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Fractionalization of an electronic quasiparticle into spin, charge and orbital parts is a fundamental and char-

acteristic property of interacting electrons in one dimension. However, real materials are never strictly one-

dimensional and the fractionalization phenomena are hard to observe. Here we studied the spin and orbital

excitations of the anisotropic ladder material CaCu2O3, whose electronic structure is not one-dimensional.

Combining high-resolution resonant inelastic x-ray scattering experiments with theoretical model calculations

we show that: (i) spin-orbital fractionalization occurs in CaCu2O3 along the leg direction x through the xz orbital

channel as in a 1D system; and (ii) no fractionalization is observed for the xy orbital, which extends in both leg

and rung direction, contrary to a 1D system. We conclude that the directional character of the orbital hopping

can select different degrees of dimensionality. Using additional model calculations, we show that spin-orbital

separation is generally far more robust than the spin-charge separation. This is not only due to the already

mentioned selection realized by the orbital hopping, but also due to the fact that spinons are faster than the

orbitons.

PACS numbers: 75.25.Dk, 71.27.+a, 78.70.Ck, 71.10.Fd

An electron in a Mott insulator is characterized by funda-

mental quantum numbers, representing its charge, its spin and

the orbital it occupies. But when electrons are confined to one

dimension, these basic properties of the electron can break

apart (fractionalize), forming three independently propagating

excitations called spinon, holon and orbiton. While this very

fundamental property of one-dimensional systems is both ex-

perimentally and theoretically well-established [1–5], its rel-

evance in higher dimensions is heavily debated, in particular

in relation to the high temperature superconductivity in two-

dimensional cuprates [6–8].

The basic conceptual difference between one-dimensional

(1D) and higher dimensional systems, such as ladders or two-

dimensional materials (2D), can be illustrated by taking away

an electron, having spin and charge, from either an antifer-

romagnetic (AF) chain or an AF plane [see Fig. 1(a) and

(b)], and subsequently consider the propagation of the result-

ing hole [9] in these two different situations. In the 1D case,

the hole can start propagating freely after exciting only one

spinon (a magnetic domain wall in the chain) and can conse-

quently separate into a holon and a spinon [Fig. 1(a)] [1]. But

when hopping between sites in an AF plane or ladder, the hole

leaves behind a long trail of wrongly aligned spins [Fig. 1(b)]

[10–12]. This trail acts as a string-potential that tends to con-

fine the hole to its starting position and thereby to bind the

spin and charge of the hole [10–13].

These basic examples illustrate that whereas spin-charge

separation is a hallmark of 1D systems, any system beyond

strictly 1D is much more complex because of the coupling of

the charge carriers to the inherently strongly fluctuating quan-

tum spin-background [1, 10]. It actually remains to be es-

tablished if and how any of the peculiar 1D physics carries

over to higher dimensions [14]. In this paper, we take a prag-

matic approach to this problem: we try to verify whether a
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FIG. 1. (Color online) Schematic view of the hole/orbiton propaga-

tion in an S=1/2 environment. (a) A hole with 3dx2−y2 symmetry

moves from its original position (marked in blue in the left chain)

at time t0 and while propagating at a later time t1 it has created

only one magnetic domain wall at the first hop (red cigar in the right

chain). (b) In a 2D lattice, or equivalently in a two-leg ladder, the

moving 3dx2−y2 hole creates a trail of magnetic domain walls. (c)

In the buckled two-leg ladder CaCu2O3 studied here, when the 3dxz
orbiton moves (marked in green), it creates just one magnetic domain

wall as in (a) not only because interleg domain walls (light red) can

be neglected (due to very weak spin interaction along the rung) but

also because it can move solely along one of the legs of the ladders

(due to the directional hopping of the 3dxz orbital).

realistic system that is not strictly 1D – and thus for exam-

ple spin-charge separation is hard to observe – might never-

theless show fractionalization phenomena for some quantum

numbers, because of the reduced effective dimensionality of

these ‘specific’ quantum numbers.

In this Letter, we present a combined experimental and

theoretical study of the AF anisotropic spin-ladder system

CaCu2O3, cf. Figure 1(c). We look for signatures of spin-

orbital separation, which is conceptually analogous to the

spin-charge separation described above [3, 4]. To this pur-

pose, we use the resonant inelastic X-ray scattering (RIXS)

method that is inherently sensitive to both spin and orbital ex-

citations in cuprate materials [4, 15–18]. Our experimental

results together with theoretical model calculations show that

spin-orbital fractionalization occurs in CaCu2O3 for the xz

orbital channel – as in an ideal 1D system – while confine-

ment is found for the xy orbital channel. From this result, we

convey that diverse orbital symmetries select different degrees

of dimensionality in the same system. Moreover, we demon-

strate that spin-orbital separation is in general much more ro-

bust than spin-charge separation.

