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Ramification of complex magnetism in
Nd.Ir>0-; observed by Raman scattering

spectroscopy

M| Check for updates

Yuanyuan Xu', Yang Yang?, Jérémie Teyssier®, Takumi Ohtsuki‘, Yang Qiu*, Satoru Nakatsuji'**°7,

Dirk van der Marel®, Natalia B. Perkins? & Natalia Drichko'

Using Raman scattering spectroscopy, we uncover a complex magnetic behavior of Nd,Ir,O, which
stands out among magnetic pyrochlores by the lowest temperature of the all-in-all-out (AIAO) Ir
moments ordering (T{‘rl = 33 K) and the highest temperature at which AIAO order of rare-earth Nd ions
is detected (Ty4=15 K). Detected magnetic Raman scattering and calculations of expected response
allow us to demonstrate that the ordering of Ir magnetic moments is accompanied by an appearance of
one-magnon Raman modes at 26.3 and 29.6 meV compatible with the AIAO order and allowing to
estimate the energies of Ir-Ir interactions. An additional two-magnon excitation of the AIAO Nd order at
around 33 meV appears in the spectra below the ordering temperature of Nd moments T{,=15K. Inthe
temperature range between 15 K and 33 K we observe a broad mode, which demonstrates strong
temperature dependence and shifts on cooling below 20 K from 14 meV to higher frequencies, and
disappears at 5 K, when two-magnon excitation of Nd moments becomes prominent. We suggest an
interpretation of this excitation in terms of continuum arising from collective fluctuations of Nd
moments above the transition. This complex behavior emerges from the interplay of strong spin-orbit
coupling, electronic correlations, and geometric frustration on two magnetic pyrochlore sublattices of

Nd and Ir ions.

Topological magnets provide a fertile platform to study novel phenomena
through their nontrivial topological magnetic excitations' . Among them,
magnetic Weyl semimetals with time reversal symmetry (TRS) breaking
attract much attention due to their striking properties and a potential for
various applications’™"%. Pyrochlore iridates of general formula R,Ir,O, with
R being a rare earth element Y, Eu, Nd, Sm, or Pr*"*""” were among the first
materials predicted to host Weyl fermions'®. In these materials, a Weyl
semimetal state can be brought about by a splitting of the quadratic band
touching node into pairs of Weyl nodes either under TRS breaking pro-
duced by magnetic ordering of Ir magnetic moments'*"” or by a loss of
inversion symmetry center”. Particularly, AIAO ordering of Ir** magnetic
moments below T% = 33 K preserves cubic symmetry but breaks TRS”,
please note a spread in the T values cited in literature*>* due to the extreme
sensitivity of Nd,Ir,O, properties to Ir/Nd stoichiometry. There is a set of
circumstantial evidence, demonstrating both quadratic band touching in

Nd,Ir,0; at the I-point in the paramagnetic high-temperature regime”’ and
signatures of a magnetic Weyl semimetal associated with TRS breaking due
to magnetic ordering of Ir moments below T};>**”*. Recently we demon-
strated that electronic Raman scattering reveals the quadratic bands above
TY =33 K and the linear dispersion of Weyl nodes below Th".

In Nd,Ir,0; not only Ir** but also Nd** ions are magnetic with ] = 9/2.
Their moments gradually order into ATAO state, which was experimentally
observed below the crossover temperature TY;=15 K, as reported in pre-
vious studies”*>”". This temperature stands out as an order of magnitude
higher than the ordering temperatures for other Nd-containing
pyrochlores™™, suggesting a strong coupling between Nd** and Ir*" mag-
netic moments. Specifically, it was suggested that the AIAO order of Ir
moments provides local magnetic field**”, gradually inducing the align-
ment of Nd moments into the ATAO order as the temperature decreases.
Similar observations have been also reported in several pyrochlore iridates,
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such as Ho,Ir,O, Tb,Ir,0; and Dy,Ir,0,"*!, where both the ordering of Ir
moments and the subsequent ordering of rare-earth moments have been
observed at relatively high temperatures.

