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We investigated the electronic structures of the perovskite-typerdnsition-metal oxides $40; (M
=Zr, Mo, Ru, and Rhusing their optical conductivity spectia(w). The interband transitions ior(w) are
assigned, and some important electronic structure parameters, such as charge-transfer,gnengy crystal-
field splitting 1@q, are estimated. It is observed thgfy and 1@ decrease systematically with increasing
the atomic number of thedtransition metal. Compared with the case of&ides, the magnitudes &f,4 and
10Dq are larger. These behaviors can be explained by the more extended nature of the orbitalsdn the 4

oxides.
DOI: 10.1103/PhysRevB.67.113101 PACS nuniBer78.20—e, 78.30-j, 78.66—w
Recently, attention to @ transition-metal oxide$TMO) Polycrystalline SrZrQ, SrMoQ;, and SrRh@ were pre-

has increased because numerous intriguing properties, suplired using the solid state reaction technique. Especially for
as superconductivity, non-Fermi liquid behaviof, SrMoO, and SrRhQ, a high pressure<6 GPa) of sinter-
pseudogap formatioh, and metal-insulator transitioS,  ing technique was uséd This technique is highly effective
have been observed in ruthenates and molybdates. @he 4, prepare metastable samples with Moor RH* ions.

TMO are characterized by more extended orbitals than tho ) ; ; : :
of 3d TMO. So, it has been generally believed that electronssErom x-ray diffraction measurements, it was confirmed that

in the extended d orbitals feel rather weak on-site Coulomb all the .Sa"?p'es are single phafses. From dc resistivity and
repulsion energy and exchange enetgyand that the d magnetization measurements, it was also found that their

orbitals hybridize more strongly with neighboring orbitals, e]ectrlc and mgagnetlc properties are consistent with the pre-
e.g., O 2 orbitals, than 8 orbitals. However, these qualita- V'0YS reports’ o o
tive ideas are not sufficient to understand the intriguing N&ar normalincident reflectivity spectR{w) were mea-
physical phenomena observed in some FMO. Unfortu- sured in a wide photon energy region of 5 meV-30 eV. The
nately, there have been few quantitative studies about th€ramers-Kronig(KK) analysis was used to calculate w)
electronic structures of i TMO, except ruthenaté® Quan-  from the measure®R(w). All of our 4d oxides have the
titative information on physical parameters related to theslightly distorted perovskite structure and their optical con-
electronic structures of TMO will serve as a starting view-stants should be nearly isotropic, so the KK analysis could
point in investigating various d TMO with a potential to be applied to our polycrystalline samples without much
discover other new intriguing phenomena. They will alsoproblem?® For the analysis, the reflectivity below 5 meV was
allow us to make comparisons with thed 3aTMO cases, extrapolated with a constant value for the insulating SgZrO
which can provide us with a better understanding on thesample, and with the Hagen-Rubens relation for the other
strongly correlated electron systems. metallic samples. For a high frequency region, the reflectiv-
Optical spectroscopy is known to be a powerful tool toity value at 30 eV was used for reflectivities up to 40 eV,
analyze electronic structures of TMO by probing joint den-above whicho™* dependence was assurned.
sity of states between unoccupied and occupied states. In this It would be helpful to check the electronic structures of
paper, we report a systematic investigation on electroni¢he 4d StM O; compounds, wher®l is either Zr, Mo, Ru, or
structures of perovskite-typeddStMO; (M =Zr, Mo, Ru, Rh12 SrzrQ; is known to be a 4° insulator with a bandgap
and Rh by measuring their optical conductivity spectra between the occupied Op2and the unoccupied Zrdity,
o(w). From these series with the same crystal structure anbands'® Theey band has a higher energy level byd@ than
valency stateM**, one can investigate how their electronic the t,4 band. Usually, the Srdiband is located at a higher
structures vary withM. Based on proper electronic struc- energy level thamM 4d band<® As the atomic number df1
tures, the interband transitions observed in theijw) are  increases from Zr, the extraddelectrons start to fill the,
assigned. From this, we estimate important physical paranband partially without any significant change in the overall
eters, such as charge transfer enefgy and crystal field band structure. SrMo{) a 4d? system, is known to be a
splitting energy 1Dq, which show systematic trends with Pauli paramagnetic band metaDn the other hand, when the
M. Compared with the @ cases, it is found that the magni- number of the extra @ electrons is more than three, the
tudes ofApq and 1@q are larger. These behaviors can beelectron occupancy in theddorbitals will be determined by
understood in terms of the more extended characters of thiie spin configuration. Because SrRy/@ d* ferromagnetic
4d orbitals. metal’* and SrRhQ, a d® paramagnetic metdlhave the
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FIG. 1. Room temperature(w) of 4d° SrZrQ; (the solid ling
up to 20 eV. Ther(w) of 3d° SrTi0; (the dotted ling quoted from o s 4 a4 (?)
Ref. 15, is also displayed with a 2.5 eV shift to higher energy for 0 ———+ N ®
comparison with SrzZrQ 4000 | SrRhO3 (d°)

low-spin configurations, all thedtelectrons fill only thet,,
band. It should be noted that tieg bands remain empty in 2000
all the SM O3 compounds. (d) T

According to the Fermi golden rule, thed transitions, ol
such as O p—M 4dt,;, M 4d ey, and Sr 4, should be c 2 4 6 8 10 12
distinct in o(w) of the 4d SIMO5 systems. From the inter- Photon energy (eV)
band transitions, we can estimate some electronic structure
parametersj 4 from the O 2—M 4d t,4 transition, and
10Dq from the energy difference between @2 M 4d ty4
andM 4de, transitions.

