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Multiplet effects in the Ru L, 3 x-ray-absorption spectra of Ru(V) and Ru(V) compounds
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We report combined experimental and theoretical investigations of x-ray absorption at thg;Rnd O-K
thresholds of the RilV) compounds Ru@and SsRuQ, and of the R(V) compound SRu,O,. Significant
differences in the intensity distribution of thg,-related andeg-related peaks between thg and thel , edges
are found, due to the combined effects af dpin-orbit coupling and the interelectronic Coulomb interaction
described by the Slater integrals. The observed spectral features can be well reproduced by crystal-field-
multiplet calculations. With increasing the Ru valence from IV to V, the spectra are shifteglltfy eV to
higher energy at the Rl ; edges and=1.0 eV to lower energy at the O-K edge, which is of the same order
of magnitude as on going from the divalent to the trivalent ladetrdnsition-metal oxides.

[. INTRODUCTION The experimental study ofdf systems such as RWY)
could provide vital information in the solution of this prob-
Correlation effects are well known in the x-ray absorptionlem. This point forms part of the motivation behind the work
spectra(XAS) of the 3 transition-metal(TM) L, andL;  Presented in this paper: We have studied thelBy-XAS
edges, and can be well reproduced using crystal-fieldSpectra of two 4* compounds Ru@and SgRuG,. The lat-
multiplet calculation§CFMC) by combining atomic multip-  t€r is also of additional interest in the context of parallels
let programs with group theory in a crystal fi&din con- with La,CuQ,, both structurally and as regards superconduc-

trast, it has often been assumed thatlthgspectra of the d ~ UVity (Tc=0.93k for SeRuQ).° Furthermore, the coexist-
TM compounds reflect directly unoccupied #rbitals influ- ~ €NC€ of superconductivity and magnetic order was recently

enced by the local symmetry of the metal ion, and spectrfound in R, ,C&RUSECW,O0 (R is a trivalent lanthanide

10,11 .
have been interpreted in terms of crystal-field or molecular€/€Ment.="" As both Ru and Cu can support different va-

orbital theorie$ In this context, the single peak observed '€Nce statesRu(IV/V), Culli/iil )], the question of their va-

at the Ruk, edge and the two peaks at the Ry-edge of Ienc_y |n.these matenaléeven without Ce dopingrequires _
RU(NHa)<Cls (which has a Ru @° configuration and octa- clarification. .Nevertheless, it has been assumed that'Ru is
hedral symmetrywere explained in terms of vanishing ma- pentavalept in these compourf_ﬂsﬁ.\s_ a befcter un(_je_rstar_\dlng
trix elements for the transitions at the edge into thet,, of thes_e h|ghly com_plex materials IS desirable, it is of impor-
orbitals resulting from consideration of thed 4spin-orbit tance first to Investigate a more S|mplg(Rm system. This
coupling within a single-particle treatmehtOn the other forms the second aim of this papers, n which the Ry
hand, detailed CFMC resulted in multiplet spectra with aXAS Spectrum of SiRu,Og [Ru(V), 4d°] is used to set up a

single peak at thé, and a double peak at the, edge for a Ru(V) reference system for future work on the more com-

4d°> configuratiorf Thus, both the d spin-orbit and the plex Ro—xC&RUSECLLO,0 SYstems.

CFMC approaches can account for the XAS data df 4 We will show that the significant difference between the

systems. spectral features of the, andL ; edges for Ru systems with
The differences between the two theoretical approache d* and 4° c_onfigqrations, the detalls of the spectr@l form

become interesting in the case of d*system. In this case, or both configurations as well as the energy shift from

the 4d spin-orbit argumentation used in Ref. 7 predicts that aRu(IV) to RuV) can be well reproduced by the calculations

4d* compound should have the same single peak at.the within the CFMC approac_h, thus confirming the importance
edge as is the case fod2. In contrast, CFMC calculations of the carrelaiion effecis in ihi, ; absorption edges ofat
predict a double-peaked structure at both theand L, TM systems such as the Ru materials considered here.
edge$ Thus it is unclear to what extent the single-particle Il EXPERIMENT

treatment or the CFMC approach represents the correct the- '

oretical background in which to rationalize the experimental The Rui,; XAS spectra of polycrystalline Ru®
L, 3 XAS spectra in 4 electron systems. SrLRuUQ, and SERu,0Oq were recorded in transmission geom-
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etry at the EXAFS-Il beamline of HASYLAB/DESY in L L
Hamburg, using a §111) double-crystal monochromator. 3 14 2

