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Abstract

The sequence of phase transformations during tystatiization of SrBaFeMog; by the
solid-phase technique from a stoichiometric mixtofesimple oxides SrCO+ BaCQ +
0.5Fe03 + MoOswas studied. It has been established that the egistiof barium — strontium
ferromolybdate proceeds through a series of semlierparallel stages. It was found that to
minimize the effect of intermediate reaction pragudt is necessary to use combined
synthesis modes. As a result of using combinedhggid modes for annealing for 20 hours
and T = 1443 K in vacuum of TWorr at the pressure of residual oxygen ga8 R4, it was
possible to obtain a single-phase barium — strontiierromolybdate compound with

superstructural ordering of iron and molybdenunnocet

Keywords: magnetic metal oxide compound, double perovskieythermal synthesis,
differential thermal analysis, thermogravimetricasis, sequence and degree of phase

transformations.



Introduction

Solid solutions of double perovskites with the gehdormula Ss_.BaFeMoQs,
which have high chemical stability in a reducinmasphere, high Curie temperatures (380 —
420 K), and a significant degree of spin polar@atf conduction electrons (~100%), as well
as low values of the controlling magnetic fields{®.5 T) are of great interest to specialists
working in the field of spintronics [1-6]. Interdstsuch materials is due to the fact that these
objects have unique and extremely important forctwal applications magnetic and
magneto-transport properties, and in some paragdteey surpass the known manganite-
based systems. Nevertheless, the values of magsetiance (MR) and other important
physical characteristics of SBaFeMo(Qss used in microelectronics may differ between
researchers, which, apparently, is associated fe@dtures of sample preparation techniques
[7-12].

Whileanalysing the accumulated data obtained idf]3 the multi-stage crystallization
process of SrBaiFeMoQsswas established, which is due to the complexitypbbase
transformations, low kinetics of phase formatiomg aveak mobility of F& and M3 cations
[15,16]. The other research works contain more rmédion on the preparation of
Sr_BaFeMoQ;_; by the mechanico-chemical method with a high-teraujpee synthesis in a
reducing gas environment [16-21]. At the same timggrous correlations between the
functional characteristics of materials and theaduction conditions are practically absent in
the performed studies. However, the formation ofsiagle-phase SrBaFeMoGs s
compound under conditions of control over the defegnation processes and, accordingly,
compound with reproducible physico-chemical prdpertneeds analysis of the phase
transformations occurring in the batchas well agliss of the kinetics of the degree of
conversion of double perovskite during its crysalion. Therefore, lately, the attention of
researchers has been drawn to deeper and morkedetpproaches to the synthesis of double
perovskites associated with the study of the segpieh phase transformations during their
crystallization [11,13-19]. In this regard, invgstiions aimed at studying high-temperature
phase transformations and determining the compaosaf intermediate crystalline phases in
the synthesis of 2rBaFeMoGs; are of particular importance. The main aim of 8tisdy is
toestablish a correlation between the rate of pl@sesformations and the degree of phase
transformation of barium — strontium ferromolybdatehich will allow for a controlled
change in the phase composition of the synthestadmic with reproducible physico-
chemical properties.



Experimental

Strontium carbonate (SrGJ) barium carbonate (BaGl ferric oxide (FgOs3), and
molybdenum trioxide (Mog) were used as initial reagents for studying tlgpieace of phase
transformations in obtained by the solid-phasert&gle compounds of variable composition
Sr_BaFeMoGs;. Mixing and grinding of the stoichiometric mixtuoé the starting reagents
was carried out in a ball mill "PM 100" Retsch GmbHethanol for 15 hours. The resulting
powder was pressed into tablets 10 mm in diameda5 mm thick. Annealing was carried
out in polythermal mode at temperatures of 573-1K78 vacuum of 18 Torr at the
pressure of residual oxygen gas®Ha and at different heating rates of 0.7: 1.4 afdigg /
min, followed by quenching at room temperature. idaportant factor for the formation of
superstructural ordering of Fe / Mo cations in ¢benpound is the selection of the synthesis
medium in order to control oxygen deficiency. Basau other research works on the
development of double perovskite synthesis modesas found that if the pressure of the
residual oxygen gas exceeds®Ha, it is impossible to obtain a single-phase camgd21].
For this reason, we do not consider this caseignstiady.

