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% electronic ground states have attracted recent interest due to
their penchant for hosting new classes of quantum spin liquids and superconductors. Unfortunately, model
systems with ideal J,;; = 1 states are scarce due to the importance of noncubic local distortions in most
candidate materials. In this work, we identify a family of iridium halide systems [i.e., K;IrClg, K,IrBre,
(NH4),IrClg, and Na,IrClg - 6(H,0)] with Ir**+ electronic ground states exhibiting extremely small deviations
from the ideal J.;; = % limit. We also find ordered magnetic ground states for the three anhydrous systems,
with single-crystal neutron diffraction on K,IrBre revealing type-I antiferromagnetism. This spin configuration
is consistent with expectations for significant Kitaev exchange in a face-centered-cubic magnet. This work
establishes that incorporating isolated IrXs octahedra in materials, where X is a halogen ion with a low
electronegativity, is an effective design principle for realizing unprecedented proximity to the pure J,;; = %
state. At the same time, we highlight undeniable deviations from this ideal state, even in clean materials with

Heavy transition metal magnets with J,;r =

ideal IrX;s octahedra as inferred from the global cubic crystal structures.

DOI: 10.1103/PhysRevMaterials.4.124407

I. INTRODUCTION

Heavy transition metal magnets with > ions in an ideal oc-
tahedral local environment have been shown to host a J.rr =
% spin-orbit-assisted Mott insulating state [1]. The initial in-
terest in materials with this exotic electronic ground state was
largely twofold. First, the canonical J,;r = % system SryIrOy4
shares common phenomenology with cuprate superconduc-
tors [2,3] and has been predicted to superconduct upon doping
[4,5], although this remains to be verified by experiments.
Second, a honeycomb lattice of J,;; = 1 moments with
edge-sharing octahedral geometry provides an experimental
platform for testing predictions of the Kitaev model [6,7],
which is exactly solvable and yields a “Kitaev spin-liquid”
ground state with Majorana fermion excitations. Several can-
didate systems, including the honeycomb iridates Na,IrO;
[8,9], -LioIrO5 [10,11], and a-RuCl; [12—-14] have now been
intensively investigated to look for evidence of this exotic
state of matter. Although additional interactions beyond the
bond-directional Kitaev term, such as direct Heisenberg ex-
change or off-diagonal exchange I', typically stabilize ground
states with ordered spin configurations instead [15,16], it is
now well established that at least «-RuCls [17-19] is proxi-
mate to the desired spin-liquid state.
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Significantly fewer studies have investigated J.rr = %
magnetism beyond SrpIrO, and the honeycomb lattice, al-
though characterizing the metal-insulator transitions in pure
and doped Sr3Ir,O; [20-26] and searching for Kitaev ma-
terials with Jorr = % moments on other sublattices [27] are
two enduring themes. Pioneering work by Kimchi and Vish-
wanath [28] provides strong motivation for the latter topic, as
they have pointed out that the Kitaev interaction is symmetry
allowed on several sublattices built on edge-sharing octahe-
dra beyond the honeycomb, including the triangular, kagome,
pyrochlore, hyperkagome, and face-centered-cubic (fcc) ge-
ometries. They have also used Luttinger-Tisza analysis to
calculate the classical Heisenberg-Kitaev phase diagrams for
these different cases, which are quite rich and contain several
regimes with extensive degeneracy that they label “quantum
phases.” Followup work determined the phase diagrams for
the Heisenberg-Kitaev (or Heisenberg-Kitaev-I") models on
the triangular and fcc lattices using other classical or quan-
tum treatments, and these studies indicate that exotic vortex
crystal, spin-liquid, incommensurate spiral, or nematic states
may be realized [29-34]. Therefore, there is strong incentive
to identify J.rr = % fcc or triangular lattice systems that can
be used to test these predictions.

Ideal J.rr = % magnets have been difficult to find, and
notably the local environments of the Ir** ions are noncubic
in all known iridates based on corner-sharing, edge-sharing,
or face-sharing IrO¢ octahedra. While it has been argued that
many iridates are effectively in the J.rr = % limit [34-37],
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significant concerns remain that small noncubic deviations
of the electronic wave functions may mask the intrinsic
properties of the spin-orbit-assisted insulating state, preclude
superconductivity in doped J.rr = % magnets, prevent the
realization of the Kitaev model in honeycomb systems, or
complicate comparisons between theoretical and experimental
phase diagrams. Making matters worse, there are no known
Jopr = % fcc or triangular lattice iridates with corner-sharing,
edge-sharing, or face-sharing IrOg octahedra. Birol and Haule
pointed out that both these limitations may be overcome
by extending the search for J.rr = % magnets to materials
with isolated IrXg (X = anion) octahedra [38], as spacing the
magnetic ions further apart is expected to generate extremely
narrow d bands and hence promote robust insulating states.
These ideas have now been explored in the triangular lattice
iridate Ba3IrTi,Og [29] and the fcc (or quasi-fcc) Ir** double-
perovskite iridates [32,37,39,40], which feature isolated Ir,Og
bioctahedra and IrOg octahedra, respectively. While Ir/Ti
site mixing leads to complications for BasIrTi,Og [41,42],
Ba,CelrOg remains cubic down to 4 K [37] and therefore was
initially expected to host an ideal J,.rr = % insulating state. It
was surprising then when resonant inelastic x-ray scattering
(RIXS) measurements revealed a small splitting of the excited
Jepr = 3 quartet into two doublets, which may arise from
undetected local distortions at the Ir sites [34,37].

A related topic of recent interest has been the prospect of
realizing significant Kitaev interactions through extended su-
perexchange pathways in materials like Ba3IrTi;Og [29] and
the Ir*" double-perovskite iridates since some of the exotic
phases predicted above for J,ry = % triangular and fcc mag-
nets may be experimentally observed. Notably, the bridging
geometry in these materials involves isolated IrXs octahedra
with parallel edges (i.e., Ir-X-X-Ir superexchange pathways)
rather than the more familiar edge-sharing IrXs octahedra. Ini-
tial work on the quasi-fcc double perovskites La,MglrOg and
La;ZnlrOg showed that the thermodynamic properties [32]
and powder-averaged spin-wave spectra [40] can be explained
by a magnetic Hamiltonian with dominant nearest-neighbor
(NN) antiferromagnetic (AFM) Kitaev exchange, although
subsequent theoretical calculations on fcc Ba,CelrOg support
a dominant NN AFM Heisenberg exchange with a smaller
(but notably still significant) NN AFM Kitaev term [34].
These findings are important because they establish a second
bridging geometry that supports significant Kitaev exchange
and they provide a mechanism for realizing AFM Kitaev
interactions in materials, rather than the ferromagnetic (FM)
Kitaev exchange expected for systems based on edge-sharing
octahedra. While the relative strength of the NN Heisenberg
and Kitaev terms in this second bridging geometry remains
an open question, there is now a growing consensus that the
latter is responsible for stabilizing the same type-1 (A-type)
AFM order in several double-perovskite iridates [32,37,39,40]
and therefore cannot be neglected in any accurate microscopic
model of these materials.

