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Interplay between structural, magnetic, and electronic states in the pyrochlore iridate Eu,Ir,0,
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We address the concomitant metal-insulator transition (MIT) and antiferromagnetic ordering in the novel
pyrochlore iridate Eu,Ir,O; by combining x-ray absorption spectroscopy, x-ray and neutron diffractions, and
density functional theory (DFT)-based calculations. The temperature dependent powder x-ray diffraction clearly
rules out any change in the lattice symmetry below the MIT, nevertheless a clear anomaly in the Ir-O-Ir bond
angle and Ir-O bond length is evident at the onset of MIT. From the x-ray absorption near edge structure
(XANES) spectroscopic study of Ir-L3 and L, edges, the effective spin-orbit coupling is found to be intermediate,
at least quite far from the strong atomic spin-orbit coupling limit. Powder neutron diffraction measurement is
in line with an all-in-all-out magnetic structure of the Ir-tetrahedra in this compound, which is quite common
among rare-earth pyrochlore iridates. The sharp change in the Ir-O-Ir bond angle around the MIT possibly arises
from the exchange striction mechanism, which favors an enhanced electron correlation via weakening of Ir-Ir
orbital overlap and an insulating phase below Ty;. The theoretical calculations indicate an insulating state for
shorter bond angle validating the experimental observation. Our DFT calculations show a possibility of intriguing
topological phase below a critical value of the Ir-O distance, which is shorter than the experimentally observed
bond length. Therefore, a topological state may be realized in bulk Eu,Ir,O; sample if the Ir-O bond length can

be reduced by the application of sufficient external pressure.

DOI: 10.1103/PhysRevB.105.134421

I. INTRODUCTION

Recent studies on the 5d electron systems such as iridium
based pyrochlore oxides have generated significant interest
due to the presence of strong spin-orbit coupling (SOC) as
well as frustrated lattice geometry. They are in the forefront of
exciting new physics as they accommodate a variety of uncon-
ventional quantum mechanical states of matter (e.g., quantum
spin liquid, metal-insulator transition, Weyl semimetals, topo-
logical insulators, non-Fermi liquids, magnetic monopole-like
phase, etc.) [1-7] by a unique combination of extended
5d/4d orbitals, electron correlations, small magnetic mo-
ments, geometric frustration, noncubic crystal field, single ion
anisotropy, and spin-orbit interaction effects [8].

The concomitant occurrence of metal-insulator transition
(MIT) at the onset of all-in-all-out (AIAO) long-range anti-
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ferromagnetic (AFM) order of the Ir*"-tetrahedra is one of
the most fascinating aspects of RyIr,O; (R = Y and Nd-Lu)
pyrochlore family of iridates [9—14]. In the AIAO structure,
spins at the four corners of each Ir tetrahedron point directly
inward (all-in) or outward (all-out), i.e., toward or away from
the center of the tetrahedron [3,9—17]. The spins on each
neighboring tetrahedron align in the opposite direction. Inter-
estingly, R = Nd-Lu compounds exhibit metallic behavior at
high temperatures followed by MIT upon lowering the tem-
perature [3,14,18]. Only Pr,Ir,O; does not possess either MIT
or long-range AFM ordering, rather offering metallic quantum
spin liquid ground state [19]. The MIT must be connected
to the magnetic ordering of Ir-sublattice, as the effect is also
observed for nonmagnetic rare earth such as Lu.

Eu,Ir,O7 deserves a special mention in this series as it has
been predicted to be a potential topological Weyl semimetal
[1,17,20]. In this compound, Eu’t s supposed to be
nonmagnetic as the total angular momentum J = 0, while

©2022 American Physical Society
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Ir attains 4+ low spin state with the effective total angular
momentum Je = 1/2. EupIr,O; displays a metal-insulator
transition with insulating ground state below Tj; = 120 K
which coincide with the Néel temperature (Néel temperature
Tv = Tyr). Fujita et al. [21] studied the galvanomagnetic
properties of single crystalline thin film of Eu,Ir,O;, where
they stabilized the two degenerate domain structures by the
polarity of the cooling magnetic field. Recently, Liu et al. [22]
reported the Weyl nodes in epitaxial thin film of Eu,Ir,O; due
to the broken cubic symmetry at the bottom and top surfaces
of the thin film.

Despite the wealth of theoretical and experimental works
on this rare-earth pyrochlore iridate, the Weyl semimetallic
phase in bulk Eu,Ir,O5 is still elusive. On the other hand, the
true origin of MIT as well as the nature of insulating ground
state have not been well understood yet. Raman spectro-
scopic studies on Eu,Ir,O; confirmed the presence of strong
anomalies in the Ir-O-Ir bending mode E, across Ty, which
may modulate the superexchange or Dzyaloshinskii-Moriya
exchange interaction between Ir ions [23]. Although the bulk
susceptibility and 1SR studies indicated broken time-reversal
symmetry below Ty, very little direct information is avail-
able to test the theoretical prediction of the ordered moment
direction and periodicity. The main reason behind this is the
technical challenge in neutron scattering experiments on iri-
date compounds, as Ir is a strong neutron absorber. In case
of Nd,Ir,O; and Tb,Ir,O7, both the Ir and the rare-earth
moments are predicted to form the AIAO structures [24,25].
In the neutron diffraction study, the magnetic intensity at low
temperature was detected due to the ordering of the rare-earth
moments [11]. However, no direct signal for the ordered Ir
moments was detected, probably because of Ir’s weak mag-
netic signal compared to the rare earth. Recent investigations
of uSR, resonant elastic x-ray scattering, and resonant in-
elastic x-ray scattering on Eu,Ir,O; directly confirmed the
ordering of Ir magnetic moments with a wave vector k = (0,
0, 0) [8,12,26]. These studies argue that the AIAO structure
of Ir sublattice is the most probable symmetry allowed spin
structure as there is no change in the crystal symmetry across
Ty;. Evidently, a neutron diffraction study on Eu,Ir,O7 is
important for an explicit knowledge of the magnetic structure.

