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Electronic structure has been investigated by reflectivity measurement for ordered-perovskite transition-
metal oxides, SMMoOg (M =Cr, Mn, Fe, and Cp The ground states of the Co and Mn compounds are
paramagnetic insulators, making a sharp contrast with the ferrimagnetic metghieM&Q;. For all the
compounds, we have observed intense optical transition2aeV, which has been ascribed to the charge-
transfer excitation from th®2p state to the Mod level. Based on the optical spectra, we argue the electronic
structure of this class of compounds.

Transition-metal oxides with ordered double-perovskite Among the double-perovskite transition-metal oxides,
structure, A,MMoQOg, A,MReQ; and A,MWOg (A is a  SnFeMoQy(Sr,FeReQ) are metallic and ferrimagnetic with
rare-earth metal anil is a transition metalhave begun to critical temperaturf . ~420 K (=400 K). In these systems,
attract the interest of material scientists from the practicaFe’" ions (3d°) behave as local spins, while the conduction
point of view as a magnetoresistive device. More than 30(and is occupied by the d45d) electrons of M&* (or
compounds with double-perovskite structur;B’B”Og, Re’"). The ferrimagnetisthhas been ascribed to the antifer-
have been synthesizédn which the perovskiteB sites are  romagnetic superexchange interaction between thespins
occupied alternately by different catioB$ andB”. Among and 4d%(5d?) spins. Band calculatidnsuggests a half-
them,A,FeMoQ; (A=Ca, Sr, and Bpare known to be fer- metallic feature for these compounds: there exists a gap for
rimagnetic with critical temperatur@, (= 330-420 K,>  the up-spin density of statéDOS), while Fe3i—Mo4d
which is higher than that of the doped manganfteaximum  (Fe3d—Re&d) mixed state, which is strongly hybridized
T. is =~ 360 K for Lay ,SrpgMnO3). Quite recently, Koba- with the O2p state, is observed around the Fermi level for
yashiet al® have observed room temperature magnetoresighe down-spin DOS. Itohet al® have reported that
tance in SyFeMoQ; and SgFeReQ due to the intergrain  Sr,CoMoQ; and SgMnMoOg are paramagnetic insulators:
tunneling® Up to the present, many reseackérs® have the paramagnetic behavior has been ascribed to the absence
reported the structural, magnetic, and electrical properties aff the 4d electrons in the hexavalent §o(4d°) ions?®
the double-perovskite transition-metal oxides, especially for In this paper, we have investigated the electronic structure
the Fe-based compounds. To our knowledge, however, thed the ordered-perovskite transition-metal oxides,
iS no spectroscopic investigation, which is indispensable nosr,MMoOg (M =Cr, Mn, Fe, and Cp For all of the com-
only to understand the electronic structure of the ordereghounds, we have observed intense optical transition at
perovskite, but to design the materials as a magnetoresistive2 eV. Judging from the band calculatibas well as the
device. M-independent transition energy, we have ascribed the tran-
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TABLE |. Lattice constant andvi-O bondlength ¢,,_o) for 3
SL,MMoOg (M =Cr, Mn, Fe, and Cpat 300 K. The crystal sym- C (a) S, MnMoOy
metry is cubic Em3m; Z=4) for M=Cr, Fe, and Mn, and is 2: 1=05A
tetragonal (4/mmm2z=2) for M =Co. L Ry, =211
- Ry =5.05

Compound a (A) dy_o/dy-w ¢ @A) dy_o/dy_nm

SrLCrMoO;  7.8153)  0.2343) i U i
SL,MNMoOg  8.00561)  0.26397) * e
SI’ZFEMOQ 7.88824) 0.2533) r [ o e O A O e R N R A A A R LA R T R RTRTAIT

1, 1

Intensity (105 counts)

Sr,CoMoQ; 7.88162)2  0.2612) 7.957%2) 0.2644) N
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Multiplied by 2 26 (degree)
sition to the charge-transfer excitation from the D&ate to 2 . (b) Sr,CoMoOyg

the unoccupied Mod level. We further have found weak
spectral weight down to-0.2 eV, even in the insulating
Sr,CoMoG; and SgMnMoQg.

A series of ceramics compounds,,BiMMoOg (M=Cr,
Mn, Fe and Cp was synthesized by solid state reaction in
vacuum. Stoichiometric mixture of commercial SrOzCs,
Mn;0O,, F&0O3, CoO, MnQ;, and Mo was well ground and
calcined two times at 1000—1200°C for 2—3 h. To obtain
x-ray powder data of good counting statistics with high an- e e P
gular resolutionfull width of half maximum is about 0.03° 0 10 20 30 40 30
in 26), synchrotron radiation x-ray powder experiments with 26 (degree)
an imaging platéIP) as a detector were carried out by using
the La?gegDpebye-Scherrer Camera at SPring-8 BLO2B2. FIG. 1. The whole x-ray powder pattetoross at 300 K for(a)

