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Effect of Ba content on initial magnetization of Sr,_,Ba,FeMoOgz and the structural stability
under high pressure
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Series samples of gr,BaFeMoQ; have been synthesized using conventional solid-state reaction, and the
effect of Ba content on the initial magnetizations of the samples has been studied. The measured saturation
magnetizations of the samples show that the degree of antisite of Fe and Mo decreases with increasing Ba
content. Structural stability and electrical properties of two samples.of,Ba,FeMoQ; under high pressure
at room temperature have been studied using energy dispersive x-ray diffraction with synchrotron radiation and
resistance and capacitance measurements. The x-ray diffraction results show that the structures of
Sr,_,BaFeMoQ; remain stable in the measured pressure range of about 0—40 GPa. The equations of state of
the two samples are obtained from M&/,-P relationship based on the Birch-Murnaghan equation. The bulk
moduli B, of the two samples are calculated according to the Birch-Murnaghan equation assuming that their
first order derivative8; are equal to 4. The electrical resistance for the samples shows an abrupt drop at about
2.3-3.8 GPa, which might be caused by a change in the electronic structure induced by high pressure.
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[. INTRODUCTION the conductivity of the compound. Besides these, the cationic
disorder of the Fe and Mo sites with a few percent might also
Since the discovery of the colossal magnetoresistancplay a significant role in the nature of the magnetfstin
(CMR) phenomenon in doped perovskite manganese oxideglectronic energy calculatidn’ predicts that SiFeMoQ; has
those materials have attracted a great deal of interest due #ohalf-metallic band structure where the conduction electrons
their magnetic and electrical properties. Recently, polycrysare highly spin-polarized even at room temperature. The re-
talline SpFeMoQ; with an ordered double perovskite sults show that the occupied up-spin band comes mainly
structuré has drawn considerable attention because of itfrom Fe & electrons. The Fermi level exists within the spin-
CMR effect at room temperature. Due to the applicationdown band, which is composed of Eg and Mot,, elec-
prospect of the CMR effect at room temperature, many introns. The electrons of Fe and Mo cations may be considered
vestigations have been carried out for materials, such aas localized and itinerant, respectively, with the valence
CaFeMoQ;, BaFeMoQ;, and Ss_,BaFeMoQ;, with the  states of F& (3d°t3,e5,5=5/2) and MG (4d%;t3,,S
same structure as $eMoQ;. Sr,FeMoQ; consists of alter-  =1/2). The magnetoresistance has been considered to be
nating FeQ and MoQ octahedra in the lattice, forming a associated with electron tunneling through an insulating bar-
double perovskite structure. FeMoQ; is known as a ferri-  rier formed at the grain boundaries. The antiferromagnetic
magnet metal with a very high ferromagnetic transitioncoupling between the Fe and Mo sublattices indicates that
temperaturé. Each B-site sublattice of F&(3d®) and the ideal saturation magnetization value should jag 4but
Mo°"(4d) is considered to arrange ferromagnetically, so far the values obtained from experiments are smaller than
while the two sublattices are coupled antiferromagneticallythe predicted one. Such a result is explained based on the
The 3d® electrons of F&" ions are localized showing local antisite of Fe and Mo arrangements? Upon cooling
spin momentS=5/2 while the 4l electrons of M8" oc-  Sr,FeMoQ, from high temperatures, a structural phase tran-
cupy the conduction band showing spin mom8&st1/2 in  sition from a cubicFm3m to a tetragonal 4/m structure
the opposite directioh.Up until now, there is still uncer- occurs at about 400 K Ba,FeMoQ; forms a cubic structure
tainty about the mechanism for the magnetic interaction irwith a space groupm3m. Ba has a larger radius than Sr, so
this compound. The saturation magnetization value reporte8r, ,BaFeMoQ; with different Ba contents will have dif-
in Ref. 1 suggests the configuration of eithe®@€*") and  ferent internal pressures. Recently, Farigal!* studied the
4dY(Mo®") or 3d®(F€") and 4°(Mo®"). Many groups crystal structure, transport, and magnetic properties of
have done research on magnetism for this compduhd. Sr,_,BaFeMoQ;, and found the valence transition from
Mossbauer spectroscopy studiggve more reliable infor- Fe™-Mo®* to FE*-Mo®* in the range ok>1.6 accompa-
mation of Fé' configuration. The configuration of nying metal-insulator transition. In addition, they discussed
Fe&"Mo®" should be given with great care since the com-the relationship between Curie temperatiligeand composi-
pound is a metal. Some neutron diffraction measurerientgion in terms of antisite defects and chemical pressure. Ap-
gave 0.5z for Mo while somé reported zero for it. Consid- plication of high pressure would produce external pressure
ering the electronic itineracy of Mo spin-dovtg, electrons  and modify the structural, electrical, and magnetic properties
it is compellent to explain the saturation magnetization andf materials. So it is meaningful to study the structural sta-
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bility and electrical properties in these double perovskite
compounds under external pressures. This will be helpful for  _
further understanding the CMR effect in double perovskite £ [<ubic N A\ BaoFeMoOB
compounds. In this work, we have studied the effect of Ba S — b Ba~1.8
content on the initial magnetization of SBa,FeMoQ; se- S i 1 N ga::-i
ries and the structural stability and electrical properties under @ N N B:~1:2
high pressure of the three selected samples in this series. > N — Ba~1.0
g ‘l : A - Ba~0.8
Il. EXPERIMENTS g . NN 3::23,
= | Cubic 1 i . . Ba~0.2
The polycrystalline samples of Sr,BaFeMoQ; were Tetragonal | ) L\ SFeMoOS
prepared by a traditional solid-state reaction method. The P S W S T S S S
SrCQ;, BaO, FgO;, and MoQ powders were mixed and 0 20 30 40 S50 60 70 8 90 100
ground with a nominal composition of Sr,Ba,FeMoG;. 20 (Degree)
The mixed powder was then palletized and heated, with in- ) )
termediate grinding at 1000°C in Ar for 4 h, 1100°C and _ FIG. 1. The powder xray diffraction pattern of

