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Bond-length dependence of charge-transfer excitations and stretch phonon modes in perovskite
ruthenates: Evidence of strongp—d hybridization effects
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We reported the optical conductivity spectra of the Ruddlesden-Popper series ruthenateg, R4, 1
and Ca,1Ru,03,.1, Wheren=1, 2, ande. Among various optical transitions, we investigated two Ru-O
related modes, i.e., the charge-transfer excitation and the transverse stretching phonon. We found that their
frequency shifts are not much affected by a structural dimensionality, but are closely related to the Ru-O bond
length. Through the quantitative analysis of the charge-transfer excitation energy, we could demonstrate that
the p—d hybridization should play an important role in determining their electronic structure. In addition, we
discussed how the electronic excitation could contribute the lattice dynamics in the metallic ruthenates.
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I. INTRODUCTION Through the extensive investigations on ruthenates, after

Transition metal oxides are an intriguing material systenfne dlscgvery of the unconventional superconductivity in
where bondings between the outer most electron orbital$2RUOs" we have accumulated a large understanding of the
have both ionic and covalent characters. When the ioni@d transition metal oxide$:*2Numerous intriguing physical
character is dominant, then the long-range Coulomb interad?henomena, including metal-insulator transition and super-
tions, called the Madelung potential, should play an impor-conductivity, have been observed in the ruthenates, and ex-
tant role and the correlation between electrons should bglained in terms of electron-electron interactidfs:* How-
very strong. When the covalent character is dominant, thever, due to their more extendedl 4rbitals, ruthenates
hybridization effects between Gp2and metal iond orbitals, ~ should have weaker electron-electron interaction but stronger
the so-calledp—d hybridization effects, should play a major p—d hybridization effects than those of thel 3ransition
role. Since both characters are comparable in transition metanetal oxides. In the perovskite ruthenates, a distortion in the
oxides, their physical properties have been difficult to underRuQ; networks results in a weakening of theoverlap be-
stand either from the localized ionic picture or from the bandtween the oxygerp and the Ruyg orbitals. Such electron-
picture, and have been important topics in condensed mattéattice interactions, which are strongly coupled with fhed
physics. hybridization, can be greatly enhanced due to the extended

Optical spectroscopy has been proven to be a usefugharacter of the d orbitals. Actually, both LSDA electronic
method to investigate the bonding natures in the stronglgtructure calculations and the photoemission spectroscopy
correlated electron systems. In cuprates, many workers systudy for SrRuQ@revealed that the electronic structure shows
tematically investigated charge-transfer optical excitations@ strong »-4d hybridization throughout the whole valence-
i.e., optical transitions between the @ Btates and the band and conduction-band regiotis?

Cu 3d statesi® and could successfully understand the nature In this paper, we investigated the bonding nature of the
of the bonding character between thp ftates and thed3 O 2p and Ru 4l orbitals by calculating the Madelung poten-
states. They found that the trend in the charge-transfer exciials and analyzing optical conductivity spectréw) of the
tations could be explained mainly by variation of the Made-Ruddlesden-Popp&RP) series(Sr, Ca,,+1RU,O3,41 (=1, 2,

lung potential, suggesting that the @-2Zu 3d bondings and«). In these ruthenates, the valency of the Ru ions re-
could have a strong ionic character. Similar observationsnains the same, i.e., 4+, but their structural parameters, such
have been made for othed &ansition metal oxides, such as as dimensionality, bond length, and bond angle, exhibit sys-
nickelate< tematic variationd®-?°Note that the Madelung potential will
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be determined how the ions are arranged, so it should be

strongly dependent on the system dimensionality. Therefore, 5000
(Sr,Ca,,;1RU,03,,1 could be an ideal material system to de-
termine which structural parameters are crucial to determine 4000
the electronic structures of ruthenates: If the dimensionality o
becomes important, then the bonds should have a strong 'c
ionic character, but if the other structural parameters become =~ -~ 3000
important, then the covalent characters should be more im- &
portant. 3 2000
®
Il. EXPERIMENTAL TECHNIQUES
1000