The phase composition and structure were determusdg D8 Discover X-ray
diffractometer (Bruker AXS GmbH) with a LynxEye (0Bode) detector Cud{(A\= 1.54 A)
radiation. X-ray generator voltage and current 4@&V and 40 mA, respectively. Couplé 2
/ 6 scans were performed in the range of 20 — 8Q1 avistep size 0.033 °, time per step of
0.3 s. Processing of the resultant diffractogranas werformed with ICSD-PDF2 (Release
2000) database and PowderCell, FullProf softwarthbyRietveld technique.

The thermal behavior was investigated using diffeaé thermal analysis (DTA) and
thermogravimetric analysis (TGA) by means of aatdéhtial scanning calorimeter (DSC)

SetaramlLabsys TG — DSC16 set up in an argon sta¢arheating rate of 1.4 deg / min.

Results and Discussion

According to the differential thermal analysis, gireally no changes occur in the DTA
curves, when the sample consisting of the staragents in the stoichiometric ratio Sr&ZO
BaCG; + 0.5Fg0; + MoG; is heated from 300 to 453 K. Nevertheless, acogrth the TGA
data, a slight decrease in its mass is obsemadnfp< 2%), that can be explained by the
chemical processes taking place in the batchandciassd evolution of gaseous reaction

products (Figs. 1 and 2).
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Figure 1. Temperature dependence of the derivafitieermal effects in a mixture ofSrG®
BaCQ; + 0.5Fe0; + MoO; powder annealed in vacuum of ZIrr at the pressure of residual

oxygen gas 18Pa at a heating rate of 1.4 deg/min
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Figure 2. Temperature dependence of the changeeimdrmalized mass of the mixture of
oxides (SrC@ + BaCQ + 0.5Fe03; + MoQ;) powder (a) and its derivative (b), annealed in
vacuum of 10Torr at the pressure of residual oxygen ga8R# at a heating rate of 1.4 deg /

min

When heated to higher temperatures, thermal presesstensify and five well
pronounced endothermic effects are observed inettgerature range 573-1473 K (Fig. 1).
The first endothermic effect, starting at a tempeeaof 453 K and reaching a minimum at T



= 825 K, is caused by a significant decreasa/(n,~8%) in the mass of the sample according
to thermogravimetric analysis, and is most likelyedo the evolution of gaseous reaction
products CQand Q (Fig. 2 a, b).

This assumption is indicated by XRD data (Fig. Sk, in the temperature range
corresponding to the first endothermic effect, talzation of the BaMo®@compound in the
BaCQ; — MoG; system is observed, proceeding with the releasmadiion dioxide according

to the reaction equation:

BaCQO+MoOs= BaMOO4+C02T (1)

At the same time, according to the TGA data, intdmeperature range 753-873 K (Fig. 2a), a
sharp growth in the rate of decrease in the mashefsample was noted, indicating the
occurrence of parallel chemical processes withetbffit amounts of gaseous reaction products
released and absorbed. When studying the phaseosdiop of the sample, the appearance
of a strontium ferrite compound in the temperatuamge 453 K <¥743 K and a
SrBaFeMoQ@ _; solid solution in the temperature range 743 K813 K was detected. In this
case, the chemical reaction with the formationtadrgium ferrite occurs simultaneously with
the absorption of oxygen and the release of cadiokride (2). The formation of a solid
solution of strontium barium ferromolybdate is takiplace with the release of carbon dioxide

and oxygen (3):

SrCG; + 0.5Fe0; + 0.25), = SrFeQ + CO»?1 (2)
SrCQG; + BaCQ+0,5Fe03+M003 = SrBaFeMo@; + 2CO,1+ (0.5+8)/20,1 (3)

The second insignificant endothermic effect in theture of the starting reagents
SrCQ; + BaCQ + 0.5Fg0; + MoO; with a minimum at T = 927 K is practically not
accompanied by a change in the mass of thebatcledrdingly, the release of gaseous
reaction products. According to the XRD data, ngnsicant changes in the phase
composition of the samples were detected.

In the temperature range corresponding to the #mabthermic effect in the mixture of
the starting reagents Srg® BaCQ + 0.5Fg03; + MoO; with a minimum at T = 1016 K, a
sharp increase in the mass loss of the samplessnedd. In this case, the amount of double
perovskite increases faster than barium molybd8iace atT > 1043 K the SrFe9
compound is absent in the mixture, and the conagoir of the solid solution increases
SrBaFeMo@;, the endothermic effect is probably due to thdofing chemical reaction

with the evolution of oxygen:
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Figure 3. X-ray diffraction patterns of samples thgsized in vacuum at the pressure of
residual oxygen gas TOPa and at heating rate of 1.4 deg / min, obtaintedifferent

annealing temperatures

SrFeQ + BaMoO, = SrBaFeMo@; +(1+5)/20,71 4)

