PHYSICAL REVIEW MATERIALS 6, 094409 (2022)

Spin-orbit coupling controlled ground states in the double perovskite
iridates A,BIrO4 (A = Ba, Sr; B = Lu, Sc)

A. A. Aczel®,"" Q. Chen®,2 J. P. Clancy,3’4 C. dela Cruz®,' D. Reig-i-Plessis,5 G.J. MacDougall,5 C.J. Pollock®,°

M. H. Upton,7 T. J. Williams,' N. LaManna,? J. P. Carlo®.® J. Beare,> G. M. Luke,’ and H. D. Zhou?
I Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
3Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1
4Brockhouse Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada L8S 4M1
3Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
®Cornell High Energy Synchrotron Source, Cornell University, Ithaca, New York 14853, USA
TAdvanced Photon Source, Argonne National Laboratory, Lemont, Illinois 60439, USA
8 Department of Physics, Villanova University, Villanova, Pennsylvania 19085, USA

® (Received 11 March 2022; revised 26 August 2022; accepted 30 August 2022; published 19 September 2022)

Iridates with the 5d* electronic configuration have attracted recent interest due to reports of magnetically
ordered ground states despite longstanding expectations that their strong spin-orbit coupling would generate
a J = 0 electronic ground state for each Ir’" ion. The major focus of prior research has been on the double
perovskite iridates Ba, YIrOg and Sr, YIrOg, where the nature of the ground states (i.e., ordered vs nonmagnetic)
is still controversial. Here, we present neutron powder diffraction, high-energy-resolution fluorescence-detected
x-ray absorption spectroscopy (HERFD-XAS), resonant inelastic x-ray scattering (RIXS), magnetic susceptibil-
ity, and muon spin relaxation data on the related double perovskite iridates Ba,LulrOg, Sr,LulrOg, Ba,SclrOg,
and Sr,ScIrOg that enable us to gain a general understanding of the electronic and magnetic properties for this
family of materials. Our HERFD-XAS and RIXS measurements establish J = 0 electronic ground states for
the Ir’* ions in all cases, with similar values for Hund’s coupling Ji and the spin-orbit coupling constant Agoc.
Our bulk susceptibility and muon spin relaxation data find no evidence for long-range magnetic order or spin
freezing, but they do exhibit weak magnetic signals that are consistent with extrinsic local moments. Our results
indicate that the large Agoc is the key driving force behind the electronic and magnetic ground states realized in

the 5d* double perovskite iridates, which agrees well with conventional wisdom.
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I. INTRODUCTION

Heavy transition metal magnets based on 4d and 5d ions
offer opportunities to identify and characterize exotic mag-
netic states and phenomena due to comparable and competing
energy scales for the spin-orbit coupling (SOC), electronic
correlations, and crystal field effects [1-7]. An octahedral
local environment for the magnetic ions leads to particularly
rich physics. For example, iridates with the 5d° electronic
configuration have been of enduring interest due to their pen-
chant for hosting Jegs = % spin-orbit-assisted Mott insulating
ground states [8] that can give rise to Kitaev spin liquid
physics [9-13] and offer promise in the ongoing search for
new superconductors [14,15]. The phase diagrams for ma-
terials with 4d'/5d" and 4d?/5d*> magnetic ions are also
quite complex [16-20], with multipolar order and valence
bond glass states both predicted [21-26] and realized in the
laboratory [27-32].

While systems with transition metals in the 5d* electronic
configuration are expected to host J = 0 electronic ground
states due to completely filled j.i = % manifolds arising from
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the large SOC, this assumption has been challenged recently
by both experiment [33-35] and theory [36-38]. Features
typically associated with magnetic order have been identified
in bulk characterization measurements on Ba, YIrOg [34] and
SrpYIrOg [33], including a sharp peak in the temperature
dependence of the magnetic susceptibility, an upturn in the
field dependence of the magnetization, and a broad peak in
the specific heat. Oscillations have also been observed in
zero-field muon spin relaxation («SR) data on Sr, YIrOg [35]
and correspond to 17% of the volume fraction. Finally, density
functional theory (DFT) calculations predicted A-type anti-
ferromagnetic ground states for both Ba, YIrOg and Sr, YIrOg
[37].

Two mechanisms have been proposed for generating mag-
netic order in 5d* systems. The first possibility is realized in
the limit where the noncubic crystal field A > Agoc, as an oc-
tahedral compression leads to quenching of the orbital angular
momentum and generates an S = 1 Heisenberg magnet [33].
Previous work has shown that this scenario applies to some
444 magnets, including Ca;RuO4 [39]. However, it cannot
account for magnetic order in cubic Ba, YIrOg with ideal IrOg
octahedra. The second possibility applies more generally to all
54* systems and arises from competition between Agoc and
superexchange interactions. In the atomic limit, the expected
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single-ion ground state is aJ = 0 singlet with a Joir = 1 triplet
excited state. The introduction of superexchange allows the
Jesr = 1 excitations to hop between sites and hence acquire
dispersion. As superexchange increases, the energy gap be-
tween the nonmagnetic J = 0 ground state and the Jei = 1
excitation band decreases until a phase transition to a mag-
netic state is realized. This phenomenon is known as Van
Vleck-type singlet-triplet excitonic magnetism or “‘excitonic”
condensation [36,40].

Confirmation of magnetic order in Ba, YIrOg and Sr, YIrOg
has remained elusive, as it has not been possible to reproduce
the key low-temperature features observed in the magnetic
susceptibility and magnetization measurements, and the uSR
result for Sr, YIrOg is inconsistent with the susceptibility data
presented in the same paper [35]. Most previous studies have
concluded that these materials host nonmagnetic ground states
instead [41-49], with sample purity issues possibly contribut-
ing to the anomalous results. Although many probes find
evidence for weak paramagnetic signals, they are typically
attributed to extrinsic sources. Proposed origins include para-
magnetic impurities [45,46], the presence of Ir** or Ir®" ions
due to off-stoichiometry [41,47], and antisite disorder [44]. In
fact, it was shown that the broad peak observed in the specific
heat of Sr,YIrOg could be attributed to a Schottky anomaly
associated with a small paramagnetic impurity fraction [45]. A
subsequent DFT study on Ba, YIrOg and Sr; YIrOg also found
lower-energy nonmagnetic states that were not considered
in Ref. [37]. Finally, resonant inelastic x-ray scattering and
theoretical calculations on Ba,; YIrOg find a singlet-triplet gap
of 350-370 meV and a weak triplet dispersion of <50 meV
[44,49], which effectively rules out an excitonic condensation
mechanism.

