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Determination of long-range all-in-all-out ordering of Ir** moments in a pyrochlore iridate
Eu,Ir,0; by resonant x-ray diffraction
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The pyrochlore-type iridium oxide Eu,Ir,O; exhibits a metal-insulator transition at 120 K, accompanied by
magnetic ordering. We used x-ray diffraction measurements with photon energies near the iridium L3 absorption
edge to analyze a single crystal to investigate the arrangement of Ir** magnetic moments. Resonant magnetic
scattering at (4n + 2 0 0) was observed in the insulating phase, providing direct evidence of long-range ordering of
Ir** magnetic moments with a propagation vector of g = (000). Our single-crystal structure analysis revealed that
the lattice retains its face-centered-cubic structure across the metal-insulator transition, indicating all-in-all-out
magnetic order, where all the magnetic moments on the four vertices of each Ir tetrahedron point inward or

outward.
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Magnetic compounds with a pyrochlore structure show
a variety of properties, such as a metal-insulator (M-I)
transition, superconductivity, the spin-ice state, and the spin-
chirality-driven anomalous Hall effect.' The pyrochlore struc-
ture exhibits geometrical frustration, which arises from the
tetrahedral network. As a result, nontrivial states may be
present in magnetic systems that contain the pyrochlore lattice.
For example, Tl;Ru,0; undergoes a cubic-orthorhombic
structural transition at 120 K, below which the spin gap is
formed.?? Hg,Ru, 05 also exhibits a structural transition, and a
commensurate antiferromagnetic order has been proposed.*°
However, the cubic symmetry in Cd,0s,07 is not broken
across the M-I transition, and the four-sublattice noncoplanar
magnetic order, called the all-in-all-out structure, has recently
been reported.’

The M-I transition of a series of pyrochlore iridate, R;Ir,O7,
where R is a trivalent rare earth, has also been investigated. The
interplay between the electron correlation and the spin-orbit
interaction in a tetrahedral network of 5d transition metal
ions was investigated by systematically replacing R. The
compounds where R = Y, Yb, Ho, Dy, Tb, Gd, Eu, Sm,
or Nd exhibit the M-I transition, accompanying a magnetic
anomaly.g‘ll As the ionic radius of R increases, the M-I
transition temperature Ty decreases and finally approaches
zero between Nd and Pr.!! The electrical conductivity in the
high-temperature paramagnetic phase also increases with the
ionic radius of R. In R,Ir,O;, the 5d state of Ir is split
into the lower-lying triplet #,, states and the higher-lying
doublet e, states by an octahedral ligand field. The #,, state is
partially filled by five electrons, which produces a magnetic
moment. A spin-glass-like state in the insulator phase has been
proposed, based on the difference in magnetization between
the zero-field-cooling and field-cooling processes.® However, a
clear A peak in the temperature dependence of the heat capacity
has been reported at the Ty in a high-quality polycrystalline
sample, suggesting a second-order transition.'%!?

The strong spin-orbit coupling in the Ir pyrochlore is
also particularly interesting. Some theoretical studies suggest
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that exotic quantum states could behave as topological Mott
insulators and Weyl semimetals.!>'¢ Although the magnetic
structure in the insulating phase is a fundamental factor
in determining the electronic state, it still needs to be
experimentally determined. For example, the Weyl semimetal
state is expected to appear when the time-reversal symmetry is
broken.'> A muon spin rotation study revealed a spontaneous
local field below Ty for R = Y, Eu, and Yb, which indi-
cates some long-range commensurate magnetic ordering.!”!8
Tomiyasu et al. determined the arrangement of Nd moments by
neutron diffraction measurements and proposed that the Ir**
moments should form the all-in-all-out structure [Fig. 1(a)].!
Nonetheless, no direct evidence of the ordered Ir** moments
has been obtained from neutron diffraction studies for R = Nd
(Refs. 19 and 20) and Y,'®?! because of the high absorption of
neutrons by Ir atoms and the small ordered moments.

We have used resonant x-ray diffraction (RXD) to deter-
mine the magnetic structure of Er;Ir,O;. RXD is a useful
technique for studying magnetic order in 5d transition metal
compounds,’>?3 because the L,,3 absorption edges correspond
to x-ray wavelengths of ~1 A, which are short enough for
a diffraction study. The magnetic reflections are expected
to show a large resonance enhancement, because the L;,3
excitations are relevant to the 5d states with a magnetic
moment.

