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Abstract — Iridates show fascinating properties due to the unpredictable ground states of their Ir
cations. Generally, Ir®* (5d*) systems exhibit insulating nonmagnetic states owing to the strong
spin-orbit coupling (SOC). Herein a new pyrochlore iridate HgzIroO7 with an Ir®" charge state
synthesized by high-pressure technique is reported. HgaIr2O7 crystallizes in the typical cubic py-
rochlore crystal structure. The Ir®" valence state is evidenced by the XAS spectrum. Surprisingly,
HgoIroO7 displays short-range ferromagnetic correlations at low temperatures as evidenced by S-
shape field-dependent magnetization curves, positive magnetoresistance, and magnetic excitations
in specific heat. Furthermore, it also shows metallic conduction and large electron component of
specific heat. These results all indicate that Ir°t in HgoIroO7 deviates from SOC-dominated

insulating nonmagnetic states.

Copyright © 2024 EPLA

Introduction. — Iridates have been attracting sub-
stantial attention due to the fascinating properties of 5d
electrons that are emergent from competition between
Coulomb repulsion energy, spin-orbit coupling (SOC),
and crystalline electric field (CEF) energy [1-4]. An-
tiferromagnetic insulator SralrO4 with Ir4+(5d5) shows
SOC-dominated j.g = 1/2 Mott state [5]. The fam-
ily of rare-earth REoIrsO7 (RE = from Nd to Lu) with
Ir>*+(5d*) exhibits metal /semiconductor-to-insulator tran-
sitions (MIT) with decreasing temperature [6-8]. The
insulating state seems to be induced by the magnetic or-
dering of the Ir sublattice, and the transition temperatures
moving to higher values were observed from A = Nd to
Lu [8-11]. The reason is that magnetic ordering is in-
fluenced by interatomic distances and the change in the
Ir-O-Ir angle, which are in turn connected to the size of
rare-earth cations [6,7]. Additionally, the strong spin-orbit
coupling of Hd-electron and weak electron correlations be-
tween extended 5d-orbitals in these REsIroO7 could gener-
ate various complex states, e.g., topological phases, Weyl
semi-metal or topological Mott insulator [7,12-16].

(2) E-mail: dengzheng@iphy.ac.cn (corresponding author)
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On the other hand, Ir®*(5d*) systems display unique
features. For iridates, the strong SOC splits ty, or-
bitals into a twofold jegr = 3/2 band with lower energy
and a single jog = 1/2 band with higher energy [17].
In such a scenario the Ir®T iridate has a fully occupied
Jet = 3/2 band and an empty jeg = 1/2 band, re-
sulting in a well-defined nonmagnetic insulating state.
NalrOgs, SroYIrOg follow the above mechanism [18,19],
while recently found pyrochlore CdslroO7 showed oppo-
site behavior [20]. The latter shows metallic conduction
with short-range ferromagnetic correlations rather than
the nonmagnetic insulating behavior. This anomaly is
attributed to the competition between SOC and non-
negligible CEF energy. The latter is produced by signifi-
cant structural distortions of IrOg octahedra.

The relatively smaller size of the Cd?* ion (0.95A) re-
sulted in significant structural distortions in CdsIroO7, it
would be interesting to have a larger divalent cation to re-
place Cd to generate no or moderate structural distortions
in a new pyrochlore analog. With proper comparison, one
could have a deeper insight into the metallic state of Ir®+
in pyrochlore iridates. In this work, a new pyrochlore iri-
date HgoIro O7 was synthesized with high-temperature and
high-pressure techniques. The Hg ion with a single valence
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state of +2 and a larger size of 1.02 A was selected as A
site cation to ensure the Ir®T configuration. The new ma-
terial also shows short-range ferromagnetic correlations at
low temperatures. It presents more metallic conducting
properties but moderate structural distortions of IrOg oc-
tahedra, compared to analog CdsIroO7. Our work implies
that in addition to the structural distortions of IrOg octa-
hedra, there must be other potential factors to tune Ir®+
band structure.