We employed in-depth temperature (7)) dependent syn-
chrotron based high resolution powder x-ray diffraction, x-ray
absorption spectroscopy, and neutron powder diffraction for
precise structural investigations across the MIT. Density func-
tional theory (DFT) based ab initio calculation was performed
to support our results of the magnetic structure and identify
the bulk electronic structure.

II. METHODOLOGY

A. Experimental techniques

Polycrystalline sample of Eu,Ir,O; was prepared through
solid state reaction technique using high purity (>99.9%,
Sigma Aldrich) Eu,03 and IrO, as starting materials [5]. The
phase purity and crystal structure of the synthesized sample
were initially confirmed by the laboratory-based powder x-ray
diffraction (XRD) using Cu K|, radiation. The temperature de-
pendent powder x-ray diffraction (PXRD) measurements were
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FIG. 1. The variation of electrical resistivity as a function of
temperature. The metal insulator transition temperature is marked by
TM].

carried out at the P21.1 beamline of PETRA III Synchrotron
Radiation Facility, Germany, using the monochromatic x-ray
of 0.122 A wavelength. The PXRD data were refined using the
MAUD software package for the Rietveld refinements [27].
X-ray absorption spectroscopy (XAS) measurements were
carried out at the B-18 beamline, Diamond Light Source, UK,
around the Eu-L; edge at 200 K, as well as the Ir-L3 and
L, edges at different temperatures in standard transmission
geometry. X-ray absorption near edge structure (XANES) and
extended x-ray absorption fine structure (EXAFS) parts of the
XAS data were analyzed with freely available DMETER soft-
ware packages [28,29], applying a multishell data refinement
procedure [30,31]. The analysis were implemented consider-
ing average Eu and Ir local atomic structure model calculated
from the XRD Rietveld refinement results.

Neutron diffraction experiment was performed on pow-
der sample of EuyIr,O; at the ISIS Facility (UK) where
high-resolution data were collected on heating at 1.5 K and
150 K at the WISH diffractometer [32]. The powder sample
of Eu,Ir,07 (weighing about 3 g) was placed in a thin hollow
shaped cylinder in order to mitigate the effect of the strong
neutron absorption of Eu and Ir nuclei as much as possible.
The neutron data were acquired at two temperatures (1.5 and
150 K) for long measurement time (approximately 24 hours
at each temperature) for better statistics. Rietveld refinements
were carried out on the collected neutron powder diffraction
data using the FULLPROF program [33].

The resistivity p was measured using (see Fig. 1) the four-
probe method on a cryogen-free system (Cryogenic Ltd.). The
sample shows clear signature of metal insulator transition at
around 120 K, which matches well with the previous reports
[5]. The sample was also investigated through core-level x-ray
photoelectron spectroscopy (XPS) at room temperature using
Al K, radiation on a laboratory-based commercial instrument
(Omicron) with in situ surface cleaning by argon ion sputter-
ing.
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B. Theoretical methods

The basic electronic structure and the MIT in Eu,Ir,O7
were studied using first principles calculations based on DFT.
To determine the magnetic ground state, we computed the
total energies of the various symmetry allowed magnetic
structures using the plane-wave based projector augmented
wave (PAW) [34,35] method as implemented in the Vienna
ab initio simulation package (VASP) [36,37] within the gen-
eralized gradient approximation (GGA) including Hubbard
U [38]. The kinetic energy cut off for the plane wave basis
was chosen to be 550 eV and a I" centered 4 x 4 x 4 k mesh
was used for the Brillouin zone integration. The Eu-f states
were kept frozen at the core [39] and an effective Hubbard
interaction Uy = U —J = 2 — 0.5 = 1.5 eV was considered
at the Ir site. For the calculation of topological properties
in the small Ir-O bond length regime, we extract the low
energy tight-binding model Hamiltonian of the primitive unit
cell using maximally localized Wannier functions (MLWFs)
formulation [40,41] as implemented in the Wannier90 code
[42]. With this low energy model, we then compute the Z,
invariant and the surface states using WannierTools [43]. For
the surface state calculations we used a slab of 20 unit-cell
thickness stacked along the [110] direction.

III. EXPERIMENTAL RESULTS
A. Powder x-ray diffraction

Rietveld refinement of the collected PXRD pattern
[Fig. 2(a)] at 200 K ensures a single phase sample of
Eu,Ir, 07, crystallizing in the cubic pyrochlore structure with
Fd3m space group. The crystal structure has two inequivalent
oxygen sites, namely O1 (x = &, y = 0.125, z = 0.125) and
02 (x = 0.125, y = 0.125, z = 0.125). Each Ir cation forms
strongly trigonally distorted IrO1¢ octahedral unit, with each
single IrOl¢ unit being constituted of the acute and obtuse
O1-Ir-O1 bond angles of 82.35° and 97.65° respectively [see
inset of Fig. 2(d)]. The extent of such trigonal distortion grad-
ually increases with decreasing temperature till about 7j,,
as illustrated in terms of the deviation of Z(O1-Ir-O1) from
perfect cubic 90° value. However, the temperature dependent
PXRD data do not show any change in the crystal symme-
try across the MIT. The cubic lattice parameter a and the
Ir-Ir bond length decrease monotonically with decreasing T
without any noticeable feature at 7y, [see inset of Fig. 2(a)
and Fig. 2(b) respectively]. Nonetheless, significant anomaly
arises in the temperature variations of Ir-O1 bond length and
Z(Ir-O1-Ir), as shown in Figs. 2(c) and 2(e), respectively. As
evident, Z(Ir-O1-Ir) shows a sharp drop at Ty [Fig. 2(e)],
while Ir-O1 bond length shows a peak like feature at around
TM[.

