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We report the structural and magnetic ground state properties of the monoclinic compound
barium iridium oxide Ba4Ir3O10 using a combination of resonant x-ray scattering, magnetometry,
and thermodynamic techniques. Magnetic susceptibility exhibits a pronounced antiferromagnetic
transition at TN ≈ 25K, a weaker anomaly at TS ≈ 142K, and strong magnetic anisotropy at
all temperatures. Resonant elastic x-ray scattering experiments reveal a second order structural
phase transition at TS and a magnetic transition at TN. Both structural and magnetic superlattice
peaks are observed at L = half integer values. The magnetization anomaly at TS implies the
presence of magneto-elastic coupling, which conceivably facilitates the symmetry lowering. Mean
field critical scattering is observed above TS. The magnetic structure of the antiferromagnetic ground
state is discussed based on the measured magnetic superlattice peak intensity. Our study not only
presents essential information for understanding the intertwined structural and magnetic properties
in Ba4Ir3O10, but also highlights the necessary ingredients for exploring novel ground states with
octahedra trimers.

INTRODUCTION

Iridium oxides with strong spin-orbit coupling have re-
ceived substantial interest in the pursuit of new states
of quantum matter. Some prominent directions in-
clude high transition temperature superconductors, Weyl
semimetals, and quantum spin liquids (QSLs) [1–10].
The 5d iridates are promising arenas for studies because
of both their effective spin Jeff = 1

2 (Ir4+) with more ac-
centuated quantum effects, resulting from the balance of
competing energy scales [11–13], and abundant structural
motifs, such as the well-known cuprate analogue [4] and
geometrically frustrated pyrochlore and Kagome lattices
[14].

Recently, unconventional electronic and magnetic
ground states have been reported in compounds with
the basic units of Ir-trimers, i.e. three face-sharing IrO6

octahedra, which are much less explored so far [15–17].
For instance, both charge density wave and canted an-
tiferromagnetic order have been observed in the quasi-
one-dimensional compound BaIrO3 [15, 18–20]. More
intriguingly, spin liquid states with an unconventional
mechanism of magnetic frustration have been proposed
in iridates with similar Ir-trimers, such as Ba4NbIr3O12

and Ba4Ir3O10 (Ba4310) [16, 17]. In Ba4310, a close
structural analogue to BaIrO3, in a recent report no mag-
netic order down to 0.2K was evidenced from magneti-
zation measurements, while strong anisotropic antiferro-
magnetic exchange interactions (from -766 to -169 K) and
an enormously large averaged frustration parameter (f ≈
2000) were observed. Furthermore, the existence of itin-

erant fermions in insulating Ba4310 was proposed from
the low temperature linear component of the specific heat
and thermal conductivity. Therefore, it was postulated
in Ref. [17] that Ba4310 achieves a highly unusual QSL
ground state through the formation of decoupled arrays
of one dimensional (1D) Tomonaga-Luttinger liquids, en-
abled by a greatly reduced intra-trimer exchange inter-
action [17, 21]. This highly unique liquid-like state, how-
ever, appears to be quite fragile with respect to exter-
nal perturbations, where magnetic order can emerge by
simply 2% isovalent Sr doping or by applying magnetic
fields during crystal synthesis [17, 22]. Together, these re-
ports suggest that the magnetic ground state properties
in Ba4310 are extremely delicate and serve as motivation
for our detailed refinement using complementary tools.

In this work, resonant elastic X-ray scattering (REXS)
[12, 23, 24], magnetometry and specific heat are utilized
together to investigate the ground state properties of our
as-grown Ba4310 single crystals. In contrast to previ-
ous results, our high quality single crystals exhibit clear
magnetic order without introducing disorder by doping.
Our scattering data reveal two consecutive second order
structural and magnetic transitions at TS ≈ 142K and
TN ≈ 25K, respectively, where both types of superlattice
reflections are observed at L = half integer values. Inter-
estingly, the two transitions are consistent with the kinks
in the anisotropic magnetization data, which are quali-
tatively similar to the data from the perturbed samples
in previous report [17].
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FIG. 1. (Color online) (a-b) Crystal structure of quasi-two dimensional Ba4Ir3O10 (Ba4310) under space group P21/a, where
the building block is the face-sharing Ir octahedra trimer as highlighted in (b). For clarity, only the Ir octahedra are shown.
(b) Ir-O bond lengths, extracted from (d), highlighted in units of Å within an example Ir3O12 trimer. (c) Optical image of
ab-plane surface of the Ba4310 single crystal for the x-ray experiments. (d) Synchrotron x-ray powder diffraction data collected
at 300 K with λ = 0.4579 Å on crushed Ba4310 single crystals. Data were indexed and refined to the P21/a space group with
R factors: χ2=4.82, Rp=11.5, Rwp=12.7. Inset in panel (d) shows a magnified view of the data and fit.