With mounting evidence for nonmagnetic ground states in
Ba, YIrOg and Sr, YIrOg, it is unclear whether magnetic order
can be induced in 54* systems via either of the two mecha-
nisms described above. Motivated by this open question, here
we investigate the crystal structures, single-ion properties, and
collective magnetic ground states of the 54* double perovskite
iridates Ba,LulrOg, Ba,;SclrOg, SroLulrOg, and Sr;SclrOg
with a combination of neutron powder diffraction (NPD),
high-energy-resolution fluorescence-detected x-ray absorp-
tion spectroscopy (HERFD-XAS), resonant inelastic x-ray
scattering (RIXS), magnetic susceptibility, and muon spin re-
laxation (uSR) measurements. The diffraction results indicate
that the Ba and Sr systems crystallize in the cubic Fm3m and
monoclinic P2;/n space groups, respectively. The HERFD-
XAS measurements show that the oxidation state in these
four compounds is predominantly Ir’*, suggesting that any
Ir** or Ir®" defects must occur at small concentrations. The
RIXS measurements reveal similar values of Agoc and Hund’s
coupling Jy for all four systems that are comparable to pre-
vious estimates for Ba; YIrOg [50] and St YIrOg [51]. Most
importantly, our combined susceptibility and SR results find
no evidence for long-range magnetic order or spin freezing
in any of these compounds down to 25 mK. We attribute the
weak magnetic signals in these data to local moments arising
from a small amount of a 6L-perovskite polytype impurity
phase or antisite disorder found in the diffraction measure-
ments on the Ba and Sr samples, respectively, as well as small
concentrations of Ir** and/or Ir®" defects identified in the

RIXS spectra of all four samples. Our results indicate that
Asoc is the dominant energy scale in these materials and drives
the formation of a nonmagnetic J = 0 electronic ground state
at the Ir> ™ sites.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Ba,YIrOg, Ba,LulrOg,
Ba,SclrOg, SryYIrOg, SrLulrOg, and SrpSclrOg were
synthesized by conventional solid state reactions. For all
target phases, appropriate stoichiometric amounts of the
starting materials BaCOj3, SrCOs, Ir (with 5 wt % extra
added), Y,03, Lu,O3, and Sc, 05 with purities not less than
99.9% were first mixed together. The homogeneous powders
were then pelletized, placed in a covered alumina crucible,
and heated at 900 °C for 6 h. The pellets were then ground,
repelletized, and fired at 1050 °C and then 1250 °C for 20 h
with intermediate grinding. Finally, one last sintering was
performed at 1250 °C for 40 h to obtain Sr, YIrOg, 1300 °C
for 15 h to obtain Ba,YIrOg, Ba,LulrOg, and Sr,LulrOg,
1425 °C for 15 h to obtain Sr,SclrOg, and 1450 °C for 15 h
to obtain Ba,SclrOg. Phase verification was completed by
collecting room temperature x-ray diffraction (XRD) patterns
with a HUBER Imaging Plate Guinier Camera 670 using Cu
K, radiation (1.54 A). Magnetic susceptibility measurements
were obtained with a vibrating sample magnetometer.

Neutron powder diffraction (NPD) was performed with
~?2 g of polycrystalline Ba,LulrOg, Ba,;ScIrOg, Sr,LulrOg,
and Sr,SclrOg, as well as a reference sample of Ba, YIrOg,
using the HB-2A powder diffractometer [52] of the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory
(ORNL) to revisit the crystal structures of these materials sys-
tematically. The samples were loaded in cylindrical vanadium
cans with 5 mm inner diameters. The data were collected at
T = 4 K with a neutron wavelength of 1.54 A and a collima-
tion of open-21"-12’.

High-energy-resolution  fluorescence-detected  x-ray
absorption spectroscopy (HERFD-XAS) measurements
were performed on polycrystalline samples of Ba,LulrOg,
Ba,SclIrOg, SroLulrOg, and Sr,SclrOg, as well as reference
samples of IrO, and Ba,CelrOg¢ (nominally Ir*") and
Ba;YIrOg and Sr; YIrOg (nominally Ir’*). Measurements
were carried out at room temperature using the PIPOXS
(ID2A) beamline at the Cornell High Energy Synchrotron
Source (CHESS). These measurements employed a liquid
nitrogen-cooled Si-(311) double crystal monochromator,
and five spherical (1 m radius) Si-(800) analyzers arranged
in Rowland geometry. By tuning the incident x-ray energy
to the Ir L absorption edge (E; = 11.215 keV), XAS can
be used to probe the valence state of the Ir ions in these
compounds. By limiting the emitted photon energies to a
narrow range, HERFD-XAS can circumvent Ir core-hole
lifetime broadening and provide significantly higher energy
resolution (~2.7 eV) than conventional XAS at the Ir L3 edge
(~5.3¢eV).

Resonant inelastic x-ray scattering (RIXS) measurements
were conducted on polycrystalline samples of Ba,LulrOg,
Ba,SclrOg, SroLulrOg, and Sr,SclrOg, as well as reference
samples of Ba, YIrOg and Sr, YIrOg, using the MERIX spec-
trometer on beamline 27-ID of the Advanced Photon Source
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(APS) at Argonne National Laboratory to investigate the Ir>"
excitation spectra. The incident x-ray energy was tuned to
the Ir L3 absorption edge at 11.215 keV. A double-bounce
diamond-(111) primary monochromator, a channel-cut Si-
(844) secondary monochromator, and a spherical (2 m radius)
diced Si-(844) analyzer crystal were used to obtain an overall
energy resolution of ~40 meV [full width at half maximum
(FWHM)]. In order to minimize the elastic background inten-
sity, measurements were carried out in horizontal scattering
geometry with the scattering angle 26 set to 90°. All measure-
ments were carried out at room temperature.

Muon spin relaxation («SR) measurements were per-
formed at TRIUMEF, Vancouver, British Columbia, Canada,
on polycrystalline samples of Ba,LulrOg, Ba,SclrOg,
Sr,LulrOg, and Sr,SclrOg, as well as a reference sample of
Ba,; YIrOg, using the M15 surface muon beamline equipped
with a dilution refrigerator (DR), which has a base tempera-
ture of 25 mK. To improve thermal contact with the sample
holder, the samples were mixed with 14-18 wt % Ag powder
and then pressed into 1-g pellets. In a SR experiment, posi-
tive muons with a mean lifetime of 2.2 us stop in the sample
one at a time with the location determined by the minimum
in the Coulomb energy. The muon spins then precess around
the local magnetic field at the stopping site before decaying
into a positron plus two neutrinos, with the positron emitted
preferentially along the muon spin direction at the time of
decay. For a fixed set of experimental conditions (i.e., temper-
ature and magnetic field), of the order of 10° positron events
are recorded by two opposing counters, which allows one to
determine the time evolution of the muon spin polarization.
This quantity is known as the muon asymmetry [53,54] and is
given by
_ Np(t) —aNp(@)

Ng(t) + aNp(t)’
where Np(t) and Np(t) are the number of counts in the two
(back and front) positron counters and o is a calibration
parameter which was determined via a weak transverse-field

measurement at 7 K. Our other measurements were performed
in zero-field (ZF) and longitudinal-field (LF) geometry.