To date, the family of Ir** double-perovskite iridates
consists of only four well-studied members with a single
magnetic sublattice: Ba,CelrOg, Sr,CelrOg, La,MglrOg, and
La;ZnlrOg [32,37,39,40,43-52]. Unfortunately, it is now well
established that none of these systems are ideal J,;y = 1 mag-
nets, and large single-crystal growth is not possible, severely

limiting the impact of many advanced characterization stud-
ies. As an interesting set of alternatives, Birol and Haule
[38] identified several other J,;r = % fcc magnet candidates
of the form A,BXg, where A is often an alkali metal, B is a
4d /5d transition metal, and X is an anion (typically a halogen
ion), though they have received surprisingly little attention
in this context. Antifluorites of this form were investigated
by Wyckoff and Posnjak as early as the 1920s [53], and in
the 1960s—1980s were actively studied as model systems for
exploring NN-NNN (next-nearest-neighbor) fcc magnetism,
lattice dynamics, and structural phase transitions [54]. There
is now a new impetus to investigate these materials using
modern instrumentation to assess their J,;; = 1 candidacy
and elucidate the role that Kitaev interactions may play in
establishing their magnetic properties. One recent study has
discussed these two issues for the particular case of K,IrClg
[55], but even for this material spectroscopic evidence for the
Jepr = % state is still lacking.

The antifluorite structure can accommodate water
molecules in several different ways [56], and the anion
X can be tuned easily; this flexibility leads to many
more Jrp = % magnet candidates as compared to the
double-perovskite structure. Sizable single crystals of several
family members can also be grown by solution or chemical
vapor transport methods. These advantages make the A,BXg
family particularly attractive for systematic studies of heavy
transition metal magnetism on the fcc lattice, which is the
focus of this work. In subsequent sections, we explore the
evolution of the crystal structure, electronic properties, and
magnetic properties when modifying the A ion, the X ion, or
adding water molecules by providing detailed characterization
data on the materials K;IrClg, K;IrBrg, (NHy),IrClg, and
Na,IrClg - 6(H,0). Diffraction techniques identify both fcc
antifluorite and highly distorted structures in this family
of materials, yet x-ray spectroscopy measurements reveal
unprecedented proximity to Jorr = % electronic ground states
for the Ir** ions in all four cases. Bulk magnetization and
muon spin relaxation measurements find ground states with
long-range magnetic order for the three anhydrous samples,
with the latter indicative of similar moment sizes and a 100%
ordered volume fraction. Single-crystal neutron diffraction
of K,IrBrg indicates type-I AFM order. While this ordered
spin configuration is different than the type-III AFM order
previously predicted for (NH4),IrClg [57] and identified for
K,IrClg [58,59], both magnetic structures can be explained
by a Heisenberg-Kitaev Hamiltonian that also includes
significant NNN Heisenberg exchange. Our comprehensive
study demonstrates that the iridium halide family provides
an excellent alternative to the more familiar iridates for
investigating J.rr = % fcc magnetism. More generally, we
also identify design principles for synthesizing materials with
unprecedented proximity to the ideal J,rr = % limit: namely,
ensuring no direct connectivity between the IrXs octahedra
and incorporating X ions in the crystal structure with low
electronegativity.

II. EXPERIMENTAL DETAILS

Commercial powders of K;IrClg, KyIrBrg, (NHy),IrClg,
and Na,IrClg - 6(H,O) were purchased from Alfa Aesar.

124407-2



STRUCTURAL, ELECTRONIC, AND MAGNETIC ...

PHYSICAL REVIEW MATERIALS 4, 124407 (2020)

Single crystals of K,IrClg, K;IrBrg, and (NHy),IrClg were
grown out of a supersaturated water solution, by dissolving
the halide salts at 7 ~ 80 °C and slowly cooling to room tem-
perature over a two day period. The largest crystals of K,IrClg
and K,IrBrg were on the order of 1-10 mg and typically had
octahedral geometry; the crystals of (NHy),IrClg were similar
in shape, but smaller by a factor of 2. To investigate the room-
temperature crystal structures and assess phase purity, powder
x-ray diffraction (XRD) was performed on the commercial
powder and crushed-up crystals using a Bruker D8 advance
x-ray diffractometer with a 1.5406-A wavelength incident
beam. Since NayIrClg - 6(H,O) can easily be converted to
Na,IrClg - 2(H,0) or Na,IrClg depending on the relative hu-
midity level in the air [56], the crystal structure of this sample
was routinely checked by XRD before performing other mea-
surements. If the majority phase was not Na,IrClg - 6(H,O),
an iterative process of soaking the sample in water and then
remeasuring XRD was conducted. Neutron powder diffraction
(NPD) was additionally performed on polycrystalline K,IrClg
and K,IrBre using the HB-2A powder diffractometer [60] of
the High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL) to investigate the low-temperature crystal
structures of these materials. The K;IrBrg powder was loaded
in a vanadium can with a 5-mm inner diameter and the data
were collected down to 1.5 K by loading the sample in a
cryostat. To ensure that the crystal structure was measured
well below the known 3-K magnetic transition, the K,IrClg
powder was loaded in an aluminum can with the same inner
diameter and the data were collected down to 0.3 K, with
a He-3 insert that was placed in a helium cryostat. All data
were collected with a neutron wavelength of 1.54 A and a
collimation of open-21'-12’.

X-ray absorption spectroscopy (XAS) was performed on
polycrystalline samples of K,IrClg, KyIrBrg, (NHy),IrClg,
and NayIrClg - 6(H,O), as well as the canonical J.rr = %
magnet SrIrQy, at room temperature using the A2 beamline
at the Cornell High Energy Synchrotron Source (CHESS)
to assess the importance of spin-orbit coupling to the Ir*+
electronic ground states. Measurements were collected at both
the Ir L2 (2p1/2 —> Sd) and L3 (2p3/2 — Sd) absorption
edges, which occur at energies of 12.824 and 11.215 keV,
respectively. The energy of the incident x-ray beam was
selected using a diamond-(1 1 1) double-crystal monochro-
mator, with higher harmonic contributions suppressed by a
combination of Rh-coated mirrors and a 50% detuning of
the second monochromator crystal. The XAS measurements
were performed in transmission geometry, using a series of
three ion chambers (Iy, I}, and I;). The sample was mounted
between Iy and I;, while an elemental Ir reference sample was
mounted between /; and I,. This configuration allows a direct
measurement of the linear x-ray attenuation coefficient u(E),
which is defined by the intensity ratio of the incident and
transmitted x-ray beams. In this case, psmple(E) = In(ly/I1)
and ;- (E) = In(l;/L). The energy calibration of this setup
is accurate to within 0.25 eV, and direct comparisons between
sample and reference spectra can be used to rule out any
systematic energy drifts over the course of the experiment.

