
Journal of Physics: Condensed Matter

ACCEPTED MANUSCRIPT • OPEN ACCESS

Selective probing of magnetic order on Tb and Ir sites in stuffed
Tb<sub>2+x</sub>Ir<sub>2−x</sub>O<sub>7−y</sub> using resonant
X-ray scattering
To cite this article before publication: Christian Donnerer et al 2019 J. Phys.: Condens. Matter in press https://doi.org/10.1088/1361-648X/ab2217

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2019 IOP Publishing Ltd.

 

As the Version of Record of this article is going to be / has been published on a gold open access basis under a CC BY 3.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 3.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.org/licences/by/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 128.41.35.142 on 24/05/2019 at 15:55

https://doi.org/10.1088/1361-648X/ab2217
https://creativecommons.org/licences/by/3.0
https://doi.org/10.1088/1361-648X/ab2217


Selective probing of magnetic order on Tb and Ir sites in stuffed Tb2+xIr2−xO7−y using
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We study the magnetic structure of the “stuffed” (Tb-rich) pyrochlore iridate Tb2+xIr2−xO7−y,
using resonant elastic x-ray scattering (REXS). In order to disentangle contributions from Tb and
Ir magnetic sublattices, experiments were performed at the Ir L3 and Tb M5 edges, which provide
selective sensitivity to Ir 5d and Tb 4f magnetic moments, respectively. At the Ir L3 edge, we
found the onset of long-range k = 0 magnetic order below T Ir

N ∼ 71 K, consistent with the expected
signal of all-in all-out (AIAO) magnetic order. Using a single-ion model to calculate REXS cross-
sections, we estimate an ordered magnetic moment of µIr

5d ≈ 0.34(3)µB at 5 K. At the Tb M5 edge,
long-range k = 0 magnetic order appeared below ∼ 40 K, also consistent with an AIAO magnetic
structure on the Tb site. Additional insight into the magnetism of the Tb sublattice is gleaned from
measurements at the M5 edge in applied magnetic fields up to 6 T, which is found to completely
suppress the Tb AIAO magnetic order. In zero applied field, the observed gradual onset of the Tb
sublattice magnetisation with temperature suggests that it is induced by the magnetic order on the
Ir site. The persistence of AIAO magnetic order, despite the greatly reduced ordering temperature
and moment size compared to stoichiometric Tb2Ir2O7, for which T Ir

N = 130 K and µIr
5d = 0.56µB ,

indicates that stuffing could be a viable means of tuning the strength of electronic correlations,
thereby potentially offering a new strategy to achieve topologically non-trivial band crossings in
pyrochlore iridates.

I. INTRODUCTION

The exploration of non-trivial band topology in the
presence of electronic correlations offers a promising
route to discover novel phases of matter [1, 2]. Following
the seminal proposal of a Weyl semimetal (WSM) phase
in magnetically ordered pyrochlore iridates R2Ir2O7

(where R is a rare-earth element), these materials have
attracted special interest in this search [3–6]. These stud-
ies acted as a catalyst in this research area, and a number
of uncorrelated WSM states have since been discovered,
e.g. in monopnictides [7–11]. Nevertheless, it remains
unclear whether or not the strongly correlated d elec-
tronic states in pyrochlore iridates can host similar topo-
logically protected band crossings [12, 13].

Early theoretical work on pyrochlore iridates suggested
that two conditions are required for a WSM phase:
(1) The Ir magnetic moments need to order in an AIAO
fashion (where all moments point towards or away from
the centre of the Ir tetrahedra in the pyrochlore lattice),
thereby preserving the overall cubic symmetry while
breaking that of time reversal; and (2) the electronic cor-
relations must be weak enough to prevent a more con-

∗ Present affiliation: Los Alamos National Laboratory, Los
Alamos, New Mexico 87545, USA

ventional Mott insulating phase [1, 3, 4, 12–14]. Many
studies have set out to address condition (1), and empir-
ical evidence for AIAO magnetic order has been found
in several pyrochlore iridates, using a variety of tech-
niques, including muon spin rotation (µSR) [15–18], neu-
tron powder diffraction (NPD) [19–22] and single-crystal
REXS [23–25]. However, the second condition of weak
electronic correlations has been under some dispute: sev-
eral theoretical and experimental studies have challenged
the assumptions made by early density functional theory
and mean-field calculations, and instead argued that py-
rochlore iridates are strongly correlated across the rare-
earth series [12, 13, 26].