A(t) ey

III. CRYSTAL STRUCTURES

B/B’-site ordered double perovskites of the form A,BB'Og
can crystallize in the ideal Fm3m crystal structure or lower-
symmetry variants. The ionic radius r of the A site typically
plays a key role in crystal structure determination, with
many Ba (r = 1.42 A) systems forming the ideal face-
centered-cubic structure and Sr (r = 1.26 A) systems often
crystallizing in the monoclinic P2;/n space group. Several
diffraction studies have now shown that this general trend
seems to apply to Ba, YIrOg [34,41,44,50,55] and Sr, YIrOg
[33,35,55,56], although there are reports of Ba, YIrOg crys-
tallizing in the space group P2;/n [56] and Sr;YIrOg
crystallizing in the space group Fm3m [45]. There has been
less focus on the related 5d* double perovskite iridates
Ba,LulrOg, SryLulrOg, Ba;SclrOg, and Sr;SclrOg, although
recent synchrotron x-ray diffraction work on the Sc samples
also identifies cubic and monoclinic crystal symmetry for the
Ba and Sr analogs [57]. The only prior diffraction data avail-
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FIG. 1. Neutron powder diffraction data, indicated by the solid
red squares and collected with a neutron wavelength 1.54 A at a
temperature 7 = 4 K, are shown for (a) Ba, YIrOg, (b) Ba,LulrOg,
(c) Ba,SclrOg, (d) Sr,LulrOg, and (e) Sr,SclrOg. The Rietveld re-
finement results are superimposed on the data as solid black curves,
the difference curves are shown below the diffraction patterns, and
the expected Bragg peak positions are indicated by ticks. (f) A
zoomed-in version of a small portion of the diffraction patterns for
all five materials. There are fewer prominent Bragg peaks observed
in the data for the Ba samples as compared with the data for the
Sr samples, which is indicative of a higher crystal symmetry for
Ba, YIrOg, Ba,LulrOg, and Ba,SclrOg. The Bragg peaks marked by
the black arrows in the Ba sample patterns correspond to the intense
(203) reflections of the 6L-perovskite impurity phases described in
the text.

able for Ba,LulrO¢ and Sr,LulrO¢ came from a laboratory
x-ray source, which is rather insensitive to oxygen, and the
crystal symmetry of both systems is reported to be monoclinic
[56].

Due to the lack of consistent diffraction data on
Ba,LulrOg, Sr,LulrOg, Ba;SclrOg, and Sr,SclrOg, we de-
cided to revisit their crystal structures with NPD as part of our
systematic study. We also collected NPD data on a Ba, YIrOg
reference sample. Our main results are summarized in Fig. 1,
where the NPD data with 7 = 4 K are shown as solid red
squares for all five double perovskite iridates. The diffraction
patterns for the three Ba samples look remarkably similar,
while several additional weak peaks are present in the patterns
for the two Sr samples. A small subset of these differences
is highlighted in Fig. 1(f), which shows a zoomed-in version
of the five diffraction patterns overplotted between 20 = 34°
and 41°. Below 20 = 39.5°, only one prominent Bragg peak
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TABLE 1. Structural parameters for cubic Ba,BIrO¢ (B =Y, Lu,
Sc) extracted from the refinements of the 1.54-A neutron powder
diffraction data. The lattice constants are in angstroms. Note that the
Ba, B, Ir, and O ions occupy the 8c, 4b, 4a, and 24e Wyckoff sites,
respectively.

TABLE II. Structural parameters for monoclinic Sr,BIrO¢ (B =
Lu, Sc) extracted from the refinements of the 1.54-A neutron powder
diffraction data. The lattice constants and bond distances are in
angstroms, and all angles are in degrees. Note that the Sr, B, Ir, and
O ions occupy the 4e, 2¢, 2d, and 4e Wyckoff sites, respectively.

Material Ba, YIrOg Ba,LulrOg Ba,SclrO¢ Material Sr,LulrOg Sr,SclrOg
a 8.3387(2) 8.2843(2) 8.1354(1) a 5.7304(2) 5.6463(2)
Ox 0.2352(1) 0.2376(2) 0.2431(2) b 5.7355(1) 5.6227(1)
Ryp (%) 5.44 5.65 4.34 c 8.1063(2) 7.9567(2)
x2 3.34 2.96 3.25 B 90.090(5) 90.080(5)
Srx 0.4949(6) 0.4937(8)
Sry 0.5282(3) 0.5153(4)
Srz 0.2542(9) 0.251(2)
is observed for the Ba samples, while three peaks are observed ~ O1 x 0.2920(9) 0.278(2)
for the two Sr samples. There are also some additional weak ~ O1y 0.272(1) 0.269(2)
peaks in the Ba sample patterns, which can be indexed toa ~ 012 0.0338(7) 0.024(1)
6L-perovskite impurity phase with the same chemical compo- 0y x 0.2279(8) 0.237(1)
sition that will be described in more detail below. The most 0,y 0.7958(9) 0.775(2)
intense impurity peak for each Ba sample pattern shown in 0,2z 0'033Z(8) 0'02;51)
Fig. 1(f) is labeled with a black arrow. 83 X 88 ?25(25;) 88 (5)97(;)
Results of Rietveld refinement performed using FULLPROF 3y e ©) e (7)
. C . . . 05z 0.2355(6) 0.248(2)
[58] and assuming stoichiometric chemical formulas are su- . ..

. - . Site mixing (%) 34 4.4
perimposed on the data shown in Fig. 1 as solid black curves. R... (%) 402 476
Although Ir is volatile, the lack of significant impurity peaks 3 2"22 3’ 30
associated with unreacted starting materials or intermediate i(r-O 1.982(6) 1'972(9)
phases shows that this was properly accounted for by adding Ir—O; 1.969(5) 1.965 ©)
extra Ir to the starting mixture used for the solid state syn- . o 19 47(5) 2:00(1)
thesis. Tables I and II show k.ey refinement parameters for 0,-Ir-0, 91.6(4) 90.2(7)
the Ba and Sr systems, respectively. We find _that the data for 0,-1t-05 90.4(4) 90.8(7)
the three Ba systems refine best in the Fm3m space group  (,-Ir-0, 90.7(4) 91.0(7)

corresponding to the ideal fcc structure. In sharp contrast, the
diffraction data for the two Sr materials are better described
by the monoclinic P2;/n space group. We can immediately
rule out the noncubic crystal field mechanism for generating
magnetic order in four of these materials, as the IrOg octahe-
dra are ideal in the three Ba systems and elongated due to an
apical oxygen distortion in Sr,SclrOg, which should generate
a non-magnetic singlet state. The situation is different for
Sr,LulrQg, as the short iridium—apical-oxygen distance sug-
gests that the noncubic crystal field mechanism may be viable.
Regarding the excitonic condensation mechanism for gener-
ating magnetic order, it is notable that the lattice constants
of Ba,LulrOg and Ba,SclrOg (Sr,LulrOg and Sr,SclrOg) are
significantly reduced compared with Ba, YIrOg (Sr; YIrOg).
The smaller unit cells will have shorter exchange pathways,
and therefore they should push these materials closer to the
regime where excitonic magnetism is realized.

Our analysis of the diffraction data also identified two
potential sources of paramagnetic moments in these materials.
While no B/B’ site mixing was found in the Ba samples, val-
ues of 3.4 and 4.4% were found for Sr,LulrOg and Sr,SclrOg,
respectively. This antisite disorder can create paramagnetic
moments via local exciton condensation resulting from en-
hanced exchange interactions at neighboring B and B’ sites
[44]. We also found impurity peaks in our diffraction pat-
terns for the Ba samples corresponding to the 6L-polytype
Ba3B(Bg 251rg.75)209 crystallizing in the space group P3ml.
The 6L-perovskite impurity weight fractions were 7.3, 14.8,
and 16.7% for the Ba,YIrOg, Ba,LulrOg, and Ba,SclrOg

samples, respectively. Notably, this impurity phase was iden-
tified previously in Ba,ScIrOg [57], but not in Ba, YIrOg or
Ba;LulrOg. The 6L-perovskite crystal structure consists of
dimers arising from the mixed site with an extremely short
intradimer distance [59,60], so metal-metal bonding is likely
active for the dimers that consist of two Ir>* ions. This sit-
vation leads to quasi molecular orbital formation with the
eight electrons per dimer site giving rise to a magnetic degree
of freedom. Indeed, paramagnetic moments that arise from
metal-metal bonding in the Ir dimers have been identified in
the 6H and 6L perovskites Ba;Blr,O9 (B = Zn, Mg, Sr, Ca)
[61,62], with ordered ground states predicted by DFT for the
Ca and Sr analogs [62].

