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Unique identification of Zhang-Rice singlet excitation in SpCuO,Cl, mediated by the O Xk core
hole: Symmetry-selective resonant soft x-ray Raman scattering study

Yoshihisa Harada
RIKEN/Spring-8, 1-1-1 Kouto, Mikazuki-cho, Sayo-gun, Hyogo 679-5148, Japan

Kozo Okada
Department of Physics, Faculty of Science, Okayama University, 3-1-1, Tsushima-naka, Okayama 700-8530, Japan

Ritsuko Eguchi and Akio Kotani
The Institute for Solid State Physics, University of Tokyo, Kashiwanoha 5-1-5, Kashiwa, Chiba 277-8581, Japan

Hidenori Takagi
Department of Advanced Materials Science, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan

Tomoyuki Takeuchi
Department of Applied Physics, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan

Shik Shin
The Institute for Solid State Physics, University of Tokyo, Kashiwanoha 5-1-5, Kashiwa, Chiba 277-8581, Japan
and RIKEN/Spring-8, 1-1-1 Kouto, Mikazuki-cho, Sayo-gun, Hyogo 679-5148, Japan
(Received 26 March 2002; revised manuscript received 30 July 2002; published 4 October 2002

Zhang-Rice singlet excitation around 2 eV is observed, distinguished frodd@ucitations, by a symmetry
selective resonant soft x-ray Raman scatteriRSXRS experiments at the Osledge excitation of
Sr,CuO,Cl,. Well below Neel temperature the initial state of SuO,Cl, is antiferromagnetic, and then the
final state with the Zhang-Rice singlet is excited selectively when the photon polarization is conserved in the
RSXRS process. We also observe a weak RSXRS structures around 0.5 eV in the controversial midinfrared
region, taking advantage of extremely weak elastic scattering intensity in tisee@gk. From its polarization
dependence, it is interpreted to originate mainly from the two-spin-flip excitations.
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[. INTRODUCTION experiment to distinguish the ZRS state by its spin-singlet
character. Another work to be noted was done by Duda
Since the discovery of higi; superconductor6HTSC), et al* They have reported the observation of the ZRS in the
the electronic properties of the cuprate family of compoundsiormal soft x-ray emission spectroscogiNSXES of
have been extensively studied with many experimental an€uGeQ excited above O 4 threshold. They have shown
theoretical techniques, yielding new concepts in solid-stat¢hat for increasing excitation energies, the valence shoulder
physics. Characteristics of HTSC are often described by th@creases above the G absorption threshold, and suggested
t-J model® where charge carriers are the so-called Zhangthat it was an evidence for the ZRS state formation.
Rice singlet(ZRS) states. It is well accepted that the ZRS is We report an experimental method for the direct observa-
a coupled state of a Cudzhole and an O @ state on a Cu®  tion of the ZRS state in SCuO,Cl, using symmetry-
plaguette and moves around on the Cu-O network, breakingelective resonant x-ray Raman scatteiR§XRS at the O
the antiferromagnetic order of Cul3ocalized spins. Hence, 1s edge excitation. SICuO,Cl, is suitable for exploring
it is quite important to investigate the characteristics of theoxygen states only in the Cu-O plane due to the absence of
ZRS. apical oxygen atoms. It is highly stoichiometric and cannot
Valence-band photoemission spectroscdP¥S of un-  be readily doped, which ensures that we are measuring a
doped lamellar copper oxides such asCa0, or Sr,CuO  pure S,LCuO,Cl, insulator. Wellset al. did a pioneering
,Cl, gives indirect but essential information about the originwork of ARPES on SsCuO,Cl,.° They reported the band
of HTSC because the final state of PES includes an addstructure with dispersions around 1 eV below the Fermi level
tional hole in valence states, which can form the ZRS.and discussed the validity of thie] model. Kimet al. sug-
Angle-resolved PESARPES or electron-energy-loss spec- gest that an extenddel model (-t’-t”-J mode) calculation
troscopy (EELS) are also important tools to map the ZRS including long range hopping interactions explains the full
band dispersion using momentum conservation rule. Tjendispersion and the spectral intensity of the “1 eV pedk.”
et al. performed a direct observation of the ZRS state in CuOPothuizeret al. showed that the “1 eV peaks” in ARPES are
by spin-resolved PE$They have used a combination of the quasiparticles derived from the same @ fates as
circularly polarized light and electron-spin detection to un-ZRS! The idea was also supported by Balaal. using spin-
ravel the local spin states. As far as we know, it was the firstermion multiband model8.
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larization vector of the incident photon is perpendicular to