Resonant inelastic x-ray scattering (RIXS) measurements
were conducted on aligned single-crystal samples of K,IrClg
and K,IrBrg, an unaligned single crystal of (NH4)IrClg,

and a polycrystalline sample of Na,IrClg - 6(H,0) using the
MERIX spectrometer on beamline 27-ID of the Advanced
Photon Source (APS) at Argonne National Laboratory to in-
vestigate the Ir** crystal-field excitations. The aligned single
crystals were measured at both room temperature and 10 K,
while the unaligned single crystal and powder samples were
only measured at room temperature. The incident x-ray en-
ergy was tuned to the Ir L3 absorption edge at 11.215 keV.
A double-bounce diamond-(1 1 1) primary monochromator,
a channel-cut Si-(8 4 4) secondary monochromator, and a
spherical (2-m radius) diced Si-(8 4 4) analyzer crystal were
used to obtain an overall energy resolution of ~35 meV [full
width at half-maximum (FWHM)]. In order to minimize the
elastic background intensity, most of the measurements were
carried out in horizontal scattering geometry with a scattering
angle close to 90°. For the aligned single-crystal samples of
KsIrClg and K;IrBrg, the actual Q positions measured were
0 = (7.26,7.26,7.26) and (7.58, 7.58,7.58) rlu, respectively.
For the bromide system, data were also collected with a scat-
tering angle of 95° corresponding to Q = (7.9,7.9,7.9) rlu
to confirm lack of momentum dependence for the relevant
excitations.

Bulk thermodynamic data were obtained using instruments
housed in the Materials Research Laboratory at the University
of Illinois. Magnetization measurements were performed us-
ing a Quantum Design MPMS3 SQUID magnetometer and
polycrystalline samples in applied fields of uoH = 0.5 and
7 T over a temperature range of 7 = 2-300 K. Heat-capacity
data were obtained on small unaligned crystals of K;IrClg,
KyIrBrg, and (NHy4),IrClg in zero field using a Quantum De-
sign PPMS Dynacool system equipped with a He-3 insert to
allow for measurements down to 7 = 0.3 K.

Elastic neutron scattering measurements were performed
on the 14.6-meV fixed-incident-energy triple-axis spectrom-
eter HB-1A of the HFIR at ORNL using a K;IrBrg single
crystal on the order of 10 mg. The main goal of this ex-
periment was to determine the magnetic structure for this
compound. The experimental background was minimized by
using a double-bounce monochromator system, mounting two
highly oriented pyrolytic graphite (PG) filters in the incident
beam to remove higher-order wavelength contamination, and
placing a PG analyzer crystal before the single He-3 detector
for energy discrimination. A collimation of 40'-40'-40'-80’
resulted in an energy resolution at the elastic line just over
1 meV (FWHM). The elastic scattering was measured be-
tween 4 and 20 K using a closed cycle refrigerator.

Muon spin relaxation (uSR) measurements were per-
formed at TRIUMF, Canada, on polycrystalline samples of
K»IrClg, Ky IrBrg, and (NHy4),IrClg using the M15 and M20
surface muon beam lines equipped with the Dilution Refrig-
erator (DR) and LAMPF spectrometers, respectively, which
have base temperatures of 25 mK and 1.8 K. In a uSR
experiment, positive muons are implanted into the samples
one at a time with the stopping sites determined by the lo-
cations of local minima in the Coulomb energy landscape.
After implantation, muon spins precess around the local mag-
netic field at the stopping site, and then each muon decays
into a positron (plus two neutrinos) after a mean lifetime of
2.2 ps. For a fixed temperature and magnetic field, millions
of positron events are recorded by two opposing counters to
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FIG. 1. Powder x-ray diffraction data, indicated by the solid symbols and collected with a Cug, source at room temperature, is shown for

(a) K7IrClg, (b) KyIrBrg, (¢) (NHy4),IrClg, and (d) Na,IrClg - 6(H,O).

The best structural refinements are superimposed on the data as solid

curves, the difference curves are shown below the diffraction patterns, and the expected Bragg peak positions are indicated by ticks. Note that

a small amount of KCI and KBr impurity was identified in the K,IrCle

build up a series of histograms, which can be used to reveal
the time evolution of the muon spin polarization. This quantity
is known as the muon asymmetry [61,62] and is given by
A(t) = %, where Np(t) and Ng(t) are the number of
counts in the two (back and front) positron counters and o
is a calibration parameter which was measured using a weak
transverse field well above the ordering transitions. Most other
measurements were performed in zero-field (ZF) geometry.
K,IrBrg was measured at M20 using LAMPF with an ultralow
background setup, (NHy4),IrClg was measured at M15 using
the DR where the Ag background from the sample holder is
significant, and K,IrClg was measured at both beam lines.

III. CRYSTAL STRUCTURES

Heavy transition metal halides with the antifluorite struc-
ture A,BXs have been studied for a long time [53] and are
known to frequently crystallize in an ideal fcc structure or
lower-symmetry variants. There are intriguing similarities be-
tween the antifluorite structure and the commonly studied
double-perovskite structure A,BB'Xg [63], with the former
largely resembling the latter with an empty B’ site. These
vacancies allow the antifluorite structure to accommodate
water molecules in a variety of different ways [56,64], and
one needs to proceed with extreme caution when investigat-
ing this material family. Fortunately, the addition of water

and K,IrBrg pattern, respectively.

to the ideal fcc antifluorite structure is seen to lower the
crystal symmetry and modify the overall atomic configuration
substantially. Thus, x-ray diffraction is capable of detecting
water in these compounds by probing the symmetry-lowering
structural transitions, even though it is not an effective tool for
detecting the water molecules directly. With these thoughts in
mind, we first use this technique to confirm the crystal struc-
tures of the iridium halides K;,IrClg, K;IrBrg, (NHy),IrClg,
and Na,IrClg - 6(H,0) at room temperature and assess their
phase purity. At the same time, these measurements allow us
to establish the local environment of the Ir** ions, which is an
essential first step toward assessing the J.rr = % candidacy of
these materials.

Our XRD results for these four systems are shown in
Fig. 1. The data are shown as solid red squares, and the
results of Rietveld refinements obtained using FULLPROF [65]
are superimposed on the data as solid black curves. Since
XRD is only weakly sensitive to hydrogen atoms, these were
excluded from the refinements. Table I presents the space-
group and lattice constants determined by the refinements.
We find that K,IrClg, KyIrBrg, and (NHy4),IrClg crystallize
in the Fm3m space group indicative of the ideal antifluorite
structure; this result for K,IrClg is consistent with a recently
published room-temperature structure determination [55]. The
ideal antifluorite structure ensures that the Ir*" ions have
cubic point symmetry, which is a required prerequisite for a
Jepr = % electronic ground state. The higher electronegativity
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TABLE 1. Space-group (SG) and lattice parameters for K,IrClg,
K,IrBrg, (NH4),IrClg, and Na,IrClg - 6(H,O) extracted from Ri-
etveld refinements of room-temperature powder XRD data. The
lattice constants are in A and all angles are in degrees.

TABLE II. Structural parameters for K,IrCls at 0.3 K and
K,IrBrg at both 1.5 and 200 K extracted from the refinements of
the 1.54-A neutron powder diffraction data. The lattice constants and
bond distances are in A and all angles are in degrees.