2 ) . r,MnMoQOg and(b) Sr,CoMoQ;. Solid curve shows the results of
precipitation method was adopted in order to get a fine pow{he Rietveld refinement witha) cubic (Emam: Z—4) and (b) te-
der, which gives a homogeneous intensity distribution in the[r‘?lgomj1I (4/mmm Z=2) structure. Open triangle indicates MgO

Debye-Scherrer powder ring. The fine powder was sealed in =",
. impurity.
0.2 mmyp quartz capillary, and the powder pattern was mea-

sured at 300 K. The wavelength of the incident x-ray 'SSrZMnMoOG and SgCoMoO;. The y 1—T curve well

0.4973 A, and exposure time was 30 min. The crystal Symbbeys the Curie-Weiss law except for the low temperature

metry is found to be cubicKm3m;Z=4) for M=Cr, Fe,  region (<40 K) of the Co compound. Effective moments
and Mn, except for tetragonal $MnMoO, (I4mmmzZ - for the Mn and Co compounds are estimated to be
=2). We have analyzed thus obtained x-ray patterns witho5 74 . and ~5.23 u5, respectively. The magnitude of
the RIETAN-973 program,® and listed the results in Table I. the . value impliesS=4—5 per Mn(Co) site, and sug-
We have determined the oxygen position with assuming pefgests that Mr(Co) ions take trivalent (MA";d%) or divalent
fect ordering of the perovskit8 site. In Fig. 1 are shown (\p2+.¢5) [high-spin trivalent (C&';d®) or tetravalent
prototypical examples of the Rietveld refinemen®)  (cg**;d%)] states. The magnetic behaviors for Mn and Co
SrL,MnMoOg (Fm3m;Z=4) and S§CoMoG; (14/mmmZ  compounds are quantitatively consistent with the work done
=2). The final refinements are satisfactory for both cases, iy Itoh et al®
which the reliable factoR, is fairly typical of published ones The above-mentioned magnetic behaviors seem to corre-
(R;=5.05% for SsMnMoOg and 4.45% for SICoMoQ). late with the transport properties. In Fig. 3 we show the
Figure 2a) shows the temperature dependence of magnetemperature dependence of resistivity For four-probe re-
tization M per a transition metal for SMMoOg (M =Cr, sistivity measurements, the sample was cut into a rectangular
Mn, Fe, and Ca M was measured under a field pf,H shape, typically of X2x1 mn?, and electrical contacts
=0.5 T after cooling downa 5 K in thezero field(ZFC). A were made with a heat-treatment-type silver paint. Heat
large M value is observed for thtl=Fe compound in the treatment has been done in vacuum. TheT curve for
temperature range investigateg 400 K), which is consis- Sr,FeMoQ;, which is a ferrimagnetic up td. (=420 K),
tent with the high critical temperaturd (=420 K)>>3The  shows a metallic behavior up to 400 K. In Table Il are shown
lower panel of Fig. 2 shows the magnetization curve at 5 Kthe interrelation between the magnetic and transport proper-
The M value rapidly increased with the external field, andties of double-perovskite transition-metal compounds. Look-
then saturated d¥l~3.1 ug per Fe site, in agreement with ing at Table Il, one may notice that the high-compounds,
Ref. 3. TheM value of the Cr compound slightly increases that is, SsFeMoQ;, SL,CrMoQ;, and BaFeReQ have a
below ~300 K [Fig. 2(@)]. However, the saturation magne- relatively low p,eg k Value (8% 10 2 Q.cm). Such a corre-
tizationMg is ~0.5 ug per Cr sitef(b)]. The other two com- lation suggests that the itinerant carriers, not the superex-
pounds, that is, SMnMoOg and SsCoMoG;, do not show change interaction, mediates the ferromagnetic coupling be-
any trace of ferrimagnetic transition down to 5 K. The insettween the local & spins, e.g., by double-exchange
of Fig. 2@ shows the inverse susceptibility * for  mechanism.
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TABLE II. Correlation between the magnetic and transport
Sr,MMoOg 7] properties for SIMMoO,; and BaMReQ;. T, Mg and p,eg « de-
peH=0.5T j note critical temperature for the ferrimagnetic transition, saturation
. magnetization, and resistivity at 298 K, respectively.

W
L

—~

&

MoH=5T Compound T (K) Ms(ug) pasgk (2cm)  Reference

—
(=
(=

Sr,CrMoOg  ~300 0.5 8<1072 this work
Sr,MNMoOg 2x10° this work
- Sr,FeMoQ 420 3.1 8x10° 3 2 and this work

L P RO B 1 Sr,CoMoQy 9x10° this work
3 0 100 200 300 g

- T(K Mn,Co . BaMnReQ, 105 3.9 6x 10°
R et B et -2 T BaFeReQ 334 3.1 9< 1074
0 100 200 300 Ba,CoReQ 3x10
Temperature (K) Ba,NiReG; 18 1.0 4<10°

M (pg)

wn
(=]

1/y, (1/emu)

