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Spinons are well-known as the elementary excitations of one-dimensional antiferromagnetic chains,
but means to realize spinons in higher dimensions is the subject of intense research. Here, we use
resonant x-ray scattering to study the layered trimer iridate Ba4Ir3O10, which shows no magnetic
order down to 0.2 K. An emergent one-dimensional spinon continuum is observed that can be
well-described by XXZ spin-1/2 chains with magnetic exchange of ∼55 meV and a small Ising-like
anisotropy. With 2% isovalent Sr doping, magnetic order appears below TN=130 K along with
sharper excitations in (Ba1−xSrx)4Ir3O10. Combining our data with exact diagonalization calcula-
tions, we find that the frustrated intra-trimer interactions effectively reduce the system into decou-
pled spin chains, the subtle balance of which can be easily tipped by perturbations such as chemical
doping. Our results put Ba4Ir3O10 between the one-dimensional chain and two-dimensional quan-
tum spin liquid scenarios, illustrating a new way to suppress magnetic order and realize fractional
spinons.

Quantum spin liquids (QSLs) are novel states of mat-
ter where quantum fluctuations prevent symmetry break-
ing down to zero temperature [1–6]. A key character-
istic of QSLs is that they can host fractional elemen-
tary excitations called spinons, carrying spin-1/2, which
can serve as a fingerprint for these states. Arguably
the best-understood example of this is a one-dimensional
(1D) spin-1/2 antiferromagnetic (AFM) chain where the
spinons describe the spin domain wall dynamics [7–15].
QSLs in higher dimensions are harder to identify, but
hold promise for realizing novel topological order and
intrinsic long-range quantum entanglement with poten-
tial applications in quantum information [16, 17]. Sev-
eral studies have provided evidence for spinons in two-
dimensional (2D) or three-dimensional (3D) systems such
as triangular, Kagome, Kitaev honeycomb, or pyrochlore
lattices [18–23], while definitive material-realization re-
mains controversial and is a major target of research.
Another possible approach relies on 1D systems as build-
ing blocks to realize higher-dimensional QSL states [24],
which, however, is less explored.

The insulating magnet Ba4Ir3O10 is an intriguing can-
didate for realizing novel mechanisms for the emergence
of spinons [25–28]. As shown in Fig. 1(a), it has a
quasi-2D structure composed of buckled sheets with a
Ir 5d5 nominal atomic configuration. Each sheet consti-
tutes corner-connected Ir3O12 trimers containing three
distorted face-sharing IrO6 octahedra. The shortest Ir-Ir
bond is the one between Ir1 and Ir2 within a trimer,
which has a length of ∼2.58 Å [25, 29], shorter than
that of elemental iridium (∼2.71 Å [30]). Thus, strong

intra-trimer couplings are expected, such as those found
in other face-sharing iridates [31–34], and iso-structural
Ba4Ru3O10 [35–40]. This directly leads to a strong near-
est neighbor (NN) exchange interaction J1 within each
trimer [see Fig. 1(a)]. Another intra-trimer interaction
is the third NN term J3, which can be realized by the
superexchange path through the Ir2 ion. The Ir1 ions
are also connected through the second NN interaction
J2, forming zig-zag chains along the crystalline c direc-
tion. All other magnetic interactions can be ignored
due to the long bond lengths and unfavorable hopping
trajectories. Considering the expectation of appreciable
magnetic exchange and the lack of any obvious magnetic
frustration, this material would be expected to be a long-
range ordered antiferromagnet. Previous transport and
magnetization studies found no magnetic order down to
0.2 K despite a Curie-Weiss temperature up to -766 K
[25]. In contrast, the material shows a linear behavior in
the low-temperature magnetic heat capacity [25], resem-
bling a gapless QSL [41, 42]. In fact, the ground state
is rather susceptible to perturbations including sample
growth conditions and chemical doping [25–27]. The ori-
gin of the highly suppressed magnetic order and frag-
ile ground state remains puzzling and cannot be solved
without direct measurements of the magnetic excitation
spectrum.