B. X-ray absorption near edge structure

In the stoichiometric Eu,Ir,O7, Eu and Ir should be ideally
in the 3+ and 4+ oxidation states respectively. However, the
sample can possess Eu and Ir in multiple oxidation states
due to antisite disorder or oxygen vacancy. To determine the
charge states of the cations, we have analyzed the XANES
spectra of Eu and Ir L3 edges as shown in Figs. 3 and 4(a).
The energy position (~6982.3 eV) of the white line of 200 K
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FIG. 2. (a) Synchrotron based powder x-ray diffraction pattern
along with the refinement measured at 200 K. Inset: variation of
the cubic lattice parameter with temperature; [(b)—(e)] respectively
illustrate the temperature variations of Ir-Ir bond length, Ir-O1 bond
length, Z(O1-Ir-O1), and Z(Ir-O1-Ir). The inset of (d) shows a single
IrO1¢ octahedron, where the deviation of Z(O1-Ir-O1) from 90° is
evident.
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FIG. 3. XANES spectra of the Eu-L; edge of Eu,Ir,07 at 200 K.
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FIG. 4. The measured Ir-L; edge XANES spectra of Eu,Ir,O; for the four selected temperatures along with the respective fitted curves are
shown in (a). For comparison, the Ir-L; edge XANES data together with fitting for the reference IrO, sample have also been represented in the
lower panel of (a). (b) The second derivative curves of Ir-L; edge of Eu,Ir,O7 and IrO,. [(c),(d)] Ir-L; and L, edge XANES spectra measured
at 200 K for Eu,Ir,0; and IrO, respectively. The fitted Ir-L; and Ir-L, XANES data using a combination of Lorentzian peak and arc tangent
background function are presented in respective insets. [1(E) stands for the energy dependent x-ray absorption coefficient.]
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Eu-L; XANES spectrum (Fig. 3) closely matches with that
of Eu,O3 (~6983 eV), thus confirming the expected 3+ va-
lence of Eu. Furthermore, a symmetric nature of the XANES
peak and the absence of any shoulder-like feature at the low-
energy side clearly rule out the possibility of any Eu>* species
(~6975.2 eV) [44,45] in this sample.

The measured rising edges (2p to 5d transition) of the
Ir-L; XANES spectra for EuyIr,O; and the IrO, reference
have been theoretically fitted [see Fig. 4(a)] by fixing the
background at the arctangent shape, and the peak width
and step at 5.6 eV and 0.9 eV, respectively. All the spectra
clearly exhibit a weak asymmetry in the form of well resolved
low-energy shoulder along with the relatively much intense
higher energy peak. The lower energy peak (11215.06 eV)
corresponds to Ir 2p —  t,, transition and the higher energy
peak (11218.73 eV) signifies Ir 2p — e, transition. It should
be noted that neither the Ir 2p — 1, nor the Ir 2p — e,
peaks does show any noticeable chemical shift in any of the
measured temperatures with respect to the IrO, spectrum,
thus suggesting pure 44 valence of Ir in this compound
[46]. Moreover, the ratio of areas under the Ir 2p — #,
and Ir 2p — e, peaks does not reveal any change in the
measured spectra of Eu,Ir,O7 relative to the reference IrO,
oxide, hence rejecting any possibility of Ir-valence-change
and/or Ir-mixed valency in the Eu,Ir,O; compound down to
the lowest measured temperature. The corresponding second
derivative curves [see Fig. 4(b)], representative of the white
line (2p — 5d transition) feature, clearly reveal a well-
resolved doublet features, corroborating the Ir 2p — 1, and
Ir2p — e, transitions [46—48]. The peak structures, relative
peak intensities and the energy positions corresponding to
either of the transitions [see dotted-orange lines in Fig. 4(b)]
remain nearly identical for all the temperatures in Eu,Ir, 07,
and also match quite well with the findings of previously
reported d° iridates [46,47]. This further supports the pure 4+
oxidation state of Ir in this compound.

C. X-ray photoelectron spectroscopy

We further collected Ir-4f spectra and the respective
fitting have been shown in Fig. 5. Considering the com-
plex nature of the Ir-4f core lines in case of correlated
metallic Ir-oxides [49], we employ combination of asymmet-
ric Doniach — Sunjic (DS) (for lower BE doublet II) and
symmetric Gaussian — Lorentz (for higher BE doublet I) line-
shapes during fittings. The background is defined using the
Shirley function, while fitting both the lower BE and higher
BE spin-orbit doublets (doublet II and doublet I respectively)
the area ratio and the spin-orbit energy separation corre-
sponding to each of the doublets were constrained at 1.3 and
3.05 eV, respectively [50]. We assign the lower BE doublet 11
as screened component and the higher BE spin-orbit doublet I
as the unscreened one due to the final state effect following in
the literature [49,51-53]. In addition to these two doublets, a
symmetric Lorentz convoluted Gaussian singlet satellite peak
(designated by orange color) is also considered at a relatively
higher binding energy (67.8 eV), which can be ascribed to
the unscreened Ir-5p;» conduction electrons [49]. The fit was
optimized by allowing the asymmetry parameter and widths
(w) in the lower BE Doniach-Sunjic doublet II, and the widths

2 61.15ev

Intensity (arb. units)

72 70 68 66 64 62 60 58 56
BE (eV)

FIG. 5. The core-level Ir-4f x-ray photoemission spectroscopy
(XPS) study of Eu,Ir, 07 at 300 K is depicted.

of the Gaussian-Lorentz line shape for doublet I to vary
freely to achieve satisfactory results. The resulting asymme-
try parameter approaches nearly zero, thus transforming the
DS lineshape into the standard symmetric Gaussian-Lorentz
profile. Finally, the binding energy peak positions of the indi-
vidual spin-orbit split doublets (4 5/, and 4 f;,,) together with
their respective spin-orbit separation further support the Ir*+
valence in our Eu,Ir,O7, in agreement with the findings of
Ir-L3; edge XANES results.

