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Terahertz lattice imprint of a hidden multipolar ordering transition in Gd,Ru,0-

Nicolas M. Kawahala®, Rafael L. Sabainsk ®," Esteban Marulanda, Rafael S. Freitas®, and Felix G. G. Hernandez ®
Instituto de Fisica, Universidade de Sao Paulo, 05508-090 Sdo Paulo, SP, Brazil

® (Received 16 July 2026; accepted 19 October 2026; published 2 November 2026)

Magnetic order carried by higher-rank multipoles produces no net moment and couples only weakly to conven-
tional dipolar probes. Recently, the lattice has been proposed as an alternative detection channel for the associated
ordering transitions. Here, we report magneto-terahertz time-domain spectroscopy of the pyrochlore ruthenate
Gd,Ru,05, in which a single spectrum resolves an exchange-split Gd>* transition and an infrared-active optical
phonon. The temperature and field dependence of the magnetic mode give two independent determinations of the
internal exchange field at the rare-earth site, which yield a magnitude of 5-6 T and a free-ion g factor. The optical
phonon, sensitive to spin-disorder scattering rather than to the static exchange field, exhibits a sharp anomaly in
frequency and lifetime at 10 K that shifts to 30 K under 7 T, which we identify as an ordering transition of the
Gd sublattice hidden from bulk thermodynamic probes. These results identify spin-phonon coupling as a route
to rare-earth ordering transitions in multipolar magnets, one that is applicable to polycrystalline samples.

DOI: 10.1103/m693-z3kk

I. INTRODUCTION

Understanding how magnetic order couples to lattice de-
grees of freedom is a central problem in correlated electron
systems [1,2], where exchange interactions, local moments,
and phonons can become strongly intertwined. Pyrochlore
ruthenates containing magnetic rare-earth ions, R,Ru,0O7;
(R = rare earth), provide a particularly attractive platform to
investigate this interplay owing to the coexistence of localized
4f moments and itinerant or partially localized Ru 44 mag-
netism [3,4]. In these compounds, magnetic ordering of the
Ru sublattice can generate an internal (molecular) exchange
field that couples to the rare-earth ions, as demonstrated by
the Zeeman-like splitting of the Ho** crystal-electric-field
(CEF) levels in Ho,Ru;0; [5-7]. Related CEF excitations
have also been recently reported in Ho,Zr,O7 [8]. In contrast,
Gd,;Ru,07 exhibits comparatively weak CEF effects. Mag-
netic susceptibility and specific-heat measurements revealed
a low-temperature Schottky-like anomaly, providing indirect
evidence that Ru ordering splits the Gd>* ground-state mul-
tiplet through an internal exchange field and progressively
polarizes the Gd moments [9]. Although antiferromagnetic or-
der of the Ru sublattice is established below Ty ~ 114 K [10],
an independent phase transition associated with long-range
ordering of the Gd moments has not been directly identi-
fied by bulk thermodynamic probes [9-11]. More recently,
first-principles calculations have predicted a higher-order

“Present address: Institute of Physics, Goethe University Frankfurt,
Max-von-Laue-Strafe 1, 60438 Frankfurt am Main, Germany.
TContact author: felixggh@if.usp.br

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2026/8(4)/043114(8)

043114-1

cluster-multipolar ground state involving the Gd sublattice in
this material [12].

Across the family of rare-earth pyrochlores, multipolar
magnetism has emerged as a central theme, with quadrupo-
lar and octupolar degrees of freedom giving rise to hidden
ordered states and quantum spin liquids [13-15], whose
fractionalized excitations have recently been predicted [16]
and spectroscopically demarcated by field-dependent neutron
scattering in Ce,Zr,O7 [17]. Because these higher-rank cor-
relations couple only weakly to conventional dipolar probes,
a parallel effort has developed around optical and lattice-
based channels. For instance, multipolar symmetry breaking
is predicted to generate a sizable dual-circular Raman opti-
cal activity in which a multipolar phonon plays an essential
role [18], an effect recently measured in the electric-toroidal-
octupolar state of single-crystalline pyrite FeS, [19]; octupo-
lar order renders degenerate optical phonons pseudochiral,
motivating helicity-resolved Raman as a probe of hidden or-
der [20]; ferroic-octupolar order has been detected through
symmetry-forbidden second-harmonic generation [21]; and
optically induced multipolar order is predicted to couple to
the lattice and leave structural fingerprints [22]. These ap-
proaches establish the lattice as a viable channel for multipolar
order, but they are largely nonlinear or polarization resolved
and therefore demand oriented single crystals. Complemen-
tary approaches sensitive to lattice responses and excita-
tion dynamics in linear response are therefore increasingly
important [23].

