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Electronic and structural response to pressure in the hyperkagome-lattice Na;Ir;Og
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The hyper-kagome lattice iridate Na;Ir;Og, closely related to spin liquid candidate Na,Ir;Og, is unusual in that
spin-orbit interactions acting on the 1/3-filled J.; = 1/2 state lead to a semimetallic ground state, in contrast to
the conventional insulating Mott state stabilized by S-O interactions in the 1/2-filled J. = 1/2 state of other
iridates including Na4Ir;Og. We have studied the evolution of crystal structure, electronic structure, and transport
in NazIr;Og under high pressure using x-ray diffraction, x-ray absorption near edge structure, and electrical
resistance measurements in a diamond anvil cell. The study was augmented by the use of ab initio calculations,
which provided insight into pressure-induced changes in crystal and electronic structure. We found that Na;Ir;Og
transforms from a semimetal to an insulator under pressure, with an estimated energy gap that increases to
about 130 meV at P ~ 9 GPa. At approximately 10 GPa, a cubic-to-monoclinic structural transition takes place
between two insulating phases. This structural transition features a sizable volume collapse and a high-pressure
phase characterized by apparent dimerization of Ir-Ir distances, wide dispersion of Ir-O-Ir bond angles, and an
increase in the occupation of 5d states. Although the energy gap is reduced in the high-pressure phase, insulating
behavior remains to the highest pressures ~1 Mbar. The strongly pressure-dependent insulating gap shows a
positive correlation with the expectation value of the angular part of the S-O interaction, (L - S), which may
indicate an active role of S-O interactions in stabilizing the insulating state that emerges in the compressed

NajzIr;Og structure.

DOI: 10.1103/PhysRevB.98.085131

I. INTRODUCTION

Intricate correlations among orbital, spin, and lattice de-
grees of freedom in transition metal oxides lead to unique
quantum states [1-13]. Recent attention has focused on heavy
ion 5d systems with partially filled 7,, levels where strong
spin-orbit coupling (SOC) leads to entanglement of spin
and orbital degrees of freedom [14-16]. Examples based on
iridium ions (primarily in 44 oxidation state) include the
Ruddlesden-Popper phase Sr,IrO4 with spin-orbit Mott state
[17,18], geometrically frustrated magnets in proximity to a
Kitaev spin liquid state such as the 2D (3D) honeycomb
(hyperhoneycomb) lattices of « (8, y) (Li, Na),IrO; [19,20],
and the frustrated hyperkagome lattice of Naylr;Og [21].
The latter, featuring a corner-sharing triangular network of Ir
Jeit = 1/2 moments, is a Mott insulator [21]. The strong SOC
acting on iridium’s partially filled 5d levels lifts the orbital
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degeneracy. The combined effects of SOC, intersite hopping ¢,
onsite Coulomb repulsion U, and crystal-field interaction A are
responsible for the Joir = 1/2 Mott state. The delicate balance
among these interactions appears to be essential for these novel
quantum ground states, which are absent without SOC [22].
Recent muon spin relaxation (uSR) experiments point toward
an unusual magnetic ground state in NasIr; Og, with emergence
of short-range correlations instead of the intrinsically dynamic
quantum ground-state characteristic of a spin liquid [23].
Iridium oxide Naszlr;Og shares the same Ir-O hyper-
kagome network as Naylr;Og but Ir ions formally take a
nominal valence of 4.334 as opposed to 4+4. Therefore Na-
deficient Na3Ir;Og can be viewed as a 1/3 hole-doped hyper-
kagome spin liquid candidate [23,24]. In contrast to NasIr3;Os,
Na3Ir;Og is a paramagnetic semimetal with the unusual ef-
fect that SOC acting on t,g-derived molecular orbitals on Ir
triangles leads to the gap closure [24]. Like doping, external
pressure is expected to modify the electronic properties of
these hyper-kagome materials by way of tuning interatomic
distances and crystal structure and related changes in elec-
tronic hopping integrals, on-site correlations, crystal-field
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interactions, band filling, and strength of effective SOC associ-
ated with S5d-derived bands or molecular orbitals. A number of
recent studies highlight the extreme tunability of the delicately
balanced interactions in iridates to external pressure [25-33].

In this paper, we have used x-ray absorption near edge
structure (XANES), x-ray diffraction (XRD) and electrical
resistance measurements in the diamond anvil cell, together
with ab initio calculations of Naslr;Og at high pressures,
to unravel a profound interplay between the electronic and
structural degrees of freedom. A transition from a semimetallic
to an insulating state takes place below about 2 GPa. With
increasing pressure, the electronic gap increases and reaches
an estimated maximum value of 130 meV at P ~ 9 GPa.
However, a first-order structural transition at this pressure
strongly renormalizes the insulating gap, which decreases but
remains open to the highest pressure P ~ 1 Mbar. Structure
prediction from ab initio calculations enabled a more robust
interpretation of the XRD data and determination of the
high-pressure phase symmetry as monoclinic P2; structure.
This low-symmetry structure adopts a distorted Ir framework
featuring remarkably short Ir-Ir distances consistent with Ir
dimerization. This strong reduction in Ir-Ir distance is likely
responsible for the decrease in the size of the electronic gap
above the structural transition. A wide distribution of Ir-O-Ir
angles in the high-pressure phase, coupled with an increase
in the 5d occupation under pressure which moves the system
towards half-filling, may act to increase electron correlations
and reduce intersite hopping preventing full gap closure at the
highest measured pressure.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Sample synthesis and characterization