EXPERIMENTAL DETAILS

Single crystals of Ba4310 were obtained using the flux
growth method [25, 34]. Starting materials BaCO3, Ir
and BaCl2 powder were mixed together with a molar ra-
tio 3: 1: 5 and placed inside a platinum (Pt) crucible.
The whole mixture was heated up and held at 1400 ◦C for
10 hours, then cooled down slowly at the rate of 1 ◦C/min
to 950 ◦C, which was then furnace-cooled to room tem-
perature. Shiny crystals were obtained by dissolving the
flux with deionized water.

The chemical composition of the crystals was verified
by energy dispersive x-ray spectroscopy (EDX). The Ba
: Ir ratio determined from EDX characterizations was
1.35(4), which equals within the error bars to the ideal
ratio 4 : 3. The phase purity was also confirmed through
powder X-ray diffraction (PXRD) on crushed single crys-
tals, which were measured at the 11-BM beam line at the
Advanced Photon Source at Argonne National Labora-

tory. No additional chemical phases were found within
the resolution of these measurements.

Specific heat measurements were performed with a
Quantum Design Physical Property Measurement Sys-
tem (PPMS). Magnetization measurements were per-
formed in a Quantum Design MPMS3 magnetometer.
REXS experiments were performed on a Ba4Ir3O10 sin-
gle crystal (Fig. 1(c)), whose mosaicity was determined
to be 0.02◦ in peak width (full width at half maximum,
FWHM) on the (0 0 5) nuclear Bragg peak at E =
11.215 keV. The REXS experiments were performed at
the QM2 beamlines at the Cornell High Energy Syn-
chrotron Source, and the 6-ID-B beamline at the Ad-
vanced Photon Source at Argonne National Laboratory.
The same sample was mounted on the top of a Cu post
and secured with GE varnish. A vertical scattering ge-
ometry was used with the sample aligned in the (H0L) or
(0KL) scattering planes, where Q = (H · 2πa ,K ·

2π
b , L·

2π
c )

is defined in reciprocal lattice units (r.l.u.) with lattice
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FIG. 2. (Color online) (a) Magnetization data of Ba4310 with
external magnetic fields (0.5T) applied along different direc-
tions. (b) Phonon background subtracted specific heat data,
highlighting the phase transition at TS = 141(1)K. Solid line
is the power law fit to data: ∆C = C0+B∗T+A±|T−TS|−α,
where A± work for T > TS and T < TS, respectively.
α = −0.015(1) is retrieved from the fit to data. Other mean
field forms may also describe the data.

parameters a, b and c. The data were collected near the
Ir L3 edge with energy E ∼11.215 keV, to enhance the
magnetic scattering signal. Similar protocols have been
extensively practiced in 5d iridates [12, 26–31]. At the
QM2 beamline, the scattered photon energy and polar-
ization were analyzed using silicon (4, 4, 4), and collected
using a small area detector; while at 6-ID-B beamline the
(0, 0, 8) reflection from a flat Highly oriented pyrolytic
graphite (HOPG) analyzer crystal was utilized.

The scattering data from the REXS experiments are
analyzed with one-dimensional (1D) fitting along the cho-
sen scanned direction in reciprocal space. Below the tran-
sition temperature and away from the dynamical fluctu-
ations, the nuclear or magnetic Bragg peak profiles are
resolution-limited and empirically well described with a
Lorentzian form [32]:

I(Q) =
I0
π

κ0

(Q−Q0)2 + κ0
2

(1)

(a)

(b)

0KL plane

H0L plane

FIG. 3. (Color online) (a)-(b) Experimentally explored super-
lattice reflections are illustrated on the reciprocal 0KL (H=0)
plane (a) and H0L (K=0) plane (b), respectively. Gray sym-
bols: structural peaks; Green symbols: magnetic peaks. The
size of symbols approximates the relative peak intensity.

where I(Q), which serves as the instrumental resolu-
tion function R(Q)), is the measured intensity at the
momentum transfer Q, Q0 is the Bragg or superlattice
peak position, I0 is the integrated area of the peak and
κ0 the Half Width at Half Maximum (HWHM) of the
resolution peak profile.

