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We report a comprehensive investigation of the triple perovskite iridate Ba;Colr,Oy. Stabilizing in the
hexagonal P6;/mmc symmetry at room temperature, this system transforms to a monoclinic C2/c¢ symmetry
at the magnetic phase transition. On further reduction in temperature, the system partially distorts to an even
lower symmetry (P2/c), with both these structurally disparate phases coexisting down to the lowest measured
temperatures. The magnetic structure as determined from neutron diffraction data indicates a weakly canted
antiferromagnetic structure, which is also supported by first-principles calculations. Theory indicates that the Ir>*
carries a finite magnetic moment, which is also consistent with the neutron data. This suggests that the putative
J = 0 state is avoided. Measurements of heat capacity, electrical resistance noise, and dielectric susceptibility
all point toward the stabilization of a highly correlated ground state in the Ba;Colr,Og system.
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I. INTRODUCTION

Due to the extensive chemical flexibility they offer,
transition-metal-based perovskites and their variants have pro-
vided a fertile playground for exploring the complex interplay
between lattice, spin, and orbital degrees of freedom. In this
context, the utility of the 5d transition-metal-based oxides—
especially the iridates—has come to the fore very recently.
Due to the presence of 5d orbits and their inherently ex-
tended nature, these systems were expected to be relatively
simple metals, devoid of strong correlation effects. On the
contrary, we now know that the competing crystal field split-
ting, spin-orbit coupling, on-site Coulomb interaction, and
Hund’s coupling lead to many novel electronic and magnetic
states ranging from Mott insulators to conventional long-
range magnetic order to quantum spin and orbital liquids in
the iridates [1]. Further, the physics dramatically depends on
the electronic configurations of the partially filled #,, orbital
that leads to different magnetic ground states. In the pres-
ence of strong spin-orbit coupling, the threefold-degenerate
Iy, states split into the jer = 3/2 quartet and the jer = 1/2
doublet giving rise to nontrivial magnetic solutions. The d'
and d° configurations in transition-metal compounds are well
understood within this picture that leads to the je = 3/2 and
1/2 states, respectively [2—7], while the d? filling leads to the
non-Kramers j.i = 2 ground state [8,9]. In contrast, a trivial
spin-only S = 3/2 state emerges for d* filling in a cubic en-
vironment as spin-orbit coupling gets quenched [10]. Within
this description, in the d* configuration, the four electrons
completely fill the jor = 3/2 quadruplets when the spin-orbit
coupling dominates over the Hund’s coupling, and there is no
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local moment description. The effective spin-orbit coupling
lifts this degeneracy, ultimately favoring a trivial jeg =0
state. In the limit when the Hund’s coupling dominates over
the spin-orbit coupling, the d* electrons are distributed over
the threefold-degenerate 1, states leading to a spin § =1
solution. Contrary to such naive expectations, novel mag-
netism is observed in the compounds with tetravalent Ru**
and pentavalent Ir’t ions with d* electrons [11-16]. The
microscopic origin of this deviation has been debated among
the gapped singlet-triplet excitonic magnetism, which can
be further stabilized by the reduction in excitation energy
in a noncubic crystal field [11,17], mixing of t,,-e, orbitals
[18], disorder [19,20], and mixing of the je = 3/2 and 1/2
states [21]. Further, a quantum phase transition from the ex-
pected nonmagnetic insulator to a novel magnetic state along
with a rich phase diagram was predicted as a function of
spin-orbit coupling, Hund’s coupling, and on-site Coulomb
interaction [22].

The triple perovskite iridates of the form BazMIr,Og (with
M being an alkali, alkaline earth, or transition metal) have
proven to be an extremely useful structural motif in the inves-
tigation of such pentavalent Ir>* systems. Most of these triple
perovskites are known to stabilize in the 6H-type BaTiO3
hexagonal structure (or its distorted variants), as is depicted
in Fig. 1. The structure consists of IrOg octahedra sharing a
face along the crystallographic ¢ axis, with these Ir,Og9 dimers
being connected through corner sharing MOg octahedra. The
Baion sits in a 12-fold coordination site, as is the norm for the
perovskites. The magnetic properties of the systems reported
to date are primarily dictated by the multiple superexchange
paths available to the Ir ions, with octahedral distortions
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FIG. 1. A schematic of the crystal structure of the BazMIr,Oq
triple perovskite. Here, blue and yellow octahedra represent cobalt
and iridium sites, respectively, with the barium atoms being repre-
sented by green circles. The structure is comprised of a single M Og
octahedron sharing corners with Ir,O¢ dimers, which in turn are
formed by two face-sharing IrOg octahedra.

