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Cuprate materials, such as those hosting high-temperature superconductivity, represent a famous class of

materials where the correlations between the strongly entangled charges and spins produce complex phase

diagrams. Several years ago, the Zhang-Rice singlet was proposed as a natural quasiparticle in hole-doped

cuprates. The occurrence and binding energy of this quasiparticle, consisting of a pair of bound holes with

antiparallel spins on the same CuO4 plaquette, depends on the local electronic interactions, which are fundamental

quantities for understanding the physics of the cuprates. Here, we employ state-of-the-art resonant inelastic x-ray

scattering (RIXS) to probe the correlated physics of the CuO4 plaquettes in the quasi-one-dimensional chain

cuprate Li2CuO2. By tuning the incoming photon energy to the O K edge, we populate bound states related to

the Zhang-Rice quasiparticles in the RIXS process. Both intra- and interchain Zhang-Rice singlets are observed

and their occurrence is shown to depend on the nearest-neighbor spin-spin correlations, which are readily probed

in this experiment. We also extract the binding energy of the Zhang-Rice singlet and identify the Zhang-Rice

triplet excitation in the RIXS spectra.

DOI: 10.1103/PhysRevB.94.165118

I. INTRODUCTION

As originally proposed by Zhang and Rice [1], a bound

state formed by two holes on the same plaquette is a

natural quasiparticle in hole-doped copper oxides. Called a

Zhang-Rice (ZR) singlet in the case of opposite spins, this

quasiparticle consists of a singlet pair of holes, where one

is localized on the Cu2+ ion and the other is delocalized on

surrounding ligand oxygens. In the undoped two-dimensional

cuprates, the ZR singlet appears upon removing an electron

from the CuO4 plaquette [2]. In the doped case, recent

experimental results have demonstrated that the ZR singlet

remains stable in the ground state at all doping levels across

the superconducting dome up to the metallic overdoped regime

[3]. These findings confirm that the ZR singlet picture has a

relevant role in the description of the electronic properties of

the high-Tc cuprates at all dopings [4]. In addition, ZR singlet

excitations have been observed in several one-dimensional

corner-sharing cuprates by using electron spectroscopies [2,5].

The existence of the ZRS has also been confirmed in

the edge-sharing cuprate systems [6–8], with the use of

resonant inelastic x-ray scattering (RIXS) [9–12] among other

techniques. In particular, the ZR singlet has been predicted in

these materials [13,14], especially in the final state of the RIXS
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process [15], and has recently been observed in Li2CuO2 and

CuGeO3 [16].

There are two important energy scales for the creation of ZR

excitations observed in undoped cuprate materials by RIXS:

first, a hole has to be excited from the Cu site to an O site, which

involves the charge transfer energy �. Second, the excited

hole on the O site must bind to the hole on the central Cu

site with a binding energy BZR . It is of great relevance to

have direct experimental access to these quantities, as they are

fundamental to the physics of correlated materials based on

CuO4 plaquettes.

We have chosen Li2CuO2 for investigating the physics

of ZR quasiparticles in a simplified quasi-one-dimensional

material. This prototypical realization of the edge-sharing

chain cuprates is made out of CuO4 plaquettes without apical

oxygens. Despite its low dimensionality, this system develops

long-range magnetic order below TM = 9 K, where collinear

ferromagnetic (FM) intrachain correlations and alternating

antiferromagnetic (AFM) interchain correlations are thought

to be realized [17].

Here, we investigate the electronic excitations of Li2CuO2

with RIXS and x-ray absorption spectroscopy performed

at the O K edge [15,18], revealing rich spectra showing

peculiar charge transfer excitations. Distinct excitonic ZR

singlet excitations are observed and are attributed to both intra-

and interchain excitations. Their nature is further investigated

by means of temperature-dependent RIXS measurements. This

method allows us to probe not only the nearest-neighbor (NN)

intrachain magnetic correlations, but also the NN interchain

2469-9950/2016/94(16)/165118(8) 165118-1 ©2016 American Physical Society
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magnetic correlations. Moreover, we also extract the ZR

binding energy, BZR , from the energy-loss position of the ZR

singlet and the charge transfer energy �, which permits us

to identify the ZR triplet excitonic excitation in the RIXS

spectra. Finally, our results confirm the intrachain long-range

ferromagnetic order and the interchain antiferromagnetic order

in this material, emphasizing the capability of RIXS in probing

short-range magnetic correlations.

