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Magnetic-rare-earth pyrochlore iridates exhibit a rich variety of unconventional phases, driven by the complex
interactions within and between the rare-earth and the iridium sublattices. In this study, we investigate the
peculiar magnetic state of Th,Ir,O;, where a component of the Tb*" moment orders perpendicular to its
local Ising anisotropy axis. By means of neutron diffraction and inelastic neutron scattering down to dilution
temperatures, complemented by specific heat measurements, we show that this intriguing magnetic state is fully
established at 1.5 K and we characterize its excitation spectrum across a broad range of energies. Our calculations
reveal that bilinear interactions between Tb*" ions subjected to the Ir molecular field capture several key features
of the experiments, but need to be supplemented to fully reproduce the observed behavior.
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I. INTRODUCTION

Materials that combine strong spin-orbit entanglement
with electron correlations offer a rich playground for the
emergence of original quantum states of matter such as ex-
otic spin liquids and topological phases [1,2]. Among them,
iridium oxides have attracted considerable attention due to
their spin-orbit-entangled jegr = 1/2 ground state [3,4]. The
resulting pseudospin degrees of freedom interact via highly
anisotropic interactions, which has led to the prediction of a
wide range of unconventional electronic and magnetic ground
states across the iridate family [5,6]. A prominent example
is offered by the pyrochlore iridates R,Ir,O;, where the Ir*+
and R3* (rare earth) ions form two interpenetrating pyrochlore
lattices of corner-sharing tetrahedra [7]. Most members of this
series exhibit a metal-insulator transition at 7y ~ 120-150K
(except R = Nd with Ty ~ 30K and R = Pr, which remains
metallic) [8,9]. This is accompanied by long-range magnetic
ordering of the Ir sublattice into an all-in-all-out (AIAO)
configuration where all magnetic moments on a given tetrahe-
dron point either toward or inward [10-14]. This AIAO order
breaks time-reversal symmetry while preserving inversion, a
combination allowing the emergence of magnetic topological
phases such as magnetic Weyl semimetals or axionic insu-
lators [15-18]. Although a direct observation of the band
topology remains elusive, indirect experimental signatures
have already been reported [19-22].
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Beyond their putative topological nature, pyrochlore iri-
dates also exhibit unconventional low-energy magnetic be-
havior when R** is magnetic. A first key ingredient is the
Ir** molecular field acting along the local (111) anisotropy
axis of the R** ions. For magnetic ions with Heisenberg
or Ising anisotropy parallel to this field (R = Ho, Dy, Nd,
Gd), an ATAO magnetic order of the rare-earth moments is
induced below Ty [14,23-26]. In contrast, for a planar XY
anisotropy (R = Er, Yb), no such ordering is observed. Then,
at lower temperatures, when rare-earth interactions become
significant, a variety of unexpected phases has been reported.
In R = Ho and Dy compounds, a fragmented magnetic phase
appears, where half of each magnetic moment takes part in an
AIAO-ordered structure while the other half participates in a
disordered Coulomb phase [24,26,27]. In the Er-based com-
pound, only short-range correlations persist down to at least
70 mK [13], whereas the Yb system develops a ferromagnetic
ground state with a strongly reduced ordered moment [28].
In the Gd case, despite the nearly isotropic nature of Gd**
spins, correlations of spin components perpendicular to the
Ir'** molecular field develop at lower temperature than the
induced AIAO order [25].

Finally, Tb,Ir,O7 is far from the least remarkable case.
As in other pyrochlore iridates, an AIAO ordering is in-
duced on the Tb>* ions below Ty ~ 130 K. Further cooling
to T < 10K leads to the emergence of an antiferromagnetic
ordering of the component perpendicular to the local (111)
anisotropy axis in the so-called I's representation [29]. This
is particularly intriguing, as such a configuration competes
with the predominantly Ising-like nature of the Tb>* ions,
further reinforced by the molecular field from the Ir sub-
lattice. This unconventional behavior resonates with that of
other Tb-based pyrochlores, whose magnetic ground states
are highly sensitive to weak interaction terms [30]. This
gives rise to a remarkable diversity of states, from ordered
spin ice in TbySn,O7 [31,32], competing dipolar-quadrupolar
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correlations impeding long-range order in Tb,Ge,O; [33],
and potential disorder-induced Coulomb phases in Tb,Hf,0;
[34,35] and Tb,ScNbO7 [36]. Tb,Ti,O7 is a case in point
with a particularly rich phase diagram, combining spin-liquid
physics and complex dipolar and quadrupolar orders, whose
microscopic origin remains intensely debated [37-47]. The
coexistence of magnetic orders in Tb,Ir,O7 therefore stands
as a particularly striking case that calls for deeper investiga-
tion. Clarifying its origin may also shed light on the subtle
competing interactions that govern the broad family of Tb-
based pyrochlores.

In this study, we report neutron diffraction and inelas-
tic neutron scattering measurements from room temperature
down to dilution temperatures, as well as specific heat mea-
surements at low temperatures on polycrystalline Tb,Ir,O7.
Our data confirm the presence of the I's magnetic order below
10K, and show that it remains unchanged below 1.5 K. We
then characterize the crystal-field excitation spectrum in detail
and probe the low-energy magnetic excitations. They exhibit
dispersive behavior consistent with the role of interactions in
promoting I's order and associated collective excitations. We
model all these data using a Hamiltonian including crystal-
field effects together with bilinear Tb-Tb interactions and an
effective Ir molecular field acting on the Tb. Our calculations
reproduce the global behavior of this material, including the
existence of a ['s magnetic order. At variance with experiment,
they predict, however, a lower ordering temperature, which
shows the need to consider additional ingredients and a more
complex role of the iridium.

II. METHODS

A. Experimental methods

The present study was performed on a polycrystalline
Tb,Ir,O; sample synthesized by solid-state reaction using a
flux method described in Ref. [13]. Its structure and quality
were checked by x-ray diffraction at room temperature. The
lattice parameter and the 48f oxygen positional parameter
were found to be a = 10.2368(5) Aand x = 0.35(2), respec-
tively. A Tb,O3 impurity phase of less than 3% was observed
in addition to the main Tb,Ir,O; phase, which appeared of
good quality. No antisite disorder or nonstoichiometry was
detected.

Specific heat measurements were performed on a Quan-
tum Design Physical Property Measurement System (PPMS).
Samples were pressed into pellets, stuck to the PPMS puck
with Apiezon grease. The addenda contribution was measured
apart and removed from the total specific heat measured with
the samples.

