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The paper focuses on transport properties of double perovskite Sr2FeMoO6−δ, which were studi-
ed experimentally and using �rst principles calculations. The strontium ferromolybdate specimens
were prepared using citrate-gel method followed by compacting and thermal treatment at di�erent
regimes. The Hall e�ect was calculated using Quantum Espresso and Wannier90 software packages.
The study con�rmed high sensitivity of Sr2FeMoO6 to the processing parameters such as pressure

and temperature of powder compacting as well as the temperature and duration of the subsequent
annealing in Ar/O2 atmosphere. The optimal regime of compacting to avoid cracking involved
pressing under 4 GPa at T = 800 K. Further heat treatment of the compacted specimens in Ar/O2

atmosphere has shown that three types of electric conductivity, namely metallic, semiconducting
and mixed one can be realized in the Sr2FeMoO6 specimens. The highest magnitude of magnetoresi-
stance was found in the semiconducting specimen (about 44%), while the specimen of metallic type
demonstrated magnetoresistance of about 21%. The elevated values of magnetoresistance in the
semiconducting specimen were achieved due to conduction mechanism related to tunneling through
intergrain dielectric layers formed by secondary SrMoO4 phase.
The Hall e�ect was computed by constructing the Hamiltonian in the maximally-localized Wannier

functions basis. Calculations of the Berry curvature, which is the origin of the high intrinsic Hall
e�ect showed that its highest magnitudes concentrate near avoided band crossings gapped out due
to spin-orbit coupling. The Hall conductivity calculated by integrating the Berry curvature over all
occupied bands was found to be ∼ 22 S/cm.
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I. INTRODUCTION

Double perovskite metal oxides comprise a class of
materials whose crystal structure can be described as
A2BB′O6 where A is a rare earth element, B is a
transition metal. These materials attract attention due
to technological prospectives related to their excellent
transport properties, improved oxygen kinetics, high
chemical stability, and compositional �exibility.
Sr2FeMoO6 may be the most studied double perovski-

te ceramic material. High Curie temperature and full
spin polarization [1] suggest its utilization in magnetic
tunnel junctions [2], spin valves [3], although other appli-
cation options such as anode material in solid fuel cells
[4], magnetocaloric working body [5], active layer in solar
cells [6] also have great practical potential. Sr2FeMoO6

can be fabricated in di�erent ways, including by using
solid state and sol-gel methods [7, 8], melting of consti-
tuent elements [9] and so on. In the case of spintronic
applications, proper thermal treatment in addition to
e�ective synthesis method is required to gain prescri-
bed transport properties. In this work, di�erent synthesis
and thermal treatment regimes were tested to improve
magnetoresistance of Sr2FeMoO6−δ. Our tasks involved
forming dielectric layers between adjacent Sr2FeMoO6

grains in order to provide the tunneling magnetoresi-
stance mechanism, and determining the magnetoresi-
stance of samples synthesized. Besides, the Hall e�ect

was studied to evaluate the prospectives of Sr2FeMoO6−δ

for application in magnetic sensors.

II. MATERIALS AND METHODS

Sr2FeMoO6−δ powders were prepared by using the
citrate-gel method [10] from the strontium nitrate
Sr(NO3)2, iron nitrate Fe(NO3)3·9H2O, ammonium
molybdate (NH4)6Mo7O24, and citric acid monohydrate
C6H8O7·H2O components. Then the synthesized
Sr2FeMoO6−δ powders were pressed into tablets
with a diameter of 10 mm under di�erent pressures
and temperatures. The parameters of pressing varied
over the range 1�4 GPa for pressure and 300�1100
K for temperature to select those which would allow
avoiding the formation of cracks or any secondary
phase except Sr2FeMoO6. Then the annealing of the
specimens compacted at selected temperatures and
pressures was carried out in mixed Ar/O2 atmosphere to
form dielectric shells on the grain surface by controllable
oxidation. The electrical resistivity and magnetoresi-
stance were measured by using four terminal method
in the temperature range of 4.2�300 K. Magnetoresi-
stance was determined according to the expression
MR(%) = 100(R(H,T ) − R(0, T ))/R(0, T ). It is worth
mentioning that the computations of the Hall e�ect
were performed on the premise of a tetragonal I4/m