IV. SINGLE-ION PROPERTIES

High-energy-resolution fluorescence-detected x-ray ab-
sorption spectroscopy (HERFD-XAS) can be used to extract
important information regarding the valence of these com-
pounds. Representative HERFD-XAS spectra for Ba,LulrOg,
St LulrOg, Ba;SclrOg, and Sr,SclrOg are provided in Fig. 2,
along with the spectra for a series of Ir*' (54°) and Ir>*
(5d*) reference samples. We note that all double perovskite
iridates measured in this study display a characteristic two-
peak absorption spectrum at the Ir L3 edge. This is a sharp
contrast to the one-peak Ir L3 spectra observed for IrO, and
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FIG. 2. HERFD-XAS spectra collected at the Ir L; edge (E; =
11.215 keV) for selected 5d* double perovskite iridates and reference
samples. (a) HERFD-XAS spectra from Ba,LulrOg and Sr,LulrOg
compared with Ir** reference samples IrO, and Ba,CelrOg. The
~1.2 eV chemical shift is consistent with a valence of Ir>*.
(b) HERFD-XAS spectra from Ba,LulrOg, Sr,LulrOg, Ba,SclrOg,
Sr,SclrOg, Ba, YIrOg, and Sr, YIrOg. The spectra of the Sr-based
compounds have been vertically offset for clarity. The vertical axis
in each panel corresponds to the linear x-ray attenuation coefficient
(Atten. Coeff.).

other common Ir** and Ir** iridates reported elsewhere [63].
This two-peak structure can be attributed to excitations from
the 2p3,, core states to the unoccupied 5d t, states (lower-
energy peak) and e, states (higher-energy peak). Although the
cubic crystal field splitting (10Dg) between #,, and e, states
in the Ir double perovskites is of similar magnitude to that
of other iridates, the bandwidth of these states appears to be
significantly narrower due to the greater separation between
neighboring Ir ions. The HERFD-XAS spectra for all six 5d*
double perovskite iridates shown in Fig. 2(b) are also clearly
shifted to higher energies with respect to the Ir** reference
samples IrO, and Ba,;CelrOg. This chemical shift indicates
that the Ir ions in these compounds are adopting the Ir’* (54%)
oxidation state. We note that the presence of the 6L-perovskite
impurity phases in the Ba samples does not have a significant
effect on these data because their chemical compositions, and
hence their expected Ir valence states, are the same as the
double perovskite compounds of interest.

The strong white-line features at the Ir L3 edge can be
modeled using a simple phenomenological fit function which
includes an arctangent function (to describe the steplike 2p —

TABLE III. HERFD-XAS fitting results for selected 5d* double
perovskite iridates and 5d° reference samples (IrO, and Ba,CelrOg).
Parameters include the position of the white-line features associ-
ated with transitions into the Ir 5d #, (E;,,) and 5d e, (E,,) states,
the energy difference between these features (10Dg), the linewidth
(FWHM), and the intensity ratio (int. ratio) of the e, and t,, features.
The E,,, and E,, parameters are listed in keV, and the 10Dg and
FWHM parameters are given in eV.

Material E,2g E,, 10Dg FWHM Int. ratio
IrO, 11.2212(1) 3.8(4)

Ba,CelrOg 11.2183(1) 11.2216(1) 3.3(2) 2.8(3) 5.8(1.0)
Ba,LulrOg 11.2195(1) 11.2226(1) 3.1(2) 2.6(3) 2.0(3)
Ba,SclrOg  11.2195(1) 11.2225(1) 3.02) 2.6(3) 1.93)
Ba,YIrOg  11.2195(1) 11.2228(1) 3.412) 2.7(3) 1.9(03)
Srp,LulrOg  11.2197(1) 11.2230(1) 3.3(2) 2.5(33) 1.6(3)
SrpSclrOg  11.2197(1) 11.2229(1) 3.3(2) 2.6(3) 1.7(3)
Sr, YIrOg 11.2195(1) 11.2230(1) 3.5(2) 2.73) 1.7(3)

continuum excitation process) and two Gaussian functions
(to describe the sharp atomiclike 2p — 5d 1, and 2p —
5d e, excitation processes). The key fit parameters extracted
from this model are described in Table III. Although the
HERFD-XAS spectra for the 5d* double perovskite iridates
are extremely similar [Fig. 2(b)], the fitting analysis reveals
subtle differences. As noted above, all six of the 5d* double
perovskite iridates measured in this study display an ~1.2 eV
chemical shift compared with the Ir 5d° double perovskite
reference sample. There is also no significant increase in peak
width or peak splitting (10Dg) that might indicate mixed
valence or the presence of substantial Ir*" or Ir®* defects.
However, we do note a slight shift towards higher energies for
Ba; YIrOg and the three Sr-based compounds. Similarly, the
intensity ratio of the two white-line features, which reflects
the density of unoccupied 5d #,, and e, states, is slightly
reduced in the Sr-based compounds. In an ideal 54* system,
one would expect two #, holes, four e, holes, and a peak
intensity ratio of 2. As a result, the slightly reduced intensity
ratio is consistent with the presence of additional #,, holes, as
would be produced by Ir®" (54°) defects. Within experimental
uncertainty, all six of these compounds are consistent with
a valence state of Ir’*. The HERFD-XAS data suggest that
any defect-induced effects are likely to be more pronounced
in the Sr-based compounds, with a larger concentration of Ir®*
defects (although some Ir** defects may also be present).
Resonant inelastic x-ray scattering (RIXS) provides a di-
rect measurement of the spin-orbit coupling constant Agoc for
5d* iridates and therefore offers insight into the likelihood
that they will exhibit magnetic order at low temperatures.
Three or four intra-f;, excitations have been observed previ-
ously in the RIXS spectra of Ba,YIrOg [50] and Sr; YIrOg
[51]. The two lower-energy peaks have a strong intensity
because they arise from single-particle transitions across the
spin-orbit gap 3Asoc/2 that generate Jo = 1 and Jogr = 2
states with an energy difference of Hund’s coupling Jy, while
the higher-energy peaks correspond to two-particle excita-
tions with weak intensities o« (Jy/Asoc)? [51]. Previous RIXS
measurements on polycrystalline Ba,YIrOg and Sr,YIrOg
have found singlet-triplet gap values of 350 meV [50] and
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FIG. 3. Resonant inelastic x-ray scattering spectra collected at the Ir L3 edge (E; = 11.215 keV) for (a) Ba,YIrOg, (b) Ba,LulrOg,
(c) Ba,SclrOg, (d) Sr, YIrOg, (e) Sr,LulrOg, and (f) Sr,SclrOg. Note the presence of a strong elastic line at an energy transfer /iw = 0 and two
prominent peaks between energy transfers of /iw ~ 0.2 and 0.8 eV corresponding to intra-t,, transitions associated with Ir’*. There are also
higher-energy excitations between energy transfers of /iw ~ 2.5 and 5 eV corresponding to Ir>" interband #,,-to-e, transitions, and between
~5 and 7.5 eV corresponding to charge-transfer excitations from the O 2p band to the Ir 54 bands. We attribute the features marked with the
blue and black arrows to d-d excitations associated with Ir’" and Ir** defects, respectively.