Above the transition temperature, the critical scatter-
ing data are fitted with the following functional form:

I(Q) =

∫
R(Q

′
)S(Q−Q

′
)dQ

′
(2)

where I(Q) is the measured peak intensity, R(Q
′
) the

experimentally determined instrumental resolution (Eqn.
(1)) and S(Q) another Lorentzian function, given by

S(Q) =
A

(Q−Q0)2 + κ2
(3)

where A/κ2 and κ are the staggered susceptibility and
HWHM of the peak, respectively, in the critical scatter-
ing region above the transition temperature. κ= 1/ξ,
where ξ is the correlation length.
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CRYSTAL STRUCTURE

Select Ba4310 crystals were crushed and character-
ized via powder x-ray diffraction. Fig 1(d) displays the
PXRD data collected at T = 300K, which falls into the
P21/a space group (SG) (lattice parameters, a=5.784Å ,
b=13.226Å , c=7.239Å and β=112.935◦ at 300K)[33].

The basic building blocks of Ba4310 - Ir3O12 trimers
- form a buckling quasi-two-dimensional (quasi-2D) lay-
ered structure (Fig. 1(a)-1(b)). Strong local distortions
result in highly irregular Ir octahedra, largely unequal Ir-
O bond lengths, and unequal O-Ir-O angles (Fig. 1(b)).
Here, Ir1 denotes intra-trimer face-sharing Ir octahedra,
and Ir2 inter-trimer corner-sharing Ir octahedra. The
Ir2 octehedra have the most noticeable deviation from
the ideal octahedron, where the bonds between the api-
cal oxygen (O1 or O4) and Ir2 are up to 5% elongated
(2.124Å ) or compressed (1.92Å ) relative to the average
bond length.

MAGNETOMETRY AND THERMODYNAMIC

The magnetization data of the Ba4310 single crystals
exhibit two transitions at 142.3(9)K and 24.8(5)K, re-
spectively, consistent with observations in previously re-
ported samples grown under a magnetic field (Fig. 2(a))
[17, 22]. Highly anisotropic magnetic responses are man-
ifested when the external magnetic field is applied along
different directions, with the largest response at fields
perpendicular to the ab plane, i.e., the c∗ direction. The
hard-axis is along the crystallographic a direction. The
large anisotropy in magnetization indicates the Ising na-
ture of the Ir spin moments, which is not uncommon
because of the low symmetry of the crystal structure.

The high-temperature transition, which is later verified
to be a structural transition in origin, is also confirmed
by a specific heat measurement after the phonon contri-
bution has been subtracted, as shown in Fig. 2(b).

X-RAY SCATTERING MEASUREMENTS

In order to gain more insight about the structural and
magnetic properties of Ba4310, REXS experiments on
a Ba4310 single crystal were performed. The impor-
tant experimental observation is the emerging superlat-
tice peaks, which are summarized in Fig. 3(a)-3(b). Ma-
jor structural (grey) and magnetic (green) ordering peaks
at the base temperature are presented, where the marker
sizes are proportional to the relative peak intensities.

The most conspicuous Q positions signaling the sym-
metry lowering at TS ∼ 142.3(9)K are the emerging su-
perlattice peaks at (0 0 L+0.5) (L=integer values, Fig.
3(a), Fig. 4 and Fig. S1) [34]. Here, the peak inten-
sity in the σ-σ channel is much higher than in the σ-π

FIG. 4. (Color online) Temperature dependence of the struc-
tural superlattice peak (0, 0, 4.5), collected in σ-σ channel
at energy E = 11.215 keV. (a)-(c), Background subtracted
longitudinal L scans of (0, 0, 4.5) peak at select temperatures
across TS. Solid lines are Lorentzian fits (Eqn.(1)- (2)) to the
experimental data.

channel. Furthermore, energy scans show a dip at the
Ir resonance energy (11.215 keV) (Fig. S1). Fig. 4 dis-
plays the temperature dependence of the longitudinal L
scans of (0 0 4.5) at 11.215 keV. A second order phase
transition is clearly indicated from the power law anal-
ysis in Fig. 5(a)-5(b). To gain more insight about the
nature of the structural transition, power law fitting of
the order parameter squared [32, 35–37], the integrated
area of the peak intensity, is applied near TS for reduced
temperature t = |1 - T/TS| < 0.1 (pink solid lines in Fig.
5(a)-5(b)) under the form:

I ∝ (TS − T )2βs (4)
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FIG. 5. (Color online) (a) Temperature dependence of in-
tegrated intensity of the structural superlattice peak (0, 0,
4.5), which is normalized by the intensity of reference nuclear
Bragg (0, 0, 5) peak. Pink solid line is a power law fit to the
intensity: I ∝ (TS − T )2βs . Red dash line is the tricritical-
mean field cross over fit (Eqn. (7)). (b-c) log-log plot of the
integrated intensity (b) or structural susceptibility χd (c) at
T < TS or T > TS, respectively. The reduced temperature is
defined as t = |1 - T/TS|. Linear fits to data yield βs = 0.36(2)
and γ = 1.11(10).

which yields fit parameters TS = 137.9(8)(K) and βs
= 0.36(2). The slightly smaller TS obtained from the fit
could be due to a beam heating effect.

The full width at half maximum (FWHM= 2κ0) of
the structural superlattice (0 0 4.5) peak is resolution-
limited below ∼130K (Eqn. (1), Fig. 6(a)), indicating
the long range order at low temperatures. Approaching
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FIG. 6. (Color online) (a) Temperature dependence of the
FWHM of (0 0 4.5) and (0 0 5) peaks. (b) Temperature
dependence of structural correlation length ξ, deduced from
the peak widths of (0 0 4.5) after deconvolving the instrument
resolution (fit from the reference peak (0 0 5)). Solid yellow
line is the power law fit (ξ ∝ |T−TS|−ν) to correlation lengths
above TS. (c) Log-log plot of ξ v.s. reduced temperature t
above TS. A linear fit to data yields ν = 0.52(3). Vertical dash
lines in (a)-(b) denote the structural transition temperature.

TS from below (Fig. 6(a)), the peak starts broadening
because of thermal fluctuations in addition to the Bragg
scattering near the phase transition. Two separate func-
tions are needed to adequately fit the peak when the
temperature is approaching TS from below: a resolution
limited Bragg peak on top of a broad fluctuating compo-
nent. Above TS, only the broad diffuse scattering arising
from the dynamic fluctuations remains visible, and is well
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(b) Energy dependence of (-1 0 4.5) peak at T = 5K and
T = 36K, respectively. Peaks marked by asterisks indicate
the temperature independent multiple scattering peaks. (c)
Theta scans of (-1 0 4.5) peak at select temperatures.

represented by a single Lorentian peak with broadened
peak width (Eqn. (2)-(3), Fig. 4(b)-4(c)). Fits to the
broadened Lorentian, Eqn. (2)-(3), yield the inverse cor-
relation length ξ=1/κ and the staggered susceptibility
S(Q0) = A/κ2. Power law fitting of ξ above TS with
Eqn. (5) yields ν = 0.52(3) (Fig. 6(b)-6(c)). The stag-
gered susceptibility χ(Q0) ∼ S(Q0) = A/κ2 also follows
a power law Eqn. (6). The results are shown in Fig.
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channel. Solid line is the power law fit to intensity: I ∝
(TN − T )2βM . (b) Log-log plot of data in (a) with reduced
temperature t = 1 - T/TN. A linear fit is applied, resulting
with βM = 0.26(2).

5(c)), which yields γ = 1.11(10).

ξ ∝ (T − TS)−ν (5)

χ(Q0) ∝ (TS − T )−γ (6)

Clearly the staggered structural susceptibility and cor-
relation length exhibit power laws (γ = 1.11(10) and
ν = 0.52(3), Figs. 5-6) consistent with mean field be-
havior (γ = 1 and ν = 0.5), as commonly observed in
second order structural phase transitions. However, the
power law fit to the order parameter data, β = 0.36(2)
(Fig. 5(a)), seems more consistent with critical behavior
(β=0.32∼0.37) rather than mean field behavior, β = 0.5
[35, 37, 38]. This situation is commonly encountered in
structural phase transitions in solids and in liquid crys-
tals [38]. Most typically, structural phase transitions are
first rather than second order; this means that in cases
where a second order transition occurs there may be a
nearby first order transition in the phase diagram. The
point separating the second order line of transitions from
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the first order line is a tricritical point. At a tricriti-
cal point in 3 dimensions, mean field theory holds with
γ = 1, ν = 0.5 and β = 0.25 [39]. Thus, as has been ex-
tensively discussed elsewhere, mean field structural phase
transitions in the vicinity of a tricritical point will exhibit
a crossover in the temperature dependence of the order
parameter from β = 0.25 to β = 0.5 power law behavior
as the phase transition is approached and this may simu-
late an order parameter power law intermediate between
β = 0.25 and β = 0.5. The explicit prediction for the
order parameter φ in the vicinity of a tricritical point is
[37]:

φ = φ0((1 + 3(TS − T )/(TS − TCR))0.5 − 1)0.5 (7)

I ∝ (1 + 3(TS − T )/(TS − TCR))0.5 − 1 (8)

Here TCR is the adjustable tricritical to critical
crossover temperature, TS the actual phase transition
temperature and the exponent is fixed to be 0.5. This
formula has the same number of adjustable parameters
as the power law Eqn. (4). The results of fits to the mean
field tricritical crossover model, Eqn. (8), are shown as
the dashed line in Fig. 5(a). Clearly the mean field

model works very well over an extended range of tem-
perature. From this alternative model, one derives TS =
138.1(2)K and TCR = 135.5(8)K, implying the crossover
from tricritical to mean field behavior occurs in two sepa-
rate temperature scales. Thus, we conclude that Ba4310
shows an elegant example of a mean field, second order
structural phase transition.

Further cooling below TN ≈ 25K, an additional set
of magnetic superlattice peaks emerge at L+0.5 (L =
integers, Fig. 3(b), Fig. 7-9). Due to the monoclinic
lattice structure, many structural peaks are suppressed
in the H0L plane. This provides a crucial basis for dis-
tinguishing the magnetic component from the otherwise
much stronger structural/charge component of the half-
L super-modulation. For example, at Q=(-1 0 4.5), the
photon energy dependence (Fig. 7(b)) and temperature
dependence (Fig. 7(c) and Fig. 8) clearly demonstrate
a second order phase transition at TN that is of mag-
netic nature, in addition to the structural transition at
the higher TS . A power law fit to the order parameter
yields TN = 22.4(3)K and βM = 0.26(2) (Fig. 8). Again,
a small offset in temperature is observed compared to TN

≈ 25K inferred from magnetization data. The βM value
0.26(2) is smaller than theoretical predictions from the
expected 3D Ising behavior β = 0.32 [35]. Similar val-
ues of β have been reported in the magnetic transitions of
other layered iridates, including the 5d cuprate analogues
Ba2IrO4 (β = 0.25(3) [40]) and Sr2IrO4 (β = 0.20(2)
[41]). Considering the Ising nature of this quasi-2D mag-
net, a better description of the magnetic phase transition
would be a gradual crossover from the initial 2D Ising-
like (β=0.125) to the asymptotic 3D Ising (β=0.32) near
the phase boundary. Therefore, an effective exponent βeff

= 0.2∼0.25 may be manifestly observed in Ba4310 and
other quasi-2D Ising systems.

It is worth emphasizing that the structural and mag-
netic superlattice peaks can be comparable in intensity,
and occupy the same Q positions - such as at Q = (-1
1 3.5) and (-2 -1 5.5) (Fig. 9(b)). When the structural
contributions dominate (as is the case in 0KL plane),
no pronounced magnetic component is seen. In the H0L
plane, however, magnetic and structural superlattice re-
flections become distinguishable - at a given Q = (H
0 L+0.5), it is either predominantly structural or pre-
dominantly magnetic. Such a pattern is summarized in
Fig. 3(b), where the magnetic and structural superlat-
tice peaks interlace each other in the H0L plane. Sub-
sequently, strong constraints can be imposed on the spin
configuration of the system’s magnetic ground state.

DISCUSSION AND CONCLUSIONS

In Ba4310, the emergence of two types of superlat-
tice peaks, i.e. structural and magnetic, at the same Q
positions at separate temperature scales is now firmly es-
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tablished. Their representative occurrences in the 0KL
and H0L planes are summarized in Fig. 3. The com-
plete determination of the spin configuration in the mag-
netic ground state remains challenging, in part due to
the lower-symmetry crystal structure below TS . On the
other hand, strongly anisotropic g-values are expected
from the large anisotropy in magnetization (Fig. 2(a)).
This strong anisotropy can arise from the large IrO6 octa-
hedra distortions and low structural symmetry evidenced
from PXRD (Fig. 1). One complication is the resulting
non-negligible difference between the spin moment S and
the auxiliary vector N directions probed by REXS exper-
iments [42, 43].