CaCu2O3 is a buckled two-leg spin ladder system com-

posed of corner-sharing CuO4 plaquettes [Fig. 1(c)] [21, 22]

building a system of coupled spin chains parallel to the lad-

der leg direction x with a Cu-O-Cu angle of 123◦ along the

q
 (

/b
)

p

xy yz xz 3z -r
2 2

In
te

n
s
it
y

(a
. 

u
.)

Energy loss (eV)

(a) (b)

Energy loss (eV)

0 1

FIG. 2. (Color Online) RIXS spectra of CaCu2O3 measured at the

maximum of the Cu L3 resonance, for in-plane polarization of the

incident x-rays, at 40 K. (a) The spectra in the vertical cascade cor-

respond to different momenta q, transferred along the leg direction x
(b ≃ 4.1 Å). At low energies (below 0.3 eV), the spinon dispersion

clearly emerges [19]. At high energies, orbital excitations dominate

the spectra. The arrows identify the corresponding orbital symme-

try of the hole in the RIXS final state, with the following energy

splittings: 3dx2−y2 at 0 eV (ground state), 3dxy at 1.62 eV, 3dyz at

1.84 eV, 3dxz at 2.03 eV and 3d3z2−r2 at 2.35 eV (see supp. mat.

[20] and Tab. S1). (b) RIXS intensity map of the dispersing mag-

netic excitation. The solid white lines represent the lower and the

upper boundaries of the multi-spinon continuum of a S=1/2 Heisen-

berg chain as in [21]. The dashed white line marks the zero energy

loss.

ladder rung direction y. Just as the well-known 2D cuprate

compounds, the ground state configuration of this system is

dominated by Cu2+ sites in each plaquette with S=1/2 and

one hole [9] localized in the 3dx2−y2 orbital.

In order to investigate the spin and orbital dynamics of

CaCu2O3, we performed high-resolution RIXS experiments

at the Cu L3 edge (for more details, cf. Ref. [20]). RIXS en-

ables to map out the dispersion of these excitations across the

first Brillouin zone of CaCu2O3. The experiments were per-

formed using the state-of-the-art SAXES spectrometer [23]

installed at the ADRESS beamline of the Swiss Light Source

at the Paul Scherre Institute [24].

The RIXS spectra, shown in Figure 2(a) as a vertical cas-

cade for increasing momentum q transferred along the leg

direction x, reveal the presence of strongly dispersing mag-

netic excitations at energies between 0 eV and 0.5 eV. As in-

dicated in Figure 2(b), their momentum dependence exactly

tracks the well-known two-spinon dispersion [19], which is in

perfect agreement with previous neutron scattering data [21]

and confirms the prevalent 1D nature of the spin system. It
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is important to point out however that the low-dimensional

magnetism of CaCu2O3 is not reflected in the electronic band

structure, which exhibits a pronounced 2D character [22].

In the energy region between 1.5 eV to 2.6 eV we ob-

serve orbital excitations, corresponding to the hole [9] in the

3dx2−y2 ground state being excited into a different orbital. We

can unambiguously identify these excitations and their ener-

gies by combining state-of-the-art quantum chemical calcu-

lations [25], which provide realistic estimates for the orbital

sequence and the energy splittings, with local calculations of

the RIXS cross-section based on single ion model (also re-

ferred to as ‘local model’ in what follows) [26], cf. Figure 2

and [20].

The good agreement of this local model and the experimen-

tal data (see suppl. mat. [20]) implies that the orbital excita-

tions into the 3dxy, 3dyz , and 3d3z2−r2 are in fact local exci-

tations within a CuO4 plaquette. However, we observe that in

case of the 3dxz orbital excitation such local description fails

[20] and a propagating orbiton is observed, see Figure 3(a):

by normalizing the spectra for each q to its maximum value,

a clear momentum dependence is revealed, which consists of

a peak shift of 50 meV towards lower energies together with

a strong increase in width by almost a factor of 2 for increas-

ing q. Such momentum dispersion is unusual and is in fact a

direct indication of spin-orbital separation [3, 4].