Experiment. — The polycrystalline sample HgyIroO7
was synthesized with the high-pressure and high-
temperature technique as described in detail else-
where [21-25]. Standard reagents, HgO (99.9%), IrOq
(99.9%), and KClOy4 (99.9%, as an oxidizing agent) pow-
ders, with molar ratio of HgO:IrO2:KClO4 = 2:2:1 were
mixed and synthesized under 5 GPa and 1373 K for 30 min.
Extra KClO4 was used to ensure the complete oxidization
of Ir°* in the title compound. The oxidizing agent KC1O4
plays an important role in the high-pressure synthesis [26].
Tt is worth noting that if KC1O4 (or other oxidizing agent)
were not added to the starting materials before synthe-
sis, HgO and IrOy would be recovered without any reac-
tion. The recovered product was washed out by de-ionized
water to exclude residual KCl. Phase purity and crystal
structure were determined with laboratory powder X-ray
diffraction (XRD) at room temperature. We performed
continuous scanning using Cu-K,; radiation over a range
between 10° and 100° with steps of 0.005°. The Rietveld
refinement of XRD data was conducted with the GSAS
program [27]. The hard X-ray absorption spectroscopy
(XAS) of the Ir-L3 edge was measured in the transmission
geometry at the beamline of BL17C at the National Syn-
chrotron Radiation Research Center (NSRRC) in Taiwan.
Resistivity (p) and specific heat (C),) measurements were
performed with a physical property measurement system.
The magnetization measurements were performed with a
superconducting quantum interference device magnetome-
ter (Quantum Design).

Results. — Figure 1(a) shows the XRD pattern and the
corresponding refinement of HgoIroO7. A small amount of
IrO2 (<1% in weight) can be found at 28°, 40°, 54°, etc.,
as shown by green bars in fig. 1(a). The sample crys-
tallizes into a typical cubic pyrochlore structure with the
space group of F'd-3m (No. 227) as shown in fig. 1(b).
We obtained structural parameters using the Rietveld re-
finement. The obtained parameters are listed in table 1.
Since the conducting behavior and magnetic properties
are mainly influenced by IrOg octahedra, the configura-
tion of IrOg octahedra is analyzed. It is worth noting
that the only ligand oxygen of Ir is Oy, which is also the
only variable atom in the lattice. The O-Ir-O bond angles
are 89.80(3)° and 90.20(5)°, and the O-Ir bond length
is 1.916(4) A. The O-Ir-O bond angles slightly deviate
from 90° of an ideal octahedron. However, the Ir-O-Ir
bond angle which indicates the tilting between corner-
sharing IrOg octahedra is only 140.77(1)°. A similar

octahedral distortion was also found in the CdslryOr
compound [20].

It is well known that the energy position of X-ray
absorption near edge structure (XANES) at the 5d
transition-metal Lo 3 edges is very sensitive to the va-
lence state. The energy difference between two different
valence states 5d" (n = 5 for Ir**) and 5d"~1 (for Ir®") is
AE = E(2pSd"~! — 2p°5d™) — E(2p55d™ — 2p°5d" ) ~
Upa — Uga = 1€V, where Uyq is the Coulomb repulsion
energy between two 5d electrons and U,q is the one be-
tween a 5Hd electron and the 2p core hole. Therefore, it
is generally used to determine the valence states of 5d
transition-metal ion [20,28,29]. Figure 1(c), shows the Ir-
L3 XANES of HgoIroO7 together with an Ir®t reference
SroColrOg and an Ir*t reference LasColrOg with a sim-
ilar IrOg octahedral coordination for comparison [17,30].
The latter was measured simultaneously for energy cali-
bration. The energy position of the white line at the Ir-Ls
peak of HgolroO7 shifts by 1.2eV to higher energy rela-
tive to that of Ir*t reference LasColrQg, but located at
the same energies as that of SroColrQOg, confirming Ir5*
valence state in HgolroO7. We cannot completely rule out
the possibility of a small part of Ir*™ impurity in the sam-
ple due to the low resolution of XANES for 5d elements.
Nevertheless, we still argue that the anomalous behaviors
of HgolIryO7 is from the majority Ir°T, as discussed in the
section of specific heat. It is noteworthy that Ir-Ls peaks
of HgoIroO7 and SroColrOg show an asymmetric feature.
The details of such spectral feature are more clearly to be
seen in the second derivative of the HgolroO7 spectrum
as shown in fig. 1(c). The splitting in the second deriva-
tive can be assigned to crystal field splitting for ¢34, and eq
orbitals which is usually 2.5-3eV for 5d elements. Here,
the second derivative of Ir ion in HgoIrsO7 splits into two
peaks with energy difference of about 2.5eV. A similar
phenomenon was reported in SroMIrOg (M = Se, Fe, In)
with Ir®* ions [31].