In this vein, anomalies in phonon frequencies and
linewidths across magnetic phase transitions provide evidence
for spin-lattice coupling in a broad range of correlated materi-
als [24-27], yet without direct access to the internal exchange
field underlying these effects. In pyrochlore ruthenates, simi-
lar behavior has been reported in the nonmagnetic rare-earth
site analog Y,Ru,07, where anomalous spin dynamics and
strong spin-phonon coupling have been observed [28,29].
What has not been established, however, is a route to the
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internal exchange field itself, its magnitude and its orienta-
tion, together with its imprint on a distinct lattice excitation
across a magnetic ordering transition. In this context, tera-
hertz time-domain spectroscopy (THz-TDS) offers a unique
opportunity to probe magnetic excitations and infrared-active
optical phonons within the same spectral window [1,30-32].
In rare-earth pyrochlores specifically, magneto-optical tera-
hertz spectroscopy has resolved the field splitting of Tb>*
crystal-field doublets in Tb, Ti, O and shown that quadrupolar
vibronic coupling is required to describe them [33], establish-
ing the sensitivity of this spectral window to both rare-earth
level structure and its coupling to the lattice.

Here, we use magneto-THz-TDS to directly access the
low-energy electrodynamics of Gd,Ru,O;. We identify a low-
frequency excitation that emerges at low temperature and
exhibits a strong field dependence, consistent with a transi-
tion between exchange-split Gd** magnetic levels. From its
temperature and field evolution, we obtain two independent
spectroscopic determinations of the internal exchange field
acting on the Gd sites, together with its orientation rela-
tive to the applied field. In parallel, we resolve a strongly
temperature- and field-dependent optical phonon whose fre-
quency, linewidth, and spectral weight display comparably
sharp anomalies at the established Ru-ordering temperature
and at the temperature scale associated with Gd order-
ing. Tracking both excitations within a single spectroscopic
framework, we show that the internal exchange field is si-
multaneously encoded in the lattice response, establishing a
spectroscopy route to unresolved multipolar ordering transi-
tions and spin-lattice coupling in correlated pyrochlores.

II. RESULTS AND DISCUSSION

Figure 1(a) shows the pyrochlore crystal structure of
Gd,Ru,07, consisting of two interpenetrating magnetic sub-
lattices of corner-sharing Gd** and Ru** tetrahedra. The
measurements reported were performed on a pressed pow-
der pellet 527 um thick and 3 mm in diameter. The sample
was synthesized by a conventional solid-state reaction. High-
purity Gd,O3 and RuO, oxide powders, obtained from
Sigma-Aldrich with 99.9% purity, were mixed in stoichio-
metric amounts to yield 2 mmol of Gd;Ru,;0O;. The mass
of the precursor oxides was measured using a high-precision
analytical balance, after presintering at 600 °C for 3 h, re-
ducing adsorbed moisture. The powders were then grinded
in an agate mortar for about one and a half hours, and the
resulting mixture compressed into a pellet and placed under
heat treatment of 1000 °C for 24 h. The whole process was
repeated and five thermal treatments were performed.

Figure 1(b) illustrates the Faraday-geometry magneto-
THz-TDS configuration [34-36] employed to measure the
pellet sample under external magnetic fields Bex up to 7 T
and at temperatures between 1.6 and 200 K. The real optical
conductivity spectra o;(v) were extracted from the terahertz
transmission data [37-39]. Further experimental and analysis
details are provided in the Appendixes.

The temperature dependence of o(v) at Bey =0T is
shown in Fig. 1(c). Near 2.6 THz, a broad resonancelike
feature persists across the entire temperature range, while
a second contribution around 2 THz rapidly weakens upon
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FIG. 1. (a) Gd;Ru,0; crystal structure, rendered from data in
the Materials Project [41]. (b) Schematic of the Faraday-geometry
magneto-THz-TDS setup near the sample position. (c) Real part of
the optical conductivity at zero external magnetic field for temper-
atures between 1.6 K (blue) and 200 K (yellow). Inset: Magnified
view of the low-frequency region, highlighting the emergence of a
resonance near 0.15 THz at low temperatures.

cooling. Features in this range have been attributed to O—
Gd-O optical phonons [40] or a magnetic spin gap of the Ru
sublattice [28]. At 1.4 THz, a sharp resonance dominates the
spectral weight and exhibits anomalies in its line shape. The
inset of Fig. 1(c) further reveals a much weaker mode around
0.15 THz emerging below 30 K. In the following, we focus on
the two lower-frequency modes.

