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Pentavalent iridium pyrochlore Cd,Ir,0;: A prototype material system for competing crystalline
field and spin-orbit coupling
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A new pyrochlore oxide Cd,Ir,0; with an Ir’* charge state was prepared by high-pressure techniques.
Although strong spin-orbit coupling (SOC) dominates the electronic states in most iridates so that a SOC-Mott
state is proposed in Sr,IrO, in the assumption of an undistorted IrOg octahedral crystalline field, the strongly
distorted one in the current Cd,Ir,O7 exhibits a competing interaction with the SOC. Unexpected from a strong
SOC limit, Cd,Ir,O; deviates from a nonmagnetic and insulating J = 0 ground state. It displays short-range
ferromagnetic correlations and metallic electrical transport properties. First-principles calculations well reproduce
the experimental observation, revealing the large mixture between the jor = 1/2 and jer = 3/2 bands near the
Fermi surface due to the significant distortion of IrOg octahedra. This work sheds light on the critical role of a
noncubic crystalline field in electronic properties which has been ignored in past studies of 5d-electron systems.
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I. INTRODUCTION

Transition-metal oxides composed of 54 electrons have
been attracting much attention due to the competing in-
teractions among the on-site Coulomb repulsion energy U,
enhanced spin-orbit coupling A (A &« Z*; Z: atomic number),
and crystalline electric field energy A. The cooperative effects
of these interactions may give rise to many intriguing phys-
ical properties such as topologic spin liquids and insulators,
Weyl semimetals, axion insulators, and even unconventional
superconductivity, etc. [1-5]. In the 5d-electron family, the
Ir-based oxides receive most attention. An interesting finding
is the SOC-assisted jeir = 1/2 Mott state observed in the
canted antiferromagnetic insulator Sr,IrO4 [6—13]. If one only
considers the spatial extension of the d-electron wave function
changing from 3d to 5d, a delocalized electronic behavior is
expected to occur in the 5d system SrpIrO4 with 5d3-electron
configuration. However, the strong SOC splits the manifold 75,
orbitals into a twofold j. = 3/2 band and a single jeg = 1/2
band. Since the energy of the former is somewhat lower than
that of the latter, the j.r = 3/2 band is fully occupied, making
the j.r = 1/2 band half filled. A moderate U thus can open a
Mott gap, leading to the presence of a jor = 1/2 Mott ground
state with antiferromagnetic spin ordering [6,7]. Although this
scenario is proposed in the assumption of an undistorted cubic
IrO¢ octahedral crystalline field, it was frequently used to
explain the emergent phenomena occurring in other 5d- or
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even 4d-electron systems, no matter whether the crystalline
field is distorted or not. There is therefore a pressing need
to examine the validity of this SOC-assisted Mott state in
the distorted octahedral coordination environment to avoid the
misunderstanding for the intrinsic physical properties.
Following the scenario mentioned above, a nonmagnetic
and insulating ground state would be expected to occur in
an Ir’*(5d*) system due to the fully filled j.; = 3/2 band
and empty jor = 1/2 band, as observed in NalrO; [14,15].
However, when the IrOg octahedral crystal field considerably
deviates from an undistorted cubic one, the proposed j.; =
3/2, 1/2 mechanism may encounter a big challenge [16-19].
Actually, the double perovskite Sr,YIr’*Og with noncubic
crystal field shows evidence for the failed dominance of SOC
[17,18]. Unfortunately, since the YOg and IrOg octahedra are
alternatingly distributed in St YIrOg (i.e., the IrOg octahedra
are not directly connected with each other), one cannot in-
vestigate the electronic states of Ir3* by electrical transport
measurement. By comparison, the pyrochlore with a general
chemical formula of A, B;0gO’ provides a desirable system
to study the competing interaction between the crystal field
and SOC effect. As shown in Fig. 1(a), the pyrochlore has a
cubic crystal structure with space group F'd-3m. It builds from
O’ A, tetrahedra and corner-sharing BOg octahedra along with
the [110] direction. The atomic positions of A, B, and O’ are
all fixed. The only variable is the O, site, which can change
in a relatively large range from 0.3125 to 0.375 [20]. When
the O, = 0.3125, the single BOg octahedron is rigid. The
larger the O, value is, the larger the BOg octahedral distortion.
Therefore, we can on the one hand control the crystal field by
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FIG. 1. (a) Crystal structure of pyrochlore with chemical formula
A, B,060’ in space group Fd-3m. The O'A, tetrahedra and corner-
sharing BOg octahedra are shown. (b) Powder x-ray diffraction pattern
and Rietveld refinement results of Cd,Ir,O;. Observed (black circle),
calculated (red line), and difference (blue line) profiles are shown
together with the allowed Bragg reflections (ticks). The inset shows
the distorted O-Ir-Or bond angles in a single IrOq octahedron.