In this paper, we use resonant inelastic x-ray scatter-
ing (RIXS) at the Ir L3-edge and resonant elastic x-
ray scattering (REXS) at the O K-edge to study the
magnetic properties of Ba4Ir3O10. For comparison, we
also measure the isovalently doped (Ba1−xSrx)4Ir3O10



2

(a)

Ir1Ir2

O

a
b

c

J1

J2

J3c

b
(b)

Q
ua

si
-e

la
st

ic

Magnetic Intra-t2g t2g – eg

0

5

10

15

20

In
te

ns
ity

 (a
rb

. u
ni

ts
)

-0.1 0 0.1 0.2 1 2 3 4 5
Energy loss (eV)

Undoped, 8 K
(7.5, -7.5, 0.5)

FIG. 1. (a) Crystal structure of Ba4Ir3O10. The material con-
tains two symmetry-inequivalent Ir ions: Ir1 and Ir2, occu-
pying the outer and middle sites of the trimers (black dashed
ellipse), respectively. Jn where n = 1, 2, 3 denotes magnetic
interactions for the first, second, and third nearest Ir neigh-
bors. The barium ions are not shown. (b) Representative
RIXS spectrum of Ba4Ir3O10 at the Ir L3-edge with a con-
stant background subtracted. The circles represent the data
and the different lines with shaded areas indicate the fitting
results of different components, the summation of which gives
the dark orange curve. Error bars represent 1 standard devi-
ation based on Poisson statistics.

(x=0.02), in which a small amount of Sr doping sur-
prisingly triggers magnetic order below 130 K. 1D con-
tinuous spinon excitations are discovered in undoped
Ba4Ir3O10 which can be well-described by a spin-1/2
XXZ AFM chain with small Ising-like anisotropy. In
contrast, (Ba1−xSrx)4Ir3O10 shows magnetic order with
propagation vector of (0.5, 0, 0), and a comparably sharp
dispersion, which remains 1D like down to base temper-
ature. Through exact diagonalization (ED) calculations,
we show that the zig-zag chains retained by J2 are ef-
fectively decoupled at a critical point triggered by the
competition between the inter-chain interactions J1 and
J3, the balance of which can be easily tipped by pertur-
bations.

RIXS data were collected at the Ir L3-edge with a hor-
izontal scattering plane and π polarization and energy
resolution of about 32 meV [43]. Wavevectors through-
out the manuscript are defined using standard reciprocal
lattice units (r.l.u.) notation as Q= Ha∗ + Kb∗ + Lc∗

based on lattice constants a =7.2545 Å, b =13.192 Å,
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FIG. 2. One-dimensional spinons in undoped Ba4Ir3O10 at
8 K. (a), (b) Magnetic excitations at different Q along H and
K directions, respectively, showing essentially dispersionless
behavior. All the RIXS spectra in the text are presented with
the constant background, quasi-elastic line and high-energy
dd excitations subtracted to highlight the magnetic contribu-
tions [43]. The vertical gray bars indicate the quasi-elastic
regime, the widths of which represent the energy resolution.
The values of H/K are indicated for each curve and the spec-
tra are shifted along the y axis for clarity. (c) Colorplot of the
magnetic excitations along the L direction. The dotted lines
are the calculated excitation boundaries of an AFM spin-1/2
chain with Jchain = 55 meV and ∆ = 1.3. The dashed lines
are guides to the eye.

c =5.7737 Å, α = γ = 90◦, β = 113.513◦.

