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Systematic trends in the electronic structure parameters of the 4d transition-metal oxides
SrMO3 „MÄZr, Mo, Ru, and Rh…
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We investigated the electronic structures of the perovskite-type 4d transition-metal oxides SrMO3 (M
5Zr, Mo, Ru, and Rh! using their optical conductivity spectras(v). The interband transitions ins(v) are
assigned, and some important electronic structure parameters, such as charge-transfer energyDpd , and crystal-
field splitting 10Dq, are estimated. It is observed thatDpd and 10Dq decrease systematically with increasing
the atomic number of the 4d transition metal. Compared with the case of 3d oxides, the magnitudes ofDpd and
10Dq are larger. These behaviors can be explained by the more extended nature of the orbitals in the 4d
oxides.
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Recently, attention to 4d transition-metal oxides~TMO!
has increased because numerous intriguing properties,
as superconductivity,1 non-Fermi liquid behavior,2

pseudogap formation,3 and metal-insulator transitions,4,5

have been observed in ruthenates and molybdates. Thd
TMO are characterized by more extended orbitals than th
of 3d TMO. So, it has been generally believed that electro
in the extended 4d orbitals feel rather weak on-site Coulom
repulsion energy and exchange energyJ, and that the 4d
orbitals hybridize more strongly with neighboring orbita
e.g., O 2p orbitals, than 3d orbitals. However, these qualita
tive ideas are not sufficient to understand the intrigu
physical phenomena observed in some 4d TMO. Unfortu-
nately, there have been few quantitative studies about
electronic structures of 4d TMO, except ruthenates.4,6 Quan-
titative information on physical parameters related to
electronic structures of TMO will serve as a starting vie
point in investigating various 4d TMO with a potential to
discover other new intriguing phenomena. They will al
allow us to make comparisons with the 3d TMO cases,
which can provide us with a better understanding on
strongly correlated electron systems.

Optical spectroscopy is known to be a powerful tool
analyze electronic structures of TMO by probing joint de
sity of states between unoccupied and occupied states. In
paper, we report a systematic investigation on electro
structures of perovskite-type 4d SrMO3 (M5Zr, Mo, Ru,
and Rh! by measuring their optical conductivity spect
s(v). From these series with the same crystal structure
valency stateM41, one can investigate how their electron
structures vary withM. Based on proper electronic stru
tures, the interband transitions observed in theirs(v) are
assigned. From this, we estimate important physical par
eters, such as charge transfer energyDpd and crystal field
splitting energy 10Dq, which show systematic trends wit
M. Compared with the 3d cases, it is found that the magn
tudes ofDpd and 10Dq are larger. These behaviors can
understood in terms of the more extended characters of
4d orbitals.
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Polycrystalline SrZrO3 , SrMoO3, and SrRhO3 were pre-
pared using the solid state reaction technique. Especially
SrMoO3 and SrRhO3, a high pressure (;6 GPa) of sinter-
ing technique was used.7,8 This technique is highly effective
to prepare metastable samples with Mo41 or Rh41 ions.
From x-ray diffraction measurements, it was confirmed t
all the samples are single phases. From dc resistivity
magnetization measurements, it was also found that t
electric and magnetic properties are consistent with the
vious reports.7,9

Near normal incident reflectivity spectraR(v) were mea-
sured in a wide photon energy region of 5 meV–30 eV. T
Kramers-Kronig~KK ! analysis was used to calculates(v)
from the measuredR(v). All of our 4d oxides have the
slightly distorted perovskite structure and their optical co
stants should be nearly isotropic, so the KK analysis co
be applied to our polycrystalline samples without mu
problem.10 For the analysis, the reflectivity below 5 meV wa
extrapolated with a constant value for the insulating SrZr3
sample, and with the Hagen-Rubens relation for the ot
metallic samples. For a high frequency region, the reflec
ity value at 30 eV was used for reflectivities up to 40 e
above whichv24 dependence was assumed.11

It would be helpful to check the electronic structures
the 4d SrMO3 compounds, whereM is either Zr, Mo, Ru, or
Rh.12 SrZrO3 is known to be a 4d0 insulator with a bandgap
between the occupied O 2p and the unoccupied Zr 4d t2g
bands.13 Theeg band has a higher energy level by 10Dq than
the t2g band. Usually, the Sr 4d band is located at a highe
energy level thanM 4d bands.6 As the atomic number ofM
increases from Zr, the extra 4d electrons start to fill thet2g
band partially without any significant change in the over
band structure. SrMoO3, a 4d2 system, is known to be a
Pauli paramagnetic band metal.9 On the other hand, when th
number of the extra 4d electrons is more than three, th
electron occupancy in the 4d-orbitals will be determined by
the spin configuration. Because SrRuO3, a d4 ferromagnetic
metal,14 and SrRhO3, a d5 paramagnetic metal,7 have the
©2003 The American Physical Society01-1
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low-spin configurations, all the 4d electrons fill only thet2g
band. It should be noted that theeg bands remain empty in
all the SrMO3 compounds.