As it follows from the equation (4), the surfacesbfontium ferrite acts as the active
centers for the appearance of nuclei of the newaBeRloQ;sphase, on which the
dissociation process takes place, accompanied dyigappearance of SrFg@uring the
growth of SrBaFeMogx. It was found that at room temperature the Sg-€&CQ and
BaCO;,compounds practically disappear, and the BaFplase appears. In this case, the
amount of BaMoQ@increases and reaches 54.5% of the total phaspasition of the sample,
which indicates the further course of chemical peses according to equation (1). Based on

the foregoing, the formation of barium ferrite darepresented as follows:

SrFeQ + BaCQ = BaFeQ + SrO +CO»? (5)



According to expression (5), the resulting stromtioxide most likely dissolves in the
barium — strontium ferromolybdate matrix, since aother compounds are formed at
temperatures ® 1043 K.

With a further increase in temperature, an insigaift fourth endothermic peak is
observed with a minimum at T = 1183 K. In this ¢aselight increase in theSrBaFeMpO
sphase and a decrease in the content of BaMmi@ BaFe® phases were found in the
quenched sample at T = 1183 K.

With an increase in temperaturelia= 1341 K in the region where the fifth endothermic
effect was recorded, the main reflection of the &afphase significantly decreases and its
content in the sample is no more than 0.5%. In thaise, the interface between the solid
phases, where the mutual diffusion of chemical el&#s occurs, moves deep into the
intermediate BaMo@phase. In this case, decrease in the growth f&@eBaFeMoQ@for the
degree of conversioo>70% is due to an increase in the thickness of riterface between
the solid phases. If the formed product layer hisvamobility of cations and anions, then the
heterogeneous reaction from the adsorption — clenransitions changes to the diffusion
mode, which, in turn, is indicated by the aboveultss Samples heated to temperatures of
1418 K and 1473 K according to the XRD data ardimi@ely identical and differ only in
their quantitative composition. So, the compositidrthe sample heated to T=1418 K has a
guantitative phase ratio: SrBaFeMaQ 75.8%, BaMoQ@ - 24.2%. With a further increase in
temperature to 1473 K, the composition changetendirection of increasing the content of
double perovskite to SrBaFeMeg§lo 83.3% and decreasing barium molybdate to BaivioO
16.7%.

In the temperature range 1219-1473 K, the sampks meactically does not change,
while the thermal effect is present and the sam@iteains multiphase. This indicates the
difficulty of solid-state reactions with the forn@i of a solid solution of barium — strontium
ferromolybdate.

When considering the dynamics of phase transfoonstiit was found that BaGQO
SrCG;, BaMoQ,, and BaFe@are the main concomitant compounds during cryssibn of
the solid solution of SrBaFeMag@double perovskite. When analysing the phase coriposi
of the mixture, consisting of a mixture of the ialtstoichiometric reagents: Srg® BaCQ
+ 0.5Fe0O3; + M0Q;, it was noticed that with increasing temperatwanplex compounds
BaMoQ,, SrFeQ, and then SrBaFeMaQ appear almost simultaneously. This circumstance
indicates that BaMo®and SrFe@ compounds are structure-forming for solid solutafn

barium-strontium ferromolybdate. With a subsequeatease in temperature to 1043 K, the



formation of new BaFe©compound and the disappearance of SgRe€e detected. In this
case, the amount of the double perovskite increfasésr than that of the barium molybdate.

Thus, at the initial stage of the interaction, tleemed solid solution of barium-
strontium ferromolybdate is enriched in iron argldbmposition during the reaction changes
toward an increase in the molybdenum content. Stheecomplex oxides BaMaOand
BaFeQ are accompanying in the initial batchduring itsheading in almost the entire
temperature range of the synthesis of SrBaFeppDis important to work out the synthesis
modes for a single-phase compound in which thegotire as quickly as possible.

It is noted that with an increase in the heatirtg,ra decrease in the amplitude values
maXts=const) IS Observed for both BaFg@nd BaMoQ compounds. In this case, the values
maxa=f(T)s=constShift with an increase in the heating rate towaghér temperatures, which
indicates the presence of kinetic difficulties dgriheir crystallization (Fig. 4).