In order to verify that spin-orbital separation indeed takes

place in CaCu2O3, we analyzed the spin-orbital dynamics of

this material in terms of an effective t–J model. Firstly, the

various hopping integrals in the model are determined using

density functional theory calculations [27]. Based on these

parameters, the effective t–J model [3] for CaCu2O3 can

be constructed, which takes into account all possible superex-

change processes with virtual states both on copper and on

oxygen sites [28] [see Fig. S2(a) in [20] for details]:

H =− Jxz

leg

∑

〈i,j〉||x,σ

(o†iσ,xzojσ,xz+h.c.)+Exz

0

∑

i

ni,xz

+ Jrung
∑

〈i,j〉||y

Si · Sj + Jleg
∑

〈i,j〉||x

Si · Sj, (1)

Here o†iσ creates a hole in the excited 3dxz orbital on site

i with spin σ, ni,xz counts the number of holes in the 3dxz
orbital on site i, and Si is a spin S = 1/2 operator on site

i. The values of the parameters are (for further details see

suppl. mat. [20]): the on-site energy of the 3dxz orbital ex-

citation Exz

0 = 2.03 eV, Jxz

leg ≃ 51 meV for the 3dxz orbital

superexchange, Jleg ≃ 134 meV, and Jrung ≃ 11 meV for the

spin superexchange along the leg and along the rung, respec-

tively. We underline that, in the present case, the orbital part

of the Hamiltonian has by itself a 1D character: the reason

behind this lies in the intrinsic one-dimensionality of the 3dxz
orbital hopping, which projects solely along x (within the lad-

der plane) and is completely unaffected by the neighboring

ladders [refer to Fig. S2(a) in [20]].

Using Lanczos exact diagonalization, we determined the

orbiton spectral function [3] for a single 3dxz orbital excita-

tion introduced into the AF ladder, which propagates via the

Hamiltonian H on a 14 × 2-site ladder lattice. The obtained

spectral function is shown in Figure 3(b). In order to facilitate

the comparison to the experiment, we normalize the theoreti-

cal spectra from Figure 3(b) in the same manner as the exper-

imental data and, after including the instrumental broadening,

we present the results in Figure 3(c). Excellent agreement

between theory and experiment is observed. This is further

confirmed by comparing calculated and measured RIXS re-

sponses at two fixed q-values [see Fig. 3(d) and Ref. [20]].

The comparison between the theoretical spectral function in

Figure 3(b) with the one obtained for the purely 1D case [3]

reveals that the 3dxz excitation in CaCu2O3 exhibits all typi-

cal features of spin-orbital separation. This observation is also

verified by a detailed analysis of Equation (1), which at energy

scales E ≫ Jrung effectively describes a 1D t–J model giv-

ing qualitatively the same spectral response as for the 1D case:

having a 1D spin superexchange in the relevant energy scale

is in fact a necessary condition for observing fractionalization.

Higher dimensional effects become important only at energy

scales E ≪ Jrung [21], which are presently not accessible by

the experimentally available RIXS energy resolution.

In a pure 1D system, however, spin-orbital separation man-

ifests also for the 3dxy orbital [4]. In the present case instead,

the good agreement between the 3dxy orbital excitation and

the local model [see Fig. 3(d) at around 1.6 eV and Ref. [20]]

seems not to support fractionalization for this orbital channel.

To investigate the possibility of spin-orbital fractionaliza-

tion for the 3dxy orbital in CaCu2O3, a similar analysis to the

3dxz case has been done. Two finite paths for the orbital su-

perexchange are found in this case, respectively along the leg

and the rung directions as the hole can hop both along x and

y [see Fig. S2(b) and [20] for more details]. Nevertheless, it

occurs that the hopping along the leg of the ladder is blocked

due to a peculiar interplay of the Pauli principle and a strong

inter-ladder hopping between the 2py oxygen orbital in the leg

and the 3dx2−y2 copper orbital in the neighboring ladder [cf.

Fig. S2(b) in [20]]. Because of that, there is a nonzero prob-

ability of having the 2py oxygen orbital in the leg occupied

by a hole coming from the neighboring ladder. Considering

moreover that the spin of the traveling hole from the 3dxy or-

bital is randomly oriented with respect to the spin of the hole

in the 2py orbital, the 3dxy hopping along x can be blocked in

order not to violate the Pauli principle. In this way the coher-

ent travel of the 3dxy orbital along the leg is suppressed: the

3dxy orbital excitation thus results in a localized excitation.

