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Hidden electronic state of CuO revealed by resonant inelastic x-ray scattering
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High-resolution resonant inelastic x-ray scatteriRIXS) spectra from CuO in thesPp emission region
were measured. A surprisingly complicated set of spectra was observed. Detailed analysis of these spectra
reveals the existence of an excited state, which is hidden in thE @way absorption spectrum of CuO.
Furthermore, the energy of this excited state corresponds well to @£liké state predicted by a real-space
multiple-scattering technique, but has not been observed experimentally up to now. This result demonstrates
the potential use of RIXS to complement x-ray absorption spectroscopy.
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Understanding the electronic structures of strongly correinvolved in RIXS as virtual intermediate states. In a previous
lated transition metal oxides has been one of the longwork, RIXS spectra in the 2p emission region of several
standing challenges in condensed matter physics. The studu compounds including CuO have been repotfedow-
of these oxides has attracted renewed interest recently due éwer, because of the low resolutigé eV) then available,
the discovery of hightc superconductors. Among them, di- detailed examination of the electronic states was not at-
valent CuO is of particular importance because it shares theempted. With the increase in photon flux and brightness now
same basic building block, Cuparallelogram plane, with available at synchrotron radiation facilities, RIXS experi-
high-Tc materials, which makes CuO a good model systemment with much better energy resolution is possible. For ex-
towards the understanding of the electronic structures o&mple, several high-resolutiors3p RIXS measurements on
high-Tc materials. So far, the filled electronic states near thgransition metal compounds including MeuO, (a parent

Fermi level of CuO have been measured by photoemissioBompound of Cu higfic family)*>*2have been reported re-
spectroscopy and resonant photoemission spectroé@opy,cenﬂy_

while the low-lying unoccupied electronic states of CuO
have been studied using @&** and L,>® and OK’ x-ray
absorption near-edge structUd€ANES) spectroscopy.

With much improved energy resolution, 0.2 eV for exci-
tation energy and 1.1 eV for total RIXS measurements, sur-
prisingly complicated spectra were observed. Detailed analy-

In the case of Cuk XANES, there is still uncertainty in ﬁis of these spectra reveals the existence of a new excited

the aSS|gnment_ Qf the observed spectral features to Sbect s(fate, which is hidden in the Gg-XANES of CuO. Further-
electronic transitions, and the role of electron correlation ef-

fects in them. To address these issues, detailed angular aff’"®: the energy O.f this excited state c08rres.ponds well to the
polarization dependent Gi-XANES spectra of CuO were “Pzlike state predicted by Bocharat al.” This result sug-
reported by Bocharoet al® recently for the first time. The 9€Sts that one-electron interpretation of the ICANES
data were analyzed theoretically using a real-space multiple3P€ctra of CuO is adequate and that there is no need to in-
scattering(RS-M9 calculation, which is capable of decom- clude many-body processes. It also demonstrates the use of
posing the spectra into symmetry-resolved components. TH8IXS to complement x-ray absorption spectroscopy.
main features of Cik XANES as well as the weak pre-edge ~ The measurements were carried out at the X21 hybrid
peak were accounted for successfully by the calculation inviggler beamline at the National Synchrotron Light
terms of electric dipole and quadrupole transitions from CuSourcet®> The beamline consists of a four-crystal dis-
1s to 4p-like and 3 states, respectively. However, there persive Sj2200 monochromator with miscut angles of
remain some discrepancies between the calculated spectral6°,0°,0°,16°, adouble-focusing mirror, and a horizon-
and experimental results. Most notably, a prominent spectrdhlly mountel 1 m Rowland circle spectrometer. The energy
feature corresponding to emptyp4like states was predicted resolution of the monochromator is 0.2 eV. The monochro-
by the theory, but absent in the data. In light of the overallmatic x rays are then focused onto the sample using a toroi-
agreement between theory and experiment, this large distal mirror coated with Pt. The resulting focused beam size is
crepancy was not expected and attributed to possible man@-5x0.5 mn?, and the average incident flux on the sample
body processes by the authors. is ~5x10'° photons/s. The scattered radiation was ana-
In this work, high resolution resonant inelastic x-ray scat-lyzed using a spherically bent (844) crystal, and detected
tering (RIXS)® study of CuO was carried out. While unoccu- by a Si PIN diode. To acquire the inelastic spectra, the rota-
pied electronic states are routinely studied by x-ray absorption of the analyzer and the translation of the detector were
tion spectroscopy, RIXS offers a complementary view on thesynchronized to follow the Rowland circle. Also, in these
electronic structures because RIXS is a second order opticateasurements, the active area of the analyzer was limited to
process, and the final states in the absorption process a#® mm in diameter, which resulted in the overall energy
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FIG. 1. Fluorescence XANES spectrum of CuO. The arrows and
labels (a)—(j) indicate the excitation energies at which high-
resolution RIXS spectra were measured.