Figure 1(b) displays a representative Ir L3-edge RIXS
spectrum at 11.215 keV composed of a quasi-elastic peak,
low-energy magnetic excitations, and high-energy dd ex-
citations of both intra-t2g orbitals and from t2g to eg
orbitals. The overall form of the spectrum is consistent
with expectations for Ir 5d5 materials [44, 45]. We further
checked for possible intra-trimer charge disproportiona-
tion via bond valence sum analysis and found it to be
negligible [43]. To separate the spectral components we
fit the spectra with different functions. The quasi-elastic
peak can be represented by a pseudo-Voigt profile with
a width dominated by the energy resolution. The low
symmetry of Ba4Ir3O10 implies that the magnetic and
crystal field excitations are unlikely to have theoretically
rigorous analytical forms. We find that phenomenolog-
ical forms of a damped harmonic oscillator convoluted
with the resolution and a manifold of pseudo-Voigts can
represent the magnetic and dd excitations respectively,
as shown by the fit lines in Fig. 1(b) [43]. These phe-
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FIG. 3. Magnetic order and spin dynamics in doped (Ba1−xSrx)4Ir3O10 (x = 0.02) and comparison with undoped Ba4Ir3O10.
(a) Background subtracted magnetic Bragg peaks at Q=(0.5, 0, 0), detected at the O K-edge with different temperatures in
(Ba1−xSrx)4Ir3O10. The solid lines are the fitting results using pseudo-Voigt profiles [43]. (b) Temperature dependence of
the fitted peak height. The magnetic transition takes place at TN=130 K. The solid and dashed lines are guides to the eye.
(c)-(e) Magnetic excitation spectra of (Ba1−xSrx)4Ir3O10 at 8 K with different Q along L, H and K directions, respectively.
(f), (g) Magnetic excitation spectra at different temperatures for Ba4Ir3O10 and (Ba1−xSrx)4Ir3O10 samples. The intensities
are normalized according to their maximum values. Note that (3.5, 15.5, -1) and (7.5, -7.5, 0) are symmetric regarding the
chain direction. The observed phase shift in the spinon spectrum with respect to L arises from zone folding caused by the
inter-chain interactions and the sampling of different chains with changes in Q [9]. The same applies to (3.5, 15.5, -0.6) and
(7.5, -7.5, 0.4). The dashed lines are guides to the eye and the quasi-elastic regime is indicated by the vertical gray bars.

nomenological forms for the quasi-elastic line and intra-
t2g excitations will be used later to isolate the magnetic
scattering which is the main focus of this paper.

We start with the magnetic excitations in undoped
Ba4Ir3O10 along different momentum directions. Our
sample comes from the same batch studied in Ref. [25]
that show no magnetic transition down to 0.2 K. As plot-
ted in Fig. 2(a), (b), both the energies and lineshapes are
essentially dispersionless in (H, 0, 0) and (0, K, 0) di-
rections. In contrast, dispersive excitations are revealed
along the L direction [Fig. 2(c)]. Intriguingly, the excita-
tions are very broad along the energy loss axis, distinct
from sharp spin waves, rather resembling the magnetic
continuum consistent with spinons. A gap-like feature is
observed with intensity maximum around 40 meV, con-
sistent with the anisotropy revealed by magnetization
[25]. Considering the 1D character of the dispersion, we
propose a spin-1/2 XXZ AFM chain Hamiltonian

H = Jchain

∑
〈ij〉

[Sxi S
x
j + Syi S

y
j + ∆Szi S

z
j ] (1)

where Jchain is the NN intra-chain interactions, which
corresponds to J2 in our case connecting the Ir1 atoms,
〈ij〉 denotes bond sums along the chain, and ∆ controls
the interaction anisotropy. We calculated the zero tem-
perature two-spinon response with Jchain = 55 meV and

∆ = 1.3 and plot the result in Fig. 2(c) and Fig. S5
[43, 46]. This provides a satisfactory description of all
the major features of the data, indicating that, despite
the 2D structure of Ba4Ir3O10, its magnetic dynamics can
be well described by the continuous spinon excitations of
1D AFM chains.

