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We investigated the optical conductivity spectréw) of double perovskites §fFe,_,Mn,)MoOg, which
show filling controlled metal—insulator transition. Based on systematic analyses of optical conductivity and O
1s x-ray absorption spectroscopy, the electronic structures of baofReBloQ; and SgMnMoOg near the
Fermi level are presented, which turn out to agree with the recent LSDAalculation result§H. Wu, Phys.
Rev. B 64, 125126(2001)]. With the Mo carrier dopingwith z decreasing the in-gap spectral weight is
formed, below the gap of MnMoQOg, and finally developed into a Drude peak in,BeMoQ;. Due to the
possible site disorder, finite energy peaks rather than Drude-like peaks were observed for most of the doping
ranges 0.Zz=<0.8. With the ferrimagnetic ordering, we observed redistribution of spectral weight over a wide
energy region from 0 to 3 eV. The high energy spectral weight was transferred to the low energy region, similar
to the manganites. We discussed possible scenarios relevant to the Fe—Mo hybridization.
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I. INTRODUCTION by an insulating gap. Meanwhile, another double per-
ovskite SsMnMoOg with Mn?*(3d%) and MJ&* (4d°) ions
Magnetoresistance phenomena in magnetic oxides haveas been known to be either a paramagnetic or anti-
attracted a great deal of attention due to scientific as well aerromagnetic insulatdtHere, the Mo 41 band is fully un-
technological importance. The discovery of colossal magnesccupied, and antiferromagnetic insulating behavior due to
toresistance in doped manganites has prompted extensiViee superexchange interaction has been suggested. Hence,
researct.However, their low magnetic ordering temperature Sr,(Fe,Mn)MoQ, compound is an appropriate candidate for
and high magnetic field requirements have undermined theithe investigation of the metal—insulator transition caused by
potential in technological applications. Recently, Kobayashihe Mo 4d band filling without significant changes of tig
et al? reported large, low-field, tunneling type magnetoresis-= 5/2 spin background formed with the Feor Mn?* ions.
tance even at room temperature in ordered double perovs- Optical spectroscopies have been known to be quite use-
kites A,B’'B"Og, whereA is an alkaline ion, an’ andB”  ful for investigating electronic structures near the Fermi level
are transition metals. and electrodynamic responses related to metal—insulator
Among the ordered double perovskites,F®¥MoQ; has  transitions, as demonstrated in manganité&te that both
been extensively studi€d® It is known that the FeQand  double perovskites and manganites are half-metals and show
MoOg octahedra are alternately ordered in a rock-salt lattic&olossal magnetoresistance. In spite of these similarities,
and the angle of thed=O—Mochain is nearly 180°. Mag- there have been few investigations on the electronic structure
netization data indicate a ferrimagnetic ordering with a highof double perovskite$® Few spectroscopic investigations
ordering temperaturel .~420 K, in which spins at the have been performed on the electronic structure changes near
Fe*"(3d%) and M@ " (4dY) ions are aligned in the opposite the ferrimagnetic ordering and metal-insulator transition. In
direction to each other. A theoretical band calculation prethis paper, we report the temperature- and doping-dependent
dicted that this material is a half-metal, where the kg  optical conductivity spectrar(w) of Sr(Fe,_,Mn,)MoQg.
down-spin bandhybridized with the Fé,, down-spin banl By combining the results with the Oslx-ray absorption
crosses the Fermi level, but the up-spin band is separatespectroscopyXAS) data, we can clarify the electronic struc-
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tures of SyFeMoQy and SgMnMoOg in detail. We observe 2N A _'_'_Z'=1' ol E
the spectral weight changes @fw) in a wide energy region o[ Sra(Fe;_Mn,)MoOg \\\ _ o8 ]
below 3 eV not only with variation of the doping concentra- 10°F \ D 0.6 3
tion but also with temperature. We will discuss the spectral Y AN - - 04
weight changes based on the detailed electronic structure and N N 8:(2) =
the Mo-Fe hybridization. 3 N S~ 7
,(-E: 100 ? ~ ~ o 3
Il. EXPERIMENTS o 3 S~ E
A series of Sy(Fe,_,Mn,)MoOg (z=0.0, 0.2, 0.4, 0.6, Q 3 T = -
0.8, and 1.Dsingle crystals were grown by the floating zone I AT 1
method. X-ray diffraction measurements showed that all the 10 E T e e e o __. 3
samples were in single-phases, and the ordering of the F ﬁ‘ _______ ]
Fe(Mn) and Mo ions was also confirmed by the correspond- _—_/’/J\’/:I‘_
ing superlattice peaks. Using the Rietveld refinement of the 3 E
synchrotron x-ray powder pattern, we estimated the ordering Lo Y ST N S S T T W B S S S
of the F€Mn) and Mo ions. The ordering of the fén) and 0 100 200 300 400
Mo ions was estimated around 85%z# 0.0 and increased Temperature (K)
with z. For electrical and magnetic properties, we performed o
FIG. 1. Temperature-dependent dc resistivities  of