Figure 2(a) highlights the frequency range around the
weaker mode (v < 0.5 THz) and compares the corresponding
response at Beyy = 0 and 7 T for representative temperatures.
At 1.6 K, the resonance frequency at Bey = 7T is nearly
twice its zero-field value, establishing the magnetic origin of
the mode, which remains clearly visible over the full tem-
perature range. Moreover, the finite frequency of the mode
at zero external field and its suppression above 30 K indicate
the presence of an internal exchange field By, that becomes
significant at low temperatures. This scale coincides with the
broad Schottky-like anomaly reported in the specific heat of
Gd,Ru,07 [9], attributed to the splitting of the Gd3* multiplet
by the molecular field of the Ru sublattice, suggesting that the
observed excitation may originate from the same exchange-
splitting mechanism.Lorentz-model fits of this mode yield the
oscillator strength €2, resonance frequency vy,, and scattering
time 7, shown in Figs. 2(b)-2(d). At Bexe = 0T, these param-
eters evolve monotonically with temperature, whereas under
7 T the mode exhibits two distinct regimes. Upon cooling
from 200 K, the mode remains nearly unchanged down to
110 K before undergoing a marked hardening accompanied
by substantial increases in both spectral weight and damping.
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FIG. 2. (a) Low-frequency optical conductivity showing a resonance associated with exchange-split Gd levels, for representative temper-
atures, measured at Bey, = 0T (shaded lines) and 7 T (solid lines). Temperature dependence of the fitted (b) oscillator strength, (c) resonance
frequency, and (d) scattering time at By, = O T (hollow markers) and 7 T (filled markers). Vertical dashed lines mark characteristic temperatures
associated with Ru- and Gd-related anomalies discussed in the text, with values 10, 30, 75, and 110 K. (e) Optical conductivity in the phonon
frequency range at the same external magnetic fields and temperatures shown in panel (a). (f)—(h) Temperature dependence of the corresponding
phonon parameters. For clarity, spectra corresponding to different temperatures in panels (a) and (e) are vertically offset.

The onset of this evolution coincides with 7y [10], indicating
that the excitation is directly sensitive to the development of
Ru magnetic order.

Below 75 K, the mode at Bey = 7T enters the second
temperature regime. While vy, continues to evolve through a
weak hardening and the damping is gradually reduced upon
cooling, ©2,,, exhibits a plateau between 75 and 40 K followed
by a renewed increase. Although the monotonic evolution
of Q. and v, observed at B = 0T is consistent with the
progressive polarization of the Gd moments induced by the
molecular field established by Ru ordering, the results under
Bex = 7T cannot be explained by this crossover alone. The
renewed increase of 2, and the slightly stronger hardening
of vy, below 40 K suggest a further enhancement of By, as-
sociated with the onset of a distinct low-temperature ordered
state. Such an ordering is expected to involve the Gd sublattice
in this temperature range [4]. '>Gd Mossbauer spectroscopy
shows the Gd moment growing steeply below about 40 K, al-
though no phase transition was resolved between Ty and 4.2 K
[10]. Recent first-principles calculations further predict this
state to adopt a higher-order cluster-multipolar configuration
in Gd,Ru, 07 [12], which is expected to remain largely elusive
to conventional thermodynamic probes [9].

Collectively, the observations in Figs. 2(a)-2(d) iden-
tify this mode as a transition within the exchange-split
8, ,2 multiplet of Gd**, governed by an effective field
comprising external and internal exchange contributions.
Furthermore, they provide a spectroscopic measure of Biy
acting on the rare-earth site. At Bey = 7T and 200 K,
well above Ty where Bj, is absent, the measured v,