Single crystals of SRuQ, (Sr214, CaRuQ, (Ca214,
SRW,0O; (Sr327, and CaRw,0O; (Ca327) were grown by
the floating zone method:2% High-quality SrRuQ (Sr113
and CaRu@ (Call3 films were epitaxially grown with the 4000
c-axis orientation on a SrTipsubstrate using the pulsed la-
ser deposition and sputtering techniques, respectiély.
The film thicknesses were larger than 4000 A. Near-normal
incidence reflectivity spectra of theb plane were measured
between 5 meV and 30 eV. Below 0.8 eV, a Fourier trans-
form spectrophotometer was used. Between 0.6 and 6.0 eV,
grating spectrometers were used. Above 6.0 eV, the synchro- I
tron radiation at Pohang Light Sour@®LS) was used. Using 0
the Kramers-Kronig analysisr(w) were obtained. The de-
tails of the reflectivity measurements and the Kramers- Photon Energy (eV)
Kronig analysis were given elsewhetfe.

3000

2000

a(w) (0 'em™)

1000

FIG. 1. The room-temperature optical conductivity speotta)
of (@) SrRuQ, (Sr113, SrRWO; (Sr327, and SsRUO, (Sr219,
and (b CaRuQ (Cal13, CaRu,0; (Ca327, and
A. The Ru-O interband transition CaRuQ, (Ca214. The inset of(a) shows a fitting result for Sr214

. using the Lorentz oscillators. The spectral shape of a coherent peak
Figures 1g) and Ab) show the room temperatuite(w) of is fitted with a truncated Lorentzian. And, the peak just above 3 eV

Sh+1RUOsns and Cq,1RWOs0,1, respectively. BOth of the ;¢ assumed to be composed of two peaks around 3.65 and 4.7 eV.
figures show that the spectral features are mainly composed

of two parts: namely, the Drude-like peak centered at theng n, A, 4 for the Sr series decreases systematically by
zero frequency and interband transitions above 1 eV. Thabout 0.9 eV, but that for the Ca series shows little change.
coherent Drude-like peaks were observed for all the samples For cuprates and nickelatés,it was already known that
except Ca214. The existence of the coherent peaks indicatéise dimensionality, which is related to the coordination num-
that they should be in metallic states, consistent with theiber of the oxygen atoms for the transition metal ion, should
dc-transport results®1827For Ca214, an optical gap can be play an important role. To check this possibility, we plotted
clearly seen, revealing its insulating character. The sharthe dimensionality dependences of thg 4 values in Fig.
spikes in the far-infrared region come from absorptions by2(a). Here, we adopt the value ¢8—-1/n) as a dimensional
the transverse optical phonon modes. parameter. Them=1, 2, and~ correspond to the two, 2.5,
Among the interband transitions, we pay attention to theand three-dimensional cases, respectively. As dimensionality
strong peaks just above 3.0 eV, which are observed in all ofor n) increasesA, 4 for the Sr serieqthe closed circles
the spectra. The peaks correspond to the interband transitioghifts significantly to the lower energy. On the other hand,
between the O 2 band and the Rty band**#**so their  for the Ca seriegthe closed trianglgs A, 4 does not show
energy positions should be directly related to the chargesuch systematic trends, but remains at nearly the same en-
transfer energy,, 4, i.e., the energy difference between two ergy. These differences demonstrate that the variatia), of
bands. Using the fitting of(w) with the Lorentz oscillators, in these perovskite ruthenates could not be explained with
we were able to obtaim\, 4. The second row of Table | only the consideration of the structural dimensionality.
shows the values oA, 4, estimated by assuming that the  For a more quantitative argument, we calculated the en-
strong peak feature around 3.0 eV could be fitted with aergy levels based on a simple ionic model, where the Made-
single Lorentz oscillator. Since such absorption features folung potential should be varied for different ionic arrange-
Sr214 and Sr327 are rather broad, we could also fit therments, and depend on the dimensionality. Note that
with two Lorentz oscillators[The inset of Fig. (&) shows corresponds to the energy cost to excite an electron from an
the fitting result for Sr214 with two Lorentz oscillatofs. O? ion to a neighboring metal Rtiion. This involves the
And, A, 4 could be estimated as the midpoints of the peaksdifference between the ionization potentiéD?") of the G*
which are nearly the same as those of TalfeWith increas-  ion and the electron affinitp[=I(Ru**)] of the R ion. In

