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Unique identification of Zhang-Rice singlet excitation in Sr2CuO2Cl2 mediated by the O 1s core
hole: Symmetry-selective resonant soft x-ray Raman scattering study
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Zhang-Rice singlet excitation around 2 eV is observed, distinguished from Cudd excitations, by a symmetry
selective resonant soft x-ray Raman scattering~RSXRS! experiments at the O 1s edge excitation of
Sr2CuO2Cl2. Well below Néel temperature the initial state of Sr2CuO2Cl2 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 the O 1s edge. From its polarization
dependence, it is interpreted to originate mainly from the two-spin-flip excitations.
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I. INTRODUCTION

Since the discovery of high-Tc superconductors~HTSC!,
the electronic properties of the cuprate family of compoun
have been extensively studied with many experimental
theoretical techniques, yielding new concepts in solid-s
physics. Characteristics of HTSC are often described by
t-J model,1 where charge carriers are the so-called Zha
Rice singlet~ZRS! states.2 It is well accepted that the ZRS i
a coupled state of a Cu 3d hole and an O 2p state on a CuO4
plaquette and moves around on the Cu-O network, brea
the antiferromagnetic order of Cu 3d localized spins. Hence
it is quite important to investigate the characteristics of
ZRS.

Valence-band photoemission spectroscopy~PES! of un-
doped lamellar copper oxides such as La2CuO4 or Sr2CuO
2Cl 2 gives indirect but essential information about the orig
of HTSC because the final state of PES includes an a
tional hole in valence states, which can form the ZR
Angle-resolved PES~ARPES! or electron-energy-loss spec
troscopy~EELS! are also important tools to map the ZR
band dispersion using momentum conservation rule. Tj
et al.performed a direct observation of the ZRS state in C
by spin-resolved PES.3 They have used a combination o
circularly polarized light and electron-spin detection to u
ravel the local spin states. As far as we know, it was the fi
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experiment to distinguish the ZRS state by its spin-sing
character. Another work to be noted was done by Du
et al.4 They have reported the observation of the ZRS in
normal soft x-ray emission spectroscopy~NSXES! of
CuGeO3 excited above O 1s threshold. They have show
that for increasing excitation energies, the valence shou
increases above the O 1s absorption threshold, and suggest
that it was an evidence for the ZRS state formation.

We report an experimental method for the direct obser
tion of the ZRS state in Sr2CuO2Cl 2 using symmetry-
selective resonant x-ray Raman scattering~RSXRS! at the O
1s edge excitation. Sr2CuO2Cl 2 is suitable for exploring
oxygen states only in the Cu-O plane due to the absenc
apical oxygen atoms. It is highly stoichiometric and cann
be readily doped, which ensures that we are measurin
pure Sr2CuO2Cl 2 insulator. Wellset al. did a pioneering
work of ARPES on Sr2CuO2Cl 2.5 They reported the band
structure with dispersions around 1 eV below the Fermi le
and discussed the validity of thet-J model. Kim et al. sug-
gest that an extendedt-J model (t-t8-t9-J model! calculation
including long range hopping interactions explains the f
dispersion and the spectral intensity of the ‘‘1 eV peak6

Pothuizenet al.showed that the ‘‘1 eV peaks’’ in ARPES ar
the quasiparticles derived from the same O 2p states as
ZRS.7 The idea was also supported by Balaet al. using spin-
fermion multiband models.8
©2002 The American Physical Society04-1
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Very recently, Okada and Kotani have predicted the p
sibility of symmetry-selective RSXRS across the O 1s exci-
tation of undoped antiferromagnetic cuprates to distingu
the ZRS excitation fromdd excitations.9,10 In this process a
Cu 3d hole is transferred to the neighboring Cu site media
by an O 1s core hole in the intermediate state, to leave
ZRS in the final state. So the ZRS formation in RSXR
accompanies an extra electron mainly in the Cu 3d states, in
contrast to the ZRS formation in PES. Their theory sho
that the anisotropy at the O site is quite large in the lo
dimensional cuprates such as Sr2CuO2Cl 2 and CuGeO3,
and which is the main reason for the remarkable polariza
dependence of RSXRS. For this reason, the ZRS canno
excited in a specific polarization geometry called the ‘‘dep
larized configuration,’’ while it is excited in the ‘‘polarized
configuration.’’