According to the Fermi golden rule, thep-d transitions,
such as O 2p→M 4d t2g , M 4d eg , and Sr 4d, should be
distinct in s(v) of the 4d SrMO3 systems. From the inter
band transitions, we can estimate some electronic struc
parameters;Dpd from the O 2p→M 4d t2g transition, and
10Dq from the energy difference between O 2p→M 4d t2g
andM 4deg transitions.

Figure 1 showss(v) of SrZrO3 up to 20 eV. It is clearly
shown that this insulatingd0 compound has a large optica
gap of;5.6 eV, consistent with the previous report.13 This
value is larger by;2 eV than that of a 3d0 insulator
SrTiO3, i.e., 3.4 eV. Distinct interband transitions are o
served around 8 and 12 eV. To our knowledge, there has b
no band calculation reported on this compound, so we
signed the interband transitions by referring to the ba
structure of SrTiO3. The dotted line in Fig. 1 represen
s(v) of SrTiO3.15 Its overall features are very similar to th
of SrZrO3, but with;2.5 eV shift to lower energy. van Ben
themet al. assigned the peaks around 5 and 9 eV of SrT3
as O 2p→Ti 3d t2g and O 2p→Ti 3d eg transitions,
respectively.16 ~They also claimed that the higher frequen
peak should come from O 2p→Ti 3d eg and/or Sr 4d.)
Similarly, we can assign the peaks around 8 and 13 eV
SrZrO3 as O 2p→Zr 4d t2g and O 2p→Zr 4d eg transi-
tions, respectively. By using the positions of the stro
peaks, we can approximately estimate thatDpd;8 eV and
10Dq ;5 eV in SrZrO3, which are larger than the value
for SrTiO3 ~i.e., Dpd;5 eV and 10Dq;4 eV).

Figure 2 showss(v) of the SrMO3 series, withM5Zr,
Mo, Ru, and Rh, up to 12 eV. Thes(v) of SrRuO3 is quoted
from our previous paper.4 For other metallic compounds ex
cept the insulating SrZrO3 , s(v) below 1.0 eV have zero
frequency spectral weights, which decrease with the incre

FIG. 1. Room temperatures(v) of 4d0 SrZrO3 ~the solid line!
up to 20 eV. Thes(v) of 3d0 SrTiO3 ~the dotted line!, quoted from
Ref. 15, is also displayed with a 2.5 eV shift to higher energy
comparison with SrZrO3.
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ing atomic number ofM. The coherent peak of SrMoO3 can
be fitted by the Drude model with a plasma frequency
;2.8 eV and a scattering rate of;0.3 eV. For other metal-
lic SrRuO3 and SrRhO3, the low frequencys(v) decreases
more slowly than 1/v2, which is a prediction of the Drude
model. This strong incoherent character in the midinfra
region, which has often been observed in many correla
metals, indicates that the electron correlation could play
portant roles in these 4d oxides.2

The observed peaks of the SrMO3 compounds can be
assigned according to their electronic structures. The ass
ments for the SrZrO3 peaks were already given. Fo
SrMoO3, 5.0 and 8.5 eV peaks are observed clearly,
shown in Fig. 2~b!. These two peaks can be assigned
O 2p→Mo 4d t2g and O 2p→Mo 4d eg transitions, respec-
tively. For SrRuO3, the 3.0, 6.0, and 10 eV peaks shown
Fig. 2~c! can be assigned as O 2p→Ru 4d t2g , O 2p
→Ru 4d eg , and O 2p→Sr 4d transitions, respectively.4

The interband transitions in SrRhO3 can be assigned simi
larly with the case of SrRuO3. So, the 2.6, 5.2, and 9.0 eV
peaks in SrRhO3 can be assigned as O 2p→Rh 4d t2g ,
O 2p→Rh 4d eg , and O 2p→Sr 4d transitions, respec-
tively.

It is interesting to observe systematic trends in the int

r

FIG. 2. Room temperatures(v) of the 4d SrMO3 series.~a!
SrZrO3 (d0), ~b! SrMoO3 (d2), ~c! SrRuO3 (d4), and ~d!
SrRhO3 (d5) up to 12 eV. The solid triangles, the open triangle
and the solid circles represent positions of O 2p→M 4d t2g ,
O 2p→M 4d eg , and O 2p→Sr 4d transitions, respectively.
1-2
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band transitions of the SrMO3 series. As the atomic numbe
of M increases, the O 2p→M 4d transitions shift to the
lower energy side. In addition, the peak interval between
O 2p→M 4d t2g and the O 2p→M 4d eg transitions de-
creases. As mentioned earlier, these interesting trends in
positions should be originated from systematic changes
Dpd and 10Dq.

