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The precursor phases of SrReQ (SFO and SrMoQ (SMO) were used to prepare FeMoQ; with
different ratios by a solid-state reaction technique. An x-ray diffractometer was used to identify the phases.
SMO was observed to exist in the Mo-rich samples. The high resolution of a transmission electron microscope
was employed to identify the compositions and phases. It was further evidenced that Mo-rich nanosized
clusters were located inside the grains rather than at grain boundaries. Moreover, the antiphase boundary
(APB) was clearly evidenced in the Mo-rich SFMO, which might lead to the Sr- or Fe-rich boundaries. The
conduction, magnetic, and magnetotransport properties were characterized, and it was found that the Mo-rich
samples had higher resistivity, lower saturated magnetization, and lower coercivity but higher low-field mag-
netoresistancd.FMR), which was strongly related to the presence of the excess Mo ions and APBs inside the
grains. The conduction of SFMO samples with different ratios reveals a semiconductor behavior, which can be
described by the VRH model, E¢l), with p=i and p, independent of temperature in the temperature range
of 50 to 300 K. The evaluated values ®f increase with the decrease of the SFO/SMO ratio, which are
considered to be influenced by the residual SMO and APBs inside the grains. It is suggested that the enhance-
ment of LFMR of Mo-rich SFMO is arisen from the APBs or the induced Sr- or Fe-rich grain boundaries.
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I. INTRODUCTION states of F&-Mo®* and F&*-Mo®* had been observédand
suggested as the origin of the metallic behafi®he semi-
Although the lanthanum magnanites possess colossgbnducting behavior was usually attributed to the presence of
magnetoresistana@IR), the high applied field and low Cu- the inhomogeneous compositions or phases in the grain
rie temperature have hampered their practical uses. Thgoundary.
double perovskite SFeMoQ; (SFMO), however, possessing SFMO possesses an appreciable low-field magnetoresis-
an appreciable low-field room-temperature MR and a relatance(LFMR) in the granular fornt.Because very weak MR
tively high Curie temperaturé410-450 K,12 has stimulated was observed in the single crystaLFMR of SFMO was
both fundamental and applied research on the structure arbually considered to be related to the grain boundaf§—2*
physical properties of this compound. The unique characteyVith few exceptions, most models for the grain-boundary
of SFMO is that it possesses a high spin-polarization of conMR were based on the spin-polarized tunnelis§T.?° Ba-
duction carrierd,which is attractive in the light of the poten- Sically, the barrier at or near the grain boundary was assumed
tial application to the magnetoresistive devices. The peculiafc Pe insulating or nonferromagnetic in the SPT mddel.
properties are arisen from the half-metallic density of state§’owever, for the manganese perovskite, grain-boundary
in the electronic structure of SFM&%4 While there still s MmagnetizationGBM) had been observed and suggested to

argument concerning the valence states of Fe and Mﬁlay a crucial role in LEMR/®While the mechanism of
ions> ! the ions of F& and Mc* are considered to be E?g%%g itm\tlsgss,lvr%}t/ %:st'?:dMg t?ﬁem;nhg;nnceesrﬁeﬁ?rg;/—
dominant. The electronic structure of SFMO was considereti ’ :

as the majority spin band is gapped and the CorrespondinlggF'vIR of SFMO was recently_ r_eported to be_ related to the
3d® spin up electrons localize in the ¥eions while the onmagnetic SMO phase residing at the grain bountay.

. ) , . . X However, there was no microstructural evidence showing the
conduction band is partially occupied by the"4lown spin gy phase at the grain boundary. Actually, the report by
electrons of M8" ions! Such a half-metallic nature gives gharmaet al2* and our previous wof® have evidenced that
rise to 100% spin-polarized charge carriers in the grounghe enhancement of LEMR of SEMO is not related to the
state. It is believed that the ferl’imagnetism Originates fronbrain_boundary phases' Moreover, there was a Striking obser-
the antiferromagnetic coupling between®f8d°;t%,,e’;1)  vation that the MR was weak across artificial grain bound-
and Md*(4d*;t%,, | ) ions, which produces a saturated mag-aries in epitaxial thin films grown on bicrystalline
netic moment of 4g. However, the observed saturation mo- substrate’$ and the antisite disorder has been suggested to
ment by several groups was always 3.1432*"1213The  be related to the LFMR2 Though the antiphase boundary
low saturation moment was attributed to antisite defects re¢APB) was found to cause a large MR in magnetité, was
sulting from the partial disorder of Fe-Mo ions among thereported to be scarcely observed in SF¥On this investi-
B/B’ sublattices: gation, we not only showed the absence of SMO phase at the