In this work, we present Raman scattering data and model calculations,
which together identify a set of magnetic excitations in Nd,Ir,O; originated
from strongly interacting Ir and Nd magnetic subsystems. We identify the
one-magnon excitations from the AIAO ordering of Ir moments appearing
below Tﬁ] =33 K, and a band of two-magnon excitations of the ATAO
order of Nd moments below the crossover temperature T5,;=15 K. In the
temperature range just below T = 33 K we observe a broad Raman
excitation at about 14 meV, which shows unconventional temperature
behavior, that allows us to associate it with the collective fluctuations of Nd
moments. As a possible interpretation of this collective excitation observed
at relatively high energies, we discuss a scenario where this high energy scale
points to a notable renormalization of the magnetic interactions between
Nd*" ions. This renormalization could stem from either additional super-
exchange pathways involving partially filled Ir*" ions or from low-energy
electronic excitations of the low-temperature Weyl semimetallic state*, or
both, and tends to the emergence of spin-ice”™* behavior in the Nd sub-
system at intermediate temperatures. The complex interplay between
renormalized exchange couplings of Nd moments, the local field exerted on
Nd moments from the ordered ATAO state of Ir moments, and various
factors such as strong spin-orbit coupling (SOC), electronic and magnetic
correlations, and band topology collectively determines the unique low-
temperature magnetic properties of Nd,Ir,0O-.

Results

Raman scattering spectra of Nd,Ir,Oy in the temperature range from 50 K
down to 7 K and spectral range between 3 and 40 meV were measured in
(%, x) (A1g + Eg + Tyq scattering channels) and (x, y) (Eg + T, channels)

polarizations in the [111] crystal plane (see Fig. 1(b, ¢)). The spectroscopic
response of Nd,Ir,O; and its temperature evolution are very rich,
reflecting the complexity of the material. The spectra of Nd,Ir,0O5 in the
paramagnetic semimetallic phase above 33 K show narrow intense fea-
tures of phonons above 35 meV superimposed on a broad electronic
scattering continuum. The observed phonon spectrum is in agreement
with previously observed results from Nd,Ir,O; and other pyrochlore
iridates~". Detailed discussions and assignments of the phonons can be
found in the SI. The crystal electric field (CEF) excitations reported in
previous studies of Nd,Ir,0,>*"* are also expected to manifest in the
low-temperature Raman spectrum. Indeed, at 35 K we observed a very
weak excitation at 25 meV (see Fig. 1b, c and Fig. 3g), see Section S1.3 of SI
for more information. However, the overlap of this CEF excitation with
the one magnon excitations M2 and M3, appearing in the spectra below 33
K, poses a challenge in studying its temperature evolution.

A phase transition at T = 33 K is manifested by an appearance of a
number of new excitations in the spectra. Excitations at 26.3 and 29.6 meV
(M2 and M3) appear in both polarization channels at temperatures slightly
above Tﬁl, increase in intensity below the transition, and show small changes
in the position and width on cooling. This temperature evolution of M2 and
M3 is consistent with the expected behavior of spin wave modes above a
well-defined long-range magnetic order. Note that two one-magnon exci-
tations at similar frequencies, 28.6 meV and 34.4 meV, were also observed
Y,Ir,0,%.

A pronounced broad mode (M1) emerges below 33 K at 14 meV. This
mode is only seen in the (x, x) channel, as depicted in Fig. 1b. This mode
gains intensity on cooling the sample down to approximately 20 K. As the
temperature continues to decrease, the mode undergoes a continuous shift
towards higher energies, and its width increases, as illustrated in Fig. 1d.
However, as the temperature falls below T3, = 15K, this robust feature
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Fig. 1 | Temperature dependence of Raman scattering spectra of Nd,Ir,0-.

a Schematic structure of the pyrochlore Nd,Ir,O, with Nd ions shown in orange and
Ir ions shown in grey. b, ¢ Temperature dependence of Raman scattering spectra of
Nd,Ir,0; in the spectra range between 3 and 55 meV, at temperatures between 40 K
and 7 K. Spectral range below 20 K is limited by 12 meV: b (x, x) polarization, A, +
Eg + Ty scattering channels. Note a shift of ¥ (w) along Y axis for clarity; ¢ (x, y)
polarization E, + T, scattering channels. Magnetic excitations discussed in the text

|
20 30 40
T (K)

are labeled M1-M4; d—f. Temperature dependence of the position and line width of
magnetic excitations M1, M2, and M3 peaks measured in the (x, x) polarization. The
background colors, pink, magenta, and blue, mark, correspondingly, the tempera-
ture regions of the paramagnetic phase, Ir ATAO ordered phase, Ir and Nd AIAO
ordered phase.g, h Temperature dependence of positions and line width of the E,
phonon and its two components observed at lower temperatures.