resolution AW,.9 of 1.1 eV as determined by the FWHM of
the elastic line. In addition, CuO XANES spectrum was ob-
tained by monitoring total fluorescent yield as a function of
incident x-ray energy. Finally, all data reported here were
taken on a CuO powder sample at room temperature, and at
a constant scattering angle of 40°.

Figure 1 shows the fluorescent yield XANES spectrum of
CuO. A weak pre-edge peak at8980 eV is observed. This
peak is a well-known spectral feature due to Cs—13d
transition®* which is characteristic of divalent copper com-
pounds, and is expected to be absent in monovalent copper
compounds because theid drbitals are fully occupied. At
slightly higher energy, a steep rise in absorption coefficient
due to the CWK absorption edge is observed. The energy of
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the inflection point, the conventional definition of absorption
edge, is about 8984.3 eV. The arrows and labels in Fig. 1
indicate the excitation energiest ;) at which high- FIG. 2. 1s2p RIXS spectra of CuO. Each spectrum is normal-
resolution RIXS spectra were measured. ized using its maximum value.

Figure 2 shows the RIXS spectra of CuO as a function of
the scattered photon energyd,) for various excitation en- (A’), respectively. At the same time, the scattering intensi-
ergies (iw,). Excitation with x-ray energies well above the ties also decrease monotonically. In contrast to the simple
K-absorption edge energy yields two bands at 8047.8 eV anilend observed for A (A, B and B are only observable
8027.8 eV, which are the well-known Qe; andKa, fluo- ~ within a very small range of excitation energy, 8980.8—
rescence lines. As the excitation energy lowered to 8984.8983.3 eV, and their intensities go through a maximum at the
eV, the inflection point of the absorption spectrum, two mainexcitation energy of 8982.3 eV. Furthermore, it should be
features corresponding to théa doublet (denoted A and noted thatE,,es of the bands B and Bvaries with the exci-
A’) are observed. In comparison with thkex doublet, the tation energy as is evidenced from the variation of energy
energies of A and Aare shifted down by about 1 eV, and splitting between B (B) and A (A").
their widths are broadened slightly. In addition, a new fea- Similar behavior is observed for the bands C and C
ture, labeled S, appears between A arid By lowering the ~ However,E s for C (932 eV) and C (952 eV) remain con-
excitation energy to just 1 eV below the inflection point en-stant and independent of the excitation energy. It is interest-
ergy, a new pair of bands accompanying A arid labeled B ing to note that at the excitation energy of 8979.7 eV, the
and B, is clearly observed. There is also the appearance ofidth of the C (C) is the narrowest, and considerably nar-
another very weak pair of bands at the high-energy side of Bower than that of the reguld« lines. The FWHM of C in
and B, labeled C and C the raw data AW, is 1.21+0.15 eV while that of the

As the excitation energy further decreases from the abregularKa;, line is 2.46-0.15 eV. After correction for the
sorption edge energy, systematic evolution of these spectratstrumental resolution usingAWozbs—AW?es the FWHM
features are observed as shown in curves d—j. For A dnd Aof C andKa; are about 0.5 eV and 2.2 eV, respectively.
the peak energies continue to shift to lower energy in accorrFinally, the weak and broad band denoted S in the spectrum
dance with the decrease in excitation energy, preserving thgersists with decreasing excitation energy similar to A and
energy loss .= w1 —fw,y) of 936 eV (A) and 956 eV A’.