1125°C in 1% H in Ar streams for 3 h and 4 h, respectively. Srz,xB@Feg/_lthat roo_mhx t(_ampr(]erature. Thf SSZrXB;‘Feh'\_’:OQh
The detailed procedure of sample preparation was describ:sgi'”;:1 'a cu f'c phase Vtvr']t hm tt).e range of 0.2-2 while the
elsewheré® The magnetic moment measurements were car- lFeMoG; forms an orthorhombic one.

ried out on Mag Lab equipment. The room temperature XTaY o right axig. The error bars are omitted since they are small

diffraction (XRD) measurement was performed using a i . : :
) : . L and difficult to present. No trace of impurity was detected in
Rigaku D/Max-2400 diffractometer with Cki radiation.In the measurements. The cubic structure ofFRMoQ, was

situ high-pressure energy dispersive x-ray diffraction experi-y . ¢ tirmed through the observations of transmission
ments on Sr_,BaFeMoQ; were carried out in a diamond .

i cell (DAC). with let of 480.m di ¢ . electron microscopy.
2;;1/::h$§tr(§n wh)i’tewrladiZti((:)lI{l eat(ihe ngrirr]wg 'g%iﬁ:étl:;']n%a_ Figure 3 shows the initial magnetization measurements of
diation Facility (BSRP.1® The size of the x-ray spot was the series compounds ofSkBaFeMoQ measured at 5 K.

. . n n hat th ration magnetization val f th
80X 80 um, and the diffraction angléf) was 8.776°. The One can see that the saturation magnetization value of the

300 um diameter hole in a T301 stainless steel gasket.

The ratioV/V, as a function of pressui for the sample
was obtained from the change of the spadinigetween lat-
tice planes in the synchrochron x-ray diffraction experi-
ments.