corresponds to a splitting Ay = 0.202(1) THz, establishing
the calibration A/B = 0.029(1) THz/T. Since A = gugB/h,
this calibration constitutes a direct determination of the
ground-multiplet g factor, g = h(A/B)/ug = 2.07(7), in
agreement with the value g & 2 expected for the L =0, § =
7/2 ground state of the half-filled 4 f7 shell of Gd**, and con-
firming the magnetic-dipole character of the transition. Hence,
at 1.6 K and zero applied field, the measured splitting A, =
0.155(3) THz yields B, = 5.4(2) T. We compare this value
with the molecular field expected at the Gd site. Analysis
of “Ru and '>>Gd Maossbauer spectra gives the molecular-
field coefficients Apy.ga = £14(1)kOe/up and Agg.ga =
—4.9(6) kOe/up [10]. With the saturated Gd moment of 7ug
and Ru moments in the reported range 1.2—2.6up, the Ru
and Gd sublattices contribute 1.7-3.6 and 3.4 T, respectively,
so that a field of 5-7 T is expected at the Gd site. Our spectro-
scopic determination agrees with this hyperfine estimate, and
the comparison of magnitudes is independent of the orienta-
tion of the crystallites.

At Bex; = 7T and below Ty, where the effective field com-
prises external and internal contributions, the corresponding
splitting satisfies A? = A2, + A% 4+ 2AeqAinccos6. The
measured splitting A = 0.280(1) THz at 1.6 K, together with
the extracted values of A and Ajy, yields 6 = 78(1)°, cor-
responding to an internal field nearly transverse to the applied
field. Because the sample is polycrystalline, 6 is an effective
angle between Bj,; and the laboratory field, and not a crystallo-
graphic one. An internal field oriented at random with respect
to Bexy would give (cos6) = 0 and a splitting of 0.255 THz
at 7 T, well below the measured value. The internal field is
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therefore not isotropically distributed relative to the applied
field. For context, we note that previous measurements of
the angle enclosed by the Ru moments and the local [111]
direction reported a value of 72° [10], while more recent
calculations predicted 82° for the Ru and 80° for the Gd
sublattices [12].

We next examine the dominant mode near 1.4 THz. Fig-
ure 2(e) shows the optical conductivity spectra in the range
0.5-2.0 THz for the same temperatures and fields as in
Fig. 2(a). Lorentz-model fits yield €2p, vp, and 7, shown in
Figs. 2(f)-2(h). The large spectral weight, persistence well
above Ty even at B.,; = 0T, and weak field dependence of v,
identify this resonance as an infrared-active optical phonon.
All three parameters exhibit pronounced anomalies at the
characteristic temperatures identified above, indicating that
the phonon dynamics are intimately coupled to the underlying
magnetic energy scales.

At Bexy =0T, v, hardens at 110 K and softens at 10 K,
while 7, exhibits pronounced maxima at both temperatures.
Since the phonon linewidth is sensitive to spin-disorder scat-
tering, which is suppressed as magnetic correlations develop,
each maximum in 7, is consistent with an abrupt reduc-
tion of spin fluctuations accompanying the onset of magnetic
order, rather than a gradual crossover. Accordingly, the high-
temperature anomaly coincides with the well-established Néel
transition of the Ru sublattice, while its displacement to 75 K
under Bey = 7T is consistent with a field-induced suppres-
sion of Ru antiferromagnetic order.

Likewise, the comparably sharp anomaly near 10 K occurs
at the temperature scale expected for Gd ordering [10,12],
while its shift to 30 K under B., = 7T coincides with
the renewed evolution of the exchange-split Gd>* excitation
discussed above. The absence of a distinct zero-field coun-
terpart in the magnetic excitation is consistent with the broad
Schottky-like evolution of the exchange-split Gd multiplet [9],
which spans this range and may obscure a narrower transition
in both the magnetic and bulk thermodynamic responses. This
10 K anomaly is distinct from the crossover near 40 K below
which the Gd hyperfine field rises steeply [10]. That crossover
reflects the growth of the induced Gd moment, which is al-
ready close to saturation at 10 K.

Three effects account for the absence of a signature in
earlier work. The ordered Gd configuration, reported as a 32-
pole [10] and predicted to be cluster multipolar [12], carries
no net moment for magnetization or dipolar magnetic scatter-
ing to detect. The asymmetry parameter of the electric-field
gradient at the Gd site vanishes, so that '>>Gd Mdssbauer
spectroscopy determines the magnitude of the hyperfine field
and its polar angle, but is insensitive to the moment directions
within the plane perpendicular to the local threefold axis [10],
where the multipolar degree of freedom resides. In the spe-
cific heat, the magnetic entropy of the Schottky anomaly,
31.7Jmol~! K1, is nearly eight times that released at the Ru
ordering transition, 4.17J mol™' K~ [9], so that a comparable
anomaly of the Gd sublattice would be a small perturbation
on a much larger smooth background. The phonon therefore
provides independent spectroscopic evidence for an otherwise
elusive Gd-ordering transition.