Scattered X-ray Energy [eV]
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The differential cross section of the RIXS process, where (a) (b)
a transition from the initial statg) to the final statéf) takes K hoo 4
place through virtual intermediate staje$ while the photon 2084 /“ L 2
energy changes fromiw; to Aw,, can be described by the n) B ot o A
well-known Kramers—Heisenberg equation, which can be §ot0 3 2 8
further reduced t4 CG3d) —— 220 s c
6
“ho, hQ,, 5
do-(wl)oc w2 (le_QZp)QZp,ls(le+w)(dgls/dw) 1f) 2p " he, 00 (d)gzhld?f(A(r)ifUn?i'g ho
dw, 1 (st 0= wy) 2+ T2 J4h? L——,;wz
i
Xﬁ(wl—sz—w—wz)dw, (1) i} 1s .
Is
where ©
8985eV
S wy—Q ) Lopl2mh _’J\_
w1~ —W—Wy)= .
v 2 (wl—sz—w—wz)z—i—F%thz 8983
)

Here fiw is the kinetic (positive or binding (negative

- Mwe

energies of the excited electron in the virtual intermediate 8980

state|n), andI';5 andT',, are the lifetime widths of thes e

and 2o levels, the binding energies of which are represented 8975

by 70,5 and#(Q,,. The oscillator strength of the transition 8030 8040 8050 8060
tween the 4 1 and 207! hole states is given

between the 4 * and 2 ole states is given bgy, s, Fnergy [eV]

anddg,s/dw is the density of unoccupied states which is in
general a superposition of discrete and continuous features. g5 3. (a) An energy diagrams of CuO arftl) a model density

In short, the resonant inelastic scattering spectrum reflecigy ynoccupied states for CuO. Unoccupied states consist of a nar-
the density of unoccupied states modified by the energy deow band(C) corresponding to the vacanti3state, a band with a
nominator and Eq¢(2). A schematic energy diagram showing finite width (B), and a step-function like continuufd). (c) Calcu-

all the relevant energy levels is shown in Figa)3

lated RIXS spectra for several excitation energies using model den-

In the previous study the density of unoccupied states, sity of stategh).
dg,s/dw, was assumed to be a step function and RIXS spec-

tra were calculated by the use of Eq4) and (2). This

sis above clearly suggests that the scattering strength of

simple approximation was able to reproduce the gross fesbands C and Care originated from the virtual € ~(3d)°
tures of the RIXS spectra, including the gradual excitationintermediate state.

energy dependence of the scattering intensity, the energy Itis also interesting to note that the bandwidth of the peak
shifts as a function of excitation energy, and the changes i€ and C at Zw;=8979.7 eV is much narrower than the
band shape as the deviation from the rigorous resonance colifetime width of the Cu & core hole. Close examination of
dition increases. In fact, the excitation energy dependence dgs. (1) and (2) shows that under exact resonant condition,
bands A and A observed in the present work can still be Zw;=%/(Q1s+ w3q), the band width is determined only by
completely interpreted within this approximation. However,I',, and does not depend dh. Indeed, the FWHM value

in order to understand the complex behavior of the bands Bf C after corrected for the instrumental resolution, 0.5 eV,
(B') and C (C), detailed spectral features in CuO XANES shows a very good agreement with the semiempiricgk,,

has to be taken into consideration.