Powder neutron diffraction was carried out on the G4.1
diffractometer at the Laboratoire Léon Brillouin (LLB) us-
ing an incident wavelength A; = 2.426 A, over a temperature
range from 130 K down to 26 mK. Between 1.5 K and 26 mK,
the diffractometer was equipped with a Cryoconcept-France
HD dilution refrigerator. To mitigate neutron absorption
by iridium and ensure thermalization, the sample was
placed in an annular copper sample holder optimized to
maximize neutron transmission and enclosed in a helium-
filled copper box. Simultaneous Rietveld refinements of the

nuclear and magnetic structures were performed using the
FULLPROF Suite.

Powder inelastic neutron scattering was carried out
on three time-of-flight spectrometers at the Institut Laue-
Langevin (ILL) using the same annular sample holder. Data
from room temperature down to 1.5 K were collected on IN4c
(A = 0.8A,1.2A) and IN5 (A; = 4.8 A). Measurements be-
tween 1.5K and 45 mK were obtained on IN6 (1; = 5.1 A)
equipped with a dilution fridge.

B. Numerical methods

Numerical calculation of neutron scattering functions, or-
dered magnetic moment, and magnetic specific heat were
carried out using a model including the crystal-field Hamilto-
nian, the interactions among the Tb>* total angular momenta
J, and an effective magnetic field oriented along the local z
axis accounting for the influence of the Ir magnetic moments.

First, the crystal-field parameters were determined using a
reverse Monte Carlo procedure with a simpler model neglect-
ing Tb-Tb and Tb-Ir interactions. A cost functional defined
as the sum of squared differences between the calculated
and experimental high-energy (E > 8 meV) inelastic neutron
spectra was minimized using a Metropolis algorithm with
simulated annealing. This procedure typically involved 10 000
steps to ensure convergence.

Tb-Tb and Tb-Ir interactions were subsequently incorpo-
rated at the mean-field level through a self-consistent iterative
scheme. The corresponding interaction parameters were re-
fined by comparing the calculated and experimental ordered
magnetic moments and magnetic specific heat, while keeping
the crystal-field parameters fixed to their previously deter-
mined values. Convergence was achieved when no further
decrease in the free energy was observed between successive
iterations. To ensure robustness and to avoid trapping in local
minima, the procedure was repeated from multiple random
initial configurations.

The low-energy magnetic scattering function was finally
obtained from the dynamical magnetic susceptibility com-
puted within the random phase approximation (RPA), using
the crystal-field and interaction parameters established in the
preceding mean-field step. The computational framework has
been described in detail elsewhere (see, e.g., Ref. [47]).

III. EXPERIMENTAL RESULTS

A. Neutron diffraction and specific heat
measurements: Magnetic order

Figure 1 presents the characterization of the Tb,Ir,O; mag-
netic order. Powder neutron diffractograms recorded at 7 =
130K (close to the Néel temperature Ty of the Ir sublattice),
1.5K, and 26 mK are shown in Fig. 1(a). Magnetic Bragg
peaks rise below 50K [29] and can all be indexed with a
k = 0 propagation vector, indicating the onset of long-range
magnetic order. The representation of such order in the Tb
(Wyckoff 16c) and Ir (Wyckoff 16d) sites can be decomposed
as

F=I3@I's®I7 &2, (D

043060-2



ORIGIN OF THE MAGNETIC GROUND STATE OF ...

PHYSICAL REVIEW RESEARCH 8, 043060 (2026)

bs.
8 (a) a o I75x ]
. [obs. —obs-calc. E I Iggsr}uK °
130K 15K = o 1. g &
obs. 5 Diff &
6l ° 1'% ' Nuclear e 2
- = S
~ | —I%%% | Magnetic 7§ =
2z \ 0
5 =
o) =
= ~
= |
—

6 . . 5 | | |
b ¢ Total —f
:2<—Total ®) e © ..\\.Oa‘,,..‘
4
4 gé - e,
=) % I; kf? g3 Magnetic asl
= ° e —
= r ‘0, % —, g 2
2t s B
L) ° =
oy o
0% 15 30 45 % 5 10 15
T (K) T )

FIG. 1. (a) Powder neutron diffractograms measured in G4.1 at
130K (gray dots) and 1.5 K (red dots), along with the corresponding
Rietveld refinement (black line). The excluded region corresponds
to a reflection from the minor Tb, O3 impurity phase. The difference
between the two latter (blue line) illustrates the quality of the refine-
ment (Bragg R factor Rg = 1.51, RF factor Rp = 1.92, and magnetic
R factor Ry = 1.69). Nuclear and magnetic Bragg peak positions
are indicated by purple and gold vertical ticks, respectively. Inset:
Measurements at 1.5 K (red dots) and 26 mK (purple dots) using a
dilution refrigerator. Their difference (green) shows no significant
evolution. (b) Temperature evolution of the refined Tb>* total ordered
magnetic moment (black dots), its ATAO component (red dots), and
its I's component (blue dots). (c) Temperature dependence of the
specific heat (black dots). The magnetic contribution (green dots) is
obtained by subtracting the lattice part (orange line), estimated from
the scaled heat capacity of the nonmagnetic rare-earth ion analog
Eu21r207.

where the I';, denote irreducible representations, each defining
a distinct set of magnetic moment basis vectors. To track
the temperature evolution of the Tb** magnetic structure, we
performed successive Rietveld refinements at and below 50 K.
Due to the weak Ir*t moment, we constrained it to a constant
AIAO value of 0.36uy based on preliminary refinements,
significantly improving the fits. Above 10K, the data are well
described by a pure I's (ATIAO) magnetic structure of the Tb>*
ions, with moments aligned along their local (111) Ising axes.

Below 10K, additional intensity emerges at the (111)
position, incompatible with a purely AIAO state, while the
absence of magnetic intensity at the (002) and (311) po-
sitions rules out I'; and I'9 orders. We therefore allow in
the refinement a small antiferromagnetic I's component per-
pendicular to the Tb>* ions local (111) axes [see sketch in

Fig. 1(b)], in line with previous studies [29]. Since I's is a
two-dimensional irreducible representation and neutron pow-
der diffraction cannot resolve the mixing of basis vectors, only
a single one was included (W, in the notation of Ref. [48]).
Our measurements performed at dilution temperatures reveal
no further changes in the magnetic structure down to at least
T = 26 mK. This indicates that the low-temperature state is
already well established at 7 = 1.5 K, where we found an or-
dered moment of 5.42 & 0.15 yz composed of a dominant I';
contribution of 5.18 £ 0.12 puy and a smaller I's contribution
of 1.59 £ 0.12 ;.