A key challenge in the synthesis of pyrochlore iridates,
and pyrochlore oxides in general, is that small changes
in stoichiometry are common and can have substantive
effects on electronic and magnetic properties [27–29]. In
particular, flux-grown pyrochlore iridate crystals tend to
exhibit some degree of “stuffing”, where an excess of R
ions populate the Ir sites, leading to a R2+xIr2−xO7−y
stoichiometry. Studies have shown that small values of x
can suppress the onset of magnetic order on the Ir site,
and lead to a more metallic state [30]. At some critical
value of x, the magnetic instability in pyrochlore iridates
is fully suppressed [18, 24]. While this effect has so far
largely been considered an experimental nuisance [29], it
may offer an interesting way to achieve a more weakly
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correlated state, and hence provide a route to stabilise
topological phases. However, the fate of the magnetic
order in the presence of stuffing has not yet been thor-
oughly studied in pyrochlore iridates.

In this study, we show that it is possible to signifi-
cantly suppress the onset of magnetic order in stuffed
Tb2+xIr2−xO7−y, from the stoichiometric value of TN =
130 K [31] to about 71 K, while retaining the AIAO mag-
netic structure. Furthermore, by performing REXS ex-
periments at both Tb M5 and Ir L3 edges, we disentangle
the magnetic contributions of Tb and Ir sites, confirming
the view that the magnetic order on the Ir site induces
magnetic order on the Tb site [20]. Finally, using single-
ion calculations of REXS cross-sections, we show that
the size of the Ir ordered magnetic moment is strongly
reduced, to 0.34(3)µB at 5 K. Our results show that stuff-
ing of pyrochlore iridates provides a means to tune the
electronic groundstate without destroying magnetic or-
der, which may aid the realisation of novel topological
states.

II. EXPERIMENTAL METHODS

Tb2+xIr2−xO7−y single crystals were flux-grown at the
Clarendon Laboratory (Oxford, UK), as described in
Ref. [32]. They were characterised by superconduct-
ing quantum interference device (SQUID) magnetome-
try, four-probe resistance measurements and laboratory
X-ray diffraction (XRD). Energy dispersive X-ray spec-
troscopy (EDX) was used to investigate the cation ra-
tio, which revealed an excess of Tb ions of x ∼ 0.18.
This excess of Tb ions is also evident in the somewhat
enlarged lattice parameter at 300 K, in our sample we
measured a = 10.25 Å, compared to a literature value
of a = 10.23 Å [20]. No reliable estimate of the oxygen
content of our single crystals could be obtained.

REXS experiments at the Ir L3 edge (dominated by
dipolar 2p → 5d transitions at a photon energy of
11.215 keV) of Tb2+xIr2−xO7−y were performed at beam-
line I16 of the Diamond Light Source (Didcot, UK).
A vertical scattering geometry was used, the incident
polarisation provided by an in vacuum U27 undulator
was linear, and perpendicular to the scattering plane (σ
polarisation). The polarisation of the scattered beam
was analysed with a Au (333) crystal. An orientated
Tb2+xIr2−xO7−y single crystal was mounted on the cold
finger of a closed-cycle refrigerator, such that (100) and
(011) directions were in the vertical scattering plane.

REXS experiments at the Tb M5 edge (3d→ 4f , pho-
ton energy of 1.241 keV) of Tb2+xIr2−xO7−y were per-
formed at beamline UE46-PGM-1 of BESSY II (Berlin,
Germany). This beamline operates in the soft X-ray
spectrum (120 eV and 2000 eV) using radiation from an
elliptical undulator, which allows the incident linear po-
larisation to be rotated from horizontal (π) to vertical
(σ). A horizontal scattering geometry was used, and the
same Tb2+xIr2−xO7−y sample was mounted on a He-flow

cryostat, with the (100) and (011) directions in the scat-
tering plane.