For the conduction behavior of SFMO, both semiconduc-grain boundary but also provided the clear evidence of the
tive and metallic behaviors were found in the electronic conpresence of the APB. The possible roles of SMO and APB in
duction of SFMO, depending on the crystal form, heat treatthe conduction and the LFMR enhancement of SFMO were
ments, and compositiod$:"1°The degeneracy of the two pursued.
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Il. EXPERIMENT MR(%) = [(Ry — Ro)/Ro] X 100 % ,

The formation mechanism of $teMoQ, (SFMO) had whereRy is the resistivity measured under the field ads
been detailed in the previous wor&?6 which suggested the resistivity measured without the field.
that formation of SFMO could be via the reaction of

SrFeQ_, (SFO and SrMoQ (SMO). Thus, different ratios IIl. RESULTS AND DISCUSSION

of SFO/SMO, i.e., 1:1, 0.9:1, and 0.8:1 had been selected to _ o

prepare SFMO. The mixture was sintered at 1200 °C for 4 h A. X-ray and TEM investigations

in5% H-95% N,. An x-ray diffractometefModel D/MAX Figure 1 shows the comparison of the x-ray patterns of

lll.V, Ragaku Co., Tokyo, Japanwas used to identify polycrystalline SFMO samples with different ratios of SFO/
phases. A high resolution transmission electron microscopepno sintered at 1200 °C fat h in 5% H-95% N, It was
(HRTEM) (JEM-100CXIl, JEOL, Japanequipped with an  gpserved that the residual phase of SMO increased with the
energy dispersive x-rayEDX) spectrometer was used t0 SFQ/SMO ratio. The residual SMO was considered to be
identify the compositions and phases. A multimetdodel  |gcated along the grain boundaf/° However, recently, it
2001/MEM2, Keithley Instruments Inc., Cleveland, DMas  has peen suggested that SMO is located inside the grains
used to measure the electrical resistivity over a range of 5p5ther than at the grain boundarf8sHere, we provide more
=T=300 K. The magnetization was measured by a superfayidence to further justify that SMO is indeed present inside
conducting quantum interference device magnetometahe grains. Figure 2 shows the micrographs of the HRTEM
(Model MPMS/MPMS2, Quantum Design Inc., San Diego, revealing the presence of Mo-rich nanosized clusters inside
CA), which was performed under a fixed field of 10 KOe the grains of the Mo-rich SFMO samples. The compositions
using the zero field cooling method. The magnetoresistivityof grains, grain boundaries, and the nanosized clusters of
(MR) was measured by the standard four-probe method igFMO with different SFO/SMO ratios were listed in Table .
the external magnetic fields. The MR was evaluated by thét clearly indicates that the grain boundaries are relatively Sr
following equation: rich or Fe rich, and the nanosized clusters inside the grains
are Mo rich. Thus, the residual SMO should be present in the
grains rather than at grain boundaries. These results are also

) - supported by the previous proposed formation mechanism of
# : SrMo0, o bl SFMO?#546 indicating that there would be less chance for
S B SMO to locate at the grain boundaries. Moreover, the alter-
E WWMM nate black/white fringes characterizing the image of APB
Mm had been frequently observed in the Mo-rich samples, shown
in Fig. 3. This further supports the presence of the excess
2 s 7 »n 5 % ions inside the grains because if more Mo ions present inside
20 Degree) the grains, the order states of Fe and Mo ions would be
(c) . { J[ A L disturbed and the occurrence of the APB becomes possible.
- J A

B. Effect of residual SMO and APB on the conduction
behavior

Figure 4 shows the conduction behavior at different tem-
peratures for the samples with different SFO/SMO ratios. As
observed, they show the semiconductive behavior, and the
(B) . A A resistivity of the samples with SMO is higher than that with-

J[ . A out SMO. Though the temperature dependence of the con-
duction behavior of single-crystal SFMO was found to be a
metallic behaviot, the polycrystalline samples in general
show a semiconductive behavior depending on the sample
preparation;*> Itoh et al/ reported that polycrystalline
SFMO sample could be made metallic and had lower resis-
tivity by postannealing in vacuum-sealed quartz tulies72
(a3 h j h at 1373 K, which was attributed to the improvement of

A A conductivity of the grain-boundary phase or to the homog-

enization of the composition of the sample, whereas Chmais-

10 P} 30 40 50 €0 W semet al® reported that the sample with higher molar frac-

20 ( Degree ) tion of SMO possessed lower resistivity and revealed
metallic behavior but that with lower or without SMO had

FIG. 1. Comparison of x-ray patterns of polycrystalline higher resistivity and showed a semiconducting behavior.
SnLFeMoQ; samples prepared by different ratios of The above results seem to be contradicted to each other.
SrFeQ_,/SrMoQ, (a) 1:1, (b) 0.9:1, and(c) 0.8:1. However, the observation by Asamt al*’ provides a rea-

Intensi
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(o) i ;
FIG. 2. The comparison of HRTEM micrographs obSeMoQy
with different ratios of SrFe@,/SrMo0Q, (a) 1:1, (b) 0.9:1, and(c)

0.8:1, showing the existence of Mo-rich nanosized clusters, indi-
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TABLE I. The average compositions of grains, grain bound-
aries, and nanosized clusters in Fig. 3, examined by EDX.