tuning the atomic position of O,. On the other hand, we can
also measure magnetic and electrical transport properties to
characterize the electronic states of Ir ions in the pyrochlore
structure. To date the iridium pyrochlore with a pure Ir>*
charge state at the B site is absent.

In this paper, a novel pyrochlore oxide Cd,Ir,O; with
an Ir’* valence state was prepared. Strongly distorted IrQOg
octahedra are observed in this compound. As a consequence,
the SOC-dominated nonmagnetic and insulating state expected
in a cubic crystal field is found to be invalid in the current
distorted one. Instead, the Cd,Ir,O7 pyrochlore shows metallic
electrical transport and short-range ferromagnetic correlations
at low temperature. Moreover, an external magnetic field can
upturn the low-temperature resistivity, implying that the field
may change the delicate balance between A and A. First-
principles calculations are also in agreement with experimental
results. Our finding reveals that the effect of a distorted crystal
field can play an important role in the intrinsic physics of
Sd-electron systems.

II. EXPERIMENT AND CALCULATION METHODS

The pyrochlore Cd,Ir,O; was synthesized under high-
pressure and high-temperature conditions generated by a cubic
anvil-type high-pressure apparatus. Highly pure (>99.9%)
CdO, and Ir powders with a 1:1 mole ratio, were used as
starting materials, and excessive KClO4 was adopted as an
oxidizing agent. The finely mixed reactants were treated at
6.5 GPa and 1373 K for 40 min. The high-pressure product
was washed out by de-ionized water to exclude the residual
KCl. The phase identification and structural characterization
were carried out by powder x-ray diffraction (XRD) using a
Huber diffractometer (Cu K « radiation, 40 kV, 300 mA) over a
26 angle range from 10° to 100° in steps of 0.005°. The GSAS
program was used to refine the XRD data based on the Rietveld
method [21]. The hard x-ray absorption spectroscopy (XAS) at
the Ir-L3 edge of Cd,Ir,O7 together with La, ColrOg as an Ir*t
reference and Sr,FelrOg as an Ir>t reference were measured
in the transmission geometry at the beamline of BLO7A at the
National Synchrotron Radiation Research Center in Taiwan.
Resistivity (p) and specific heat (Cp) measurements were
performed in a Quantum Design physical property measure-
ment system. Magnetic susceptibility and magnetization were
measured on a Quantum Design superconducting quantum
interference device magnetometer.

First-principles electronic structure calculations were per-
formed by the local density approximation (LDA) to density
functional theory with the full potential, all-electron, linear-
muffin-tin-orbital method [22]. Although the 5d orbitals are
spatially extended, the importance of Coulomb interactions in
5d compounds had been confirmed [8]. We used a LDA + U
scheme [23] (with U =2.0eV) to take into account the
electron-electron interaction between Ir 5d electrons. The crys-
tal structure parameters obtained from the Rietveld refinement
in experiment were used for calculations. A 24 x 24 x 24 k
mesh was adopted to perform Brillouin zone integration.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the XRD pattern of Cd,Ir,O; measured
at room temperature. The Rietveld analysis illustrates that
this compound crystallizes into a cubic pyrochlore structure
with space group Fd-3m (No. 227). The refined structural
parameters are listed in Table I. The O, value in Cd,Ir,O7
is found to be 0.329(3), indicating the formation of distorted
IrO¢ octahedra. When a single IrO¢ octahedron is examined,
the O-Ir-O bond angles in the plane distinctly deviate from
90° while a straight O-Ir-O bonding exists out of the plane
[see the inset of Fig. 1(b)]. Furthermore, if one considers
the corner-sharing IrOg octahedra, the value of the Ir-O-Ir
band angle is as small as 132.0°, which is much less than the
Y-O-Ir band angle observed in the double perovskite Sr, YIrOg
(~160.3°) mentioned above [17]. These structural features
clearly demonstrate the significant octahedral distortion in
Cdgll‘207.