Single crystals of EuyIr,O; were grown by the flux
method.?* The electrical conductivity is affected by the off
stoichiometry in the ratio of Eu to Ir.'”> The resistivity p
was measured by the four-probe method from 300 to 2 K on
several single crystals. A high-quality crystal with an inverse
resistivity ratio of p(2 K)/p(300 K) = 7600 was selected
for the RXD measurement performed by using a seven-circle
diffractometer installed at BL3A, Photon Factory, High Energy
Accelerator Research Organization, Japan. The energy of the
incident x rays was tuned to around the Ir L3 absorption edge,
11.23 keV, with a Si (111) double-crystal monochromator.
The incident x ray was linearly polarized perpendicular to the
scattering plane (o). The sample with a flat triangular (111)
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FIG. 1. (Color online) (a) All-in-all-out magnetic structure where
all four magnetic moments on the vertices of each tetrahedron point
inward or outward. Arrows indicate the Ir** magnetic moments.
(b) Coplanar magnetic order where four magnetic moments on a
tetrahedron lie in the (001) plane and are either antiparallel or
orthogonal.

surface with edges about 0.5 mm long [Fig. 2(b)] was attached
to a copper plate with varnish and mounted in a closed-
cycle “He refrigerator. The [011] of the sample was oriented
perpendicular to the scattering plane [Fig. 2(a)]. A Mo (200)
crystal was used to analyze the polarization of the scattered x
ray. The linearly polarized o’ (perpendicular to the scattering
plane) and 7’ (parallel to the scattering plane) components
can be detected by rotating the Mo crystal about the scattered
beam. The 26 value of the (200) reflection of Mo is 89.564° at
11.230 keV, which guarantees a polarization purity of 99.99%.
To investigate the change in crystal structure across the M-I
transition, x-ray oscillation photographs were taken with a
large cylindrical imaging plate installed at BLO2B 1, SPring-8,
Japan, at a photon energy of 35 keV, which is far from the
absorption edges of the constituent elements.? A single crystal
sample with a dimension of 0.05 mm was cooled by using a
He-gas spray refrigerator. SHELXL (Ref. 26) was used to refine
the structural parameters. The magnetic susceptibility of three
single crystals (0.49 mg), including the one used for the RXD
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FIG. 2. (Color online) (a) Schematic view of the experimental
setup for the resonant magnetic x-ray diffraction measurements.
(b) Photograph of the Eu,Ir,O; single crystal used for the RXD
experiment. (c) Ir-O network in the pyrochlore structure. Each Ir
is coordinated to six O atoms. The IrOg octahedra are connected
by shared vertices to form a tetrahedral Ir network. Each IrOg is
compressed along a trigonal axis.
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FIG. 3. (Color online) (a), (b) Profiles of the (1000) reflec-
tions of Eu,Ir,O; scanned along (£00) in reciprocal space with a
photon energy of 11.230 keV at several temperatures through the
(a) o-0’ and (b) o-7’ channels. (c) Temperature dependence of the
integrated intensities of the (1000) reflection detected though the
o-0’ (solid circles) and o -7’ (open circles) channels. (d) Temperature
dependence of the electrical resistivity (solid line) and magnetic
susceptibility (circles). The magnetic susceptibilities were measured
for zero-field-cooling (ZFC; solid circles) and field-cooling (FC; open
circles) processes in a field of 1000 Oe.

measurement (0.3 mg), was measured with a superconducting
quantum interference device magnetometer under an applied
magnetic field of 1000 Oe.

Initially, several line scans were performed along (200),
(hh0), and (hhh) in the reciprocal space to search for magnetic
reflections with the on-resonance condition. No reflections
at incommensurate positions were observed (not shown).
Forbidden reflections at (4n + 200) were then investigated.
In pyrochlore systems with an Fd3m space group, the (h00)
reflections are allowed only when & = 4n, where n is an integer.
Figures 3(a) and 3(b) show the x-ray diffraction profiles for the
o-0’ and o -7’ channels along (200) around & = 10 at a photon
energy of 11.230keV and at several temperatures. A clear peak
was observed at (1000) in both the polarization channels.
The integrated intensity of the peak is plotted as a function
of temperature (Fig. 3). The reflection in the o-7’ channel
appeared only below Tyn = 120 K. The intensity in the o -7’
channel (/,., ) below the Tyy increased approximately linearly
to Tmr — T, which is consistent with a second-order phase
transition. In contrast, the peak was also visible above Ty
in the -0’ channel. In the resonance condition, (4n + 200)
reflections can arise from the anisotropy of the anomalous
scattering factor of Ir** ions. The Ir** ions occupy trigonally
distorted octahedral sites with a local symmetry of 3m, which
causes the uniaxial anisotropy in the anomalous scattering
factor tensor with the spatial axis parallel to the trigonal axis.?’
Because the special axes for the four Ir sites in the primitive
cell are not parallel to each other [Fig. 2(c)], the reflection
condition is relaxed near the Ir absorption edges.?® The [011]
axis was set perpendicular to the scattering plane; therefore
the structure factors of the (4n + 2 00) reflections in the o -0’
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FIG. 4. (Color online) X-ray oscillation photographs of Eu,Ir,O;.
Closeup pictures of two areas at (a), (d) 150 K and (c), (e) 30 K.
Comparisons of the observed (/) and calculated (I, ) intensities of
the reflections at (f) 150 K and (g) 30 K, where x is the coordinate of
the oxygen occupying the 48 f site.

and o -7’ processes are

16
Faa/O(?(fJ__fH) (1)
and
Fan’ :Ov (2)

respectively. Here f| and f are the anomalous anisotropic
scattering factors perpendicular and parallel to the local
trigonal axis, respectively. Thus, the (4n + 200) reflections
in o-0’ arose from the local anisotropy at the Ir sites. The
gradual change in /,_,» with temperature was probably caused
by achange in the population of the 5d electron bands (orbitals)
through the thermal excitation.

