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Effect of band filling and structural distortions on the Curie temperature
of Fe-Mo double perovskites
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By means of high resolution neutron powder diffraction at low temperature we have characterized the
structural details of Lgsr, ,FeMoQy (0=<x=<0.5) and CaSr,_,FeMoQ; (0<x=<0.6) series of compounds.
This study reveals a similar variation of the mean bond-af@}g.o.o in both series. In contrast, the mean
bond-distanced e vo)-o increases with La but not with Ca substitution. Both series also present a different
evolution of the Curie temperatur@& §), which raises in the La series and slightly decreases in the Ca one. We
thus conclude that the enhancement gfin the La series is due to the electron filling of the conduction band
and a concomitant rising of the density of states at the Fermi level.
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Double perovskites of the typA,FeMoQ; (A=Sr, Ba, magnetic(AFM) interaction with localized spins are taken
Ca), have been predicted to be half-metallic ferromagnets ujinto accounf. A direct consequence of this model is that the
to their Curie temperature T¢), well above room strength of the FM interaction is governed @ythe strength
temperaturé.This fact makes them very attractive from the of the AFM coupling between core spins and itinerant elec-
point of view of applications in magnetoelectronics, andtrons and(ii) the density of electrons at the Fermi level
have lead to a growing interest in this and other families of D(Eg)]. This in turn indicates that a possible way to
double perovskites. In the ideal double perovskite structurenodify and eventually enhanc&c, could be the filling
Fe and Mo ions are perfectly ordered in B@osition of the  of the conduction band with doping electron carriers.
perovskite forming two interpenetrating cubic sublatticesThis approach has been proven to be successful and recently
but, experimentally, this order is not perfécthe low field a substantial enhancement & by more than 80 K
magnetoresistance is substantial although it decreases as tes  been reported in  SrlaFeMoQ; and
temperature approach&g , so in order to enlarge the work- (Bay gSiy.0)»-_ La,FeMoQ; series, where a divalent Sr ion is
ing range of the potential applications, the main goal of nu-substituted by a trivalent La ioff® Spectroscopic photo-
merous studies has been to enhance the Curie temperatureeshission measurements have been used to show that indeed
these compounds. In the celebrated manganites, this objeD{Eg) in Sr,_,La,FeMoQ, enhances whexis augmented.
tive was achieved by broadening the conduction band, thailthough these experiments did provide a solid confirmation
is, by enlarging the Mn-O-Mn bond angle via the appropriateof the relevant role of the itinerant carriers in the FM cou-
introduction of large cations in thé-site position of the pling in double perovskites, they have not settled the micro-
perovskite building block. Using this approach, an enhancescopic origin of the observed rising Bf(Eg). The difficulty
ment of T¢ of about 100 K has been obtained when substi-arises because in these doped materials, the La substitution
tuting Ca by Sr in LgsCays ,SrMnOs;. Interestingly not only may provide carriers to the conduction band but
enough, when the same strategy is used in the double pesso shall promote a structural distortion owing to the differ-
ovskites, a very modest enhancemenT gfof only 20 K has  ent ionic radii of Sf* and L&" ions. As a result of it, the
been obtained. Indeed, the Curie temperatures obbserved enhancement Di(Eg) cannot be exclusively at-
CaFeMoQ; and SgFeMoQ; are of about 380 K(Ref. 3 tributed to a band-filling effect. In sharp contrast with experi-
and 400 K(Refs. 1,2 respectively. ments, theoretical analyses, assuming undistorted lattice,

This streaking dissimilarity suggests substantial differ-have predicted thaf: may lower upon electron doping, in
ences in the nature of the ferromagnefi®@M) coupling in  contrast with experimentS. Therefore, discrimination be-
these oxides and suggests that the origin of ferromagnetistveen these effectsteric and band fillingis a critical issue
(or ferrimagnetismin double perovskites is different from for understanding the mechanism of FM coupling in double
the double exchange mechanism governing FM mangahitesperovskites and for the design of semimetallic materials hav-
It has been recently proposed that delocalized electrons, aimg still higherT¢.
tiferromagnetically coupled to localized magnetic moments In order to solve this problem and to elucidate the origin
(F€*:3d%), mediate the magnetic coupling, resulting in aof the Tc enhancement we report here a detailed structural
net FM interaction between Fe ions. In fact, the magneti@analysis of two complementary series of materials: La sub-
properties, at high temperatufaboveT;), of SLFeMoQ;  stituted and Ca substituted ,5eMoQ;. We show that this
can only be properly described if the contribution from de-selection of materials allows one to discriminate between
localized electrons of the conduction band and its antiferroband filling and structural distortion effects. From the com-
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TABLE |. Cell parameters and selected bond distances and bond angles(LgSri_a(LaFeMoOa and
Ca_ Sh-x FeMoQ found by high-resolution NPD data dt=10 K. The reported AS concentration has
been obtained by the refinement of XRPD data at ®F..p and (dy,.0) have been corrected by the
presence of antisites. Due to the high concentration of A§ ji 0.5 this correction is not realistic and only
(d(re,mg-0) s included. The agreement factors of the NPD data refinement are also reported.

