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High-temperature properties of the Sr,FeMoOg double perovskite: Electrical resistivity, magnetic
susceptibility, and ESR
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In this work we present electrical resistivity, magnetic susceptibility, and electron spin resonance data at
high temperature of the gfeMoQ; double perovskite. We found between 300 K and 900 K two metal-
insulator transition temperaturesTat~405 K and~590 K respectively. Below the first transition, the material
is metallic and magnetically ordered. Above 590 Kshows a metallic behavior again, while in the range
405 K=T=<590K we observed a weak localization. The magnetic susceptibility can be described taking into
account localized and itinerant electrons. The paramagnetic resonancédbRe with g=2.009(5) can be
studied in temperature. Abovi, the linewidth data present similar behavior to that of manganese perovskites,
with a relaxation mechanism related to spin-spin interactions. The intensity of the resonance line decreases
with T faster than a Curie law expected, due to a reduction in the number of localized spins of therze
At high temperaturesT=520 K) we observe a second paramagnetic resonance linegwith.995(1) asso-
ciated with a small amount of Md ions.

[. INTRODUCTION netic, electron spin resonan®SR and transport properties
of SrL,FeMoQy at high temperature.
Manganese oxides in the perovskite structure have re-
cently attracted a great interest of solid state scientists be- Il. EXPERIMENT

cause of their particular structural, magnetic, and electronic
properties. The recent discovery of huge negative magne- A powdered sample of §FeMoQ; was prepared by the

. . olid-state reaction technique. Raw materials wergOg
toresistance near the Curie temperature, called colossal mag- d e

. . ) . Sr, and metallic Mo@ (99.99%. The raw materials
netoresistancéCMR),>?in lanthanum manganite doped with QsST, : A 0 i
cations such asM?* (M=Ca,Sr,Ba) has created renewed were mixed and heated at 950°C in a 10%/Rr atmo

. . . phere. A final heat treatment at 1150°C under high vacuum
interest in these compounds and has shown promise regar

: . S 1 pressure of approximately 10 Torr) was performed for
ing potential applications. 12 h

More recently, in this cqntext, polycrystalline samples of  pq\/qer x-ray diffraction(XRD) data were recorded on a
an ordered double perovskite,6eMoQ; have been reported  pjlips PW 1700 diffractometer using G radiation and
as a promising material for practical devices due to the presy graphite monochromator. X-ray data at room temperature
ence of magnetoresistance at room temperatutiter that,  were refined by the Rietveld method with thresLLPROF
epitaxial films of this compound in a narrow window of tem- program!? Our refinement of the x-ray diffraction was made
perature and oxygen pressure have been rfialeband  on the basis of the tetragorial/m space group. The obtained
calculatiorf predicts half metallic band structure where the|attice parameters werea=b=5.5770(2) A and c
conduction electrons are highly spin polarized even at room=7.9053(3) A. No secondary phases were detected neither
temperature T<T¢). In these cases, the magnetoresistancdy x-ray nor by scanning electron microscai®EM) obser-
has been associated with electron tunnélitigough an in-  vations.
sulating barrier formed at the grain boundaries. Similar be- High-temperature electrical resistivityY measurements
havior has been reported in the parent compounds with Rewere carried out by a standard four-probe ac technique with

From pioneer studié$ in the A,FeMoQ, (A=Ca, a lock-in amplifier on a dense sample under a vacuum of
Sr,Ba) series, it is known that the,5eMoQ; compound has approximately 108 Torr, similar to that used to prepare the
the maximum Curie temperature. Early magnétieloss-  sample.
bauer, and neutron diffractith experiments were made The magnetizatioiM) data were measured in a commer-
showing that SifFeMoQ; is ferrimagnetic with F&" and  cial Quantum Design superconducting quantum interference
Mo>" electronic configuration. Alternatively to this tradi- device (SQUID) magnetometer in the 5KT<300K tem-
tional picture of magnetic order, a recent wbrRroposes the perature range. From room temperature t® 60a home-
Fet and M&" configuration for this compound and other made Faraday balance was used. Approximately 10 mg of
mechanisms to explain the magnetoresistance at room tersample were placed in a sealed quartz tube of 3 mm in di-
perature. ameter filled with 10% H/Ar gas.