Equation (2) implies that the (1000) reflection in the
o-7’ channel can be assigned to the magnetic scattering, if
the crystallographic symmetry is unchanged across the M-I
transition. The symmetry above and below Ty was examined
using a high-quality single crystal. Figure 4 shows oscillation
photographs taken at 30 and 150 K. The reflection condition
was unchanged [Figs. 4(a) and 4(c)], and the (48 0 0) reflection
remained as a single peak with no splitting [Figs. 4(d) and 4(e)],
indicting no lattice distortion through the M-I transition.?’
The crystal structures at 30 and 150 K were analyzed using the
Fd3m space group with an accuracy of R = 2.50% and 2.28%,
respectively. All the parameters, residuals, and goodness of
fit indicators are listed in the Supplemental Material.>° The
crystal structure of a regular pyrochlore compound contains
only one free parameter: the atomic coordinate x of the anion
sites. In our analysis, x = 0.41556(9) at 30 K and 0.4157(1)
at 150 K, indicating the crystal structure was unchanged.
Therefore the (4n 4+ 200) reflections in the o-7" process
were assigned to magnetic scattering. A previous Raman
study suggested that the symmetry could be lowered at low
temperatures.>! However, the study also found there was no
splitting of the 7;,-mode phonons, indicating that the cubic
symmetry should not be violated.

Figure 5 shows that the o-0’ and o-7’ spectrum of the
(1000) reflection. The trigonal distortion of the octahedral
field makes the transition probabilities from the 2p;/,, core
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FIG. 5. (Color online) Spectra of the intensity of the (1000)
reflection around the Ir L3 edge in the -0’ and -7’ channels. The
inset shows an energy level scheme of the Ir** 54 orbital, which is
raised by the occupied octahedral ligand field. The long arrows show
the electron excitation processes for the L3 absorption edge. “A” and
“B” denote the excitation from 2 p;3, to t,, and that from 2ps, to e,,
respectively.

to the #), and e, states anisotropic, and thus induces the
resonant enhancement for both. As the magnetism of the
iridate compound is predominated by the partially filled #,,
but not by the empty e, state, magnetic scattering may not be
resonant with the 2p-e, excitation. The absence of a resonant
enhancement around 11.238 keV in the (1000) /,_, spectrum
is consistent with its magnetic origin.

It was predicted that the Dzyaloshinskii-Moriya interac-
tion could eliminate the geometrical spin frustration in the
pyrochlore lattice and consequently stabilize the all-in-all-out
or coplanar arrangement of magnetic moments (Fig. 1).3? For
the all-in-all-out arrangement, the intensity of the resonant
magnetic scattering for (100 0) through the o -7’ channel can
be expressed as

m? )
Iy EY sin“ 0, 3)

where m is the Ir magnetic moment, and 6 is the incident
angle. Meanwhile, the (1000) reflection for the coplanar
arrangement, with moments in the (011) and (010) planes,
can also be expressed using Eq. (3), although the magnetic
peak does not appear when the moments lie in the (100) plane.
The magnetic scattering alone cannot determine the magnetic
structure.

Magnetic ordering could cause lattice distortion through
the exchange striction. In ZnCr,0y, where Cr** ions form the
pyrochlore lattice, a structural transition occurs. The transition
is driven by commensurate long-range spin ordering, where
spin and lattice degrees of freedom couple through the inverse
effects of the exchange interaction and the Dzyaloshinskii-
Moriya interaction.’® Iridium oxides are expected to show
even larger magnetostriction because of the strong spin-orbit
interaction and the spatial extension of the 5d orbitals.
Hereafter we discuss the magnetic structure in terms of its
irreducible representation.’* For the pyrochlore lattice with
magnetic propagation vector, ¢ = (000), the basis functions
consist of one singlet (I'3), one doublet (I's), and three triplets
(I'7 and two sets of I'g). All the magnetic structures should give
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rise to some structural distortion, apart from '3, which is the
all-in-all-out structure, because only the all-in-all-out structure
belongs to the symmetric A, group. Our crystal structure
analysis indicates there is no crystallographic symmetry
breaking and hence suggests the all-in-all-out magnetic order
in the insulating phase of Eu,Ir,O;.

The correlation length of the magnetic ordering was
estimated from the (1000) peak profiles fitted using
the Gaussian function. The g resolution was estimated from the
peak profile in the o-0” channel and the essential width of the
magnetic peak was deconvoluted from this data. The net value
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of the half width at half maximum of the magnetic reflection
was 0.00214 in the reciprocal lattice unit. The magnetic
correlation length was estimated to be ~4800 A at 30 K.
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