To further examine the field dependence of both excita-
tions, we measured the optical conductivity as a function of

By at 1.6 and 120 K, corresponding to temperatures below
and above Ty, respectively. Figure 3 compares these spectra
in the same frequency ranges analyzed in Fig. 2, together with
the field evolution of the fitted Lorentz-model parameters. At
1.6 K, the magnetic excitation [Figs. 3(a)-3(d)] exhibits a
pronounced field-induced hardening, whereas at 120 K the
resonance becomes observable only above Bex = 6T, con-
sistent with the external field reaching the same energy scale
provided by Bj, at low temperatures.

The field dependence of v, is well captured by the
Zeeman-like splitting A = gupBesr/h, with Bgff = ngt +
B2 + 2BexBinccos 6, as indicated by the dashed curve in
Fig. 3(c). This fit yields g = 1.86(17), Biy = 6.3(5) T, and
0 = 70(8)°. The extracted g factor agrees within uncertainty
both with the value of 2 expected for isolated Gd** mo-
ments and with the independent determination g = 2.07(7)
obtained above from the high-temperature calibration, while
B, and 0 remain consistent with the values obtained from
the temperature-dependent analysis. We emphasize that these
determinations are extracted from disjoint datasets, a temper-
ature sweep at fixed Bexy = 7T and a field sweep at fixed
T = 1.6 K, and share no fitted parameter, so that their mutual
agreement provides internal confirmation of both the assign-
ment of the mode and the extraction procedure. The field
evolution of Q,, and 1, is likewise compatible with the behav-
ior discussed above, showing a moderate increase in spectral
weight and damping.

The optical phonon exhibits a markedly different field
response depending on temperature, as shown in Figs. 3(e)—
3(h). At 120 K, v, softens slightly with increasing Be,
whereas at 1.6 K it remains nearly unchanged, showing only
a weak hardening. This contrasting behavior suggests that,
above Ty, the applied field modifies the magnetic correlations
sufficiently to reduce the magnetic contribution to the lattice
restoring force through spin-phonon coupling. Below Ty, in
contrast, the magnetic correlations are already well estab-
lished, so Bey produces only minor changes to the ordered
spin configuration, resulting in a nearly field-independent
phonon frequency.

The field evolution of 7, further supports this interpreta-
tion. While the phonon lifetime increases only moderately
with By [Fig. 3(h)], the much stronger linewidth narrow-
ing observed upon cooling through the magnetic transitions
[Fig. 2(h)] demonstrates that the long-range magnetic or-
dering is considerably more effective than the applied
field in suppressing spin-disorder scattering. Together, the
temperature- and field-dependent measurements show that the
phonon dynamics are governed by the magnetic energy scales
of both sublattices, providing further evidence for strong spin-
phonon coupling in Gd;Ru,0;. That a lattice mode should
encode multipolar magnetic order is theoretically expected,
as magnetic octupoles couple linearly to degenerate optical
phonons and render them pseudochiral [20], and multipolar
order induced in correlated insulators generically produces
measurable lattice distortions [22].

III. CONCLUSIONS

In this work, terahertz time-domain spectroscopy was used
to investigate the low-energy electrodynamics of Gd,;Ru,05
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FIG. 3. (a) Low-frequency optical conductivity at 1.6 K (solid lines) and 120 K (shaded lines) for external magnetic fields from O to 7 T,
showing a field-induced shift and enhancement of the Gd-related resonance. External magnetic-field dependence of the extracted (b) spectral
weight, (c) resonance frequency, and (d) scattering time at 1.6 K (filled markers) and 120 K (hollow markers). In panel (c), the dashed line is
a fit including internal and external field contributions. (e) Optical conductivity in the phonon frequency range at the same external magnetic
fields and temperatures shown in panel (a). (f)—(h) Magnetic-field dependence of the phonon parameters. For clarity, spectra corresponding to

different magnetic fields in panels (a) and (e) are vertically offset.

under applied magnetic fields. A low-frequency magnetic
excitation associated with exchange-split Gd** levels pro-
vides direct spectroscopic access to the internal exchange field
acting on the rare-earth site. Independent temperature- and
field-dependent analyses yield By, & 5-6 T at low tempera-
ture, together with two mutually consistent determinations of
the g factor, g = 2.07(7) and g = 1.86(17), both in agreement
with the value expected for the L = 0 ground state of isolated
Gd** moments. The magnitude agrees with the molecular
field expected from the published '>>Gd Mossbauer coeffi-
cients [10], which does not depend on crystallite orientation.
The temperature evolution of this excitation further separates
the onset of Ru order near Ty from a renewed low-temperature
enhancement associated with Gd ordering.