[lI. RESULTS AND DISCUSSIONS
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TABLE |. Values of the charge-transfer enerdy, 4, the Madelung potentiatA,,,, the Ru-O bond
length dg, o, the corresponding bond angke and the transverse optical phonon frequergy, of the

perovskite ruthenategNote that values oAy, were
the Sr214 valug.

calculated Madelung potential differences relative to

Sr series Ca series
Sr214 Sr327 Sr113 Ca214 Ca327 Cal13
Apg(eV) 4.15 3.78 3.28 3.25 3.35 3.08
eAV},a4eV) 0 -0.16 -0.32 -0.11 -0.14 -0.31
druo(A) 1.93% 1.957 1.98% 1.99G* 1.994 1.99F
a(°) 180 168 165 154 150 15C°
wrolcm™) 670 619 581 584 575 569

3Reference 16.
bReference 17.
‘Reference 18 and 19.
dReference 20.

addition, there exists a tertV,,,q, i.€., the difference in the
electrostatic Madelung site potentials of the*Rand the G~
ions. Consequently,

Apg=AO") = I(RU) + €AVyaq— €/dry0, (1)

where the terme?/dy_o includes the Coulomb interaction
from the electron and hole pair, the so-called exciton, forme
by the optical absorption. In Egql), A(O")-I(Ru**) should

L | |
4.0} .
g 1

1351 .
< k-/”‘\‘
3.0 | 1 L | 1
2.0 3.0
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FIG. 2. The dependences &f, 4 (a) on the dimensional param-
eter(3-1/n), (b) on the Madelung potential differenceeAV,,
and(c) on the Ru-O bond lengttg, o. The solid lines are guides
for the eye. The data for the Sr and the Ca series are shown
closed circles and triangles, respectively.

be the same for all of the ruthenates studied since it is the
value of the level separation between th& @nd Rd* ions

in the atomic limit. Also, the variation of the excitonic en-
ergy contributions is at most 0.1 eV, which is smaller than
the variation ofeAV),q. S0, in this simple ionic picture, 4
should be mainly determined bgAV),,,q Taking into ac-
&ount all of the structural information, including the dimen-
sionality and the structural distortidfi;?°we calculated the
Madelung site potential based on a full-potential electronic
structure. The third row of Table | shows the values of
€AV} aq [=€AVyag—€AV\aq(Sr214], which is the AVyaq
value difference with respect to the corresponding Sr214
value.

The simple ionic model has proven useful for calculating
the electronic state of oxides which have rather strongly lo-
calized electrons. In addition, based on the ionic model, Tor-
ranceet al. calculated the parameters of the Coulomb repul-
sion energy and the charge-transfer energy, and categorized
numerous @ and 4l transition metal compounds into two
groups, i.e., metals and insulators, on the basis of the
Zaanen-Sawatzky-Allen scheme, and found that they are
consistent with their actual ground stat€sTherefore, we
think that it can be a good starting point to understand the
electronic states of the metallic ruthenates, which also have
been considered as a strongly correlated electron sy<t&m.

Figure 2b) shows the dependence Af, 4 on €AV,
[Note that Figs. @) and 2b) are similar to each other, which
indicates that theeAV,,,4 values are closely related to the
structural dimensionalityIf the simple ionic model is valid,
all of the data, including those for the Sr and the Ca series,
should fall on a single straight line. When we look at just the
data for the Ca series, the change/gf 4 seems to be in
reasonably good agreement wihV,,, . For the Sr series,
although theird, 4 values also seem to be linearly increasing
with eAV,,,4 their values are much larger than those for the
Ca series. Moreover, its slope is also larger than that of the
Ca series. If existent, the Madelung potential contribution
(i.e., the ionic bond characteshould not be large enough to
explain the systematic variation of the 3.0 eV interband tran-
sition, at least for the Sr series.
as Now, let us look into the dependence &f 4 on in-plane
bond length between the Ru and the O iotg, o. (For the
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113 compoundsdg, o corresponds to the average bond
length1®29 As can be seen from the second and fourth rows
of Table I, A, 4 decreases drastically with the increase of
druo- 8 Figure 2c) shows a plot ofA, 4 vs dg, 0. Note