II. EXPERIMENTAL AND THEORETICAL DETAILS

A. RIXS experiment

Experiments were performed at the Advanced Resonant

Spectroscopies (ADRESS) beam line [19] of the Swiss Light

Source, Paul Scherrer Institut, using the superadvanced x-ray

emission spectrometer (SAXES) [20]. RIXS spectra were

typically recorded with a 2 h acquisition time, achieving

statistics of 100–150 photons on the peaks of interest (see

below). A scattering angle of 130◦ was used and all the spectra

were measured at the specular position (at an incidence angle

of 65◦), meaning that no momentum is transferred from the

photons to the system along the chain direction. All spectra

were acquired with σ polarization of light. The combined

energy resolution was 60 meV at the O K edge (�ωi ∼ 530 eV).

Li2CuO2 single crystals [21] (which are hygroscopic crystals)

were cleaved in situ at the pressure of about 5 × 10−10 mbar

and at 20 K, producing mirrorlike surfaces. The surface

was oriented along the (101) direction, so that the CuO4

plaquettes were 21◦ away from the surface. This means that

the electric field of σ -polarized light was lying partially out of

the plaquette plane, its main component in the plaquette being

along the c direction. All of the RIXS spectra presented here

are normalized to the acquisition time, unless stated differently.

B. Density functional theory calculations

Scalar-relativistic density functional theory (DFT) elec-

tronic structure calculations were performed using the

full-potential FPLO code [22], version fplo9.01-35. The

parametrization of Perdew-Wang [23] was chosen for the

exchange-correlation potential within the local density ap-

proximation (LDA). The calculations were carried out on a

well-converged mesh of 1152 k points in the first Brillouin

zone to ensure a high accuracy for details in the electronic

density of states. For the LDA + U calculations, the around-

mean-field (AMF) double-counting correction was applied.

The calculations were carried out using the experimental

crystal structure [24]. The value of U3d used in the DFT

calculations differs from the respective parameter Udd in the

cluster model: the U3d is applied to all Cu-3d basis states in

the DFT calculations, whereas the Udd acts on the 3dxy states

in the core Hamiltonian of the pd-Hubbard model. Naturally,

this requires a considerably smaller U3d value for the DFT

calculations (including a slight basis dependence therein).

C. RIXS cluster calculations

XAS and RIXS calculations were carried out using the

Kramers-Heisenberg formalism [18], where the initial, inter-

mediate, and final states are obtained from small-cluster exact

diagonalization (ED). The calculation details are similar to

those given in Ref. [16]. In order to model the interchain

coupling, we considered a cluster formed from the two

CuO4 plaquettes with open boundary conditions that were

bridged by a single Li atom. The unoccupied Li orbitals

substantially increased the size of the Hilbert space. Our

cluster therefore contained a limited orbital basis consisting

of a single Cu 3dx2−y2 orbital on each Cu site, the O 2pσ

orbital on each oxygen site, and an effective 2s state on the Li

site. The intraplaquette Hamiltonian includes nearest-neighbor

Cu-O and O-O hopping with |tpd | = 1 and |tpp| = 0.65 eV,

respectively. The interplaquette O-Li hopping was taken to

be |tps | = 1 eV. The on-site energies for the Cu, O, and Li

orbitals were ǫd = 0, ǫσ = 3.8, and ǫs = −2 eV, respectively.

The on-site Hubbard interactions for the Cu 3d and O 2p

orbitals were also included with Udd = 8 and Upp = 4.1 eV.

All parameters are given in hole language.