NajIr;Og crystals were grown by a vapor transport method
simultaneously with the growth of NayIr;Og crystals, as dis-
cussed in Ref. [34]. This growth process yielded crystals with
two distinct morphologies: rhombic dodecahedral and hexag-
onal platelike. The latter were always found to correspond
to the honeycomb lattice compound Na,IrO3. The rhombic
dodecahedral crystals were assiduously characterized with
energy dispersive x-ray (EDX) analysis, magnetization and
crystallography to convincingly establish that the Na3Ir;Og
samples used in the current work are consistent with the struc-
tural, magnetic, and transport properties reported in Ref. [24],
for which crystals of Na3zIr;Og composition were grown from
a flux. Magnetic susceptibility measurements were performed
on single crystals using a Quantum Design MPMS-3 SQUID
magnetometer. Four-probe electrical resistivity measurements
were carried out on a single crystal at ambient pressure in the
2-300 K temperature range using a Quantum Design PPMS
system.

B. High-pressure x-ray absorption near edge structure
and powder x-ray diffraction

The x-ray absorption near edge structure (XANES) mea-
surements were carried out at beamline 4-ID-D of the Ad-
vanced Photon Source (APS), Argonne National Labora-
tory across the Ir L, 3 absorption edges (2pi232 — 5d
transition). A single-crystal sample was finely ground into

powder before the experiments. High-pressure XAS data were
collected using a Princeton Symmetric Diamond Anvil Cell
(DAC) with 180 um beveled culet anvils. To minimize x-ray
absorption in the diamond anvils, a partially perforated anvil
(0.15 mm remaining thickness) was used opposite a minianvil
(0.8 mm height) mounted on a fully perforated anvil [35].
A rhenium gasket was pre-indented and a sample chamber
laser-drilled with a diameter of 90 um. Powder was loaded
into the sample chamber together with ruby balls as pressure
marker. Neon was used as pressure transmitting medium,
leading to a reduction of sample chamber diameter to 70 pm.
High-pressure powder XRD measurements were performed at
beamline 16 BM-D of APS, using a Mao-Bell symmetric cell
with 300-um diamond anvil culets. The powder sample was
loaded with neon as pressure transmitting medium and ruby
balls as pressure marker. The x-ray wavelength was 0.3263 A
and XRD patterns were collected with a MAR 3450 image
plate detector.

C. High-pressure electrical transport measurements

The resistance measurements under pressure were carried
out using the standard four-probe method using slim gold
wires as electrodes. A CuBe DAC featuring beveled diamonds
with 100-um culet size was used in a Maglab system, a
thermometer located near one of the diamonds serving as
temperature monitor [36]. A hole with diameter of 110 um
was laser-drilled in the center of a pre-indented T301 stainless
steel gasket. Cubic boron nitride (cBN) fine powder was used
as the insulating layer between the metallic gasket and the
electrode leads. The cBN powder was indented and further
drilled into a sample chamber with a diameter of 60 um. A
single crystal with approximate dimensions 30 umx 40 pumx
15 um was loaded into this chamber with soft NaCl fine powder
as the pressure transmitting medium. Pressure calibration was
determined via the ruby fluorescence method below around
40 GPa and diamond vibron Raman measurements above
40 GPa.

D. Theory: structure search and band-structure calculation

All simulations were carried out at the density functional
theory (DFT) level with VASP [37,38]. We employed projector
augmented wave (PAW) potentials [39] and Perdew-Burke-
Ernzerhof (PBE) exchange-correlation [40] functional in the
generalized gradient approximation [41]. A 500 eV energy
cutoff and atleast4 x 4 x 4 Monkhorst-Pack k meshes [42,43]
ensured good numerical convergence. The residual atomic
forces and the differences from the targeted stress values were
below 0.005 eV/A and 1 kB, respectively. We relied on the
evolutionary algorithm in the MAISE package to search for
the ground states of NasIr;Og at 15 and 20 GPa using a
standard combination of the crossover and mutation operations
[44]. Additional exploration of nearby minima was done by
distorting and relaxing lowest-enthalpy candidates in the 0—
45 GPa pressure range. The dynamical stability of structures
was checked with linear response calculations within VASP. As
has been determined in previous [45] and the present studies,
SOC and magnetic interactions have insignificant effect on the
structure stability in sodium iridate compounds. Therefore, all
structure searches and phonon calculations were performed
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FIG. 1. [(a)and (b)]Ir L, 3 XANES dataat 7= 300 K as a function
of pressure to over 50 GPa collected in experimental run 1. (c) Pressure
dependence of the derived branching ratio at 7= 300 K measured in
independent experiments (runs 1 and 2). The inset shows the pressure
dependence of the sum of L, 3 intensity in isotropic spectra for two
independent experimental runs. The dashed line is guide to the eye.

without SOC and spin polarization. The analysis of the
electronic properties was carried out with SOC and DFT+U
corrections [46,47] using Uer = U — J = 2 eV value typical
for iridates [25,48-52]. We relied on the U-ramping method
[53] starting with U = 0 eV and using a 0.2 eV step (runs with
0.1,0.2, 0or 0.5 eV steps converged to the same electronic state)
to obtain meaningful self-consistent solutions at U = 2 eV
(in what follows we refer to U as U for simplicity).