dc resistivity and magnetization measurements using the i .
%rz(Fel,zan)Mooe. The arrows represent the ferrimagnetic or-
e

four-probe method and a commercial Superconducting; 2
ring temperatures.

Quantum Interference Devic€SQUID) magnetometer, re-

spectively. Details of sample growth and characterization. .
were reported elsewhet®. tinuously decreases and disappears abov®.6. Note that

The O Is XAS measurements, which are well known to there should be a correlation betwep(iT) and T.. The

probe the electronic structures of the conduction bahds, Value Of T, decreases as that p(T) increases. This might

were performed at the high-resolution Dragon beamline aft99est that the Modicharge-carriers mediate the magnetic

Synchrotron Radiation Research Cent8RRQ in Taiwan. ~°rdering of the local spins.

The incoming photon resolution was set+®00 meV, and Figure 2 shows the doping-dependeR(w) of the

the absorption spectra were recorded in the bulk sensitive'(Fé—-Mn;)MoOg single crystals at 10 K in the range

fluorescence yield mode with a penetration depth ofo-01—20 eViSince there was little change R(w) between

~1000 A. 10 and 290 K near 5 eV, we smoothly C(_Jnnected th(_e room
The reflectivity spectraR(w) of Sr(Fe,_,Mn,)MoOg temperatureR(w) above 5 e\l In the far-infrared region,

were measured in the energy region of 5 meV—20 eV. pseveral peaks due to the optic phonon modes can be seen for

Fourier transform spectrophotometer was used below 0.6 eV,
and the grating monochromators were used for 0.5-2t eV.
The reflectivity spectra above 5 eV were measured at the
Normal Incident Monochromator beamline in Pohang Light
Source. Using the liquid-He cooled cryostat, the
temperature-dependeR{w) were measured for the region
of 5 meV-5 eV. After the reflectivity measurements, the gold
normalization techniques were used to take into account the
surface scattering effect.

1

Sr,FeMoOg
z=0.0

Ill. RESULTS AND DISCUSSIONS

Reflectivity

Figure 1 shows the temperature-dependent dc resistivities
p(T) of Sr(Fe,_,Mn,)MoOg. With change of, large varia-
tions of p(T) can be seem(T) of SL,FeMoQ;, i.e.,z= 0.0,
shows a metallic behaviodp/dT>0) within our measured
temperature ranges. Az increases, the absolute value of
p(T) continuously increases ang(T) shows an insulating
behavior fp/dT<0) for SLMnNMoOQg, i.e.,z= 1.0. Such a
systematic change @f(T) can be understood by the change
of charge-carrier number in the Maddband, and the metal—
insulator transition seemed to occur aroune 0.2.

The ferrimagnetic ordering temperatulfgalso systemati-
cally decreases with increasizgdenoted by the arrowd.,
of z=0.0 is estimated around 400 K. Asncreases] . con-

z=0.6

SroMnMoQg
z=1.0
i
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FIG. 2. Doping-dependent of

Sr,(Fe, _,Mn,)MoOg at 10 K.

reflectivity  spectra
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FIG. 3. o(w) of (a) Sr,FeMoQ; and(b) S,MnMoOg below 10 FIG. 4. O 1s XAS spectra of SFeMoQ; (dashed ling and

eV. Labeled alphabet and Greek letters represent the apparent peakMnMoOg (solid ling) at 290 K. The dotted-dashed line repre-
positions. sents the difference spectrum, which is obtained by subtracting the

Sr,FeMoQ; spectrum from the SMnNMoOg spectrum.