The initial and final states were obtained for this cluster by

diagonalizing the problem in the N = 6 hole sector with three

spin-up and three spin-down holes. The intermediate states

were found by diagonalizing in the N = 5 hole sector, with

the inclusion of an additional core-hole potential UQ = 4 eV

on the oxygen site where the core hole was created. Finally, the

reader should note that we have observed significant finite-size

effects in our previous work [16] for the RIXS spectra when we

have performed calculations on smaller single-chain clusters.

Therefore, the RIXS spectra shown in the main text should be

considered as a simple qualitative description of the system.

III. RESULTS AND DISCUSSION

A. RIXS spectra

During a RIXS experiment performed at the O K edge,

light directly excites an electron from an O 1s core state into

an O 2p valence state. However, due to the hybridization of

the O 2p states with the Cu 3d states in the CuO4 plaquettes,

the excited electron can also fill a Cu 3d state. Such a process

can lead to the creation of a ZR exciton on a plaquette as a

final state. This is illustrated in Fig. 1(a). Starting from an

initial state with two neighboring CuO4 plaquettes on a single

chain with both Cu in a d9 configuration, written in short

(d9,d9), a RIXS intermediate state (d9,1s d10) (with one hole

in the O 1s states, 1s) is reached, deexciting afterwards to a

final state (d9L,d10) (L denotes a ligand hole). Comparing the

initial to the final state, one sees that a nonlocal charge transfer

has occurred from one plaquette to another [25], leading to

an excitonic excitation due to the local charge imbalance [6].

From the conservation of spin in the process, an initial state

with antiparallel spins [Fig. 1(a)] on the neighboring plaquettes

ends up in a final state with two holes having antiparallel spins

on the left plaquette, d9L, which is a ZR singlet [1]. It is

straightforward to conclude that an initial state with parallel

spins on the neighboring plaquettes will give rise to a ZR

triplet.

In Li2CuO2 and other spin-chain cuprates, there is another

possibility for the creation of a low-energy ZR singlet

excitation, which takes place between two neighboring CuO2

chains, as illustrated in Fig. 1(b). In Li2CuO2, the donor Li

atoms lie between such chains [26,27] and can act as a bridge
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FIG. 1. Schematic pictures of the creation of the ZR singlet (ZRS)

excitons in the RIXS process. (a) Comparison of the RIXS initial and

final states for the intrachain ZR singlet exciton, together with the

corresponding energetic diagram. Full and empty symbols represent

filled and empty states/orbitals. (b) A similar picture is shown for the

case of the interchain ZR singlet exciton, for which the Li atom acts as

a bridge between neighboring chains. The green arrow indicates the

hole transfer between two plaquettes leading to excitonic excitations.

for the electron created at the O site in the intermediate state of

the RIXS process. This results in the creation of an interchain

ZR singlet exciton in the final state.

In the first part of our experimental approach, we measured

x-ray absorption spectroscopy (XAS) at the O K edge on

Li2CuO2 samples, in order to determine the appropriate

incident photon energy for RIXS. In Fig. 2 (right side), we

show the XAS spectrum obtained at 20 K (which is above

TM ). It is composed of two main peaks. The peak at 529.7 eV

is due to the upper Hubbard band (UHB), consisting mainly

of Cu 3dx2−y2 states hybridized with O 2p states of the same

symmetry [28]. Next to this sharp line, there is another broad

structure extending from about �ωi = 531 to 534 eV, with

a maximum at 532 eV. This structure is due to Li 2s/2p

states hybridized with (in-chain) O states. This interpretation

of the XAS features is verified by our density functional theory

(DFT) calculations shown in Fig. 3(a). The character of the

FIG. 2. Incident-energy dependence of the RIXS spectra. XAS

spectrum measured at the O K edge on Li2CuO2 with σ -polarized

light and at 20 K (right side), together with the corresponding RIXS

spectra (on an energy-loss scale) (left side) measured at incident

photon energies given by the arrows relative to the XAS spectrum

energy scale. The positions of the intra- and interchain ZR singlet

excitations are emphasized by arrows. The position of the possible

dispersive ZR fluorescence excitation is also shown by vertical lines

(see text).

low-energy unoccupied states and their energy scale compare

well with our XAS spectrum.

The final states of the XAS spectrum described above

correspond to intermediate states in the RIXS process [18,29].