and direct Ir-Ir exchange adding to its complexity. For in-
stance, Ba3Znlr,O¢ was reported to exhibit a spin-orbital
liquid state, with an effective moment of about 0.26 5 /Ir site
[12]. The closely related BazCdIr,Og [23] and BazMglr,Oq
[24] were also seen to exhibit no long-range magnetic order
down to the lowest measured temperatures. On the other hand,
Ba;Calr, Oy and BasSrlr, Oy systems were observed to exhibit
weak-dimer-like and ferromagnetic-like features in magnetic
susceptibility, respectively, though these transitions could not
be identified in heat capacity measurements [24]. It should be
noted that in all these systems, the MOg octahedra are mag-
netically inert. Insertion of a magnetically active ion at this
site would add to the complexity of these triple perovskites by
the inclusion of additional superexchange paths, which would
be expected to promote long-range magnetic order.
Interestingly, there has been no systematic investigation
of systems where the Ir’* ions interact with each other and
magnetic M ions within the framework of the triple per-
ovskite structure. Here we report on the structural, magnetic,
and electronic properties of Ba;Colr,Oy—where these condi-
tions are met, as the B-site is shared by pentavalent Ir>*-d*
and Co?*-d’ ions. This system is seen to exhibit a magne-
tostructural transition at 107 K—the highest known among all
the triple perovskite iridates—with the crystallographic sym-
metry being lowered from the high-temperature hexagonal
(P63 /mmc) to a monoclinically distorted (C2/c) one. On fur-
ther reduction in temperature, we observe the stabilization of
another monoclinic phase with even lower symmetry (P2/c),
with both of these phases coexisting down to the lowest
measured temperatures. The first-principles calculations, in-
cluding the spin-orbit coupling (SOC) within the GGA + U +
SOC (where GGA denotes generalized-gradient approxima-
tion) formalism, predicts a weakly b-canted antiferromagnetic
(AFM) structure (with the main AFM component along c) as
the ground state that agrees with the experimental magnetic

structure derived from the neutron diffraction. Measurements
of the resistivity, specific heat, dielectric susceptibility, and
electronic noise all point toward the stabilization of a highly
correlated ground state, with unconventional magnetism, spin-
orbit coupling, and structural and electronic phase coexistence
being critical ingredients.

II. METHODS

Polycrystalline specimens of Ba3Colr,O9 were synthe-
sized by the standard solid-state reaction technique. Stoichio-
metric amounts of high-purity BaCOj3, Co3Qy, and IrO, were
thoroughly ground using a mortar and pestle to get homoge-
neous mixtures, which were then fired in air at 950 °C for 24 h,
followed by a heat treatment at 1200 °C for 48 h. These pow-
ders were then cold pressed and heat treated in air repeatedly
at 1200°C until no change in the powder x-ray diffraction
(XRD) peak shape was observed. The XRD patterns were
measured using a Bruker D8 Advance diffractometer with
a Cu Ko source. Temperature-dependent synchrotron XRD
measurements were performed using the Materials Science
(MS) X04SA beamline (wavelength 0.5653)) at the Swiss
Light Source (SLS, PSI Switzerland) [25]. The powder sam-
ple was filled in a 0.3 mm capillary, and the experiments were
carried out in the temperature range 4.2-295 K. Temperature-
dependent powder neutron diffraction measurements were
carried out using the time-of-flight WISH diffractometer at
the ISIS neutron facility [26]. Crystal and magnetic struc-
tural details were analyzed by the Rietveld method using the
FULLPROF refinement program [27]. The structures shown
in the manuscript are drawn using VESTA [28]. Elemental
compositions were reconfirmed by using an energy-dispersive
x-ray spectrometer (Zeiss Ultra Plus). The x-ray photoelec-
tron spectroscopy (XPS) measurements were carried out on a
laboratory setup (K Alpha+ model, ThermoFisher Scientific
Instruments). Magnetization and physical property measure-
ments were performed using a Quantum Design (MPMS-XL)
SQUID magnetometer and Physical Property Measurement
System (PPMS), respectively. Temperature-dependent dielec-
tric measurements were performed in the standard parallel
plate geometry, using a NOVOCONTROL (Alpha-A) High
Performance Frequency Analyzer. Measurements were typi-
cally done using an excitation ac signal of 1 V at frequencies
varying from 2 kHz to 4 MHz. Low-frequency fluctuation
spectroscopy measurements were carried out in a continuous-
flow cryostat with a variable temperature insert. During the
measurements, the fluctuating voltage signal is amplified and
processed by a spectrum analyzer yielding the voltage noise
power spectral density (PSD) Sy (w) defined by
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where §V (¢) represents the fluctuating voltage drop across the
sample, and w = 27 f is the angular frequency. In this study,
noise spectroscopy was conducted in a five-terminal ac setup,
where the sample is placed in a bridge circuit in order to
suppress the constant dc voltage offset and to minimize ex-
ternal perturbations [29]. Further details about the fluctuation
spectroscopy technique can be found elsewhere [30].
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FIG. 2. Main panel: Rietveld refinement of the synchrotron
powder diffraction pattern of Ba;Colr,O¢ at 295 K. The com-
pound crystallizes in a 6H-hexagonal perovskite with space group
(P63/mmc). The calculated and observed diffraction profiles are
shown as red and black markers, respectively. The vertical green lines
indicate the calculated Bragg positions. The blue line at the bottom
is the difference between observed and calculated intensities. Inset:
SEM images of the system exhibiting clear hexagonal facets shown
on the right. The XPS fit for the Ir 4f core level is depicted on the
left. Black circles are the data points and the red line is the fit. The
solid and dashed blue lines depict the deconvolution of the 4 f7,, and
4f5,, contributions, respectively.

