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The paper focuses on transport properties of double perovskite SraFeMoOg_s, which were studi-
ed experimentally and using first principles calculations. The strontium ferromolybdate specimens
were prepared using citrate-gel method followed by compacting and thermal treatment at different
regimes. The Hall effect was calculated using Quantum Espresso and Wannier90 software packages.

The study confirmed high sensitivity of SroFeMoQOs 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/O> atmosphere. The optimal regime of compacting to avoid cracking involved
pressing under 4 GPa at 7' = 800 K. Further heat treatment of the compacted specimens in Ar/O;
atmosphere has shown that three types of electric conductivity, namely metallic, semiconducting
and mixed one can be realized in the SroFeMoQOg 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 effect 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
effect 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
A>BB'Og 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 flexibility.

SroFeMoQOg 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. SraFeMoOg
can be fabricated in different 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
effective synthesis method is required to gain prescri-
bed transport properties. In this work, different synthesis
and thermal treatment regimes were tested to improve
magnetoresistance of SroFeMoOg_s. Our tasks involved
forming dielectric layers between adjacent SroFeMoOg
grains in order to provide the tunneling magnetoresi-
stance mechanism, and determining the magnetoresi-
stance of samples synthesized. Besides, the Hall effect
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was studied to evaluate the prospectives of SroFeMoQOg_ 4
for application in magnetic sensors.

II. MATERIALS AND METHODS

SroFeMoQOg_s powders were prepared by using the
citrate-gel method [10] from the strontium nitrate
Sr(NOgz)s, iron nitrate Fe(NOjz)3-9H50, ammonium
molybdate (NH4)gMo7QOs4, and citric acid monohydrate
CegHgO7-H2O  components. Then the synthesized
SroFeMoOg_s powders were pressed into tablets
with a diameter of 10 mm under different 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 SroFeMoQOg. Then the annealing of the
specimens compacted at selected temperatures and
pressures was carried out in mixed Ar/O, 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 effect
were performed on the premise of a tetragonal 14/m
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structure of SroFeMoQOg 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 find ground state
Bloch functions required for Wannier90 computations.
The Quantum Espresso provided DFT calculations using
PBEsol pseudopotentials for Perdew—Burke—Ernzerhoff
functional on Monkhorst—Pack k-points grid.

III. RESULTS AND DISCUSSION

The consolidation of nanopowders at different
pressures and temperatures 7" < 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 fi-
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
SroFeMoOg_s 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
SrMoQ, inclusions.

The testing of different 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
SroFeMoOg_s specimen

After fabrication with the abovementioned selected
parameters, the tablets were annealed for varying times
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to form dielectric shells around SroFeMoOg_s 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 7' = 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 pm. The
structure is well compacted, without cracks and voids.
This was achieved by using properly chosen pressing
parameters due to grain growth during annealing.
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Fig. 2. Electrical conductivity of SroFeMoOg_s samples

a) without additional annealing, b) annealed in Ar/Os mix-

ture at 700 K for 3 hours, c¢) annealed in Ar/O, mixture at
700 K for 5 hours

Influence of annealing on the transport properties of
SroFeMoOg_s was studied in the temperature interval
from 4.2 to 300 K (Fig. 2). The results displayed in
p(T) dependencies indicate that the DP-1, DP-2, DP-
3 samples have different conduction mechanisms. DP-
1 has a positive slope of the temperature coefficient of
resistance (dp/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 dp/dT from positive to negative at about 200 K on
cooling (Fig. 2,b). The DP-3 sample has a higher electri-
cal resistivity p = 579431 Ohm-cm than the DP-1 and
the DP-2 samples with p = 0.537 Ohm-cm and p = 0.696
Ohm-cm at 300 K, respectively.

The DP-3 demonstrated a well-defined semiconductor
conductivity with dp/dT < 0 (Fig. 2,c). In order
to find 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 StMoQOy in addition to the
main reflections of SroFeMoQOg phase, were identified in
the diffractogram (Fig. 3).