In this work we present a systematic study of the mag- In both magnetometers, thé vs T curves were obtained

0163-1829/2000/68)/33406)/$15.00 PRB 62 3340 ©2000 The American Physical Society



PRB 62 HIGH-TEMPERATURE PROPERTIES OF THE SteMoG; . . . 3341

] ) v ) v ] v ) v
120 - 30 |
T=295K

115} 25
~~~ ~~ L
§ g P~6.10 "Torr
Cé 110} é 20 F
N~ N2
< 105 o 15}

10.0 Ty, ~590K s 10

L L " 1 " I’ " L " 1 L L N uTe | i e aaaul saaaal 2
300 400 500 600 700 800 900 1 10 100 1000
T (K) t (min)

FIG. 1. Bulk electrical resistivity as a function of temperature of ~ FIG. 2. Time evolution of the electrical resistivity at room tem-
Sr,FeMoQ;. The arrows indicate the two metal-insulator transitions perature. The step ip occurs when the vacuum is broken.
of the compound that define the sequence mgtal semiconduct-
ing (B), and metalC) regions. The data were obtained at a pressur

") &ime. We explain this behavior as due to the incorporation of
6 p p
of 10 orr.

oxygen at the grain boundary, increasing thyg, and affect-

ing the total electrical resistivity = pg,+ p, The samples

] < measured in air showed semiconducting behavior in the
susceptibility () was computed as the ratld/H. Hyster-  \hgje temperature range studied and a 4.7% of magnetore-
esis loops were taken betweenS0 kG and 50 kG in the  gjstance at 14 kG at room temperature. This value is similar
temperature range 5-300 K. For this perovskite, the diamagy, the highest ones reported in the literatiir.is worth
netic Cont['?Ut'O” of the atomic cores was estimated {0 benentioning that the resistivity behavior shown in Figs. 1 and
—120x10"® emu/mol and it was subtracted from the experi- js reversible and reproducible. Due to the high sensitivity

mental data. of this compound to oxidation, we performed the rest of the

The ESR experiments were performed at 9.5 GHz using @yperiments under high vacuum or 10%/Wr atmospheres.
Bruker ESP-300 spectrometer from 300 K to 600 K.

applying a magnetic fieldH) of 5 kG and the magnetic

Il RESULTS B. Magnetic susceptibility

The magnetic characterization of our samples was carried
out through several experiments. From the hysteresis loop at
The bulk electrical resistivity d~ p,~0.01 Q) cm) data 5 K, we take atH=50 kG the magnetization value as the

were obtained after heating the sample under a vacuum cfaturated magnetizatioM s=35.4 emu/g(or 2.7ug/f.u.).
10 % Torr from room temperature to 900 K. During this This value is similar to that reported by Kobayastial 3
heating process the resistivity showed a strong semicondudisee inset of Fig. @]. Mg in an ordered ferrimagnetic con-
ing behavior, with an initial resistivity at room temperature figuration of Fé" and M@* would be 4ug/f.u. The low
of ~100 m(2 cm and reaching=13 m() cm at 900 K. At this  observedVi4 values for this material have been recently ex-
temperature an evolution pfwith time was observed, which plained by a Monte Carlo simulatibhtaking into account
stopped after=4 h with a resistivity value of~12 m{) cm.  two mechanisms to reduce the magnetization. One is a par-
We assume that this change is associated with a change tél disorder in the BB’ site in the double perovskite
the oxygen content at the grain boundaries. When this evoA,BB’ Og. This effect reduces thigl  due to the presence of
lution stopped we decreased the temperature at a rate ahtiferromagnetic Fe-O-Fe and paramagnetic Mo-O-Mo ex-
2 K/min from 900 K to room temperature. The resulting change interactions. The second mechanism is associated
electrical resistivity under cooling of the FieMoQ; can be  with the presence of oxygen vacancies that switch off the
seen in Fig. 1. For a best description of this behavior wesuperexchange interaction between magnetic Fe and Mo cat-
separate three region@) from 300 K to 40510) K where ions. Both mechanisms redudég with respect to an ideal