To get additional insight into the electronic and magnetic
ground states, we performed first-principles density func-
tional theory calculations [31,32], as realized in the VASP
code [33-37]. The wave functions are described within a
projector augmented wave formalism with a 550 eV cutoff
for the kinetic energy [38]. The exchange-correlation energy
was described within the Perdew-Burke-Ernzerhof functional
form of the generalized gradient approximation [39], and the
spin-orbit coupling was considered. The reciprocal space inte-
gration was carried with a 7 x 4 x 3 Monkhorst-Pack k-mesh.
The correlation effect was corrected using the Hubbard-like
on-site Coulomb interaction U parameter, which was set to
3 and 2.4 eV for Co 3d and Ir 5d electrons, respectively,
within the rotationally invariant Dudarev’s approach [40]. The
experimental lattice parameters derived from the synchrotron
data at 80 K were used in the theoretical calculations, and
various initial magnetic configurations were considered and
optimized.

III. RESULTS AND DISCUSSIONS

The room-temperature synchrotron XRD data and their
Rietveld refinement are depicted in Fig. 2. Ba3Colr,Og is
seen to crystallize in an aristotype 6H-type BaTiO3; hexago-
nal structure P63;/mmc [space group (194)], consistent with
the previously reported triple perovskites [41,42]. This struc-
ture is comprised of IrOg octahedra sharing a face along the
crystallographic ¢ axis, with the Ir,Og9 dimers connected by
corner sharing CoOg octahedra, and Ba occupying the 12-fold
coordination site. The lattice parameters obtained from the
fitare a = b=5.7639 A, ¢ = 14.2949 A, and o = B = 90°,

TABLE I. Structural parameters of Ba;Colr,Oqg at 295 K.

Space group P6;/mmc (No. 194)

a=b=>57639(1) A, c = 14.2949(3) A, = B = 90°, y = 120°

Atom X y Z occupancy
Bal 0.3333 0.6666 0.9120(1) 1
Ba2 0.0000 0.0000 0.2500 1
Co 0.0000 0.0000 0.0000 1
Ir 0.3333 0.6666 0.1540(1) 1
o1 0.5004(14)  1.0007(28)  0.2500 1
02 0.1619(9) 0.3238(18)  0.4196(2) 1

y = 120°. The resultant structural parameters from the Ri-
etveld refinement of synchrotron data are listed in Table I. The
chemical composition was confirmed with the help of EDX
analysis, and the Ba:Co:Ir ratio was inferred to be 3.02:1:1.95.
This ratio as deduced from the refinement of x-ray diffraction
data was 3.01(3):1.02(3):1.99(2). The inset of Fig. 2 shows
the scanning electron image of the system exhibiting clear
hexagonal facets.

Since both cobalt and iridium can stabilize in multiple
valence states, it is imperative to ascertain the valence of these
ions, which in turn would critically influence the electronic
and magnetic properties. Our XPS measurements of the Ir 4 f
core level are shown in the inset of Fig. 2. The best result was
obtained by using only a single spin-orbit split doublet, and
the binding energy position and gap thus obtained confirm
the presence of only Ir’* (and by corollary Co**) in this
system. In addition, the charge state of Ir in hexagonal lattices
can also be deduced by the Ir-Ir bond distance [43], as it is
reported to increase with the oxidation state of iridium, with
the electrostatic repulsion resulting in bond distances of the
order of 2.55, 2.65, and 2.75 A for Ir*", Ir*>*, and Ir°T, re-
spectively. The obtained value of the Ir-Ir distance (=2.75 A)
from our room-temperature Rietveld refinement fit is in good
agreement with the +35 state in iridium.

The temperature dependence of the dc magnetic suscepti-
bility as measured in Ba3Colr,Og is shown in Fig. 3, where a
pronounced irreversibility between ZFC-FC curves was seen
when the system orders magnetically at 107 K. This is in
agreement with a solitary prior report of this system [44]
where the magnetization was reported, although the nature of
the transition remained unclear. This transition is also evident
in the measurements of the specific heat (inset of Fig. 3),
reflecting a large change in entropy. A Curie-Weiss fit to our
magnetization data gives a Curie-Weiss temperature (fcw) of
6.35 K and an effective magnetic moment of 4.72ug/f.u.,
respectively. The small positive value of Ocw is clearly sug-
gestive of mixed ferro-antiferromagnetic interactions. This is
also confirmed by the MH isotherm at 5 K [Fig. 3(c)], where a
nonsaturating magnetization along with a small loop opening
is observed—typical of ferri- or weak ferromagnetic systems.

The effective magnetic moment of 4.72up/f.u obtained
by the Curie-Weiss fit can be accounted for by consider-
ing Co**(d”) in the high-spin state (S = 3/2) and iridium
in the Ir’"(d*) state. The spin only contribution from
Co*" is 3.88up, implying that the contribution from the
It (d*) is 0.41up. Although Ir’T, by virtue of its electronic
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FIG. 3. (a) Temperature-dependent magnetization of

Ba3;Colr,Oy as measured in the zero-field-cooled (ZFC) and
field-cooled (FC) protocols with an applied magnetic field of
100 Oe. Part (b) depicts the heat capacity as measured for this
system, with a peak characterizing the magnetic transition. Part
(c) depicts the MH isotherm as measured at 5 K, with a finite
opening of the loop indicating a finite ferromagnetic contribution to
the otherwise antiferromagnetic system.

configuration (54*) and under the influence of strong spin-
orbit coupling (tgg eg), is expected to exhibit a J =0
nonmagnetic state, our data indicate a contribution from both
magnetic entities. This breakdown of the J = 0 state has
been observed previously in systems like Ba3Znlr,Og [12]
and BazMglr,Og [24] where the Ir moment was reported to
be 0.2up and 0.5u5—0.6p, respectively. A defining feature
of these triple perovskites is the presence of Ir,Oy dimers
in the backdrop of strong spin-orbit coupling. It has been
suggested that inter- and intradimer interactions are strongly
influenced by the local distortions creating complex Ir-O-Ir
pathways leading to the breaking of degenerate 1, levels.
Under the influence of strong SO coupling, these states reform
into mixed J states, which in turn facilitate hopping-induced
superexchange interactions that result in a finite magnetic
moment at the Ir site.