III. RESULTS

A. Bulk properties
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FIG. 1. (Top) Resistivity of Tb2+xIr2−xO7−y single-crystal
as a function of temperature. (Bottom) Temperature depen-
dence of the zero field cooled (ZFC) and field cooled (FC)
magnetisation of Tb2+xIr2−xO7−y single-crystal.

For nominally stoichiometric powder samples of
Tb2Ir2O7, published magnetisation data suggest that the
Ir site orders at ∼ 130 K [20, 31], while resistivity data
show insulating behaviour at all temperatures, with a
small anomaly at the magnetic transition [31]. The mag-
netic structure of Tb2Ir2O7 has been studied by neutron
powder diffraction [20, 22]. While lacking the element
specificity of the REXS technique, the NPD experiments
indicate that both the Tb and Ir sublattices exhibit AIAO
order below a Néel temperature of ∼ 125–130 K. One no-
table feature of the NPD experiments is that the onset
of order on the Tb sublattice is more gradual than that
of the Ir one, suggesting that the former is induced by
spontaneous order on the latter, through significant d–f
interactions. The low-temperature (1.5 K) values of the
magnetic moments were found to be 5.24µB and 0.56µB
for the Tb and Ir sites, respectively [22].

Figure 1 shows the magnetisation and resistivity data
as a function of temperature for our single crystal sam-
ple of Tb2+xIr2−xO7−y. At about 70 K, a bifurcation in
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the field-cooled (FC) and zero-field-cooled (ZFC) mag-
netisations is observed, which indicates that the Néel
temperature is strongly reduced from its literature value
of ∼ 130 K. Furthermore, the resistivity appears signif-
icantly more metallic, with absolute values 2–3 orders
of magnitude lower than the ones reported in powder
samples [31]. The discrepancies between our single crys-
tal sample and published data on powders of Tb2Ir2O7

most likely arise from excess Tb ions populating Ir sites,
resulting in an stoichiometry of Tb2+xIr2−xO7−y, with
x ∼ 0.18 as revealed by our EDX experiments. We note
that annealing the Tb2+xIr2−xO7−y sample in an oxygen
atmosphere did not alter its bulk properties.

At around 10 K, anomalies occur in both the magneti-
sation and resistivity, similar to observations in the liter-
ature [20]. These have been argued to be associated with
f–f interactions between magnetic Tb ions.

B. REXS at the Ir L3 edge

1. Magnetic structure
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FIG. 2. REXS data of Tb2+xIr2−xO7−y at the Ir L3 edge.
(a) Temperature dependence of the (14 0 0) reflection in σπ′

polarisation (blue circles), at an incident energy of 11.215 keV.
The solid black line is a power-law fit to the data, yielding
TN ∼ 71 K. (b) Reciprocal lattice scan along the h direction
of the (14 0 0) reflection (blue circles), and Lorentzian fit to
the data (black solid line). (c, d) Energy dependence of (14
0 0) reflection in σπ′, σσ′ polarisations at 5 K (blue circles)
and 90 K (red squares). The data were corrected for self-
absorption. The black solid line is the Ir L3 edge X-ray ab-
sorption spectrum, recorded in total fluorescence yield (TFY)
mode.