In Fig. 1(b), we show the temperature dependence of the
total Tb>* magnetic moment, along with its I's and I's com-
ponents. The I'; contribution exhibits a temperature evolution
characteristic of an induced magnetic order, in this case driven
by the molecular field produced by the six Ir** neighbors of
each Tb>*, themselves arranged in an I's order from Ty ~
130 K. Note that in this scenario, the I'; magnetic moment
of the Tb>* ions likely grows from Ty, although it can only
be resolved around 50 K and below (see Ref. [29] for details).
The evolution of the I's component is harder to track since we
cannot exclude unresolved weak moments above 7' = 8§ K.

To probe the existence and nature of a possible transition
associated with the I's component, we performed specific
heat measurements [see Fig. 1(c)]. The magnetic contribution
was extracted by subtracting the rescaled heat capacity of the
isostructural nonmagnetic rare-earth ion compound Eu,Ir, 07,
following the procedure described in Ref. [49]. Only a broad
anomaly is observed around 7 = 7 K, which shifts to higher
temperature and becomes weaker under applied magnetic field
(see Appendix A). Note that our previous study on the same
sample has shown a bump in the magnetic susceptibility
around 10K, coinciding with the appearance of a metam-
agnetic transition at 1.8 T in the magnetic isotherms [13].
These observations point to the onset of the I's magnetic order
associated with the Tb-Tb interactions, although the usual
signature of a second-order phase transition as a sharp peak
in the specific heat is missing.

B. Thermal inelastic neutron scattering: High-energy spectra

The scattering function intensity maps S(Q, E), measured
at T = 2,30, 150, and 300K are presented in Figs. 2(a)—
2(d). At 2 K, we observe a pronounced signal around E =
10meV, which decreases with increasing Q, indicating a mag-
netic origin. An inspection of the momentum-integrated inten-
sities over Q = 1 to 3 A~! [hereafter denoted by Ij1_314-1(E);
see Figs. 2(e)-2(h)] reveals an additional weaker excitation at
E ~ 16 meV (confirmed by anti-Stokes measurements on the
INS5 spectrometer; see Appendix B). Given their nondisper-
sive nature, we attribute these two excitations to crystal-field
levels. In contrast, the scattering observed at large Q values in
the S(Q, E') maps, particularly near £ = 20 meV, is charac-
teristic of phonons. This is further supported by the increased
intensity at elevated temperatures, where the acoustic phonon
branches become clearly visible. Finally, at higher energy, a
nearly Q-independent signal is visible around £ = 36 meV,
suggesting a mixed magnetic and phononic origin (dominant
at low and high Q, respectively). This interpretation is re-
inforced by data collected with higher incident energy (see
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FIG. 2. (a)—(d) Scattering function intensity maps measured on
IN4c at T =2, 30, 150, and 300K, respectively. (e)—(h) Corre-
sponding momentum-integrated intensities over the range Q = 1 to
3 A~'. Colored dots represent the experimental data, the thick black
line is the fit, and the thinner colored lines indicate the different
contributions to the fit.

Appendix B), which further reveal no additional excitation up
to E =95 meV.

We next fitted I;;_34-1(E) with a phononic [;(E) and
a crystal field I¢(E) contribution at all temperatures. The
phononic part was obtained from the high-temperature (7' >
150 K) high-Q integrated intensities Ijc_g) A-1 (E), adjusted by
the ratio of the detailed balance factor at lower temperatures

TABLE 1. Parameters of the crystal-field peaks fitted from the
momentum-integrated intensities I;_3 4-1(E) obtained from IN4c
measurements [see Figs. 2(e)-2(h)]: characteristic energies & (in
meV), intensities a;, and Lorentzian half width at half maximum y
(in meV).

T=2K T=30K T=150K T =300K
Pi_s y 1.46 1.86 2.48 3.29
P, £ 10.0 9.26 8.95 8.78
a 2.25 2.39 1.05 0.61
P, & 159 14.3 14.2 14.0
a 0.44 0.90 0.79 0.50
P; &3 35.6 35.0 34.0 32.9
az 0.63 0.64 0.49 0.32
P, &4 20.5 19.7
a, 0.21 0.27
P5 &s 26.9 26.0
as 0.32 0.27

and rescaled to account for the reduced phonon intensity at
lower transferred momentum. The crystal-field part was mod-
eled as a sum of Voigt profiles P, representing (cluster of)
energy levels, each defined as a Lorentzian [with common
full width at half maximum (FWHM) 2y] convolved with a
Gaussian of full width at half maximum fixed by the energy
resolution of the IN4c spectrometer. Further details on the
fitting procedure are given in Appendix C. The fits are de-
picted in Figs. 2(e)-2(h), with the corresponding parameters
reported in Table I. At 7 = 2 K, the spectra are well described
using three Voigt profiles P;, P,, and Pj3, associated with
the crystal-field excitations discussed above. As temperature
increases up to 7 = 300 K, all peaks shift to lower energy and
broaden, while their intensities generally decrease—with the
exception of P,, whose intensity strongly increases between
2 and 30 K. This behavior likely reflects transitions not only
from the ground state but also from low-energy excited states
thermally populated at 30 K (see Sec. III C below). At higher
temperatures (7 = 150 and 300 K), two additional excitations
P4 and Ps are needed to reproduce the spectra, centered around
20 and 26 meV, respectively. They arise from transitions be-
tween excited levels, as Ps ~ P; — Py and Py >~ P3 — P;.

C. Cold inelastic neutron scattering: Low-energy magnetic
excitation spectra

We now turn to the low-energy magnetic excitation spec-
trum. The scattering function intensity S(Q, £) measured
between T = 45mK and T = 100K is provided in Fig. 3. At
lowest temperatures, a first feature is visible around 0.4 meV,
extending over the full Q range but peaking near Q = 1.1 A1,
which is close to the position of the first magnetic Bragg
peak of the I's order. A second, less intense signal is clearly
visible at 1.5 meV connected to the lower one by some diffuse
intensity. An intuitive interpretation is that both features orig-
inate from crystal-field levels acquiring dispersive character
due to interactions (excitons), as in Tb,Ti,O7 [47]. Indeed,
in Tb-based pyrochlores, the crystal-field spectrum generally
consists of a ground-state doublet and a low-lying excited
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FIG. 3. (a), (b) Scattering function intensity maps measured on
IN6 at T = 1.5 and 45 mK, respectively. (c)—(h) Scattering function
intensity maps measured on INSat 7 = 1.5, 5, 10, 20, 50, and 100 K,
respectively. (i) INS integrated intensity over the whole accessible
momentum range.

doublet in the energy range £ =1 to 2meV [33,50-54],
though in some cases the excited doublet is found at higher
energy [34,36]. In Tb,Ir, 07, these states are expected to be
further split by the molecular field generated by the Ir sublat-
tice.