Simultaneously, we showed that an infrared-active opti-
cal phonon exhibits pronounced anomalies in its frequency,
lifetime, and oscillator strength at the characteristic magnetic
energy scales of both sublattices. While the high-temperature
anomaly follows the established Ru ordering transition, the
comparably sharp low-temperature anomaly identifies a gen-
uine ordering transition of the Gd sublattice rather than a
purely gradual polarization crossover. Three effects keep this
transition out of reach of conventional probes. The cluster-
multipolar configuration predicted for the Gd sublattice [12]
has a vanishing cluster dipole on each tetrahedron, so it carries
no net moment for magnetization or dipolar magnetic scat-
tering to detect. The vanishing asymmetry parameter of the
electric-field gradient at the Gd site renders >>Gd Mossbauer
spectroscopy insensitive to the in-plane moment directions

[10]. In the specific heat, a narrow transition anomaly falls on
top of the broad Schottky background of the exchange-split
Gd multiplet, which covers the same temperature range [9].
With Aj = 0.155(3) THz, the seven intervals of the 8S7/2
multiplet extend over ~52 K, and that background carries
nearly eight times the entropy released at the Ru ordering
transition [9]. The phonon, in contrast, is directly sensitive to
changes in local spin correlations through spin-phonon cou-
pling, offering a complementary route to detect this transition
independently of the probes that have so far not resolved it.

The present approach is complementary to the routes cur-
rently being developed to detect multipolar order. Nonlinear
and polarization-resolved optical probes, such as second-
harmonic generation [21], dual-circular Raman optical ac-
tivity [18,19], and helicity-resolved Raman of pseudochiral
phonons [20], derive their selectivity from symmetry and
therefore require oriented single crystals, while neutron spec-
troscopy of dipolar-octupolar pyrochlores [16,17] requires
both large crystals and weakly absorbing rare-earth ions. The
measurement reported here instead operates in linear response
on a polycrystalline sample and derives its selectivity from
the magnetic-field dependence of two excitations of different
character recorded within a single spectrum.

By resolving magnetic and lattice excitations within the
same spectral window, our results establish a direct spec-
troscopic connection between internal exchange fields, a
proposed multipolar order on the Gd sublattice, and spin-
phonon coupling in a rare-earth pyrochlore ruthenate. More
broadly, this work demonstrates that terahertz spectroscopy,
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FIG. 4. Gd;Ru,0; solid-state sample XRD diffraction pattern,
after five heat treatments of 1000 °C for 24 h.

through its sensitivity to lattice dynamics, offers a route to
detect magnetic ordering transitions that remain hidden from
conventional thermodynamic probes, opening new opportuni-
ties to investigate hidden and multipolar order in frustrated
magnetic materials.
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APPENDIX A: SAMPLE CHARACTERIZATION

X-ray diffraction (XRD) data were acquired using a Bruker
D8 advance diffractometer, from 10° to 70° using a 0.02°
per step with a counting time of 3 s per point. Rietveld re-
finement was performed using the GSAS-II software, and the
result is shown in Fig. 4. The structure is compatible with the
pyrochlore structure, and no precursor oxides or impurities
were detected within the sensitivity of the XRD measurement.
x? = 3.84, indicating good agreement with the pyrochlore
structure. Rietveld refinement indicates an oxygen positional
parameter x43; = 0.334, which lies within the expected range

for pyrochlore oxides of 0.3125 < x4gr < 0.375 and lat-
tice parameter of a = 10.23 A, compatible with previous
studies [42].