Element(Atom %)

Sr Fe Mo
1.1 Grain 52.72 22.11 25.17
Boundary 51.45 23.18 24.41
0.9:1 Grain 52.52 19.96 27.52
Boundary 52.95 23.75 23.3
Nano-sized clusters 56.69 12.49 30.82
0.8:1 Grain 49.67 19.64 30.69
Boundary 53.95 21.03 25.02

Nano-sized clusters 54.83 10.81 34.36

sonable interpretation about this contradiction.

In their epitaxial films free from bulk grain boundaries,
Asanoet al#” showed that the sample with nanoclustesize
about 10-15 nmhad much higher resistivity and a charac-
teristic of a semiconductor but that with coarsened clusters of
a size over 100 nm revealed lower resistivity and metallic
behavior. Apparently, the morphology of the second phase
including size, distribution, and location would play a sig-
nificant role in conduction behavior of SFMO. It should be
noted that the resistivity of the sample with SMO is still very
low <100 Q) cm compared with the common ceramics. If the
insulating SMO would be located along the grain boundary,
the resistivity would become very high. Therefore, the great
enhancement of the resistivity of SFMO can be attributed to
the fact that the nanosized clusters of SMO inside the grains
disturb the intrinsic conduction mechanism of SFMO. It was
known that for the sample with the SFO/SMO ratio of 1:1,
the single-phase SFMO would only be produced in a reduc-
ing atmosphere and SMO would be present when sintered in
air?>46 Therefore, the long-time heat treatment of the raw
powders of SFMO in air would lead to the coarsening of the
particle sizes of SFMO and SMO, which in turn would pro-
found the morphology of SMO and the microstructure of
SFMO in the final sintered body. This may be a possible
reason to explain the conduction behavior of the samples
reported by Chmaissewt all®

While the origin of the conduction mechanism of SFMO
is still ambiguous, the semiconducting behavior of
SrFeMo,_,05 (1.2<x<1.5 has been suggested to be fit
for polaron hopping modéf If polaron motion indeed is
dominant in the conduction mechanism of SFMO, the APB
and nanosized clusters would play a significant role in the
conduction mechanism because they could affect the lattice
vibration mode and ordering of Fe-Mo ions. Figure 5 shows
the fitting of the variable range hopping model of SFMO
with different SFO/SMO ratios. The general governed equa-
tion based on the hopping charge transfer can be writt€h as

p(T) = po exfl(T/T)"], 1)

cated by arrows, and the average compositions of grains, graiWhereTo is a characteristic temperature g1 for hopping

. _1 9 .
boundaries, and nanosized clusters were examined by EDX arfdVel the nearest sité8,p=7 for the Mott? variable-range

listed in Table I.

hopping(VRH) models ampzé for the Shklovskii-Efrog
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(SB) VRH model. Moreover,T,=Qal™'?, wherea is the the temperature range of 50 to 300 K, shown in Fig. 5. The
localization radius of charge carriers af@=«a/[kg(Es)], evaluated values of the paramefgy, have been listed in the
where @=18, g(E;) is the density of localized stat¢éBOS)  Table I, showing that they increase with the decrease of the
at the Fermi level, ané; is the Fermi level. When the Cou- SFO/SMO ratio. In Ref. 52T, was found to be related to the
lomb interaction between the hopping carrier is unimportantmeasure of the extent of the disordering state of the material.
p=1. In the opposite case, the Coulomb interaction creates &hus, the increasing values of for the Mo-rich samples are
soft parabolic gap with widtt in the DOS around;, which  clearly influenced by the ordering states of Mo and Fe ions
gives p:%_ If T=[KT(T,/T)Pa/(24s)]?<1 (s is the sound due to the presence of the excess Mo ions and APBs inside
velocity), the dependence ¢f, on T is weak and can be the grains.

neglected. Fol'>1, the prefactor is given by the equation
po=AT™, depending on the phonon density, whekes a

constant. For the SE mechanism=3 or 2 and for Mott

2
VRH conductivity,m=2 or & After fitting all the possible _ o _
VRH models mentioned above for the conductivity data at Figure 6 shows the magnetization as a function of tem-
VRH model withp:% and p, independent of temperature in of SMO'. A§ observed, the samples with SMO ha\{e a lower

magnetization at each temperature. The magnetization ob-

C. Effect of residual SMO and APB on the magnetic
and magnetotransport properties

0.24

0.2

0.16

0.12 ‘ :

Resistivity ( Qcm )

{111 zome

15 | ! |
0 100 200 300
Temperature { K )

FIG. 3. HRTEM micrographs of Mo-rich gFeMoQ; with
SrFeQ_,/SrMoQ, ratios of (a) 0.9:1 and(b) 0.8:1, showing the FIG. 4. Temperature dependence of the resistivityfor
presence of antiphase boundaries. Sr,FeMoQ; with different SrFe@_,/ SrMoQ; ratios.
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FIG. 6. M-H hysteresis loops of gfeMoQ; with different
SrFeQ_,/SrMoQ, ratios.