III. RESULTS AND DISCUSSIONS
A. Branching ratio and resistivity measurements

X-ray absorption spectra collected at the Ir L, 3 edges are
displayed in Figs. 1(a) and 1(b) as a function of pressure.
In the presence of strong spin-orbit coupling in the 5d states
(jj coupling), electric dipole transitions (Aj = 0, 1) at the
L, edge (2p;» core level excitation) involve transitions into
empty states with 5d3,, character, while transitions at the
L; edge (2p3» core level excitation) probe empty states
with both 5d5,, and 5ds;, characters. On the other hand, in
the limit of negligible SOC in the 5d states, the ratio of
transition probability at L, and L3 edges is only sensitive
to the occupation of the initial core-electron states yielding
a “statistical” branching ratio BR = I;3/I;, = 2, where the
L3 “white line” intensity is twice the size of the L, “white
line.” According to theory [54,55], the BR is related to the
expectation value of the angular part of the spin-orbit coupling
(L - §) through BR = (2+r)/(1 —r),wherer = (L - S)/ny,
and n;, the average number of 5d holes. Figure 1(c) shows
the pressure dependence of B R obtained in two independent
experimental runs. The measured BR = 3.8(1) at the lowest

pressure of 0.3 GPa strongly deviates from the statistical value
of 2 and indicates strong spin-orbit interaction present in
the 5d states. This supports previous findings showing that
SOC plays a key role in dictating the electronic structure at
ambient pressure [24]. Upon compression, B R increases and
peaks at 4.1(1) at P ~ 9 GPa, decreasing above this pressure.
The increase in BR appears to coincide with a concomitant
enhancement of the insulating gap with pressure as discussed
below. The BR reaches 2.7(2) at P ~ 52 GPa. This strong
reduction in B R is comparable to that observed in SrIrOy4 at
P ~ 70 GPa (BR ~ 2.75) [32] but stronger than observed in
BalrO; (BR ~ 3.3) [33] and Sr3Ir;,O7 (BR ~ 3.0) [28]. The
nonstatistical BR indicates that SOC continues to play a role
in dictating the electronic ground state even at 50 GPa.

Introducing charge (hole) carriers into the geometrically
frustrated Mott insulator Nas_,Ir;Og is shown to lead to an
anomalous semimetal state in Na deficient systems (x = 0.7,
1.0) [24,56]. At ambient pressure [inset of Fig. 2(a)], our
Najlr;Og single crystal shows poor metallic behavior and a
nearly temperature-independent magnetic susceptibility. The
paramagnetic and semi-metallic properties agree with earlier
studies [24]. Figure 2(a) displays electrical resistance versus
temperature, R(T ), of NasIr;Og at selected pressures up to
25 GPa. Pressure-driven insulating behavior clearly emerges
already at the lowest measured pressure P ~ 2 GPa, indicating
a semimetal to insulator transition takes place within this
modest pressure range. We note that minimum pressures of
~2-3 GPa are necessary to obtain low contact resistance
in a DAC experiment, so the insulating phase may actually
appear at even lower pressures. R(T') curves show nonmetallic
behavior at all pressures (negative slope). Furthermore, the
absolute value of the slope of R(7) becomes larger with
increasing pressure up to P ~ 9 GPa, indicating that the
insulating gap increases with pressure. The low-temperature
resistance (~2 K) reaches a maximum value of 700 2 at
P ~ 9 GPa amounting to an increase of about two orders of
magnitude relative to the 7 Q2 resistance at P ~ 2 GPa. The
R(T) plot displayed in the inset of Fig. 2(b) demonstrates
that NasIr;Og remains an insulator up to at least 1 Mbar. The
R(T) data are fitted to a In R o< E,/(2kgT) dependence in
the high-temperature range 80-300 K (E, is the energy gap
and kp is the Boltzmann constant). The exact T range for the
fits is adjusted at each pressure to capture the region where
the Arrhenius plot shows a linear dependence; see inset of
Fig. 2(b) for representative fits. We note that R(T) cannot
be described by a single activation energy over the entire T
range, the low-T region below about 80 K deviating from
the expected, divergent behavior. The existence of distinct
temperature regimes has also been observed in resistance
measurements under pressure on Sr,[rO4 and Sr3Ir, O iridates
where the high-T region is dictated by intrinsic activated
transport across the gap, while the low-T resistance appears
to be dominated by extrinsic effects, e.g., creation of sample
defects as a result of nonhydrostatic conditions [30].