390 meV [51], respectively. In both cases, the authors also
diagonalized a local Hamiltonian with spin-orbit coupling
and electron-electron interaction terms, which enabled a de-
termination of the Agoc and Jy/Asoc values required to
simultaneously account for the three lowest-energy excita-
tions. Values of Agoc = 390 and 420 meV were found for
Ba; YIrOg and Sr; YIrOg, respectively, with comparable Jy
values of 250 meV for both systems. Theoretical calcula-
tions [44] and follow-up single-crystal RIXS measurements
[49] also placed an upper bound of ~50 meV on the dis-
persion of the Jo = 1 excitations, which effectively rules
out the excitonic condensation mechanism for generating
magnetic order in these materials. Although RIXS cannot
probe the strength of the noncubic crystal field A at the
I’ sites in 54* systems, the noncubic crystal field mech-
anism for generating magnetism is likely not operable in
Sr, YIrOg either, as RIXS measurements on 5d4° double per-

ovskite iridates with comparable IrOg octahedral distortions
typically find similar Agoc values that are significantly larger
than A [64].

The RIXS spectra at the Ir L3 edge for Ba,LulrOg,
Ba,SclrOg, SroLulrOg, and Sr,SclrOg, as well as for refer-
ence samples of Ba, YIrOg and Sr, YIrOg, are shown in Fig. 3.
There are three inelastic modes observed below 1.5 eV for
all samples with energy scales that are consistent with expec-
tations for intra-f,, excitations associated with Ir>*. There is
also a series of modes between 2 and 8 eV with energy scales
characteristic of interband #y,-to-e, transitions (~2.5-5 eV)
and charge-transfer excitations from the O 2p band to the Ir
5d bands (~5-7.5 eV). For the remainder of this paper, we
will concentrate on the intra-t,, excitations.

The two lowest-energy intra-f,, modes are much more in-
tense and therefore likely arise from the single-particle origin
described above. We fit each spectrum below 1 eV to the
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TABLE IV. RIXS fitting results of the intra-,, excitations, spin-
orbit coupling constants Asoc, and Hund’s coupling Jy for selected
5d* double perovskite iridates. All parameters are in meV.

Material hw, haw, A Ju Ref.
Ba, YIrOg 350 600 400 250 [50]
Ba, YIrOg 334(1) 585(1) 390(1) 251(1)  this paper
S YIrOq 390(20)  660(20) 440(10) 270(30) [51]
Sr, YIrOg 349(1) 612(1) 408(1) 263(2)  this paper
Ba,LulrOs  337(2) 585(1) 390(1) 248(2)  this paper
Ba,SclrOg  326(2) 569(2) 379(1) 243(2)  this paper
Sr,LulrOg  353(1) 609(1) 406(1) 256(1)  this paper
Sr,SclrOg 335(1) 582(1) 388(1) 247(2)  this paper

sum of three pseudo-Voigt functions representing the elastic
line and the two intra-f,, transitions found in this energy
range. These results were used to check the accuracy of the
elastic line position, establish an instrument energy resolution
of 40 meV (full width at half maximum), and determine
precise inelastic peak positions (fiw; and hw,) to facilitate a
meaningful quantitative comparison between all the samples.
The fitting results are summarized in Table IV. The proce-
dure to estimate Asoc and Jy can be simplified through the
realization that the peak positions for the two lower-energy ex-
citations are found at approximate energies of 3isoc/2 — Ju
and 3Xsoc/2 [50,51,65]. The modified values of Agoc and Jy
obtained for Ba, YIrOg and Sr; YIrOg, based on the previously
measured peak positions for the two lowest energy modes, are
shown in Table I'V. Notably, the values determined by the two
different procedures agree within the energy resolution of the
MERIX spectrometer.

Our estimates of Agoc and Jy for all six 54* double
perovskite iridates, obtained using the simplified procedure
described above, are also summarized in Table IV. Ba;SclrOg
has the lowest values for both Agoc and Jy, with slightly
larger values achieved by increasing the size of the B-site
ionic radius and/or by inducing a structural distortion by
substituting a smaller cation such as Sr on the A site. Despite
the small variation in Agoc and Jy, the former parameter is
large in all cases, and therefore J = 0 electronic ground states
are anticipated for this family of materials.

We also find two small, additional inelastic features in
the RIXS spectra at fiw ~ 0.5-0.55 eV and 0.7-0.75 eV, as
indicated by the blue and black arrows in Fig. 3. The latter
feature is present in most of the spectra (possibly with the
exception of the Ba,YIrO¢ and Sr, YIrOg data), and its en-
ergy scale is characteristic of an intra-f,, transition in 5d°
double perovskite iridates [64]; therefore we attribute it to
small amounts of Ir** defects in our samples. While the
presence of Ir** should also generate an excitation in the
RIXS spectrum between 0.6 and 0.65 eV, this feature would
exhibit strong overlap with one of the Ir’* modes. While the
0.5-0.55-eV peak is particularly prominent in the Sr,SclrOg
spectrum and it may also be present in the Sr,LulrOg spec-
trum, it is noticeably absent in the Ba sample data. Although
an unambiguous interpretation of this feature is hindered by
the absence of a suitable Ir®" double perovskite reference
sample, the HERFD-XAS data analysis presented in Table III

suggests that this peak may be associated with a small Ir®"
defect concentration. Therefore the combined HERFD-XAS
and RIXS data can be explained by the presence of both Ir*+
and Ir®t defects in these double perovskites, with more total
defects in the Ba (or Sr) samples with higher final sintering
temperatures and enhanced Ir®" defect concentrations in the
Sr samples as compared with their analogous Ba sample coun-
terparts. The simultaneous presence of Ir** and Ir®* defects
has been identified previously in Ba, YIrOg via electron spin
resonance measurements [47]. Finally, the 6L-perovskite im-
purities identified in the Ba samples should yield several broad
peaks in the RIXS spectra between 0.2 and 0.8 meV [66],
but these features are likely too weak to be observed in the
current data. We also note that the extra inelastic peaks that
are discussed just above do not have the appropriate sample
dependence to attribute to a 6L-perovskite impurity origin.

V. SEARCH FOR MAGNETIC ORDER

Ordered ground states were proposed previously for both
Ba, YIrOg [33] and Sr, YIrOg [34], with common observations
including sizable effective moments per > 0.6 up and large
antiferromagnetic Curie-Weiss temperatures with |Ocw| >
90 K. However, these results were not reproducible with other
work typically finding |6cw| < 10 K and per < 0.6 pp for
these two materials and their solid solutions [41,43—46]. The
wide range of values reported for the Curie-Weiss parameters
of Ba, YIrOg and Sr, YIrOg suggest that they are determined
primarily by extrinsic sources. Magnetic susceptibility studies
of other 5d* double perovskite family members are less com-
mon, with a single report on Ba, ScIrOg and Sr,SclrOg finding
Uesr values of 0.39 up and 0.16 ug, respectively, Ocw values
of 0 K, and no evidence of magnetic order in either compound
[57].