In line with the behavior evidenced in our diffraction
measurements, no significant changes are observed between
T =45mK and 7 = 1.5K. To have an insight onto the
temperature dependence of these low-energy excitations at
higher temperature, it is useful to look at the momentum-
integrated intensity between 1.5 and 100 K shown in Fig. 3(i).
Indeed, above 1.5K, a quasielastic signal is observed, as
in Tb,ScNbO; [46], whose width increases with increasing
temperature, filling the gap to the first level. Concomitantly,
the intensity of both levels decreases while they broaden,
rendering them no more visible above 7 ~ 20 K. This tem-
perature dependence recalls the one observed in Tb,Ge, O
[33] and Tb,Ti, O [55]. The features are, however, masked in
TbyIr,O7 in the maps of Fig. 3 by the quasielastic signal, as-
cribed to a slowing down of the single-ion spin dynamics due
to decreasing interactions with phonons, or to the influence of
disorder. Disorder from Tb-Ir antisite or Ir** /Ir>* substitution
has indeed been invoked to explain the ZFC-FC bifurcation
occurring at the iridium ordering temperature [13].

IV. NUMERICAL MODEL

A. Hamiltonian and model parameters

Reproducing the magnetic properties of Tb,Ir,O7 requires
accounting for the crystal field, the Ir influence on the Tb
ions, and the Tb-Tb interactions. Accordingly, we consider the
Hamiltonian

H = Her + Hie(T) + Hin. &)
The crystal-field Hamiltonian is defined as

He =Y 02238309 + 0,(A3B,OF + 23B103)

+ 06 (AOBSOY + 13BSO; + 15BLOY), 3

where 52 = 6Z (7,-) are Stevens operators, B’; are crystal-field
parameters, 0, are reduced matrix elements, and AZ are numer-
ical coefficients. The two latter are given in Tables II and III,
respectively.

The Tb-Ir interaction Hamiltonian is written

Hie(T) = —poHE (T)gsug Y T7, “

where H'(T) denotes the molecular field produced by the
Ir and felt by the Tb>* ions. Since we could not determine
experimentally its temperature evolution, we modeled H!(T')

TABLEII. Reduced matrix element 6, (J) for Tb** (J = 6), from
Refs. [56,57].

0, 04 06

—1/99 2/16 335 —1/891 891

043060-5
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TABLE III. A numerical coefficients, adapted from Ref. [58].

TABLE IV. Two representative sets of crystal field {BZ} (in
meV), molecular field HT (in T), and interaction {7,,, J+} (in K)

A9 29 o 20 A b parameters.
1/2 1/8 V35/2 1/16 V105/8 V231/16

as a free parameter H' = H!'(0), and assumed a temperature
dependence following a Brillouin function By_; ;—,, (valid
for fully localized Ir*" magnetic moments) and Ty = 130K.
Note that a Stoner model (describing fully delocalized mo-
ments) yields very similar results.

Restricting ourselves to bilinear exchange interactions be-
tween nearest neighbors, the Tb-Tb interaction Hamiltonian
reads

Hiw =" T:Tiid . )
(i)

where J;; is a 3 x 3 exchange matrix. A symmetry analysis
of the pyrochlore lattice shows that J;; involves only four
independent parameters, denoted by 7,,, J+, J,+, and Ji4
in the local basis of the Tb*>" ions (see Appendix D). Since
both I'; and I's orders observed experimentally are classical
magnetic configurations (i.e., are k = 0 states described by
tensor products of single-site states), our calculations can
be restricted to the four sites of a single tetrahedron ¢ with
periodic boundary conditions. Within this framework, 7,
(respectively, J) is the leading term that stabilizes the I';
(respectively, I's) ordering [30,48]. We thus neglect 7,. and
J++ in a first approximation, so that the Tb-Tb interaction
Hamiltonian H;,; reduces to

Hiw= Y Todils = LT T +T7T0). (6)

i,jet
which has only two free parameters.

In many pyrochlore oxides, the molecular field is absent
(nonmagnetic transition-metal ion) and the interactions are
often treated as a perturbation on the crystal-field ground-state
doublet. This approach, however, is not suitable for Tb,Ir,0;
where the Ir is magnetic and where the Tb>* first excited
doublet can be close in energy form the ground doublet:
restricting the model to a non-Kramers ground-state doublet
would confine the magnetic moments to the (111) directions
and thus preclude the onset of the I's order. Instead, we em-
ployed a mean-field method (see Appendix E) to diagonalize
the full Hamiltonian of Eq. (2) within the 7Fy multiplet of
Tb**. The computation of the observables later compared
with experiments is described in Appendix F for the ones
calculated at the mean-field level, and in Ref. [47] for those
within the RPA approximation. Because the full Hamiltonian
involves nine parameters, we adopted a two-step strategy
loosely inspired by a perturbative approach to refine them.
This procedure is described in the Methods part (Sec. 11 B)
and in greater detail in Appendix G.

B. Results

We identify several parameter sets that reproduce most of
the experimental observables. Interestingly, our calculations
reveal that they gather into two qualitatively distinct groups.

Set B2 BY BY By B B¢ HY T, Tx

1 49 251 72 17 =99 121 1.8 0.028 0.051
46 253 68 29 —100 115 1.7 0.005 0.046

One representative parameter set for each group is listed in
Table IV. The corresponding crystal-field wavefunctions (cal-
culated with no interactions), shown in Table V, are markedly
different. In the first set, the ground and first excited dou-
blets are dominated by |£5) and |£4), respectively, whereas
this order is reversed in the second set. Both types of low-
energy level wavefunctions have been reported in Tb,Ti, O,
TbQSH207, and Tb2G6207 [33,50—54]

Including the interactions, the calculated energy levels
for both sets at 7T = 0.1 K are listed in Table VI. We note
that the three lowest excited levels E|—FEj3 originate from
the ground and first excited crystal-field doublets, which are
split and mixed by the molecular field and the Tb-Tb in-
teractions. In Fig. 4, we present the comparisons between
experimental and calculated observables at the mean-field
level. First, the high-energy neutron scattering magnetic in-
tensity (Imag = I[j—34-1 — Ipn) shown in Figs. 4(a)-4(h) at
various temperatures are well reproduced. For both sets, the
P, and P, features arise from singlets at E4 >~ 9.2 meV and
Es ~ 15meV, respectively. While their relative intensity is
well captured by our model at 30 K and above, we note that
the intensity of the latter is better reproduced at low tem-
perature for set 2. Meanwhile, P; originates from a cluster
of four levels E¢_g around E = 35-38 meV, with calculated
intensities that agree similarly well with the data for both sets
(underestimated for set 1 and overestimated for set 2 at 2K,
and overestimated for both sets at 30 K and above).