npj Quantum Materials | (2025)10:88


www.nature.com/npjquantmats

https://doi.org/10.1038/s41535-025-00806-y

Fig. 2 | Raman scattering probed one-magnon a
excitations of AIAO ordered Ir sublattice in

Nd,Ir,0;. a A tetrahedron formed by Ir*" ions: six
different types of bonds are denoted by x, y, z, X', ¥/,

and z'. The surrounding oxygen ions of two neigh-
boring Ir** ions form two tilted corner-sharing
octahedra. The angle of Ir-O-Ir is denoted by ¢.

b Magnon band structure for the AIAO order of Ir
moments obtained by the linear spin wave calcula-

tions. ¢, d Comparison of the experimental data (T =

20 K, red line) with the computed one-magnon ;-
Raman response (blue line). ¢ Calculation is done for L

the parallel channel with arbitrary incoming light
polarization in the [111] plane with eu‘ =eél, =
(0.80, —0.26, —0.54) for the parallel channel.

d Calculation is done for the cross polarized channel

with ef; = ell, ek = (—0.16,0.77, —0.61).
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gradually disappears: while at 7 K, the continuum, although of significantly
diminished in intensity, remains discernible; but at 5 K, as can be seen from
the non-polarized Raman spectra presented in Fig. 3g, it totally disappears.
Lastly, below 15K, a weak peak feature (M4) emerges in both scattering
channels, with an energy of ~33 meV.

The absence of the feature at 14 meV (M1) in the (x, y) scattering
channel allows us to follow the change of the continuum of electronic
scattering through the phase transition at T = 33 K. The interpretation of
the frequency dependence of the electronic continuum in terms of the
interband excitations between quadratic bands (T > T) and Weyl bands
(T < TY) is discussed elsewhere™.

The temperature dependence of the phonons typically allows to
uncover the lattice response to magnetic ordering and changes in the
electronic structure. The largest changes are observed for E, phonon at
42 meV (Fig. 1g, h). The changes onset at T} =33 K marked by the magenta
dashed line in the figure, when the splitting of the E; phonon is too small to
resolve (Fig. 1g). Below 20 K, where the splitting of 2 meV between the
components is larger than the line width, we can clearly resolve the doublet.
The spectral weight is shifted to the higher frequency component on further
cooling [Fig. 1(b, g)]

Discussion

To understand the Raman spectra of Nd,Ir,O; below 33 K, we start with
analyzing the existing information on its magnetic response. The data on the
low-temperature magnetic order of the Nd and Ir sublattices were obtained
by the neutron diffraction”*"' and muon-spin relaxation (4SR) experiments’
>26%3 While there are discrepancies in the exact size of magnetic moment of
Nd**, all these studies agree on the ATAO at 2 K. Moreover, there is a
consensus that the order starts developing already below 15 K, suggesting
the effect of a local magnetic field on the Nd** moments, probably caused by
the magnetic ordering of Ir. The magnetic structure of the Ir** sublattice is
hard to probe by neutrons; however the combined evidence from the
resonant X-ray scattering and pSR spectroscopies of pyrochlore iridates,
including Nd,Ir,Oy, suggests that Ir** moments are ordered in the AIAO,
parallel to the surrounding net of Nd** moments™*%***,

Magnetic excitations of Ir*"ions.~The M2 and M3 modes appear at T}/
and are likely to originate from the one-magnon excitations of AIAO
ordered Ir*" magnetic moments. To obtain the magnon spectrum, we first
derive the superexchange interactions between effective spin-1/2

pseudospins of Ir*" ions assuming the perfect octahedral oxygen environ-
ment on the pyrochlore lattice and following the steps outlined in refs. 56,57.
The resulting superexchange Hamiltonian takes the following form:

Hyr = Z [] S Sj + KS?VSJ“IV

(ij), 1)
By oYy msﬁv .
+0o,L;: (S; Sj +S; ; )+Dij (Siij) ,

v

where v determines the type of the bond [Fig. 2a], and we have («,, 8., y,) =
(x5, 2), O 2, %), (2, x, ) for v € (x,X), (,)), (z,2'), respectively. The
prefactor o, equals +1 for v € (x, y,z) and -1 for v € (x',’, 2'). The form of
(1) is also in agreement with the superexchange Hamiltonian obtained from
the symmetry consideration in Ref."’. Given the bond-dependent anisotropy
of the Hamiltonian and the non-collinear nature of the AIAO order, the
one-magnon response is expected to dominate the low-energy Raman
spectrum™. The ATAO state on the pyrochlore lattice gives rise to two
magnon modes at center of the Brillouin zone (BZ) k = 0: one is non-
degenerate and the other is three-fold degenerate with the degeneracy
protected by the symmetry of the ATAO state on the pyrochlore lattice™. The
calculated linear spin wave spectra provide a good agreement with the
experimental data with the following set of parameters: (J, K, I, D) = (6.1,
—54, 3.0, 4.1) meV, producing I-point one magnon modes at 26.3 and
29.6 meV (are shown in Fig. 2b). We computed the one-magnon Raman
response within the Loudon-Fleury approach®, in which the Raman
operator mirrors the processes governing exchange interactions but with
virtual electron hopping being assisted by photons. It can be written as
Ry = ) (€ - 1) (€qy - 1) Hyy > Where ein(eoy) is incoming (outgoing)
polarization of light, and r;; denotes the vector connecting site i and j of Ir
ions. Traditionally, it was believed that the Loudon-Fleury response results
primarily in the two-magnon scattering with AS® = 0, involving the creation
or destruction of a pair of magnons. However, this perspective is not
universally applicable. It was recently shown™ that in strongly correlated
Mott insulators with spin-orbit coupling and bond-dependent anisotropic
interactions, a one-magnon response naturally emerges. This is also
true here.

Our results for the parallel and the cross polarized channels
reproduce well the two bands M2 and M3 (Fig. 2¢, d). As a con-
sequence of the 3:1 ratio of degeneracies of the one-magnon
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Fig. 3 | Raman scattering probed magnetic excitations of Nd sublattice in
Nd,Ir,0;. a Local environment of Nd-Nd superexchange interaction, blue bonds
denote the original superexchange paths without Ir ions, and teal bonds indicate
additional superexchange paths involve Ir ions. b Schematic representation of Nd-
Nd superexchange interaction, the Nd-Nd superexchange (blue) is renormalized by
the additional superexchange paths involving Ir ions (teal). ¢ Schematic repre-
sentation of a Nd ion surrounded by its six nearest neighboring Ir ions, where the
directions of the AIAO-ordered Ir moments are given in the global reference frame.
d Spinons are created on the diamond lattice (A and B sublattices of Nd tetrahedra
are shown in light and dark orange, respectively) formed by the centers of Nd
tetrahedra. e A comparison of the experimental data (upper panel) with the com-
puted Raman response from the two-spinon continuum (lower panel). Two-spinon
Raman response is computed for the parallel channel (blue curve) for an arbitrary
incoming light polarization in the [111] plane [eﬂ‘ = el,‘ut =(0.80,—0.26,—0.54)
and for the cross channel (red curve) with e = (0.80, —0.26, —0.54),

L =(=0.16,0.77, —0.61). The results are in a good agreement with the

Cout

Raman Shift (meV)

Raman Shift (meV)

experimental data (T = 20 K), where only the parallel channel gives a strong Raman
intensity. f A comparison of the experimental data at T'= 7 K (upper panel) with the
computed Raman response from the two-magnon excitation of all-in-all-out
ordered Nd moments (M4). Two-magnon Raman response computed for the same
light polarizations as in (e). In the experimental data M4 feature is weak compared to
other observed excitations. g A summary of experimental Raman spectra of
Nd,Ir,05 in three different states: in paramagnetic semimetalic state at T = 35 K,
crystal field excitation (CEF) of Nd is observed at 25 meV, at T = 16 K, where M1
feature of Nd-spinon continuum is observed together with one-magnon excitations
of Ir M2,M3; And in the state where both Nd and Ir moments are ordered all-in-all-
out at T'=5 K. Note that M2 and M3 one-magnon excitations of Ir are found at the
same frequencies as at T = 16 K, while M4 two-magnon excitation of Nd order
appears instead of the spinon continuum (insets depict the 2120 state and AIAO
state of Nd moments, respectively). All three plots are showing the Raman response
in (x,x) channel.

excitations at the I-point, the computed intensity of the 29.6 meV
one-magnon peak is higher than of the 26.3 meV peak, in agreement
with the experiment. Moreover, the one-magnon peak M2 corre-
sponds to the 1D irreducible corepresentation (for simplicity, we still
refer them as “irrep”) of m3m’ magnetic point group, which is
derived from the 2D irrep E, of the paramagnetic group.