It is known that the monoclinically distorted Ba3;Bilr,Ogy
system exhibits a giant magnetoelastic transition—the largest
reported among all 5d oxides—at ~75 K. Interestingly, this
transition was not accompanied by a change in space-group
symmetry, but was characterized by a 4% increase in the Ir-Ir
bond distance and 1% negative thermal volume expansion.
It was proposed that the transition occurred due to the ex-
istence of an electronically unstable (nominal) Bi** valence
state, which then correspondingly influences the valency of Ir
[45-47]. However, the Bi-based system is an exception, and
most triple perovskite iridates—especially where Ir stabilizes
in the 54* configuration—do not exhibit long-range magnetic
order, or at best exhibit weak dimer-like magnetism. In other
triple perovskite iridates with mixed valent Ir ions, low mag-
netic ordering temperatures have been reported, though there
are no reports of magnetostructural transitions in any of them
[12,24,43,48]. Interestingly, the onset of magnetic order in
Ba;Colr,Og is accompanied by a structural transition, and the
system is observed to distort from a 6H hexagonal structure

FIG. 4. Schematic representation of Ir dimers and cobalt octa-
hedra at 295 K (left) and 80 K (right). The cobalt octahedra has
only one Co-O bond at high temperatures, which splits into three
pairs of Co-O bonds at 80 K. Similarly, Ir has two different bonds
associated with Ir face sharing and corner sharing O atoms in the
high-symmetry structure, which transforms into six different pairs of
Ir-O bonds below the magnetostructural transition. The bond lengths
with equal magnitudes are represented with the same color for the
sake of clarity.

(P63/mmc) to a monoclinic phase (C2/c). This leads to a
doubling of the crystallographic unit cell, and the new lattice
parameters are a = 5.7368 A, b=9.9833 A, c = 14.2686 A,
witha = y = 90° and § = 90.0663°. As a consequence, both
the Ir and Co octahedra are now highly distorted. Figure 4
shows the comparison of the octahedra on either side of this
magnetostructural transition. The bond lengths with equal
magnitudes are assigned same colors for the sake of clarity. In
the case of cobalt, a highly symmetric octahedron with only
one Co-O bond length in the high-7 phase transforms into
three pairs of Co-O bonds, with a maximum of 3.87% change
in the bond length below the transition. On the other hand,
the iridium octahedron distorts from three Ir-O1 and Ir-O2
bonds above Ty to six different pairs of Ir-O bonds below
the transition. We note that this kind of a magnetostructural
transition has not been previously observed in any Ir-based
triple perovskite to date, and the Ba;Colr,Og system exhibits
the highest magnetostructural transition temperature reported
for any Ir-based triple perovskite.

The multiple Ir-O-Ir and Co-O-Ir bond angles (and bond
lengths) formed as a consequence of this monoclinic dis-
tortion create multiple exchange paths that influence the
magnetic and electronic structure. Since the Co-Co distance is
very large (7.14 A), the two primary magnetic interactions are
between the Ir and Co edge sharing octahedra and among the
Ir, Oy dimers. To get an insight into the magnetic structure, we
performed powder neutron diffraction measurements at 80 K
(Fig. 5). The parent structure used for the symmetry analysis
was C2/c (space group: 15). Our neutron diffraction measure-
ments indicate that the nuclear and magnetic peaks appear
at the same Bragg position, suggesting that the propagation
vector of the magnetic structure is K = (0, 0, 0), which was
also confirmed by using the K search program in FULLPROF
[27]. We performed the symmetry analysis using Baslreps to
find the possible magnetic structure based on this propagation
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FIG. 5. Neutron powder diffraction pattern of Ba;Colr,Oy mea-
sured at 80 K using the WISH diffractometer. The calculated
and observed diffraction profiles are shown in red and black, re-
spectively. The upper and lower vertical blue marks represent the
positions of nuclear and magnetic reflections, respectively, and the
green line at the bottom is the difference between observed and
calculated intensities. The fit was for Ireps I'y, and the symme-
try operators and magnetic basis vectors are (1) x,y, z[u, v, w],
2) —x,y,—z+ 1/2[—u, v, —w], 3) —x, —y, —z[u, v, w], and (4)
x, =y, 2+ 1/2[—u, v, —w] for iridium at 8(f) and (1) and (2) for the
more symmetric site 4(a) for cobalt. Here, u, v, and w indicate the
components of the magnetic moment.

vector. Out of the multiple solutions, the two indicating zero
moment on cobalt were naturally ruled out, and we converged
to two different magnetic representations, I'y and I';, with a
similar goodness of fit (R,,,/R, ~ 3.3 and 3.5, respectively).
Both magnetic models showed antiferromagnetically coupled
Ir dimers, although they suggest FM and AFM Co/Ir interac-
tions along different crystallographic directions.