D. Branching ratio calculation

To get a quantitative idea about the Ir-5d SOC in Eu,Ir, 07,
[54-58] as well as to check the influence (if any) of SOC
towards the observed MIT, we carefully investigated the Ir-L,
and L3 edge white line intensities. The intensities of the L,
and L3 edge white lines are dominated by the dipolar transi-
tion probabilities: 2p1/, — 5d3/> and 2p3n — Sdsja, Sd3)n
respectively [55,59]. The ratio of these two intensities is des-
ignated as “Branching Ratio”, BR = I(L3)/I(L,), which is
related to the expectation value of the spin-orbit operator,
< L.S > via BR =gt:; where r =< L.S > /nj, and ny, is
the average number of holes in the 5d state [54]. On the
other hand, the spin-orbit coupling Hamiltonian is given by,
Hsoc = AL.S, where A is the SOC constant. When the effec-
tive SOC is negligible, the value of BR approaches 2, and it is
called the statistical BR. A value of BR considerably higher
than 2, suggests strong coupling between the local orbital and
spin moments [54]. The prevailing solid state and electronic
factors (e.g., crystal distortion, electronic bandwidth, hopping,
hybridization, superexchange, etc.) together can renormalize
the SOC strength in a solid, and hence the overlap between
the spin-orbit-derived rearranged J.g states can result in sig-
nificantly reduced < L.S > [56,60].

The experimental BR in this sample has been calculated by
integrating the resonant cross section at the Ir-L, and L3 edges
after subtracting a step function broadened by the core-hole
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lifetime to emulate the single-atom absorption process. The
intensities of the Ir-L, and L3 absorption edges are normalized
for accurate comparison. The continuum steps at the Ir-L, and
L3 edges are made equal to unity and half of unity respectively.
The objective behind this normalization is that the ratio of
occupied 2pi; and 2p3; states is 1:2. We have fitted the
white lines using arc-tangent and Lorentzian functions and the
fitting for both Eu,Ir,O; and IrO, are depicted in the inset
of Figs. 4(c) and 4(d). Our calculation gives rise to a BR
value ~2.76 at T = 200 K in contrast to the existing strongly
spin-orbit coupled 5d iridates [54,56,58,60], and it is not
significantly higher than the statistical BR value. Such a value
of BR (2.76 at 200 K), even as compared to that of elemental
Ir (~3.2-3.6) [56], suggests that the effective SOC strength
on Ir 5d is at most moderate in this compound [54,56,58,60],
but certainly far away from the atomic jj coupling limit.
To further verify the reliability of the value of BR, we have
calculated the BR for IrO, from the EXAFS data at 200 K
in the same instrument, following the same procedure. The
value of BR for IrO, was found to be 4.04 from our analysis,
which closely matches with that of the previous report [55],
validating our method of BR calculation. Therefore, it is likely
that the combined effects of crystal distortion, Ir-O covalency,
hybridization of Ir-5d orbitals, intersite Ir-Ir hopping, and
the Ir-5d bandwidth suppress the effective SOC strength in
Eu21r207.

Recently, XAS study was reported on Eu,Ir,O5 thin films,
where the ratio of the Ir-L, and L; white lines indicates the
value of BR to be close to 3.4 [22]. This value is slightly
higher than the value of the BR observed in our bulk sample.
It is interesting to note that the trigonal distortion of the IrOg
octahedron is vanishingly small in case of the thin film sam-
ple, while it is significant in our bulk Eu,Ir,O;. Therefore, the
smaller value of BR can be attributed to the prevailing trigonal
distortion in our sample.

E. Extended x-ray absorption fine structure

To identify the local atomic structure and its possible
change across the MIT, the temperature dependent (7" = 200
to 10 K) Ir-L3; edge EXAFS measurements were carried out.
A general impression on these collected Ir-L; EXAFS data
and the respective Fourier transforms (FTs) [Fig. 6(c)] leads
to the fact that the overall local structure around the Ir-cation
is preserved without noticeable modifications with decreasing
temperature down to 10 K.

The «3 (here « is the wave number of the photoelectrons)
weighted experimental EXAFS data were fitted using the mul-
tishell data refinement procedure in the range of 1-4.5 A to
access the structural information around Ir. We considered
the nearest neighbor Ir-O1 and next nearest neighbor Ir-Ir
and Ir-Eu single scattering paths. Two other single scattering
Ir-O1 paths at higher atomic distances (~3.77 and 4.45 A)
are taken into account for better refinements. The first shell in
the FT data at around 1.7 A comprises of the Ir-O1 nearest-
neighbor contribution and the second shell at around 3.5 A is
contributed from both the Eu and Ir neighbors. As seen in
Fig. 6(a), the larger intensity of the second shell (compared to
the first shell at all the temperatures) clearly suggests predom-
inance of the combined weightage from Ir-Eu and Ir-Ir single

scattering paths relative to the nearest-neighbor Ir-O1 scat-
tering path. The results found from our EXAFS analysis are
summarized in Table I. It strongly refutes any Eu-Ir antisite
disorder by the perfectly retained local atomic coordination
geometry to the stoichiometrically expected numbers at all
the temperatures. By fitting the Ir-L; EXAFS data recorded
at different temperatures, we have plotted the T variation of
the local correlated Ir-O1 bond length as shown in Fig. 6(d).
Initially, Ir-O1 distance increases as we decrease 7. However,
it starts to decrease with decreasing 7' below Ty, constituting
a hump like feature peaking around 7j;. This T variation of
Ir-O1 agrees well with our XRD result [Fig. 2(c)].