Figure 3~a! shows a systematic trend in theDpd values. As
the atomic number increases,Dpd decreases. According t
the work of Torranceet al. on the ionic model,17 the change
of Dpd with the atomic number is attributed mainly to th
change in electronegativity~or ionization energy! of the tran-
sition metal; as the electronegativity becomes larger,Dpd de-
creases. So, the decrease ofDpd in 4d SrMO3 can be ex-

FIG. 3. ~a! Charge transfer energyDpd and ~b! crystal field
splitting energy 10Dq in 4d SrMO3 with M5Zr, Mo, Ru, and Rh
~solid symbols! and 3d SrM 8O3 with M 85Ti ~Ref. 16!, V ~Ref. 21!
Mn ~Refs. 22,23!, and Co~Ref. 24! ~open symbols!. We included
only the optical results, except for the 10Dq value of SrCoO3. In
the inset of Fig. 3~b!, the values ofdr

1.5/dM -O
3.5 are estimated for the

3d and the 4d oxides. The values ofdr are used from Ref. 18.@We
also estimateddr from the ionic size ofM41 (M 841). The results
show a similar trend, except the case of SrFeO3.# The dM -O values
of the 3d compounds are from Ref. 17. For the 4d oxides, because
detailed structural analyses have not been done, we used the v
of dM -O as half of the pseudocubic lattice constants, which w
obtained from our x-ray diffraction measurements. The pseudoc
lattice constantsa of SrZrO3 , SrMoO3 , SrRuO3, and SrRhO3 are
4.11, 3.97, 3.94, and 3.92 Å, respectively. Thea value of 4.02 Å is
used for SrNbO3 @H. Hannerzet al., J. Solid State Chem.147, 421
~1999!#.
11310
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plained by the increase of electronegativity with increas
the atomic number.

Figure 3~b! shows a systematic trend in the 10Dq values.
The 10Dq value decreases with increasing the atomic nu
ber. It is generally accepted that, as the overlap~or cova-
lency! between the O 2p and thed orbitals becomes stron
ger, 10Dq becomes larger.13 So, the decrease of 10Dq in the
4d SrMO3 series can be understood as shrinking of thed
orbitals, and resultant weakening of the covalency betw
the M 4d and the O 2p orbitals. To obtain a better unde
standing, we estimated the covalency strength as thep-d
matrix element with thesbonding Vpds}dr

1.5/dM -O
3.5 , sug-

gested by Harrison.18,19Here,dr anddM -O are the radial size
of the d-orbital18 and the distance between theM and the O
ions, respectively. As shown in the inset of Fig. 3~b!, the
value of dr

1.5/dM -O
3.5 in the 4d compounds decreases with in

creasing the atomic number, consistent with the decreas
10Dq. This suggests that thep-d covalency should play an
important role in determining the 10Dq value.20

For quantitative comparisons, we also display the repor
values ofDpd and 10Dq for some 3d SrM 8O3 (M 85Ti, V,
Mn, and Co!, as the open circles in Fig. 3.16,21–24Most of the
results were determined froms(v) in the way as described
earlier in this paper. Similar to the case of the 4d TMO, the
Dpd value of 3d SrM 8O3 in Fig. 3~a! decreases as the atom
number ofM 8 increases.@While there are no optical report
on metallic SrFeO3 and SrCoO3, photoelectron spectros
copy results claimed that theirDpd values be nearly
zero.24,25# On the other hand, the magnitudes ofDpd in
4d SrMO3 are larger by 1–3 eV than those of 3d SrM 8O3
with the same electron occupancy ind orbitals. Because the
systematic change ofDpd is attributed to the change in elec
tronegativity, the largerDpd values in 4d SrMO3 can be ex-
plained by the smaller electronegativity for 4d transition
metals, which originates from the more extended characte
the 4d orbitals.26

The general trend of 10Dq in the 3d series is also similar
to that in the 4d series, as shown in Fig. 3~b!. It should be
noted that the 10Dq of 4d SrMO3 is larger by 1–2 eV than
that of 3d SrM 8O3. This behavior is consistent with th
larger values ofdr

1.5/dM -O
3.5 in 4d SrMO3 than those in 3d

SrM 8O3, as shown in the inset of Fig. 3~b!. It is evident that
the more extended 4d orbitals should induce strongerp-d
covalency, which causes the larger 10Dq values.

While the high-spin configuration is more prevalent in 3d
TMO, the low-spin configuration can be more easily fou
in 4d SrMO3. This behavior should be closely related to t
relatively larger 10Dq values in the 4d SrMO3 series. For
3d Mn oxides, their values of 10Dq and a Hund coupling
energyJH (;3J) are estimated to be 1.1–1.8 eV~Ref. 23!
and;3 eV,22 respectively, which indicates that the Mn ox
ides should have the high-spin configuration, where 10Dq
,JH . On the other hand, the values of 10Dq andJH in 4d
Ru-oxides can be estimated to be 3 eV and 1.5–1.8 e6

respectively, which indicates that the Ru oxides should h
a low-spin configuration, where 10Dq.JH . Although there
is no report onJH of SrRhO3, the large 10Dq value of
;2.6 eV supports that this compound should also have
low-spin configuration.
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In summary, we reported systematic investigations
physical parameters, such as charge transfer energyDpd and
crystal-field splitting energy 10Dq, of the perovskite type of
4d SrMO3 (M5Zr, Mo, Ru, and Rh! using optical conduc-
tivity analyses. While the systematic changes of these par
eters with the transition metal atomic number are similar
the case of 3d transition metal oxides, their magnitudes a
different; theDpd and the 10Dq values are relatively larger
These behaviors can be explained by the more exten
character of 4d orbitals, which can be a main factor to di
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