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We present resonant x-ray Raman scattering results gougsCl,, a model compound for higff;
superconductors. We demonstrate thatdlieexcitations can be observed and show that the polarization
dependence can be used to identify theexcitations. We find the transition from thg:_,» ground
state to thel,, excited state at 1.35 eV and to the degenetigteandd,, excited states at 1.7 eV. From
analysis of the polarization dependence we conclude thaisthe,. orbital energy is at 1.5 eV and not
in the midinfrared (0.5 eV) as recently suggested. We use recent theoretical arguments to show that
the d;,2_,» excitation is accompanied by a local spin flip resulting in a shift upwards of 0.2 eV due to
the exchange interaction with the neighboring spins. [S0031-9007(98)06273-5]

PACS numbers: 78.70.En, 71.70.Ch, 74.72.—-h

Resonant x-ray Raman (RXR) spectroscopy has theas due to a phonon assisted two magnon absorption
makings of a powerful technique to study the elementaryand supported this claim with theoretical calculations [5].
excitations in solids. Using excitation energies at specificThey, however, were unable to explain the intensity of the
core-level thresholds one can identify the excitations andather broad higher energy shoulder, which left open the
determine their atomic origin. As was shown recently,possibility that this structure could be the transitions to
one can even observe local spin flip excitations (andi;,.—,. states. Also recent detailed Raman studies have
thus measure superexchange interactions) by choosirdmen unable to find thés,.—,» states at energies above
core-level resonances with strong spin-orbit couplingl eV finding only thed,, states at 1.35 eV [6,7]. Using
[1]. In this Letter we present the first RXR results onresonant x-ray Raman spectroscopy we locate/theind
SrLCuG,Cly, an insulating model compound for the high- d,. ,. states and present strong evidence thatdhe. -
T.'s, to determine theld and accompanying spin flip excitation is around 1.7 eV.
excitations. By choosing x-ray energies at the Gy resonances