The main panel of Fig. 2(b) displays the fitted values of
insulating gap of Na3Ir;Og as a function of pressure, showing
amaximum ~130 meV at P ~ 9 GPa. Athigher pressures, the
energy gap decreases steadily with pressure. The unusual sharp
changes in resistance with pressure appear to be correlated with
the changes in isotropic B R, as shown in Fig. 2(b).
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FIG. 2. (a) Temperature dependence of the resistance at various
pressures for NasIr;Og. The details of the resistance below 30 €2 has
been enlarged and displayed above. The inset shows the resistivity and
magnetic susceptibility of NasIr; Og single crystal at ambient pressure.
(b) Estimates of the pressure-dependent insulating gap of NazIr;Og
obtained from fits of In R o« E,/2kpT inthe 80-300 K range. The BR
results from runs 1 and 2 are also displayed for comparison. Pink and
blue regions indicated crossover in the response of branching ratio
and insulating gap, respectively. The resistance (R) (in logarithmic
coordinate) vs 1/ T Arrhenius plot at several pressures is displayed in
the upper corner inset. The inset below shows temperature dependence
of the resistance at about 1 Mbar, still exhibiting insulating behavior.

B. XRD and ab initio structure characterization

We now discuss the x-ray powder diffraction measurements
under pressure. Diffraction patterns collected at room temper-
ature between 0.6 and 30.6 GPa are displayed in Fig. 3(a).
The powder diffraction data collected up to ~8.1 GPa could
be indexed successfully using the ambient-pressure cubic
structure (phase I, space group P4;32). Between 8.1 and
11 GPa, new reflections (phase II) start to emerge, signaling
a structural phase transition. A sudden change in BR and
insulating gap values in the vicinity of P ~ 9 GPaaccompanies
this structural transition. The XRD pattern at P = 11 GPa
is a mixture of two phases. Further compression results in
the complete disappearance of the P4;32 reflections. Upon
decompression, the signature of phase II disappears below
4.6 GPa, where Na3Ir;Og recovers its ambient cubic structure.

An evolutionary ab initio structure search suggests a mon-
oclinic P2, structure as the ground state for P > 10.5 GPa,
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FIG. 3. (a) The background-subtracted diffraction patterns of
Najlr;Og at high pressures and room temperature. The colored
backgrounds represent the changes in the diffraction patterns. A
clear structural phase transition takes place above 8.1 GPa where
additional peaks appear in the diffraction pattern. The positions of
the Bragg reflections of the low-pressure (phase I) and high-pressure
(phase II) phases within the mixture pattern, at the pressure of
11.0 GPa are marked by vertical sticks in blue and red, respectively.
The structure goes back to ambient pressure phase when pressure
is released to 4.6 GPa. (b) Observed and Rietveld refined profiles
within space group P2, at 15.7 GPa (phase II). The solid circles
are the experimental data, and black lines for calculated data. The
positions of the Bragg reflections are marked by vertical sticks. The
blue line represents the residual beneath. [(c)—(e)] Comparison of Ir
frameworks in three considered structures fully optimized with DFT
at 15 GPa. The lower-symmetry monoclinic phase features unusually
short Ir-Ir distances.

as discussed below. A representative Rietveld refinement of
the diffraction pattern in the high-pressure phase within this
P2, space group is displayed in Fig. 3(b), corroborating the
agreement between theory and experiment.

ADb initio calculations were carried out to identify stable
high-pressure phases and aid in the solution of the high-
pressure crystal structure. The large size of the starting P4,32
phase with 56 atoms per primitive unit cell indicated that the
structure prediction would present a considerable computa-
tional challenge. In fact, confirmed predictions of large-sized
high-pressure ground states identified fully “from scratch,”
such as the new CaByg structure with 28 atoms per primitive
unit cell found with an evolutionary algorithm [44], are still
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FIG. 4. Relative enthalpy (a) and volume (b) for the ambient cubic
P4,32 (diamonds), predicted monoclinic P2, (circles), and predicted
P4,2,2 (down triangles) phases of NasIr;Og under pressure. The
top inset shows the frequencies of low-frequency I'-point phonon
modes becoming imaginary above 23 GPa in P4,32 and below
25 GPa in P4,2,2. The blue circles (with pressure error bars) are
the experimental volumes obtained from the XRD data.

rare. We used a common strategy to accelerate the search
by seeding the population with the known ambient-pressure
structure but did not rely on any structural or XRD informa-
tion from the high-pressure measurements to avoid biasing
the search towards the experimentally determined solution.
Surprisingly quickly, a closely matching monoclinic P2 phase
(II) appeared within a 100 local relaxations and remained
the lowest-enthalpy in all our evolutionary runs at 15 and
20 GPa. Subsequent finer local optimizations and phonon
calculations were performed to determine the range of phase
stability and the structural relationship to the starting phase
[see Fig. 4(a)]. Relaxed at lower pressures, P2 remained more
stable than P4,32 down to 10.5 GPa, stayed a local minimum
down to 2 GPa, and transformed back to P4,32 at ambient
pressure. Relaxed at higher pressures, P2; eventually gained
tetragonal P4,2,2 symmetry (phase III) above 40 GPa but
showed early signs of abrupt structural changes at 25 GPa
(Fig. 5). Linear response calculations for the primitive P4,32
(P4,2,2) unit cells revealed several phonon branches at the
I' point becoming imaginary above 23 GPa (below 25 GPa),
which makes the phases dynamically unstable in these pressure
ranges. The linear dependence of w?(P) near the transition
pressures [Fig. 4(a) inset] indicates soft-mode phase transitions
described by Landau theory [44,57]. Table I lists the DFT-
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FIG. 5. Calculated dispersion of Ir-Ir distances (a) and Ir-O-Ir
angles (b) as a function of pressure in considered Na;Ir;Og phases.
Before P2, gains tetragonal symmetry and transforms into P4,2,2 at
40 GPa, it displays abrupt changes and a wide distribution of bonds
above 25 GPa.