Specifically, by tuning the incoming photon energy along the

XAS spectrum of Li2CuO2, as shown by the arrows in Fig. 2

(right side), we select which intermediate states are involved

in the RIXS process. The resulting O K-edge RIXS spectra

measured also at 20 K are plotted in an energy-loss scale in

Fig. 2 (left side). At first sight, one recognizes remarkably rich

spectra, exhibiting different sharp peaks.

The intense broad structure between 4 and 10 eV originates

from higher-energy charge transfer excitations. Most of this

spectral weight disperses as a function of the incident photon

energy above �ωi = 531 eV, identifying a significant amount

of these excitations as fluorescence, coming from the valence

FIG. 3. DFT and RIXS cluster calculations. (a) Calculated DOS

within DFT+U for the unoccupied states of Li2CuO2. The main panel

shows the orbital-resolved DOS of Li2CuO2 for U3d = 5.5 eV. The

inset shows the variation in the total DOS for different values of U3d

(the 0 eV reference energy is placed at the lower band edge of the

unoccupied states). (b) Calculated XAS (inset) and RIXS for a ED

cluster calculation based on two CuO4 plaquettes bridged by a Li

atom. The red arrow indicates at which incident energy the RIXS

spectrum has been calculated.
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states that have a mixed Cu-O character according to first-

principles calculations [30]. More interesting are the peaks

situated between the elastic line (at 0 energy loss) and the

higher-energy charge transfer excitations. Two sharp peaks

appear at about 2 eV and do not move in energy loss

as a function of incident energy—they exhibit a so-called

Raman behavior. This behavior (and the involved energy scale,

which is in rather good agreement with quantum chemistry

calculations [31]) is typical of local excitations occurring

between the different d orbitals of a single Cu site, called

dd excitations. This is supported by the fact that they resonate

when the incident energy is tuned to the UHB, as already

observed by Learmonth et al. [9].

Our main interest relates to the Raman excitations observed

at energy losses between the dd excitations and the higher-

energy charge transfer excitations. An interesting peak appears

(in spectra c,d of Fig. 2) at about 3.2 eV energy loss when

selecting incident photon energies corresponding to exciting

the O 1s electron into the UHB (around �ωi = 530.1 eV).

We have already identified this RIXS peak as the intrachain

ZR singlet exciton [16]. Furthermore, by tuning the incident

photon energy to the Li-hybridized XAS structure (around

�ωi = 531.9 eV), we create RIXS-intermediate states, where

the O 1s electron is excited into Li-hybridized states. In this

case, another Raman contribution appears (in spectra f,g,h of

Fig. 2) at about 4.0 eV energy loss. We will show now that it

corresponds to the interchain ZR singlet exciton.

B. Calculations

To better understand the structure of the XAS spectrum,

we have performed DFT calculations to determine the nature

of the unoccupied states in Li2CuO2. In order to account for

the strong electron-electron interaction in this material, we

introduced an orbital-dependent Coulomb repulsion U3d at the

Cu site, varying between 5.0 and 6.0 eV. This range for U3d

is known empirically to describe well the magnetic properties

due to the Heisenberg exchange between the localized Cu

moments in many Cu-O compounds [17,32,33]. The calculated

density of states (DOS) is shown in Fig. 3(a) and is compared

to the XAS spectrum in Fig. 2 as a first approximation. With

U3d = 5.5 eV, the DOS obtained here reproduces well the two

peaks observed in the XAS (Fig. 2, right side). The partial

DOS shown in Fig. 3(a) confirms that the second peak (at

higher energies) in the DOS is mostly due to O 2p states

hybridized with Li 2p, in agreement with a previous XAS

study [28]. This supports the idea that an electron is promoted

into such Li 2p hybridized states in the intermediate state of

RIXS when the incident energy is tuned at about 532 eV, i.e.,

1.5 eV above the upper Hubbard band (see Fig. 2).

We now show that an electron excited with an incident

energy of about 532 eV can exploit the unoccupied Li 2p

states to travel from one CuO2 chain to the neighboring one.