The saturation magnetization moment of ,BaMoGy is
nearly 4ug per formula unit(f.u.), which is the ideal value
for such compounds. Up to date the large magnetization
value has not been obtained for bulk,S&MoQ;; instead

. . . smaller values below 3u/;z/f.u. have been reported. The
The resistance and capacitance as functions of pressureat . - ;
) : . —origin of the smaller experimental value can be explained by
room temperature were measured in a DAC with a ZL5 in-

. : the so-called antisitB-cation disorder. As is well known, an
telligentLCR meter at 1 kHz. The techniques used for QAC A-site ion plays a very important role in the perovskite struc-
and measurements were the same as those used previousl

The distance between the two molybdenum electrodes ?éure and its physical properties. A Ba ion is larger than Sr

0.03-0.05 mm. All the samples studied were prepressed un-

der a definite pressure to make a compact sample before the o 8.08
measurement. 0.12 \ Sr,Ba FeMoO, / ls.0a
> g
[ o
Ill. RESULTS AND DISCUSSION 2 0.08]>* v 1890
S / . /O—_o oL
The structure of the sintered sample was checked by XRD (L - \o 17.96 ®
measurement. Figure 1 shows the XRD patterns of the sin- 0.04 g
tered S_,Ba,FeMoQ, samples at room temperature. These O/ ——o—o "—n 792
patterns show that the Sr,BaFeMoQ; samples form a 000k e \:&1788
cubic structure with a space grolgm3m in the x range ) 00 0-5 1-0 1-5 2'0'

of 0.2-2 while SyFeMoQ; forms a tetragonal structure
with a space group4/mmm in consistent with the results in
Ref. 14. The lattice parameters aeb="5.5709(1) A and
c=7.9011(1) A for SgFeMoQ; and a=b=c

Ba Content (x)

FIG. 2. Open circles for the right axis are the lattice parameter at
room temperature versus the Ba conteint the range of 0.2—2; full

=8.0678(1) A for BaFeMoQ;. In the cubic samples, the square dots and full circles for left axis are the fractionf Fe
patterns also show that the lattice paramatircreases with  atoms replaced by Mo atoms versus the Ba contatttained from
increasing Ba content. The lattice parameter at room temsaturation magnetization values and Rietveld refinement, respec-
perature versus Ba contexts shown in Fig. 2open circles tively.
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FIG. 3. The initial magnetization of the series compounds of 10 20 E(keV) 30 40
Sr,_,BaFeMoQ; measured at 5 K. The inset is the magnetic hys-
teresis loop of BgFeMoQ; at 5 K. Ba,FeMoO, (b) +: sample
—_ | *: fluorescence
ion. In our experiments, with the increase of substitution of% i t: Pt 3013
Sr by Ba, the structure and the arrangement of Bhsite =] Mk 25.39
become more regular; thus the antisite case ofBhiens _e Mf :g::g
decreases, i.e., the Fe and Mo ions construct a nearly perfe(® | 17.64
antiferromagnetic configuration. This results in the increase > E ]ﬂg
of the saturation magnetic moment value, consistent with thém L 8.99
results in Ref. 14. The magnetic hysteresis loop of o b 7.22
Ba,FeMoQ; at 5 K isshown in the inset of Fig. 3. As is well IS ;!',WHI 3;?3
known, theB site ordering is closely related to sample prepa- b l'wu 0.33
ration condition, such as heating temperature and treating : . L P Ty 0(GPa)
time 11|t should be pointed out that the saturation magne- 0 10 20 30 40
tization value of SfFeMoQ; in our experiment is low com- E(keV)

pared to the reported value, which may be caused by nonop-
timal synthesis conditions. Even though, in such a case, the FIG. 4. Energy dispersive x-ray diffraction of SrBaFeMoand
above results show a clear rule that Bisite ordering is also BaFeMoQ; at room temperature and different pressures.
affected byA site atom, such as the atom radius.