the electrical resistivity has metallic behavi@®) Above this  material, no oxygen vacancies, and ordered cations.
temperature a change in the sign of the slope can be ob- Magnetization data as a function of temperat{iFég.
served, showing a localization of the electrical carriers up t8(a)] taken at 5 kG were used to determine the Curie tem-
approximately 590 K an¢C) from this temperature to 900 K perature as the minimum value in tldM/dT vs T curve
where the material becomes metallic again. In summary infFig. 3(b)] given Tc=405(4) K. In Fig. 3c) we plotH/M
creasingT we observe the sequence metal, semiconductotaken as the inverse of the magnetic susceptibility, and it is
and metal, where we can define approximately two metalobservable that it does not follow a Curie-Weiss law at all.
insulator transitions aty, ; and Ty, , at 405 K and 590 K, However, as a rough approximation, a Curie-Weiss tempera-
respectively. ture ® =416(13) K was estimated by extrapolation when
In Fig. 2 we show an experiment at room temperature. Wéd/M =0 from the linear behavior in a short temperature in-
measured the evolution ¢f with time having initially the terval neafT. [solid line in Fig. 3c)], and it is very close to
sample under vacuum, whege~p,. When we broke the the Curie temperature. From the slope we obtained an effec-
vacuum to atmospheric pressuge,increases notably with tive magnetic momentu;=6.7(3)ug. This value is

A. Electrical resistivity
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FIG. 3. Temperature dependencg&fM (H=5 kG). The inset region T<Tc. (b) In the paramagnetic regiofic<T<500 K,
shows the saturated magnetization at [dwb) dM/dT determin- whereg=2.009 corresponds to & ions.

ing the Curie temperaturel(). (c) Inverse of susceptibility. The .
straight line shows a fit with a Curie-Weiss law and the determina- The temperature dependence of the resonance center field

tion of the Curie-Weiss temperatur® & 416 K). (Hg) is shown in Fig. 6, where we also indicate the magnetic
field resonance expected for paramagnetic'Fend Mo *
greater than theu=\/uZ,+ uZ,,=6.1ug expected for one ions. Belovch, the field Ho djminishe§ with decreasing .
Fe¥* (S=5/2,5.%5) and one M8" (S=1/2,1.7ug) per unit due to the internal magnetic field coming from the magnetic
formula. This difference, together with the fact that at higherorder of the material. At high' (=520 K), we only plot the
temperatures the susceptibility tends to be constant, indicatédo values of the narrow line. o

the presence of itinerant electrons adding a constant value to 1€ experimental peak-to-peak linewidthHi ) for the

Y
(o] o

the susceptibility. crystalline powder of SFeMoQ; as a function of tempera-
ture is presented in Fig. 7. TheH , shows a minimum of
C. Electron spin resonance spectroscopy ~270 G atT i~ 1.05T -, which is similar to manganité‘é.

. . .__Below this temperaturdH,(T) increases with decreasin
The ESR line shape for sintered pellets was Dysonian. P pelT) 9

Lorentzian line shapes were obtained when the ceramic T T T
samples were reduced to fine powder and mixed with quartz
powder. The ESR spectra fdr< T are shown in Fig. @&).

The shift of the center of the magnetic field and the narrow-
ing of the line with increasing are clearly observable.

On the other hand, the spectra for>T. [Fig. 4(b)]
present a constant value of the resonance magnetic field that
corresponds tg=2.0095), indicating the presence of para-
magnetic F&" ions* It is also easy to observe that the line-
width increases and the intensity quickly decreases with tem-
perature. In Fig. &), three representative spectra in fhe
to 520 K temperature range are plotted.

At high temperatures, between 520 K and 600 K, the in-

g=1.951(1)

531K

tensity of the paramagnetic line decreases notably, and it 588 K
becomes difficult to obtain the parameters that characterize