The energies of the lowest excitations in the Cu-base@around 75 eV) we achieve elemental specificity for local
superconductors are basic quantities of interest in thexcitations on copper. We probe specifically theexci-
ongoing struggle to determine the underlying electronidations by the transition sequengg®3d® — 3p°34'* —
structure and elementary excitations. The energies of thep©3d°. Thesedd excitations are fully allowed, and their
local on-sitedd excitations have been a topic of debateintensities can be calculated. The x-rays in this energy
recently. The suggestion that some of these might occuregion have a penetration depth of about 1000 A, so that
at energies as low as 0.5 eV [2] reopens the questiothe method is bulk sensitive. Only recently has the reso-
as to their importance in the so-called midinfrared parfution of RXR spectroscopy become sufficiently high to
of the optical spectrum which is believed by somestudy valence-valence excitations. Molecules and wide-
to be directly involved in the mechanism for high- band solids have attracted considerable interest [8], but
T. superconductors [3,4]. Theskl excitations are not the method has also been used to study charge-transfer
dipole allowed and therefore are rather weak in opticakxcitations in correlated systems [9] adid excitations in
absorption spectroscopies. Recently, however, the highliinO [10].
stoichiometric and pure SCuG,Cl, has provided the Tanaka and Kotani were the first to study resonant x-
possibility to study also these weak transitions. It isray Raman spectroscopy on cuprates theoretically [11].
generally accepted that in the ground state 3dehole  They calculated the x-ray emission spectrum of CuO and
on Cu is in ad,>—,> orbital allowing for three localid La,CuQ, at the CuL; resonance, and concluded that
excitations in the local square-planax;, symmetry to the energies ofid excitations can be measured by this
the d,,, the degeneratéd,., d,., and theds.»—,» states. method. Ichikawaet al.[12] measured the predicted dif-
The optical studies revealed a sharp feature starting dérence for these two copper compounds. A polarization-
0.4 eV followed by a rather wide absorption region whichdependent resonant study was done by Detal. [13],
was suggested to be due to transitionsdte—,- local  also at thelLs (2p3/,) resonance. But at these high ener-
states [2]. Lorenzanat al. objected to this assignment gies (930 eV), it is difficult to achieve a combined reso-
and suggested that the very sharp structure at 0.4 eMtion of monochromator and spectrometer better than
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1 eV, which is necessary to resolve low-energy excitaelastic peak has a full width at half maximum of 0.2 eV,
tions. That is much easier at the @} 3 (3p) resonance which is the resolution of this experiment. However,
around 75 eV, where we achieved a combined resolutiothe tail of the strong elastic peak makes it impossible to
of 0.2 eV in this first experiment. Theoretically, there is observe excitations at energies smaller than about 0.5 eV.
little difference between the Raman spectra atlthgand We observe clear sharp features between 1 and 2 eV
the M, 3 edges. The nonresonaWh 3 emission spectra of energy loss, features that can be assignetfitexcitations
cuprates in Ref. [14] are affected by the 1.5 eV core-holen Cu*. Tanaka and Kotani predicted also charge-
lifetime broadening, but the lifetime does not affect thetransfer peaks around 5 eV [11], but those are hardly seen
resolution of resonant x-ray Raman spectroscopy for that the L; resonance either [12,13], and must be weaker
same reasons it does not affect the resolution of resonattian predicted.
photoemission. The intensity of the Raman spectrum is highest near
The experiment was performed at beam line 7 ofgrazing incidence (normal emission), and decreases when
the Advanced Light Source (ALS) at Berkeley. Thethe sample is turned towards normal incidence. The de-
synchrotron was running at an electron beam energy afrease is caused by the combined effect of increasing
1.5 GeV. At this setting the undulator can go downpenetration depth closer to normal incidence and in-
in energy to approximately 70 eV. The undulatorcreased absorption of emission towards the spectrometer.
and monochromator combination produced a smalClearly, it would be desirable to have samples with faces
intense spot of x-ray with an energy resolution ofparallel to thec axis, to measure a strongespolarized
about 0.1 eV. The Raman spectra were recorded bgignal. A very smooth surface is needed to avoid an ex-
a grazing-incidence grating spectrometer. We used aessively strong elastic peak.
grating with 300 linegmm with a radius of 3 m. A slit Two inelastic peaks are resolved in Fig. 1, one around
width of 30 um gave a resolution of 0.2 eV, which also 1.35 eV and the other around 1.8 eV. The relative
determined the resolution of this experiment (the width ofintensity of these peaks changes with angle. The peak
the elastic peak). at 1.35 eV becomes strongest closer to normal emission.
The growth of the SICUG,Cl, samples by the traveling Clearly this peak is polarized in the Cu-O plane, and
solvent floating zone technique is described elsewherthe assignment to transitions to the orbital seems
[15]. As the experiments are not surface sensitive, theinavoidable. The peak at 1.8 eV must then be assigned
samples were cleaved situ or just before introduction to thexz andyz orbitals. This leaves onéd excitation
into vacuum. The sample quality was checked by thaunaccounted for, namely, thgz> — r? transition. Of
oxygen ls x-ray absorption spectra. The polarization
dependence of the total photoelectric current (surface o0+
sensitive) was similar to that of the x-ray fluorescent yield.
The spectra were recorded in two different geometries.
In both cases the detector was placed in a direction
perpendicular to the incident beam, either in the plane
of the synchrotron orbit or perpendicular to it. The first 150
geometry (horizontal position of the detector) has the
advantage that the elastic peak is minimized (no Rayleigh
scattering in the direction of the electrical field vector of
the incident radiation). But the second geometry (vertical)
is more suitable for determining the polarization of the
scattered radiation from our two-dimensional sample. As
inelastic scattering at the Cp edges occurs only via
excitation to the unoccupiett/,- >, we want to keep the
CuG, planes parallel with the polarization of the incident 50
radiation. This is done by rotating the sample’s normal
from near perpendicular incidence (so that the vertical
detector measures radiation at grazing exit angles with
both x,y and with z polarizations) to nearly vertical N
(so that the detector measures only emission with 2 -1 0 1
polarization). The rotations in this second (vertical) Raman shift (eV)
geometry are shown in the insets of Fig. 1. o
Figure 1 shows the x-ray Raman spectra with thd™!G. 1. Polarization-dependent x-ray resonant Raman spectra