APPENDIX B: EXPERIMENTAL SETUP
AND DATA ACQUISITION

The THz-TDS experiment was conducted in transmission
geometry using a commercial fiber-coupled photoconductive-
antenna spectrometer (TeraFlash Pro, TOPTICA Photonics).
The spectrometer was coupled to a cryofree superconduct-
ing magnet system (SpectromagPT, Oxford Instruments).
Off-axis parabolic mirrors were used to focus the terahertz
beam onto the sample, mounted over a 3-mm-diameter aper-
ture, and to collect the transmitted radiation. Measurements
were performed in Faraday geometry, with the terahertz
propagation direction parallel to the external magnetic field,
over the temperature range 1.6-200 K and for fields up to
7 T. The complex terahertz transmission was obtained as
T (W) = Eaqmn(V)/Eet(v), where Egn(v) and E.p(v) are the
Fourier-transformed sample and reference electric fields, re-
spectively. A sample-free reference was acquired at Beyy = 0T
for each temperature. Following the signal processing proce-
dure described in Ref. [38], the complex optical conductivity
o(v) = o1(v) +iop(v) was obtained through Fresnel inver-
sion for a plane-parallel slab [37]. The analysis presented in
the main text focuses on the dissipative component o;(v),
which directly displays the absorptive resonances and was
used to extract their oscillator strengths, resonance frequen-
cies, and scattering times. Although both components were

(a) ' ' (b)
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® 1.2
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015 -
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FIG. 5. Representative fits to the real optical conductivity o;(v)
in the magnetic-excitation region below 0.5 THz [panels (a) and (c)]
and the optical-phonon region between 0.5 and 2.0 THz [panels (b)
and (d)] at 1.6 K [panels (a) and (b)] and 120 K [panels (c) and (d)].
Solid lines show the experimental spectra at the indicated external
magnetic fields, and dashed lime lines show the fits using Eq. (C1).
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obtained from the complex transmission, the strongest reso-
nances approach the transmission noise floor, making o, (v)
more sensitive to small phase uncertainties that can distort the
corresponding dispersive line shapes.

APPENDIX C: LORENTZ-OSCILLATOR ANALYSIS

To quantify the evolution of the magnetic and phonon
resonances, the real optical conductivity spectra were fitted
independently at each temperature and magnetic field. The fits
were performed separately in the magnetic-excitation region
below 0.5 THz and the optical-phonon region between 0.5 and
2.0 THz. In each spectral region, the resonance of interest was
modeled as an uncoupled Lorentz oscillator superimposed on
a smooth quadratic background,
—i2mvey Q,%

UI(U)ZRC[UZ ] +av? +a+ap, (Cl)
k

—vI—iv/t
where k = m and k = p denote the magnetic excitation and
optical phonon, respectively. The parameters 2, vy, and 7}
correspond to the oscillator strength, resonance frequency, and
scattering time, while a,, a;, and a are the coefficients of the
quadratic background. All parameters were allowed to vary
independently for each spectrum. Figure 5 presents represen-
tative fits for both spectral regions at selected temperatures
and magnetic fields.

APPENDIX D: INTEGRATED SPECTRAL WEIGHT

To verify that the trends identified from the Lorentz-
oscillator analysis do not depend on the assumed line shape,
we also calculated the integrated spectral weight directly from
the measured real optical conductivity,

Wk V2.k
Wi = / o1(w)dow = 271/ o1(v)dv, (D1)

1.k Vik

where k = m and k = p denote the magnetic and phonon
spectral regions, respectively. Fixed integration intervals of
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FIG. 6. Normalized integrated spectral weights in the magnetic
Wi and phonon W, spectral regions as functions of (a) temperature
at By, = 0 and 7 T and (b) external magnetic field at 1.6 and 120 K.
The integration intervals are 0.1-0.5 THz for W, and 1.0-1.7 THz
for W,. The temperature-dependent values are normalized by their
respective values at 200 K, whereas the field-dependent values are
normalized by their respective zero-field values. Vertical dashed lines
in panel (a) indicate the characteristic temperatures discussed in the
main text.

0.1-0.5 THz for the magnetic region and 1.0-1.7 THz
for the phonon region were used for all temperatures and
external magnetic fields. No background subtraction was
applied, so W, represents the total spectral weight within
each selected interval rather than the isolated contribution
of the corresponding Lorentz oscillator. As shown in Fig. 6,
the normalized integrated spectral weights reproduce the
characteristic temperature scales and field-dependent trends
identified from the fitted resonance parameters in the main
text, confirming that these features are present directly in the
measured spectra and do not arise from the fitting procedure.
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