Material K,IrClg KyIrBrg  (NHy4),IrClg Na,IrClg - 6(H,O) Material K;IrClg K;IrBrg K;IrBrg
SG Fm3m Fm3m Fm3m P1 T 0.3 K 1.5K 200 K
a 9.7720(2) 10.3120(2)  9.8663(1) 6.7339(6) SG Fm3m P2, /n Fm3m
b 9.7720(2) 10.3120(2) 9.8663(1) 7.0946(6) a 9.6634(1) 7.1158(2) 10.2670(2)
c 9.77203) 10.3120(3) 9.8663(1) 8.4016(6) b 9.6634(1) 7.1248(2) 10.2670(2)
o 90 90 90 102.014(3) ¢ 9.6634(1) 10.4641(2) 10.2670(2)
B 90 90 90 98.830(3) B 90 90.404(2) 90
y 90 90 90 107.726(3) Kx 0.25 0.509(1) 0.25
Ky 0.25 0.525(1) 0.25
Kz 0.25 0.250(1) 0.25
. o . Ir (0,0, 0) (0.5,0,0.5) (0,0,0)
of Cl relative to Br leads to a significantly smaller unit cell for X, x 0.2401(1) 0.2068(8) 0.2397(2)
K5IrClg and (NH4),IrClg compared to K, IrBrg. Xy 0 0.2199(9) 0
The NayIrClg - 6(H,O) _compound is best described by X, z 0 0.9907(4) 0
the triclinic space group P1, and our XRD refinement result X, x 0 0.2763(9) 0
agrees well with previous work [56]. The difference between Xy 0.2401(1) 0.7129(8) 0.2397(2)
the ideal antifluorite structure and this lower-symmetry variant X,z 0 0.9856(5) 0
is illustrated in Fig. 2. In the ideal case, the alkali ions are X3 x 0 0.4709(4) 0
12-fold coordinated with Cl, and the NN distance is quite large X;y 0 0.0007(9) 0
(~3.45 A for K,IrClg at room temperature). This arrangement X3 z 0.2401(1) 0.2640(2) 0.2397(2)
enables the structure to accommodate water molecules by dis- Ryp 4.4% 3.9% 5.6%
placing the alkali ions, which lowers the crystal symmetry. For ~ x° 16.7 7.1 74
the cases of Na,IrClg - 2(H,0) and Na,IrClg - 6(H,0), the  Ir-X; 2.320(1) 2.481(6) 2.461(2)
addition of water molecules leads to the formation of NaCl,O, Ir-X; 2.320(1) 2.488(6) 2.461(2)
and NaClOs octahedra, respectively, with significantly shorter Ir-X; 2.320(1) 2477(2) 2461(2)
NN distances <3 A between the alkali ions and Cl. Notably, Xi-Ir-X; 90 91.1(3) 90
the IrClg octahedra remain intact with the addition of water X Ir Xy 90 90.1(3) 90
X,-Ir-X5 90 90.2(3) 90

molecules to the structure [56], even as the global symmetry
is modified significantly. For Na,IrClg - 6(H,0O), the minimal
IrCls octahedral distortions suggest that this system may also
be close to the ideal J,ry = % limit.

Polycrystalline samples of the two nonhydrogenous sam-
ples were also measured with NPD to look for evidence
of structural phase transitions at lower temperatures. While
a structural transition for K,IrClg at 7, = 2.8 K has been
proposed previously [66], synchrotron XRD measurements

(a) K,IrClg (b) Na,IrCl, ® 6(H,0)

FIG. 2. The crystal structure of (a) K,IrClg and (b) Na,IrClg -
6(H,0) viewed along the a axis of their respective unit cells. The
alkali ions, Ir ions, Cl ions, and O ions are shown in green, red, blue,
and yellow, respectively, while the H ions are omitted to improve
clarity. Although the local environment of the Ir ions is nearly iden-
tical for the two structure types, the coordination of the alkali ions is
drastically different.

have only been reported down to 20 K [55]. Temperature-
dependent diffraction measurements have not been reported
previously for K,IrBrg, although differential thermal analysis
(DTA) reveals two phase transitions of unknown origin at 182
and 13 K [67]. Figures 3(a) and 3(b) show our NPD data from
the HB-2A instrument, plotted as solid red squares. These
data were collected using a neutron wavelength of 1.54 A at
a temperature of 0.3 K for K;IrClg and 1.5 K for K,IrBrs.
Rietveld refinement results performed using FULLPROF [65]
are superimposed on the data as black solid curves. No extra
peaks indicative of magnetic order are observed in the NPD
data below the 3-K magnetic transition for K,IrClg or the
13-K transition of unknown origin for K,IrBrg, although in
the context of our results given below, we believe this is due
to the extremely small ordered moments.

Table II shows lattice constants, atomic fractional coordi-
nates, and selected bond distances and angles extracted from
the NPD refinements. We find that K,IrClg refines well in
the space group Fm3m corresponding to the ideal antifluorite
structure even at 0.3 K, suggesting that there is no struc-
tural phase transition at 2.8 K within the resolution of the
HB-2A instrument. On the other hand, clear peak splitting is
observed in the K,IrBrg data below 7; = 182 K on warming.
Refinements with both the tetragonal P4/mnc and mono-
clinic P2, /n space groups, which are commonly realized in
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FIG. 3. Neutron powder diffraction (NPD) data, indicated by the solid symbols and collected with a neutron wavelength 1.54 A, is shown
for (a) K,IrClg at 0.3 K and (b) K,IrBrg at 1.5 K. The best structural refinements are superimposed on the data as solid curves, the difference
curves are shown below the diffraction patterns, and the expected Bragg peak positions are indicated by ticks. (c) The temperature dependence
of the lattice constants (pseudocubic values) for K,IrBrg extracted from Rietveld refinements of the NPD data collected on warming. Note that
the ~180 K onset temperature of the Bragg peak splitting agrees well with the value of 7 obtained from previous differential thermal analysis
(DTA) work [67].

symmetry-lowering transitions of the antifluorite structure, branching ratio that is significantly enhanced from the statis-
were performed using the 1.5-K base temperature data. Su- tical value of 2 is indicative of strong coupling between the
perior agreement factors were found for the monoclinic cell local orbital and spin moments, which is a strict requirement
(Ryp = 3.9% and x2=17.1)as compared to the tetragonal cell for a Jpp = % electronic ground state. As a counterexam-

(Ryp =7.5% and x 2 =26.1). Similar results were obtained ple, the pressure-induced collapse of the J,rr = % state in
at elevated temperatures, although the size of the monoclinic a-LiyIrO5 is accompanied by a rapid drop in the BR [74],
distortion decreases continuously with increasing tempera- which approaches the value for elemental Ir (BR ~ 3) in its
ture. By 100 K, the monoclinic distortion (if present) can dimerized, non-J ¢, high-pressure state.