€ € the scattering plane, it is called the “polarized configura-
—9 tion.” It is noted that both the polarization-contained and the
10 polarization-rotated components equally contribute to emis-
™ sion spectra in the polarized configuration, while only the
" polarization-rotated one is included in the depolarized con-
figuration. The incidence angle of the soft x ray to the sample
normal is about 10° in order to excite electrons in the Cu-O
plane both in the polarized and depolarized configurations,
and the incident polarization direction projected on the Cu-O
plane is parallel to the Cu-O axis. Crystallographic axis ori-
. ~entation in the Cu-O plane was checked by Laue method

FIG. 1. Experimental geometry of the symmetry selectivesing |attice parameters in the literatdfeThe sample was

RSXRS. Incoming soft x ray is indicated as SR. A circle with dot oja5ved in N gas flow just before introducing into vacuum
represents a vector normal to the drawing. AIf@y§ andedepol  chamber. The experiments were carried out at 40 K, well
show the polarization vector for the polarized and depolarized CONpaiow the Nel temperature Ty =256 K) 5 Al the emiSSiO’I’l
figurations, respectively. Crystallographic axes are also shown fogpectra reported here WereNcollected. within two hours of
the sample. cleaving with the base pressure better than1® ° Torr.

Very recently, Okada and Kotani have predicted the pos- It is very important to calibrate emission energies pre-

sibility of symmetry-selective RSXRS across the ©ekci- cisely because we are to discuss small structures with low

tation of undoped antiferromagnetic cuprates to distinguisf?nergy loss compargd to the excitation energy. In this exper-
the ZRS excitation frondd excitations'° In this process a ment, the absolute incident anq emitted photpn energies of
Cu X hole is transferred to the neighboring Cu site mediatedEaCh spectrum are carefully calibrated to withid.1 eV.

by an O & core hole in the intermediate state, to leave the

ZRS in the final state. So the ZRS formation in RSXRS ll. RESULTS AND DISCUSSION

accompanies an extra electron mainly in the dusgates, in

contrast to the ZRS formation in PES. Their theory shows Reésonant emission spectra excited across thes @dbe
that the anisotropy at the O site is quite large in the low-2r€ displayed in Fig. 2. They are plotted as a function of the

dimensional cuprates such as,SuO,Cl, and CuGeQ, emission energy. The open circles and solid lines are the
and which is the main reason for the remarkable polarizatioh€Sults for the polarized and depolarized configurations, re-
dependence of RSXRS. For this reason, the ZRS cannot bsé)ecnvely. The intensity of the spectra for both configura-

excited in a specific polarization geometry called the “depo-ions is normalized by the OsINSXES. The spectrum la-
larized configuration,” while it is excited in the “polarized Peleéd O 5 SXAS shows the soft x-ray absorption spectrum

configuration.” across the O d edge. The vertical bars on G B5XAS and
on O Is RSXRS show the position of the incident photon
energy. The main broad structure around 524(@&hoted by
main bandl is the contribution from the O2valence band.
The SrLCuO,Cl, single crystals were grown from the The main band is a superposition of the Raman component
melt, with typical dimensions around >44x0.5 mm. following the excitation energgmainly below the absorption
Symmetry-selective RSXRS measurements o5C80,Cl,  edge and a fluorescencelike componéntainly above the
across the O d edge excitation were performed using a softabsorption edgesmoothly connecting to the NSXES. At the
x-ray emission spectrometérinstalled at the undulator high-energy side of the main band small structures exist that
beamline BL-2C at Photon Factory, KE® Synchrotron ra-  follow the excitation energy. These weak RSXRS spectra are
diation is monochromatized using a varied-line spacing planéhe main interest of the present paper.
grating whose average groove density is 1000 lines/mm. The Figure 3 shows the same spectra plotted as a function of
excitation energy accuracy is within 0.1 eV around thegO 1 the Raman shift, the energy loss from the incident photon
edge; the energy resolution is about 0.5 eV at 530 eV for thenergies, so as to distinguish the Raman component. It is
RSXRS and about 0.2 eV for the absorption spectra. Theéemarkable that clear polarization dependence is found both
emission spectrometer is of the Rowland mount type with dn the elastic scattering and the energy-loss structure around
laminar grating whose radius and groove densigyam and 2 eV, as well as the O@main band. First we discuss the
1200 lines/mm, respectively. The total energy resolution ofstructure around 2 eV. It is clearly seen that the intensity of
the system is 0.65 eV at 530 eV with a 20n incident slit  the 2 eV structure is stronger in the polarized configuration
width of the emission spectrometer. The experimental geomthan in the depolarized configuration. Kuipet al. deter-
etry is shown in Fig. 1. mined the absolute Cdd excitation energies of SCuO,Cl
The wave vectors of the incident and the emitted photons by RSXRS spectra across the Cp &dge!* The single
are in the plane normal to the sample surface, and the scatole at copper site in the ground state is ascribed (b
tering angle is fixed to 90° When the polarization vector of—y?) and from their analysisd(3z?—r?), d(xy), and
the incident photon is parallel to the scattering plane, it isd(xz) [d(y2)] states are positioned at 1.5 eV, 1.35 eV and
called the “depolarized configuration,” while when the po- 1.7 eV above the ground state, respectively.