This resulted in an experimental resolution=e1.2 eV (full Fe’ 3
width at half maximumat the Rut 5 threshold(2838 e\j. A 8
linear background was subtracted from the measured spectri €, —)HeF;’Z S —9(—)ng’2
The O-K XAS measurements were recorded in fluorescence

yield mode with an escape depth of 2000 A at the SX700/Il —— — 12
monochromator operated by the Frpie UnivétsBarlin at -éd—l“;’z 4d —éa—X*Fy
the Berliner Elektronenspeicherringrfisynchrotronstrahl- 3
ung (BESSY |. The experimental resolution at the O-K r* t, 8
threshold was 0.3 eV and the data were corrected for the 2 | I: Ean
energy-dependent incident flux. The spectra were measure -8d72 r? HF;’2
at normal incidence with the fluorescence photons being de 8

tected at 40° from the surface normal. The data have beel oct. s-0 tetr. oct. s-0 tetr.

corrected for the energy-dependent incident flux and for self- FIG. 1. Schematical evel di ¢ the drbital
absorption effects according to a procedure describe - 4. Schematical energy-level diagram o roitals
eIseWFf)leréz’B g P ?after Ref. 7 as they successively experience an octahedral field, a
The S Iin were prepared in the Universitadamburat® spin-orbit splitting, and a weak tetragonal distortion. The forbidden
. b e prep . Urg. transitions at both the, andL ; edges are marked with “XX'{(for
A Rietveld refinement calculation of the x-ray diffraction

. - S detail t
(XRD) diagram was carried out to determine its crystal struc- etails see text

ture. All parameters _sshowed deviations of less than 1% fron?rum. As was mentioned earlier, this is experimentally found
the structural data given by Ref. 15.,B0,0, was prepared 4 pe the case for thed® configuration present in the Rl)
of the Universitede Bordeaux and its characterization by systems R(NH2),Cls and KRUCK.*” We now turn our at-

single-(_:rystal x-ray Qiffraction is described in Ref. 16. To ention to the experimental situation fod%4 systems. Thé
Qetgrm|n¢ the ox[datlon states _of the three compo_unds stu bsorption edges of the RV) systems Ru@and SsRUO,
ied in this work it was essential to measure their OXygen,o well as the RY) system SjRu,O, are shown in Fig. 2
fthe latter will be dealt with later To ease comparison, the
L, spectra(open symbolshave been shifted in each case
Quch that the high energy featu(B) is aligned with the
“corresponding feature in tHe; spectra(filled symbols. The
rf_z spectra have also been multiplied, in the case of bdth 4
ystems, by a factor of 2.15. The spectra of the Rif 4
ystems exhibit two peakglenoted a#\ andB), at both the
L; andL, edges. The lower energy pe&kand the higher
energy peakB can be basically assigned tgp2-t,y and

investigations: The samples were reduced in,dNj atmo-

sphere and from the measured weight loss the oxygen st
ichiometry was calculated. It turned out that all three com
pounds showed the expected oxygen stoichiometry withi
the method’s typical error a£0.02. No detectable change in
phase purity, etc., was found in the compounds after the O—Ig
XAS measurements were carried out.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

The Ru ions in the three compounds studied have basi- e RuL B
cally an octahedral coordination and therefore experience a o Ru L: A
crystal field with @Q symmetry resulting in the splitting of oaw
the 4d states intd,4(dyy,dy,,d,,) andey (d2,dy2_2) lev- Al %
els separated byA =10Dq. In general, within the single- . > B %0
particle model two peaks are expected at bothLth@ndL 5 % :o° 5 %,
edges corresponding tqp2-t,, and 20— e, transitions for > | SrRu0,  SIA % M
the configurationd® to d® (we neglect here the weakp?2 g '°.':3°
—ns transition,n=5). For the configurations® to d°, the 5 oo B
2p—t,4 channel is closed, and a single peak related o 2 2 oo
— €4 transitions is expected. However, upon consideration of 2 Sr,RUO, .-'oo° A
the 4d spin-orbit coupling, the transitions to some of the < SO o °o°
crystal-field-split orbitals become forbidden. Figure 1 shows o0 %
schematically an energy-level diagram of the drbitals as .-',;’
they successively experien¢® an octahedral field(ii) a RuO, &<
spin-orbit splitting, and(iii) a weak tetragonal distortion.
Forbidden transitions marked with “XX” are obtained by . L : L

2.835 2.840 2.845 2.850

calculations of the transition matrix elements using the
crystal-field-orbital ~ wave  functions, T§2 T34 T3?,