F. Neutron powder diffraction

Figures 7(a) and 7(b) show the neutron powder diffraction
patterns measured at 150 and 1.5 K, respectively, i.e., above
and below the transition temperature. The lattice parameter
and x coordinate of the O1 (Wyckoff position 48 f) at 150 K
are found equal to a = 10.2991(2) A and & =0.336(5). From
Fig. 7(b), we can see that at 1.5 K, only fundamental reflec-
tions of the pyrochlore structure are observed, and no extra
peak for magnetic ordering is detected. This is in contrast
to the neutron diffraction study on Nd,Ir,O7, where a single
sharp magnetic Bragg peak appears at 3 K associated with
the ordering of the rare-earth. The absence of any magnetic
peak down to 1.5 K in Eu,Ir,O7 possibly indicate the lack of
ordered moment at the Eu-site, which is in line with the ©SR
study [26]. We did not observe any diffuse magnetic scattering
or line broadening in our NPD data, which are commonly seen
in the magnetic rare-earth pyrochlore oxides in the spin-ice
state [60].

Despite the fact that no magnetic reflection is observed at
1.5 K, there is a small but noticeable increase in the intensity
of the nuclear peaks at low temperature. The integrated inten-
sities of (113) and (222) show the most significant increment
[inset of Fig. 7(b)]. We have carefully analysed the NPD and
the PXRD data, and it appears that the increment in intensity
of the above mentioned nuclear peaks is significantly larger
than that accounted by the thermal effects (Debye-Waller
factor). This increment most likely arises from the magnetic
ordering of the Ir sublattice; based on the propagation vector k
= (0, 0, 0). Among four allowed magnetic structures compat-
ible with the F d3m symmetry (see Sec. IV A), the ATAO type
model [Fig. 8(a)] is found to be the most appropriate which
is in line with the magnetic structure of other pyrochlore iri-
dates. The magnetic Bragg positions are overlapped with the
nuclear reflections, and there is a minimal increase observed
at low temperature due to the high neutron absorption cross-
section of Ir. The magnetic moment of Ir can not be considered
a freely refinable parameter in the Rietveld refinement process
due to the weak statistics of the data. In presence of crystal
field and spin-orbit coupling, the effective angular momentum
for the Ir** state is Joi = 1/2 and the corresponding magnetic
moment is fegr = gletibn = (2/3)(1/2) up ~ 0.33 pp. We
performed our refinement of NPD data considering this ef-
fective value of Ir magnetic moment, and we observed that
the data are well fitted in the range 0.28 to 0.40 wp/Ir. Our
attempts to refine the neutron data by considering an ordered
magnetic moment at Eu and Ir sites only worsens the fit.
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FIG. 6. Ir-L; edge «* weighted experimental EXAFS data (shaded-black circles) at 7 = 200 K and the corresponding best fit (red-solid
line) are depicted in (a); the contributions from the individual single and multiple scattering paths (solid-colored line) and the residual [« ¥y,
- k3 x;1] (solid-cyan line) are also shown, vertically shifted for clarity; (b) the Fourier transforms of the respective experimental data (black
circles) and the theoretical fitted curve (solid-red line); the magnitude (|F T |) and the imaginary parts (/mm) are indicated; vertically shifted
for clarity. (c) The FT data at different temperatures as a function of R. (d) The variation of Ir-O1 bond length with temperature obtained from

the Ir-L; EXAFS analysis.

TABLE 1. The local structure parameters obtained from the Ir-L; EXAFS analysis at 7 = 20 K and 200 K. N and o2 represent the
coordination number and Debye-Waller factor respectively. The interatomic distances as obtained from the synchrotron XRD refinement and
the EXAFS analysis are illustrated as Rygp and R respectively for comparison. The absolute mismatch between the experimental data and the
best fit (9?) is found to be 0.011 and 0.012 respectively.

Temperature Shell N % (A?) R (A) Ryzp (A)
Ir-O1 (1) 6* 0.0042(6) 1.9946(23) 2.015(3)

Ir-Ir 6* 0.0015(8) 3.622(5) 3.642(2)

T=20K Ir-Eu 6* 0.0041(3) 3.628(13) 3.642(2)
Ir-01 (2) 6* 0.0011(9) 3.668(15) 3.891(0)

Ir-01 (3) 12+ 0.0103(5) 4.339(38) 4.417(4)

Ir-01 (1) 6* 0.0023(5) 1.9952(22) 2.014(1)

Ir-Ir 6* 0.0024(0) 3.624(5) 3.644(0)

T=200 K Ir-Eu 6* 0.0069(7) 3.625(17) 3.644(0)
Ir-01 (2) 6* 0.0026(9) 3.667(22) 3.885(8)

Ir-01 (3) 125 0.0132(1) 4.334(36) 4.272(9)
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FIG. 7. [(a),(b)] Powder neutron diffraction pattern recorded
at 150 and 1.5 K respectively along with refinements; inset of
(b) shows comparison of the integrated intensity of various Bragg
lines recorded at 150 and 1.5 K. Here d denotes the lattice spacing.

Therefore, we propose that Eu,Ir,O; presumably attains an
AIAO magnetic structure of Ir spins.