Figure 1 showsr(w) of SrZrO; up to 20 eV. It is clearly
shown that this insulating® compound has a large optical
gap of ~5.6 eV, consistent with the previous repbtfThis  ing atomic number oM. The coherent peak of SrMa@an
value is larger by~2 eV than that of a &° insulator be fitted by the Drude model with a plasma frequency of
SrTiO;,, i.e., 3.4 eV. Distinct interband transitions are ob-~2.8 eV and a scattering rate 6f0.3 eV. For other metal-
served around 8 and 12 eV. To our knowledge, there has bedic SrRuQO; and SrRhQ, the low frequencyr(w) decreases
no band calculation reported on this compound, so we asnore slowly than 12, which is a prediction of the Drude
signed the interband transitions by referring to the bandnodel. This strong incoherent character in the midinfrared
structure of SrTiQ. The dotted line in Fig. 1 represents region, which has often been observed in many correlated
o(w) of SrTi0;.%° Its overall features are very similar to that metals, indicates that the electron correlation could play im-
of Srzr0;,, but with~2.5 eV shift to lower energy. van Ben- portant roles in theseddoxides?
themet al. assigned the peaks around 5 and 9 eV of S§TiO  The observed peaks of the MO; compounds can be
as O 2—Ti 3dt,y and O —Ti 3dey transitions, assigned according to their electronic structures. The assign-
respectively’® (They also claimed that the higher frequency ments for the SrZr@ peaks were already given. For
peak should come from O®2-Ti 3d e, and/or Sr 4l.) SrMoQ;, 5.0 and 8.5 eV peaks are observed clearly, as
Similarly, we can assign the peaks around 8 and 13 eV ishown in Fig. 2Zb). These two peaks can be assigned as
SrZrO; as O p—Zr4dty; and O P—Zr 4d ey transi- O 2p—Mo 4d t,q and O 2— Mo 4d e, transitions, respec-
tions, respectively. By using the positions of the strongtively. For SrRuQ@, the 3.0, 6.0, and 10 eV peaks shown in
peaks, we can approximately estimate that~8 eV and Fig. 2c) can be assigned as 2:Ru 4d t,y, O 2p
10Dqg ~5 eV in SrZrQ;, which are larger than the values —Ru 4d g5, and O —Sr 4d transitions, respectivelf.
for SrTiO; (i.e., Apg~5 eV and 1@q~4 eV). The interband transitions in SrRg@an be assigned simi-

Figure 2 showsr(w) of the SM O3 series, withM =Zr, larly with the case of SrRuf So, the 2.6, 5.2, and 9.0 eV
Mo, Ru, and Rh, up to 12 eV. The(w) of SrRuQ; is quoted  peaks in SrRh@ can be assigned as (p2:Rh 4d tyg,
from our previous papérFor other metallic compounds ex- O 2p—Rh 4d €y, and O Dp—Sr 4d transitions, respec-
cept the insulating SrZrQ o(w) below 1.0 eV have zero- tively.
frequency spectral weights, which decrease with the increas- It is interesting to observe systematic trends in the inter-

FIG. 2. Room temperature(w) of the 4d SIMO; series.(a)
Srzr0o; (d°), (b) SrMoQ; (d?), (¢) SrRuQ; (d%), and (d)
SrRhQ, (d®) up to 12 eV. The solid triangles, the open triangles,
and the solid circles represent positions of P-2M 4d tyg,

O 2p—M 4d gy, and O D— Sr 4d transitions, respectively.
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Ti** v ot Mn*t Fe*t co*t plained by the increase of electronegativity with increasing
9 | | | | | | the atomic number.
i SrMO | Figure 3b) shows a systematic trend in the[1@ values.
3 The 1Mq value decreases with increasing the atomic num-

. ber. It is generally accepted that, as the oveilap cova-

6 | :) ;: 2:: i lency) between the O @ and thed orbitals becomes stron-
< ger, 1 q becomes larger So, the decrease of D@ in the
2T % 7 4d SIMO; series can be understood as shrinking of ¢he