no longer be resolved in the HB-2A daFa and.this l§ads to The x-ray absorption spectra at the Ir L3 and L, edges for
P2y /n refinements that do no converge without including un-  a]] four iridium halides investigated are plotted in Figs. 4(a)—

physical constraints on the atomic positions. Therefore, the 4(d) as the linear x-ray attenuation coefficient /(E) vs energy,
data between 100 K and 7; were refined in the tetragonal  ajong with data for a Sr,IrO, reference sample in Fig. 4(e).
P4/mnc space group. Although previous DTA work found no  The data were normalized to an edge step of 1 at the L3 edge
evidence for a second phase transition between 20 K and T; and 0.5 at the L, edge, reflecting the ratio of 2ps/, and 2p,
[67], past diffraction work on other antifluorite compounds  jpitia] states available for these processes. The background in
[68,69] has revealed two structural transitions follovying the the pre-edge region of the absorption spectra was modeled by
sequence Fm3m — P4/mnc — P2 /n; this behavior may , finear function, while the post-edge region was treated with
be .relevant for KoIrBrs. The temperature depend.ence of the a quadratic polynomial. The integrated intensities of the L,
lattice parameters extracted from our refinements is shown in and L; white-line features, indicated by the shaded regions
Fig. 3((.:). Ther.e is a significant elong.ation of the ¢ axis below in Fig. 4, were determined using two approaches: (1) by
T;, yet interestingly the Ir-Br boqd Fhstances z}nd the Br-Ir-Br fitting each spectra to a simple Lorentzian (white-line) and
bond angle.:s show very s.m'all dev1atlops from ideal octahedﬂal arctangent (edge-step) fit function, and (2) by numerically
geometry in the monoclinic phasg; this suggest's that the Ir Jlr integrating the area between the continuum edge step and the
glegtromc grounq State may remain closp to the ideal Jory = 3 experimental data. A BR was determined for each compound
limit over the entire temperature range investigated. using the average of the white-line intensities obtained from
these two approaches. The BRs extracted from this analysis

IV. SINGLE-ION PROPERTIES for KQII'C16, KzII‘BI‘s, (NH4)2II‘C16, and NazerIG . 6(H20)

are shown in Fig. 4(f), where they are also compared to the
values for Sr,IrO,4 and elemental Ir. The statistical BR of two,
expected in the limit of negligible SOC, is indicated by the
dashed red line. The enhanced BR values for the four iridium
halides are within the range typically found for J,;s = % mag-

Although it is reasonable to expect that spin-orbit coupling
plays a key role in controlling the electronic and magnetic
properties of K,IrClg, K,IrBrg, (NHy4),IrClg, and NayIrClg -
6(H,0), the strength of the spin-orbit interactions has not
been determined in these materials, and in fact has been seen T 7 ) )
to vary widely in other 5d compounds [70]. The strength nets, indicating that the'Ir ions in these materials may share
of spin-orbit interactions can be measured directly through the same local electronic ground state. .
investigation of the branching ratio (BR) with XAS [71-73]. RIXS provides complementary information on the elec-
The branching ratio is defined as BR = I;,/I;,, where I, tronic 'ground state.an.d is a umque;ly powerfu! technique folr
and /;, are the integrated intensities of the white-line features assessing the .proxn.n’lty of matenals to the lqefﬂ Jerf =3
measured at the L, and Ls absorption edges of Ir, respectively. limit due to its ability to directly probe splittings of the

_ 3 . .. .
The branching ratio is directly proportional to the expecta-  Jeff = 3 quartet excited state arising from noncubic crystal-
tion value of the spin-orbit coupling operator (L - §) [70]. A field terms. Specifically, RIXS measurements of crystal-field
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FIG. 4. X-ray absorption spectra collected at the Ir L; edge (left) and Ir L, edge (right) for (a) K,;IrClg, (b) K,IrBrg, (c) (NHy),IrClg,
(d) Na,IrClg - 6(H,0), and (e) Sr,IrO4. For all samples, the sharp white-line feature is significantly enhanced at the L3 edge as compared to the
L, edge. (f) Experimental branching ratios for K,IrClg, K;IrBrg, (NH4),IrClg, and Na,IrClg - 6(H,O). The branching ratios for the reference

samples Sr,IrO,4 and Ir are also shown for comparison purposes.

excitations, in particular the intra-f;, levels, can be used to
quantitatively determine the spin-orbit coupling constant A
and the noncubic crystal field A at the Ir** site. In Fig. 5(a),
we present the room-temperature RIXS spectra at the Ir Ls
edge for aligned single crystals of K,IrClg and K,IrBrg, an
unaligned single crystal of (NHy4),IrClg, and a polycrystalline
sample of Na,IrClg - 6(H,O). Several peaks are apparent in
the data, and based on comparisons with iridates [35,75] we
assign the features between 0.5-0.8 eV to intraband #,, ex-
citations, the higher-energy features between 1.3 and 3.5 eV
to interband 1,,-¢, excitations, and the highest-energy features
to charge transfer excitations. This assignment is supported
by the incident energy dependence of the room-temperature
RIXS spectrum for K,IrBrg, as illustrated in Fig. 5(b). Note
that d-d transitions and charge transfer excitations involving
I, excited states resonate at 10Dg ~2 eV below those involv-
ing the e, states.

We have plotted an enlarged version of the RIXS spectra in
Fig. 6 to highlight the intra-f,, excitations in the four Ir halides
measured in this study. The aligned single-crystal samples
K5IrClg and K;IrBrg were also measured at 10 K to check
for temperature dependence associated with any structural
changes. The T = 10 K spectra show minimal differences
compared to the room-temperature spectra. We confirmed the
lack of momentum dependence for these excitations by mea-
suring spectra for K,IrBrg at both Q = (7.58, 7.58, 7.58) and
(7.9, 7.9, 7.9) rlu. This absence of momentum dependence is
typical of d-d excitations in other Ir-based systems with small
magnetic bandwidth (e.g., the honeycomb, pyrochlore, and
double-perovskite iridates). The O = (7.58, 7.58, 7.58) spec-
tra are plotted in Figs. 6(c) and 6(d). It is immediately obvious
that all data sets show a small peak splitting indicative of de-
viations from an ideal J.;y = % state, even for samples where
diffraction measurements revealed cubic symmetry. It is also
interesting to note that the intra-f,, peak splitting in K,IrBrg
does not increase below the structural phase transition at
T, = 182 K. In fact, the splitting appears to slightly decrease.
A similar decrease is observed in the low-temperature peak
splitting of K,IrClg, in spite of the absence of an analogous
structural transition.

The splitting of the J.;r = % quartet into two doublets at
temperatures up to 300 K was not expected for the cubic

— —e K,IrClg €g
L6l | e K,IrBrg |
S == (NH,),IrClg
—a 10Dg~25eV

8 Na, IrClg- 6(H,0) qm2o€
=
S 4t + B
2 J=1/2
‘@ 6, 3/21~065eV
GC) g A~005eV
Lt J4=3/2
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S
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>
o 11217
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c
w
2 11215
9]
S
2 11213

11.211

2

3 4 5
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FIG. 5. (a) Room-temperature resonant inelastic x-ray scatter-
ing spectra collected at the Ir L; edge (E; = 11.215 keV) for
Kle’Clﬁ, KzII‘Bré, (NH4)ZIFC16, and NaZIrC16 . 6(H20) The KzII’Clé,
and K,IrBrg samples were aligned single crystals, the (NHy4),IrClg
sample was an unaligned single crystal, and the Na,IrCle - 6(H,0)
sample was polycrystalline. We assign the features between 0.5—
0.8 eV to intraband f,, excitations, the higher-energy features
between 1.3 and 3.5 eV to interband #,-e, excitations, and the
highest-energy features to charge transfer excitations. The inset
presents the energy level scheme giving rise to these transitions.
(b) Incident energy dependence of the room-temperature RIXS spec-
trum for K, IrBrg.
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FIG. 6. (a)-(f) An enlarged version of the RIXS spectra over a
limited energy transfer range for (a) K,IrClg at 300 K, (b) K,IrClg at
10 K, (¢) KyIrBrg at 300 K, (d) K,IrBrg at 10 K, (e) (NHy4),IrClg at
300 K, and (f) Na,IrCls - 6(H,0) at 300 K. Note the presence of
two peaks between energy transfers /iw of 0.58 to 0.71 eV, even
for the cubic samples, corresponding to intraband f,, crystal-field
transitions. The solid curves represent pseudo-Voigt fitting results.