The first-principles calculations, including the spin-orbit
coupling within the GGA + U + SOC formalism, predict
a weakly b-canted AFM structure as the ground state that
agrees well with the former magnetic structure derived from
the neutron diffraction at 80 K (Fig. 6). The spin canting is
relatively more prominent in Ir sites than the Co moments.
The intradimer Ir-Ir interaction is antiferromagnetic, which is
similar to other iridates and ruthenates [12,13,24,41], while
the in-plane Co spins interact ferromagnetically. The Ir-Co in-
teraction is found to be ferromagnetic, making the interdimer
Ir-Ir coupling ferromagnetic and forcing antiferromagnetic
alignment between the Co planes. We also have considered
several other magnetic structures; however, all configurations
converged back to this ground state. The constrained collinear
calculations reveal that the noncollinearity is rather weak
as the commensurate collinear spin configuration lies only
1.75 meV/f.u. higher, where all the spins align along the
c-direction, and it resembles that of a previously reported
ruthenate, Ba;NiRu, Oy [49]. In the present case, both electron
correlation and SOC play important roles in determining the
correct magnetic structure as the GGA + U calculations indi-
cate an unphysical FM ground state, and this will be discussed
later.

Theoretical model

Neutron Diffraction

FIG. 6. Schematic of the magnetic structure of the monoclinic
(C2/c) phase at 80 K from (a) the Rietveld analysis of neutron
diffraction data, and (b) using first-principles GGA + U + SOC
calculations. Here, the blue solid circles and the small red arrows
represent cobalt and iridium atoms, respectively.

In the noncollinear magnetic ground state, the net moment
along the c-axis is zero due to completely compensated AFM
coupling, while the (small) spin components along the b-
direction align parallelly giving rise to weak ferromagnetism.
This picture agrees well with the current experimental obser-
vation that the magnetic structure is predominantly AFM with
superimposed weak ferromagnetism. The obtained magnetic
moment from neutron diffraction for cobalt is 2.45 + 0.19ug,
which is close to the moment obtained (2.84up) for the
ruthenate analog BazCoRu,Og [41]. The obtained value of
the moment for Co>* is lower than the spin-only value for
the high-spin state of cobalt (3.88xz). This could be due to
hybridization effects and covalency effects as has been spec-
ulated earlier for the ruthenate analog and the cobalt-based
double perovskite Sr,CoWOg [50,51]. An unrestrained fit of
the neutron diffraction data suggests that Ir’* has a finite
moment value (0.57 £ 0.12up), which is close to the value of
0.42 5 obtained from our Curie-Weiss fit. With iridium being
a strong absorber of neutrons, it is difficult to unambiguously
resolve the details of the magnetic structure using the neutron
data alone, and hence we rely on our first-principles density
functional theory calculations to substantiate our key infer-
ences, as described below.

The XPS data reveal Ir’*-d* and Co**-d’ electronic
configurations, and the first-principles GGA + U + SOC
calculations predict 0.86 and 2.76u5 local moments at the Ir
and Co sites, respectively. The results are consistent with the
present experimental results and previous reports on iridates
[12,13,24]. Our calculations show that forcing the iridium mo-
ment to zero increases the energy by 200 meV /f.u., indicating
that the ground state must have a nonzero iridium moment.
The corresponding orbital moments of 0.29 and 0.04up at
the Ir and Co sites indicate strong spin-orbit coupling. Within
the GGA + U + SOC calculations, the constrained collinear
moments along the c-direction are very similar (uy = 0.85
and pco, = 2.76p) to the noncollinear moments, further in-
dicating weak noncollinearity. This is consistent with the
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FIG. 7. (a) Resistivity (Inp) plotted as a function of temperature
(T~'/*). The blue line is the linear fit to the high-temperature region
using the variable range hopping formalism. (b) The derivative of Inp
exhibits a peak close to 107 K marking the onset of the magnetostruc-
tural transition. Part (c) depicts the fitting to the low temperature
specific heat data.

low value of the ferromagnetic component (0.47 + 0.21xp)
estimated from our neutron diffraction results. The Co*-d’
ions stabilize in a high-spin § = 3/2, 13,e; state due to the
low crystal-field splitting Ac, ~ 1 €V and high spin pairing
energy of 2.3 eV in such compounds [49,51-53]. On the
contrary, the GGA + U calculations indicate a ferromagnetic
metal with FM Ir-Ir coupling within the Ir§+ Og dimer, which
is expected [12] and is 16.5 meV/f.u. lower than the AFM
coupling. This demonstrates the importance of the SOC in
describing the magnetic and electronic structure correctly.

However, the generation of a local moment at the It
d* site is complex. Ideally and due to the large crystal-field
splitting of 3—4 eV, high SOC, and low pairing energy, the
Ir’*-d* should be hosting a jer = O state [12,13,24,54]. In
contrast, the local moments are spontaneously generated at
the Ir>*-d* site within the GGA + U + SOC calculations that
are in agreement with the present experimental results. The
results are similar to BazZnlr,Og iridate, including the pro-
posed mechanism for the Ir>*-d* moment formation [12,22].
The Ir>* moment is spontaneously generated due to the
superexchange between the occupied jef = 3/2 and empty
jeft = 1/2 states within the Ir;TOg dimer. However, in the
absence of SOC, a ferromagnetic ground state emerges within
the GGA + U calculations, due to spin-conserved hopping of
electrons between the Ir5+—t2g orbitals. The hopping between
the half-filled C02+—e§ and empty Ir5+-eg states triggers the
ferromagnetic superexchange according to the Goodenough-
Kanamori-Anderson rule, consistent with the experimental
magnetic structure obtained here.