that all of the experimental data from the Sr and the Ca series
fall on a single line. An analysis based on pseudopotential
theory predicts that the hybridization strengtishould be
proportional to 1ﬂ§'3o (Ref. 3. This gives rise to an addi-
tional energy separation between the states with the main
character of thep andd orbitals, proportional td?/A,_g.132

In these respects, the strodg,  dependence of, 4 dem-
onstrates that the short-range contribution specified by a
bond length should be of significance, and fied hybrid-
ization effect plays an important role in determining the elec-
tronic structure of these ruthenafs.

It would be interesting to compare our results with those
of other transition metal oxides. For cuprates, while the
charge-transfer energy is partly determined by the Cu-O
bond length it is also strongly influenced by the coordina-
tion number of the system or by the system
dimensionality>~* Ohtaet al. have demonstrated that a fairly
large variation ofA, 4 in insulating cuprates could be well

olw) (@7'em™)

o(w) (Q7'em™)
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explained byAVy,q.> For nickelates also, the change of the - — ' S
Madelung potential, related to the structural dimensionality, scl)o 7(')0
could explain the large variations of the charge-transfer Wave number (cm™")
energie$. On the other hand, for ruthenates, while the
charge-transfer energy is not much influenced by the struc- g, 3. The far-infrared optical conductivity spectréw) of (a)

tural dimensionality, it is found to be closely related to thethe perovskite Sr-ruthenate series, art) the perovskite
Ru-O bond length. Based on these comparisons, we coulda-ruthenate series. Since Ca214 is in the insulating state, its cor-
conclude that ruthenates should have strormed hybrid-  respondingr(w) is low. So, itsa(w) is plotted with an upward shift
ization effects than cuprates and nickelates, which couldy 120007 cm™. The inset displays the temperature-dependent
originate from the extended character of thieotbitals. o(w) of the Sr327 sample.

One of the interesting puzzling behaviors in the perov- )
skite ruthenates is that the dimensionality dependence of tHgU-C Stretch phonon modé Since most of the samples are

electrical properties of the Sr series is different from that ofN metallic states, the phonon features are rather weak com-
the Ca series: namely, while the two-dimensional Sr214 igared to the broad Drude background. The phonon frequency

the most metallic in the Sr series, Ca214 is the most insulat‘i‘gg Z%ltr;es r?r\/:ﬁgseSHeg(VC'eb\;tesrj d;?)rrn?;'g éf;lfgecﬁegr?gnd
. TO -

Ing in _the Ca SEries. In most perovskltes,mmcreasgs, .the mains at nearly the same value. Note that these trends are
metallicity also increases. The rather strong hybridization ef- uite similar to those of the 3.0 eV interband transitions
fects, discusseo! a}boye, can provide a reasonable explanatilyown in Fig. 1. In addition, for Sr327, we measured thé
When the hybridization between the @ 2nd the Ruyy  phonon spectra at various temperatures. As shown in the in-
bands becomes important, we have to consider the neareglst of Fig. 3,wro Of Sr327 increases by about 15 thas
neighbor interaction, represented by a transfer integral PrYemperature decreases from 300 to 10 K.
portional to|cos 6|/d3g o together with the dimensionality |t is well known thatwro will depend on the crystal struc-
effects®* Here, ¢ is the Ru-O-Ru bond angle. As shown in yre especially on the bond length Whend increases, the
Table |, while the Sr series exhibits quite significant varia-restoring force of the vibration mode decreases, resulting in a
tions fordg, o and#, three Ca series samples have nearly thgjecrease ofsro. In a simple model where neutral atoms are
same values. Consequently, for the Ca series the dimensioorbratmg in a periodic harmonic potentiab;o~ d™15 (Ref.
ality effect is dominant, and the 2-dimensional Ca214 is th%4)_ In Fig. 4a), wro is plotted in terms oflg, o. To see the
most insulating. However, for Sr214, which has the largest power dependence afo on dg, o, We made a log-log plot.
and the smallesdr,, o, the large transfer integral contributes g dry.o iNCreaseswro decreases. However, the decrease of
its metallicity, and its effect should be much larger than thewTO is much faster tha=15, which is displayed as a dotted
dimensionality contribution. line. Actually, all of the Sr and the Ca series data, including
the temperature-dependent Sr327 data, fall onto the solid line
with a slope of 5.5, indicating thaiTo~d§ffo This strong
dependence odg, o indicates that we should look for some
Figure 3 shows the far-infrared(w) of Sr,,;RU,03,.1  interactions beyond a harmonic potential.
and Ca,;Ru,04,., between 500 and 750 ¢ respectively. Similar strongd dependences abro have been also ob-
All of the spectra show a peak due to the transverse in-planserved in the insulating cuprates and some mangattités.