As shown in Table I, the refined Ir-O bond length of
Cd,Ir, O is very close to that observed in Sr, YIrOg, suggesting
a similar Ir>* valence state in both compounds. To further
determine the valence state of Ir, the Ir-L3 XAS of Cd,Ir,O7
and of La,ColrOg as an Ir*+ Ref. [24] and Sr,FelrOg [25] as
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TABLE 1. Crystal structural parameters of Cd,Ir,O; obtained from the Rietveld refinement.

Parameter a (A) O, Ir-O (A)

Ir-O-Ir (°)

Z0-Ir-0O (O) pr (%) R]) (%)

Cd,Ir, 0 10.1474(4)  0.3293)  1.963(4) x 6

132.0(3)

180 x2  96.192) x2  83.81(2) x 2 4.24 2.88

an It reference with similar IrOg octahedral coordination
were measured for comparison. It is well known that the XAS
spectra are highly sensitive to the valence state: an increase
of the valence state of the metal ion by 1 usually causes a
shift of the XAS L, 3 spectra by 1 eV or more toward higher
energies [26—28]. As shown in Fig. 2, in comparison with the
Ir*t reference Lay,ColrOg, the Ir-L; absorption spectrum of
Cd,Ir,O; apparently shifts by 1.2 eV to higher energies, but
displays a very similar line shape and energy position com-
pared with those of the Ir>* reference Sr,FelrOg, confirming
the formation of the Ir>* valence state as well as the oxygen
stoichiometry in Cd,Ir,O;. This synthesized compound thus
provides an iridium pyrochlore composed of a pure Ir>* ionic
state at the B site. Note that the oxygen deficient Pb,Ir,Og 55
was reported to crystallize with a noncentrosymmetric crystal
structure [29].

Figure 3(a) shows the temperature dependence of magnetic
susceptibility for Cd,Ir,O;. One cannot find any long-range
spin ordering in the temperature range we measured (2—
300 K). Between 8 and 60 K, the magnetic susceptibility
can be well fitted by the normalized Curie-Weiss law x =
xo + C/(T — 6y,), giving the temperature-independent term
%o =4 x 10~*emumol~' Oe~! which contains the core dia-
magnetism and Van Vleck paramagnetism [30-32]. The fitted
Curie constant is C = 0.28 emu K mol~! Oe~!, and the Weiss
constant is 6y, = 5.98 K. According to the Curie constant, the
effective magnetic moment is calculated to be 0.75 ug/Ir*.
This value is much lower than the spin-only theoretical value
(2.83 pp) for an Ir>+ ion with S = 1, but considerably larger
than that obtained for the Ir’* compound NalrOs;, where
the SOC-dominated nonmagnetic and insulating behaviors
with J =0 are claimed [14]. The positive Weiss constant
of Cd,Ir,O; may suggest some short-range ferromagnetic
correlations at lower temperatures although we do not find
long-range magnetic phase transition with temperature down
to 2 K. Figure 3(b) shows the field-dependent magnetization
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FIG. 2. X-ray absorption spectroscopy of the Ir-L; edges of
Cd,Ir,07 and the related references for comparison.

measured at different temperatures. In contrast to the linear
magnetization behavior at higher temperatures, the magnetic
hysteresis loop is observed at 2 K [see the inset of Fig. 3(b)].
Therefore, the electronic ground state of Ir>* in the current
Cd,Ir,O7 apparently deviates from the SOC-dominated J = 0
state due to the strongly distorted octahedral crystal field.
It most probably displays competing SOC and crystal field
interaction with comparable A and A values, giving rise to
the crossover between the nonmagnetic J = 0 state and the
spin-ordered S = 1 state. Note that the Hund exchange energy
is here minor compared with the crystal field energy [33].
Figure 4(a) presents the resistivity as a function of tem-
perature. Essentially different from the insulating conductivity
expected for a J = 0 state, Cd,Ir,O7 shows electrical metallic
behavior in the whole temperature region we measured at
zero magnetic field. Below 25 K, the resistivity data well
follow the Fermi liquid model [see the inset of Fig. 2(b)],
suggesting the considerable electronic correlated effects. In
the 4d pyrochlore oxides Pb,Ru;Ogs and BiRu,07, the
metallic electrical behaviors are also observed due to the strong
hybridization between the Ru 4d bands and the extended Pb or