Measurements of the temperature-dependent resistivity in-
dicate that the transport properties are governed by variable
range hopping (VRH) dynamics in the entire temperature
range, and a change in the slope demarcates this semicon-
ductor to semiconductor transition. Figure 7 shows a plot of
Inp versus 7!/, where the blue line is the linear fit in the
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FIG. 8. The calculated band structure at various theoretical hi-
erarchies: (a) GGA, (b) GGA + U (Uc, =3 and Uy, = 2.4 eV),
(c) GGA + SOC, and (d) GGA + U + SOC for Ba;Colr,Og. While
the GGA + U + SOC (Uc, = 3 and Uy, = 2.4 eV) results correctly
predict a Mott insulating electronic structure along with the correct
magnetic solution, all other calculations predict a metallic band
structure. These calculations together indicate the interplay between
the Coulomb interaction U and spin-orbit coupling.

high-temperature region. The magnetostructural transition is
seen more clearly in the derivative plot, which shows a peak
at ~107 K as shown in the lower inset. Figure 7(c) shows
the low-temperature specific-heat data fit to the expression
C,=yT+ BT3, where y and B are related to the electronic
and vibrational degrees of freedom, respectively. The density
of states at the Fermi surface (Nep) was deduced using the
expression y = yo(1 + Aepn), Where yg = ”;k‘z’ Neg, where kg
is the Boltzmann constant, and A,y is the electron phonon
coupling, which can be ignored here as the system is insu-
lating at low temperatures. The obtained density of states is
3.3 eV~!f.u.7!, which is consistent with the semiconducting
nature of Ba3Colr,Og. Though an insulating electronic state
is expected due to the antiferromagnetic intradimer Ir>*-Ir>*
superexchange coupling, all the calculations excluding the
GGA + U + SOC predict a metallic structure indicating the
important interplay of Coulomb interaction and SO coupling
(Fig. 8). For example, the GGA + U calculation predicts a
ferromagnetic metal [Fig. 8(b)]. In contrast, the GGA + U

014437-6



EVOLUTION OF THE STRUCTURAL, MAGNETIC, AND ...

PHYSICAL REVIEW B 103, 014437 (2021)

—o— Yobs
——Ycal

- Yobs-Ycal

| Bragg position

Intensity (a.u.)

TABLE II. Structural parameters of Ba;Colr,Oq at 60 K.

Space group C2/c (No. 15)
a=5.7340(1) A, b =9.9841(1) A, ¢ = 14.2652(2) A
a =y =908 =90.0385(10)°

(a)
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Intensity (a.u.)
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FIG. 9. (a) Rietveld refinement of synchrotron powder diffrac-
tion pattern of Ba;Colr,Oy at 60 K. The calculated and observed
diffraction profiles are shown as red and black markers, respectively.
The vertical green lines indicate the calculated Bragg positions for
the monoclinic C2/c (top) and P2/c (bottom) phases. The blue line
at the bottom depicts the difference between observed and calculated
intensities. The inset (b) depicts the temperature dependence of the
main peaks, with the onset of the magnetostructural transition seen
below 110 K. The inset (c) shows an expanded view of the main peak
fitted using the two-phase model at 60 K.

+ SOC calculation with U, = 3 and U, = 2.4 €V on-site
Coulomb interactions correctly predicts an insulating state
with 189 meV electronic gap [Fig. 8(d)] that is consistent
with the resistivity data. The valence and conduction bands
are composed with the hybridized Ir d—-O p states, and thus
the Coulomb interaction at the Ir site is important for the
insulating state. The calculated gap in Fig. 8(d) depends on
Uy and decreases to 136 and 60 meV for U, = 2 and 1.5 eV,
respectively, below which the system becomes metallic.

The fitting of the low-temperature XRD data reveals a
gradual distortion of the structure to an even lower monoclinic
symmetry (P2/c) below 70 K, which coexists with the mono-

P6;/mmc (295K)

C2/c (60K) P2/c (60K)

FIG. 10. Schematic crystal structures exhibited by Ba;Colr,Og
across the temperature range of our investigations. Here, the blue and
yellow octahedra represent the cobalt and iridium sites, respectively.
The high-symmetry P63 /mmc structure (a) transforms to a monoclin-
ically distorted C2/c structure (b) at the magnetostructural transition.
On further reduction in temperature, a part of the system transforms
to an even lower symmetry P2/c (c), with both of these monoclinic
phases coexisting down to the lowest measured temperatures.