TABLE V. Crystal-field wavefunctions and corresponding ener-
gies in meV (in parentheses) for the four lowest levels calculated
using parameter sets 1 and 2 obtained without interactions (HY, 7,,,
and J.). The coefficient of the dominant |M;) component in each
state is shown in bold.

Set 1 Set 2
[¥5) (0.00) |7 (1.05)  [¥g) (0.00)  |¥7) (1.14)

|£6) 0 0 0 0
|£5) +0.769 0 0 +0.853
|£4) 0 +0.792 +0.861 0
|£3) 0 0 0 0
|£2) —0.235 0 0 —0.148
|£1) 0 —0.118 —0.058 0
|0) 0 0 0 0
|F1) F0.018 0 0 40.096
|F2) 0 F0.059 +0.189 0
|F3) 0 0 0 0
|F4) —0.594 0 0 0.491
|F5) 0 —0.597 0.469 0
|F6) 0 0 0 0
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TABLE VI. Calculated energy levels (in meV) for parameter sets
1 and 2 at T = 0.1 K in the presence of interactions.

Set 1 Set 2
E\, 56.1 55.6
Ey; 51.0 50.3
E 50.8 50.0
Ey 37.7 36.9
Eg 37.3 36.8
E; 36.5 36.2
Es 34.8 35.0
Es 15.5 15.1
E, 9.39 9.03
E; 1.64 2.10
E, 1.45 1.50
E, 0.33 0.37
E, 0 0

Concerning the ordered magnetic moments [Figs. 4(i) and
4(j)], the temperature evolution of the I's component is well
captured in our calculations. The appearance of the I's mo-
ment is also calculated at low temperature, although it drops
rapidly to zero as the temperature rises up to 1.5K. This
contrasts with the measured I's moment, which is still visible
at 8K. Note that this is the highest ordering temperature
associated with the Tb-Tb interactions reported among the
members of the Tb pyrochlore family. For the magnetic spe-
cific heat [Figs. 4(k)—4(1)], the calculated curves capture the
position of the broad bump around 7K in the experimental
data, which originates from the excited levels E, and E3 in our
calculations. The underestimated calculated signal (present
for both sets but more pronounced for set 1) could be due to
the mean-field treatment of the magnetic correlations, whose
onset could produce some signal in the same temperature
range. Note that the first excited level E; gives rise to a
calculated broad peak near 1.5 K below our experimental tem-
perature range. Our calculations also predict a sharp peak at
the temperature corresponding to the I's ordering temperature.
Such a peak is not observed in the expected temperature range
of our measured specific heat, as already mentioned. This
absence could be due to the disorder or to some influence of
the Ir discussed later.

To inspect further the low-energy behavior of our two
sets of wavefunctions, neutron scattering spectra were cal-
culated using the RPA approximation and shown in Fig. 5
at T =10, 2, and 0.1K. As the temperature decreases, the
spectral weight of the intertransitions visible at 10 K dimin-
ishes until it disappears, leaving a spectrum of energy levels
excited only from the ground state exhibiting a small disper-
sion due to the magnetic interactions. At low temperature,
both sets then reveal a band near 0.4 meV, which corresponds
to the lowest energy level visible in the neutron maps of
Fig. 3. The next two excited levels are calculated close to
1.5meV for set 1, and at 1.5 and 2meV for set 2. The
calculations performed at low temperatures with set 1 resem-
ble the experiment better than set 2 since these two levels
align with the experimental signal around 1.5 meV, whereas
no intensity is detected at 2meV. However, neither set
fully reproduces all experimental features: (1) the calculated

Set 1
1.0 T=2K (a)

Set 2
T=2K )]

L (arb. units)

Iqe (arb. units)

L (arb. units)

5
5
i

0 10 20 30 40 10 20 30 40

E (meV) E (meV)
R e T
. (OREN . ()]
E 4 & "s < /r3 si.\\ /r3
| R I ey

= 9 " 5 . " 5 .

0 ¢ £ ¢ £
~ 0 10 20 30 40 500 10 20 30 40 50
%] . @] [T . )
Tﬁ 4 ‘\‘ ‘ \‘oo. I .\‘oo. -
s | i
E 2t q
% | » Experimental [ » Experimental

g |/ —Calculated |/ —Calculated
S % 5 10 15 0 5 0 15
T (K) T (K)

FIG. 4. Comparison of experimental (dots) and calculated (lines)
observables at the mean-field level for parameter set 1 on the left and
parameter set 2 on the right. (a)—(h) high-energy neutron scattering
magnetic intensity at 7 = 2, 30, 150, and 300 K. (i), (j) I's (AIAO)
and I's components of the Tb** ordered magnetic moment. (k), (1)
Magnetic specific heat.

dispersion associated with the lowest-energy mode develops
mainly below it where the experiment exhibits a gap; (2) the
spectral weight is not maximum near Q = 1.1 A~! contrary
to the experiment; and (3) the temperature evolution of the
relative weight of the signals around 0.4 and 1.5 meV is not
well reproduced.
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FIG. 5. Calculated low-energy neutron scattering spectrum using

the RPA approximation for parameter set 1 on the left and parameter
set 2 on the right at 7 = 0.1, 2, and 10 K.

0 05 1.0 1.5 2.0
Q(A™

V. DISCUSSION AND CONCLUSION

Our model provides an overall consistent description of
the magnetic specific heat, the high-energy neutron-scattering
intensity reflecting the crystal-field scheme of the Tb*>* above
9meV, and the temperature evolution of the I'; ordered
moment component induced by the Ir molecular field in
Tb,Ir,O5. It also predicts the presence of low-energy neutron-
scattering spectral weight and the rise of a I's magnetic
component at low temperature, both assumed to originate
from Tb-Tb interactions. In detail, both parameter sets have
distinct strengths, and it is not possible to unambiguously
discriminate between the two at this stage: Set 2 better re-
produces the intensity at 15 meV at low temperature and the
specific heat but introduces scattered intensity around 2 meV,
inconsistent with the low-energy neutron scattering data more
faithfully captured by set 1.

Such a I's component has already been invoked in
Tb,Ti,O7, whose ground state is described at the mean field
level as a superposition of order parameters from the differ-
ent irreducible representations [47]. According to this work,
Tb,Ti,O; would then lie at the border between the I's @ I's
and the spin ice phases, explaining its spin liquid-like be-
havior. The I's component is shown to be associated with
the J, interaction and goes along with the I'3 component.
This entanglement between the z and planar moment compo-
nents is argued to result from virtual crystal-field transitions

allowed in a crystal-field model considering the ground and
first excited levels mixed by the magnetic interactions [47]. In
the present compound, the obtained 7. interaction is much
lower than in Tb,Ti,O7, while a significant I's component is
observed in contrast to Tb,Ti;O7. We ascribe this surprising
outcome to differences in the low-energy level wavefunctions.

