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Investigation of the high Curie temperature in Sr,CrReOg
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A detailed neutron diffraction study of gte _,Cr,ReQ; half-metallic double perovskites has been carried
out. With increasing Cr content, the temperature for the cubic-tetragonal transition decigas480 K for
x=0 and=260 K for x=1) and the cell volume shrinks more than 2% while the Curie temperature increases
substantiallTc=420 K forx=0 and~620 K forx=1). We discuss the origin of the anomalously highof
SrCrReQ; in terms of structural and band hybridization effects.
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The search for half-metallic compounds having a high The polycrystalline samples with nominal Cr concentra-
Curie temperaturéT.) for applications in spintronics has tion x(Cr)=0, 0.25, 0.5, 0.75, 0.9, and 1 have been synthe-
been intense in recent years. Half-metallic compounds prosized with the solid-state technique. Stoichiometric amounts
vide conduction electrons with only one spin direction at theof S,CO3, F&,0;, ReO; and Re(ReOs/Re ratio is 5/1, and
Fermi level, which normally optimizes the output of spin- Cr.03 were mixed and pressed into pellets. The pellets were
tronic devices. In order to build devices operational at roonf€ated at 1000 °C for 3 h in an atmosphere of Ar with heat-
temperature, materials with highs are required. Only a few 1Ng and cooling rates of 7C/min. X-ray diffraction was
oxides, semiconductors, and metallic alloys are candidates f€formed with a D-Max Rigaku system with rotating anode.
show half-metallicity: This is the reason why the finding of Magnetization measurements were performed by using a su-
new half-metallic materials with higfic is very important, Perconducting quantum interference device magnetometer.
Promising compounds are found in the family of the SO_Neutron diffraction experiments were performed on two dif-

called “double-perovskite” oxides. These compounds haV‘Iierent instruments at the high flux reactor in the Institute
the general formula ABBOg with ordering of the B and B haUﬁ?Lﬁngev:nE-Gregc;bl)e\,_ I;rsagge'&DlB (=252 A and
cations and some of them are metallic as required for mag[- € igh resofution BA=1. ' .
netoelectronic applications. Amongst the metallic com- . X-ray diffraction at room temperature and neutron diffrac-
pounds, SfFeMoQ, was reported to show half-metallicity 1N ©n D2B in the paramagnetic phase Tat 650700 K

and aT. of 420 K caused by an indirect ferromagnetic have been used to refine the sample stoichiometry and the
Fel(tpy) —O—Mol(tyg) interaction? Band calculations indi- amount of BB antisite defects. This is important in order

cate that the;, spin-up subband is below the Fermi level and®© correctly interpret as well the low temperature _data
consists of five “localized” @ electrons produced by where the compounds become tetragonal and magnetic. We

Fe (S=5/2). The t, spin-down subband is located at the have found that the compounds witk0 and 1 are stoichio-

Fermi level (Ef) and contains one “delocalized” electron metric except for tiny impurities below 1%. In the case of

- o x=0 no antisite defects exist whereas for1 an amount
shared by Fe and Mo and mediating the indirect ferromagbf ~10% of antisites was found in neutron measurements

netic interaction between the “localized” spins through the nd=~12% of antisites in x-ray measurements. For the inter-

oxygen orbitals. Idea_llly, th_e cond_uctl_on electrons s_houlda ediate Cr concentrations, secondary phases of the same
show complete negative spin polarization at the Fermi IeveE1