A continuum of two-magnon excitations expected within the Loudon-
Fleury theory is absent in the Raman spectra of Nd,Ir,0O; despite the flat
magnon bands (Fig. 2b) which would result in a peak at around 65 meV.
Two-magnon excitation was also not observed in Eu,Ir,O,*, and some
other pyrochlore iridates’'. This energy range overlaps with the interband
electronic excitations®, which can mask the observation of the two-
magnon band.

Magnetic response of Nd**sublattice.~ In contrast to iridium sublattice
which was not probed by neutron scattering, neutron scattering was suc-
cessfully used to probe crystal field excitations of Nd*", with first excited
state at 25 meV, and second at 40 meV°'. Also, a splitting of the ground state
doublet of Nd’* ions resulting in a 1.3 meV mode with weak dispersion in an
ATAO state was detected”*”". In our Raman spectra in both (x,x) and (x,y)
scattering channels the lowest crystal field excitation at around 25 meV is
observed above T} (see Fig. 3 g, ref. 62,and SI), and is barely distinguished at
lower temperatures due to the more intense M2 magnon of Ir AIAO order at
close frequencies. Phonons at around 40 meV obscure the second excitation
in Raman scattering.

Additionally, with Raman scattering spectra measured to much higher
energies than neutron scattering, we observe that M4 excitation appears at
energies around 33 meV below T} in both polarizations [see Figs. 1(b, c)
and 3g].

A fully ordered AIAO state for Nd*" moments is confirmed at 2 K by
neutron scattering measurement. A comparison with the well-studied spin
dynamics of Nd,Zr,0,** and Nd,Hf,O,* reveals that the Nd’>" moment'’s
dynamics in Nd,Ir,0O; occurs at significantly higher energy and temperature
scales. This difference arises because the magnetic ordering of the Ir*" ions
on the B-sites provides both a local field and a renormalization of the
exchange couplings of the Nd** moments, in contrast to the non-magnetic
B-site ions in Nd,Zr,O, and Nd,Hf,O,. In this sense, below 33 K, the
ordered Ir*" moments strongly influence the dynamics of the Nd**
moments. Within a mean-field picture, this local field is proportional to the
net effective magnetic moment, (S, ), generated by six neighboring Ir
moments, (my,), which point along the local z-axis (one of the global [111]
directions) at each Nd site”" [see Fig. 3c]. The net moment acting on Nd ion
is equal to (S}, 1) = 2(my,)/uy because four out of six neighboring Ir
moments sum up to zero. At temperatures just below 33 K, the AIAO
ordered moment in Nd subsystem is small due to the smallness of (S}, ;,),
but it becomes more pronounced at lower temperatures as (S, ) and,
consequently, the net local field increase.

The AIAO order induced by the local field Ay, would, by itself,
represent a purely local effect. In contrast, the additional mode M4 observed
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in Raman scattering below T}, at 33 meV exhibits an energy and tem-
perature dependence characteristic of a two-magnon Raman response
associated with the AIAO-ordered Nd** moments. This mode is a collective
excitation and indicates relatively strong interactions between Nd moments.
To fully understand this behavior, it is necessary to formulate the complete
renormalized Hamiltonian for the Nd** magnetic moments:

Hyg = Hya-na + Hnaone

= (z; T + 1,07 4 T — g Y7, )
if i

Here Hyq_ng takes into account the renormalization of interactions
between Nd’* from It*" ions. The local environment of Nd magnetic
moments, schematically depicted in Fig. 3a, b, shows how partially filled
extended 5d orbitals of Ir** ions provide many additional superexchange
paths between Nd** ions, renormalizing exchange interactions.

The renormalization of magnetic interactions between rare-earth
atoms through hybridization with the extended orbitals of non-rare-earth
atoms is not unique to iridates. Interactions between Nd*" magnetic
moments renormalized by Cu**-Nd*" interactions are suggested for mag-
netic behavior Nd,CuO,. In fact, a competition between Cu**-Nd** and
Nd**-Nd’" is suggested to be temperature dependent®. Another scenario of
renormalized interactions between rare earth atoms through RKKY inter-
actions with Weyl electrons is exemplified by Weyl semimetals NdA1Si**”
and CeAlSi”". In application to Nd,Ir, Oy, this concept is partially illustrated
in the Supplemental Information in r ef.’, which suggests that weak electron
correlations on the Ir sites enhance the relative importance of Kondo-like
interactions between the Ir and Nd subsystems. Interestingly, ref. 36 also
proposes that such interactions favor 2120 spin configurations for Nd
moments over the ATAO order.