© © © ©

Fe atSK at ~0.05 eV is due to the optical phondbreathing-type
M-O stretching vibration Theo(w) spectra for SiFeMoQ;
has a large Drude component belowl.2 eV consistently
with the metallic behaviolFig. 3), while the other three
e cceemmemeem=—-——— compounds show an insulating feature. In the insulating
0 SN compounds Il = Cr, Mn, and C9, we observed intense tran-
0 1 2 3 4 5 sition bands at-2 eV. A trace of the corresponding transi-
Magnetic Field (T) tion is observed even in the metallic,5eMoQ;, though the
transition is rather burred. Such afindependent spectral
FIG. 2. (a) Temperature anb) field dependence of magnetiza- feature around~2 eV makes a sharp contrast with the
tion M per a transition metal for SMMoOs (M=Cr, Mn, Fe, and  perovskite-type transition-metal oxides, such adviGy,*
Co). M was measured under a field of 0.5 T after cooling down to 55nq LaSMm 04112 and indicates that thé13d level is not
K in the zero field(ZFC). Inset shows temperature variation of o|ated to the~2 eV transition. Judging from the band

. S
inverse susceptibilityy = for SpMnMoOs and SpCoMoGs.  cicylation® we have ascribed the transition to the charge-
Straight lines are the results of the least-square fitting.

M (ug)

Cr

In Fig. 4 are shown the optical conductivity w) spectra
at 300 K obtained by the Kramas-Kronig transformation of
reflectivity spectra. Near-normal incident reflectivity mea-
surements were made using a Fourier-type interferometer
(0.05-0.75 eY and a grating-type monochromet@.6—5.0
eV). The sample surface with diameter f4—5 mnf was
polished like a mirror with polishing sheets. The sharp peak

b (a) Sr,MMoOg
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FIG. 3. Temperature dependence of resistiyitipor S,,MMoOq FIG. 4. (a) Reflectivity and(b) optical conductivityo(w) spec-

(M=Cr, Mn, Fe, and Cp tra for S,MMoOgz (M =Cr, Mn, Fe, and Cpat 300 K.
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transfer(CT) excitation from the Op state to the unoccu- key may be the Mo-O bondlengthy,_o; the dy,_o value
pied Mo4d level. The pinned excitation energy of the CT becomes shorter in the Co and Mn compounds. With de-
transition suggests the same Mo valence state, i.e3*Mo crease ofly,_o, hybridization between the Ma#and O%

[4d (Ref. 1], for these compounds. In this picture, the tran-€nhances. Accordingly, the actual @dand has consider-
sition metal takes trivalent statél®*, which is consistent able Mo4d character in SICoMoQs and StMnMoQg. In
with the observediq values of paramagnetic SinMoO,;  this sense, the Ma#orbitals are partially filled even in the
and SsCoMoO;. Optical gap is estimated to be0.2 eV for nomlnallyhexavalent I\/_IB*_ ion. Thls_|s why the peak posi-
the Mn and Co compounds, and0.1 eV for the Cr com- tions chﬁt‘be two CT excitations, t_hat is, froGrD the @hand to
pound. These gap energies are much smaller than the e{1¢ MO" level and to thenominally Mo™" level, nearly
trapolated energy 0.8 eV) of the intense CT transition, coincide. . . .

suggesting that the weak spectral weight near the optical g In summary, we have systematically investigated the elec-

should be ascribed to different transition. Such a weak spe fonic structure of ordered-perovskite transition-metal ox-
tral weight is reminiscent of the Mott gap transition, as is'des' SgMMoQ; (M=Cr, Mn, Fe, and Cp The obtained

- : ; : tra apparently suggest the same Mo valence state, i.e.,
observed in LaTi@ and LaVQ,.!! For example, in LaTig, ~ SPECHa ap
the Mott excitation is observed down tol eV below the Mo®" (4d"), for these compounds. However, the above-

) o mentioned argument suggests an important role of thd @
I‘Pi;egSI:veCIT transition 4 eV) from the O state to the hybridization, which strongly couples with the Mo-O

bondlengthd,,,_ . More elaborated investigations are under
progress, to understand the electronic structure as well as the
rigin of the magnetic interaction of the double-perovskite
ransition-metal oxides.

Here, we refer to an alternative interpretation of the)
spectra shown in Fig. 4. One can think of the situation in
which the valence of Mn and Co ions is closer to the divalen
state, and that of Mo ion to hexavalent®} state; this would
naturally explain the insulating nature of the Co and Mn The authors are grateful to K. Takenaka for his help in
compounds. Such a situation is supported iy long M-O  midinfrared refractivity measurements, and to N. Hamada for
bondlength(see Table )l and (ii) absence of the magnetic fruitful discussions based on the results of band calculations.
ordering except for the low temperature regisee Fig. 2  This work was supported by a Grant-In-Aid for Scientific
Furthermore, band calculation based on the local density ajResearch from the Ministry of Education, Science, Sports
proximation (LDA )3 suggests divalent states of the Co andand Culture. The synchrotron power experiments were per-
Mn ions in the ordered-perovskite structure. How do we unformed at the SPring-8 BL02B2 with the approval of the
derstand ther(w) spectra with this divalent picture? The Japan Synchrotron Radiation Research Insti(dfSRI).
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