This work may be used under the terms of the Creative Commons Attribution 4.0 International License. Further distri-

bution of this work must maintain attribution to the author(s) and the title of the paper, journal citation, and DOI.
4703-1

https://orcid.org/0000-0002-1892-0441
https://orcid.org/0000-0002-0113-9448


S. M. KONOPLYUK, M. M. KRUPA

structure of Sr2FeMoO6 with ferrimagnetic ordering.
The intrinsic Hall conductivity was calculated by using
the method of maximally-localized Wannier functions
using Wannier90 code [11]. The Quantum Espresso
software package [12] was employed to �nd ground state
Bloch functions required for Wannier90 computations.
The Quantum Espresso provided DFT calculations using
PBEsol pseudopotentials for Perdew�Burke�Ernzerho�
functional on Monkhorst�Pack k -points grid.

III. RESULTS AND DISCUSSION

The consolidation of nanopowders at di�erent
pressures and temperatures T ≤ 500 K produced cracks
in the samples. The samples compacted under a pressure
of 1 GPa and temperature of 300 K were found to be
weakly semiconducting, which indicated the presence of
weak intergranular bonds. As the pressure of compacti-
ng was raised up to 3 GPa at room temperature, a
decrease in resistivity and the change of its temperature
dependent behavior from semiconducting to metallic
type above 150 K were observed. In these samples, the
magnetoresistance reached only 12% in the magnetic �-
eld of 10 T at 10 K. Thus, to improve intergranular
bonds and increase magnetoresistance, the pressure and
temperature of compacting should be increased.
Increasing the temperature during the pressing of

Sr2FeMoO6−δ to T = 800 K resulted in a slightly
denser microstructure of the tablets and almost complete
absence of microcracks. Densifying the samples conti-
nued as consolidation pressure was raised to 4 GPa.
It was accompanied by a drop in the resistivity in the
whole temperature interval of 4.2�300 K. An increase in
the temperature of compacting to 1100 K led to phase
segregation with the appearance of dispersed Fe and
SrMoO4 inclusions.
The testing of di�erent compacting regimes revealed

that the tablets without cracks and secondary phases
should be produced under the pressure of 4 GPa at T =
800 K for 1 min.

Fig. 1. Scanning electron microscopy image of the annealed
Sr2FeMoO6−δ specimen

After fabrication with the abovementioned selected
parameters, the tablets were annealed for varying times

to form dielectric shells around Sr2FeMoO6−δ grains.
A series of the samples DP-1, DP-2, DP-3 underwent
thermal treatment followed by measurements of their
transport properties.
The DP-2 and DP-3 were annealed at T = 700 K

and p(O2) = 10 Pa for 3 and 5 hours, while DP-1 did
not undergo any heat treatment. Fig. 1 shows the mi-
crostructure of the tablet after annealing.
The size of the grains is between 1 and 7 µm. The

structure is well compacted, without cracks and voids.
This was achieved by using properly chosen pressing
parameters due to grain growth during annealing.

Fig. 2. Electrical conductivity of Sr2FeMoO6−δ samples
a) without additional annealing, b) annealed in Ar/O2 mix-
ture at 700 K for 3 hours, c) annealed in Ar/O2 mixture at

700 K for 5 hours

In�uence of annealing on the transport properties of
Sr2FeMoO6−δ was studied in the temperature interval
from 4.2 to 300 K (Fig. 2). The results displayed in
ρ(T) dependencies indicate that the DP-1, DP-2, DP-
3 samples have di�erent conduction mechanisms. DP-
1 has a positive slope of the temperature coe�cient of
resistance (dρ/dT ) and metallic conductivity throughout
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the entire temperature range studied (Fig. 2,a).
The DP-2 sample is characterized by a change in the sign
of dρ/dT from positive to negative at about 200 K on
cooling (Fig. 2,b). The DP-3 sample has a higher electri-
cal resistivity ρ = 579431 Ohm·cm than the DP-1 and
the DP-2 samples with ρ = 0.537 Ohm·cm and ρ = 0.696
Ohm·cm at 300 K, respectively.
The DP-3 demonstrated a well-de�ned semiconductor

conductivity with dρ/dT < 0 (Fig. 2,c). In order
to �nd the reasons for this behavior, the X-ray dif-
fraction (XRD) measurements of the DP-3 specimen
were performed. The small peaks (112), (004), (200),
which belong to dielectric SrMoO4 in addition to the
main re�ections of Sr2FeMoO6 phase, were identi�ed in
the di�ractogram (Fig. 3).
According to the XRD analysis, the concentration of