We use the Hamiltonian (2) to compute two-magnon response M4 of
the AIAO Nd** order (Fig. 3f) The absence of 77° and 7*7’ terms in the
minimal model rules out the one-magnon excitation origin of M4. To
compute two-magnon Raman responses of M4, we also incorporate a small
anisotropy between J, and J,.. The observation of the two-magnon excita-
tion at 33 meV below T}, suggests that interactions between Nd moments
are strongly renormalized, reaching energy scales on the order of a few meV.
We also note that the calculated intensity of the two-magnon response
exhibits a stronger polarization dependence than that observed experi-
mentally (see Fig. 3e, f). This discrepancy may be related to the use of the
Loudon-Fleury approximation” in our calculations. In particular, the
multiple superexchange paths giving rise to the effective superexchange
couplings in Hamiltonian (2), illustrated in Fig. 3a, can give rise to non-
Loudon-Fleury terms in the Raman operator, which may contribute sub-
stantially in the cross-polarization channel®. Such contributions could
significantly modify the polarization dependence. However, considering
these terms in this case is a challenging task that lies beyond the scope of
this paper.

Magnon-spinon dichotomy of Nd**excitations.— Now we will discuss
the M1 excitation at 14 meV present in the intermediate temperature regime
between ordering temperatures of Ir and Nd magnetic moments. This
excitation appears below TY and remains relatively sharp only in a narrow
temperature region (Fig. 1b, d). We can rule out a phonon origin for M1, as
well as crystal field excitations of Nd**®. Furthermore, M1 cannot be
attributed to magnetic excitations of the Ir ions, as those are well captured by
the M2 and M3 modes discussed earlier in the manuscript, which show only
minor changes below 33 K. The fact that M1 mode gradually disappears
below the crossover temperature into the AIAO order of Nd’** magnetic
moments, combined with its broad, continuum-like spectral width, suggests
that M1 originates from excitations of the disordered phase of the Nd**
moments.

However, we also cannot associate the M1 feature in the Raman
response spectrum with fluctuations of the AIAO order. While there are
multiple examples of two-magnon responses persisting above the magnetic
transition””, including the two-magnon scattering observed across the

ATAO transition in the insulating pyrochlore Cd,0s,0,”, the behavior of
M1 in Nd,Ir,05 is distinctly different. The M1 excitation, appearing around
14 meV, cannot be the fluctuating remnant of the M4 two-magnon mode
associated with Nd** AIAO order, because it emerges at a much lower
energy than expected for fluctuating two-magnon scattering and is sig-
nificantly more intense than M4. Moreover, if M1 originated from fluc-
tuations of the AIAO order, it would be expected to preserve the same
symmetry as M4 and appear in both polarizations. Instead, M1 is observed
only in the (x,x) polarization channel. These observations strongly suggest
that M1 must have a different origin.

Unfortunately, the origin of this magnetic continuum remains unre-
solved. We speculate that the continuum of excitations observed at 14 meV
in the Raman response at intermediate temperatures could arise from
fluctuations associated with the spin-ice-like phase of Nd** moments,
analogous to the behavior observed in Nd,Zr,O,, where 2120 fluctuations
persist above the AIAO ordering temperature™”*,

In such a fluctuating 2120 regime, the system supports collective
excitations, including gapped, deconfined spinons and emergent gapless
gauge modes, often referred to as emergent photons****. The Raman
response from this phase is expected to be dominated by the spinon exci-
tations revealing themselves in the form of a broad two-spinon continuum
“. If a similar fluctuating 2120 state develops in Nd,Ir,O; at intermediate
temperatures, it could naturally account for the broad continuum-like
Raman response observed at 14 meV, distinct from both phonon’s features
and conventional two-magnon excitations associated with AIAO ordering.