S L o tructural type exist. Fox=0.5, the main phas€80%)
resulting in the so-called half-metallicity. A simildi; was
reported for the SFeReQ compound, studied with neutrons '~ close to the expected ONESKFE gz ClosnzReQy]
by Auth et al3 Philipp et al. reported aTe of 458 K for and0 antisites are not detectable. The second phase
SI,CrWOg.4 But the highesfT for this type of compounds (20%) is an Fe-rich one[SrFeReQ]. For x=0.75,
has been reported for rReQ (Tc=620 K).5 Interest in the main phase(70%) is close to the ex_pected one
this compound has furthermore strongly increased as higr{—sr%('_za’-l“cr‘mﬂ)Reb-05(1>)(R%-932>Cr0-0_5)06] with z5%
quality metallic thin films of S)CrReQ can be grown by antisites. The second phas(é}O%) is also an Fe-rich
sputtering techniqueswhich opens exciting applications in ON€ [SnFe g53Clo1gzReGs].  Finally, for x=0.9 the
spintronic devices based on this compound. In order to inmain phase (90% is close to the expected one
vestigate the structural and magnetic properties of Sk(F& 1Crog32R€.0712)) (R .902)Clo.102)06] With ~10%
Sr,CrReQ; and correlate them with the high., we have antisites. The second phasB0% is again an Fe-rich one
carried out a thorough neutron diffraction study of the[SnFe,gCry,1ReQs]. We note that in order to get the final
Sr,Fe,_,Cr,ReQ; series in the temperature range 5—700 K.stoichiometries of the main phase in the intermediate Cr con-
In a recent report Katet al. have studied with neutron dif- tent compounds, we have assumed that only the Cr ions
fraction the structural properties at room temperature of théwith ionic radius closer to Reand not the Fe iongwith
Sr,FeReQ and SpCrReQ; compound<. Within the error  larger ionic radius than Rean be misplaced on the Re sites
bars of the experiments, our results at room temperature ifas Fe and Re have similar scattering lengths, they can be
both compounds coincide with those of Ref. 7. hardly distinguished with neutropnsFrom the neutron Ri-
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TABLE |. Selected data of the main phase of theFgy_,Cr,ReQ; compounds obtained from the Rietveld refinement of the neutron
diffraction measurements. For all the compounds, the space group at 650 K is~conicand at 5 K is tetragondé/m.

T (K) x=0 x=0.5 x=0.75 x=0.9 x=1
aA) 650 5.59315) 5.57541)2 5.5585%1)2 5.555@1) 5.5495Q7)
aA) 5 5.54081) 5.53152) 5.523117) 5.52435) 5.52064)
c(R) 5 7.91562) 7.876932) 7.82311) 7.812512) 7.80231)
Fe(Cn—oO (A) 650 2.0093) 1.9893)2 1.977850)% 1.9812) 1.9653)
Fe(Cr)—O; (A) 5 1.9597) 1.9685) 1.9758) 1.97813) 1.9613)
Fe(Cn—O0, A) 5 2.0495) 2.0497) 1.994198) 1.95838) 1.9510)
Re—0O (A) 650 1.9463) 1.9543)2 1.952650)2 1.9472) 1.9593)
Re—0O; A) 5 1.9887) 1.9555) 1.9398) 1.93814) 1.9523)
Re—0O, R) 5 1.9095) 1.8817) 1.91819) 1.94839) 1.9510)
Fe(Cr)—O;—Re (deg) 5 166.63) 171.12) 172.13) 172.05) 171.91)
Fe(Cr) moment(ug) 5 4.356) 3.447) 2.878) 2.678) 2.521)
Re moment(ug) 5 -0.167) -0.379) -0.479) -0.589) -0.21(11)

3Data taken at 700 K.

etveld refinement of the patterns obtained on D1B and th&=0 up to~620 K for x=1. Figure 2 also shows the tem-
high-resolution D2B at selected temperatures, the spageerature evolution of the F€r—Ol1—Re angle for
group, lattice parameters, bond angles, atom distances, ai8tFeReQ and SsCrReQ;, which deviates from 180° below
magnetic moments have been determifsmk some selected T, This angle is at the lowest temperatu®K) equal to
data in Table). For the intermediate Cr content compounds,166.5° forx=0 and 172° forx=1, which indicates that Cr
only the results for the main phase will be discussed. As amloping distorts the structure less from cubic. The tolerance
example, we show in Fig. 1 the measurement on D2B andactor, f=d(Sr—O)/d(Fe/Cr/Re—0) 2, which reflects the
the corresponding refinement at 5 K of the@iReQ com-  overall size mismatch of the cations and can give rise to
pound. At 650 K all the compounds are culffem3m) and  changes of the space group if different frém1, is approxi-
paramagnetic. When decreasing the temperature, two typesately identical(f ~1) for S,FeReQ and SgCrReQ; ac-