Atom X y z Occupancy
Bal 0.0004(13) 0.3312(05)  0.0877(03) 1.00
Ba2 0.0000 —0.0006(07)  0.2500 1.00
Co 0.0000 0.0000 0.0000 1.00
Ir —0.0060(08) 0.3337(04)  0.8462(05) 1.00
o1 0.0000 0.5030(29)  0.2500 1.00
02 0.2662(62) 0.2414(30)  0.2381(18) 1.00
03 0.0296(70) 0.8401(29)  0.0805(33) 1.00
04 0.2567(51) 0.1003(24)  0.0814(19) 1.00
05 0.7709(83) 0.0744(56)  0.0784(50) 1.00

Space group P2/c (No. 13)
a=5.7550(1) A, b=9.9452(1) A, ¢ = 14.2634(2) A
a =y =90°, 8 =90.2291(19)°

Atom X y z Occupancy
Bal 0.5049(22) 0.1660(19)  0.9156(08) 1.00
Ba2 0.0000 0.0017(22)  0.2500 1.00
Ba3 0.5000 0.4986(27)  0.2500 1.00
Ba4 —0.0018(23) 0.6676(18)  0.9092(07) 1.00
Col 0.0000 0.0000 0.0000 1.00
Co2 0.5000 0.5000 0.0000 1.00
Irl 0.4989(17) 0.1671(13)  0.1554(06) 1.00
Ir2 —0.0015(18) 0.6654(13)  0.1532(07) 1.00
0O1 0.729(19) 0.241(11) 0.263(44) 1.00
02 0.180(15) 0.748(10) 0.247(53) 1.00
03 0.0000 0.521(09) 0.7500 1.00
04 0.5000 —0.008(21) 0.7500 1.00
05 0.277(19) 0.089(14) 0.4142(55) 1.00
06 0.799(20) 0.5636(79)  0.4209(58) 1.00
o7 0.019(18) 0.165(13) 0.9162(75) 1.00
08 0.482(23) 0.674(12) 0.919(10) 1.00
09 0.728(16) 0.071(11) 0.4618(43) 1.00
010 0.267(16) 0.562(14) 0.4077(39) 1.00

clinic C2/c phase down to the lowest measured temperature.
The Rietveld refinement of the diffraction pattern measured
at 60 K, which has been fit using coexisting C2/c and P2/c
monoclinic phases, is shown in Fig. 9. The inset shows an
expanded view of the fit of the major Bragg peak where the
incorporation of both phases can be seen explicitly. The re-
finement parameters R, R,,,, and R, obtained for this fit were
6.4,9.9, and 1.2, respectively, and all our low-temperature fits
yielded similar values. The crystal structure of BazColr,Og
at room temperature, as well as the two monoclinic phases at
60 K, are depicted in Fig. 10, and the structural parameters
for these phases (at 60 K), as deduced from the refinement
procedure, are summarized in Table II.

The temperature dependence of the lattice parameters as
determined in Ba3Colr, Oy is depicted in Fig. 11. The lattice
parameters a and ¢ decrease on lowering the temperature,
whereas the lattice parameter b increases sharply across the
magnetostructural transition. The ensuing distortion in the
lattice is also evidenced in the form of octahedral tilting and
distortion, as is also corroborated by considerable changes
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fractions of the P2/c and C2/c phase as a function of temper-
ature are depicted in the inset of Fig. 12, and the P2/c phase
is observed to increase at the cost of the C2/c phase with
decreasing temperatures. However, at around 30 K, this trend
is seen to reverse. We note that a similar coexistence (and
competition) between these two phases was reported earlier in
the vanadate perovskites of the form RVO; (with R = Sm, Ho,
Yb, Pr, or Y) [55]. We report here on the phase coexistence in
the triple perovskite iridates, and it remains to be seen whether
other members of this extended family also exhibit similar
features.

We do not observe an anomaly in the heat capacity at
the onset of a second structural transition, indicating that the
change in entropy is rather small. However, a broad hump is
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FIG. 12. The main panel depicts the low-temperature specific
heat C,/ T3 as a function of temperature as measured in Ba;Colr,Oy.
The inset depicts the temperature evolution of the two monoclinic
phases as determined from the analysis of structural data, with the
uncertainty being of the order of the symbol sizes.

FIG. 13. (a) The temperature-dependent normalized resistance
noise evaluated at 1 Hz for Ba;Colr, 0y at different magnetic fields.
The inset (b) depicts the scaling of the voltage noise magnitude
Sy with the applied current / at a fixed temperature of 50 K. Part
(c) depicts the temperature dependence of the frequency exponent for
the zero-field data, and a comparison to the calculated values using
the DDH model. Part (d) depicts the temperature dependence of the
real part of the dielectric susceptibility as measured in frequencies
ranging from 2 KHz to 4 MHz.

observed in the low-temperature magnetization as shown in
Fig. 3, presumably from the convolution of the magnetization
of the two coexisting phases. The coexistence of two struc-
turally disparate phases in BazColr,Og also manifests itself in
the form of a pronounced deviation of the measured specific
heat from the standard Debye T3 dependence at low tempera-
tures. This is seen in the main panel of Fig. 12, where Cp/T">
is plotted as a function of temperature. This excess entropy is
a signature of a glassy phase [56] and is similar to what is seen
in structural glasses, as well as in systems like the mixed va-
lent manganites, where the electronic phase separation results
in the formation of magnetically (and structurally) dissimilar
phases that coexist with each other. In most of the manganites,
these competing phases are ferromagnetic and antiferromag-
netic [57-59], whereas in this case both phases appear to be
predominantly antiferromagnetic, albeit with varying amounts
of monoclinic distortion.