Our magnetic susceptibility data for Sr,LulrOg, Sr,SclrOg,
Ba,;LulrOg, and Ba,SclrOg, plotted as x = M/H in an ap-
plied magnetic field of 1 T, are presented in Fig. 4. There are
no obvious signatures of magnetic ordering in these data. The
magnetic signal from the Sr samples is well explained by a
Curie-Weiss law plus a constant xp over a wide temperature
range (15-300 K), which is corroborated by the nearly linear
behavior of 1/(x — xo) shown in Figs. 4(a) and 4(b). These
results agree well with several other 5d* double perovskite
iridate studies [41,44-46]. On the other hand, the parame-
ters extracted from the Curie-Weiss-law-plus-constant fits for
the Ba samples are quite dependent on the choice of fitting
range, which can be understood by the nonlinear temperature
dependence of 1/(x — xo) depicted in Figs. 4(c) and 4(d).
To facilitate a quantitative comparison with the Sr sample
data, we employed an iterative three-step procedure for fitting
the Ba sample data. We first fit the susceptibility data to a
Curie-Weiss law plus a constant over a particular tempera-
ture range from 15 K to Tp,x, then plotted 1/(x — xo0), and
finally fit the 1/()x — xo) to a simple linear function to check
whether this 7 dependence explained the data well over the
entire fitting range. If nonlinear behavior was observed in the
higher-temperature regime, we repeated the procedure with
a lower value for T,,. We ultimately settled on the fitting
window of 15-150 K for the Ba samples where 1/(x — xo)
exhibits linear behavior. The fitting parameters for all four
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FIG. 4. Temperature dependence of the magnetic susceptibility
(left axis) and inverse magnetic susceptibility (right axis) plotted as
1/(x — xo) in an applied magnetic field of 1 T for (a) Sr,LulrOg,
(b) Sr,ScIrOg, () Ba,LulrOg, and (d) Ba,SclrOg. The solid orange
curves superimposed on the susceptibility data represent fits to a
Curie-Weiss law plus a constant, while the solid red curves superim-
posed on the inverse susceptibility data show the linear fitting results.

systems are summarized in Table V. We find large, positive
xo values on the order of 10~* emu/mol indicative of Van
Vleck paramagnetism and effective moments e < 0.6 g,
which are in broad agreement with most reported results for
the 5d* double perovskite iridates. We have also included
upper bound estimates for the Ir** and Ir®* defect concen-
trations in Table V by assuming that the Curie-Weiss behavior
was entirely associated with each defect type in turn. These
estimates also assume that the Ir** and Ir®" defects generate
spin-% and spin-% moments, respectively.

Since our RIXS results identified large Asoc values be-
tween 379 and 408 meV for the 54* double perovskite
iridates considered here, we expect the formation of a non-
magnetic singlet ground state (i.e., a Van Vleck paramagnet)
that would be characterized by a temperature-independent
susceptibility over a wide temperature range. However, even
the susceptibility data for the Sr samples show a significant
deviation from this behavior. The presence of local moments
in Sr,LulrOg and Sr,SclrOg likely arises from the extrinsic
sources identified above including the antisite disorder and
the finite Ir*t and Ir®" defect concentrations, but intrinsic
origins cannot be completely ruled out on the basis of these

TABLE V. Magnetic susceptibility fitting results to a Curie-
Weiss law plus a constant for various 54* double perovskite iridates.

Material Ba,LulrO¢ Ba,SclrOg Sr,LulrOg Sr,SclrOg
Fitting range (K) 15-150 15-150 15-300 15-300
Mete (1B) 0.39(1) 0.41(1) 0.28(1) 0.31(1)
Ocw (K) -9.9(1) -—-10.52) —2.892) -8.1(1)
¥o (10~* emu/mol) 5.20(1) 5.64(1) 5.48(1) 4.33(1)
Ir** defects (%) <5.1 <5.6 <2.6 <32
Ir%* defects (%) <1.0 <l1.1 <0.5 <0.6

measurements alone. The susceptibility data for Ba,LulrOg
and Ba,;SclrO¢ are even more challenging to interpret, as
the significant 6L-perovskite impurity phases identified in the
neutron diffraction measurements described above generate a
more complicated temperature dependence. The deviations of
the 1/(x — xo) data from simple linear behavior may arise
from a subtle magnetic ordering signal from the 6L-perovskite
impurity phases, but the precise ordering temperature is dif-
ficult to pinpoint. Another possibility is that this deviation
arises from a magnetic susceptibility contribution associated
with a molecular d-d excitation of the Ir dimers in the 6L-
perovskite impurity phases, as identified previously in related
6H-perovskites based on heavy transition metal dimers [59].
This latter explanation seems more likely as then the enhanced
Curie contributions in the Ba samples could arise from ef-
fective moments associated with both Ir** /Ir®* defects and
the paramagnetic 6L-perovskite impurity phases. We note that
attributing the enhanced Curie constants in the Ba samples
to Ir** /Ir®" defects only is not consistent with their smaller
combined concentrations as inferred from our RIXS data. In
any case, these discrepancies from the expectations for Van
Vleck paramagnetism warrant further investigation.

Muon spin relaxation is the ideal technique for establish-
ing the magnetic ground states of the 5d* double perovskite
iridates because it can detect spin freezing and ordered spin
configurations with extremely small moments. Notably, the
measured frequency in a zero-field muon spin relaxation
(ZF-uSR) experiment is directly proportional to the ordered
moment size in the material, and depolarization of the asym-
metry spectrum can arise from static mechanisms (i.e., local
field inhomogeneities) or dynamic mechanisms (i.e., spin fluc-
tuations). uSR is also a real-space, local probe of magnetism
that is sensitive to ordered volume fractions, so it can be
used to identify magnetic impurity contributions that may be
difficult to disentangle from intrinsic signals using magnetic
susceptibility data only. The time evolution of the muon spin
polarization determined from a ZF- SR measurement, plotted
as the muon asymmetry [53,54], is shown in Figs. 5(a) and
5(b) for Sr,SclrOg and Sr,LulrOg, respectively. Quick inspec-
tion of the data reveals no evidence of the oscillations that
represent one of the characteristic features of static magnetism
in a polycrystalline sample. Instead, the weakly relaxing spec-
tra fit well to the following functional form:

A(t) = Ase™ x Gir(t) + Abkg, 2

where Aj is the initial asymmetry of the sample, X is the elec-
tronic relaxation rate, and Ay, is the background asymmetry
associated with the Ag sample holder and Ag powder mixed in
with the samples. The fitting results are shown as solid curves
superimposed on the data in Figs. 5(a) and 5(b). The Gaussian
Kubo-Toyabe function of the form

2
—02:2

_1 % 2.2
Grr() = 3 + (1 —a’h)e™ 3)

was only required for Sr,SclrOg (i.e., it was set to 1 for
SrpLulrOg) to account for the sizable quasistatic nuclear
moments associated with *Sc. In fact, this temperature-
independent contribution dominates the Sr,SclrOg spectra. To
estimate the volume fractions for the SrySclrOg sample and
the Ag contribution, we first obtained the total asymmetry

094409-8



SPIN-ORBIT COUPLING CONTROLLED GROUND STATES ...