of transitions are detected: the paramagnetic-ferromagnetigording to our neutron data at 650 K. However, a better cat-
transition atT and the cubic-tetragon&l4/m) transition at  jon size matching in SErReQ, is clear from the cation-
T,. Both transitions are clearly decoupled as in dopecbxygen distances. At 650 K, the Rietveld refinement gives
Sr,FeMoQ; (Ref. 8 and in contrast to the behavior in pure for Sr,FeReQ d(Fe—0)=2.009 A and d(Re—O)
Sr,FeMoQ;.° Figure 2 shows the dependenceTgfandT, on
the Cr content: whereak decreases frore=490 K for x=0
down to =260 K for x=1, T increases from=420 K for
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FIG. 1. Experimental data and Rietveld refinement of the neu- x (Cr)

tron diffraction pattern of SCrReQ, at 5 K taken in D2B. Some

regions of the pattern have been excluded which included a peak FIG. 2. Bottom panel: structural and magnetic phase diagram of
from the cryostat and very small impurity peaks from an unknownSrFe,_,Cr,ReQ;. Top panels: Fe/Cr magnetic moment and
volatile contaminant. Fe(Cr)—O—Re angle as a function of temperature %er0 and 1.
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=1.946 A whereas for $€rReQ it gives d(Cr—O) T
=1.965 A andd(Re—0)=1.959 A. This reflects the more 3 —i ]
similar value of the ionic radius of the Cr ions than the Fe __ ,5F @ “"=-.., E
ions to the Re ions: in coordination Vi(Fe'3)=0.645 A, 3 » ‘ LT i ]
r(Cr3=0.615 A, and'(Re"®)=0.58 A% As a consequence, I e E
it is reasonable to find a less distorted structure with Cr dop- g 15 3 i ---- .. ]
ing (evidence for the importance of the BBize matching 1F - Q‘
for the stability of the cubic structure at fixédcation com- 05 [ LI
position has been given in Ref).8 L P S S SR
The spontaneous magnetic moment at the€CBesite as a 0 0.2 0.4 0.6 0.8 1
function of temperature is also shown in Fig. 2 $6x0 and x (Cr)