Figure 2(a) shows the temperature dependence of sus-
ceptibility (x) for HgalroO7 after zero-field-cooling (ZFC)
and field-cooling (FC) processes under an external field
of 0.1, 1, and 7T. It is worth noting that the differences
between ZFC and FC of 1 and 7T are negligible as shown
in fig. 2(a). No visible magnetic phase transition can be
observed down to 2 K. Between 100 and 300 K, the suscep-
tibility is nearly temperature-independent [32,33]. On the
other hand, we found that the paramagnetic susceptibility
in the temperature range of 300-400 K can be well fitted
with the Curie-Weiss law as shown in fig. 2(b). A modified
Curie-Weiss fitting (x —xo = C/T —0) was used for fitting,
where Y is from Pauli paramagnetic contribution. A sim-
ilar method was used for SroIrO4 and CdaIraO7 [20]. The
linear fitting yielded the temperature-independent suscep-
tibility xo = 3.9 x 10~* emu/mol/Oe, the Curie constant
C = 0.0228 emu K/mol/Oe, and a large negative Weiss
temperature of § = —65 K. xq of the title material is com-
parable with that of SroIrOy4 (8.8 x 10~% emu/mol/Oe) [34]
and SmalraO7 (~1 x 1073 emu/mol/Oe) [7]. We can also
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Fig. 1: (a) XRD spectrum and Rietveld refined profiles.

100

(b) Crystal structure of HgaIroO7.

(c) Ir-L3 XANES spectra of

HgoIr2O7, SroColr®t Og and LasColr*T Og for comparison. The dotted line is the second derivative of the HgaIroO7 spectrum.

Table 1: Structural parameters as determined by Rietveld re-
finements.

Parameters Value

T (K) 300

space group Fd-3m

a (A) 10.2101(1)

V (A?%) 1064.374(3)
Hg 1/2,1/2,1/2
Ir 0, 0,0

(021 0.3130(5), 1/8, 1/8
(02 3/8,3/8,3/8
le-o (A) 1.916(4)
Z0-TIr-O (°)  87.80(3)/90.20(5)
Ir-O-Ir (°) 140.77(1)

obtain the effective moment Mg = 0.31 pp/Ir. This value
is smaller than that of magnetic Ir®* compounds, e.g.,
0.91 up/Ir in antiferromagnet SroYIrOg and 0.88 up/Ir
for Ir**t pyrochlore Luslr,O7 [35]. Yet another Ir*t py-
rochlore Y3IraO7 [36] showed a more comparable Mg of
0.54 pp/Ir. The remaining magnetic moment of Ir°* in

HgslIroO7 suggests that SOC is not strong enough but in
some intermediate region. Thus, the electronic ground
state of It in the current HgoIr,O7 apparently deviates
from the SOC-dominated J = 0.

Correspondingly, one can find nonlinear field depen-
dence of magnetization (M(H)) curves below 50K in
fig. 2(c). At higher temperatures, the M(H) curves be-
come linear as shown in fig. 2(d). The nonlinear behavior
gradually increases and becomes unambiguous S-shape at
5 and 2K, indicating the presence of the ferromagnetic
component between Ir°* cations [37]. The aforementioned
strong SOC splits the Ir>* orbital into a fully occupied
Jeft = 3/2 band and an empty jog = 1/2 band, then the
Ir5* is supposed to have a nonmagnetic ground state. The
presence of magnetic interaction at low temperatures dis-
tinguishes the electronic ground state of Ir5" in HgaIroO7
from the SOC-dominated J = 0 state. Similar M(H)
curves were found in analog CdslroO7 where the struc-
tural distortion of IrOg octahedra mixed jog = 3/2 and
Jet = 1/2 bands as demonstrated by density functional
theory calculations [20]. As a similar structural distortion
has been shown in fig. 1(b) and table 1, we can expect
a comparable mixture of jeg = 3/2 and jeg = 1/2 bands.
Thus, Ir°* in Hg,Ir, O~ is proposed to be a magnetic J > 0
state, due to competing SOC and CEF energy [20].

66001-p3
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Fig. 2: (a) x(T) curves of HgalraO7 under measuring field of 0.1, 1, and 7T after ZFC and FC. The inset is enlarged x(T) of
0.1T at low temperatures. (b) 1/x(T) curve and the corresponding Curie-Weiss fit of HgoIroO7 under measuring field of 7T.
M(H) curves of Hgalr2O7 at (¢) T' = 2,5,10,20, and 30 K. The inset is the enlarged area of low fields. (d) 7" = 50, 150 and