According to the XRD analysis, the concentration of
SrMoQ, 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 SrtMoQO, phase
appears mostly on the surface of SroFeMoQOg_s grains in
the form of thin shells, thus creating dielectric barriers
between them. These barriers affect conductivity of the
DP-3 sample as well as its magnetoresistance.
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Fig. 3. The XRD pattern of the DP-3 sample demonstrating
appearance of SrMoQ4 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-1at B=10T
and T = 10 K. MR increases to 26.1% in the DP-
2 where traces of SrMoOy were detected by using the
X-ray fluorescence 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 field increases to 10 T, magnetoresistance tends
towards saturation. Magnetoresistance of SroFeMoQOg_s
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: p — pg ~ 1 — cos(¢;;). This
can be averaged over all the nearest neighboring grains i
and j. Then, the following expression can be written:

=1- (cosﬂiﬁ
= 1—(M/Ms)*,

(p—ps) ~ {(1 —cos 9ij)>ij

where My is the saturation magnetization, pg 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*(M/Ms)?/(1+ P*(M/Ms)?),

which in the case of SroFeMoQg_s with almost 100% spin
polarization becomes MR ~ (M/Ms)? in accordance
with experimental results.
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Fig. 4. Magnetoresistance of SroFeMoOg_s samples a) wi-

thout additional annealing, b) annealed in Ar/O» mixture at

700 K for 3 hours, c) annealed in Ar/ O mixture at 700 K
for 5 hours

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

PH = Pord + Pan = RoraB + Ran M.
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Fig. 5. Plot of Berry curvature —§2, = —Q, distributed over
ky= 0 plane a) without spin-orbit coupling, b) with spin-orbit
coupling

In their turn, three different 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
SroFeMoOg does not have such a strong spin-orbit
coupling as manganites or spinels have, its conducti-
vity of about 10* (Ohm-cm)~! may allow classifying
SroFeMoOg as an alloys with scattering-independent
conductivity (10* —10° (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 fictiti-
ous magnetic field in momentum k-space and provides
an additional term to the expression for the electron
wavepacket group velocity

v, (k) = a;g(li‘) _ %E % Qn (k) (1)

where the Berry curvature of the n-th band Q, (k) =
i{Viun, (k) | x| Viuy, (k)),

E is electric field, w, (k) are periodic Bloch functions.
In the matrix representation
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Qn,aﬁ (k) = _2C\\g<vkaun (k) |vk5un (k)>, (2)

where o and 3 are Cartesian coordinates.

The second term in Eq. (1) is a component of electron
velocity perpendicular to the applied electric field, whi-
ch is responsible for the Hall voltage. Figure 5 shows
the heat map of the Berry curvature in SroFeMoQOg di-
stributed over the plane k, = 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.

2
€
7o = TN 2T Cri e 10 ®)

where V is a cell volume, f(e,) 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~'-cm~! for the intrinsic anomalous Hall
conductivity of SroFeMoOg. Although this result is far
from the best ones, the Hall effect 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

e Optimal conditions for compacting SroFeMoOg_s
powders required to form a dense structure wi-
thout microcracks include temperature of 800 K
and pressure of 4 GPa;

¢ Annealing SroFeMoOg_s pellets in Ar/O» flow at
the temperature of 700 K facilitates the formati-
on of the dielectric SrMoQO4 phase changing the
conduction mechanism from metallic type to semi-
conducting one;

e The sample after additional annealing demonstra-
tes enhanced magnetoresistance (from 21.2% to
43.6%) due to the intergrain tunneling through
dielectric SrMoQ, layers between SroFeMoOg_s
grains;

e In SryFeMoOg, the intrinsic anomalous Hall
conductivity 0., due to the Berry curvature €2,
is about 22 S/cm.
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MATHITOOIIIP TA E®EKT T'OJIJIA, BUKJIMKAHNI KPUBU3HOIO BEPPI B HO,Z[BIﬁHOMY
ITEPOBCKITI Srz2FeMoOg_;s