the insulating samples with>0.2. For the metallic samples .5 the Mo 4d and Fe 3 bands or the Mo @ and Mn 3
with z=<0.2, the phonon peaks are screened R(@) ap-  pangs.

proach 1.0 in the dc limit. In the high energy regid(w) Photoemission spectroscopy and © XAS spectra pro-
are dominated by several broad peaks resulting from intefyide information on the densities of filled and empty states,
band transitions. respectively. On the other hand, optical spectra are propor-

Using the Kramers—Kronig transformation, optical con-tional to densities of both initial and final states with appro-
ductivity spectrac(w) were obtained. For this analysis, priate matrix elements. Thus, it is sometimes rather difficult
R(w) below 5 meV were extrapolated using the Hagen-to identify the peak origin correctly using the optical spectra
Rubens relation for the metallic samples and were kept to benly. (However, the optical spectra can provide absolute val-
a constant value for the insulating samples. For the higlues of the spectral weight, if the peak origins are correctly
energy region, the values B w) at 20 eV were extended up determined. Therefore, it would be quite useful to perform
to 40 eV and thenn~* dependence was assumed. To checloptical investigation combined with other spectroscopic
the possible errors in our Kramers—Kronig transformationtools, such as the photoemission and/or OXAS measure-
we independently measured the optical constants for the ements.
ergy region of 1.5-5 eV using spectroscopic ellipsometry. Figure 4 shows the O sl XAS spectra of SiFeMoQy
The results of the Kramers-Kronig analysis agreed quite wel{dashed lingand SsMnMoOg (solid line). Both spectra are
with the ellipsometry data, confirming the validity of our dominated by the Mo d bands due to the strong covalent
transformation. bonding between Mo d and O 2. One can locate the Mo

Figures 8a) and 3b) show o(w) of SpFeMoQ; and  t,, ande, bands, which are separated by the crystal field
SrLMnMoGQg at 10 K, respectively. Below 10 eV, there are splitting energy 10Dq of about 4 eV, denoted by arrows.
several peaks originating from the optical transitions be-The broad peaks around 535 eV are due to the $4db
tween the electronic levels. In FieMoGQ;, o(w) apparently bands. Meanwhile, the Bdn) 3d bands are not clearly
show three peaksA, C, andE) with a Drude peak atw shown in the spectra because their intensities are small due to
=0 eV. While in SpMnMoQg, o(w) show five peaks &, the relatively weak bonding strength with Qo 2nd embed-

B, v, 6, ande) with an optical gap~0.5 eV. In both spec- ded under the dominating Mo bands. However, théVifg

tra, we can see that the peak strength is quite large aboveli&nds can be more easily identified by subtracting out the
eV, and the peaksJ andE) in Sp,FeMoQ; and those ¢ and Mo bands.

€) in Sr,MnMoOg are located at similar positions with com-  The dotted-dashed line in Fig. 4 shows the difference
parable strengths. This suggests that those peaks should $gectrum, which is obtained by subtracting theF8MoQ;
electric dipole-allowedb—d transitions and might originate spectrum from the $rMnMoOg spectrum. It clearly shows
from common bands such as @ 2nd Mo 4. [The contri-  one double-peak feature with a negative intensity around 530
bution of o(w) from Sr bands should be located above 10eV and another with a positive intensity around 533 eV. The
eV¥ The strengths of the peaks below 3 eV are muchspectra of SiFeMoQ; and SsMnMoOg contain the contri-
smaller than those above 3 eV. This suggests that the forméutions of the Fe bands and Mn bands, respectively. Thus,
peaks might be due to thé—d transitions, which originate the Fet,,—e4 bands appear with negative intensity, while the
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Feeyl and Mot,yT bands for the majority spin. The occu-
pied Fet,,T and FeeyT bands are located around 3 and 1.5
eV below Eg, respectively, consistent with the recent pho-
toemission results for B&eMoQ;.’