Figure 2 summarises key temperature, reciprocal space
and energy dependences of the charge-forbidden (14 0 0)
reflection at the Ir L3 edge. When cooling to 5 K, we
observed a strong increase in intensity of the (14 0 0)
reflection in σπ′ polarisation, which suggests the forma-
tion of k = 0 magnetic order. Although (h00) reflections
with h = 4n + 2 are forbidden for Thomson scattering,
due to the presence of the diamond-glide plane symme-
try of the pyrochlore lattice, on resonance one expects
to observe anisotropic tensor susceptibility (ATS) scat-
tering [33]. As described in Ref. [25], here the contri-
bution from ATS scattering in the magnetically-relevant
σπ′ polarisation channel was suppressed by aligning the
(011) direction parallel to the scattering plane. In this
configuration, the magnetic signal of the (14 0 0) reflec-
tion can be isolated, which then exhibits a power-law
like behaviour with temperature, with a Néel tempera-
ture of ∼ 71 K (the data were corrected for beam-heating
of ∼ 7 K), confirming the magnetic origin of the scatter-
ing. The remaining intensity above the ordering temper-
ature can be attributed to imperfect linear polarisation
analysis of the scattered beam, which allows a fraction
of the strong ATS signal in σσ′ polarisation to appear in
the nominal σπ′ polarisation channel (here referred to as
“leakage”).

Reciprocal lattice scans confirm that the magnetic or-
der is long-range, with a correlation length of at least
a few hundred Å [Fig. 2(b)]. The magnetic origin of
the signal is further supported by the energy depen-
dence of the resonant signal. In the σσ′ channel, we
find a temperature-independent two peak structure, usu-
ally attributed to REXS transitions to t2g and eg lev-
els [Fig. 2(d)]. Conversely, the energy profile in the σπ′

channel shows a strong, temperature-dependent enhance-
ment at the incident energy corresponding to transitions
to t2g states (about 3 eV below the absorption maximum)
[Fig. 2(c)]. At high temperature, the energy profile re-
sembles that of pure ATS scattering seen in σσ′ polari-
sation, suggesting that it originates from leakage of the
strong ATS signal in σσ′ polarisation. We conclude that
below ∼ 71 K, long-range k = 0 magnetic order of the Ir
moments occurs in Tb2+xIr2−xO7−y.

Detecting a magnetic signal on forbidden (h00) reflec-
tions establishes a k = 0 propagation vector, which is
compatible with different magnetic structures [25]. To
further distinguish candidate magnetic structures, we de-
termined the orientation of the magnetic structure factor
with an azimuthal scan. Figure 3 shows the integrated
intensities of rocking curves of the (14 0 0) reflection in
σπ′ polarisation, as a function of azimuthal angle φ, at
5 K and 100 K. At both temperatures, the strongest con-
tribution to the scattered intensity is a sinusoidal signal,
originating from ATS scattering (∝ sin2 2φ). Addition-
ally, we observe a temperature-dependent signal, which
remains constant in φ. The latter is the magnetic contri-
bution, which shows that the magnetic structure factor
lies parallel to the scattering vector Q. This observation
is only compatible with AIAO or XY antiferromagnetic
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FIG. 3. Integrated intensity of the (14 0 0) reflection of
Tb2+xIr2−xO7−y as a function of azimuthal angle φ in σπ′

polarisation at 5 K (blue circles) and 100 K (red squares), at
an incident energy of 11.215 keV. The solid lines are calcu-
lated intensities for ATS scattering and resonant magnetic
scattering from AIAO order (blue), and ATS scattering only
(red).

structures (see also Ref. [25]). Given the NPD results of
Refs. [20, 22], we consider the former to be more likely.

2. Magnetic moment size

Comparing the observed relative intensities of ATS and
magnetic contributions to the ones expected from a cal-
culation of the REXS cross-section offers the novel pos-
sibility of being able to estimate the absolute size of the
ordered Ir moment using resonant scattering; convention-
ally this can only be readily achieved using non-resonant
techniques (see Appendix A and Ref. [34]). We here
consider a minimal single-ion model of Ir4+ in a cubic
environment (10Dq), taking into account the spin-orbit
coupling (ζ) and trigonal fields (∆), and assuming that
ζ,∆� 10Dq [35–41]. By comparison with RIXS experi-
ments (see Refs. [34, 40]), we can determine the param-
eters ζ and ∆. For Tb2+xIr2−xO7−y, we find that ζ and
∆ are of roughly equal magnitude, with absolute values
of ∼ 450 meV. In this case, the ground state wavefunc-
tion departs from the Jeff = 1/2 limit, which applies in
the absence of trigonal distortion, and shows substan-
tial hybridisation of Jeff = 1/2 and Jeff = 3/2 bands (see
also Ref. [12]). For this ground state, we find spin and or-
bital moments of 0.37µB and 0.87µB , respectively, which
yields a total magnetic moment of ∼ 1.61µB .