1. In the case of SFeReQ, the Fe magnetic moment at low
temperature is=4.5 ug, which is an expected value for
Fe'?/Fe™ mixed valence in the high spin staté ug for
Fe'2 and 5ug for Fe'). In Sr,CrReQ, the Cr magnetic mo-
ment at low temperature amounts 4e2.5—3 ug, Which is
also an expected value for €fCr*3 mixed valence(2 ug S _ o
for low-spin C*2 and 3 ug for high-spin Ct3). While in the  Picture. Within the ionic picture, the saturation magnetization
case of CI3, we expect to have three localized electrons inshould linearly decrease with the Cr doping fronug for
the spin-upty, orbitals, the fourth electron present in?Cr  X=0 down to 1ug for x=1. In Fig. 3, the experimental mag-
will plausibly go to the spin-downt,, band [producing netization data at 5 K is shown as a function of the Cr con-
w(Cr?)=2 ug] as band calculations in the related compoundt€nt an.d compared to the calculated expe_ctgd magnetization
SKCrWO; indicate that the Cr spin-dowfy, band is at the taking into af:c;ount the actual sample st0|ch|ometry and the
Fermi level whereas the, level is 0.5 eV abové,.4 level of antisites. We have u_sed the following formula
The determination of the magnetic moment at the Re sitéor the calculated magnetizationme,=2z;(3-2xy)(1-yy)
is more difficult to obtain due to the uncertainties in the *Z(3=2X)(1-Y>), wherezy, is the percentage of the first
value of the magnetic form factor of Re and the substantia(second phase x,,) is the Cr content of the firstsecond
orbital moment of Re in Re-based double perovsKites. phase, and,, is the antisite content of the firésecond
Similar results(within the error bars of the refinement®r  phase. In general, the agreement between the experimental
the Re magnetic moment are obtained by using the magnetignd calculated magnetization is reasonably good taking into
form factor of Md® (as done by Auttet al3) or the magnetic  account the error bars of the refined stoichiometries and level
form factors published by Oikawet al*? and Popowet al'®  of antisites and the error bars of the magnetization measure-
As a consequence, in the following we will report the valuesments. The agreement is only moderate for the rich Cr
obtained by using the magnetic form factor of MoA gen-  samples. This could be linked to a smooth magnetic transi-
eral trend is that we obtain magnetic moment values for Rejon taking place below 200 K in the Cr-rich compounds
much lower than expected. For example, fojF@ReQ we  detected with magnetization measurements. The performed
obtain atT=5 K u(Re)=-0.167) ug (antiparallel to the Fe neutron diffraction refinements also indicate a slight decrease
magnetic momentvhereas NMR measurements on the samén the value of the magnetic moment at the(@® and Re
compound indicateg:.(Re)=-0.94 ug (also antiparallel to sites below 200 K in the Cr-rich compoungsee Fig. 2 for
the Fe magnetic momert* For S,CrReQ; we obtain afT ~ x=1). However, due to the metrically cubic structure, it has
=100 K u(Re)=-0.3310)up (antiparallel to the Fe mag- not been possible to obtain precise information on the mag-
netic moment but specific studies with more appropriate netic structure. Our magnetization measurements indicate
tools (x-ray magnetic circular dichroism for exampkhould  that the coercivity and the saturation field increase consider-
be carried out before concluding safely about the spin andbly at this temperature and that a magnetic field of 5 T is
orbital magnetic moment of Re in this series. not long enough to achieve saturation at 5 K for the Cr-rich
The obtained magnetic moment values at théCOPesite ~ compounds. This low-temperature magnetic transition and its
and the antiparallel alignment with the magnetic moment oimpact on the transport properties will be addressed in detail
Re are consistent with the ionic picture proposed for thesén a future paper.
compounds. Within this picture, as the Cr content is in- In Fig. 4 the cell volume is shown as a function of tem-
creased, the FE€r) 3d spin-up subband below the Fermi perature along the whole series. A striking feature is the re-
level becomes depopulated from five electrons<ted down  markable cell volume shrinkage that occurs with Cr doping.
to three electrons faxr=1. The two electrons provided by Re For SpCrReQ; the cell volume has decreased more than 2%
ions would go to the,y spin-down subband formed by hy- when compared to §feReQ. This is a large value in terms
bridization of the FE&Cr)-3d-t,g, O-2p, and Re-8-t,4 bands.  of lattice effects. The reason for the lattice contraction can be
Theset,y spin-down electrons would mediate the indirectfound in the difference of the ionic radii of Fe and Cr ions.
ferromagnetic mechanism between(€g and Re through The ionic radii data of Ref. 10 in coordination VI for Cr and
oxygen ions and would be responsible for the metallic befe indicate substantial differences in their respective values:
havior measured in bulk and thin films of SrReQ.>¢  low-spin-Cf?high-spin-Ct3 (0.73 A/0.615 A and high-
Magnetization measurements are also consistent with thispin-Fé%/high-spin-Fé3 (0.78 A/0.645 A. For example, in