SrMoO4 phase was below 5.4% in the DP-3. The XRD
analysis also revealed that the parameters of the crystal
lattice and the concentration of antisite defects remai-
ned unchanged after annealing. Taking into account
that magnetizations of all the samples studied were
almost identical, one can suggest that the SrMoO4 phase
appears mostly on the surface of Sr2FeMoO6−δ grains in
the form of thin shells, thus creating dielectric barriers
between them. These barriers a�ect conductivity of the
DP-3 sample as well as its magnetoresistance.

Fig. 3. The XRD pattern of the DP-3 sample demonstrating
appearance of SrMoO4 phase after annealing at 700 K for 5

hours

As it follows from Fig. 4, the magnetoresistance of
all the samples is negative in the whole temperature
interval studied and decreases with temperature. Its
maximum value reaches 21.2% in the DP-1 at B = 10 T
and T = 10 K. MR increases to 26.1% in the DP-
2 where traces of SrMoO4 were detected by using the
X-ray �uorescence method. Further increase of the
annealing time to 5 hours facilitates the formation of
intergranular dielectric layers enhancing magnetoresi-
stance to 43.6% in the DP-3 sample. The maximum
growth of magnetoresistance occurs at B ≤ 0.2 T. As the
magnetic �eld increases to 10 T, magnetoresistance tends
towards saturation. Magnetoresistance of Sr2FeMoO6−δ

with dielectric shells can be described based on the
model [13], wherein the probability of tunneling electrons
between grains depends on the mutual orientation of
their magnetic moments. In this case, the tunneling

current depends on the angle between the magnetic
moments of adjacent grains: ρ − ρS ∼ 1 − cos(θij). This
can be averaged over all the nearest neighboring grains i
and j. Then, the following expression can be written:

(ρ− ρS) ∼ ⟨(1− cos θij)⟩ij = 1− ⟨cos θi⟩2i
= 1− (M/MS)

2
,

whereMS is the saturation magnetization, ρS is resistivi-
ty at the saturation. Taking into account the spin polari-
zation of electrons P, the expression for magnetoresi-
stance MR is

MR = −P 2(M/MS)
2/(1 + P 2(M/MS)

2),

which in the case of Sr2FeMoO6−δ with almost 100% spin
polarization becomes MR ∼ (M/MS)

2 in accordance
with experimental results.

Fig. 4. Magnetoresistance of Sr2FeMoO6−δ samples a) wi-
thout additional annealing, b) annealed in Ar/O2 mixture at
700 K for 3 hours, c) annealed in Ar/ O2 mixture at 700 K

for 5 hours

The Hall e�ect (HE) in magnetic materials is
composed of two parts, ordinary HE and anomalous HE

ρH = ρord + ρan = RordB +RanM.
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Fig. 5. Plot of Berry curvature −Ωz = −Ωxy distributed over
ky= 0 plane a) without spin-orbit coupling, b) with spin-orbit

coupling

In their turn, three di�erent mechanisms contribute
to the anomalous HE including the intrinsic one, side-
jump, and skew scattering ones. The former mechanism
depends only on the band structure of a perfect crystal
and therefore can be calculated within the framework
of the ab-initio approach. The intrinsic anomalous HE
is greatly enhanced by spin-orbit coupling [14], which is
proportional to the fourth power of nucleus charge and
hence is stronger in alloys with heavy elements. Although
Sr2FeMoO6 does not have such a strong spin-orbit
coupling as manganites or spinels have, its conducti-
vity of about 104 (Ohm·cm)−1 may allow classifying
Sr2FeMoO6 as an alloys with scattering-independent
conductivity (104−106 (Ohm·cm)−1), wherein the intri-
nsic regime of anomalous HE is the dominant one [15].
The intrinsic anomalous HE is closely related to the