If we consider that the Fe and Mo ions have ferrimagneticergy dispersive x-ray diffraction experiments for three cho-
configuration and assume the local magnetic moments argen samples (SFeMoQ;,SrBaFeMoQ,BaFeMo(Q;). Fig-
5ug and lug for Fe and Mo ions, respectively, then the ures 4a) and 4h) present the patterns of energy dispersive
ideal saturation magnetic moment can be obtainedas x-ray diffraction of SrBaFeMogand BaFeMoQ; at room
=MgsM,- Thus in the case of antisite occupancy of Mo attemperature and different pressures, respectively. The results
Fe positions and Fe at Mo positions, the saturation magnetbn SpFeMoQ; has been published elsewhé?eThe maxi-
zation can be written ablg=(4—-8y) ug/f.u.,''*®wherey = mum pressures applied are 38.3 and 30.1 GPa for
is the fraction of Fe atoms replaced by Mo atoms. Tlgen SrBaFeMoQ and BgaFeMoQ;, respectively. From Fig. 4 it
=0.5 corresponds to the completely disordered structure. Accan be seen that no structural changes occur in both of the
cording to this formula and the measured saturation magnepatterns except for a slight shift of peak in the patterns as the
tization values, the values corresponding to differertfor ~ pressure increases, showing the slight decrease of the lattice
Sr,_,BaFeMoQ; series are calculated and the relationshipparameters. The weakening of the sample peak intensities at
betweery andx is depicted in Fig. Zfull square dots for left  high pressures is due to the sample flowage out of the sample
axis) together with that obtained from Rietveld analy¢kesi hole, and little broadening of the peaks is caused by the
circles for left axi$. Again the error bars are omitted due to sample thinning and pressure gradients in the sample at high
their small values. It shows that tiesite ordering increases pressures. This indicates that for the two samples no struc-
with the increase of Ba content in thfesite except for the tural transition occurs in the measured pressure range except
two compositions withk=1.2 and 1.4. The falling short of for some crystal compression under high pressure, which
the two compositions may be caused by the slightly differensuggests that the crystal structure o, SBa,FeMoQ; is
sintering conditions even though we tried to keep the condistable in the measured pressure range.
tions the same. Figure 5 shows th&/Vy-P curves of SrBaFeMogand

Due to the difference of Sr and Ba ionic radii, the substi-Ba,FeMoQ; at room temperature together with that of
tution of Ba for Sr results in a chemical pressure in the strucSr,FeMoQ; for comparison in the measured pressure range,
ture. Thus, it is meaningful to study the structural behaviorfrom which one can see that the volume of the unit cell of
and physical properties of sr,BaFeMoQ; under external each compound decreases with increasing pressure. The ex-
pressure. In order to check the structural stability ofperimental data are fitted by the Birch-MurnaghdM)
Sr,_,BaFeMoQ;, we performedin situ high-pressure en- equatior’
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FIG. 5. FittedV/V,-P curves of BaFeMoQ;, SrBaFeMoQ,
and SpFeMoQ; at room temperature according to the BM equation. 8 (b) SrBaFeMoOS_ 2560
The inset is the enlarged view of the region of 0-5 GPa. . [
3 VAR CANRVAR | X / {2540 __
"=§B°Hv_) _(v_) 1-3(4-Bo 5 ° jf)\/X A =
0 0 o s =y jcf\?oMb\o 12520 6
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X[ = —-1|. i
\Y ) “ o {2500
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The bulk modulusB, are 234, 178, and 266 GPa for
Ba,FeMoQ;, BaSrFeMoQ, SpFeMoQ;, respectively, as- 0 5 10 15 20 2480
suming their first order derivativB|=4. In order to show P(GPa)

clearer features of (P) in the range of 2—4 GPa, where the

anomaly behavior in the resistance and capacitance measure-FIG. 6. Pressure dependence of resistaffaé circles) and ca-
ments are described later, the enlarged view is in the inset gfacitance(open circlel at room temperature fofa) Ba,FeMoQy
Fig. 5. No anomaly can been found in the inset data. and(b) SrBaFeMoQ.