27 S at the Cu M; resonance (74 eV). The angle between the
excitation energy at 74 eV, which is the Gws/» (M3)  emission direction and the sample normal ig, 36, and 60,

resonance. The spectra are normalized to the elastic peafom top to bottom. The last spectrum is also shown reduced
which is also shown reduced by a factor of 200. Thisby a factor of 200.
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course, it might be hidden at low energies under theof the detector. The x-ray emission was measured in the
tail of the elastic peak. But if the splitting of they  direction of theE vector of the incident x rays, at an angle
and xz, yz orbitals is 0.4 eV as in our assignment, oneof 40° to the sample normal. Th#&f; spectrum agrees
would expect the splitting between thé — y?> and the with the middle trace of Fig. 1, but thé/, spectrum
3z2 — r? orbitals to be several times larger. is rather different. The intensity at 1.7 eV is relatively
A calculation of relative intensities is necessary to un-much lower, and there is extra intensity around 2 eV.
derstand why théz> — r? peak is not seen in our spec- Theory indicates that the intensities near thie edge
tra. The procedure is straightforward. As in the case ofre sensitive to the exact excitation energy, because of
MnO [10], we use the Kramers-Heisenberg formula forinterference with th@/; path. The calculations reproduce
inelastic scattering. In the present case of Guhe in-  this difference. The extra intensity around 2 eV at Mie
termediate states have a filléd shell so that only six resonance is due to spin flip states. They have a relatively
intermediate states need to be considered: four with &rger intensity at thép,/, than at the3 p;/, intermediate
3p3s2 hole (m; = 3/2,1/2,—1/2,—3/2) and two with a  state because of thAJ = 0, =1 selection rule. This
3p1y2 hole (n; = 1/2,—1/2). Interference plays a role makes sure that then; = 3/2 intermediate state of
because the3p spin-orbit separation is comparable to opposite spin cannot be reached from the ground state.
the lifetime width. Selection rules and angular-overlapBut at3p;,,, both intermediate states:{ = 1/2, —1/2)
integrals determine the relative intensities of the finalare populated, and there are relatively more spin flips in
states. Unlike the case of MnO, the crystal field needshe excitation step [1].
to be taken into account. The eigenfunctions in a crys- Our observation of an in-plane polarized @d ex-
tal field are linear combinations of the atontd Y, citation at 1.35 eV matches perfectly with a large-shift
orbitals with well-known ratios, which are independentRaman peak observed by laser spectroscopy. Using pho-
of the strength of the crystal field. Model calculationston energies around 3.5 eV, Salametal. [6,7] observe
have been done on a €uatom in tetragonal symme- a loss peak with a polarization dependence characteristic
try with an exchange field along theaxis [1]. The re- for excitation to3d,, final states. Its energy dependence
sults show that théz?> — r? peak is weak and that it on the Cu-O bond length would predictda, transition
is only allowed for spin flipped final states, so that thisat 1.35 eV for 1.986 A, the in-plane Cu-O bond length in
weak peak is spread out and shifted to higher energy bgr,CuO,Cl, [16]. We can also compare with data 34
the exchange interaction and the excitation of magnongrbital energies in KCuk, [17] and in the square-planar
But even with its calculated low intensity this peak CuCE™ ion [18]. Table | shows that the oxychloride is
cannot be hidden under the peak at 1.35 eV. The stronigtermediate between these two other cases. One can also
angle dependence of the relative intensities can only beompare with the optically observedd excitations in
reproduced by assuming that the’ — 2 transition con-  La,NiO4, where the tetragonal distortion is smaller [19].
tributes to the peak at 1.7 eV. Figure 2 shows spec- In the controversy over the assignment of features in

tra calculated with the following parameterf)Dg,, =  the optical spectra of higliz cuprates and the energy
1.35 eV, E(xz,yz) = E(3z%> — r?)1.7 eV, and a spin flip  of the lowest electronic excitations, our results support a
energy of 0.2 eV. different assignment than that given by Perkasl. [2].

The low Raman intensity made it difficult to investigate
its energy dependence in detail, but a first result is clear
enough to be presented. Figure 3 shows two spectra taker 4%
at theM; and at theM, edges in the horizontal position
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