IV. THEORETICAL RESULTS

A. Magnetic structure analysis

We start with the analysis of the magnetic structure of
Eu,Ir, 07, where the conventional unit cell contains 8 formula
units [61]. To do this, we first determine the allowed magnetic
space groups for the given crystal structure of Eu,Ir,O7 us-
ing MAXMAGN, as implemented in the Bilbao crystallographic
server [62]. For the experimentally determined magnetic prop-
agation vector k= (0,0,0), we find that among the several
allowed magnetic space groups, only four magnetic space

TABLE II. Energy differences and the spin moments for non-
magnetic and various symmetry allowed magnetic configurations for
Eu,Ir, 07, within GGA4-SOC+U with Uy = 1.5 eV. The orbital
moment at the Ir site is presented within the parentheses.

Moment/Ir Total Energy
Magnetic AE (orbital) mom./fu gap
space group  (in meV /fu) in pup in g eV)
NM 80 0 0 0
Fd3m' 0 0.40 (0.29) 0.0 0.215
14, /am'd’ 42 0.36 (0.37) 2.29 0.0
14, /amd’ 8 0.11 (0.32) 0.0 0.198
Imm'a’ 81 0.11 (0.04) 3.26 0.0

0.16 (0.06)

groups are allowed for the nonzero magnetic moment at all
Ir sites. These four allowed magnetic space groups are (a)
Fd-3m’, (b) I4,/am'd’, (c) I4|/amd’, and (d) Imm'a’ [62].
The corresponding magnetic configurations are depicted in
Fig. 8.

The total energies of these various symmetry allowed mag-
netic configurations are calculated within the GGA+SOC+U
formalism and the computed values are listed in Table II.
The comparison of the computed total energies shows that
the magnetic ground state of Eu,Ir,O; corresponds to Fd-
3m’ magnetic space group. The spin moments at Ir** ions
are arranged on a corner shared tetrahedra, and are directed
either towards the center of the tetrahedra or away from it,
thereby forming an ATIAO magnetic structure [see Fig. 8(a)].
The spin and orbital moments at the Ir site in this magnetic
structure are respectively 0.40 pp and 0.29 pp, indicating the
presence of a moderate SOC in the system due to Ir. The
corresponding energy spectrum is gapped out as can be seen
from the computed total densities of states, shown in Fig. 9(a).

B. Role of Ir — O1 bond length and bond angle Z(Ir-O1-Ir) in
metal-insulator transition

To investigate the roles of Ir-O1 bond length and Z(Ir-O1-
Ir) bond angle in MIT in Eu,Ir,O7, we varied the bond length
and the bond angle, and examined the corresponding changes
in the electronic and magnetic properties of Eu,Ir,O;. The
changes in the bond length and bond angle are achieved by
changing the only free parameter & [61]. Both Ir-O1 bond
length and Z(Ir-O1-Ir) bond angle can be tuned by artificially
changing the position of O1 atom, which provides the plat-
form to study the role of crystal geometry in the MIT.

We further examined the stability of the AIAO insulating
ground state as discussed in the last section, with respect to
the variations of the bond lengths and bond angles. As seen
from Figs. 9(b) and 9(d), larger Ir-O1 bond length and smaller
bond angles favor the stabilization of the AIAO magnetic
state. In this region, the spin moment at the Ir site increases
with the increase in Ir-O1 bond length and the simultaneous
decrease in Z(Ir-O1-Ir). Interestingly, the band gap increases
accordingly, indicating that the AIAO AFM state plays an
important role in the insulating state of Eu,Ir,O7. Our results
support the previous experimental findings [4], which suggest
the importance of magnetic order in opening up a charge gap
in the system.

The situation becomes even more interesting in the regime
of small Ir-O1 bond length. As the bond length decreases,
the system first undergoes a transition from AIAO magnetic
insulating state to a metallic state and, then, from the metallic
state to a nonmagnetic (NM) insulating state, as shown in
Fig. 9(b). The density of states (DOS) as well as the band
structure near the Fermi energy (Er) for the metallic state
are shown in Fig. 9(c). The metallic phase of Eu,Ir,O7 has
potential for exhibiting Weyl physics [22,63]. In our calcu-
lation, we found several band crossings near Ep [see inset
of Fig. 9(c)]. The determination of the topological nature of
these band crossings, however, requires further analysis of the
structural symmetry, surface state properties, etc., and can be
considered as a future direction of work.
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FIG. 8. Symmetry allowed magnetic structures of Eu,Ir,O;. The spin configurations at Ir sites corresponding to the magnetic space groups
(@) Fd3m', (b) 14, /am'd’, (c) 14} /amd’, and (d) Imm'a’. The F d3m’ magnetic structure, showing the AIAO magnetic configuration, constitutes
the ground state of Eu,Ir,O;. The magnetic space group Imm’a’ allows for two different moment values at the Ir site as indicated in two different
colors in (d). The magnetic moments for these two magnetically inequivalent Ir atoms are listed in Table II.