- F \\é - orbitals, and resultant weakening of the covalency between
<1CL3 T Tl | the M 4d and the O » orbitals. To obtain a better under-

standing, we estimated the covalency strength asptioe
- . matrix element with thesbonding Vg,d;dy,, sug-
gested by Harrisolf''°Here,d, anddy,_o are the radial size
of the d-orbitaf*® and the distance between thand the O
ions, respectively. As shown in the inset of Fighg the
value ofd>%d3>, in the 4d compounds decreases with in-
creasing the atomic number, consistent with the decrease of
10Dq. This suggests that the-d covalency should play an
important role in determining the Dy value?°
For quantitative comparisons, we also display the reported
values ofA 4 and 1@q for some 3 SIM'O; (M'=Ti, V,
Mn, and C9, as the open circles in Fig.8:21=*Most of the
results were determined from(w) in the way as described
earlier in this paper. Similar to the case of theé MO, the
Apq value of A SMM' Oy in Fig. 3@ decreases as the atomic
number ofM’ increases[While there are no optical reports
on metallic SrFeO; and SrCoQ, photoelectron spectros-
copy results claimed that theid,; values be nearly
FIG. 3. (@ Charge transfer energg,4 and (b) crystal field zero? ] On the other hand, the magnitudes Bfg in
splitting energy 1Dq in 4d SIMO, with M=Zr, Mo, Ru, and Rh ~ 4d SftMO; are larger by 1-3 eV than those ofl M’ O,
(solid symbolg and 3 SV’ O; with M’ =Ti (Ref. 16, V (Ref. 21 with the same electron occupancydrorbitals. Because the
Mn (Refs. 22,23 and Co(Ref. 24 (open symbols We included  systematic change df is attributed to the change in elec-
only the optical results, except for thel§ value of SrCoQ. In tronegativity, the |argeApd values in 4 SIM O3 can be ex-
the inset of Fig. &), the values ofi} ¥dy, are estimated for the plained by the smaller electronegativity ford 4ransition
3d and the 4 oxides. The values df, are used from Ref. 1§We  metals, which originates from the more extended character of
also estimated, from the ionic size oM** (M’#*). The results  the 4d orbitals2®

show a similar trend, except the case of Sri:éThed,,.o values The general trend of Tq in the 3d series is also similar
of the 3d compounds are from Ref. 17. For thd éxides, because to that in the 41 series, as shown in Fig(13. It should be
detailed structural analyses have not been done, we used the ValUﬁSted that the 1Dq of 4,1d SMO; is Iarge.r b)./ 1-2 eV than

of dy.o as half of the pseudocubic lattice constants, which Werethat of 3 SiM’O.. This behavior is consistent with the
obtained from our x-ray diffraction measurements. The pseudocubi & . .
I e e y PO  arger values ofd¥d3%, in 4d SMO; than those in @

lattice constants of SrZrO;, SrMoO;, SrRuQ@, and SrRh@ are ; ) . . . .
4.11, 3.97, 3.94, and 3.92 A, respectively. Thealue of 4.02 A is SM'Q;, as shown in the inset of Fig(l3. It is evident that

used for SINb@[H. Hannerzet al, J. Solid State Cheni47, 421 the more exte_ndeddﬂforbitals should induce strongerd
(1999]. covalency, which causes the largeDlf values.

While the high-spin configuration is more prevalent ith 3
band transitions of the 8105 series. As the atomic number TMO, the low-spin configuration can be more easily found
of M increases, the O 2~M 4d transitions shift to the in4d SiMMOs. This behavior should be closely related to the
lower energy side. In addition, the peak interval between theelatively larger 1@q values in the 4 StM O3 series. For
O 2p—M 4d tq and the O p—M 4d g, transitions de- 3d Mn oxides, their values of I0q and a Hund coupling
creases. As mentioned earlier, these interesting trends in peakergyJy, (~3J) are estimated to be 1.1-1.8 éRef. 23
positions should be originated from systematic changes afind~3 eV,?? respectively, which indicates that the Mn ox-
Apg and 1@q. ides should have the high-spin configuration, wher®q0

Figure 3a) shows a systematic trend in the 4 values. As ~ <Jy. On the other hand, the values off1q andJy in 4d
the atomic number increases,y decreases. According to Ru-oxides can be estimated to be 3 eV and 1.5-1.8 eV,
the work of Torranceet al. on the ionic modet, the change respectively, which indicates that the Ru oxides should have
of A4 with the atomic number is attributed mainly to the a low-spin configuration, where D@ >Jy . Although there
change in electronegativitpr ionization energyof the tran-  is no report onJy of SrRhQ, the large 10q value of
sition metal; as the electronegativity becomes lardgp,de-  ~2.6 eV supports that this compound should also have the
creases. So, the decreaselgf; in 4d SIMO; can be ex-  low-spin configuration.

Zr*t Nb* Mo** Tc*t Ru*t Rh*
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In summary, we reported systematic investigations ortinguish physical properties of theddcompounds from those
physical parameters, such as charge transfer enesgynd  of the 3d ones.
crystal-field splitting energy 10q, of the perovskite type of . ]
4d SIMO; (M=Zr, Mo, Ru, and Rhusing optical conduc- We would like to thank Jaejun Yu, S.-J. Oh, and S. D. Bu
tivity analyses. While the systematic changes of these paran@t SNU and D. Y. Jung at SKKU for useful discussions. This
eters with the transition metal atomic number are similar tovork was supported by the Ministry of Science and Technol-
the case of @ transition metal oxides, their magnitudes are0ogy through the Creative Research Initiative program, and by
different; theA 4 and the 10@q values are relatively larger. KOSEF through the Center for Strongly Correlated Materials
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