SR—

II. EXPERIMENT
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FIG. 4. Theoretical O 4 RSXRS obtained by a one-dimensional
Cu,045 cluster model. In the polarized spectrum, the elastic com-
ponent is removed. Each spectrum is convoluted with a Lorentz
function of width 0.5 eV and normalized by the integrated intensity.
In the inset, each spectrum is enlarged ten times.

S According to Abbamonteet al,'® resonant x-ray Raman

320 Emissif)%:‘energy (5e2\§) 332 scattering spectra across the Guetige of SgCuO,Cl, ex-
hibits a small and broad peak around 2 eV. Killal® and
FIG. 2. Soft x-ray emission spectra of SuO,Cl, across the O |dé and Kotant’ showed that the lowest energy inelastic
1s excitation. The open circles and the solid lines are the results fopeak of resonant x-ray Raman scattering across the Cu 1
the polarized and depole_triz_ed configuration, rgspectively. D1 edge of N¢gCuQ, corresponds to the ZRS excitation. There-
NSXES shows the emission spectrum excited at 600 eVigre the possible origin of the 2 eV structure in Fig. 3 might
O 1s RSXRS shows a series of the emission spectra across tkﬁe the ZRS excitation or thed excitation(or the two exci-
O 1s resonant excitation. Oslsoft x-ray absorption spectroscopy tations overlap each otheOkada and Kotani predicted that
(%XAS)VSh-OWF ba soft x-rayl af()iorptiog SpeCtFr{uﬂscrois th&:lo 1the ZRS and theld excitations have a comparable intensity
Sogﬁ{oneor;lf:e inirizec’nrl p?]i)tin eﬁe?gny. O % RSXRS show the in RSXRS at the O 4 edge, whereas the former is dominant
at the Cu P edge and the latter is dominant at the Gu 1
edge. An important point that Okada and Kotani predicted is
that the ZRS and thdd excitations in RSXRS at Osledge
) can be discriminated by selection rules of the polarization
Ols RSXRS — depolarized dependence.
o, O polarized As Okada and Kotani showed, the ZRS excitation in the
O 1s RSXRS is allowed only for the polarized configuration.
e Also, from a simple consideration of symmetry, ttid ex-
citation of thed(xy) state, which we call add(xy) excita-
tion hereafter, is allowed for the depolarized configuration,
d while thedd(3z%—r?) excitation is allowed for the polarized
one. Thedd(xz) excitation is allowed for both configura-
tions. According to a recent cluster-model calculafibthe
intensity of thedd(3z%—r?) anddd(xy) excitation is nearly
the same. In other words, without ZRS contribution, the in-
tensity of the 2 eV structure does not depend on the experi-
mental geometry. Therefore we conclude that the enhanced 2
eV structure in the polarized configuration is caused by the
ZRS contribution.
a For comparison, we show a theoretical ® RSXRS in
: Fig. 4, which is obtained by applying a numerically exact
eE0t LRl Ianl LTt (2L LERs s iuE] diagonalization technique to a one-dimensional@y clus-
1210 %{am:n shié (evf' 0 -2 ter model*® It is evident that the intensity of the 2 eV struc-
ture in the polarized spectrum is larger than that in the depo-
FIG. 3. Soft x-ray emission spectra in the Raman shift represenlarized spectrum. In the 2 eV structure region of the
tation. The excitation energies are indicated by alphabets followingolarized spectrum, there are two peaks at 1.8 eV and 2.7 eV,
Fig. 2. which are mainly due to the ZRS excitation. The splitting of
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- r - T - T T T T We give some remarks on the main band contribution.
— polarized . . The O 2 main band in the O 4 excitation has so far been
studied by NSXES, but Okada and Kotani proposed to study