I'g?, 5", listed here in order of increasing energfrom FIG. 2. Measured RuU-, (open symbolsand Rut ; (filled sym-
Fig. 1, one can predict that, within this single-particle spin-polg XAS spectra of the RUV) compounds Ru§ Sr,RuO,, and
orbit scenario, at thé, edge the p—t,y channel is closed  the RuV) compound SiRu,O,. For comparison, the Rl edge is
for 4d occupation equal to or exceeding four electrons, anghifted to overlap the Rii; edge at the peaR and is multiplied by
only one peak is expected in the x-ray absorption spec- 2.15 and 2.0 for the RiV) and R§V) compounds, respectively.

Relative photon energy (keV)
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2p— g4 transitions, respectively. The observed spectral fea- —r T T
tures thus clearly indicate that thg2-t,, excitation chan-
nel is not closed at the RL, edge for the 4* configuration,
indicating that the single-particle approach illustrated in Fig.
1 is certainly not the whole story. What is missing in this
approach is an adequate treatment of tipé4d correlation
effects. For 8 TM compounds these effects are comparable
with the spin-orbit coupling of the 2 core hole, resulting in
a strong transfer of intensity between the andL 5 edges,
and are also stronger than the crystal-field splitting, resulting
in a more complex multiplet structure. For the M ele-
ments, the p/4d coupling amounts te=2—-3 eV, and is thus
much smaller than the spin-orbit splitting of thep 2evel
(larger than 100 e} and consequently the correlation effects
have no influence on the; andL, intensity ratio. However, FIG. 3. Theoretical multiplet spectra at the (solid lineg and
the 2p/4d coupling is of the same magnitude as the crystal-L. (dashed linesedges for(right paneJ Ru 4d* configuration with
field strength(10Dg) and can therefore result in a transfer of 100q=2.5eV, and(left pane) Ru 4d° configuration with 1@q
intensity betweert,,-related andey-related final states. It =2.7€V. The values of the Slater integrégiven as a percentage
should also be noted that although tha/4d multiplet inter- of their atomic valuesused for both configurations are also given.
action and the d spin-orbit coupling are one order of mag-
nitude smaller than the crystal-field strength, they determiné&or 4d TM compounds the large spin-orbit splitting of the
the symmetry of the wave functions of thel 4tate, thus in  2p core hole merely separates the and theL, edges into
turn determining the intensity of the transitions. Thus, beartwo groups of spectra, and does not contribute to the split-
ing in mind that thel, data for the R(IV) systems shown in tings for each edge. The spectral structures are determined by
Fig. 2 are already multiplied by 2.15 in order to match thethe cubic crystal fieldHccr, the two-electron Coulomb
intensity of thel ; spectra at featurB, the combined effects term, g(i,j), as well as the spin-orbit splitting of thed4
of correlation and the d spin-orbit coupling lead to the ob- electronL-S(4d). Theg(i,j) term is required to account for
served suppression of thgg-relatedL, spectral weight for ~“multiplet effects” and its importance will be emphasized in
both Ru@ and SgRUQ, in comparison with the analogous the following. The radial part of(i,j),R¥, is divided into a
feature in theirL; edges. direct Coulomb ternFK and an exchange ter®&X— the

We now turn to the R(V) compound S$jRu,Oo, which ~ so-called Slater integrals. In this work the degree of reduc-
has a 2° configuration. From Fig. Isingle-particle modgl tion of the Slater integrals from their atomic values is taken
we would expect that the,,:e, ratio is smaller at the., asa free parameter to simulat_e the effects of hybridization in
than at theL, edge, because of the forbidden nature of thesolids, known as nephelauxetic effetfts.
transition to thel'7? orbital. However, the relative intensity ~ The right panel of Fig. 3 shows the calculated Ry-
of thet,g-related peald for SRW,0y in Fig. 2 is greater at (solid line) and Rui., (dashed ling XAS spectra for a 4
the L, edge than at the, edge. Once again we see that the RU(IV) configuration using IDg=2.5eV. ThelL, edge has
predictions of the single-particle picture are not sufficient toP€€n shifted by the 2 spin-orbit splitting of 131 eV and
explain the observed d# L, XAS spectrum. Comparing muluphgd by 2.9. The atcim|c value of the Slaterslntegrals
now the R@V) with the RuiV) systems, we note that on @r¢ F*(pd)=2.1eV, G*(pd)=1.8eV, and G°(pd)
increasing the Ru valence, the double-peakedand L =1.0eV, and the 4 s:pln—orb|t spl!ttmg is 0.146 eV. Each
edges are shifted by 1.5 eV to the higher energy. This shift i§alculatec_i spectrum is labeled W!th the value of the Slater
very similar to those observed in the Ni or Qy- XAS integrals in percer(to/_o) of the atomic values. In the_extreme
spectra on going from Nil) to Ni(lll) or from CL(II) to case that.the Slater integrals are reduced t.o zero, i.e., neglect-
cu(lll) in 3d T™M systems'’ ing theg(i,j) term(bottom-most spectrum in the right panel