Berry curvature [16], which plays the role of a �ctiti-
ous magnetic �eld in momentum k -space and provides
an additional term to the expression for the electron
wavepacket group velocity

vn (k) =
∂εn (k)

ℏ∂ k
− e

ℏ
E×Ωn (k) , (1)

where the Berry curvature of the n-th band Ωn (k) =
i⟨∇kun (k) |×|∇kun (k)⟩,

E is electric �eld, un (k) are periodic Bloch functions.
In the matrix representation

Ωn,αβ (k) = −2ℑ⟨∇kα
un (k) |∇kβ

un (k)⟩, (2)

where α and β are Cartesian coordinates.
The second term in Eq. (1) is a component of electron

velocity perpendicular to the applied electric �eld, whi-
ch is responsible for the Hall voltage. Figure 5 shows
the heat map of the Berry curvature in Sr2FeMoO6 di-
stributed over the plane ky = 0 in the Brillouin zone of
FCT lattice. The lines mark the intersection of the bands
with the Fermi surface. The minority spin band crossi-
ngs seen in Fig. 5,a, are protected by mirror symmetry.
This symmetry is broken by spin-orbit coupling, which
lifts the band degeneracy (Fig. 5,b). As is seen, spin-
orbit interaction enhances the Berry curvature by several
orders, especially near the avoided crossings.
In order to determine the intrinsic Hall conductivi-

ty, the Kubo�Greenwood formulae for interband optical
conductivity in dc limit was used.

σxy = − e2

ℏV N

∑
nk

f(εnkΩn,xy(k), (3)

where V is a cell volume, f(εnk) is the Fermi�Dirac
distribution function. It should be noted that the sum
in Eq. (3) runs only over occupied states. Finally,
calculations based on the abovementioned formula yi-
elded 22 Ohm−1·cm−1 for the intrinsic anomalous Hall
conductivity of Sr2FeMoO6. Although this result is far
from the best ones, the Hall e�ect produced by the intri-
nsic Berry curvature depends on the band structure of a
perfect crystal and therefore can be improved by vari-
ation of the composition through additions of doping
elements.

IV. CONCLUSIONS

� Optimal conditions for compacting Sr2FeMoO6−δ

powders required to form a dense structure wi-
thout microcracks include temperature of 800 K
and pressure of 4 GPa;

� Annealing Sr2FeMoO6−δ pellets in Ar/O2 �ow at
the temperature of 700 K facilitates the formati-
on of the dielectric SrMoO4 phase changing the
conduction mechanism from metallic type to semi-
conducting one;

� The sample after additional annealing demonstra-
tes enhanced magnetoresistance (from 21.2% to
43.6%) due to the intergrain tunneling through
dielectric SrMoO4 layers between Sr2FeMoO6−δ

grains;

� In Sr2FeMoO6, the intrinsic anomalous Hall
conductivity σxy due to the Berry curvature Ωz

is about 22 S/cm.
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ÌÀÃÍIÒÎÎÏIÐ ÒÀ ÅÔÅÊÒ ÃÎËËÀ, ÂÈÊËÈÊÀÍÈÉ ÊÐÈÂÈÇÍÎÞ ÁÅÐÐI Â ÏÎÄÂIÉÍÎÌÓ
ÏÅÐÎÂÑÊIÒI Sr2FeMoO6�δ