II. EXPERIMENT

The Sr2CuO2Cl 2 single crystals were grown from th
melt, with typical dimensions around 43430.5 mm.
Symmetry-selective RSXRS measurements on Sr2CuO2Cl 2
across the O 1s edge excitation were performed using a s
x-ray emission spectrometer11 installed at the undulato
beamline BL-2C at Photon Factory, KEK.12 Synchrotron ra-
diation is monochromatized using a varied-line spacing pl
grating whose average groove density is 1000 lines/mm.
excitation energy accuracy is within 0.1 eV around the Os
edge; the energy resolution is about 0.5 eV at 530 eV for
RSXRS and about 0.2 eV for the absorption spectra.
emission spectrometer is of the Rowland mount type wit
laminar grating whose radius and groove density are 5 m and
1200 lines/mm, respectively. The total energy resolution
the system is 0.65 eV at 530 eV with a 20mm incident slit
width of the emission spectrometer. The experimental ge
etry is shown in Fig. 1.

The wave vectors of the incident and the emitted phot
are in the plane normal to the sample surface, and the s
tering angle is fixed to 90° When the polarization vector
the incident photon is parallel to the scattering plane, i
called the ‘‘depolarized configuration,’’ while when the p

FIG. 1. Experimental geometry of the symmetry select
RSXRS. Incoming soft x ray is indicated as SR. A circle with d
represents a vector normal to the drawing. Arrowsepol and edepol

show the polarization vector for the polarized and depolarized c
figurations, respectively. Crystallographic axes are also shown
the sample.
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larization vector of the incident photon is perpendicular
the scattering plane, it is called the ‘‘polarized configur
tion.’’ It is noted that both the polarization-contained and t
polarization-rotated components equally contribute to em
sion spectra in the polarized configuration, while only t
polarization-rotated one is included in the depolarized c
figuration. The incidence angle of the soft x ray to the sam
normal is about 10° in order to excite electrons in the Cu
plane both in the polarized and depolarized configuratio
and the incident polarization direction projected on the Cu
plane is parallel to the Cu-O axis. Crystallographic axis o
entation in the Cu-O plane was checked by Laue met
using lattice parameters in the literature.13 The sample was
cleaved in N2 gas flow just before introducing into vacuum
chamber. The experiments were carried out at 40 K, w
below the Ne´el temperature (TN5256 K).5 All the emission
spectra reported here were collected within two hours
cleaving with the base pressure better than 7310210 Torr.

It is very important to calibrate emission energies p
cisely because we are to discuss small structures with
energy loss compared to the excitation energy. In this exp
ment, the absolute incident and emitted photon energie
each spectrum are carefully calibrated to within60.1 eV.

III. RESULTS AND DISCUSSION

Resonant emission spectra excited across the O 1s edge
are displayed in Fig. 2. They are plotted as a function of
emission energy. The open circles and solid lines are
results for the polarized and depolarized configurations,
spectively. The intensity of the spectra for both configu
tions is normalized by the O 1s NSXES. The spectrum la
beled O 1s SXAS shows the soft x-ray absorption spectru
across the O 1s edge. The vertical bars on O 1s SXAS and
on O 1s RSXRS show the position of the incident photo
energy. The main broad structure around 524 eV~denoted by
main band! is the contribution from the O 2p valence band.
The main band is a superposition of the Raman compon
following the excitation energy~mainly below the absorption
edge! and a fluorescencelike component~mainly above the
absorption edge! smoothly connecting to the NSXES. At th
high-energy side of the main band small structures exist
follow the excitation energy. These weak RSXRS spectra
the main interest of the present paper.