Beyond the qualitative agreements between the calcula-
tions and the experiments, our model underestimates the I's
transition temperature, predicts a marked peak in the spe-
cific heat at such temperature, and does not reproduce the
details of low-energy excitations. Our results were achieved
with a minimal Hamiltonian including the crystal field, the
interactions of the Ir with the Tb treated as a molecular field
along the Tb z local axis, and the interactions 7, and J.. It
probably needs to be extended to capture the physics of this
compound more quantitatively. Note that increasing 7. sub-
stantially raises the s transition temperature, but at the cost
of increasing the ordered I's component (around 4 ug for a
transition at 8—10K), in clear disagreement with experiments.
It is known that additional ingredients are present in the Tb
pyrochlores that contribute to their exotic behavior: the 7.4
and Jy 1 interactions, as well as quadrupolar interactions [47].
Concerning the latter, our symmetry analysis identifies five
out of nine independent quadrupolar exchange parameters that
contribute to the I'; and I's orderings. Yet, all tested parameter
sets including these quadrupolar interactions still yield transi-
tion temperatures for the I's order that remain too low. We
can also mention vibronic bound states, as they can induce a
splitting and a dispersive character to the initial crystal-field
levels through hybridization with phonons, and are known
to play an important role in Tb,Ti,O; [46,59,60]. In their
simplest form, they appear as quadrupolar mean-field terms
[30,61] that, as just discussed, do not improve the agreement
with experiment, and are then likely not the dominant driver
of the low-energy physics in Tb,Ir,O7. Concerning the [+
and Jir+ Tb-Tb interactions, while they do not affect the
temperature dependence at the mean-field level as long as
only the I'; and I's magnetic orders are stabilized, they could
become relevant beyond mean-field theory, which is however
an approach beyond the scope of this paper. Note that all these
interactions could also modify the dispersion of the low-lying
excitations [47].

Finally, the high temperature for the onset of the I's or-
der and the absence of a concomitant sharp peak in the
specific heat may point to the role of the iridium in in-
ducing/strengthening the I's correlations. Such scenario may
originate from more complex couplings between the Tb*
ions and the Ir magnetic sublattice that should be taken into
account explicitly and not as a molecular field. Moreover, in
our model, the Ir*t moments are constrained to their local
(111) axes, which limits Tb-Ir interactions to the effective
form of Eq. (4). Allowing deviations from this constraint and
taking into account the full Ir-Ir and Ir-Tb Hamiltonian [62]
could introduce additional interaction channels and feedback
effects [63], potentially exerting a significant influence on the
I's temperature ordering as well.

In conclusion, our in-depth study of Tb,Ir,O; uncovers a
highly unconventional ground state, established at 7 = 1.5K
and stable at lower temperatures. The Tb’* moments
deviate from their local anisotropy axes while incorporating
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an antiferromagnetic planar component (I's) associated
with Tb-Tb interactions. In addition, they exhibit a
collective character revealed by a dispersive low-lying
excitation spectrum. Our numerical simulations, including the
crystal-field scheme, the molecular field produced by the Ir
sublattice and Tb-Tb bilinear exchange interactions, highlight
the nontrivial origin of this state. They succeed in reproducing
the presence of both magnetic components at low temperature
thanks to the mixing of the two lowest-lying crystal-field
doublets. They miss other observations such as the
temperature dependence of the low-energy properties. This
intriguing behavior, calling for a better description of the Tb-Ir
coupling, adds to the long and complex history of Tb-based
pyrochlores exhibiting unexpected magnetic phenomena.
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APPENDIX A: ADDITIONAL SPECIFIC HEAT DATA

Figure 6 shows the magnetic specific heat of Tb,Ir,O7 at
various applied magnetic fields. It was obtained by subtracting
the rescaled zero-field heat capacity of the isostructural non-
magnetic compound Eu,Ir,O; from the total specific heat of
Tb,Ir,O; measured at each applied field. The broad anomaly
observed around T = 7 K at zero field shifts to higher temper-
ature and is progressively suppressed under applied magnetic
field, confirming its magnetic origin.

2 «0T
oIT
¢3T
. 5T
9T

maj -1 -1
C.™ (J mol Th" K™)

0 5 10 15
T (K)

FIG. 6. Temperature dependence of the magnetic specific heat at
different applied magnetic fields.

APPENDIX B: ADDITIONAL INELASTIC NEUTRON
SCATTERING DATA

The negative energy transfer part of the momentum-
integrated neutron scattering intensity measured on the INS
spectrometer (A = 4.8 A) is shown in Fig. 7. Clear inelas-
tic scattering is observed around £ = —7 to — 10meV and
E = —14meV in the T =50 and 100K datasets, support-
ing the presence of crystal-field transitions at these energies.
The intensity of the former consists of two peaks, one at
E = —9.5meV and another one at £ = —8meV for T =
50K, which shift closer at T = 100 K. These features are
interpreted as signatures of multiple transitions to the
crystal-field level near E ~ 9.5meV, originating from the
ground-state and low-lying excited levels. These are more
strongly split at lower temperatures, probably reflecting the
stronger molecular field from the Ir sublattice.

The S(Q, E) scattering function intensity map and the cor-
responding energy-averaged intensity in the range E = 32 to
38 meV, measured at T = 2 K on the IN4c spectrometer with
L =0.8A, are presented in Fig. 8. No scattering is observed
above 50 meV. The energy-integrated spectrum confirms the
presence of a mixed magnetic and phononic signal centered at
E =36meV. The magnetic component accounts for most of
the intensity below Q ~ 5 A~!, while the phonon contribution
becomes dominant at higher momentum transfers.

APPENDIX C: COMPLEMENTS ON THE FITS OF IN4c
MOMENTUM-AVERAGED INTENSITY

We detail in this Appendix the phononic and crystal-field
contributions used to fit the momentum-integrated intensi-
ties I;j_314-1(E, T) shown in Fig. 2. Note that this analysis
assumes a complete separation of the powder-averaged dy-
namical structure factor into a phononic Sgh and a crystal-field

S84 contribution.