In order to understand the observed XAS spectra in deta®f Fig- 3, the peakA observed in experiment at the low-

. 4 .
we have performed a series calculations within the CFMcENergy side of thé., XAS spectrum for Ru 4" is absent,
approach, which are presented in the next section. and the CFMC approach arrives at the same result as the

single-particle model shown in Fig. 1. Thus it is clear that in
the absence of the two-electron Coulomb interaction, tthe 4
spin-orbit coupling results in the closing of thg channel at
The Hamiltonian for the crystal-field-multiplet calcula- thelL, edge for the 4* configuration. However, as the Slater
tions is written as integrals are switched on, thg, channel at the., edge
becomes allowed and its intensity increases with increasing
H=H_+Hys. 1) Slater integrals, while the,q-related spectral weight at the
L5 edge decreases. This means that forltheedge in 41*
Hav gives the average energy and does not contribute teystems the @ spin-orbit coupling suppresses thg-related
spectral splittings, whileHy,s includes all contribution to intensity, while the Slater integrals result in an intensity
splittings given by transfer from thes,— tot,4-related peak. The combination of
the 4d spin-orbit coupling and the Slater integrals thus re-
Hus=L-S(2p) +Heept L-S(4d) +g(ij ). (2 sults in a weal,4-related peak at the, edge. Comparison

Relative Intensiy

1 L
2844 2848 2840
Relative photon energy (eV)

el
7/

f s "
2840 2844 2848

IV. CALCULATIONS
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of the data of Figs. 2 and @ight pane] gives best agreement T " T " T
for RuG, and SgRuQ, with the Slater integrals at about 40%
of their atomic value. A further increase of the Slater inte-
grals results in the overestimation of the multiplet effects,
leading to unrealistically broad theoretical spectra. As can be
seen at the top of Fig. @ight pane), for the highest Slater
integral values considered, the degeneracy oftihende,
states is lifted, resulting in a triple-peaked structure. These
values of the Slater integrals are reasonable in the light of a
previous study of NB/), Mo(VI), and Rulll) systems with
L,3 XAS®

The theoretical spectra for thed? configuration are
shown in the left panel of Fig. 3 using D@ =2.7 eV. In this
case thel, edge has been shifted and multiplied by 2.6 for
comparison. Since the covalency increases with increasing
Ru valence, the Slater integrals have to be drastically re-
duced to as little as 15% of their atomic values in order to
reproduce the experimental spectrum off8,0q as regards
the intensity ratid (t,4)/1(ey) and the energy shift with re- RuO
spect to the RlV) compounds. However, importantly, the
Slater integrals are not zero. On reduction of the Slater inte-
grals to 0%, the relative intensity ratio o{t,g)/1(eg) is 525 530 535 540
larger atLs than L, giving again the same results as the
single-particle scenario sketched in Fig. 1. An approximately
equall(tpg)/1(€y) ratio at thel, and thel s is found for a FIG. 4. Measured O-K XAS spectra of the (R¥) oxides RuQ

reduction to 10%. The extent to which the Slater integralsand SsRu0, and the R(V) oxide SERW,O. The solid lines though
need to be reduced is larger for the than for the 8 TM  the data points are guides to the eye.