The three samples have high bulk modulus values that are

reasonable for the perovskite structures. But there are SOME its smaller radius. This may be a reason why the

differences among the three. As discussed above, the Ba i
is larger than Sr. Table 1 lists the bond lengths ipF&MoQ;
and BaFeMoQ; structures, obtained through the Rietveld

analyses of the powder x-ray diffraction patterns of

Sr,FeMoQ; and BaFeMoQ, at room temperature. Table |
shows that the corresponding bond lengths inF&MoQ;
are larger than those in $feMoQ;. This may be one pos-
sible reason for the experimental result thatF&MoQ; has

a higher bulk modulus than BBeMoQ;. As for the
SrBaFeMoQ, half of the Ba ions are replaced by smaller Sr

ions without changing the symmetry of the crystal structurer
except for a little shortening of the lattice parameter. Thougl‘t

the cell parameter shortens a little, in order to keep the sa

TABLE I. The bond lengths in $SFeMoQ; and BaFeMoQ;

structures, obtained through the Rietveld analyses of x-ray diffrac-G

tion patterns of SiFeMoQ; and BaFeMoQ; at room temperature.

Bond Bond
Sr,FeMoQy length (A) Ba,FeMoQ, length (A)

Sr-Q(1) 2.7908) Ba-O 2.8521)
Sr-02) 2.78563)

Fe-Q(1) 1.962) Fe-O 2.062)
Fe-Q12) 2.0003)

Mo-O(1) 1.972) Mo-O 1.972)
Mo-0(2) 1.953)

cg}BaFeMoQ structure is compressed more easily than

Ba,FeMoQ; and results in the lowest bulk modulus for
SrBaFeMoQ among the three samples.

The transport behavior of the double perovskite com-
pounds has a very close relationship with preparation condi-
tions. Though the single crystal and thin film form show the
metallic behaviof>?*the ceramics show metallic, semicon-
ductor, or insulating behavior based on different synthesis
conditions'® Here we should point out that all the samples
we prepared show semiconducting or insulating behavior.
igure Ga) presents the pressure dependence of the resis-
ance and capacitance for f&MoQ; at room temperature.

. ) . MRith increasing pressure, the resistance of the sample re-
symmetry, there are still more vacancies around Sr ions dug,

ains a constant at first and then drops steeply at about 2.3—
3.8 GPa, and decreases slowly to 20 GPa, showing either a
crystal or electronic structural transition at about 2.3-3.8
Pa. The capacitance versus pressure was measured simul-
taneously in the measurement. With increasing pressure, the
capacitance rises abruptly also at the same pressure range.
Figure &b) presents the resistance and capacitance versus
pressure for SrBaFeMaqCat room temperature. Except for a
little higher pressure corresponding to the drop in resistance
and rise in capacitance, SrBaFeMp€&hows a similar elec-
trical behavior under pressure to F&MoQ;, which is also
similar to SpFeMoQ;.12 All the measurements were carried
out on at least three different pieces from one sample. The
phenomena in the resistance and capacitance are reversible in
the unloading process. Since the sample was prepressed un-
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der about 4 GPa, the effect caused by the intergrains on theccurs in the measured pressure range except for the com-
electrical properties can be neglected. Based on the analyspeession of the unit cell, indicating that the structure of the
of the energy dispersive x-ray diffraction results that show ndSr, _,Ba FeMoQ; is stable in the measured pressure range.
crystal structural change, the remarkable changes in the r&he electrical properties of the samples have also been stud-
sistance and capacitance in Figéa)6and 6b) suggest that ied. The steep drop in resistance and the abrupt rise in ca-
there may be an electronic structural change under pressunggacitance observed in the measurements are considered to
which is caused by the compression of the unit cell. As menbeing caused by the electronic structural transition. The elec-
tioned above, SFeMoQ; has a half-metal band structure. tronic structure transition might be caused by the compres-
The related band structure may be sensitive to the compresion of the unit cell, which results in the changes of the band
sion of the unit cell caused by high pressure, and the;fe  structure. The equations of state of ;BaMoQ; and

and Mo t,, electrons can be strongly influenced by the SrBaFeMoQ, are obtained from th&/V,-P relationship
change of band structure. The details need to be further stutbased on the BM equation, and the bulk modulus values are

ied by other measurements, for example, photoelectron embtained assuming their first order derivatBg= 4.
ergy spectrum under pressure.
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