-~
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FIG. 3. (a) Temperature dependence of magnetic susceptibility
of Cd,Ir,0; measured at 5 T in zero-field-cooling (ZFC) and field-
cooling (FC) modes. The inset shows the Curie-Weiss fitting in
8-60 K. (b) Field-dependent magnetization at different temperatures.
The inset shows the enlarged view for the magnetic hysteresis
behavior at 2 K.

085103-3



JIANHONG DAI et al. PHYSICAL REVIEW B 97, 085103 (2018)
6 T T T T T 2.0
338 U 1(a) ] \ (b)
s 336 6 167
& . J334p
G =
- =332
o "‘"M _
° >
a L
4 ——0T &
——9T s
3 1 1 I 1 I
0 50 100 150 200 250 300
T (K)
1.2F 220 (b) 7
1.0} 15 1.6 T
. g Lo (©) (d) :
g 0.6F %% 600 4000 600 3 12 e \ 10 ‘i
0.4 z 051
02 g
;1/ 0.6
0.0 300K 1 Q
1 1 1 1 L | 1 1 04 -
o 1 2 3 4 5 6 7 8 9 ‘
H (T) 02|
200 oy — — 0.0 4
© 00000000 6-5-43-2-10123 45 -2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0
S 150k " 00000c> i Energy (cV) Energy (eV)
00
é Ooog 5 FIG. 5. (a), (b) First-principles numerical results for the band
& 100 | o°°° = e 2 ; i dispersion along several high-symmetry directions of Cd,Ir,O; based
;= Nﬁ oe ¢ on LDA and LDA + SOC methods, respectively. (c), (d) The calcu-
S0 '%2 T lated density of states near the Fermi surface using the LDA and
o°0 LDA + SOC methods, respectively. One can find strong mixture
0 4 8 12 16 201 between the j. = 1/2 and 3/2 bands near the Fermi level in (d),
y ! . : indicati h ing A A.
0 50 100 150 200 250 indicating the competing A and

T (K)

FIG. 4. (a) Temperature dependence of resistivity measured at
zero field and 9 T for Cd,Ir,O;. The inset shows the enlarged view
for field-induced upturn at lower temperatures. (b) Field-dependent
magnetoresistance MR (=100% x [p(H) — p(0)]/p(0)) at different
temperatures. The inset shows the resistivity fitted using a Fermi liquid
model below 25 K. (c) Specific heat as a function of temperature below
250 K measured at zero field. The inset shows the fitting below 20 K
as described in the text.

Bi 6 p bands [34]. In the present Cd,Ir,O7, the 5d1,, orbitals of
Ir’* dominate the Fermi surface with negligible contribution
from the A-site Cd>* (see theoretical calculation results shown
later). Therefore, the Sd-electron hopping via the Ir-O-Ir
pathways should be mainly responsible for the metallicity of
Cd,Ir,07 [4,33]. More interestingly, if a higher magnetic field
(e.g.,9T)is applied, one can find a rapid upturn in resistivity at
lower temperatures, leading to a metal-insulator-like transition
as presented in the inset of Fig. 4(a). Since magnetic field can
significantly affect the spin-orbit nature [35], the resistivity
upturn implies that applying an external magnetic field may
change the delicate balance between the competing crystal
field and the SOC effect in Cd,Ir,O;. Moreover, when the field

dependence of resistivity is measured as shown in Fig. 4(b),
we find positive and almost linear magnetoresistance behavior
above 50 K. At lower temperatures (e.g., at 2 and 10 K),
however, a positive curvature is induced by the field.