As a result, magnetism of Nd sublattice below T% is governed by a
competition between renormalized Nd-Nd interactions, which favor 2120
order, and the local field fy,, generated by AIAO ordered Ir** moments. At
temperatures near 33 K, (% 1) is small, and the system predominantly
exhibits a 2120 ice state with only a small fraction showing ATAO order. On
cooling down, Ty < T < TV, (%, ) increases, progressively driving more
Nd moments into the AIAO state through the local field, leading to a strong
temperature dependence of the M1 feature. Below 15 K, the prevalence of
2120 correlations diminishes, and the Raman response becomes dominated
by magnon excitations associated with the fully developed AIAO order of
the Nd** moments. The competition between the 2120 spin-ice phase and
AIAO order is further explored in the Supplementary Information, where
we analyze a minimal model that includes superexchange interactions
favoring the 2120 phase and a local field from the ordered Ir sublattice that
supports ATAO order of Nd moments. We also derive the excitation spec-
trum of gapped spinons, which contribute to the Raman response.

The Raman response from the two-spinon excitation continuum in the
parallel and cross polarizations shown in the lower panel Fig. 3e, with the
incoming and outgoing light polarization same as in the case of the one-
magnon response shown in Fig. 2¢, d,is computed using the Raman operator
for the QSI derived in ref. 46:

Ry = D [(@n - #)(eou - 1) + (€)oo )| Hlss  (3)
(ij)

where p; and g; denote the relative position vectors of spinons associted with
Hy (see Fig. 3d). In our calculation, we set the effective couplings of Nd
magnetic moments j=1/2 to ], = 12.0 meV, J,,, = — 3.0 meV, and the local
field to Ay, = 12.0 meV. For these parameters, the resulting two-spinon
Raman response qualitatively reproduces the main features of the M1 band
shown in the upper panel of Fig. 3(e), with strong Raman intensity
appearing only in the parallel polarization channel.

Splitting of 42 meV Egphonon.— Lastly, we would like to address the
distinctive aspects of the phonon dynamics observed in our Raman data.
Below T, the changes in the phonon spectrum become evident, most
notably in the E, phonon at around 42 meV. On cooling, this phonon
broadens and splits, with the spectral weight shifting towards the higher
frequency component (see Fig. 1(b, g)). These observations provide insights
into how the lattice of Nd,Ir,O; responds to the magnetic ordering and the
changes in the electronic structure. While a separate study is required to fully
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understand the lattice response in such a complex system as Nd,Ir,0,
featuring two interacting magnetic sublattices and a complex electronic
structure, here we provide some qualitative description.

The observed lattice response can stem from two main scenarios: (i)
magneto-elastic coupling and (ii) electron-phonon coupling. In the first
scenario, the magneto-elastic coupling arises from the dependence of the
coupling between magnetic moments on the distance between them. It is
usually large in the systems with strong spin-orbit coupling. In the para-
magnetic phase, the E, phonon couples to the linear combinations of
magnetic bond energies transforming under the compatible 2D irrep of the
paramagnetic group. Below the ATAO ordering transition, since phonons
and magnetic fluctuations are linearly coupled by magneto-elastic coupling,
the system’s symmetry reduces to m3m’, in which 2D irrep E, splits into two
distinct 1D irreps. Subsequently, one of the two phonons couples with the
compatible one-magnon mode, M2, resulting in the splitting of the E,
phonon mode of the paramagnetic phase below TY. It is essential to note
that this phenomenon is solely dynamical and doesn’t necessarily induce
lattice distortion. Further details regarding the symmetry analysis can be
found in Section S2 of the SIL.

In the second scenario, the splitting of the E, phonon modes is
attributed to electron-phonon coupling. Although we do not believe this
scenario applies to Nd,Ir,O, previous investigations in other iridium
pyrochlores, like Pr,Ir,0,” and Ew,Ir,0,", have indicated that electron-
phonon coupling can significantly impact phonon dynamics.

In conclusion, the complex temperature dependence of the Raman
response in the magnetic pyrochlore Nd,Ir,O; reveals the intricate interplay
between electronic, magnetic, and lattice degrees of freedom. Below T%f], we
observe the appearance in the spectra of the I'-point magnons of AIAO
ordered Ir moments. Our calculations, fitted to the observed magnon fre-
quencies, identify the key parameters of the magnetic interactions between
Ir*" moments.