FIG. 3. Magnetization at 5 K under 5T as a function of Cr
content. Squares stand for the experimental data. Circles stand for
the calculated magnetization according to the actual stoichiometry
and antisites. The dashed line is the theoretical behavior.
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248 | R T T (p-state radiug are tabulated, respectively, for the transition
— Sr2Fe1_XCrXFieO6 x=0 metals and oxygen andlis the transition metal-oxygen dis-
<L 246 7 tance. In the SFe,_,Cr,ReQ; series we can estimate tipel
S 5y x=05 | hybridization terms for the K€r)—O and Re—O bonds by
= - x=0.75 using thery andr, tabulated valuég€ and our neutron dif-
g 242 x=1 7] fraction data at 600 K for the transition metal-oxygen dis-
D o0 * | tances(all the compounds being cubic at that temperature
o | In the case of the SFeReQ compound, the/,q, and Vg,
238 ‘ | . ] terms associated to the FeO bond_ are, respectively, -0.67
0 200 200 600 800 and 0.39 eV. For the Re-O bond, it amounts, respectively,
T (K) to —1.56 and 0.90 eV. With Cr doping a small decrease of

the hybridization coupling is obtained associated to the

Re—O bond whereas a substantial enhancement is obtained

associated to the €O bond. For the SCrReQ, com-

. . . pound theV,y, and V4, terms associated to the GrO

an electronic configuration close to the valence +3 state, thgond are, respectively, —=1.04 and 0.60 eV. For the-R2

difference in the ionic radius between*€and Fé* can be  hond, it amounts, respectively, to —1.53 and 0.88 eV. Con-

around 5%. An additional effect due to changes in the vatributions to the hybridization enhancement come from the

lence state could be also contributing to the lattice contracshorter Cr—O bond length compared to FeO and the

tion. In this sense, in Cr-doped $eMoQ;, Cr replaces Fe |arger value of thal-state radiugry) in Cr than in Fe. We

as well mostly as CP.2 _ _ propose that the enhanced coupling (in other words, the
The anomalously large increase ofc in the |arger bandwidth will allow larger B—O—B’ electron

SnFeCrRReQ; series can be qualitatively explained by hopping integrals and, consequently, will reinforce the indi-

structural and band hybridization effects as discussed hereafact ferromagnetic interaction arn.

ter. In magnetic oxides with perovskite structurg,has been In summary, our neutron and the magnetization results are
claimed to be controlled by the electronic bandW&ﬁ’ﬂThe consistent with the Simp|e ionic picture proposed for
electronic bandwidth will plausibly depend on band hybrid-si,Fe _ Cr,ReQ; with itinerant electrons in the conduction
ization terms, which will be also influenced by the structuralhand mediating an indirect effective ferromagnetic interac-
parameters. In the case ef-active oxidesnickelate$® and  tion between FEr) and Re through oxygen ions. Our neu-
manganite¥) andt,g-active oxideg(titanates’), evidence for  tron diffraction measurements indicate that Cr doping brings
the influence of the structural parameters on the electronighout a substantial cell volume reduction and improves the
bandwidth has been given. One useful way to estimate thgation size matching. Together with the optimized structure,
electronic bandwidth is through a tight-binding model, whichcy doping enhances thed band hybridization, which also

is straightforwardly applicable to transition-metal oxidescontributes to the largd.. Future theoretical calculations
with cubic perovskite structur¥.In the formalism developed anq experiments addressing the hifhin Sr,CrReQ and

by Harrison(and co-workers'® there is a broadening of the related new higl¥. double-perovskite compounds should
O-2p and the transition-metaleBlevels due to thepd cou-  take these findings into account.

pling which can be expressed th&ggh the band hybridization Financial support by the European Project SCOOTMO
terms:  Vpg,=—(3v15/2m)/ (i*\rgrg/md) and  Vyg,  and by the Spanish CICy(MAT2002-04657 and MAT2002-
=(3\5/2m)/ (i%\r,r3/md*), wherer (d-state radiug andr, 01221, including FEDER fundings acknowledged.

FIG. 4. Cell volume as a function of temperature in
SrFe ,Cr,Rel;.
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