To test the fragility of the QSL state, we turn to the
isovalently doped (Ba1−xSrx)4Ir3O10 (x = 0.02) which
has been previously reported to show a magnetic tran-
sition below TN=130 K [25]. We used O K-edge REXS
measurements to test for the presence of order and reveal
a magnetic Bragg peak at Q=(0.5, 0, 0) [Fig. 3(a), (b)],
which disappears above TN=130 K, consistent with the
thermodynamic results [25]. Regarding the magnetic ex-
citations, similar with the undoped Ba4Ir3O10, no dis-
persion can be distinguished along H and K directions in
(Ba1−xSrx)4Ir3O10, while clear Q dependence is discov-
ered along L direction at 8 K [Fig. 3(c)-(e)]. A gap-like
feature is also observed, consistent with its slight Ising-
type anisotropy. However, further analysis of the gap
structure, and its correspondence to the heat capacity
data, is impeded by the limited energy resolution here.
Above TN, the excitations become broader and less dis-
persive [Fig. 3(f), (g)]. The flattening of the dispersion
is in line with the Ising spin nature.

It has been theoretically proposed that the oxygen-
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FIG. 4. Effective chain decoupling. (a) Low-energy spectrum
of the three-Ir-site cluster model as a function of inter-site d–
d hopping [43]. The black arrow highlights the critical point
where the |S = 1/2〉+ and |S = 1/2〉− doublets are degener-
ate. (b) During the RIXS process, one Ir spin is flipped (cyan
arrow), changing the trimer state at low energies and creating
two spinons (domain walls). (c) The spinons can propagate in
the zigzag chain along c direction by flipping the neighboring
spins.

mediated electronic hopping between face-sharing Ir oc-
tahedra can be extremely weak under certain circum-
stances [47], leading to vanishing J1 superexchange pa-
rameters, naturally decoupling the zig-zag chains running
along c direction in Ba4Ir3O10. However, this weak cou-
pling model does not take into account the direct hop-
pings between the neighboring Ir ions which tend to be
significant for face-sharing octahedra [31–40]. Indeed,
the Bonner-Fisher peak in the susceptibility expected for
1D systems [48, 49], is absent in Ba4Ir3O10 [25]. Fur-
thermore, compared with undoped Ba4Ir3O10, the exci-
tations in magnetically ordered (Ba1−xSrx)4Ir3O10 have
similarly shaped dispersion but are somewhat sharper
in energy [Fig. 3(f), (g)]. This behavior differs from
that expected for the weak coupling model, where the
weak inter-chain coupling leads to multiple bound triplon
states in addition to the spinon continuum [9, 24, 50, 51].
Such inconsistency leads us to another explanation, a
strong coupling model [52, 53], where the intra-trimer
AFM interactions J1 and J3 are substantial and compete
with each other, effectively decoupling the chains.

To understand the origin of the frustration between J1

and J3, we make use of cluster ED calculations utilizing
the EDRIXS software [54]. We represent the trimer units
in Ba4Ir3O10 using a cluster model with three Ir sites

with Coulomb interactions and inter-atomic d-d hopping
explicitly taken into account through Slater-Koster pa-
rameterization [43]. For each Ir site with a nominal 5d5

configuration, the ground state is an Seff = 1/2 dou-
blet. These Seff = 1/2 states recombine in the cluster
to yield four Kramers doublets: an antisymmetric dou-
blet |S = 1/2〉−, a symmetric doublet |S = 1/2〉+, and
a high-spin multiplet |S = 3/2〉 which can further split
into |S = 3/2, Sz = ±1/2〉 and |S = 3/2, Sz = ±3/2〉 in
the presence of anisotropic interactions [43]. As shown in
Fig. 4(a), with increasing inter-Ir-site hopping, the ener-
gies of |S = 3/2, Sz = ±1/2〉 and |S = 3/2, Sz = ±3/2〉
increase monotonically. The fact that the |S = 3/2, Sz =
±3/2〉 doublet lies at higher energy indicates Ising-like
anisotropy for the intra-trimer interactions. In contrast,
|S = 1/2〉− and |S = 1/2〉+ show strong competition and
the ground state switches between these two doublets at
a critical point of Vddσ ≈ 0.8 eV.