systems K,IrClg and (NH4),IrCls and therefore warrants
further discussion. One scenario that has been proposed pre-
viously for monoclinic Sr,CelrOg is the possibility of weak
orbital ordering [50] associated with a high-temperature struc-
tural phase transition arising from similar values for the
spin-orbit coupling constant A and the energy gain from a
co-operative Jahn-Teller distortion. However, this origin is
likely not applicable for K,IrClg as no global symmetry low-
ering has been detected in the neutron powder diffraction
measurements presented here or in previous synchrotron x-ray
diffraction measurements down to 20 K [55]. The persistence
of the splitting up to room temperature for both K;IrClg and
(NH4),IrClg also rules out the possibility of an origin related
to magnetoelastic coupling effects that onset at the magnetic
transition temperatures. Notably, small deviations from the
ideal Jopp = % state in fcc Ba,CelrOg were attributed to local,
static tetragonal distortions arising from strong magnetoelas-
tic coupling in a highly frustrated system [34]. A similar
explanation may be applicable for the fcc samples studied
here, although we cannot rule out the dynamic Jahn-Teller
effect as the origin of the J.rr = % quartet splitting.

To extract quantitative information from the RIXS data,
we fit each spectrum to the sum of two pseudo-Voigt func-
tions representing the two intraband #,, transitions. These fits
were used to establish precise peak positions (Aw; and fiw,)
and enable a meaningful quantitative comparison between the

TABLE III. RIXS fitting results of the intra-,, excitations, spin-
orbit coupling constants (1), and noncubic crystal-field splitting (A)
of the J.ry = % manifold for selected iridium halides and iridates. All
parameters, except for dimensionless A /A, are in meV.

Material hw, hw, A A A/A Ref.
Sr;31r, O 500 700 400 200 0.5 [77]
SryIrOy 550 700 417 150 0.36 [77]
Sr,CelrOg 645(1) 760(3) 468(1) 115(3) 0.25 [37]
Ba,CelrO¢ 625(1) 735(4) 453(1) 110(4) 0.24 [37]
K, IrFg 802(1) 914(1) 572(1) 112(1) 0.20 [78]
Rb,IrFg 805(1) 915(1) 573(1) 110(1) 0.19 [78]

Na,IrCls - 6(H,0) 589(1) 665(1) 418(1) 76(1) 0.18 This work
(NH,),IrClg 631(1) 702(2) 444(1) 71(2) 0.16 This work
KoIrCls (300 K)  635(1) 693(2) 443(1) 58(2) 0.13 This work
K.IrClg (10K)  642(1) 690(2) 444(1) 48(2) 0.11 This work
KoIrBrs 300 K)  598(1) 645(1) 414(1) 47(1) 0.11 This work
KoIrBrs (10K)  609(1) 652(1) 420(1) 43(1) 0.10 This work

various samples. The fitted results are presented in Table III.
As discussed in Ref. [37], we attribute the energy difference
between the /iw; and hw, peaks to the noncubic crystal-field
splitting A, while the average energy of these two peaks is
%A. This method provides a reliable estimate of A when A <
200 meV [76].

Table III compares several key parameters for iridates and
iridium halides extracted from the analysis of RIXS data,
including the spin-orbit coupling constant A and the noncubic
crystal-field splitting A. The materials are sorted according to
decreasing values of the A /A ratio, as this is arguably the best
measure of a material’s proximity to the ideal J.rf = % state.
Some trends are immediately apparent upon careful inspec-
tion of this table. As expected, materials with connected IrOg
octahedra (i.e., Sr3Ir,O7 and Sr,IrO4) have wider d bands and
therefore yield comparatively large values of A/A relative to
the other materials in the table which feature isolated IrXg
octahedra. For this subclass of materials, it appears that the
value of A/A is best minimized by incorporating an anion with
a low electronegativity into the crystal structure. This feature
leads to larger lattice constants, decreased energy scales for
the intra-t,, crystal-field excitations, larger Ir-Ir distances, and
ultimately narrower d bands. Therefore, K,IrBry is the closest
to the ideal J,;; = 1 limit, followed by the chloride samples.
Local structure modifications of the IrXs octahedra or tem-
perature changes appear to have significantly less impact on
the value of A/A, although small decreases in this parame-
ter are observed as the octahedra become more ideal or the
temperature is lowered. These results indicate that iridium
halides incorporating anions from the third or fourth row of
the periodic table (or beyond) offer unprecedented proximity
to the desirable J,;; = 1 electronic ground state.

V. MAGNETIC GROUND STATES
A. Bulk characterization

We now focus on the magnetic ground states of the J,;y =

% systems K,IrClg, K;IrBrg, and (NHy4),IrClg. NayIrClg -

6(H,0) is excluded from this section because recent work
has shown that it remains paramagnetic down to 1.8 K [56],
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FIG. 7. Magnetic susceptibility x vs temperature are plotted for polycrystalline samples of (a) K,IrClg, (b) K;IrBrg, and (c) (NHy),IrClg.
There are sharp drops in the data with decreasing temperature, indicative of antiferromagnetic order, in each case. The inverse susceptibility,
with the 7 > 100 K Curie-Weiss fit superimposed on the data, is also shown for each material. Magnetization M vs field at 2 K is presented
for polycrystalline samples of (d) K,IrClg, (e) K,IrBrg, and (f) (NHy4),IrCls. The linear behavior is indicative of collinear antiferromagnetic
order. Heat capacity C, vs temperature for small crystals of (g) K,IrCls, (h) K;IrBrs, and (i) (NHy4),IrCls. Anomalies are observed in each
case at temperatures that are in good agreement with the magnetic transitions inferred from the magnetic susceptibility measurements.

and our preliminary characterization is largely in line with
these results. Figure 7 presents the magnetic susceptibility
x (plotted as M/H) vs temperature with woH = 0.5 T and
the magnetization M vs field at T = 2 K for polycrystalline
samples of the three compositions. The heat capacity C, vs
temperature is also shown in the same figure, taken in zero
field with small, unaligned crystals.