As shown in Fig. Bb), there is no electronic band splitting
of Sr,MnMoOg since it does not have the half-metallic state.
Since the valence band structures are not reported yet, the
valence band energy diagram could be rather difficult to be
assigned. However, we can assign each levels based on the
following reasons. First, the crystal structures are nearly the
same for both compounds, and the Mo and O are common,
so we can regard the Op2and Mo 4d bands as nearly the
same as those of gfeMoQ;, as confirmed in Figs. 3 and 4.
Second, the crystal field splitting energies are similar, as con-
firmed in Fig. 4, and the Coulomb repulsion energies are also
similar for Fe and Mn, the energy differences between filled
and unfilled levels should be also similar. Therefore, the en-
ergy levels of the filled Fe bands, i.e., Eg and Feey, are
lower than those of Mn bands, i.e., Mg, and Mnegy. Note
that these schematic diagrams turn out to be similar to recent
LSDA+U band calculation results for both compourils.

Based on above schematic band diagrams, we can assign
the origins of each peak in Figs.(é8 and 3b). In

FIG. 5. Schematic diagrams of electronic band structure&jor SLMNnMoOg, the peaksy, 8, ande can be assigned as the O
Sr,FeMoQ; and(b) S,L,MnMoOg. For clarity, we represent the Mo, 2p— Mo tyg, O 2p—Mn tyy, and O —Mn ey (Mo &)
Fe(Mn), and O bands as the solid, dashed, and dotted lines, respegnqitions. respectively. These peaks have characteristics of
tively. dipole-allowed p—d transitions, so they have large peak

strengths. The two small peaksand 8 can be assigned as
Mn t,4—€e4 bands appear with positive intensity. Note thatthe Mne;— Mo t,3 and Mntyg— Mo ty4 transitions, respec-
the Fe 3l bands are lower by-3 eV compared to the Mn tively. The strength of ther peak is quite small, since itis a
3d bands. This energy difference can be understood by thd—d transition between the Mey and Mot,y bands. The
difference between O2to Fe d and O 2 to Mn 3d energy differences-4 eV betweeny ande, and~1.2 eV
charge transfer energiésThe crystal field splitting energy, betweena and 8 represent the crystal field splitting energy
10 Dq, is estimated to be 10.1 eV and 1.30.1 eV for  of Mo 4d and Mn 3, respectively, as observed in the G 1
the Fe and Mn @ bands, respectively. The difference spectraXAS spectrum.
also show a sharp peak at the @ absorption threshold, In Sr,FeMoQ;, the peaks<C andE can be assigned as the
which should be due to the chemical potential shift inducedO 2p— Mo t,y (Fetyy, Feey) and O —Mo ey transi-
by the substitution of Fe with Mn. In §FeMoQ;, the tions, respectively. Note that, in SInMoOg, the peaks
chemical potential is located at the Mg,| band, which is originating from O 2—Mo t,; and O 2— Mn tyy are
partially occupied. When Fe is substituted with Mn, thewell separated, however, in SeMoQ,, the peaks from O
chemical potential gradually shifts down, and it becomes lo2p— Mo t,; and O —Fet,, (also, O —Feggy) are not
cated below the Ma,4 band in SgMnMoOg so that the Mo well separated due to the very close energy positions of Mo
t,q band is fully unoccupied. Such a gradual shift of thet,, and Fet,, (Feey) bands. In fact, the peak & is some-
chemical potential was confirmed in the @ XAS spectra what broader than that of, and the strength of is larger
of Sr,(Fe,_,Mn,)MoOg for differentz valuest® and the en-  than that ofy. The peak corresponding @for Sr,FeMoQ;,
ergy shift of the O % XAS threshold was obtained as i.e., Fet,;— Mo tyg, should be located above 3 eV, and thus
~0.2 eV forz= 0.0 andz=1.0. there is no clear peak-like structure near 2 eV. The peak

Based on the valence band photoemission spectra aforresponding tow for Sr,FeMoQ;, i.e., Fee;—Mo tyg
Ba,FeMoQ; (Ref. 17 and the O & XAS spectra in Fig. 4, should be located above 1 eMhe Fet,;— Mo t,4 and Fe
we determine schematic diagrams of the electronic bandy— Mo t,4 transitions are not clearly appeared in Figa)3
structures for the end members. Figurés and 5b) display  due to the large and broad background of p€akThe peak
the schematic diagrams for .5ieMoQ; and Sy MnMoOg, A can be assigned as the Mg, — Fe t,q transition through
respectively. the down-spin channel.