LaXLaSrz_XLaFeMoQ; C@CaSrz_XCaFeMo()ﬁ
XLalXca 0 0.3 0.4 0.5 0.2 0.4 0.6
SG I 4/m P2./n P2,/n
a(A) 5.55491) 5.59032) 5.59162) 5.58872) 5.56392) 5.54532) 5.53313)
b(A) 5.56552) 5.56563) 5.56423) 5.55112) 5.53863) 5.53283)
c(A) 7.90342) 7.86223) 7.86843) 7.868(43) 7.84843) 7.83363) 7.82493)
B(deg.) 89.9%) 89.922) 89.902) 90.042) 90.042) 89.992)
AS (%) 10 25 26 40 5 5 6
(dre.0 2.0114) 2.0085) 2.0125) 2.0063) 1.9963) 1.9933)
(dmo-0) 1.9364) 1.9555) 1.9535) 1.9453) 1.9553) 1.9573)

(dremoo) ~ 19742)  1.9822) 1.9822)  1.9843)  1.9792) 19762  1.9752)
(Oke-om0) 172.63) 167.94) 167.64) 166.34) 167.64) 165.35  163.26)
¥2(%) 2.4 3.9 2.1 2.9 1.9 2.2 2.8
Rg(%) 4.1 4.4 46 47 3.4 3.6 3.9

parison of the structural and magnetic data we conclusivelyhe substitution with La or Ca induces a structural transition.
show that band filling effects dominate and are the responin La substituted samples an orthorhombic splitting of some
sible of the enhancement of the Curie temperature in La sulpeaks and the loose of thé-centering displayed by
stituted compounds. In contrast, the structural distortionsr,FeMoQy become evidentA change froml 4/m SG (for
found in the Ca casésimilar to those found in the La case sr,FeMoQ,) to P 2;/n SG forx,,;=0.3 andxc;=0.2 takes
reduceTc. place. In Glazer’'s notation, this corresponds to a change

Ceramic samples of LaSr,_, FeMoQ; (0=x..<0.5)  from aa~ (I 4/m) to a*b b~ (P2,/n) tilt system®3
and Ca_Sr,__FeMoQ; (0=xc,<0.6) have been synthe- This can be attributed to the small size of’aand C&*
sized by solid reaction in adequate atmosphere. Stoichidons (when compared to that of Sf ions), which reduces
metric amounts of high purity>99.99%) FeO;, MoO;,  the tolerance factor of the perovskite structure, thus inducing
SrCQ;, CaCQ, and LgO5; have been mixed. After the ini- the rotation of Fe@ and MoQ octahedra. Most relevant
tial prefiring treatments to decarbonate the compounds thstructural details obtained by NPD at 10 K are reported in
powders have been pressed into rods. The final firing hasable |. The concentration of AS, determined from XRPD, is
been done at 1250 °C in Ar/H-1%ollowed by slow cooling  also given. In all the cases we have checked that the compo-
down). The quality of the compounds was initially checked sition is, within the experimental error, the nominal one. In
by laboratory x-ray powder diffractiofXRPD), using long particular, no appreciable deviations from the nominal oxy-
collecting times in order to obtain very good statistics. Thegen content have been found. We have also analyzed the
obtained samples are well crystallized and single phasednagnetic contribution to the patterns. The large rang® in
Only small traces £0.8%) of SrMoQ have been detected (0.4 A '<Q<7.8 A1) of D2B data allows to resolve
in some patterns. XRPD data have been used to determingagnetic and structural parameters without correlations be-
the concentration of antisité&S), defined as the fraction of tween them. In agreement with previous studies, data in
Fe (Mo) ions in the Mo (Fe) sublattice (thus AS=50% Table | indicates that Ca and La doping prombtesd
means full disorder; see Tablg | removes$* respectively the degree of Fe/Mo order.