1. Phononic contribution

At sufficiently low temperature, when the phonon density
of state Z,, is nearly temperature independent, the incoherent

1.0

[ ]
)
n R
£ A
- :
ig/ 0.5 f °
v ° o
<
g fe .
—_ ‘ °
[ ]
.J‘i
920 0

FIG. 7. Negative energy transfer part of the momentum-
integrated intensities over the range Q = 1 to 5A™!, measured at
various temperatures on the IN5 spectrometer (A; = 4.8 A).
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FIG. 8. (a) Scattering function intensity map S(Q, E) measured
on the IN4c spectrometer at 7 = 2 K with an incident wavelength
A = 0.8 A. (b) Energy-integrated intensity over the range E = 32 to
38 meV.

phonon scattering dynamical structure factor can be approxi-
mated as

a+bQ*e V@ 7 o (E)

1 — e—E/ksT E (€

ph 1nC(Q E, T) =

In Eq. (Cl), a and b are numerical factors accounting
for the multiphonon scattering and the average polariza-
tion dependence in the incoherent one-phonon cross section,
respectively, and e 2"(@ is the Debye-Waller factor. This
expression no longer holds for coherent phonon scattering, but
averaging the coherent scattering at sufficiently large momen-
tum and over a sufficiently large range 2AQ = Q, — Q; also
results in a signal proportional to Z,,(E)/E, this is the inco-
herent approximation. Neglecting the Debye-Waller factor, it
comes,

Lot b(ONG Zon(E)
1 —eE/T E

]

/Qz Sgh’coh(Q, E, T)dQ
2A0

1

2\0r _
(@, = 370 Q dQ. (e2))

Thus, we could estimate the phonon density of states be-
yond the elastic peak E > 8 meV by [js_gja-1, which covers
a sufficiently large momentum range while maximizing the
ratio S5, /8¢ thanks to the large Q value. We found that
such estimation of Zy,/E by ljs_gj4-1 is nearly temperature
independent for 7 < 150K, apart from residual magnetic
contributions. Since these contributions diminish at higher
temperatures, we defined our phononic signal from the high-

. [6 A (300 K) —I5 (300 K)
0.3 Loy i (150 K) —168 (150 K)|
[
y —16 2 (30 K)
Z s —16 ‘(2 K)
% .
g
0.1
O .
0 10 20 30 40
E (meV)
_0.15} * Ipagymev 2 K)
2 — Fit
5 0.10
O
=
= 0.05
% 2 4 6 8

Q(A™

FIG. 9. (a) Estimated phononic signal between 6 and 8 A~!
(lines) extracted from the momentum-averaged °intensities Iig_g1a-1
measured on the IN4c spectrometer (A; = 1.2A) at T = 150 and
300K (dots). (b) Energy-integrated intensity over the range £ = 22
to 28 meV, along with its fit between Q =3A~" and 0 =7.7A"!
using the function a + bQ?. The fit yields a = 0.0397 A% and b =
0.0014 A2,

temperature spectra, i.e.,

1 — e*E/kBT’

6—8 /
Iy (E.T) = mIme]A*l(E» )  (C3)

with 7/ = 150K for T < 150K and 7' =T for T = 300K.
Below E = 8meV, where the phonons are dominated by
acoustic modes, we approximated the phonon density of states
as Zyn/E o« E. This yielded the phononic signals shown in
Fig. 9(a).

We finally had to account for the reduction of phonon
intensity when averaging over the lower momentum range

Q=1t03A"! compared to Q = 6 to 8A! ie.,
_ 1+ c(0»3
_ 71-3 _ 1,6-8
In(E,T)=1,"(E,T) = T(Q)Slph (E,T), (C4

with ¢ = b/a. Note that (Q?)7 and (Q?)} are energy dependent
due to kinematic constraints limiting part of the integration
windows. We determined ¢ by fitting the energy-integrated
intensity in a region with the least expected magnetic con-
tribution (7 = 2K, E = 22 to 28 meV, Q > 3 A~1) using the
form a 4+ bQ? [see Fig. 9(b)]. This yielded ¢ ~ 0.04 A2, which
we adopted for our fits at all temperatures.
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2. Crystal-field contribution

The crystal-field part I.+(E, T') used to fit the experimental
data I;;_34-1 was defined as

Vi(E; — Vi(E; —
I (E, T):Z“"[ K f"ie_ﬂ’;( fell (C5)

k

where k labels the different crystal-field transition P;. In
Eq. (C5), ay is the intensity of the transition integrated over
the range Q =1 to 3A~!, 1/(1 —e PE) ensures the de-
tailed balance principle, and Vi(E;er) = V(E; &, v, T'(E))
is a normalized Voigt profile centered at g;. It represents
the convolution of a Lorentzian of FWHM 2y—the in-
trinsic width of the crystal-field levels—and a Gaussian of
FWHM 2I'(E)—the energy-dependent experimental resolu-
tion of IN4c spectrometer (see Fig. 10).

APPENDIX D: PYROCHLORES SYMMETRY ANALYSIS

The general interaction Hamiltonian between rare-earth

ions ’ngm can be expressed as [30,61]

7{gen

e = SN I TITIMEATI T,

(i,j) k.q k.q

(D)

where 7\;" denotes a multipolar operator of rank k and order ¢,

and /\/lfj?q;k,"’/ the interaction matrix. Considering only dipolar
operators (k = 1), Eq. (D1) becomes

Hiw =Y JiTiid . (D2)

(i.J)

with j, ;a3 x 3 interacting matrix. This matrix is strongly
constrained by the symmetry of the pyrochlore lattice, result-
ing in only four independent parameters J,,, J+, J++, and
J.+ [48] such that

,)izim = 2\777‘7?-7;7 - ji(j?—j;_ +-7,\_j;+)
ijet

+ Tes i T + v T))

+ T 6Ty + 65T +ie ). (D3)
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FIG. 10. Experimental resolution of the IN4c spectrometer for
aM=12A.

where the matrices { = —y ™ account for the bond-dependent
part of the Hamiltonian and are given by
0 -1 eln/3  emin/3
-1 0 e—it/3 gin/3
¢ = o3 emin/3 0 | = —y*. (D4
e—it/3  in/3 -1 0

Note that Egs. (D3) and (D4) have the same form as those de-
rived for a pyrochlore pseudospin model based on a Kramers
I'y crystal-field doublet. Indeed, in that case, all components
of the pseudospin transform as magnetic dipoles under the
symmetry operations of the local point group D34, similarly
to J. However, while the 3 x 3 interaction matrix in the pseu-
dospin model encodes all multipolar interactions, it includes
only dipolar (k = 1) terms in Eq. (D3). This is because Hin
acts here on the same level as the crystal-field Hamiltonian
Hcf (the "FgTH>* multiplet), allowing interactions to mix the
ground state with excited crystal-field levels.