The inverse magnetic susceptibility above 100 K for each
sample was fit to the Curie-Weiss law:

A
T T-9

where A is the Curie-Weiss constant and 6 is the Weiss
temperature. The inverse susceptibilities are also presented
in Fig. 7 with the best fits superimposed on the data. The
effective moment values are close to the expectation of 1.73up
for a Jopp = % electronic ground state (assuming g = 2) and
the negative Weiss temperatures are indicative of dominant
antiferromagnetic exchange. The maxima in the Fisher’s heat
capacity d(xT)/dT were found to be 3.1, 11.7, and 2.2 K
for KyIrClg, KoIrBrg, and (NHy),IrClg, respectively; these
values agree well with the magnetic transition temperatures
reported in previous work [55,79,80]. The inferred frustration
indices f = 6 /Ty are then 9.5, 3.3, and 8. While the cubic

X ey

systems are close to the strong frustration limit f > 10 [81],
the structural distortion inherent to K,IrBrg significantly re-
lieves the frustration in this case. We also note that the linear
M vs H results are indicative of all three systems exhibit-
ing collinear antiferromagnetic order below their respective
Ty values and consistent with no field-induced transitions
up to 7 T. Finally, we measured the magnetic susceptibility
for each system in a 7-T field and found transition tempera-
tures that were essentially identical to the values determined
in05T.

Our heat-capacity data were collected in a narrow temper-
ature region to verify the intrinsic nature of these transitions
and to assess their order. We observe features in the C, data
for all three materials that are coincident with the transition
temperatures inferred from the Fisher’s heat capacity. Notably,
the C,, anomalies for K,IrClg and (NH4),IrClg are quite sharp
and symmetric as expected for a first-order phase transition,
while the C,, anomaly for K,IrBrg has the characteristic A
shape for a second-order transition. While we did not attempt
to extract the entropy recovered when warming through the
transitions due to the limited temperature range measured and
the absence of lattice match data, a value close to expecta-
tions of R In(2) has been reported previously for both K,IrClg
[55,79] and (NHy4),IrClg [79].
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B. Magnetic structure of K,IrBrg

Previous neutron diffraction work on K,IrClg has identified
a type-1II AFM structure [58,59], which is expected for an fcc
Heisenberg magnet with an antiferromagnetic NN J; and an
antiferromagnetic NNN J, with a value between 0 and %Jl
[82,83]. The same spin configuration has also been predicted
for (NH4),IrClg by measuring J; and J, values with electron
spin resonance [57] to determine its location on this phase
diagram. More recent theoretical work using both classical
and quantum treatments has explored how strong spin-orbit
coupling modifies the Heisenberg phase diagram by adding
anisotropic terms to the Hamiltonian including NN Kitaev
and/or off-diagonal exchange interactions [32,34,55]. One
important finding of these latter works is that NN anisotropy
does not provide an alternative way to stabilize a type-III
AFM structure; NNN interactions therefore cannot be ne-
glected in the iridium halide family, although J, is expected
to be quite weak compared to J;. It is also intriguing that the
addition of a Kitaev interaction to the J;-J, model, which has
already been discussed in the context of the double-perovskite
iridates [32,34,37,40] and K,IrClg [55], leads to a rich phase
diagram with several possible collinear ordered states and
more exotic incommensurate and spin-liquid states [34] in the
classical and quantum cases, respectively.

Despite the potential for unconventional magnetism on
the fcc lattice, the magnetic ground state of K,IrBrg has
not been predicted or determined until now. We performed
elastic neutron scattering measurements on our largest sin-
gle crystal of K;IrBrg (on the order of 10 mg) using the
HB-1A spectrometer to address this issue. We aligned the
sample in the monoclinic (H K H-K),, scattering plane for
this experiment to ensure access to Bragg peak positions
associated with many common quasi-fcc magnetic propaga-
tion vectors, including k,, = 0, (0.5 0.5 0), and (0.5 0 0.5),
which correspond to type-I and type-II AFM ordered states
[84]. We could not access type-II. AFM Bragg peaks in
this experiment geometry since k, = (0.5 0.5 0.5) in this
case. As shown in Fig. 8, we identified several Bragg peaks
consistent with a k,, = (0.5 0.5 0) propagation vector. The
order-parameter plot for the (0.5 0.5 0) peak is illustrated
in Fig. 8(d) and a power-law fit reveals Ty = 11.37(5) K,
which is in excellent agreement with the magnetic transi-
tion temperature established from the bulk characterization
measurements described above. Therefore, our neutron re-
sults indicate that K,IrBrg hosts type-I AFM order with the
FM planes stacked along the pseudocubic [100] direction.
Unfortunately, due to the limited magnetic Bragg peaks mea-
sured and the formation of structural domains below T;, we
were not able to determine a moment size or direction from
these data.

The evolution from type-III AFM order in K, IrClg to type-I
AFM order in K,IrBrg is likely driven by the monoclinic
structural distortion in the latter. It is intriguing that both
systems appear to be close to a magnetic phase boundary
and therefore it is possible that their magnetic ground states
can be tuned by external stimuli quite easily. While there is
preliminary neutron diffraction evidence for a field-induced
magnetic structure change between 4 and 6 T in the case of
K,IrClg [85], the magnetic transition temperatures extracted
from the susceptibility measurements reported above and in
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develop in each case below Ty, which shows that they have a mag-
netic origin. (d) Intensity vs temperature for the (0.5 0.5 0) magnetic
Bragg peak. A power-law fit is superimposed on the data and yields
Iy = 11.37(5) K.

previous work are nearly field independent up to 7 T [55].
Future work is needed to resolve this apparent discrepancy.

C. Muon spin relaxation

Finally, we also performed muon spin relaxation (#SR) on
polycrystalline samples of K,IrClg, K> IrBrg, and (NH4),IrClg
to assess the homogeneity of the magnetic ground states and
to compare the ordered moment sizes in the three compounds.
1SR is a real space, local probe of magnetism, and therefore
it is an excellent method for measuring magnetic volume frac-
tions. The extreme sensitivity of the muon spin to local fields
also facilitates the detection of extremely weak magnetic mo-
ments that cannot be identified by neutron diffraction due to
the signal-to-noise limitations arising from neutron absorption
or other complexities of this technique, such as the formation
of the poorly resolved structural domains below 7 in K;IrBrg.
Notably, the measured frequency in a zero-field uSR exper-
iment is directly proportional to the ordered moment in the
material. The time evolution of the zero-field muon spin polar-
ization, plotted as the muon asymmetry [61,62], is depicted in
Figs. 9(a)-9(d) for K,IrClg, K;IrBrg, and (NHy4),IrClg at var-
ious temperatures. We observe a heavily damped oscillatory
signal for all three samples that is characteristic of long-range
magnetic order with appreciable decoherence (short 1/75).

The signature of homogeneous magnetic order (i.e., 100%
ordered volume fraction) for a polycrystalline sample in a
zero-field SR experiment is a signal that is well described
by the following function:

2A A
At) = %e"/TZ cos(wt) + %e_’m, 2

where 1/7, is the dephasing or decoherence rate, 1/7) is the
spin-lattice relaxation rate, and Ay is the total sample asym-
metry determined from a weak transverse field measurement.

el

The nonoscillating term (the “3 tail”) represents the fraction
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the three samples.

of the initial muon spins which are parallel to the local field
at the muon site, which reduces the precession amplitude. If
the ordered fraction was to decrease from 100%, one would
expect the nonoscillating component to increase from % at the
expense of the oscillating component.