In accordance with the absence of long-range spin ordering,
no specific heat anomaly is observed in Cd,Ir,O7 as shown in
Fig. 4(c). The low-temperature heat capacity data can be well
fitted on the basis of the function C,/T =y +aT?* + BT/,
yielding y = 1.22mJ/mol K2, @ = 0.62mJ/mol K*, and B =
0.272 mJ/mol K2, The presence of the y coefficient is consis-
tent with the metallic conductivity. The significant contribution
from the T3/? term suggests some short-range ferromagnetic
excitations as expected from magnetization measurement at
low temperature. The electrical transport and heat capacity
measurements thus further confirm the J # 0 metallic and
short-range ferromagnetic behaviors in Cd;Ir,O7 due to the
strong noncubic crystal field effect which is comparable with
the interaction of SOC.

To get deeper insights into the electronic properties of this
rare Ir’* pyrochlore Cd,Ir,O7, we performed first-principles
density functional theory calculations. Figure 5 shows the band
dispersion along several high-symmetry directions as well as
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the density of states (DOS) near the Fermi surface. The single
Ir atom is octahedrally coordinated by six O atoms, making
the Ir-5d bands split into the #), and e, states. Due to the
extended nature of 5d states, the splitting between ,, and
ey states is rather large. As shown in Figs. 5(a) and 5(c),
the LDA calculations illustrate that the Ir-e, states distribute
from 2.0 to 6.0 eV while the Ir-f,, states locate around the
Fermi level. When the SOC is included for calculations, it
significantly affects the band dispersion around the Fermi
level as presented in Fig. 5(b). The top four bands can be
assigned as jer = 1/2 states. However, due to the distortion of
IrOg octahedra, the mixture between jegr = 1/2 and jegr = 3/2
bands is quite large. If we plot the DOS as a function of energy
near the Fermi surface as shown in Fig. 5(d), this mixture
can be seen unambiguously. This is in sharp contrast to the
isolated jegr = 1/2 and 3/2 bands observed in Sr,IrO4 without
considering the octahedral distortion. In order to consider
the electronic correlation in Ir-5d states, we also carried
out LDA + U and LDA + U + SOC calculations with U =
2.0eV. The introduction of U does not change the electronic
band structures significantly. To further investigate the mag-
netism, LDA + U + SOC calculations were carried out for
several typical collinear and noncollinear magnetic structures
as found in other pyrochlore compounds [4,36]. Our numerical
calculations give the saturated magnetic moment to be about
0.05 pg /Ir, which again shows the importance of the distorted
crystal field in this oxide. For Ir** pyrochlore oxides, the
ground-state magnetic configuration is all in or all out and the
net magnetic moment is zero [4], while for the present Ir>* py-
rochlore compound the energy discrepancy between different
magnetic configurations is very small and consistent with the
magnetic moment observed in magnetization measurements.

IV. CONCLUSION

In summary, a new oxide Cd,Ir,O; was successfully syn-
thesized; it is an iridium pyrochlore with a pure Ir3* charge

state. Different from most perovskite-type oxides, the current
Cd,Ir,O; pyrochlore with corner-sharing IrOg octahedra is
strongly distorted, providing a desirable prototype material
system to study the competing crystalline field and spin-orbit
coupling. The expected J = 0 ground state in the strong SOC
limit is out of work in Cd,Ir,O7 because of the significant
noncubic crystal field effect which is comparable with the
magnitude of SOC. As a result, Cd,Ir,O; shows short-range
ferromagnetic correlations and metallic electrical transport
features, essentially deviating from the nonmagnetic and insu-
lating J = 0 state. First-principles calculations further reveal
that due to the strong octahedral distortion of IrOg, the jei =
1/2 and jer = 3/2 bands are mixed together considerably
around the Fermi level, further revealing the nature of the
J # 0 state duo to the competing A and L. We claim that, in
addition to the strong spin-orbit coupling, it is also necessary
to consider the effect of the distorted crystalline field to fully
understand the intrinsic physics of 5d-electron systems. Note
that Agrestini et al. recently reported that the large covalency
of iridium in Sr,IrO4 can affect the electronic behaviors [37].
The covalent effect may also exist in the present Cd,Ir,O5.
However, since the pyrochlore Cd;Ir,O; shows much more
IrO¢ octahedral distortion compared with that of perovskite-
related iridates, we emphasize here the effect of the distorted
crystalline field on the J # 0 electronic states.
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