The presence of more significant kinetic difficadtiin the formation of BaFeQs
indicated by temperature data at which the ampitvmlues of the derivative of the degree of
conversion (d/dt)nax depending on the heating rate, are 293-373 Kehighan for the
BaMoOy compound. The values ofqftit)nax depending on the heating rate, are 0.09-0.17
higher for BaFe@than for BaMoQ. This indicates a higher rate of chemical procesgéh

the formation of barium ferrite than barium molybaléFig. 5).
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Figure 4. Temperature dependences of the degreenetrsion (a) and the growth rate (b) of

the BaMoQ compound in samples synthesized at different hgattes
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Figure 5. Temperature dependences of the degreenwkrsion (a) and growth rate (b) of the

BaFeQ compound in samples synthesized at different hgattes

When considering the decomposition rates of doubigles, it was noted that the
largest minimum values @ddt)ni,=-0.408 are observed for BaMg@t T=1331 K and=1.4
deg/min, and for BaFe{ila/dt),i,=-0.375 at T=1181 K andl=1.4 deg/min (Figs. 4, 5).

Based on the above data, it follows that in ordeetiuce the phase formation processes
and increase the decomposition rate of intermegadeucts of the BaFeQand BaMoQ
reaction during crystallization of a barium — sttom ferromolybdate solid solution, the
dynamics of phase transformations should be takém account and combined heating
conditions should be applied. So, in the low-terapee region, where the formation and
growth of double oxides takes place, the rate wipterature rise should be used at maximum,
and in the high-temperature region, where dissmutif side compounds is observed, the rate
of temperature rise should be low.

To establish the temperature range between thddowerature and high-temperature
synthesis regions, we consider the correlation widgeces a=f(7)s=const and
da/dt=f(T)y=consfor the SrBaFeMogszcompound with fixed heating rates of 0.7; 1.4; &% /
min(Fig. 6 a, b). According to the analysisosff(7)y=consi it Was found that with an increase
in the rate of temperature rise, the maximum SrB&H®;_; conversion degree shifts toward
higher temperatures and does not reach the maxivalues of 100% at T = 1443 K. In this
case, for temperatures abovel123 K, a slowdown in the growth rate of bariuntremstium
ferromolybdate is observed, reaching modfti=f(7)s=cons| at 1173 T < 1243 K and 0.& o

< 2.5 deg/ min. Itis noted that with a decreastne heating rate, a shift in the degree of
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Figure 6. Dependence of the rate of change of dgred of conversion on the degree of
conversion of the SrBaFeM@Q® compound in a sample synthesized under polythermal
conditions in vacuum of I0orr at the pressure of residual oxygen ga& Ba from a
stoichiometric oxides mixture (SrG@ BaCQ + 0.5Fg03 + MoOs)

conversion is observed in minj@it=Ff(7)y=cons| towards lower temperatures. With a further
increase in the degree of conversion, the seconxihmazof the rate of change in the degree of
conversion are observed. Moreover, the quantitias|dn/dt=f(7)s-cons} With an increase in
the rate of temperature increase shift toward hitgraperatures. The detected phased change
in the growth rate of SrBaFeM@@with the presence of two maxima of a function of th
form da/dt=f(7)y=const and the presence of miajdit=f(7)y=cons|] iN the temperature range
1123-1323 K, is most likely due to a decrease e dbefficients of chemical diffusion of
reagents into the reaction zone. Since we arerdgalith series-parallel reactions occurring
simultaneously with the formation of various proguand, above all, BaFg@nd BaMoQ,
the rate of the processes will be determined bipwes stage. Since the appearance of the
BaFeQ compound with its subsequent decomposition wasctld in this temperature range,
it can be assumed that the volumetric diffusiomezfgents through the layer of the reaction
product is the limiting stage in the crystallizatiof SrBaFeMo@;s, which leads to an
increase in the diffusion range of the reagentserdiore, to increase the growth rate of
SrBaFeMoQ@, it is necessary to reduce the diffusion pathhaf starting reagents to the
reaction zone by eliminating intermediate reactpyoducts during a crystallization of the
barium — strontium ferromolybdate.

In this case, the revealed fact that BaMa®acts more quickly and precisely in the

temperature range of the second maximum is maslylikssociated with the implementation



of such a crystallization mechanism of SrBaFeMg® which kinetic difficulties are
minimized and, accordingly, the growth rate of bari— strontium ferromolybdate increases.
In this case, the rate of the entire transformaisotietermined by the rate of interaction of the
reagents at the interface with SrBaFeMggyains.