C. M. Kounowmok, M. M. Kpyua
Inemumym maenemusmy HAH Vipainu ma MOH Ykpainu,
6yave. Bepnadevkozo 36-6, 03142, Kuis, Yxpaina

TpancmopTai BiacTuBocTi moaBifiHOro mepoBckiTy SroFeMoOg_ s mOCTIIKyBaIM €KCIEPUMEHTAb-
HO Ta 3 BUKODHUCTAHHSM TEPIIONPUHIIMITHIX PO3PAXYHKIB. 3pa3ku (PepoMOIibIaTy CTPOHINIO TOTYBAJIH
IUTPATHO-TEJIEBUM METOJOM 3 MOJAJBIINM IIPECYBAHHAM i TEpMOOOPOOKOI0 B pisHMX pesknMax. Edekr
lonna pospaxoByBasm 3a 10MOMOroio nporpaMunx nakeris Quantum Espresso Ta Wannier90. Jocuimke-
HHS TTBEpININ BUCOKY 4y TIUBICTh BiacTtuBocteit SroFeMoOg_s 10 Takux mapamMerpiB 0OpoOKH, sTK THCK
i TeMIIepaTypa MpeCcyBaHHS MOPOITKY, & TAKOXK J0 TEMIIEPATYPH ¥ TPUBAJIOCTI TTOTAJIBIIIOTO Bi/IATy B 3Mi-
maniit armocdepi aprory Ta KUCHIO. YCTaHOBJIEHO, IO ONTUMAJIHHUN DEXKWUM MPECYBAHH:, KWl TaBAB
3MOI'y YHAKHYTH PO3TPIiCKyBaHHS 3pa3KiB, mpocsarascs 3a tucky 4 I'lla ra remueparypu 800 K. Ilogasbmia
TepMiuHa 00POOKa MPECOBAHUX 3pas3kiB y 3mimaniit armocdepi Ar ta O, nokazama, mo B SraFeMoOg_s
MOYKHA OTPUMATHU TPY TUIH €JIEKTPOMPOBIIHOCTI: MeTaJIeBy, HAMIBIPOBITHUKOBY Ta, 3MiITaHy.

Haii6isibiry BesinuuHy MarHiToonopy BHUsBJIEHO B HAIIBIPOBLIHMKOBOIO 3paska (6imsbko 44%), Toui
[K 3Pa30K METaJeBOr0 THUILY IPOJeMOHCTPYyBaB Marairoomip 6mm3bko 21%. Iligsuimennx 3Ha4YeHb Marmi-
TOOTIOPY B HAIIBIMPOBIIHWUKOBOMY 3pa3Ky JOCIATHYTO 33 PaXyHOK MEXaHi3My TMPOBiAHOCTI, TIOB’sA3aHOTO 3
TYHEJIIOBAHHAM Yepe3 MiK3epeHHi JieJIeKTPUYHI Mapu, yTBopeHi BTopuHHO0 ¢a30i0 StMoQ4. Bayrpinmmio
qacTHHY aHoMaJabHOro edexty [onna obuancaeHo 3a I0MOMOro0 MoOyI0BY raMilibTOHIaHa B 6a3uci Makcu-
MaJIbHO JoKasti3oBanux pyHKIiil Bambe. Po3dpaxynku kpuBuszuu Beppi, sika € IpUYUHOIO BHYTPIITHBOIO
edexry Tosta, mokasasu, mo i1 HAWOLIBIN 3HAYEHHS TOCATAIOTHCA TOO/IM3Y YHUKHYTHUX TEPETHHIB 30H
3a BpaxyBaHHs CriH-OpOiTambHOro 38’s3Ky. IIpoBimnaicts [ojma po3paxoBana iHTErpyBaHHAM KPUBU3HU

Beppi 1o Beix 3aitusarux cranax ~ 22 S/cwm.

Kurouosi caoBa: SroFeMoQOg, enekrpoorip, marairoonip, edekr osna, kpususua Beppi.
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