As shown in Fig. Ba), the electronic structure of The peakA was assigned by some workers as the Fe
Sr,FeMoQ; should be split into the majority spifup-spin eyl —Mo tyyT transition with the assumption that the Mo
and minority spin (down-spin bands due to the half- t,y] and Fet,y| bands were nearly degeneratadowever,
metallicity. The Mot,y| and Fetyy| bands cross the Fermi if the peakA originates from the FeyT— Mo tyyT transi-
level E¢ for the minority spin, while there is a gap between tion, the peak strength should be comparable to that @fin
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FIG. 6. Doping-dependentor(w) of Sr(Fe _,Mn,)MoOg FIG. 7. Temperature-dependemfw) of Sr,(Fe, Mng 4)MoOg
at 10 K. at 290 K (>T,) and 10 K (<T,). The inset shows th&l.(w)

which is obtained by integrating(w).

Sr,MnMoOg. In addition, the peal should be located at a charge-carriers in double perovskites. It has been known that
higher energy thame. Therefore, our assignment of pe&k site disorder, which strongly depends on the sample prepara-
as the Mot,y| —Fe t,y| is more reasonable and such antion method” plays a crucial role in some physical proper-
assignment can explain the doping dependef), as ties, such as low-field magnetoresistafté&ven for our
shown later. Also, recent LSDAU calculation result clearly  Sr,(Fe,_,Mn,)MoOg single crystalline samples, there
shows that the Md,4| and Fet,,| bands are separated, should be a certain degree of site disorder and it will effect
since the U values are different for the Fe and Mo ibhs.  o(w).? For example, the free carrier motions through the
To understand the changes of electronic structure from thEe—Mo—Fe chains or Mo—Mo chafiswill be disturbed:
metallic SpFeMoG; to the insulator SMnMoQOg, we show  hence the low energy peak can be formed rather than the
the doping g)-dependentr(w) below 2.5 eV in Fig. 6. For Drude peak for 0.2z<0.8 and the Drude peak for the
thez= 1.0 sample, there are two peaks(centered around =0.0 sample becomes small. The issues of correlation and
0.8 eV) and g (centered around 2.0 @With the optical gap  site disorder effects on(w) of double perovskites require
~0.5 eV. As the number of Mod!icharge-carriers increases further systematic studies.
(i.e., asz decreases the high energy spectral weight de-  To understand the electronic structure changes with ferri-
creases and the low energy spectral weight increases. Basathgnetic spin ordering in double perovskites, we also inves-
on our schematic diagrams of Figgap and §b), we can tigatedo(w) of Sr,(Fey gMng ) M0oOg (T.~ 250 K) at 290 K
regard that the peaks of and 8 shift to higher energy with  (>T_) and 10K KT.), as shown in Fig. 7. For §FeMoQ;
decreasing. Then, the continuous decrease of high energyT.~400 K), we attempted reflectivity measurements at 500
peak strength can be understood. In the low energy regiorK. However, after the high temperature measurements, we
the spectral weight increases due to the increase of the occfpund that the color of the surface became changed, possibly
pation of Mot,4| and Fet,q| bands. Finally in metalz  due to the change in oxygen stoichiometry. So, we could not
=0.0, there is the Drude peak and the broad p&awhich investigate o(w) of z=0.0 aboveT.. The temperature-
was also observed by Tomioka al’® dependent behaviors @f(w) for z=0.0 from 290 to 10 K
The Mo 4d charge-carriers do not form the Drude peakwere found to be similar to those far=0.4 from above to
for most doping ranges, i.e., 6s2<0.8, but turn into belowT,. Forz=1.0, there was no considerable variation in
the Drude peak for the=0.0 sample. The plasma frequency o(w) between 290 and 10 K.
w, of z=0.0 is estimated using the relation @fwﬁ With the ferrimagnetic orderingr(w) are changed for a
=[go4(w’)dw’, where oy(w) is the Drude peak, giving wide energy region below 3 eV. The spectral weight above
value ofw,~1.8 eV. Note that the value of 1.8 eV is small 1.0 eV is transferred to the low energy region below 1.G&V.
when we compare with the same quantity calculated from th&ince the change af(w) in the high energy region is rather
free electron mass and the known value of carrier numbesmall and broad, we have measufR(dv) several times, and
n=1.1x 10?7 cm® (Ref. 9. This result might suggest the cor- found that the changes in(w) were quite reproducible. We
relation effect of Mo carriers in double perovskitéim fact, estimated the effective number of carrieMex(w), using
the effective mass is reported to be larger than the free eledNq(w) = (2meV/me?) [§o(w')dw’, wherem, andV repre-