Figure 3 shows the same spectra plotted as a functio
the Raman shift, the energy loss from the incident pho
energies, so as to distinguish the Raman component.
remarkable that clear polarization dependence is found b
in the elastic scattering and the energy-loss structure aro
2 eV, as well as the O 2p main band. First we discuss th
structure around 2 eV. It is clearly seen that the intensity
the 2 eV structure is stronger in the polarized configurat
than in the depolarized configuration. Kuiperet al. deter-
mined the absolute Cudd excitation energies of Sr2CuO2Cl
2 by RSXRS spectra across the Cu 3p edge.14 The single
hole at copper site in the ground state is ascribed tod(x2

2y2) and from their analysis,d(3z22r 2), d(xy), and
d(xz) @d(yz)# states are positioned at 1.5 eV, 1.35 eV a
1.7 eV above the ground state, respectively.
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FIG. 2. Soft x-ray emission spectra of Sr2CuO2Cl2 across the O
1s excitation. The open circles and the solid lines are the results
the polarized and depolarized configuration, respectively. Os
NSXES shows the emission spectrum excited at 600
O 1s RSXRS shows a series of the emission spectra across
O 1s resonant excitation. O 1s soft x-ray absorption spectroscop
~SXAS! shows a soft x-ray absorption spectrum across the Os
edge. Vertical bars on O 1s SXAS and O 1s RSXRS show the
position of the incident photon energy.

FIG. 3. Soft x-ray emission spectra in the Raman shift repres
tation. The excitation energies are indicated by alphabets follow
Fig. 2.
16510
According to Abbamonteet al.,15 resonant x-ray Raman
scattering spectra across the Cu 1s edge of Sr2CuO2Cl 2 ex-
hibits a small and broad peak around 2 eV. Hillet al.16 and
Idé and Kotani17 showed that the lowest energy inelas
peak of resonant x-ray Raman scattering across the Cs
edge of Nd2CuO4 corresponds to the ZRS excitation. Ther
fore, the possible origin of the 2 eV structure in Fig. 3 mig
be the ZRS excitation or thedd excitation~or the two exci-
tations overlap each other!. Okada and Kotani predicted tha
the ZRS and thedd excitations have a comparable intens
in RSXRS at the O 1s edge, whereas the former is domina
at the Cu 3p edge and the latter is dominant at the Cus
edge. An important point that Okada and Kotani predicted
that the ZRS and thedd excitations in RSXRS at O 1s edge
can be discriminated by selection rules of the polarizat
dependence.

As Okada and Kotani showed, the ZRS excitation in t
O 1s RSXRS is allowed only for the polarized configuratio
Also, from a simple consideration of symmetry, thedd ex-
citation of thed(xy) state, which we call asdd(xy) excita-
tion hereafter, is allowed for the depolarized configuratio
while thedd(3z22r 2) excitation is allowed for the polarized
one. Thedd(xz) excitation is allowed for both configura
tions. According to a recent cluster-model calculation,18 the
intensity of thedd(3z22r 2) anddd(xy) excitation is nearly
the same. In other words, without ZRS contribution, the
tensity of the 2 eV structure does not depend on the exp
mental geometry. Therefore we conclude that the enhanc
eV structure in the polarized configuration is caused by
ZRS contribution.

For comparison, we show a theoretical O 1s RSXRS in
Fig. 4, which is obtained by applying a numerically exa
diagonalization technique to a one-dimensional Cu4O13 clus-
ter model.19 It is evident that the intensity of the 2 eV struc
ture in the polarized spectrum is larger than that in the de
larized spectrum. In the 2 eV structure region of t
polarized spectrum, there are two peaks at 1.8 eV and 2.7
which are mainly due to the ZRS excitation. The splitting