We now turn to the insulating regime of very small Ir-O when spin-orbit effects are present, suggesting a topological
bond length. The bandstructures in the regime of Ir-O bond state for the small Ir-O bond length. To confirm this, we
length are shown in Figs. 10(a) and 10(b) in absence and pres- investigate the topological property of the NM insulating state
ence of spin-orbit interaction respectively. The comparison of =~ within the topological quantum chemistry formalism [64]. It
these bandstructures indicates the presence of a band inversion is based on (i) elementary band representations (EBRs) [65]
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FIG. 9. Metal-insulator transition and the roles of Ir-O bond length and ZIr-O-Ir bond angle. (a) The total density of states in Eu,Ir,0
for the AIAO magnetic structure, computed within GGA+SOC+U, indicating an insulating ground state. The vertical dashed line indicates
the Fermi energy (Er). (b) The phase diagram showing the variations of magnetic and electronic properties of Eu,Ir,O; as a function of
Ir-O bond length. The variations of the spin moment and band gap are shown in solid and dashed lines respectively, indicating a transition
from AIAO insulating state to a TI insulating state via a metallic state. (c) The total density of states for this metallic state, computed within
GGA+SOCHU. The inset shows the band structure near (Er). (d) The variations of the bond angle /(Ir-O1-Ir) and band width with the change
in Ir-O bond length across the AIAO insulating to metallic state transition in (b), showing the increase in band width as the Ir-O bond length
decreases which gives rise to metallic state.
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FIG. 10. Bandstructure of Eu,Ir,O; for the small Ir-O bond
length regime in (a) absence and (b) presence of spin-orbit coupling
(SOC). The dashed circle in (b) indicates the band inversion in
presence of SOC (see text for details). (c) The surface density of
states for the (110) surface, showing the topological surface states
(solid-red lines) connecting the valence and conduction bands. Blue
regions denote the bulk energy gap. The Fermi energy is set at zero.

that constitutes the building blocks of bands which come out
of atomic orbitals, and (ii) Brillouin zone (BZ) compatibility
relations [66], dictating all possible band connectivities in
the BZ. An insulator is said to be topological if the valence
bands in that insulator can not be written as the sum of the
EBRs [67]. The topological phase can, further, be classified
into “strong” or “fragile”. For the “strong” topological phase,
the characters of the representations at the maximal k points
(a set of high symmetric k points for a certain symmetry
of the crystal structure) can not be written as the sum of
characters of the EBRs in that group. On the other hand, in
the “fragile” topological phase, a set of bands can be written
as a difference plus a sum in contrast to the sum (only) of
EBRs. To compute the topological phase of the NM insulating
state in the small Ir-O1 bond length regime, we have used Bil-
bao crystallographic server and vasp2trace program [68].
Our calculation shows that Eu,Ir,O7 enters into a topological
phase (Z; = 1) for smaller Ir-O1 bond length.

For further confirmation of the topologically nontrivial
state, we compute the Z, invariant based on the evolution
of the Wannier charge center using WannierTools [43]. We
compute the evolution of the Wannier charge centers of
the occupied Bloch bands for the six time-reversal invariant
momentum planes, viz., k; =0and 7, k; =0 and 7, k3 =
0 and . The number (even or odd) of crossings between a
reference line and the evolution line determines the Z, index
(zero or one) for a particular plane [69,70]. Our calculation
shows Z, = 1 for k; = 0 and Z, = O for k; = m planes, where
i=1-—3. We, then, compute the Z, invariant vy; (v;vyv3)
[71] of the crystal using the following relations:

Vo = (ZZ|ki=0 + ZZ|k,=n) mod 2,
v = Zz|k’.:7[, fori=1-3. (1)

The computed Z, invariant is 1;(000) confirming a strong
topological insulating state for the small Ir-O bond length
regime, consistent with our previous analysis. The computed
Z, invariant also indicate the presence of a topologically
protected surface state in any termination. The computed
surface densities of states for the (110) surface is shown in
Fig. 10(c). The topologically nontrivial surface state connect-
ing the valence and conduction bands becomes apparent from
this figure.

Returning to the discussion of bond length variation, the
magnetic and electronic behavior of Eu,Ir,O; with the varia-
tion of Ir-O1 bond length and Z(Ir-O1-Ir), as discussed above,
may be attributed to the changes in the band width and the
trigonal crystal field splitting in the system. To understand
these changes in the electronic structure with the change in
crystal geometry, we further studied the corresponding vari-
ations in the bare Ir-f, band width (nonspin polarized band
width in absence of SOC). As shown in Fig. 9(d), the band
width increases with the simultaneous decrease in Ir-O1 bond
length and increase in Z(Ir-O1-Ir), likely due to the larger
overlap between Ir-d and O-p states. This increase in band
width, in turn, results in a metallic ground state. We note that
although DFT calculations overestimate the changes in bond
angle and the bond lengths across the MIT compared to the
measured values, the obtained trend from our calculations is
consistent with the experimental observations.

The IrO1¢ octahedra undergo trigonal compression, as a
result of which Ir-ty, level splits into lower lying singly de-
generate a;, and doubly degenerate e} levels. An estimation
of the trigonal splitting is obtained using muffin-tin orbital
(MTO) based N order MTO (NMTO) method [72], and the
computed value is ~0.22 eV. The trigonal splitting is expected
to enhance the spin moment in the pyrochlore iridate [73].
This explains the increase in the spin moment as the Ir-O1
bond length increases. Note that in our calculation, larger
Ir-O1 bond length indicates stronger deviation of &, from
&1, where &, = 0.3125 is the ideal value, and, therefore,
represents stronger distortion. Indeed, model calculations in
an earlier work [74] show that trigonal crystal field in real
systems is responsible for the destabilization of a topologi-
cal insulating state, predicted for an ideal cubic environment
[20]. The revival of such topological insulating state is also
predicted by Yang et. al [74] via softening of the ¢ = 0 modes
corresponding to trigonal distortion. Our results indicate that
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the topological insulating state at small Ir-O1 bond length may
be an exemplary of this model, which predicts a topological
insulating state that may be achieved under high pressure. We
note that the previous experiments under high-pressure condi-
tion [75] found an insulator to metal transition in agreement
with our theoretical prediction, but did not find any clear evi-
dence of topological insulating phase (the possibility of such
a state at T — 0 K was although not ruled out) as obtained in
the present paper. This is likely related to the very small Ir-O
bond length in the predicted topological regime which is far
below the Ir-O bond length obtained in the high pressure mea-
surements [8], indicating the requirement of an even smaller
Ir-O bond length to achieve the predicted topological insulting
state.