The presence of the critical point directly leads to
the effective decoupling of the spin chains. Assuming
an |S = 1/2〉− ground state for all the trimers (the
real ground state is a superposition of |S = 1/2〉+ and
|S = 1/2〉− at the critical point), the RIXS process leads
to a single spin flip at one of the Ir sites [Fig. 4(b)],
which at low energies turns the corresponding trimer
from |S = 1/2〉− to |S = 1/2〉+, leaving two spinons
(domain walls) in the zigzag spin chain. As the spinons
propagate along the chain, the neighboring spins are
flipped, switching the trimers between |S = 1/2〉− and
|S = 1/2〉+ [Fig. 4(c)]. At the critical point, as the
|S = 1/2〉− and |S = 1/2〉+ doublets are degenerate, such
events have no energy cost so that the spinons are decon-
fined and can propagate freely. Thus, the properties of
undoped Ba4Ir3O10 are naturally explained if it sits right
at the critical point, resulting in emergent 1D behav-
ior and continuous excitations observed in RIXS spectra.
The delicate balance between competing interactions can
be disrupted easily. In (Ba1−xSrx)4Ir3O10, the isovalent
Sr doping leads to small structural changes and drives the
system slightly away from the critical point so that the
spinons become confined since the energy cost to switch
between |S = 1/2〉− and |S = 1/2〉+ doublets is no longer
zero. Such behavior differs from the conventional dop-
ing effect where the dopants could enhance disorder and
randomness, which tends to suppress magnetic order and
promote glassy physics [55]. It should be noted that the
Ising-like anisotropy in (Ba1−xSrx)4Ir3O10 makes it free
from the constraints of Mermin-Wagner theorem which
requires a continuous symmetry. Thus, magnetic order
does not necessarily imply finite inter-layer coupling, al-
though our diffraction measurements show H-axis cor-
relations proving that inter-layer coupling is present. A
recent REXS experiment reports a 25 K magnetic transi-
tion in the undoped Ba4Ir3O10 with a similar propagation
vector as we found in the doped (Ba1−xSrx)4Ir3O10 [27].
The origin of this discrepancy is unclear, but it could
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indicate enhanced disorder.

The strong coupling model puts Ba4Ir3O10 in between
the 1D spin chains and 2D QSLs. Although its magnetic
dynamics behave as 1D spinon excitations, the underly-
ing magnetism is mostly 2D. Consequently, some of the
characteristic features for a 1D system are missing such as
the Bonner-Fisher peak in susceptibility and bound state
upon ordering. The 1D behavior is caused by the emer-
gent dimensional reduction due to magnetic frustration,
which has also been reported in other materials [56]. This
raises an interesting question of whether the properties
relevant to 2D QSLs are preserved in this case, which is
yet to be explored. Measurements of quantum entangle-
ment, such as entanglement witnesses, could prove useful
in this regard [22].

In summary, we use RIXS to show that emergent
1D spinon excitations can arise from the 2D magnetism
in Ba4Ir3O10 due to the frustrated inter-chain (intra-
trimer) interactions. The highly suppressed magnetic
order can be easily recovered by disturbing the subtle
balance of the frustration, confining the spinons into
magnons. Although prior work has speculated that
Ba4Ir3O10 could be either a Luttinger liquid QSL or a
2D QSL such as a spinon Fermi surface states [25], the
data here are the first evidence of a 1D spinon contin-
uum in Ba4Ir3O10. These results indicate that, instead
of forming an isotropic QSL state, magnetic frustration
can effectively reduce the system dimension, suppressing
the magnetic order and realizing deconfined spinons in a
unique way.
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