The neutron powder diffractioiNPD) study has been Data in Table | reveal a systematic enlargement of the
done at Institut Laue LangevifGrenoble, Frange High-  average Mo-O bond distancédy,.0)) and a shrink of the
resolution NPD patterns have been collected at the D2B difaverage Fe-O bond distancédf. ) in the Ca substituted
fractometer(in its high flux mode with\=1.594 A) atT series. Interestingly enough, the different sign of these evo-
=10 K using the standard orange cryostat. Samples werkitions almost compensates and the méae,Mo-O bond
kept at this temperature for 15 minutes before data collecdistance (d(ge mo)-) remains nearly constant witkg,. In
tion. Medium-resolution NPD patterns have been collected athe La substituted series there is also an enlargement of
D20 (A\=2.42 A) diffractometer in the range 150KT  (dyo.0) but(dee. remains nearly constant. This leads to an
<510 K. High-resolution NPD and XRPD data have beenenhancement of the average octahedral &iizg. vo).o that
analyzed by the Rietveld method usipgLLPROFprogram*!  contrasts with the Ca case as illustrated in Fig).10n the

In agreement with previous studies, we have found thaother hand, in both cases there is a clear bending of the mean
Sr,FeMoQ; NPD pattern can be very well refined with the Fe-O-Mo bond angle(@re.0.vo) With substitution[see Fig.
tetragonall 4/m space grougSG).*> NPD data reveals that 1(b)]. This is due to the rotation of MgQoctahedra caused by
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FIG. 1. (d(re,m0)-0 bond distance&) and( f..0.m9 bond angle . . .
(b) found for LaSr, ,FeMoQ, and CaSr_,FeMoQ, at T FIG. 2. Integrated intensity of (1 0 1)-(0 1 1) doublet obtained

from D20 data for(a) Ca and(b) La substituted compounds. The

2: for x_,= 0.5 (open squaieT has been estimated as explained in straight solid lines belol ¢ are a linear fit to that region and solid
] a .

the text. In all panels squares correspond La and circles to Ca seriég?e_s aboveTc correspond to the _average value of the_lntens_lty.
Curie temperatures have been estimated from the crossing point of

the smaller size of the 338 and C&" ions when compared the straight lines. The curves have been shifted up for clarifying the
to SR*. The smaller size of @é, when compared to that of picture. The dotted lines indicate the zero for, from bottom to top,
La®*, explains the stronger bond-bending in Ca seffes ~ Xca=0-2:0-4, and 0.6top pane), andx,,=0,0.3, and 0.4bottom
the same substitution level pane).

Figure 2 shows the integrated intensity of the
(101)-(011) doubletmeasured at DJ0as a function of We turn now to the comparison of the variation of struc-
temperature for both La and Ca substituted compoundsural parameters and for both series. In the case of the
These reflections are basically of magnetic origithough a  isoelectronically substituted Ca series, it is clear from Figs.
small structural contribution exists in bot#/m andP 2, /n 1(a) and(b) that with a monotonic bending of tR@ge.o.mo
SG) and thus they can be used to trace the variation of theond angle while keeping th@l re, m0)-0 bond-distance con-
Curie temperature upon substitutioR, is clearly indicated stant, a decrease of. is found. Therefore closing the
by a kink in the temperature dependence of the integratedg., . ,» bond-angle irA,FeMoQ; leads to a weakening of
intensity. The remaining intensity abovie. in the La case the FM coupling and thus to a reduction B¢ . The initial
can be mainly attributed to the presence of AS and the remcrease inT. (xc,<0.2) can be attributed to the reduction
sulting AFM order abovd ¢ .** Figure Xc) collects the val-  of AS observed in the Ca-substituted sampiese Table )L
ues of the Curie temperatures estimated from data in Fig. 2n contrast, the La series shows a radically different behav-
As already noticed in Ref. 12, the AFM coupling betweenijor, With similar values of the bond-bending raises as
nearest-neighbor Fe-Fe pairs occurring in the presence @huch as 80 K. Hence, it follows that the main difference
AS, produces an additional magnetic contribution to thepetween the structural evolution of both series that can ac-
(101)-(011) doublet above that masks the FM onsetin count for the rising off ¢ is the expansion of théd e yo)-
NPD data; indeed the ;= 0.5 sample has AS40% and the  pond in the La case. The enhancement of ¢Hge vo).
determination ofTc by NPD data is not accurate. An en- hond distance indicates that the substitution of divaleft Sr
hancement o ¢ of about 8 K with respect t& ,=0.4 com- by trivalent L& leads to the augmentation of the number of
pound was reported from magnetization measurenfentsejectrons within the metallic sublattice of the double perov-
Consequently, for x,=0.5 we have estimatedTc  skite. Taking into consideration that the available electronic
~477(6) K[open square in Fig.(&)]. We note in Fig. 1)  states in both Fe and Mo ions are thg states that partici-
that Ca substitution promotes a very moderated variation opate in the conduction bartdye can asses that the filling of
Tc: Itrises slightly fromx=0 toxc,= 0.2 and lowers gradu-  this band is effectively enhanced with La doping.
ally for xcz>0.2. In contrast, there is an evident growth of  Aforementioned spectroscopic  measurements  on
Tc from SpFeMoQ; to La,_Sr,_y _FeMoQ; (X.,=0.3, 0.4, LaSr, ,FeMoQ, provide evidences that Mo-band states at
and 0.5. the Fermi level become gradually filled upon electron-