tron mass by recent specific heat measureméntsdegree  sent the free electron mass and unit-cell volume, respec-
of site disorder of Fe ions at Mo sites and/or Mo ions at Fetively. When we integrater(w) up to 3 eV, as shown in the
sites, however, can be the main source for localization of thinset, No4(w) is nearly the same for above and beldw,
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indicating that the optical sum rule becomes satisfied withirenergy spectral weight should come from the decreased spec-
the spectral region below 3 eV. This result suggests that thergal weight in the high energy region. The origin of decreased
is a redistribution of the spectral weight in the energy regionspectral weight in the high energy region is not so clear at the
upon cooling througi ... current stage, since it occurs near the tail of broad and strong
It might be considered that the spectral weight changes afharge transfer peaks. However, our observation that the sum
double perovskites are quite similar to those of mangafttes. rule is satisfied by integrating up to 3 eV with ferrimagnetic
In manganites, the spin-split band model based on therdering suggests that the Mo band should be hybridized
double-exchange mechani&hhas explained such spectral with the Fe band and the corresponding spectral weight be-
weight transfer. Abovel., o(w) show a peak due to the come redistributed due to the Fe spin ordefihg.
interband transition between the Hund’s rule split bands such
as MneyT[Mnt,yT ]—MnegT[Mntyg| . (This notation indi-
cates that the transitions occur between ®yobands with
the same spin but differem}, spin background.Below T, We investigated electronic structure changes induced by
the background spins of the Mg, ions become aligned and the filling control of the Mo 4l charge-carriers in double
the interband transition will be prohibited, and the spectraperovskite Sy(Fe,_,Mn,)MoOg using optical conductivity
weight will move to the low energy Drude-like absorption. measurements. With doping, we observed large spectral
If such spin-split band model is applicable for double per-weight changes in a wide photon energy region. Using the
ovskites, the Hund’s rule splitting of the Mo ions should bedetailed analyses of optical conductivity spectra and O 1
quite large to explain such large energy sdale., ~3 eV)  x-ray absorption spectroscopy results, we found that such
change ino(w). Generally, the Mo ion is nonmagnetic, so changes should originate from the fact that the energy levels
the Hund’s rule exchange energy is considered to be mucbf the Fe 31 and Mn 3 bands are located at quite different
smaller than that of the Mn ion. However, Sarreaal?’  positions. Below the gap of S¥inMoOg (~0.5 eV), the
recently proposed the unusual renormalization of the intrain-gap states start to appear with doping and finally the
atomic exchange strength at the Mo ions (0.8—1.5 eV) arisbrude peak appears in FeMoQ;. The strength of the in-
ing from the Fe—Mo interaction. Although this scenario isgap state increases with the increase of the Mocharge-
quite interesting, as far as we know, there is little experimenearriers, but it does not form a Drude peak abawe0.2,
tal data to support this scenario. In manganites, the bandwhich is probably due to the site disorder effects. We have
width of Mn g4 is known to be smaller than the Hund's also observed the spectral weight transfer from high to low
exchange energy, so that the Hund’s rule split band modetnergy region with the ferrimagnetic ordering. The spectral
could be applicable. However, in double perovskites, thechanges occur over a rather wide energy scale-8feV,
bandwidth of Mo is expected to be larger than the band splitsuggesting the redistribution of electronic structure due to
ting between Moty and Mot,,|. Moreover, our O $  the Mo—Fe hybridization.
spectra of SfFeMoQ; are similar to those of SMNMoOg,
as shown in Fig. 4. This suggests that the spin-split band
model for the Mo ion might be not sufficient to explain the
spectral weight change with ferrimagnetic ordering in the We acknowledge Professors Jaejun Yu, K. T. Park, and
double perovskites. J.-S. Kang for helpful discussions. This work was supported
The increase of the spectral weight in low energy regiorby the Ministry of Science and Technology through the Cre-
can be explained by the increase of hopping motion oftive Research Initiative Program, and by the Korea Science
charge carriers. Once the g, spins are ferromagnetically and Engineering Foundation through the CSCMR at Seoul
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