optimized structural parameters for the three phases at selected
pressures in the corresponding stability ranges.

The calculated 10.5 GPa transition pressure and 5.5% drop
in volume for the first-order P4,32 to P2 phase transforma-
tion agree well with the corresponding values of 8—11 GPa
and 5.8% obtained in our experiment [58]. The collapse of
P4,32 under pressure could be associated with the lower
Na content in the two known stable NasIr;Og and Naylr;Og
compounds with related structures. As has been shown in
other materials [44], metal ions often play a role of “space
fillers” and the insufficient quantity of Na to keep the Ir-O
framework “inflated” in Na3Ir;Oy is likely responsible for the
quick dynamical and thermodynamic destabilization of the
starting phase under compression. Interestingly, our ab initio
calculations predict that the high-pressure P2, is softer than
the ambient pressure phase, as indicated by the reduction in
theoretical bulk modulus from 88.2 to 57.9 GPa (Fig. 4) [59].
Pressure-induced transitions to softer phases are uncommon
but have been observed before in materials featuring a loss
of symmetry under compression [60,61]. Experimentally, the
bulk modulus of the high-pressure phase is found to be
88.2 GPa, higher than 82.7 GPa for the low-pressure phase
(all bulk modulus values were obtained from fits of the P-V
relation to a second-order Birch-Murnaghan equation). Nev-
ertheless, the agreement between experimental and calculated
compressibilities and size of the volume collapse is reasonable
good, as shown in Fig. 4(b).
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TABLE 1. Structural parameters for the three considered phases optimized with the DFT at the specified pressures.

Phase Pressure Space group B a(A) b(A) C(A)
Cubic 10 GPa P4,32 (213) 8.8124 8.8124 8.812
Ol 8c (0.1089, 0.1089, 0.1089) Irl 12d (0.1250, 0.8775, 0.1275)
02 24e (0.1329, 0.9026, 0.9047) Nal 8c (0.2513, 0.2513, 0.2513)
Na2 4b (0.8750, 0.8750, 0.8750)
Monoclinic 15 GPa P2, (4) 90.081 7.2417 9.5186 8.9662
Ol 2a (0.6173, 0.8915, 0.3887) 015 2a (0.0969, 0.0960, 0.1243)
022a (0.4103, 0.5592, 0.4033) 016 2a (0.1036, 0.5653, 0.6162)
03 2a (0.9136, 0.4242, 0.0851) Irl 2a (0.1066, 0.8802, 0.1293)
04 2a (0.5712, 0.6126, 0.0882) Ir2 2a (0.3690, 0.6057, 0.6142)
05 2a (0.8981, 0.8565, 0.5711) Ir3 2a (0.6283, 0.8544, 0.6152)
06 2a (0.3717,0.9163, 0.1112) Ir4 2a (0.8486, 0.6295, 0.0983)
07 2a (0.3546, 0.1422, 0.3555) Ir5 2a (0.3708, 0.1268, 0.1283)
08 2a (0.6383, 0.3153, 0.3863) Ir6 2a (0.8870, 0.8569, 0.3514)
09 2a (0.8279, 0.8438, 0.1278) Nal 2a (0.8848, 0.0940, 0.6417)
010 2a (0.1130, 0.6713, 0.1159) Na2 2a (0.9511, 0.2560, 0.2494)
Ol11 2a (0.6371, 0.1320, 0.1669) Na3 2a (0.7764, 0.4977, 0.4896)
012 2a (0.1601, 0.8373, 0.3442) Na4 2a (0.3760, 0.8736, 0.8673)
013 2a (0.3320, 0.3308, 0.1705) Na5 2a (0.4522, 0.7450, 0.2617)
014 2a (0.8301, 0.6502, 0.3138) Nab6 2a (0.7214, 0.0052, 0.9776)
Tetragonal 40 GPa P4,2,2(92) 9.01719.0171 6.4229
O1 8b (0.1362, 0.3911, 0.5858) Ir1 8b (0.87717, 0.3906, 0.0204)
02 8b (0.1642, 0.0621, 0.6852) Ir2 4a (0.6496, 0.6496, 0.0000)
03 8b (0.8220, 0.1141, 0.5453) Nal 4a (0.1167, 0.1167, 0.0000)
04 8b (0.8539, 0.4062, 0.7217) Na2 8b (0.9994, 0.2232, 0.6641)