We then use this wavefunction to calculate REXS
cross-sections at the Ir L3 edge, assuming that 2p → 5d
dipole transitions are dominant. This allows to deter-
mine the relative contributions of resonant magnetic and
ATS scattering to the intensity of the (14 0 0) reflection
in σπ′ polarisation. Noting that for σπ′ polarisation, in-
terference terms between magnetic and ATS signals can-

cel, we find a calculated intensity ratio of Iσπ
′

m /Iσπ
′

ats ∼ 5,

where Iσπ
′

m and Iσπ
′

ats are magnetic and ATS intensities,
respectively. From our REXS data, using the azimuthal
scan of the (14 0 0) reflection at 5 K (Fig. 3), by com-
paring intensities at peak and trough (corresponding to

Iσπ
′

m +Iσπ
′

ats and Iσπ
′

m , respectively), we find an experimen-

tal intensity ratio of Iσπ
′

m /Iσπ
′

ats ∼ 0.24. Given that Iσπ
′

m

is proportional to the square of the ordered moment, we
propose that for Tb2+xIr2−xO7−y, the ordered magnetic
moment is reduced to ∼ 0.34µB per Ir ion.

We identify two dominant sources of error in this es-
timate of the Ir magnetic moment size: (1) The mea-

sured Iσπ
′

ats is not only composed of a 5d(t2g) resonance
(11.215 keV), but also shows a contribution from a 5d(eg)

resonance (11.218 keV) and (2) the measured Iσπ
′

m is not
purely magnetic, but includes leakage from the strong
ATS resonance in the σσ′ polarisation channel. For (1),
we estimated the contribution of the 5d(eg) resonance
by fitting the t2g and eg resonances of the energy scan

to Lorentzian functions. This indicates that Iσπ
′

ats could
be reduced by a factor of ∼ 0.67. For (2), we com-
pared the magnetic intensity at low and high temper-
atures, which suggests that Iσπ

′

m should be reduced by
a factor of ∼ 0.82. [42] Applying these corrections to

the experimental intensity ratio yields Iσπ
′

m /Iσπ
′

ats ∼ 0.29,
which translates to a magnetic moment of ∼ 0.37µB per
Ir ion. While this is fairly imprecise, it gives an indica-
tion of the error associated with the estimated magnetic
moment size.

Irrespective of the details of how the analysis is per-
formed, our REXS experiments indicate that the magni-
tude of the Ir 5d moments in Tb2+xIr2−xO7+y is strongly
reduced relative to its value of 0.56µB in stoichiometric
samples. This shows that stuffing can be an effective
means to lower the size of the ordered moment. This re-
sult is of interest, as previous studies have suggested that
a small ordered moment size, typically achieved by tun-
ing the strength of electronic correlations, could be key
to stabilising a WSM phase in pyrochlore iridates [5, 43].
However, while stuffing offers a means to suppress the
magnetic order, it cannot directly be equated to tuning
the electronic correlations, as it necessarily also intro-
duces defects in the crystal structure. How this affects
the predictions for novel topological states remains to be
explored.

C. REXS at the Tb M5 edge

1. Magnetic structure

We now turn to the results of the REXS experiments
performed in the vicinity of the Tb M5 edge (3d → 4f
transitions). Figure 4(a) shows photon energy scans for
the charge-forbidden (2 0 0) reflection with π incident
polarisation, as a function of temperature. At 45 K, a
weak resonance is evident at ∼ 1236 eV, associated with
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FIG. 4. REXS data of Tb2+xIr2−xO7−y at the Tb M5 edge.
(a) Energy scans as a function of temperature of the (2 0 0)
reflection using π incident polarisation. (b) θ–2θ scans of the
(2 0 0) reflection at 5 K, at azimuthal angles φ = 0◦ (solid
lines) and φ = 45◦ (dashed lines), using π (blue) and σ (red)
incident polarisations.