First, the scattering intensities of bands C arida@: the
strongest for excitation energyw,=8979.7 eV, which cor-
responds exactly to thesit»3d transition energy. Since
hw,=h(Q 15+ wig), the denominator in Eq1) satisfies the
resonant condition fotb= w34, which accounts for the in-

value, 0.56 eV

The interpretation of the bands B and B not as straight-
forward since there is no clear XANES feature in the narrow
energy range that B and’Bare observed. Specifically, the
bands B and Bwere observed only fof w, between 8980.8
eV and 8983.3 eV. Belovi w;=8979.8 eV no peak corre-

tensity maximum at this excitation energy. At the same timesponding to the band B was observed. In addition, unlike the
the delta function in Eq(l) predicts the maximum scattered bands A and C, their energy losses depend on the excitation

intensity at Aw,=7%({1s—{5p). This interpretation also
predicts that with detuning w, by 7e to either higher or
lower energy, the intensity decreases afidh,=7({

x-ray energy. This behavior of the bands B and d&n be
understood only if the existence of a bound unoccupied elec-
tronic state with finite width is assumed between tklep@ak

—{),,—¢) decreases or increases depending upon the sigh~8980 eV) and the inflection point(8984 eV).

of &, which agree well with observed excitation dependence

of energies and intensities of the C andli&inds. The analy-

In order to confirm the hypothesis above, calculations as-
suming different model density of states were attempted.

033105-3



BRIEF REPORTS PHYSICAL REVIEW B56, 033105 (2002

One of the models is shown in Fig(t8, where in addition to  |ation that there is an unoccupied state-88983 eV in spite
a step function with edge energy of 8984 eV, a delta-functiorof the absence of distinct peak or shoulder in the x-ray ab-
centered at 8984 eV and two step functions with edge enesorption spectrum.
gies of 8982 eV and 8983 eV are assumed. The delta- Unfortunately, it is not possible with present experimental
function (a 0.2 eV wide square was employed for numericalresults from a powder sample to determine whether the tran-
calculation$ is used to represent the unoccupiedl &ates, sition is to thep, orbital or not. HoweverlL; absorption
and the latter two step functions are included to approximatstudies® on CuO show that there is no marked structure at
the unknown near edge structures. We then calculated thagh energy side of the strong peak due to tipe-23d tran-
RIXS spectra using this model density of states together witlsition, which suggests that the character of the state giving
Egs. (1) and (2). Figure 3c) shows the calculated RIXS the band B (B) is neithers nor d, but p dominant. Polariza-
spectra for several excitation energies. A comparison of Figtion dependent RIXS measurements on single crystal CuO
3(c) with Fig. 2 demonstrates that the observed excitatiorsa@mples will be performed to unambiguously determine the
energy dependences of bands A, B, and C agree well theymmetry of these states. _
calculation, indicating that the assumed density of states is a !N Summary, we report a high resolution RIXS study on
fairly good model for the unoccupied electronic states ofC.:uo' With improved energy resoll_Jtlon and modellcalcula-
Cuo. tions, a weak unoccupied electronlc.state of CuO is uncov-
In fact, the presence of a weak bound state betweeﬁred' Even for features observable in normal x-ray absorp-
8980.8 eV and 8983.3 eV has been suggested, but has n Tn spectrum, for example thg CL$_10 3d pre-edge peak, .
been observed up to now. For example, in a recent combin XS spectra also have superior S|gna}l—to—background ratio.
polarized XANES and real-space multiple-scattering calcula- _hese reSL_llts _demonstrate the potential use of RIXS, espe-
tion study of CuO, Bocharaet al® concluded that although Ci@lly polarization dependent RIXS measurements on single
the gross features of polarized XANES spectrum can be reerStal s_amples, to provide V?‘.'“ab'e new information on the
produced by the calculation, some discrepancies between eg[ectrqnlc structures of transition metal Compounds’. as well
periment and theory still remain, the most significant oneds stringent tests for electronic structure calculations for
being the absence of the Cs 1o 4p, dipole transition near these systems.
8983 eV in the experimental absorption spectra. In their con- National Synchrotron Light Source is supported by U.S.
vention, thez’' axis is perpendicular to the Cy@arallelo- Department of Energy under Contract No. DE-ACO02-
gram plane. Our observation here clearly supports the calclt88CH10886.
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