The eventual P2, to P4,2,2 symmetry-gaining transfor-
mation predicted with the DFT calculation for pressures above
25 GPa proved to be more difficult to confirm. Although
no apparent symmetry change is seen in our experimental
diffraction patterns up to 30.6 GPa, substantially broadened
and merged diffraction peaks are observed in our patterns at
and above 26.8 GPa which may be indicative of proximity
to a second structural phase transition. Extending the XRD
measurements and unconstrained structure searches to higher
pressure is needed to explore the possible existence of other
stable phase(s). As a test of systematic DFT errors, we repeated
the full set of calculations shown in Fig. 4 in the local
density approximation (LDA) and observed a typical degree of
agreement between the LDA and GGA flavors, with the former
tending to overstabilize more compact structures [62,63].
Namely, the P4,32 to P2, transition occurred at 8.0 GPa
with a 4.9% drop in volume and a change in bulk modulus
from 102.5 to 70.3 GPa, while the dynamical destabilization
of P4,32 and P4,2,2 was observed above 14 GPa and below
20 GPa, respectively.

Examination of the atomic environments in the three phases
optimized with DFT uncovers a dramatic rearrangement in the
Ir framework under compression. Figures 3(c)-3(e) and 5(a)
show that the Ir backbone in the ambient pressure P4;32 phase
consists of equilateral Ir triangles. These become distorted in
the P2; phase to an extent that one side of some Ir; units
collapses from 3.08 A down to 2.55 A. For comparison, two
sides of the Ir triangles shorten to 2.74 A in the metastable
P42,2 phase at 15 GPa. Considering that the nearest-neighbor
distance in metallic fcc-Ir at 15 GPa is 2.71 10%, the direct
Ir-Ir interactions and possible bonding are clearly far more

important in the high-pressure lower-symmetry phases com-
pared to those in the cubic P4;32 phase. Another notable
structural change that must have an effect on the compound’s
electronic properties is the appearance of a wide dispersion of
Ir-O-Ir angles, some of which as low as 76° [Fig. 5(b)].

C. Electronic structure theory and experiment

Accurate modeling of the iridate’s electronic behavior
requires the inclusion of both SOC and electronic correlation
due to the comparable magnitudes of these effects in 5d
transition metal oxides. We found the SOC to induce only
minor changes in the crystal structure parameters or the relative
stability for the studied NasIr;Og phases [64]. In contrast,
it had a pronounced impact on the electronic structure, e.g.,
transforming P4,32 at 0 GPa from a band insulator into a
semimetal in agreement with previously reported DFT results
[24]. Combining the fully relativistic simulations with an
advanced treatment of the electronic correlation, e.g., with GW
or hybrid functionals, is presently not feasible due to the large
system size and we relied on the more affordable DFT+U
method. The approach has been widely used to model iridates
[25,48-52] but it is important to note that the U ~ 2 eV values
meaningful for 5d oxides are not always sufficient to reproduce
the experimentally observed semiconducting behavior [50]. In
some cases, the failure of DFT+U to open up a band gap was
attributed to U being applied only to the 5d orbitals rather than
the 5d-2 p hybrids and corrected with Wannier functions [65].
Our tests uncovered another issue related to the appearance
of multiple self-consistent-field (scf) electronic configuration
minima in DFT4U simulations. Direct calculations with the
desired (large) U values tend to get stuck in local minima and
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FIG. 6. Band structures and DOS calculated for P4,32 at 0 and
10 GPa. The black solid lines correspond to the results for U = 2 eV
values ramped up with a 0.2 eV step while the gray dashed lines denote
the results for U = 0.

the problem can oftentimes be solved by gradually increasing
the U value in small steps starting from O eV, a procedure
known as U ramping [53]. Surprisingly, our direct calculations
with U = 2 eV converged to noticeably lower-enthalpy self-
consistent minima compared to the U -ramping runs. Moreover,
we noticed that if the charge density and wave functions
from a scf U-ramping calculation were used to initialize a
non-scf calculation as a test of convergence reproducibility,
the non-scf run consistently produced a different electronic
solution with noticeably higher enthalpy (an outcome we have
not encountered in the DFT calculations without U). For
example, the three distinct minima obtained for U = 2 eV in
the direct, U ramping, and follow-up non-scf calculations had
the following enthalpies referenced to the U-ramping case:
—4, 0, and +16 meV/atom for P4,32 at 10 GPa and —2,
0, and +15 meV/atom for P2; at 10 GPa. Despite being
enthalpically favored, the electronic minima obtained in the
direct runs turned out to have unphysically dispersed bands
and a high DOS at the Fermi level. The minima obtained in
the scf U-ramping calculations were also found to have an
unphysical DOS with a reduced pseudogap compared to that in
the U = 0 eV calculations. The non-scf calculations initialized
with the scf U-ramping charge density and wavefunctions
produced the most reasonable DOS and band structure results
shown in Figs. 6 and 7 but should be taken with a grain of salt.
A more systematic exploration of the electronic configuration
space, e.g., with the help of occupation matrices [66,67], will
require a considerable computational effort for systems of the
considered size.