the resonance line. However, in this region a second reso-

nance can be clearly observed as shown in Fig. 5. It is cen- 2000 3250 3500 3750 4000

tered atg=1.9511), which is close to the paramagnetic H(G)

Mo®* ions™® This line is narrow with aAH,, value of

~64 G. No changes witff in AH,, were observed; never- FIG. 5. ESR spectra of §FfeMoQ; taken at 9.52 GHz in the
theless, the peak-to-peak height of the lihgJ) has a linear  region T>500 K. These resonance lines correspond to paramag-
behavior as a function of T/ thus obeying a Curie law. netic M@™ ions.
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FIG. 6. ESR center fieldH) of the observed resonance lines of  FIG. 8. ESR susceptibilityygsg (solid circles and x4 data
Sr,FeMoQ;, as a function of temperature. The lines indicate the(open circleg as a function of temperature. The solid line A is the
expectedH, values for paramagnetic & and Me* ions. fit x10c= Y(T)Cge3+ /(T—0®), with y(T) as shown in the inset. The

dotted line B is the Curie-Weiss law for the¥eions and curve C

T, reaching values of 1000 G at room temperature Xioc* Xitin (SE€ teXt
(~0.70T in) . Above Ty, AHp, increases withl' reaching
1400 G at 520 K. At T=520 K where the two resonances are ob-
In Fig. 8 curve B represents the Curie-Weiss law for theserved, we calculated(T) for each of them asi(T)
FE* ions, xre(T) =Cres+ /(T—416 K). The line intensity =Npp(TIAHPP(T)]?. From these intensities we can esti-
I(T) can be computed as a numerical double integration ofnate the ratio of Fe to Mo ions as the numbéte/Ny,o
the resonance linerea under the absorption cuyv€orrec- =~ rettimol I mottée~30. It indicates that only a few Mo ions
tions by a skin depth effect 8= \2p/uow) that could contribute to the intensity of the resonance line. This ratio is
change the number of resonant ions and by a short magnetitot constant, diminishing witf™ due to the different tem-
field sweep that could cut the tail of the Lorentzian linesPerature dependence of both intensities. The®Maoeso-
have been taken into account. Both corrections are neglpance line follows a Curie law, while the resonance of'Fe
gible. The value of the intensity is proportional to the mag-ions does not show this behavior, as we will see below.
netic susceptibility of the resonant ions. Therefore, at 450 K

where we observe the fe resonance and the line shape is IV. DISCUSSION
Lorentzian[see Figs. &) and g, we multiply thel (T) data
by a constantf) in order to obtainyg<(450 K). We name We observe an appreciable change in the resistivity of this

ESR susceptibility fesp to the result off X I(T) for the =~ compound by modification of the oxygen content at the grain
range ofT studied and it is plotted as solid circles in Fig. 8. boundaries. This instability of the grain boundaries hampers
Note the difference betweepesg and yge at high T. This  the study of the bulk resistivity. Therefore, in order to study
could indicate that the number of resonant Féons dimin-  the bulk properties, the experiments were performed under
ishes withT. high vacuum or 10% k¥ Ar atmospherdsee Fig. 2. On the
other hand, in the samples where the grain boundary effect is
present, we measure lt=14 kG and at room temperature a
magnetoresistance of 4.7%. In this material the magnetore-
sistance is mainly due to a grain boundary effebecause of

the spin polarization of the charge carriers, which is respon-
sible for the half-metallic character of this compouirferom

the bulk resistivity measurements two metal-insulator transi-
tions atTy, ;=405 K andTy, ,=590 K were found.

Early high-temperature susceptibility measurentents
showed in ay ! vs T plot a concave downwards curve. This
behavior and the small value of the saturated magnetization
extrapolatedd 0 K were associated with ferrimagnetism.