elements due to the more delocalized nature of ttheekec-
tronic states. As in thedf case, overly large Slater integrals caused by TM-40O-2p covalency. For Rug the first peak,
(for 4d® meaning >20%) lead to the multiplet-induced A located at 529 eV, is assigned to states hybridized with a
breakdown of the crystal-field terntg, andey, and, conse- tog-related band? whereas the second peds, centered at
quently, a triple-peak structure is clearly observed for theca 532 eV, is related to ag,-derived band. This allows the
bothL, andL 3 edges. derivation of the energy separation between the unoccupied
In the foregoing we discussed that the Slater integralportion of thet,, states to the, states to be ca 3 eV, which
have little influence on thé&:L, ratio, while the 4l spin-  is consistent with the results of band-structure calculatféns.
orbit coupling has a large effect on it. In increasing the value |n the case of SRuQ,, a similar assignment of the O-K
of L-§(4d) only slightly from 0 to 0.14 eV, thé3:L, ratio  XAS spectra can be made. However, care should be taken, as
increases significantly from 2:1 to 3:1. The experimentalband-structure calculatiofisindicate that in the energy re-
L3:L, ratio is 2.15:1 for both RUV) compounds and is gion 532-538 eV significant hybridization between @ 2
close to 2:1 for the R) system. This is assigned in the and Sr 5 related states occurs. This has the consequence
latter case to the quenching of the orbital moment due to thenhat the strong featur€’ at 533.2 eV cannot be assigned to
strong covalency. Further work is needed to understand thgansitions into O  orbitals hybridized with thes-related
influence of the individual parametets;S(4d), 4d-4d cou- states alone, as was suggested recéﬁﬂy_
pling (Slater integrals 10Dq (4Ds for tetragonal distortion As it possess the samg, Gymmetry, the spectral features
as well as the role of ligand holedd" 'L configuration, on  of Sr,Ru,0, near the O-K threshold shown at the top of Fig.
the detailed spectral shape. Here we wish to stress that nat are very similar to those in RyQexcept for a shift to
only the 4 spin-orbit coupling, but also the Slater integrals |ower energy of ca. 1 eV, consistent with the observation of
determine the details of spectral structure at the both_.the the 3d transition-metal oxideY The shift of the Ru
and thel 3 edges. 4d-related states to lower energy results in a clear separation
We now finish the paper with the presentation and discuspetween the hybridized OpZRu 4d states and the states due
sion of the O-K XAS spectra for the same RIW) and  to hybridization with Sr 8, denotedC in Sr,Ru,Oq: there-
Ru(V) systems. In O-K XAS spectra, the correlation effectsfore, unlike SsRuO,, one can directly observe theg-related
are much weaker than in the TM,3; XAS spectra, and states in $Ru,0,. The energy separation between the unoc-

meaningful comparison bgtween the former and the resultéupied portion of the,, states and the, states in the R(Y)
of band-structure calculations is plausibie?* Therefore,  system is ca 2.6 eV.

O-K XAS spectra are usually studied in order to explore the

nun"_nber and location of OthoIes_iljduc.ed by covalence or V. CONCLUSIONS

doping, and the crystal-field splitting in the ground state.

Figure 4 shows the O-K XAS spectra of the three Ru oxides The correlation effects in thie, 3 XAS spectra of 4 TM
under consideration. The spectral structures just above theompounds are not as strong as thosedT81 compounds,
absorption edge are assigned to unoccupied @Osfates and therefore the observed spectral features in the casg of O

Normalised fluorescence yield (arb. units)

Photon energy (eV)
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symmetry reflect basically thig, and theeg-related unoccu- clusion is possible from the O-K XAS data due to the con-

pied electronic states. However, we show here that the cotributions from O 2/Sr 5d hybrid states in the same energy

relation effects do modify significantly the spectral intensityregion as the O g/Ru 4d(e,) states. For the RY) system

distribution, resulting in a difference between theand the  SpRu,Q,, the features derived from Op2Ru 4d hybrid

L5 spectra. states are shifted by some 1 eV to lower energy. This results
For RUIV) compounds, the d spin-orbit coupling alone in a clear separation between the @/Ru 4d(e;) and O

results in a zero transition matrix element to thg-related  2p/Sr 5d states. On going from RWV) to RuV), both this

states at thd., edge, while the Slater integrals result in in- shift to lower energy in the O-K edges and the observed shift

tensity transfer from theg to t,q4 related peak. The combi- to higher energy of the double peaks in the Ry spectra

nation of both the 4 spin-orbit and correlation interactions follow the same pattern as is observed in thd 3M

is shown to be responsible for the observation of a distincoxides’

but weakert,,-related peak at thé, edge than at thé.s Finally, the experimental and theoretical results here

edge for two representative RU) systems Ru@ and set up a reference for the more complicated

SrLRUQ,. For the R@V) compound $RW,0q, this combina-  R,_,CeRuSLCW,0;, systems in which both magnetism and

tion of effects results in an intensity ratib(t,q)/1(eg), superconductivity coexist.

which is stronger at thé, than thelL; edge. The reverse

Woyld be expected from the effect Qf thd 4pin-orbit inter- ACKNOWLEDGMENTS
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