300 K.

Figure 3(a) presents the resistivity (p) as a function of
temperature. In the measuring temperature range, the
change of resistivity is less than 10% compared to p3po K-
The resistivity shows a steady decrease with decreasing
temperature from 300 to 100 K, where the magnetization
is almost a constant coincidentally. With decreasing tem-
perature, the resistivity gradually decrease above 100 K.
Similar metallic conduction was found in REsIrsO7, with
well-defined Ir** [7,38,39]. Thus, the metallic conduc-
tion can also distinguish HgsIroO7 from the J = 0 state.
Below 100K, a gradual increase of resistivity with de-
creasing temperature suggests a possible metal-insulator
transition (MIT). However, no corresponding change can
be observed on M (T') or temperature-dependent specific
heat (Cp(T) in fig. 3(c)). On the other hand, pronounced
anomalies have been found in specific heat of REsIroO7.
These anomalies are related rather to magnetic transi-
tions, and the latter induce MIT in RE»Ir,O7 [6,7]. Given
the absence of visible magnetic transition, one could ar-
gue the nature of the possible MIT in HgsIro,O7. It could
be worth being investigated in the future. Magnetoresis-
tance is usually related to magnetism in a metallic com-
pound. We found clear positive magnetoresistance at low
temperatures. As shown in fig. 3(b), HgsIroO7 has a

magnetoresistance of about 0.5% below 10K. The mag-
netoresistance gradually becomes smaller with increasing
temperatures. Above 100K, it becomes negligible. This
unambiguous magnetoresistance at low temperatures sup-
ports the short-range FM correlation at low temperatures.

Cp(T) also shows evidence of free carriers and mag-
netic interactions at low temperatures. It is worth not-
ing that no visible anomaly can be found from 2 to 200 K
as shown in fig. 3(c). Generally, two-components fitting
is used to fit Cp(T) data, which contains an electronic
contribution and a lattice one. In this case, a linear
behavior is expected for the curve of C,/T vs. T? at
low temperatures. However, C,/T(T?) clearly deviates
from a simple linear fitting as shown in fig. 3(d). Thus,
a magnetic component is proposed to modify the fitting
as Cp = 7T + BT3 + mT"?, where 4T is the free elec-
tronic contribution, BT2 for the lattice, and mT'® for
some sort of short-range ferromagnetic excitations. The
fitting yields v = 3.5mJ/mol/K?, 3 = 2.9mJ/mol/K*
(i.e., Op = 194K) and m = 3.2mJ/mol/K?*®. Here
is apparently larger than that of analog CdsIroO7 com-
pound [20]. This large 7 (free electronic contribution to
specific heat) indicates a large number of free carriers near
Fermi energy, which cannot only be attributed to minority
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100, and 300K. (c) Cp(T) curve of HgoIroO7 under measuring field of 0T. (d) Cp/T(T?) and corresponding fitting curves of

HgoIroO7 at low temperatures.

Ir** admixture. This large 7 is consistent with the high
conductivity, and again diverges Ir" in HgyIroO7 from
the insulating J = 0 state.

Conclusions. — A new pyrochlore iridate HgolroO7
was synthesized with high-pressure and high-temperature
techniques. HgsIroO7 crystallizes in the typical cubic
pyrochlore crystal structure. It contains weaker struc-
tural distortions of IrOg octahedra compared to analog
CdyIryO7. The IrT valence state is evidenced by the XAS
spectrum, although we cannot compeletely rule out the
possibility of a small amount of Ir** admixture in the sam-
ple. At low temperatures, the S-shape M (H) curves, clear
positive magnetoresistance, and the presence of magnetic
excitations in specific heat results suggest the existence
of magnetic interaction or short-range magnetic ordering.
It is noteworthy that one could find the inconsistency be-
tween negative Weiss temperature and ferromagnetic-like
S-like sharp of M (H) curves. We believe that the net mag-
netic interaction between Ir cations is antiferromagnetic,
but it still can tolerate some sort of ferromagnetic compo-
nent. Resistivity and specific heat measurements indicate
a metallic behavior of the Ir®t state. We argue that de-
spite of possible Ir** admixture, the metallic behavior of
Ir>* is still definite. The reason is that the large elec-
tron component of specific heat (3.5 mJ/mol/K?) requires
a large number of carriers which cannot only be attributed

to minority Ir** admixture. Thus, the anomalous features
of HgoIraO7 are mainly attributed to the Ir®* ions. These
results all indicate that Ir®t in HgyIr,O7 deviates from
the nonmagnetic J = 0 state. Furthermore, HgsIroO7
has lower resistivity and larger electron component of heat
capacity than the analog CdsIroO7, while the structural
distortions in the latter is more significant. Thus, a new
mechanism in addition to the structural distortions to in-
fluence Ir®T electron configuration is expected based on
our findings.
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