aligned along the z direction with SOC included is shown in
Fig. 7(a). To compute the intrinsic contribution of AHC, we
constructed a MLWF Hamiltonian projected from the Fe d ,
Mo d , Sr d , and O p Bloch states, as shown in the right panel
of Fig. 7(a).

The intrinsic contribution of the AHC at the Fermi energy
was calculated to be approximately σ A

H = 22 S cm−1, which
is in qualitative agreement with the experimentally measured
value of σ int

xy = 46.75 S cm−1. The small difference can be

understood from the different Fermi levels in the calculation
and the sample. Small oxygen nonstoichiometry is commonly
observed in perovskite oxides [64–66]. Oxygen vacancies
appear during the cooling process of the compounds after
they are annealed at a high temperature [67,68]. This can
effectively uplift the Fermi level, which would increase the
theoretical AHC [see Fig. 7(a)] and bring it even closer to the
experimental one.

From the computed value of the AHC as a function of
the Fermi energy, we observed two large peaks of the AHC
away from the Fermi energy [cf. right panel of Fig. 7(a)].
The first peak of the AHC was observed at E = +259 meV,
and the second peak was observed at E = +365 meV above
the Fermi level. Consequently, a shift of the Fermi energy
by 259 meV (which corresponds to 0.54 additional electrons
per formula unit) would have a large effect on the observed
value of the AHC, which can reach up to ∼ 313 S cm−1 [green
line in Fig. 7(a)]. In the following section, we investigate the
peaks in the AHC in detail. We found a crossing along the
K−� high-symmetry line at the same energy as the AHC
peak, which is surrounded by an orange circle in Fig. 7(a).
In Figs. 7(b) and 7(c), we show the three-dimensional band
structure in the presence of SOC, considering only the two
bands that form the nodal line in planes kz = 0 and kx = 0.
It can be observed that, while the first one has no gap, the
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FIG. 8. (a) Bandgap of the two bands forming the nodal line in the kx = 0 plane with magnetization M ‖ (001). (b) Berry curvature in the
kx = 0 plane with M ‖ (001).

latter plane hosts a gapped line due to the presence of both
SOC and magnetism. Without SOC, the internal spin space
and lattice space are decoupled from each other, and spins can
be separated into spin-up and spin-down sectors. Therefore,
without SOC, the cubic SFMO possesses three mirror planes
at kz = 0, ky = 0, and kx = 0, and in the magnetic ground
state, we find a symmetry-protected nodal line in each of
the three planes along the K−� direction. The situation is
different when we consider SOC, which couples the up and
down spin channels with each other, and consequently, the
spin-rotational symmetry is broken. When the spin moment
is aligned along the z direction (001), the mirror symmetries
Mx and My are broken, leading to a gapped nodal line along
the K−� high-symmetry line in the kx = 0 plane [Fig. 7(c)].
Instead, for the moment aligned along the z direction, the
mirror symmetry Mz is still preserved, which leads to a gapless
nodal line in the kz = 0 plane [cf. Fig. 7(b)] [69–71]. These
gapped nodal lines are the origin of large Berry curvature in
the Brillouin zone (BZ) and consequently enhance AHC.

To further investigate the contribution of these gapped
nodal lines to AHC, we calculated the Berry curvature con-
tribution in these planes. Due to the presence of mirror
symmetry at the kz = 0 plane, we observed a closed nodal
line, which led to an almost zero Berry curvature contribution
in the BZ. However, in the kx = 0 plane, where mirror sym-
metry is broken due to magnetization along the z direction
(001), the nodal lines are gapped out, as shown in Fig. 8(a), in
which case, we can observe a finite contribution to the Berry
curvature, as shown in Fig. 8(b). To quantify the contributions
of the gapped nodal lines to the total AHC, we restricted the
integration from Eq. (2) to slices around the kx = 0 and ky = 0
planes because they host the gapped lines. When setting the
thickness of the slices to 20% of the full BZ, we found 67% of
the total AHC in the restricted volume; however, an increase

of 30% in thickness yielded a fraction of 87%. From this,
we conclude that the gapped nodal lines are the main source
of AHC.

IV. CONCLUSIONS

In summary, we grew single crystals of SFMO double per-
ovskite and investigated its magnetic and transport properties
in detail through experimental and theoretical studies. The
structure can be described by the cubic space group Fm3̄m,
and the ground state was found to be ferromagnetic (half)
metal. The transport and magnetic properties are essentially
isotropic, as expected for a cubic system. We found that the
Berry curvature contributions could reproduce the measured
intrinsic contribution of the AHC. In addition, we observed
a large AHC contribution of 313 S cm−1 at 259 meV above
the Fermi level. This large AHC value can be attributed to the
presence of a gapped nodal line structure, which enhances the
Berry curvature. This paper should stimulate further studies
to investigate and realize the topological properties of similar
oxide materials.
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