or

.
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g

FIG. 4. Theoretical O 1s RSXRS obtained by a one-dimension
Cu4O13 cluster model. In the polarized spectrum, the elastic co
ponent is removed. Each spectrum is convoluted with a Lore
function of width 0.5 eV and normalized by the integrated intens
In the inset, each spectrum is enlarged ten times.
4-3
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YOSHIHISA HARADA et al. PHYSICAL REVIEW B 66, 165104 ~2002!
the ZRS excitation represents the ZRS bandwidth along
one-dimensional chain direction. Thedd(3z22r 2) excitation
is hidden in between the two ZRS peaks in the present re
though it is coupled with the ZRS excitation to some exte
due to the same symmetry in the Cu4O13 cluster. However,
the 2 eV peak in the depolarized spectrum originates fr
the dd(xy) anddd(xz) excitations with nearly the same in
tensity.

The other feature to be noted in Fig. 4 is a 6 eVshoulder
in the polarized spectrum. It is caused by Cu 3d(x2

2y2) –O 2p charge transfer. This excitation is the same
that observed in the Cu 1s resonant x-ray Raman scatterin
study.15

Figure 5 shows an expanded scale of the emission spe
at the lower Raman shift region. In the spectra excited 1
below the absorption peak@spectrum~a! in Figs. 2 and 3#,
the elastic peak with very weak shoulders exhibits polari
tion dependence. At peak excitation@Fig. 5 and spectrum~c!
in Fig. 3#, however, the elastic peak vanishes and only
energy-loss structures around 0.5 eV grow up to show c
polarization dependence. These structures have been
firmed not to originate from an elastic component due to
wrong energy calibration. It is found from Fig. 5 that the 0
eV peak is allowed only for the polarized configuration. W
note that this polarization dependence is confirmed in
theoretical result shown in Fig. 4. We interpret it as the tw
magnon excitation.20 However, the present calculation doe
not reproduce the intensity successfully, probably due to
finite-size-cluster effect. It is to be emphasized that the
servation of the 0.5 eV peak is impossible in the Cup
RSXRS because of the existence of the strong elastic p
but it becomes possible in the present study by taking adv
tage of extremely weak elastic scattering intensity in the
1s edge.

FIG. 5. Expanded scale of spectrum~c! in Fig. 3.
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We give some remarks on the main band contributi
The O 2p main band in the O 1s excitation has so far bee
studied by NSXES, but Okada and Kotani proposed to st
its Raman component in order to get more information
the O 2p band. They predicted that the Raman componen
the main band should have characteristic polarization de
dence. In the present measurements, clear polarization
pendence around 6 eV is observed. We believe this pola
tion dependence to originate from the symmetry selec
rule of RSXRS for the final states with Cu 3d(x2

2y2) – O 2p charge transfer, similar to the symmetry sele
tion rule for the final states with the ZRS and thedd excita-
tions. We note that Okada and Kotani also predicted t
perature dependence of ZRS excitation as well as the Ra
component of the main band, the latter especially for
corner-sharing cuprates such as Sr2CuO2Cl 2. Measure-
ments for temperature dependence of the O 1s RSXRS on
Sr2CuO2Cl 2 are now in progress, which will be reported
the near future.

IV. CONCLUSIONS

In summary, we have applied symmetry-selective s
x-ray Raman scattering to the study of electronic structu
near the Fermi edge in an undoped antiferromagnetic ins
tor belonging to the cuprate family. The following two poin
are unraveled by the polarization dependence, which ma
related to the electronic conduction in antiferromagne
background.

~a! The enhancement of the 2 eV structure in the polari
configuration is caused by the ZRS excitation. This resu
consistent with that of the optical absorption and EE
However, the crystal-field splittings ford(3z22r 2), d(xy),
d(yz), andd(zx) may be somewhat larger than those e
mated by Kuiperet al.

~b! The 0.5 eV structure exhibits clear polarization dep
dence, and is interpreted to be due to the two-magnon e
tation.

Our results open a new possibility of symmetry-select
RSXRS to provide a full set of important microscopic p
rameters for strongly correlated systems, namely, cha
transfer energyD, Coulomb interactionU, hopping energyt,
and spin-exchange interactionJ.
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