For this purpose, we have calculated RIXS intensities at the O

K edge using a small-cluster ED calculation based on a model

system consisting of two CuO4 plaquettes bridged by a Li atom

[as in Fig. 1(b)]. Here we use a dual-chain geometry involving

many different electronic orbitals. (In contrast, in our previous

work [16], we simulated a single CuO2 chain with up to five

CuO4 plaquettes.)

The ED results for the RIXS spectrum are shown in

Fig. 3(b), while the corresponding XAS spectrum is shown

in the inset. The XAS spectrum reproduces well the two main

peaks of the measured XAS, given the simplicity of the model

system. The RIXS spectrum has been calculated for an incident

energy tuned to the second peak in the XAS [see the red arrow

in the inset in Fig. 3(b)]. In addition to the elastic line at 0 eV

energy loss, a series of charge transfer excitations appear above

6 eV energy loss, in agreement with the experiment (see Fig. 2,

left side). Most interestingly, the calculation displays another

peak at about 4.8 eV energy loss. This corresponds to a d9L

state, where a hole has been transferred from one CuO2 chain

to the other during the RIXS process. This excitation therefore

corresponds to the interchain ZR singlet exciton, which is

excited when the incident energy is tuned to Li-O hybridized

intermediate states. While the energy of this RIXS excitation is

somewhat larger than what is experimentally observed (4.0 eV)

due to the simplicity of the model adopted here, this calculation

together with the DOS shown above demonstrates that it is

possible to create an interchain ZR singlet exciton at the O K

edge in Li2CuO2.

C. Temperature dependence

The conservation of spin in this RIXS process allows us

to determine the local spin correlations by looking at the ZR

exciton intensity in the RIXS data as a function of temperature

(see also Fig. 1) [16]. Having this in mind, we have measured

the temperature dependence of the RIXS intensity of both the

intrachain and the interchain ZR singlet exciton peak at 3.2

and 4.0 eV energy loss; see Figs. 4(a) and 4(b), respectively.

The spectra zooming on the intrachain and the interchain ZR

exciton peaks are shown in Figs. 4(c) and 4(d), respectively.

The temperature dependence of these two Raman-like peaks

is opposite, as summarized in the inset of Fig. 4(c), which

shows the integrated peak intensities vs temperature: the

interchain ZR singlet exciton is increasing in intensity when

temperature is lowered, while the intrachain ZR singlet exciton

is decreasing in intensity.

These temperature behaviors allow us now to relate the na-

ture of these ZR singlet excitons to the magnetic correlations.

As mentioned above, while long-range FM order occurs in

the CuO2 chains of Li2CuO2 below the critical temperature

TM = 9 K, long-range AFM order develops across the chains

[17]. Above TM , the magnetic order along the chains is

expected to vanish, transforming into short-range order of

decreasing correlation length as temperature increases. As

a consequence, parallel spins are dominating the intrachain

nearest-neighbor spin correlations at low temperatures, but

their occurrence decreases as temperature increases. This is

consistent with the temperature dependence of the intrachain

ZR singlet peak in Fig. 4(c), the intensity of which decreases

as the temperature decreases. Similarly, the development

of interchain AFM order at low temperatures increases the

probability of finding antiparallel spins on neighboring chains.

Thus, the intensity of the interchain ZR singlet increases as

the temperature is decreased, as shown in Fig. 4(d). More

generally, this observation confirms that O K-edge RIXS is

capable of probing the short-range magnetic correlations of

such low-dimensional systems.
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FIG. 4. Temperature dependence of RIXS intensities of the intrachain and interchain ZR singlet excitations. RIXS spectra measured as a

function of temperature at the O K edge of Li2CuO2, with σ polarization of light and an incident energy of (a) �ωi = 530.1 eV (on the edge

of the UHB) and of (b) �ωi = 531.9 eV (on the Li-hybridized states). The RIXS spectra in (a) are normalized to the total intensity area of

the dd excitations [16]. (a),(b) The insets show different RIXS spectra, for which the spectrum at 300 K has been subtracted and the vertical

continuous line indicates the energy position of the charge transfer energies �inter,intra (see text). (c),(d) The corresponding zoom on the ZR

singlet excitons. The spectra are shifted in intensity by a constant offset for better visibility. (c) The inset shows the integrated RIXS intensity