0 ! ! s However, we postulate that the concave downwardy(T)
300 350 400 450 500 350 is due to the metallic character of this compound. The Curie-
TK) Weiss (CW) law obtained from the linear portion of the

FIG. 7. Experimental peak-to-peak ESR linewidblid circles X Y(T) vs T curve (see Fig. 3 only applies in a small
as a function of temperature. A<Tc, the open circles indicate 'ange, showing a deviation at high with respect to the
the excess of the linewidtisee textand the solid line is the fitting €xperimental data. Furthermore, the Curie constant obtained
of the data with Eq(6). At T>Tc, the open triangles are theH,, IS t00 high as compared to the maximum expected vélue
calculated from theygsg data with Eq.(7) in the paramagnetic = Cge3++Cy o5+ considering all the spins as localized. In
region, takingAH;,=7500 G (see text The solid line T>T¢) the ESR measurements, the Moions were practically not
corresponds ta\H,,(T)=[1-O/T]AH,. observed, and a band calculatoshows that the d elec-

1500
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trons of these ions should be partially filling the conduction Xitin = Xitin[MO® T 1+ [1— v(T) Ixiin[FE " 1. (5)
band. These observations could indicate that these electrons
are itinerants. However, the electrical resistivity shows a With yiin[M0°"]~0.037 emu/mol,y;in[F€*]~0.026
semiconducting region or localization of the carrigsge emu/mol, andy,,. obtained before we reproduce the total
Fig. 1). This behavior could be related to a weak Andersonsusceptibility data fof =1.1T. (curve C in Fig. 8.
localizatiot®=2° with an associated gap of3 meV. This The ESR data beloW. show that the temperature behav-
localization should be induced by the same disorder that reior of the spectrum has the characteristic of a ferromagnetic
duces the saturated magnetization, i.e., some disorder in tlug ferrimagnetic resonance: the resonance magnetic field in-
Fe and Mo sites, or the presence of oxygen vacancies as warsases with temperature and a narrowing of the linewidth is
mentioned above. When tfig,,, is reached, the Fermi level observed.
equals the energy of the mobility edge and the compound In Fig. 7 we plot with open circles the excess of linewidth
becomes metallic again. In a completely ordered perovskittAHgy.=AH,,(T) = AHpo(Trin) ] for T<Tp,. This excess
without grain boundary effects it should be metallic in thecan be related to the phenomenological equafion
whole temperature range.

According to this picture, the paramagnetic susceptibility AHexd T<Thin) =47M(T) P, (6)

should be whereM is the saturated magnetization addis a scaling

e 0 factor. Following the theory developed by Spafks®

X~ Xioc™ Xitin » =(v/V) B, wherev is the total pore volumey is the sample
where the first term represents the contribution to the suscepolume, andg is a factor that relates some geometrical pa-
tibility of the localized moments and they could present arameters. This theory considers the demagnetizing field of a
CW dependencéy=C/(T—©)]. The second term of Eq. SPherical pore at the center of a spherical sample as a source
(1) is the metallic contribution and we expect a constantof the inhomogeneous broadening. The solid line in Fig. 7 is

value due to a Paulixpay) and Landau ¢, anga) SUscep- the excess linewidth obtained with E®) using our magne-
tibilities: tization data at 5 kG.

At T=T¢ the linewidth increases with temperature. Re-
Xitin = XpPaulit XLandau- (2)  cently, theAH,, behavior in the insulating paramagnetic
phase(aboveT,,, of perovskites of Mn has been exten-

In this frame, the maximuny,,. is found when the elec- sively discussed in a series of pap&fs®> The temperature
trons of the F&" ions are fully localized; thu€=Cg+  dependence of the linewidths has been described considering
(see curve B in Fig. B However, the experimental values of only spin-spin interactiort§ by the simple formula