ATS processes. When cooling to 5 K, we find a strong
increase in intensity centred at ∼ 1239 eV, arising from
resonant magnetic scattering [44]. This establishes un-
ambiguously that the Tb sublattice also orders magnet-
ically at low temperature, and with the same magnetic
propagation vector of k = 0 as that displayed by the Ir
sublattice.

To further investigate the nature of this magnetic sig-
nal, we measured the intensity variation of the (2 0 0)
magnetic peak as a function of the incident photon po-
larisation and sample azimuthal rotation. Figure 4(b)
displays the variation in intensity of the (2 0 0) mag-
netic reflection using σ and π incoming polarisation, at
azimuthal angles of φ = 0◦ and φ = 45◦ [where φ = 0◦

corresponds to the (011) direction being parallel to the
horizontal scattering plane]. We note that due to the
cubic symmetry, covering an azimuthal range of 45 de-
grees should display all potential variation in scattered
intensity.

As opposed to the REXS experiment at the Ir L3

edge, in this experiment the outgoing polarisation was
not analysed. In this case, the absence of any significant
variation of the (2 0 0) peak with azimuth or incident
photon polarization indicates that the Tb 4f magnetic
structure factor vector lies parallel to the momentum
transfer Q (see also Ref. [45]), as was found for the ori-
entation of the Ir 5d magnetic structure factor. For the
ATS contribution to the REXS signal, when no outgoing
polarisation analysis is performed, for both σ and π in-
cident polarisations, at a diffraction angle of 2θ ∼ 152◦

for the (2 0 0) reflection, the scattered intensity becomes
virtually constant in azimuth (only ∼ 10 % of the ATS
intensity should show sinusoidal variation, with a period
of 2φ, see also Ref. [46]).

We also note that at the Tb M5 edge, the magnetic
signal is the dominant contribution to the resonant scat-
tering (a factor of ∼ 5 stronger than the ATS scattering
at 5 K), opposite to what was observed at the Ir L3 edge.
Although the magnetic moment is expected to be sub-

stantially larger for Tb3+ than for Ir4+, this increase in
scattered intensity is an electronic effect, which can intu-
itively be understood from the larger orbital overlap of
initial and final states for 3d→ 4f transitions, compared
to 2p→ 5d transitions at the Ir L3 edge.

The most plausible explanation for these observations,
taken in the round, is that the AIAO magnetic struc-
ture, displayed by both the Ir 5d and Tb 4f moments in
Tb2Ir2O7, is robust against significant levels (x ∼ 0.18)
of stuffing Tb onto the Ir sites.

2. Magnetic structure in applied magnetic field
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FIG. 5. Integrated intensity of (200) REXS Bragg in mag-
netic fields of up to 6 T applied along the (100) direction
(Tb M5 edge, π-incident polarization). The field-independent
contribution due to ATS scattering has been subtracted. At
4.1 K, the zero-field intensity increases by 30% and forms a
broad maximum around 1.5 T (black triangles). There is no
hysteresis (white triangles) or dependence on the cooling his-
tory (FC/ZFC, red circles). The non-monotonic behaviour
appears to be suppressed at 10 K.

We now discuss REXS experiments performed in ap-
plied magnetic fields. Figure 5 shows the field-dependent
intensity of the (200) Tb magnetic Bragg peak, in fields
of up to 6 T, applied along the (100) direction. At 4.1 K,
the intensity increases relatively sharply at low fields,
forming a broad maximum around Hc ∼ 1.5 T, before
it is suppressed at higher fields. Furthermore, this non-
monotonic behaviour under applied field is not hysteretic
or dependent on the cooling history, and is not observed
at 10 K.