Ñ. Ì. Êîíîïëþê, Ì. Ì. Êðóïà
Iíñòèòóò ìàãíåòèçìó ÍÀÍ Óêðà¨íè òà ÌÎÍ Óêðà¨íè,

áóëüâ. Âåðíàäñüêîãî 36-á, 03142, Êè¨â, Óêðà¨íà

Òðàíñïîðòíi âëàñòèâîñòi ïîäâiéíîãî ïåðîâñêiòó Sr2FeMoO6−δ äîñëiäæóâàëè åêñïåðèìåíòàëü-
íî òà ç âèêîðèñòàííÿì ïåðøîïðèíöèïíèõ ðîçðàõóíêiâ. Çðàçêè ôåðîìîëiáäàòó ñòðîíöiþ ãîòóâàëè
öèòðàòíî-ãåëåâèì ìåòîäîì ç ïîäàëüøèì ïðåñóâàííÿì i òåðìîîáðîáêîþ â ðiçíèõ ðåæèìàõ. Åôåêò
Ãîëëà ðîçðàõîâóâàëè çà äîïîìîãîþ ïðîãðàìíèõ ïàêåòiâ Quantum Espresso òà Wannier90. Äîñëiäæå-
ííÿ ïiäòâåðäèëè âèñîêó ÷óòëèâiñòü âëàñòèâîñòåé Sr2FeMoO6−δ äî òàêèõ ïàðàìåòðiâ îáðîáêè, ÿê òèñê
i òåìïåðàòóðà ïðåñóâàííÿ ïîðîøêó, à òàêîæ äî òåìïåðàòóðè é òðèâàëîñòi ïîäàëüøîãî âiäïàëó â çìi-
øàíié àòìîñôåði àðãîíó òà êèñíþ. Óñòàíîâëåíî, ùî îïòèìàëüíèé ðåæèì ïðåñóâàííÿ, ÿêèé äàâàâ
çìîãó óíèêíóòè ðîçòðiñêóâàííÿ çðàçêiâ, äîñÿãàâñÿ çà òèñêó 4 ÃÏà òà òåìïåðàòóðè 800 Ê. Ïîäàëüøà
òåðìi÷íà îáðîáêà ïðåñîâàíèõ çðàçêiâ ó çìiøàíié àòìîñôåði Ar òà O2 ïîêàçàëà, ùî â Sr2FeMoO6−δ

ìîæíà îòðèìàòè òðè òèïè åëåêòðîïðîâiäíîñòi: ìåòàëåâó, íàïiâïðîâiäíèêîâó òà çìiøàíó.
Íàéáiëüøó âåëè÷èíó ìàãíiòîîïîðó âèÿâëåíî â íàïiâïðîâiäíèêîâîãî çðàçêà (áëèçüêî 44%), òîäi

ÿê çðàçîê ìåòàëåâîãî òèïó ïðîäåìîíñòðóâàâ ìàãíiòîîïið áëèçüêî 21%. Ïiäâèùåíèõ çíà÷åíü ìàãíi-
òîîïîðó â íàïiâïðîâiäíèêîâîìó çðàçêó äîñÿãíóòî çà ðàõóíîê ìåõàíiçìó ïðîâiäíîñòi, ïîâ'ÿçàíîãî ç
òóíåëþâàííÿì ÷åðåç ìiæçåðåííi äiåëåêòðè÷íi øàðè, óòâîðåíi âòîðèííîþ ôàçîþ SrMoO4. Âíóòðiøíþ
÷àñòèíó àíîìàëüíîãî åôåêòó Ãîëëà îá÷èñëåíî çà äîïîìîãîþ ïîáóäîâè ãàìiëüòîíiàíà â áàçèñi ìàêñè-
ìàëüíî ëîêàëiçîâàíèõ ôóíêöié Âàíü¹. Ðîçðàõóíêè êðèâèçíè Áåðði, ÿêà ¹ ïðè÷èíîþ âíóòðiøíüîãî
åôåêòó Ãîëëà, ïîêàçàëè, ùî ¨¨ íàéáiëüøi çíà÷åííÿ äîñÿãàþòüñÿ ïîáëèçó óíèêíóòèõ ïåðåòèíiâ çîí
çà âðàõóâàííÿ ñïií-îðáiòàëüíîãî çâ'ÿçêó. Ïðîâiäíiñòü Ãîëëà ðîçðàõîâàíà iíòå ðóâàííÿì êðèâèçíè
Áåðði ïî âñiõ çàéíÿòèõ ñòàíàõ ∼ 22 S/ñì.

Êëþ÷îâi ñëîâà: Sr2FeMoO6, åëåêòðîîïið, ìàãíiòîîïið, åôåêò Ãîëëà, êðèâèçíà Áåðði.
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