Figure 6 demonstrates that the semimetallicity in P4,32 at
ambient pressure is defined by the nearly free electron 3D states
centered at the R k point. The inclusion of U raises the relative
position of this band by about 50 meV and leaves it 66 meV

3@ Pz,(10_9133)[_1{';’;,_@'
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FIG. 7. Band structure and DOS calculated for P2, at 10 and
15 GPa. The U settings are the same as in Fig. 6. Due to the small
deviation of 8 from 90 degrees some high-symmetry directions in the
Brillouin zone are omitted.

below the Fermi level. We observe that the DFT+U treatment
of the correlation does not open up a band gap in P4;32
under compression, as the bottom of the band at the R point
shows only a minor upshift. We checked that the phase remains
semimetallic if either U is ramped up to 4 eV or the pressure is
increased up to 45 GPa. Figure 7 shows that immediately after
the transformation the P2; phase does display a band gap of
56 meV, which is comparable to the values extracted from the
experiment. However, the calculated band gap closes quickly
with pressure, which makes both P2; and P4,2,2 phases
metallic above 25 GPa. We conclude that DFT+U correctly
predicts the pressure-induced trends in the band separation near
the Fermi level (an increase for P4,32 and a decrease for P2;)
but cannot quantitatively resolve the small band gap values in
this material. We note that the evolution of the bandwidth of the
5d manifold that dominates the density of states at the Fermi
level (with bottom and top edges around —1.5 and +1.0 eV,
respectively) is consistent with the calculated response of the
iridium framework to compression. Namely, the bandwidth in-
creases only slightly from 2.21 eV (0 GPa) to 2.26 eV (10 GPa)
within the P4,32 structure but jumps to 2.66 eV (10 GPa) and
2.83 eV (15 GPa) after the transformation into the P2, phase.

We now turn to the interplay between electronic (SOC,
insulating gap) and structural responses to pressure. The subtle
interplay between structural and electronic degrees of freedom
has been addressed in previous studies of iridates. For example,
in the Mott-insulator Sr,IrO4 electron hopping is predicted to
strongly depend on Ir-O-Ir bond angle [68—70], with a change
A6 ~ 13° being necessary to close the ~100 meV Mott gap
[71]. A pressure-driven enhancement of the insulating gap
has been reported in BalrO3 [33]. Additionally, the metallic
phase of BalrO; obtained by rare-earth element doping can
be driven back into the insulating state with modest pressures
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of P ~ 1 GPa. The reentrant insulating state in BalrO; was
attributed to a decrease in Ir-O-Ir bond angle away from
collinear configuration [69]. While our XRD data do not allow
precise refinement of oxygen positions in the unit cell as a
result of the weak scattering power of these low-Z atoms,
we can obtain insight into the structural distortions from the
DFT calculations, which correctly predict the P ~ 10 GPa
transition as validated by experiment. Figure 5(b) shows a
decrease with pressure in Ir-O-Ir bond angle in the low-pressure
phase (phase I). This is expected to suppress f,4; electron
hopping between nearest-neighbor Ir 5d orbitals via oxygen
p orbitals [24]. This structural modification may contribute to
the semimetal-to-insulator transition as well as the continued
enhancement of insulating gap in the low-pressure phase.
The reduction of bonding angle in the low-pressure phase,
however, is only about 1.5°, which seems small in order to
explain the very large gap change by ~90 meV from 2.1 to
9 GPa. While a pressure-induced insulating state in transition
metal oxides may be counterintuitive, this is not uncommon
as changes in electron hopping as a result of lattice distortions
(bond angles, hybridization), high-spin to low-spin transition
(d-orbital occupancy), and exchange (magnetic) interactions
can lead to insulating states [33,69,72,73]. In Na3Ir;Og, the
number of average d electrons per Ir atom is noninteger, 4.67
(Ir*33%), and the 5d electrons are all accommodated into the
1, manifold because of the large t,, — e, crystal electric field
splitting 10Dq ~4 eV. Although NasIr;Og is paramagnetic
(PM) at ambient pressure [Fig. 2 (a)], the exact nature of the
magnetic ground state at high pressure remains elusive.

The sum of integrated L, 3 intensity in isotropic XAS spec-
tra is proportional to the number of 5d holes [74]. The pressure
dependence of the sum of L, 3 intensity for two independent
experimental runs is displayed in the inset of Fig. 1(c). The
5d hole (electron) occupation shows an overall incremental
decrease (increase) with pressure, with a total change of ~7%
at 52 GPa. The majority of the change is observed below about
10 GPa, namely, within the low-pressure phase. We note that
the limited number of data points below about 4 GPa, together
with a small relative change in hole count to this pressure,
prevents us from assigning significance to the apparent increase
in hole count below about 4 GPa. A possible explanation for
the overall decrease in hole count is charge-transfer from the
oxygen 2p ligands due to the reduction in Ir-O bond length
with pressure (for example in Naglr;Og the f,, complex is
composed of 70% Ir 5d character, 20% O, 2p character, and
4% O 2p character at ambient pressure). Shortened bond
lengths enhance hybridization and electron hopping between
O and Ir. However, increased electron occupation on the Ir
site and decreased bonding angle will act to reduce electron
hopping as a result of increased Coulomb interactions and
reduced bandwidth. For example, the half-filled J. = 1/2
state is gapped by even a small on-site Coulomb repulsion (U)
in the presence of strong SOC [17,18]. At ambient pressure,
Nazlr;Og has a 1/3-filled Je = 1/2 state. As the number of
holes (electrons) decreases (increases), the less than half-filled
Jett = 1/2 band (hole-doped semimetal) moves towards a half-
filled Jeir = 1/2 state stabilizing a Mott state in the presence
of SOC. Since SOC remains robust even at highest pressures,
U plays a more important role in gap formation as pressure
increases as a result of the increase in 5d electron occupation