PHYSICAL REVIEW MATERIALS 6, 094409 (2022)

027 . 0.16
024 (a) Sr,SclrOg B (c) Sr,SclrOg 0.32f (g) Sr,SclrOg
=T ZF-uSR | 0.14F" ZF-uSR [ LF-uSR
2 ol ] > 028
Q - [} L
2 o1sl A oAz ¢ g o024
% 015} = T =7K = 010 % 020
< o12f ¢ T=3K : £ otef
s T =1K ¥ 0.08 .
009F « T=25mK 012
. 0.06
0 2 4 6 8 2 4 6 8 0.01 0.02
Time (us) 015 T (K) Time (us) Be (T)
027l i (6) SrLulrO,] : (d) Sr,LulrOg 0.32f ' () Sr,LuIr0, | 0.125 () Sr,LulrOg
| ZF-uSR 0.14 ZF-uSR -ugR LF-uSR
z 024t il i i : 0.100 "
B =~ oasp s 3 ~
£ o021} 0 £ ‘w 0.075
£ 3 0.12 E ES
o18f = i < 0.050
2 0.11 i £ ol 4 2mT
0.15F 4 T =1K e 5mT 0.025
T=25mK 0.10 012F w 20mT
0.12 ; . . 0.000
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0.00 0.01 0.02
Time (us) T (K) Time (us) B (T)

FIG. 5. Zero-field muon asymmetry vs time at selected temperatures for (a) Sr,SclrOg and (b) Sr,LulrOg. The black curves superimposed
on the data represent fits to the functional form described in the text. Key zero-field fitting parameters for (c) Sr,SclrOg and (d) Sr,LulrOg.
Longitudinal-field muon asymmetry vs time at selected temperatures for (e) Sr,SclrOg and (f) Sr,LulrOg. The black curves superimposed on
the data again represent fits to the functional form described in the text. Longitudinal-field relaxation rates for (g) Sr,SclrOg and (h) Sr,LulrOg,

with Redfield theory fits superimposed on the data.

(Aot = Ay + Apig) from a weak transverse-field measurement
at 7 K, and then we fit the 7-K zero-field spectrum to Eq. (2)
with this constraint imposed. Our fit yields 0 = 0.17 us~' and
A = Apkg. The former value is a typical relaxation rate for
strong nuclear moments in ©SR, and a 50% sample volume
fraction is reasonable based on the relative sizes of the sample
and the Ag sample holder and the fact that additional Ag
powder was added to the sample pellet to improve thermal
conductivity in the experiment. Since the size and Ag content
of both Sr samples used in this experiment were nearly iden-
tical, we imposed the constraint A; = Apyg in the Sr,LulrOg
data fitting.

The temperature dependence of the electronic moment re-
laxation rate A is shown in Figs. 5(c) and 5(d) for Sr,SclrOg
and Sr,LulrOg, respectively. While A increases weakly with
decreasing temperature, there is no sign of the characteristic
peak that would be expected for spin freezing. The single
relaxation component also rules out magnetic order with a
broadened local field distribution due to crystallographic de-
fects or domain walls, as one expects a polycrystalline sample
spectrum with a 2 /3 fast-relaxing component and a 1/3 slowly
relaxing tail in this case [59]. The exponential form of the
relaxation for the electronic moments is consistent with two
common scenarios: (1) a dense magnetic system with fast-
fluctuating moments or (2) a dilute magnetic system with
static or slowly-to-intermediately fluctuating moments [67].
To differentiate between these two possibilities, we performed
longitudinal-field muon spin relaxation (LF-©SR). Some se-
lected asymmetry spectra for both Sr,SclrOg and Sr,LulrOg
with T = 25 mK at various longitudinal fields B g are shown
in Figs. 5(e) and 5(f). In the static limit, the zero-field relax-
ation should be completely decoupled when B g = 10B; [67],
where B; is the average static local field at the muon site. By
can be estimated by the expressions B; = o /y,, or By = 1/,
where o is the nuclear moment relaxation rate, A is the elec-
tronic moment relaxation rate, and y, = 27 x 135.5 MHz/T
is the muon gyromagnetic ratio. The B value for the nuclear
moments of Sr,SclrOg is 0.2 mT, and the asymmetry spec-

trum completely loses its Gaussian character by By g = 2 mT,
which confirms that the nuclear moments are static on the
1SR timescale. On the other hand, since the By values for the
electronic moments of Sr,LulrOg and Sr,SclrOg at 25 mK
are 0.15 mT and complete decoupling of the spectra does
not occur until Brg = 20 mT, static magnetism associated
with them can be ruled out. Differentiating between the two
dynamic magnetism scenarios is more difficult. We attempt
to do this by first fitting the LF-uSR spectra to a modified
version of Eq. (2) with Gkr(?) set to 1 and then use Redfield
theory [68] to model the field dependence of the relaxation
rate according to the following expression:

1 _ ZVIEB%C‘)C

T V;%BiF"“‘)g’

“

where 1/T; is the spin-lattice relaxation rate, Bp is the mag-
nitude of the fluctuating field, and w, is a single characteristic
fluctuation rate. The LF-u SR fitting results are shown as solid
curves superimposed on the data in Figs. 5(e) and 5(f), while
the Brr dependence of the electronic relaxation rates and the
Redfield theory fits are shown in Figs. 5(g) and 5(h). The Bp
and w, values for Sr,LulrOg¢ are 3.1(6) MHz and 0.50(4) mT
and for SrpSclrOg are 3.9(9) MHz and 0.56(5) mT, which
are comparable to the values of 1.2 MHz and 0.2 mT found
previously for Ba, YIrO¢ [50]. The w./y, Bp ratios are 7 and
8 for the Lu and Sc systems, respectively, which places them
on the border between the intermediately fluctuating and fast-
fluctuating (w./y,Bp > 1) regimes. However, a system with
dense magnetic Ir>" moments seems quite unlikely due to the
dynamic local field strengths that are comparable to the static
local fields of 0.2 mT arising from the tiny, quasistatic **Sc
nuclear moments. Therefore the SR data for Sr,LulrOg and
SrpSclrOg are best explained by dilute electronic spins that
slow down with decreasing temperature. These local moments
are generated by a combination of the 3—5% level of antisite
disorder determined by our NPD refinements and the small
concentrations of Ir** and Ir%* defects identified in our RIXS
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FIG. 6. Zero-field muon asymmetry vs time at selected temperatures for (a) Ba,ScIrOg and (b) Ba,LulrOg. The black curves superimposed
on the data represent fits to the functional form with two sample components described in the text. Key zero-field fitting parameters for
(c) Ba;SclrOg and (d) Ba,LulrOg. For the Lu sample, the fit parameters are shown for both the two-sample-component and power exponential
functions described in the text. Longitudinal-field muon asymmetry vs time at selected temperatures for (e) Ba,ScIrOg and (f) Ba,LulrOg.
The black curves superimposed on the data again represent fits to the functional form with two sample components described in the text.
Longitudinal-field relaxation rates for (g) Ba,SclrO¢ and (h) Ba,LulrOg, with Redfield theory fits superimposed on the data.

and magnetic susceptibility results. The increase in relaxation
rate with decreasing temperature may arise from correlated
defect or antisite disorder clusters, as proposed in previous
work [45,47], leading to a competition between cluster ex-
change and entropy to minimize the Helmholtz free energy.