We first compare our observations to magnetometry
measurements of Tb2Ir2O7 in the literature [20]. Below
10 K, the magnetization exhibits an inflection point at
∼ 1.8 T, in close proximity to the intensity maximum we
observe with REXS. This suggests that this behaviour is
not unique to stuffed Tb2+xIr2−xO7−y, but also occurs
in stoichiometric samples. The magnetization data show
a tendency towards a saturation of the Tb moment at
5 T. This compares well to our observation that the (200)
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reflection becomes extinct at 6 T, suggesting that the Tb
magnetic moments are fully polarised at this point.

The fact that the non-monotonic field-dependence of
the REXS intensity could only be observed below 10 K
suggests an additional energy scale associated with Tb
ions, such as f–f interactions or single-ion effects. It
is interesting to compare this result with NPD data of
Ref. [22], where below 10 K an additional (111) reflection
appears, which should be absent in a pure realisation
of AIAO magnetic order. The authors argued that at
this temperature the magnetic structure slightly deviates
from AIAO order, and acquires an additional XY com-
ponent. The proposed structure would correspond to the
moments being tilted 6◦ away from the AIAO structure,
in a fashion that leaves no net ferromagnetic moment in
the unit cell. Such distortions and the observation of the
(111) peak in NPD have a precedent in Tb2Sn2O7, where
Tb3+ moments tilt 13◦ away from the 2I2O structure, al-
beit in a ferromagnetic fashion [47].

We note that our zero-field REXS data does not al-
low to quantify such subtle modifications to the overall
AIAO structure. However, a direct field-polarisation of
any such magnetic order should still lead to a monotonic
decrease of the intensity of the (200) reflection. We hence
conjecture that a small applied field could suppress an
XY antiferromagnetic distortion, which would increase
the intensity of the (200) reflection and restore pristine
AIAO order at Hc ∼ 1.5 T, before the magnetic moments
become polarised at higher fields, and the (200) reflection
disappears. The microscopic origin of such a behaviour
is unclear, but potentially emerges out of a competition
between f–f exchange terms, the single-ion anisotropy,
and the Zeeman coupling to the magnetic field. It is also
known that Tb3+ in pyrochlore compounds has a close-
to-degenerate electric ground state [48], which could lead
to a field-induced mixing of ground and first excited dou-
blets that might alter the magnetic Hamiltonian.

D. Temperature dependence of sublattice
magnetisations

Finally, we consider the temperature development
of magnetic order on the Tb and Ir sites in
Tb2+xIr2−xO7−y. In Fig. 6 we compare the tempera-
ture dependence of the magnetic Bragg peak intensities
(proportional to the square of the staggered magnetisa-
tion) recorded at the Tb M5 and Ir L3 edges. While
the temperature dependence of the Ir 5d staggered mag-
netic moment exhibits the typical order-parameter-like
behaviour associated with spontaneous symmetry break-
ing below a thermally driven phase transition, the grad-
ual development of the Tb 4f magnetic moment is more
redolent of induced order, due to the presence of a mean
field generated by the Ir moments. Thus our element se-
lective REXS experiments reinforce the inferences made
from NPD [20, 22], namely that the magnetic order in
Tb2Ir2O7 is primarily driven by the order on the Ir sub-
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FIG. 6. Integrated intensity of the (14 0 0) reflection at
the Ir L3 edge [blue dots, as shown in Fig. 2(a)], and the
(2 0 0) reflection at the Tb M5 edge (black squares) of
Tb2+xIr2−xO7−y, as a function of temperature.

lattice, hence establishing the primacy of d–d interac-
tions, with the Tb site ordering being induced by signif-
icant d–f interactions.