The AIAO ordering of Nd** moments sets in at a relatively high
temperature and is accompanied by an appearance of an additional exci-
tation at 33 meV, which we assign to the two-magnon excitation of this
order. This suggests that the coupling between the Ir and Nd sublattices
significantly enhances the interactions between Nd** moments. We spec-
ulate that a broad Raman feature centered at 14 meV in the intermediate
temperature range (20K < T < Tfr') could represent a collective excitation
from 2120 fluctuations of Nd*" moments driven by the enhanced
interactions.

It is worth noting the similarity with a rare earth Weyl semimetal
NdAISi in the hierarchy of magnetic transitions, where antiferromagnetic
incommensurate order is observed below 7.2 K, and a ferrimagnetic tran-
sition into commensurate state at 3.3 K. Even for these systems with only
one magnetic sublattice, final agreement upon the source of renormalized
interactions is reached, with ab initio calculations suggesting an enhanced
through orbital hybridization superexchange scenario”.

This enhancement of Nd-Nd interactions makes Nd,Ir,O, an intri-
guing platform for exploring rare-earth magnetism and potentially quan-
tum spin ice physics.

Methods

Nd,Ir,0; single crystals were grown by the KF-flux method”® and possess
as-grown octahedron-shaped (111) facets. Raman scattering spectra were
collected from (111) cleaved surface of a single crystal of Nd,Ir,O; using two
different Raman setups. The first setup allowed us to measure non-polarized
Raman spectra in the temperature range from 300 to 5 K and in the spectral
range down to 10 meV. Selected spectra from these measurements are
shown in Fig. 3g. The measurements were done using Horiba Labram HR
Evolution spectrometer equipped with Olympus microscope and an ultra
narrow notch filter. The spectra were excited using a 532 nm laser radiation.
Sample was placed in a He flux cryovac micro Konti cryostat. The exact
temperature of the sample was obtain by a comparison of Stokes and anti-
Stokes intensities.

Table 1 | Components of Raman tensor for (x, x) and (x, y)
polarizations in measurements geometry when polarization x
and y of electrical vectors e;, and e,,,; are parallel to the [111]
crystalographic plane

Geometry Aig Eg T2g
X, x) a b? a?

*x.y) 0 b? 22
(R, R) 0 2p? 4q?
R, L) 2 0 142

The second Raman scattering apparatus allowed us to obtain polarized
spectra in the temperature range 300-15 K for frequencies down to 3.5 meV
(triple monochromator option) and at temperatures down to 7 K with the
spectral range limited by 12 meV atlow frequencies (single monochromator
and edge filter option). Selected spectra are shown in Fig. 1b, c. These
measurements were done using the Jobin-Yvon T64000 triple mono-
chromator spectrometer equipped with a liquid nitrogen cooled CCD
detector with spectral resolution of 2 cm™. 514.5 nm line of Ar*-Kr" mixed
gas laser was used as the excitation light. The intensity of the incident light
was 3 mW at 4 Kand 10 meV above 4 K for single monochromator, and 15
meV for triple monochromator measurements. The laser heating was
estimated to be about 1 K per ImW. The measurements were performed in
pseudo-Brewster’s geometry using an elliptically shaped laser probe of 50 by
100 microns in size. The polarization-resolved spectra were measured in
four configurations: z(xx)z, z2(xy)z, Z(RR)z,and Z(RL)z, where R(L) denotes
the right (left) circular polarization, which allow to detect scattering chan-
nels of symmetries summarized in Table 1. For low temperature measure-
ments the sample was mounted on the cold-finger of Janis ST-500 cryostat,
which can be cooled down to 4 K without laser heating. The presented
Raman response X”(w, T) was normalized on the Bose-Einstein factor [#n(w,
T) + 1], where n(w, T) = [exp(hw/kyT) — 117" is the Bose occupation
factor.

To correct for the small deviations of the intensity of Raman response
in different measurements, which were less than 20% for the same excitation
power, all the spectra were normalized to the intensity of the A;; phonon at
63 meV and the band at 82 meV.

Fitting of the experimental spectra was done by means of least squares
assuming Lorentzian peak shapes for magnetic excitations and phonons,
with the resulting function

/" /" 1 N Airi
X'(@) = yy@+-->

2n i (w — cul-)2 + (I‘,-/Z)2 ’ )

where w;, I, and A; correspond to the center, full width, and amplitude of the
ith Lorentzian peak, and y;(w) is the continuous electronic background.
The detailed fitting results are shown in the supplement information.

Data availability

Data is available from the corresponding author on a reasonable request.
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