(normalized to 0.5 at room temperature) of the ZR singlet excitons as a function of temperature. Schematic energy scale for the (e) intrachain

and (f) interchain ZR excitons, depicting how the ZR singlet excitation energy is shifted to energy losses lower than the charge transfer energy,

�, by its binding energy, B
(s)
ZR , while the ZR triplet (ZRT) excitation energy is shifted above �. The splitting between the ZR singlet and ZR

triplet excitation energies is �EZR .

D. Singlets and triplets

As expected from our schematic description in Fig. 1, we

observe both the intra- and interchain ZR singlet excitons in our

RIXS data on Li2CuO2. Comparing the energy loss of these

peaks allows us to gain substantial physical information on

the ZR physics in this prototypical low-dimensional cuprate.

First, following the processes depicted in Fig. 1, we estimate

the energy cost of such an excitation, starting from a (d9,d9)

configuration (charge neutral). The transfer of a hole from a

Cu dx2−y2 orbital to ligand px2−y2 orbitals of the neighboring

CuO4 plaquette costs the charge transfer energy �. (We can

neglect the cost of the broken magnetic bonds in comparison

to this energy scale in the case of edge-shared geometry

since the Cu-Cu exchange energies are less than 20 meV

[14,17].) As explained above, this RIXS final state is now

(d9L,d10), meaning that charge has been transferred from one

plaquette to another, leading to the creation of an electron-hole

bound state between two plaquettes forming an exciton. This

excitonic contribution to the energy cost is contained already

in the Coulombic part of the charge transfer energy [34]. As a

consequence, we distinguish between the interchain �inter and

intrachain �intra charge transfer energies, due to the different

distances between the hole and the electron of the exciton in

these two processes. The energy loss of the ZR excitation in

the RIXS process is given by E
(s,t)
inter,intra = �inter,intra − B

(s,t)
ZR ,

with B
(s,t)
ZR being the binding energy of the ZR state, which

can be singlet (s) or triplet (t). In other words, the binding

energy of the ZR excitation is defined as the energy difference

between the charge transfer energy � and its excitation energy

(which is smaller than �). We additionally define the energy

splitting between the ZR singlet and ZR triplet excitons as

�EZR = B
(t)
ZR − B

(s)
ZR .

We recently evaluated the intrachain charge transfer energy

in Li2CuO2 to be �intra = 4.6 eV by comparing RIXS spectra

with calculations done on a multiplaquette CuO2 chain [35].

Together with the excitation energy of the intrachain ZR

singlet, E
(s)
intra = 3.2 eV, this gives us a ZR singlet binding

energy of B
(s)
ZR = 1.4 eV in Li2CuO2. This is a first important

result. This ZR singlet binding energy must be the same for

the interchain ZR singlet, since the plaquettes where the ZR

singlet takes place in the final state of the RIXS process

are the same. From the excitation energy of the interchain

ZR singlet, E
(s)
inter = 4.0 eV, we infer then an interchain

charge transfer energy of �inter = 5.4 eV, which is 0.8 eV

higher than the intrachain one. This energy difference is
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probably coming from the different contribution of the nearest-

neighbor Coulomb interaction Upd in the final state of the

intrachain vs interchain charge transfer (i.e., in the excitonic

contribution).