The above discussion of the 3dxy case shows the impor-

tance of the directionality of the orbital motion in establishing

the fractionalization phenomenon. We observe spin-orbital

separation for the strictly 1D 3dxz orbital excitation, though,

at the same time the separation is not possible for the 3dxy
orbital excitation, which is strongly affected by inter-ladder

couplings and, hence, behaves as in a 2D system. Note that

the spin exchange is effectively 1D through both orbitals.

Finally, to quantitatively compare the spin-orbital separa-
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FIG. 3. (Color Online) Experimental and theoretical 3dxz orbital dispersion. (a) Color map of the 3dxz excitation lineshape. Each RIXS

spectrum, in the range 1.8-2.35 eV, is normalized to the 3dxz orbital excitation maximum. Data between −1 <q< −0.6 are masked by the

close 3dyz excitation, which is strong at small q, and have thus been replaced by the mirrored data from the positive q range. The red and

the black dots define the 50% and 35% intensity drop with respect to the peak position. The latter is marked by black crosses. (b) Color map

of the exact diagonalization solution for the spin-orbital separation model of CaCu2O3 [see Eq. (1)]. The lines follow from the orbital-spin

separation Ansatz [4] applied to CaCu2O3 which shows the pure orbiton dispersion (solid line) and the edge (dashed line) of the spinon-

orbiton continuum. (c) Normalized theoretical map (b), after broadening by experimental resolution (∆E=130 meV). Dots are taken from

the experimental map (a). (d) Comparison between RIXS experimental lineshapes (blue dots), local model for all orbital excitations (dashed

green), and combination of local model (for 3dxy, 3dyz and 3d3z2−r2 ) and spin-orbital separation model for 3dxz (red) [20].
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FIG. 4. DOF in various effective t–J models as obtained using the

finite size scaled exact diagonalization: for the isotropic ladder t–J
model (dashed line, DOF=0), for the anisotropic ladder t–J model

Eq. (1) describing the spin-orbital separation in CaCu2O3 (dot

dashed line, DOF≃0.62). These cases are compared with the ideal

1D t–J model, for which the DOF is calculated as a function of J/t
(solid line): J/t ≃ 0.4 (J/t ≃ 3.32) describes the spin-charge (spin-

orbital) separation in Sr2CuO3.

tion observed in CaCu2O3 and in other systems exhibiting

spin-orbital or spin-charge separation, we consider here the

“degree of fractionalization” (DOF), see Fig. 4: this index ex-

presses how well the spinon and the orbiton or holon are sep-

arated from each other, and it ranges from 0 (not separated)

to 1 (fully separated). Namely, given the correlation between

the orbital (or charge) degree of freedom at site i = 1 and the

spin at site i + r, the DOF is the ratio between the correla-

tion for r=∞ and r=1 (see supp. mat. [20] for more details).

Despite the presence of finite inter-leg interaction, we have

verified that the spin-orbital separation in CaCu2O3 is almost

as strong as the one in Sr2CuO3. Moreover, surprisingly, it is

much stronger than the spin-charge separation in the strictly

1D system (Fig. 4). Besides the directional character of the

orbital, the reason behind this behavior lies in the different ra-

tio of the spinon / orbiton and spinon / holon velocities. In fact

the spinon can move away much quicker from the orbiton than

from the holon, i.e. from the quasiparticle at which we look

in the experiment, allowing for an ‘easier’ separation from the

spinon in the spin-orbital case.

In conclusion, the present RIXS experiments and theoret-

ical analysis thus demonstrate spin-orbital separation for the

3dxz orbital in the anisotropic ladder material CaCu2O3. The

spin-orbital separation is therefore not limited to ideal 1D sys-

tems only, but can also survive in systems with the electronic

structure being not strictly 1D. This robustness of the frac-

tionalization of the orbital excitation is related to the inci-

dence of three features: (i) the spin excitations in the weakly

coupled spin ladder CaCu2O3 are essentially spinons on the

here relevant energy scale, (ii) the motion of the orbital ex-

citation can be 1D due to the typical directional character of

orbital hoppings (note here the 3dxy orbiton case for which

the hopping is not 1D and the fractionalization does not take

place) [29, 30], and (iii) spinons are much faster than or-

bitons (typically Jleg ≫ Jxz

leg, cf. [3]) which allows for an

easy separation of the two. While the first condition requires

1D spin exchange interactions and is similarly valid for the

spin-charge separation phenomenon, the other two conditions

are generic to the spin-orbital separation phenomenon only

and are rather easy to achieve in a number of systems whose

band structure is not 1D. This therefore suggests that the spin-

orbital separation can be realized in many other correlated
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systems that lack spin-charge separation because they are not

strictly enough 1D.
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