=10 K. Solid symbols inc) show theT. found from data on Fig.
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doping? Data in Table I, is consistent vyith this finding: the La case. Thé6g..o.me bond angle varying similarly in
(dee.o Is nearly constant whereas there is a moderated efhoth series. This indicates that the structural distortion

hancement ofdy.o) (A(dyo.0)~0.02 A) upon La doping.
In agreement with Shannbhthis small variation of dyq.o)

caused by La doping does not significantly alter the FM cou-

pling in A,FeMoQ;. The enhancement of thed re vo)-0

bond length would indicate a predominant electron injection,gnd distance in La series signals an effective electron dop-

at Mo sites.

ing in the Fe-Mo sublattice and thus the filling up of the

It is worth to compare the present behavior with that of conqgycting band. Our data conclusively show that the ob-

well known FM manganites wher€c is governed by the ggpved

bandwidth and by the strong electron-phonon couplihge
to the Jahn-Teller effegt®®1’Both parameters, in manga-
nites, strongly depend on the size of tAecations and the

reinforcement of the FM coupling in the
La,Sr, ,FeMoQ; series originates from electron-doping ef-

fects rather than from structural ones. These findings opens
the possibility to design new strategies for further enhance-

bending of the Mn-O-Mn bond angle drives a strong reducinent of T and shall be of relevance for microscopic under-

tion of T .1 As we have shown here, the dependencg of
on Fe-O-Mo bond angle in double perovskites is much

standing of ferromagnetism in double perovskites.

smaller than in manganites. This fact reflects that the strong We thank the AMOREEU) for Grant Nos. MAT 1999-
electron-phonon coupling present in manganites, is no®984-CO3 and MAT 2002-0343(CICyT, Spanish govern-

dominant in the present case.

mend, and Grant No. 2001SGR-0038&eneralitat de Cata-

In conclusion, the main structural difference between thdunya) projects for financial support. C.F. acknowledges

two studied series rely on the evolution of the e mo)-o
bond distance that is constant in Ca case but it is enhanced

financial support from MCyTSpain. We thank ILL for the

provision beam time.

KA1 Kobayashi, T. Kimura, H. Sawada, K. Terakura, and Y.
Tokura, NaturgLondon 395 677 (1998.

2L. Balcells, J. Navarro, M. Bibes, A. Roig, B. Mamgz, and J.
Fontcuberta, Appl. Phys. Leff8, 781(2001).

3J.A. Alonso, M.T. Casais, M.J. Martez-Lope, J.L. Marhez, P.
Velasco, A. Mlioz, and M.T. Fernadez-Daz, Comput. Mater.
Sci. 12, 161(2000.

43, Ray, A. Kumar, D.D. Sarma, R. Cimino, S. Turchini, S.
Zennaro, and N. Zema, Phys. Rev. L&, 097204(200J).

SM. Tovar, M. Causa, A. Butera, J. Navarro, B. Ma#gz, J. Font-
cuberta, and M. Passeggi, Phys. Rew6@® 024409(2002.

6J. Navarro, J. Nogige J.S. Miinz, and J. Fontcuberta, Phys. Rev.
B 67, 174416(2003.

7J. Navarro, C. Frontera, L. Balcells, B. Maréz, and J. Fontcu-
berta, Phys. Rev. B4, 092411(2002.

8D. Serrate, J.D. Teresa, J. Blasco, M. Ibarra, L. Morelland C.
Ritter, Appl. Phys. Lett80, 4573(2002.

9J. Navarro, J. Fontcuberta, M. Izquierdo, J. Avila, and M. Asen-

sio, cond-mat/0303464inpublishegl

103, Alonso, L. Fernadez, F. Guinea, F. Lesmes, and V. Martin-
Mayor, Phys. Rev. B57, 214423(2003.

113, Rodrguez-Carvajal, Physica B92, 55 (1993.

12p Sachez, J.A. Alonso, M. GaraiHernadez, M.J. Marnez-
Lopez, J.L. Marimez, and A. Mellergard, Phys. Rev. 85,
104426(2002.

13p. M. Woodward, Acta Crystallogr., Sect. B: Struct. S8, 32
(1997).

143.B. Goodenough and R.I. Dass, Int. J. Inorg. Ma2eB (2000).

15R.D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
Theor. Gen. CrystallogB2, 751 (1976.

163, Fontcuberta, B. Martez, A. Seffar, J.L. GaratMuroz, and X.
Obradors, Phys. Rev. Leff6, 1122(1996.

17y, Laukhin, J. Fontcuberta, J.L. GaaeMuroz, and X. Obradors,
Phys. Rev. B56, R1 (1997).

18G. Zhao, K. Conder, H. Keller, and K.A. Muller, Natufieondon
381, 676(1996.

012412-4