Our SR data were taken using two separate instruments at
the TRIUMF facility. Powders of K,IrClg and K;IrBrg were
first measured on the M20 beam line using a helium flow
cryostat and an ultralow-background sample holder, which
ensures that nearly all of the measured signal comes from
muons which have landed in the sample of interest. We ini-
tially fit these data at low temperatures to a modified version
of Eq. (2), where the amplitude of the oscillating and nonoscil-
lating terms was allowed to vary independently. In this way,
we confirmed the expected 2:1 ratio for all temperatures 7' <
Ty, where the Néel temperature was determined from our
bulk characterization measurements described above. This is
consistent with an ordered system involving the full sample
volume. A second set of measurements were performed on
powders of K,IrClg and (NH4),IrClg using a dilution re-
frigerator on the M15 beam line to access temperatures as
low as 25 mK, well below the ordering transitions for the
two materials. These data were fit to the same function as
above, plus a weakly relaxing background term Abkge"” to
account for muons which landed in the silver sample holder.
The 2:1 ratio of oscillating and nonoscillating components
from the sample was assumed for the base temperature fits
to determine the amplitude of the background component; the
near-identical background amplitude for both materials leads
us to extend our conclusion of homogeneous magnetic order
to (NH4),IrClg, as determined above for K, IrClg and K;IrBry.
For the higher-temperature fits, the background amplitude was
fixed and the amplitudes of the sample components were
released, but were found to evolve in a way which maintained
the same 2:1 ratio for all temperatures 7 < Ty.

Representative data from each of the four sets of mea-
surements are plotted in Figs. 9(a)-9(d), where curves of
best fit for the lowest temperatures are superimposed on
the data. The extracted frequencies at base temperatures are
2.11(4), 2.01(1), and 1.62(4) MHz for K,IrClg, K,IrBrg, and
(NH4),IrClg, respectively. The nearly identical frequencies
for the K;IrClg and K,IrBrg data are somewhat surprising
given the different lattice and spin structures in the two com-
pounds, as described above, but might be an indication that
the implanted muons are binding to the apical halogen anions
in the nearly ideal IrXs octahedra. In this scenario, the data
imply that the ordered moment in K,IrBrg is comparable to
the value of mqg = 0.80up previously determined for K, IrClg
[86]. On the other hand, (NHy4),IrClg and K,IrClg share the
same ideal cubic antifluorite structure and, it has been argued
[57] the same type-III AFM ground state. The data for these
two materials are therefore more directly comparable, and the
reduced frequency for (NHy4),IrClg likely indicates that the
ordered moment in this compound is reduced by ~25% as
compared to K,IrClg.

In Fig. 9(e), we plot the fitted frequencies as a function of
temperature for the three materials. The temperature evolution
is typical for magnetic materials below their ordering transi-
tions, and frequencies obtained for K,IrClg from the two sets
of measurements agree in the temperature range where they
overlap. Approaching the respective transitions, the frequen-
cies drop sharply with increasing temperature for K,IrClg and
(NH4),IrClg, while the decrease is much more gradual for
K,IrBrg. These observations are consistent with our specific
heat results presented above, which indicated first-order mag-
netic phase transitions for K;IrClg and (NHy4),IrCls and a
second-order magnetic phase transition for K,IrBrg.

At temperatures T > Ty, the data for all the three samples
feature a crossover regime that is not well described by Eq. (2)
or the nonoscillatory, single-component relaxation function

124407-11



D. REIG-I-PLESSIS et al.

PHYSICAL REVIEW MATERIALS 4, 124407 (2020)

typically expected above magnetic ordering transitions in
uSR. Instead, spectra in this region are characterized by a
heavily damped oscillatory/spin-glass-like component which
gradually decreases in amplitude with increasing temperature,
and eventually evolves into the expected weakly relaxing sig-
nal at high temperatures. This intermediate region might be
associated with a critical slowing down of short-ranged corre-
lations; similar behavior has been observed in other quantum
magnets [87]. To quantify this crossover regime, we fit the
slowly relaxing part of the spectra (r > 2 us) for all three
materials to the simple power exponential function:

Ag(t) = A (1 = 2f /3)e” /T 3)

where A; is the asymmetry of the slowly relaxing compo-
nent and f represents the ordered volume fraction [88]. The
temperature dependence of f for these samples is shown in
Fig. 9(f), with the temperature scale normalized to the transi-
tion temperatures determined above. The crossover regime for
each sample extends from 7Ty to the lowest temperature where
the paramagnetic volume fraction reaches 100%, and is sig-
nificantly larger in the fcc magnets K,IrClg and (NHy4),IrClg
than in the monoclinic compound K;IrBre. This is likely due
to the greater degree of frustration in the cubic materials.

VI. CONCLUSIONS

In this work, we have used x-ray techniques and neu-
tron diffraction to identify a family of iridium halides [i.e.
K>IrClg, K>IrBrg, (NHy4),IrClg, and Na,IrClg - 6(H,O)] con-
sisting of Ir** ions with unprecedented proximity to the
desirable J.;y = % electronic ground state. We also explored
the low-temperature magnetic properties of these materials,
and find homogeneous magnetic order in the three anhydrous
materials with similar moment sizes. We used single-crystal
neutron diffraction to determine a type-I AFM spin config-
uration for K;IrBrg, in contrast to the known type-1II AFM
ordered ground state in K;IrClg. Both the type-I and type-
IIT AFM ordered ground states of the anhydrous materials
can be explained by a Heisenberg-Kitaev model that also
includes NNN Heisenberg interactions. Notably, a significant
AFM Kitaev coupling is expected for the fcc lattice through
NN extended superexchange pathways on general theoretical
grounds [34] and via calculations of the exchange couplings
for Ba,CelrOg [34] and K,IrClg [55]. Future work should
aim to quantify the strength of the Kitaev interactions in
iridium halides with the antifluorite structure and to explore
the additional phase space afforded by these materials in an
effort to identify the elusive spin-liquid state that appears on
the J;-J,-K quantum phase diagram for fcc magnets.

More generally, our work suggests that increasing the
spatial separation of the Ir ions and incorporating IrXs oc-
tahedra into the crystal structure, where X is an anion with
a low electronegativity, are key design principles for identi-
fying Jorr = % electronic ground states. The deviations from
the ideal J,;; = 1 limit for fcc K>IrCls and (NHy)IrCle
found here warrant further experimental investigations so
their origins can be elucidated and progress can be made
toward understanding optimal conditions for stabilizing an
ideal J,;; = 1 state in the laboratory. The two most likely
scenarios that can explain these deviations are local, static
structural distortions or a dynamic Jahn-Teller effect and they
can be identified by x-ray and neutron pair distribution func-
tion or spectroscopy measurements, respectively. Notably, the
former effect may only arise in frustrated magnets including
Ba,CelrO¢, K>IrClg, and (NH4),IrClg as a mechanism to
relieve the frustration and therefore it may not be ubiquitous
in all candidate J,;r = % systems with cubic point symmetry
at the Ir site. The design principles described above can also
be pursued in fluoride analogs such as Rb,IrFg [38], which
crystallize in the lower-symmetry P3m1 space group due to
a substantial trigonal distortion, offer promise in the search
for model J,py = % systems on the triangular lattice, and have
shown no signs of magnetic order to date. In addition to these
fluorides, some pentaammine salts have been identified with
IrXg octahedra and lower-dimensional lattice geometries that
might present promising routes for future exploration [89,90].
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