(anear 10% change in electron occupation translates to nearly
0.5 electron which brings the system to the verge of half-filled
Jeir = 1/2 state). It is interesting to note that the magnitude of
the insulating gap reaches about 130 meV in the low-pressure
phase which is not much different than what is found in other
iridates near half-filling. The reduction in Ir-O-Ir bond angle
together with the decrease in hole count and related move
towards half-filling of the J. = 1/2 states are likely to play
the leading role in dictating the evolution of insulating gap size
in the low-pressure phase.

The increased electron occupancy on Ir 5d states primarily
takes place in the low-pressure range below the structural
transition [inset of Fig. 1(c)]. If the nominal Ir valence moves
from 4.33% towards 4%, one would expect a reduction in
isotropic BR since more electrons in J.i = 1/2 states, only
accessible at the L3 edge, would decrease the absorption
cross section at this edge more than that at the L, edge.
This seems to contradict the experimental result that the BR
increases from ambient to ~9 GPa. However, an increase in
electron occupancy and reduction in Ir-O-Ir bond angle drive
the system more insulating in the low-pressure phase. The
more localized state results in reduced electron hopping and
bandwidth as well as a reduced admixture of J.¢ states, which
enhances the BR even without a change in the strength of
SOC. This is consistent with insight from DFT calculations of
ruthenates and iridates where an increase in Hubbard U results
in a decrease in admixture of Je¢ states, namely, an apparent
increase in the effective SOC [75,76]. The increasing B R atlow
pressure is a manifestation of this increased localization. One
can then understand the sharp, correlated decrease in insulating
gap and BR above the structural phase transition based on
the same arguments. The lower-symmetry monoclinic P2,
structure features a distorted Ir framework with remarkably
short Ir-Ir distances comparable to those in fcc-Ir at 15 GPa
(2.71 A). While the number of holes is roughly constant
above the structural phase transition at 10 GPa (~1% decrease
from 10 to 50 GPa), the volume collapse and dimerization
of some of the Ir bonds in the high-pressure phase will
introduce sizable increases in electronic bandwidth leading
to a reduction in insulating gap above the transition. Further
compression leads to additional increases in bandwidth and
a further continuous reduction in insulating gap. The reversal
in the pressure-dependence of the insulating gap at ~9 GPa
is clearly a consequence of the structural phase transition.
The reduction in BR in the high-pressure phase is likely
to originate in bandwidth-driven mixing of Je = 1/2, 3/2
states, with the influence of SOC becoming less prominent in
dictating the electronic ground state at high pressure. Despite
the apparent dimerization and strong reduction in electronic
gap, the system remains insulating to the highest measured
pressure likely a result of wide distribution of Ir-O-Ir bond
angles including some below 80° [Fig. 5(b)]. Clearly, the
attained maximum pressure of 1 Mbar is not sufficient to close
the gap completely [inset of Fig. 2(b)], indicating that higher
pressures are necessary to drive the system into a metallic state.

IV. CONCLUSION

A semimetal-to-insulator transition is observed in Na3Ir;Og
with application of a modest pressure of ~2 GPa. The
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insulating gap increases with pressure in the low-pressure,
cubic phase up to 9 GPa where a first-order structural phase
transition featuring Ir-Ir dimerization drives a reduction in
insulating gap, which continues to decrease upon compression
in the high-pressure phase. The isotropic BR maps the re-
sponse of the insulating gap to pressure indicating that degree
of localization goes hand in hand with admixture of J.s states.
A reduction in Ir-O-Ir bond angle together with an overall
increase in electron occupation in the low-pressure phase,
moving the Je = 1/2 states towards half-filling, appears to
be the leading cause for the enhancement of the insulating
gap in the low-pressure phase. Near half-filling U plays a
more dominant role in gap formation in the presence of robust
SOC. The high-pressure structure above 10 GPa features a
distorted Ir framework with unusually short bond lengths
which accounts for the reduced insulating gap although a broad
distribution of Ir-O-Ir bond angles may prevent the system
from becoming metallic even at ~1 Mbar. Since pressure
usually enhances orbital overlap and bandwidth, a pressure-
induced insulating state is not commonplace. The emergence
of a pressure-induced robust insulating state within the cubic
phase of Na3Ir;Og indicates that pressure provides a unique
route to manipulate the delicate balance between SOC, band-
width, Coulomb repulsion, and crystal-field interactions in this
material.
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