V. DISCUSSION

We begin our discussion by commenting on the SOC
strength which, although is predicted to play an important
role, has never been accurately determined in this important
pyrochlore iridate. It is clear from our branching ratio cal-
culation that effective SOC strength on Ir-5d in Eu,Ir,O7 is
significantly lower than elemental Ir or that in IrO,. We have
discussed the possible causes such as, Ir-Ir intersite hopping or
Ir 5d bandwidth which could suppress the SOC. Indeed, the
BR provides us with the expectation value of the spin-orbit
operator < L.S >, which is certainly not the atomic SOC, but
a renormalized effective SOC in the crystalline solid [46,76—
78]. Moreover, the trigonally distorted IrO1¢ octahedra, and
the subsequent triply degenerate Ir f,, energy level splitting
would eventually rearrange the spin-orbit-derived J states,
which can be associated with the lower value of effective SOC
[79,80]. This picture is supported by the previous resonant
elastic and inelastic x-ray scattering studies which estimated
the energy level splitting to be 0.45 eV due to the trigonal
distortion close to the typical value of atomic SOC of 0.5 eV
for Ir** state [79].

A key experimental observation of our study is the change
in the Ir-O1 bond length and the Ir-O1-Ir bond angle with
T. Z(Ir-O1-Ir) shows a sharp drop at Tj;; on cooling, while
the temperature variation of Ir-Ol1 bond distance reveals a
peak like feature. Interestingly, these anomalies coincide with
the AIAO long-range AFM ordering. Therefore the structural
anomalies occurring at Ty can be ascribed to the exchange
striction mechanism. A competition between the Heisenberg
exchange energy (J(R;j)s;.s;) between the spins s; and s;
and the elastic energy is responsible for the structural re-
laxation of the magnetically coupled ions in the lattice. A
balance is reached when the interionic distance R;; changes
suitably to compensate the additional magnetic energy due to
the long-range magnetic ordering [12,81-83]. The anomaly in
Z(Ir-O1-Ir) at Ty corroborates well with the change observed
in the Ir-O-Ir bending modes in Raman spectroscopy [23].

A decrease in the Z(Ir-O1-Ir) will eventually reduce the
hybridization of Ir-5d orbitals with O-2p. The 5d bandwidth
of the transition metal is given by [84]

ff 2
t;d = tpd/ACTv (2)
eff

where, 7, is the effective intersite electron hopping strength
among the d levels of the transition metal, 7, is the intersite

electron hopping between d state of the transition metal and
the p state of oxygen, and Acr is the charge transfer energy
required to transfer an electron from the p level of oxygen to
the transition metal’s d level. A weakening of 7,; through a
decrease in the Ir-O1-Ir bond angle will reduce the electron
hopping among the neighboring Ir 5d orbitals subsequently
lowering the orbital-overlap integral, and the hybridization of
Ir-5d orbitals leading to an insulating state below Tj;;. The
reduced electron hopping among the Ir 5d orbitals strengthens
the superexchange interactions between the neighboring Ir
ions via O1. This will favor the long-range AFM ordering in
this compound at Tj;. In the R;Ir,O7 family, Tj,; decreases
and Z(Ir-O1-Ir) increases with the increase of the radius of R
cation [14]. This indicates that a lower value of Z(Ir-O1-Ir)
favors the insulating state. This is consistent with our present
finding, where we find a lowering trend of Z(Ir-O1-Ir) around
TMI-

Our neutron analysis possibly precludes the presence of
any ordered moment at the Eu site, and shows a magnetic
moment value ranging between 0.28 and 0.4 ;p moment at
the Ir site from the Rietveld refinement of the NPD data. At
this point it is worth mentioning the ordered moment values
of few other pyrochlore iridates having similar ATAO type
magnetic structure. We note here that the upper limit of the
Ir moment obtained from the neutron diffraction study on
Nd,Ir,O7 is ~ 0.2 up when the interaction between Nd and
Ir is ferromagnetic. The neutron diffraction measurement on
Y,Ir,O7 put an upper bound for the ordered Ir moment below
Ty of ~ 0.5 pp for the k = (0, 0, 0) magnetic structure [15].

By using symmetry arguments and explicit DFT calcu-
lations we demonstrate independently that the AIAO AFM
structure of Ir** tetrahedra constitutes the magnetic ground
state of Eu,Ir,O7, which is in agreement with our neutron
measurement. Importantly, our calculations clearly show that
the Ir-O1 bond length and Z(Ir-O1-Ir) play crucial roles in the
metal-insulator transition, in particular stabilizing the ATIAO
magnetic structure, which, in turn, stabilizes the insulating
state. Thus the AIAO magnetic order itself is important for
the insulating state in Eu,Ir,O5.

Anomalies in Ir-O1 bond length and Z(Ir-O1-Ir) across the
MIT is further examined by the first principle calculations at
T =0 K. For smaller values of Z(Ir-O1-Ir), the DFT calcula-
tions indicate the emergence of an insulating state which is in
line with our experimental data. Another intriguing aspect of
the present DFT calculations is the emergence of a topological
insulating state in the small Ir-O1 bond length regime, which
may be achieved in real experimental scenario by applying
external pressure to the system.

VI. CONCLUSIONS

Our exhaustive study combining synchrotron based x-ray
diffraction and x-ray absorption spectroscopy with high reso-
lution neutron diffraction and electronic structure calculations
show the underlying role of the lattice and magnetic struc-
tures in determining the electronic properties of Eu,Ir,O5.
Importantly our DFT calculations predict the possibility of
a topological insulating phase of Eu,Ir,O; for a short Ir-O1
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bond length, which implies future high pressure studies might
reveal a rich and yet unexplored phase in this system.
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