Based on the above data, to obtain a single-plaskesolution, the combined heating
modes were optimized:
- at the first stage, preliminary synthesis wadqgrared at T = 1323 K and a heating rate of
25 deg / min for 15 hours. This temperature wa®seh due to the fact that
min|do/dt=f(7)y=cons| fOr compounds BaFeand BaMoQ, as well as the second maximum
max|ab/dt=F(7)s=cons| for solid solutionSrBaFeMo{3 were observed,;
- at the second stage, to increase the reacti/ityeomixture and the diffusion mobility of the
reactants, the formed layer of the reaction produas crushed, homogenized, and the
mixture was highly dispersed by thin vibro-grindingalcohol for 2 hours;
- at the third stage, in order to decompose thernm¢diate phases BaFgé@nd BaMoQ as
quickly as possible and achieve the degree of asiorea = 100% for SrBaFeMog)_;, the
synthesis was carried out at T = 1323 K and a hgatate of 2.5 deg/min for 5 hours,
followed by heating to T = 1443 K a = 0.7 deg/min, since at this speed the maximum
values of the degree of the barium — strontiunofeonlybdate conversion were achieved.

As a result of using combined synthesis modes forealing for 20 hours and T =
1443 K in vacuum of I8Torr at the pressure of residual oxygen ga8R4), it was possible to
obtain a single-phase barium — strontium ferromdégp compound with superstructural

ordering of iron and molybdenum cations (Fig. 7).

Conclusions

Based on the study of the sequence of phase tramtions during crystallization of
the SrBaFeMo@; solid solution and the establishment of correlaibetween the synthesis
modes and the degree of phase transformations eofsyhthesized compounds, using a
stoichiometric mixtureof simple oxides Srg® BaCQ + 0.5Fe03; + MoO;, the multistage
crystallization of the compound is determined, Wwhis due to the complexity of the phase
transformations in concern with the sequentiallsapp@l chemical reactions and low kinetics
of phase formation.

It was found that in order to minimize the effedtimermediate reaction products at

which kinetic difficulties are minimized and, acdimgly, the growth rate of single-phase
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Figure 7. X-ray diffraction pattern of the SrBaFe®a; sample synthesized under combined
annealing conditions and quenched at room temperafine inset shows the microstructure

and EDX analysis of the obtained sample

barium — strontium ferromolybdate increases with pnesence of superstructural ordering of
iron and molybdenum cations, it is necessary to amabined synthesis modes in it. An
important factor for the formation of superstruefuordering of Fe / Mo cations in the
compound is the selection of the synthesis mediuorder to control oxygen deficiency.

As a result of using the combined synthesis modesiinealing for 20 hours and T =
1443 K in vacuum of I8 Torr at the pressure of residual oxygen ga8R4, it was possible
to obtain a single-phase barium — strontium ferrgttate compound with superstructural

ordering of iron and molybdenum cations.
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Highlights

- As a result of the present investigation, it l@en established that the synthesis of barium —
strontium ferromolybdate proceeds through a sefiegquential - parallel stages.

- An important factor for the formation of supeustiural ordering of Fe/Mo cations in the compound
is the selection of the synthesis medium in ordecdntrol oxygen deficiency. The best results for
obtaining a single-phase compound were obtaineddénum of 10 Torr at the pressure of residual

oxygen gas of 1BPa.

-It was found that in order to minimize the effettintermediate reaction products, it is necessary
use the combined synthesis modes:

- at the first stage, preliminary synthesis wadqgrared at T = 1323 K and a heating rate of 2.5
deg/min for 15 hours. This temperature was chosentd the fact that mingddt=f(7)s=cons| for
compounds BaFefand BaMoQ, as well as the second maximum meit=f(7)y=cons| for solid
solution SrBaFeMogx, were observed,

- at the second stage, to increase the reactivithhe mixture and the diffusion mobility of the
reactants, the formed layer of the reaction prodeag crushed, homogenized, and the mixture was
highly dispersed by thin vibro-grinding in alcoliot 2 hours;

- at the third stage, in order to decompose trernme¢diate phases BaFg@ahd BaMoQ as quickly as
possible and achieve the degree of conversion 100% for SrBaFeMog) ;, the synthesis was
carried out at T = 1323 K and a heating rate ofd&&§/min for 5 hours, followed by heating to T =
1443 K atd = 0.7 deg/min, since at this speed the maximuraegbf the degree of the barium —

strontium ferromolybdate conversion were achieved.

-As a result of using combined synthesis modesaforealing for 20 hours and T = 1443 K in
vacuum of 10 Torr at the pressure of residual oxygen gas ot A8, it was possible to obtain a
single-phase barium — strontium ferromolybdate coumg with superstructural ordering of iron and

molybdenum cations.
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