IV. CONCLUSION

In this study, we have used the element and electron
shell specificity of REXS to selectively investigate the
magnetic structures of the Tb 4f and Ir 5d sublattices
in the stuffed pyrochlore iridate Tb2+xIr2−xO7−y. Our
results establish that the stuffing of Tb ions onto Ir sites
leads to significant reductions in both the Néel temper-
ature and the staggered moment on the Ir sublattice.
Most importantly, we have shown that the AIAO mag-
netic structure of the stoichiometric compound is robust
against stuffing, at least up to a value of x ∼ 0.18. The
significance of this result lies in the fact that stuffed py-
rochlore iridates can thus retain the necessary require-
ments for a Weyl semimetal in this class of materials
(overall cubic symmetry, in the presence of broken time-
reversal symmetry from magnetic order), while at the
same time the stuffing acts to suppress magnetic order,
and hence the degree of electron correlations. We there-
fore propose that systematic studies of stuffed pyrochlore
iridates may provide a viable route forward in the search
for correlated materials with non-trivial band topology.

Data presented in this paper can be obtained from
Ref. [49]
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Appendix A: Magnetic moment size determination
at the Ir L3 edge of pyrochlore iridates

We here argue that it is feasible to determine the mag-
netic moment size using REXS, by comparing the rel-
ative intensities of ATS and magnetic contributions to
the ones expected from a model calculation. We con-
sider a minimal single-ion model of Ir4+ in a cubic envi-
ronment (10Dq), taking into account the spin-orbit cou-
pling (ζ) and trigonal fields (∆, where a negative value
corresponds to trigonal compression), as described in
Refs. [35–41].

As discussed in Ref. [34], we can use this model to de-
rive the magnetic (m) and ATS (ats) contributions to
REXS at the Ir L3 edge, assuming that 2p → 5d dipole
transitions are dominant. For space group forbidden
(h00) reflections of pyrochlore iridates, where h = 4n+2,

we find the following scattering amplitudes, written in
the 2× 2 Jones matrix formalism:

A(h00)
ats =

8(C2
f + Cf − 2)

3(2 + C2
f )

(
cos 2φ − sin θ sin 2φ

sin θ sin 2φ sin2 θ cos 2φ

)
A(h00)
m =

4[10 + (Cf − 2)Cf ]

3
√

3(2 + C2
f )

(
0 −i sin θ

−i sin θ 0

)

where 2Cf = δ − 1 +
√

9 + δ(δ − 2) and δ = 2∆/ζ. θ
is the Bragg angle, and we have defined the azimuthal
angle φ = 0 when the crystallographic (011) direction is
in the scattering plane.

A REXS experiment measures the coherent sum

I
(h00)
rexs =

∣∣∣A(h00)
ats +A(h00)

m

∣∣∣2. For the σπ′ polarisation

channel, we find:

Iσπ
′

rexs(h00) =Iσπ
′

m (h00) +Iσπ
′

ats (h00)

=
16[10 + (Cf − 2)Cf ]2 sin2 θ

27(2 + C2
f )2

+
64(C2

f + Cf − 2)2 sin2 θ sin2 2φ

9(2 + C2
f )2

Note that interference terms between ATS and magnetic
scattering cancel. By letting φ = π/4, we derive the fol-
lowing intensity ratio of magnetic and ATS contributions:

Iσπm (h00)

Iσπats(h00)
=

[10 + (Cf − 2)Cf ]2

12(C2
f + Cf − 2)2

By comparing the measured intensity ratio (meas) to
the one calculated (calc), we define a scaling factor α:

[
Iσπm (h00)

Iσπats(h00)

]
meas

= α

[
Iσπm (h00)

Iσπats(h00)

]
calc

We note that Im is proportional to the square of the
single-ion magnetic moment, 〈µz〉2, where

〈µz〉calc = 〈Lz〉+ 2 〈Sz〉 =
4− C2

f

2 + C2
f

µB

Thus we propose that we can use the scaling factor α
to infer the measured magnetic moment size:

〈µz〉meas =

√
α 〈µz〉2calc

1. Parameters used for Tb2+xIr2−xO7−y

For Tb2+xIr2−xO7−y, the crystal-field excitations ob-
served in RIXS experiments of Ref. [34] allow to ex-
tract the single-ion parameters ζ = 449 meV and ∆ =
−469 meV. This yields Cf = 0.5494 and 〈µz〉calc ∼
1.61µB .
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