The ZF-uSR data for Ba,SclrOg and Ba; LulrOg are com-
plicated by the presence of the 6L-perovskite impurity phase
as identified by NPD. Some selected ZF- SR spectra for these
two samples are plotted in Figs. 6(a) and 6(b). The spectra
are qualitatively different as compared with the Sr samples
due to the appearance of a fast-relaxing component with a
small amplitude, which is best observed for Ba,ScIrO¢—the
material known to have the largest 6L-perovskite impurity.
To account for this additional feature, the data were fit to the
following functional form:

A@t) = Age ™" X Gxr(t) + Ape ™" + Apig. (%)

Similar to the case with the Sr samples, careful inspection of
the asymmetry data reveals that the Ag background comprises
about half of the measured signal. In our fits, we therefore
used a modified constraint Ay + Ay = Apkg, Where Ay was
set to the 6L.-perovskite impurity phase fraction as determined
by our NPD measurements. The Gaussian Kubo-Toyabe func-
tion was again needed for Ba,SclIrOg to account for the sizable
43Sc quasistatic nuclear moments, with a slightly higher o
value of 0.18 ps™! due to the small additional Ba nuclei con-
tributions. The fitting results are presented in Figs. 6(a) and
6(b), where it can be seen that the two-component relaxation
function describes the data quite well.

The temperature dependence of the two electronic relax-
ation rates A and A, is illustrated in Fig. 6(c) for Ba,SclrOg
and Fig. 6(d) for Ba,LulrOg. The fast-relaxing front end of the
spectrum arises from the 6L-perovskite impurity phase, while
the slowly relaxing component is intrinsic to the samples of
interest. We present LF-u SR measurements in Figs. 6(e) and
6(f), which were used to help identify the mechanism for the
different relaxation components. For Ba,ScIrOg, the asymme-

try spectrum again completely loses its Gaussian character
by Bir =2 mT (=10By), so the nuclear moments exhibit
static magnetism. The fast exponential relaxation rates in the
25-mK zero-field spectra provide static local field estimates
of B; = 3 and 4.5 mT for the Sc and Lu systems, respectively.
Since the LF-uSR spectra of both samples show complete
decoupling when Brr = 20 mT (<10By), this suggests that
the 6L-perovskite impurity phases host some form of static
magnetism. On the other hand, the decoupling of the slow
exponential relaxation rate in the LF- SR measurements pro-
ceeds in a nearly identical manner to our findings for the Sr
samples. To quantify this behavior, we fit the LF-u SR data to
a modified version of Eq. (5) with Ggr(¢) set to 1 and then
used Redfield theory to model the field dependence of the
slow exponential relaxation rate. The fitting results are shown
as solid curves superimposed on the data in Figs. 6(e) and
6(f), while the Redfield theory results are shown in Figs. 6(g)
and 6(h). We find w. = 2.8(4) MHz and Bp = 0.62(3) mT for
Ba,ScIrOg and similar values of 3.3(0.2) MHz and 0.78(2) mT
for Ba,LulrO¢. The w./y, Bp ratios of 5 for both samples are
comparable to the values obtained for the Sr systems above.
The similar decoupling behavior for the intrinsic relaxation
component of all four samples points to a common dominant
origin for this depolarization, which we attribute to a com-
bination of dilute magnetic Ir** and Ir®" defects since no
antisite disorder was found in the Ba samples with neutron
powder diffraction.

Finally, we note that previous ZF-uSR measurements on
the isostructural 5d* double perovskite Ba,YIrOg [46,50]
have been modeled with a single power exponential function
rather than the two-component sample function we have em-
ployed here for our ZF-u SR data analysis of Ba;SclrOg and
Ba,;LulrOg. Motivated by this difference, we also collected
ZF-uSR data on our Ba, YIrOg sample with the known 6L-
perovskite impurity phase. The data at selected temperatures
are shown in Fig. 7(a). While we first attempted to fit the data
to the function with two sample components given by Eq. (5),
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FIG. 7. (a) Zero-field muon asymmetry vs time at selected tem-
peratures for Ba, YIrOg. The black curves superimposed on the data
represent fits to the functional form described in the text. (b) Key
zero-field fitting parameters for Ba, YIrOg.

the fits did not converge for the lowest-temperature spectra.
We attribute this issue to the significantly reduced volume
fraction of the 6L-perovskite impurity phase in our Ba,; YIrOg
sample (relative to our Ba,LulrOg and Ba,;SclrO¢ samples),
which leads to a fast-relaxing component with an extremely
small amplitude. On the other hand, a power exponential
function of the form

A(t) = Ase_()‘t)ﬁ + Apkg (6)

explains the ZF-uSR data quite well, as illustrated by the
solid curves superimposed on the data in Fig. 7(a), which is
in good agreement with previous work [46,50]. Figure 7(b)
presents the temperature dependence of the fit parameters A
and B. As a sanity check, we have also tried to fit our ZF
spectra for Ba,LulrOg¢ to the same power exponential func-
tion, as the presence of the fast-relaxing component is not
quite as obvious when compared with the Ba,SclrOg data.
We find that the power exponential function fits also explain
these data reasonably well, as the fast-relaxing front end is
accounted for by a power B < 1. The fitting parameters, A
and B, are shown as the magenta and blue open symbols in
Fig. 6(d). The success of the power exponential function in
describing our Ba,; YIrOg ZF-uSR data, along with its ability
to adequately describe the Ba,LulrOg ZF spectra, suggests
that the nonexponential relaxation identified in the previous
Ba,; YIrOg ZF-SR data may arise from a small amount of the
same 6L-perovskite impurity phase.

VI. CONCLUSIONS

We performed a systematic study investigating the crystal
structures, single-ion properties, and magnetic ground states
of Ba,LulrOg, Ba,ScIrOg, SroLulrOg, and Sr,SclrOq. We
found that the Ba systems crystallize in the cubic space group
Fm3m, while the Sr analogs form the P2, /n structure. Despite
the variation in the crystal structures, the Ir>* single-ion prop-
erties are remarkably similar with comparable values for the
spin-orbit coupling constant Agoc (379—406 meV) and Hund’s
coupling Jy (243-256 meV). Combined magnetic susceptibil-
ity and muon spin relaxation results reveal no evidence for
magnetic order or spin freezing down to 25 mK in this family
of materials. Our results are indicative of J = 0 electronic
ground states in the 54* double perovskite iridates due to
large spin-orbit coupling, which renders the noncubic crystal
field and excitonic condensation mechanisms for generating
magnetic order inactive. The local magnetic moments iden-
tified in these materials likely arise from extrinsic sources
and may be attributed to the 6L-perovskite impurity phases,
the antisite disorder, and/or the Ir*t or Ir®F defects found in
this paper. We expect our findings to be broadly applicable to
materials with octahedrally coordinated transition metals in a
5d* electronic configuration.
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