its Raman component in order to get more information on
the O 2 band. They predicted that the Raman component of
the main band should have characteristic polarization depen-
dence. In the present measurements, clear polarization de-
pendence around 6 eV is observed. We believe this polariza-
tion dependence to originate from the symmetry selection
ettt S rule of RSXRS for the final states with Cud@?®
109 87 6 5 4 3 2 10 —y?)—-0 2p charge transfer, similar to the symmetry selec-
Raman shift (eV) i tion rule for the final states with the ZRS and tthe excita-
| L | L | L | " 1 L 13 " . . n
518 520 522 524 526 528 tions. We note that Okada and I_(ot_anl also predicted tem-
perature dependence of ZRS excitation as well as the Raman
component of the main band, the latter especially for the
FIG. 5. Expanded scale of spectryo) in Fig. 3. corner-sharing cuprates such as,&uO,Cl,. Measure-
ments for temperature dependence of the OREXRS on
the ZRS excitation represents the ZRS bandwidth along th&r,CuO,Cl, are now in progress, which will be reported in
one-dimensional chain direction. THel(3z°—r?) excitation  the near future.
is hidden in between the two ZRS peaks in the present result,
though it is coupled with the ZRS excitation to some extent IV. CONCLUSIONS
due to the same symmetry in the fQy5 cluster. However, h lied lecti ft
the 2 eV peak in the depolarized spectrum originates from In summary, we have arg)p 1€ dsyr?mletry-sg ective so
thedd(xy) anddd(xz) excitations with nearly the same in- x-ray Raman §catter|ng to the study o ° ectronic s’gruptures
tensity, ?eak: tlhe F_errT eiﬁge in arl uPdo_pl)edTﬁntlffelIrromagPetlc |r_ls;JIa-
- . or belonging to the cuprate family. The following two points
in -[t-kr:ee O;ggrs:éurgptgczi;oﬁ? 'Ig Fégi:: d6 E;/Shcoﬁzdggr are unraveled by the polarization dependence, which may be
5 T SRR related to the electronic conduction in antiferromagnetic
—y“)—0 2p charge transfer. This excitation is the same a

: ; ackground.
tsrgs;cj;lgserved in the Cuslresonant x-ray Raman scattering (a) The enhancement of the 2 eV structure in the polarized

Fi 5 sh ded le of th . tconfiguration is caused by the ZRS excitation. This result is
Igure 5 Shows an expanded scale of tn€ emiSsIon SPECly gisiant with that of the optical absorption and EELS.
at the lower Raman shift region. In the spectra excited 1 e

; SFE owever, the crystal-field splittings fat(3z2—r?), d(xy),
below th_e absorpt!on pegspectrum(@) in F|gs._2. and § .__d(y2), andd(zx) may be somewhat larger than those esti-
the elastic peak with very weak shoulders exhibits pOIa”Zai”nated by Kuipert al
tion _dependence. At peak exc_ltan[jﬁg. ° 3”0' spectrurc) (b) The 0.5 eV structure exhibits clear polarization depen-
in Fig. 3], however, the elastic peak vanishes and only thed

ence, and is interpreted to be due to the two-magnon exci-
energy-loss structures around 0.5 eV grow up to show Cle%ltion

polarization dependence. These structures have been con- Our results open a new possibility of symmetry-selective

firmed not to originate from an elastic component due to RSXRS to provide a full set of important microscopic pa-

wrong energy calibration. It is found f_rom Fig. 5 that_the 0'E’rameters for strongly correlated systems, namely, charge-
eV peak is allowed only for the polarized configuration. We ; . .
transfer energyA, Coulomb interactiotd, hopping energy,

note that this polarization dependence is confirmed in the . . .
theoretical result shown in Fig. 4. We interpret it as the two—and spin-exchange interactian
magnon excitatioR’ However, the present calculation does
not reproduce the intensity successfully, probably due to the
finite-size-cluster effect. It is to be emphasized that the ob- We would like to give special thanks to Dr. Chainani for
servation of the 0.5 eV peak is impossible in the Qu 3 his helpful comments. We gratefully acknowledge excellent
RSXRS because of the existence of the strong elastic peakupport from the staff of the Photon Factory, KEK. This
but it becomes possible in the present study by taking advarwork was partly supported by a Grant-in-Aid for Scientific
tage of extremely weak elastic scattering intensity in the CResearch from the Ministry of Education, Culture, Sports,
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