Assuming that the magnetic moments are carried by
Ir4+ ions with Jeff=1/2 moment [18, 44] and an ac-
ceptable difference between S and N, we approximate
the structure with the room temperature space group
P21/a [17, 33]. An irreducible representation analysis
[45] with a propagation vector k = (0 0 0.5) on space
group P21/a, however, fails to reproduce the momentum
and intensity pattern of the magnetic peaks. Instead, a
magnetic model assuming that the Ir magnetic moments
follow the local distortions, i.e., along the largest Ir-O
bond directions, better captures the observed pattern.
This simple, approximate magnetic model also accounts
for the anisotropic magnetization data (Fig. 2(a)). Fur-
thermore, it opens up the possibility of a field-induced
spin-flop transition [17], where the intra-trimer Ir1 might
become canted and have a net moment along the c∗ di-
rection under external magnetic fields. Such an approx-
imate magnetic model with spin moments tracking local
structural distortions is not unique compared to other
analogous systems with face-sharing octahedra trimer
units and strong spin-orbit coupling. For example, in
Ba4Ru3O10, the Ru spin moments are also considered to
follow the shortest Ru-O bond directions at both ends of
the RuO6-trimer [46]. We note that, a complete determi-
nation of the magnetic ground state spin configuration,
however, would require further knowledge of the elec-
tronic wave-functions of Ir with accurate g-factors and
the ground state crystal structure of Ba4310.

Our experimental findings about the symmetry reduc-
tion at TS have several implications. First, the high tem-
perature structural transition is a mean field second or-
der transition, as evidenced by our independent power
law analyses of the temperature dependence of the order
parameter, correlation length and structural susceptibil-
ity directly accessed via x-ray scattering (Figs. 5-6) [35].
This is further corroborated by the specific heat critical
divergence (Fig. 2(b)), and the lack of thermal hysteresis
around TS from both the scattering and magnetization
measurements.

Second, the magnetization anomaly at TS (Fig. 2(a))
implies the relevance of magneto-elastic coupling (MEC),
which may conceivably facilitate the symmetry lowering.
One source of the MEC is the change in the ground state

wave function due to the atomic displacements caused
by the transition. In fact, it is the pertinence of MEC
or pseudospin-lattice coupling that justifies isothermal
metamagnetic behavior and predicts the structural tran-
sition in the prototypical spin orbit coupled Mott insu-
lator Sr2IrO4 [25, 31, 47–49]. These physical ideas are
also widely applicable to other 4d/5d transition metal ox-
ides with strong spin-orbit coupling, such as Sr3NiIrO6

[50] and Ba2CeIrO6 [51]. Another major outcome from
MEC is the strong impact of exchange couplings be-
tween Ir magnetic moments which are further amplified
through spin-orbit entanglement and local distortions.
This might explain the exceptional sensitivity of the mag-
netic ground state in Ba4310 [17, 22].

Third, the consecutive symmetry lowering transitions
at the same wave vector - albeit separated for more than
100 K in temperature - highlights the nontrivial interplay
between the magnetic and structural degrees of freedom
in the Ba4310 system. Recent studies show that the high
temperature structural transition and the low tempera-
ture magnetic order can be simultaneously suppressed,
accentuating their closely intertwined relation [17, 22].
On the one hand, if the structural transition were to be
induced by magnetism, substantial magnetic fluctuations
are required to survive up to 6 times the actual magnetic
transition temperature TN. On the other hand, it ap-
pears that despite the entropy release at TS, residual in-
stability remains at the same momentum until the lower
temperature magnetic order triggers a second transition
into the simultaneous ground states of both the lattice
and magnetic moments.

Lastly, regarding the nature of the structural transition
at TS , the power law fit to the order parameter and criti-
cal scattering are presented with extracted critical expo-
nents (Figs. 5-6). From the exponents (γ = 1.11(10) and
ν = 0.52(3)), the structural transition is clearly mean-
field-like [35]. As indicated in Fig. 5(a), the order pa-
rameter is well described as a gradual crossover from tri-
critical behavior (β = 0.25) to mean-field (β = 0.5) by
Eqn. (8) [37]. The microscopic origin of the tricriti-
cal behavior is simply that the transition occurs in the
vicinity of a nearby first order transition as is commonly
observed.

In summary, our study firmly establishes two consec-
utive second order phase transitions in Ba4310 at TS ≈
142K (structural) and TN ≈ 25K (magnetic) at the same
ordering wave vector. The magneto-elastic coupling, in-
ferred from the magnetization anomaly at and above TS,
might be partly responsible for the structural transition.
Such coupling also manifests itself through the Ir-O bond
length modulated magnetic moment orientation. Our
study highlights the intertwined structural and magnetic
degrees of freedoms in Ba4310, which might shed light on
novel approaches to producing unconventional magnetic
ground states.
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