B. The Ru-O stretching phonon
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dru—o (R) Ru-O stretching phonon mode with the Ru-O charge-transfer
electronic excitation, which should originate from the strong
2.84 p—d hybridization. Note that, in cuprates and some manga-
o nites, the strongl dependences abo were only observed
E 2.80 for the insulating(or semiconducting states. However, in
£ our ruthenates, the strong dependencesgf on dg, o was
Z 276 observed for mostly metallic states. The extended nature of
- the 4d orbitals in the ruthenates could result in the strong
530 druo dependence ab in th i
0.285 0.300 ruo dependence abro, even in the metallic states through
(a) log(dry—o/R) the strongp—d hybridization. More systematic studies are
S — desirable in order to elucidate the interband electron-phonon
.. 680 - coupling.
‘I_ L B
£ 640} -
L IV. SUMMARY
e 600 ] . -
3 : ° : We reported the optical conductivity spectra of the
SO o N T TV B B T Ruddlesden-Popper series ruthenal&, Cap.1RUOzn41
3.0 32 34 36 38 40 42 _ . . . .
A v (n=1, 2, and=). As dimensionality(or n) varies and/or the
() p—s (8V) Ca ion is substituted by the Sr ion, there are unusual peak

) shifts in two Ru-O related modes, i.e., the Ru-O interatomic
FIG. 4. (2 The dependence airo on dgyo. The solid and the o, 40 transfer excitation and the Ru-O transverse stretch
dotted lines represenbroxdg, o and wroxdp, o, 1eSPectively. — nponan mode. In order to obtain a proper understanding, we
I)ngjpera;ur%ggp?gf %‘;pgs(ljﬁscefogbsrfg Aare ?Lseo Cﬁ)hscév(\j’n %hould consider short-range contributions, specified by bond
Ru-0) ~V.£9. TO p—d- _ TR
circles and triangles correspond to the data of the Sr and the Cléggg}hrr]zﬂ:)eorté:zgl thTehLo?n%prgggﬁczogftrtlﬁgt?hn;} ?;ﬁgeazotre
series, respectively. [ : i . )
P y tributions suggests that thpe-d hybridization should play an
important role in determining the electronic structures and

the lattice dynamics of the perovskite ruthenates.
These phenomena have been explained in terms of the so-

called interband electron-phonon coupling. During the lattice
vibration, the atomic displacements can be coupled to each

other through the polarizations of valence electrons. From a e would like to thank Yunkyu Bang for helpful discus-
band-view point, such interband polarization of valence elecsjons. This work was supported by the Ministry of Science
trons can be induced by the interband electron-TO phonoand Technology through the Creative Research Initiative pro-
coupling® Figure 4b) shows the plot oforo Vs A, 4, which  gram, and by KOSEF through the Center for Strongly Cor-
shows a monotonic increase @fo asA, 4 increases, for all related Materials Research. The experiments at PLS were
of ruthenates. This indicates a possible coupling of thesupported by MOST and POSCO.
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