XESR= Xloc (solid circles in Fig. 8 decay faster than the CW
law. Thus, we think that a temperature-dependent fracgion AH (T>T _):[ Xo(T)
of the Fé" ions have localized spins, in which case PP ™ yesd T)

= Y(T)Cres+; then y(T) =xesdT—0)/Cres+ as shownin 0 o xo(T) denotes the Curie susceptibility of the free

the inset of Fig. 8. Note that nedi: the y values are close . : ;
: . . spins that contribute to the resonanggsyT) is the mea-
to 1 and decay rapidly witfT reaching 0.4 at 520 K. Now, sured susceptibility, and the second facikdi, should be a

we can suppose that at a giv@i the system presents a pp
fraction y of F€" ions with localized spins in equilibrium
with a fracton 1-y of delocalized ions
([F€" lioc=[F€" itin). This “reaction” can be described
by an equilibrium constaftwhich follows an Arrhenius law

AHZ, )

temperature-independent constant. It is usually described
considering exchange narrowing models and contributions
due to anisotropic interactions. The classical dipolar interac-
tion is commonly the source of linewidth broadening but in
quasicubic perovskites its contribution th°p°p could be

[Fé ], 1—y A only of a few gausé’ . _

K= " = =Aex;{ - R_T) 3 By using Eq.(7) with xo= yCges+ /T, the experimental

[FE Tioc Y xesHT) andAH‘;p~ 7500(500) G(open triangles in Fig.)7
i ) we can describe the linewidth in the temperature redion

In this way we obtain >Tmin- Also we plot with a solid line the lavAH ,(T)

1 =[1—®/T]AH§p with the same values of the parameters.
y= ) (4)  The agreement is due to the cancellation of §1@&-cs+ fac-
1+Aexp(—A/RT) tor in both xo(T) and ygs«(T).

The solid line in the inset of Fig. 8 shows the fit pfdata
with Eq. (4) using A=1.6x10°, A=80 kJ/mol (0.83 eV},
and the constarR=8.314 J(mol K). Curve A in Fig. 8 rep- In this work we have presented electrical resistivip) ,(
resents the adjustmeni .= y(T)Cres+/(T—0). In order  magnetic susceptibilityx), and electron spin resonance data
to explain the experimental magnetic dc susceptibility, weat high temperature for the $SteMoQ; double perovskite. In
must addy;i, t0 xioc @S shown in Eq(l). However, we have conclusion, we found in the studied temperature region the
to take into account two contributions §g;,, one coming following.
from the M@ ions (independent of temperatyrand the (i) SpLFeMoG; is very sensitive to oxidation and the re-
second from delocalized spins of e which varies as 1 sistivity is strongly dominated by the carrier scattering at the
—y(T): grain boundaries.

V. CONCLUSIONS
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(i) When the oxygen atoms placed at the grain bound- In summary, the high-temperature ESR and magnetization
aries are removed, we observed two metal-insulator transidata can be explained by a simple model considering all the
tions, being clearly metallic belowWe=Ty, ;=405 K and Mo®°" ions with delocalized spins and for the*Feions a
aboveTy, ,~590 K. For intermediate temperatures, the sys{raction y with localized spins and the rest contributing to
tem presents a possible Anderson localization of the carrierthe itinerant susceptibility. This fraction is temperature de-
with semiconducting behavior. pendent and it is related to an equilibrium constant that fol-

(iii) In the paramagnetic region, the ESR data show théows an Arrhenius law.
presence of F& ions.

(iv) The intensity of the F&" ESR lines decreases faster
than a Curie-Weiss law with increasifig showing that the
number of F&* localized spins diminishes. This work was supported by CNERArgentine Atomic

(v) The behavior of the B¢ ESR linewidth is well de- Energy Commission CONICET (Argentine National Re-
scribed by inhomogeneous broadening belgwand by only  search Councj) CEB (Bariloche Electricity Company Fun-
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