We have also investigated the BazColr,O9 using re-
sistance noise spectroscopy, which provides an interesting
perspective—especially near phase transitions—in strongly
correlated oxides. Figure 13(a) shows the normalized resis-
tance noise PSD evaluated at f = 1 Hz. Noise measurements
were performed at temperatures between 50 and 180 K and
for various external magnetic fields between 0 and 7 T. To
verify that the measured 1/ f-type noise spectra originate from
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the investigated sample, we checked the scaling of the voltage
noise magnitude Sy with the applied current /. After Hooge’s
empirical law [60,61],

vV’

Sv() = e 2)
the magnitude of the voltage noise is expected to scale as
Sy o« V2 oc I, Here, V represents the applied voltage, yu
is the material-dependent Hooge parameter, « is the fre-
quency exponent, 7 is the charge-carrier density, and 2 is the
“noisy” sample volume, i.e., n2 = N, gives the total num-
ber of charge carriers in the material causing the observed
1/f noise. Figure 13(b) demonstrates the expected scaling
behavior of the acquired noise spectra at a selected temper-
ature of 50 K. Note that for zero applied current, only the
frequency-independent background noise of the experimental
setup is observed. As depicted in the main panel of Fig. 13,
the normalized noise magnitude exhibits only a weak temper-
ature dependence at high temperatures. At the onset of the
magnetostructural transition, the noise is observed to increase
by almost an order of magnitude. Moreover, on further re-
duction in temperature, a drastic increase of about two orders
of magnitude is observed between 70 and 50 K, where our
structural data infer the coexistence of the two structurally
disparate monoclinic phases. There is no pronounced and
systematic dependence of the normalized noise magnitude on
the applied magnetic field. We have studied the variation of
the frequency exponent (o) as a function of temperature using
the approach formulated by Dutta, Dimon, and Horn (DDH)
[62]. The DDH model assumes that a large number of random
and independent fluctuators or switching entities present in
a system are spread over a broad distribution of activation
energies and lead to an approximate 1/f spectra that can
be characterized by using thermally activated time constants.
Figure 13(c) shows the DDH model applied for the B=0T
dataset. Although the system retains 1/ f noise characteristics,
the strong disagreement between the theoretically predicted
and the experimentally determined « is pronounced in the
entire temperature range, implying that the assumption of
independent fluctuators does not seem to be valid anymore.
This is a reflection of the strongly correlated nature of this
system. Even though there is no additional signature in the
resistivity below the phase transition, the resistance noise is
clearly far more sensitive to the onset of phase coexistence
than to the magnetostructural transition at 107 K. A possible
explanation for the strongly enhanced 1/f-type fluctuations
below 70 K is the presence of inhomogeneous current paths
due to the occurrence of different structural phases. These
coexisting phases can be assumed to differ in their individual
electronic properties. It is well known for other materials with
coexisting electronic phases that an inhomogeneous conduc-
tion can lead to strong modifications of the measured noise
magnitude [63,64]. In contrast to resistance measurements,
fluctuation (noise) spectroscopy is much more sensitive to
electronic inhomogeneities and the microgeometry of a ma-
terial. As pointed out in [63,64] and references therein, an
inhomogeneous current distribution, percolation, disorder, or
phase separation may lead to strong features in the 1/ f noise,

while the resistance remains nearly unaffected. We believe
this is the case for Ba;Colr,Oy, where the overall resistivity
dynamics does not change as a function of temperature, but
the fluctuations increase due to changing phase ratios and
increasing lattice distortions.

The inferences drawn from the noise measurements are
also reinforced by our dielectric data, with the real part of
the dielectric susceptibility exhibiting a substantial frequency
dependence in the magnetically ordered state, with this dis-
persion being even more pronounced below 70 K where we
have coexisting monoclinic phases [Fig. 13(d)]. The fact that
we observe this frequency dependence only below the mag-
netic transition temperature clearly indicates a coupling of
electric and magnetic order parameters. We note that such
a frequency-dependent feature in dielectric susceptibility is
characteristic of charge relaxation processes, and it has been
observed in a number of phase-separated systems [65]. How-
ever, our attempts to fit the frequency-dependent peaks to both
the Arrhenius and Vogel-Fulcher-Tammann (VFT) formula-
tions were unsuccessful, indicating that the dynamics of these
charge relaxations and also their magnetic field dependence
would need additional investigations.

IV. SUMMARY

In summary, we report on a comprehensive experimental
and theoretical investigation of the triple perovskite iridate
Ba3Colr,Og. Stabilizing in the hexagonal P63/mmc sym-
metry at room temperature, it exhibits a magnetostructural
transition to a monoclinic C2/c phase at 107 K—the highest
known among all the triple perovskite iridates. Below 70 K,
a part of the system transforms to a monoclinic phase with
even lower symmetry (P2/c), and both of these phases coexist
down to the lowest measured temperatures. First-principles
calculations, including spin-orbit coupling within the GGA
+ U + SOC formalism, predicts a weakly b-canted AFM
structure as the magnetic ground state for the C2/c phase that
agrees well with the magnetic structure derived from the neu-
tron diffraction data. The observation of excess entropy in the
low-temperature specific heat, a pronounced increase in the
resistance noise, and the frequency-dependent dispersion in
the dielectric susceptibility all point toward a highly correlated
ground state in Ba;Colr,Og.
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