Having identified the intrachain and interchain ZR singlet,

we now turn to the ZR triplet excitations. For this purpose,

we show in Fig. 4 the RIXS spectra of Li2CuO2 measured on

a 10 eV range for incident energies of (a) �ωi = 530.1 eV

and (b) �ωi = 531.9 eV corresponding to exciting intrachain

and interchain ZR excitons, respectively. For B
(s)
ZR = 1.4 eV,

we expect the spin singlet to lie at an energy � − 3�EZR/4

and the spin triplet at an energy � + 1�EZR/4 with respect

to the charge transfer energy, as illustrated schematically

in Figs. 4(e) and 4(f). Additionally, the ZR triplet exciton

must have the inverse temperature behavior as that of the ZR

singlet. Consequently, the ZR triplet should be located at about

B
(t)
ZR = 0.47 eV above the charge transfer energy, involving an

energy separation �EZR = 1.87 eV between the ZR singlet

and the ZR triplet.1 This energy scale has been confirmed

from the singlet/triplet splitting obtained for two holes on a

single CuO4 plaquette with open boundary conditions (not

shown here). In the case of the intrachain ZR excitons, the

ZR triplet should be located at about 5.1 eV energy loss.

At this energy in Fig. 4(a) (vertical dashed line), we see a

large peak, the intensity of which has a temperature behavior

opposite to that of the intrachain ZR singlet (vertical arrows).

We identify this excitation as the intrachain ZR triplet exciton.

In a similar way, we expect to see the interchain ZR triplet

exciton at about 5.9 eV energy loss. In the RIXS spectrum

of Fig. 4(b), we do not distinguish a clear peak, but closer

inspection (see inset) reveals a small shoulder, the intensity of

which is decreasing with decreasing temperature, as expected

for an excitation suppressed by interchain antiferromagnetic

correlations. We tentatively identify this excitation as the

interchain ZR triplet exciton. More generally, our analysis

shows that the identification in RIXS data of the ZR singlet

and ZR triplet excitons permits us to directly extract �EZR

from their energy splitting. This, in turn, delivers the value

of the ZR binding energies, B
(s,t)
ZR , as shown schematically in

Figs. 4(e) and 4(f).

Finally, we comment on the work of Learmonth et al.

[9] in light of our results presented here. There, the authors

tentatively attributed to a ZR triplet excitation a shoulder

at 4.1 eV energy loss near the fluorescence, resonating

on a large incident energy range around the UHB. Here,

we identify this excitation as the interchain ZR singlet

excitation, as it clearly resonates at higher incident energies.

We attribute this discrepancy in the interpretation to the

higher-energy resolution and statistics of our experiment

as well as the fact that no temperature dependent study

could be performed in Ref. [9]. In Ref. [9], the intrachain

ZR singlet was not observed, as the corresponding incident

energy (slightly detuned from the UHB) was not used.

1It is important to stress that the energy-loss position of the ZR

triplet excitation is relatively insensitive to the uncertainty on the

value of �inter,intra .

Interestingly, a ZR singlet fluorescence excitation was pro-

posed for describing a fluorescencelike excitation developing

at incident energies tuned to the Li-O–hybridized states in

the XAS. Due to our higher-energy resolution, here we can

distinguish this possible excitation [located by an arrow in

Fig. 4(d), at about 4.5 eV, and by vertical lines in the left side

of Fig. 2] from the interchain ZR singlet exciton. Furthermore,

it does not display any temperature dependence, confirming

Learmonth et al.’s assumption [9].

IV. CONCLUSIONS

We have performed resonant inelastic x-ray scattering

measurements at the O K edge on the edge-sharing chain

cuprate, Li2CuO2. Rich RIXS spectra are observed with

specific charge transfer excitations, which are understood as

Zhang-Rice singlet and triplet excitons created in the final

state of the RIXS process. By analyzing the character of

the states involved in the final states of the x-ray absorption

spectra and thus in the intermediate states of the RIXS spectra,

we identify interchain ZR exciton excitations. These are

confirmed by RIXS cluster calculations. Both the intrachain

and interchain ZR excitations are measured as a function of

temperature and their strong temperature-dependent behavior

is intimately related to intrachain and interchain nearest-

neighbor magnetic correlations. This permits us, using RIXS,

to confirm in Li2CuO2 the development of both intrachain

ferromagnetic order and interchain antiferromagnetic order

at low temperature. The corresponding ZR triplet excitons

are also observed in the RIXS spectra. With this work, we

demonstrate how it is possible to estimate several fundamental

quantities including the ZR singlet binding energy, as well as

interchain and intrachain charge transfer energies, from the

energy-loss position of these excitonic excitations.
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