Mo-rich SFMO samples have higher MR. The enhancement
of the LFMR of SFMO was usually attributed to the SMO
located at the grain boundal$*°However, so far, it has not
been justified by the microstructural evidence. In Ref. 41 and
this investigation, we have shown that SMO is essentially

FIG. 5. The resistivity as a function of temperature showing thatnot located at the grain boundary. If SMO is not located at

the best fit was the VRH model, E€l), with p:i andp, indepen-
dent of temperature for greMoQ; with different SrFeQ@.,/

SrMoQ; ratios in the temperature range from 50 to 300 K.

tained for the samples of SFMO are 2 2.5ug, and 2.2u5

the grain boundaries, there seems to be another mechanism
in enhancing the LFMR of Mo-rich SFMO. In this investi-
gation, the presence of the APBs is clearly evidenced, shown
in Fig. 3. Based on the recent study in Ref. 43 about the in-
fluence of APBs on the MR in thin films of E@,, the influ-

for the SFO/SMO ratios of 1, 0.9, and 0.8, respectively. The
lower magnetization of the Mo-rich samples would arise
from the disorder of thé site arrangemetft and the pres-

ence of the nonmagnetic phase SMO, which is strongly re
lated to the excess Mo ions and APB inside the grains, i

observed in Figs. 2 and 3. Moreover, Fig. 7 shows the M-F~;" 1

hysteresis loop of the SFMO samples with different SFO/:’.
SMO ratios, in which the Mo-rich samples reveal the un- &
usual characteristics: a low saturation magnetization, a rew
markable low remanence, and a small coercivity, which §
could be attributed to presence of the APBs inside the'*'-"
grainst®

Figure 8 shows the comparison of MR as a function of the
magnetic field for the SFMO samples with different SFO/ &
SMO ratios at 100 and 300 K. The result shows that theE

gnetiza

TABLE II. The evaluated values of the parametersTgfandp,
in Eq. (1) for Sr,FeMoQ; with different SrFe@_,/ SrMoQ, ratios in
the temperature range from 50 to 300 K.

1:1 0.9:11 0.8:1

T, 427
Do 0.046

7050
1.397

11 347
2.251

064401-5

field of 10 K Oe for
SrFeQ_,/SrMo0;.
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FIG. 7. MagnetizatiorfM) as a function of temperature under a
samples with different ratios of
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FIG. 8. Magnetoresistivity ratidMR %) as a function of the
applied field for SsFeMoQy with different SrFeQ@_,/SrMoO, ra-
tios at 100 and 300 K.
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ence of the APBper seon the LFMR cannot be excluded.
Moreover, recent repoftd have suggested that the doping
ions or the oxygen content rather than second phases in the
grain boundaries would have a great influence on the grain
boundary resistivity and MR. Table | shows the results of the
compositional analyses in grains and grain boundaries of the
SFMO samples with different SFO/SMO ratios, revealing
that the grain boundaries are Sr rich or Fe rich. Thus, an
alternative mechanism for the enhancement of the LFMR
and resistivity for the Mo-rich samples may also be possible,
namely, the development of the Sr- or Fe-rich grain bound-
aries due to the presence of the APBs based on the Mo ions.
However, it needs more work to further clarify this mecha-
nism.

IV. CONCLUSIONS

Mo-rich nanosized clusters and APBs were clearly evi-
denced inside the grains of the Mo-rich,BeMoQ; (SFMO)
samples. Mo-rich SFMO has lower saturated magnetization,
higher resistivity, lower coercivity, and higher low-field mag-
netoresistivity, which are related to the excess Mo ions and
APBs inside the grains. The conduction of SFMO samples
with different ratios reveals a semiconductor behavior, which
can be described by the VRH model, Ed), with p:i and
po independent of temperature in the temperature range of 50
to 300 K. The evaluated values ®f, increase with the de-
crease of the SFO/SMO ratio, which are influenced by the
ordering states of Mo and Fe ions due to the presence of the
excess Mo ions and APBs inside the grains. It is suggested
that APBs or the induced Sr- or Fe-rich grain boundaries may
be a possible reason for the enhancement of LFMR and re-
sistivity in the Mo-rich SFMO samples.
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