APPENDIX E: MEAN-FIELD APPROXIMATION

When Tb-Tb interactions are included through ﬁim, one
should consider operator products involving different Tb
sites, jl?"fl;ﬂ with o, 8 = z, = [see Eq. (5)]. In our study, we
employed the mean-field approximation, in which two-site
operator products are replaced by sums of single-site terms.
Spemﬁcally, each operator is decomposed as J"‘ = (J"‘) +
SJl"‘ , where SJI"‘ represents the fluctuation around the quantum
statistical average. Thus,

TJouTB _ [Te\[T8 To\eTh To[Th TosTB
JEIP = (W) + T8I ] + 8T8 ) + 80780 (B

Neglecting the second-order fluctuation term Sjl?" Sj;ﬁ , we ob-
tain a sum of effective single-site Hamiltonians

=" wp,

i a=z,%

=y > T (E2)

J B=z.%£

where Y is the mean field acting on site i ion due to all other
ions. The system defined by Eq. (E2) is solved iteratively.
Starting from an initial configuration {(J¥)}; o, all single-site
Hamiltonians are diagonalized, and the resulting expectation
values are used as input for the next iteration. This procedure
is repeated until convergence is reached, defined by

RS () = RY ()| < ne,
1 1 4 13
Fo(T) = —B InZ = _E Zln Ze—ﬁEi,u (E3)

with B8 = 1/kgT. Here, Ft((f )(T) denotes the total free energy
at iteration p (computed using the partition function Z ob-
tained from the 2J 4+ 1 = 13 energy levels E;, of the four
ions i of the tetrahedron) and 7. is the numerical convergence
threshold (typically set to 107> meV). To minimize the risk of
convergence to a local minimum, the diagonalization was per-
formed multiple times with different initial values of {(J*)}; «,
and the solution with the lowest total free energy was retained.
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Note that this approach prevents access to any entan-
gled states: Mean-field eigenstates are tensor products of
single-site states since the original interaction Hamiltonian is
replaced by a sum of single-site Hamiltonians.

APPENDIX F: MEAN-FIELD OBSERVABLE
COMPUTATION

We describe here the method used to compute the spe-
cific heat, ordered magnetic moment component, and neutron
scattering magnetic intensity shown in Fig. 4, based on the
single-site eigenstates |1,) and eigenvalues E, of each Tb*"
ion in a tetrahedron calculated at the mean-field level. For
clarity, the site index i € [1, 4] and the corresponding sum
over i are omitted. Note also that |{,) and E, explicitly depend
on temperature 7', due to both the temperature dependence
of the Ir molecular field Hamiltonian #;, and the interaction
Hamiltonian, which modifies the magnetic moment orienta-
tion at low temperatures.

1. Macroscopic quantities

The magnetic specific heat is given by

dU
Come = G

e—PBEx

d
=7 2 Pibn pa=—5—  (F

The ordered magnetic moment component along the o =
X, y, z direction is calculated from the expression

M* = (M*)r =g ) puWul ¥ W), (F2)

where (-)r denote the quantum statistical expectation value.
I'; (AIAO) and T's magnetic moments are then calculated
from the definition of the order parameters provided in
Appendix D. If there is no other non-null order parameter,
they correspond to ¢ = z and & = x/y, respectively.

2. Neutron scattering intensity

Up to an experimental scaling factor, the neutron-scattered
intensity outside the elastic peak corresponds to the dynamical
structure factor S4(Q, E). For a single magnetic species (Tb*"
ions) in a polycrystalline sample, its magnetic contribution
can be expressed as
2 Z Im[x**(E)]

Sg‘lag(Qv E) x fz(Q)e_ZW(Q)g W,

En#E,

Xl = Y (P — pu)| (Yl T 1) [ k(B Ea). (F3)

n,m

where the 2/3 factor arises from powder averaging the polar-
ization factor.

The energy dependence of S4(Q,E) is straightforward
to calculate, apart from the energy-conservation factor
k(E, E,;). In principle, this is a Dirac delta distribution
centered at E,,, = E,, — E,. However, in real materials, ex-
citations have a finite lifetime 7, leading to a Lorentzian
broadening with half width at half maximum (HWHM) y =
1/7, which must be further convolved with a Gaussian func-
tion of HWHM T representing the instrumental resolution.

TABLE VII. Numerical parameters used in the magnetic form
factor calculation of the Tb** ions [63].

k Ak Ay Bk bk Ck Ck Dk
0 0.0177 25.510 0.2921 10.577 0.7133 3.512 —0.0231
2 0.2892 18.497 1.1678 6.797 0.9437 2.257 0.0232

The resulting lineshape is a Voigt profile, V(E; E,,,, v, I').
In our calculations, we set y = 1.1, 1.2, 2.2, and 3.0 meV at
T = 2,30, 150, and 300 K, respectively.

The momentum dependence of S4(Q, E) is given by the
product of the magnetic form factor squared f2(Q) and
the Debye-Waller factor e 72"(@ . The effect of the latter is
negligible at small Q and was therefore omitted in our calcu-
lations. For the magnetic form factor (the Fourier transform
of the single-ion magnetization density), we assumed LS cou-
pling and used the dipolar approximation (valid at small Q),
leading to

Q)= %(jo(Q)) + %L((jo(Q)) + (@),  (FD

where gg = 1 and g; = 1/2 are the Landé factors of the Tb>*
ions, and ( jx(Q)) are the radial integrals of the spherical
Bessel functions multiplied by the normalized radial wave-
functions of the 4 f electrons. These can be approximated by

(@) ~ O x (Ae™@ + Bre ™™ + Ge™C" + Dy),
(F5)

where ay, Ax, by, By, ¢k, Cx, and Dy (k = 0, 2) are numercial
coefficients (see Table VII).
Finally, once anag(Q, E) is computed, its average over an

arbitrary Q range [Q;, O] can be evaluated using
minQ2:0f) §4,0(0. E)dQ
fmag(E) = /max@l;gf) max (Q1; OF) — min (Q»; OF)
where Q) is the lowest and Oy, the highest accessible momen-

tum transfers for neutrons of outgoing energy E. They are set
by kinematic constraints and instrument characteristics,

2-211 E 26 ] (F7)
- — —cos -—=1.
E b=

with E; the neutron’s incoming energy, and 6, 6, the scattering
angles of the first and last detectors, respectively. For the
spectra depicted in Fig. 4, 0, = 1A~" and 0, =3A~". The
detector angles are 6) = 12° and 6, = 115°, the settings of the
IN4c spectrometer.

. (F6)

ZmnE,-
th = 2

APPENDIX G: PARAMETER REFINEMENTS

We describe in this Appendix our procedure to refine the
crystal-field parameters {B{} and the interaction parameters
{HY, J.., J+} of our Hamiltonian [see Eq. (2)]. We followed
a two-step strategy. In the first step, the interaction parameters
were set to zero, and we only refined the crystal-field parame-
ters by a reverse Monte Carlo method. In the second step, the
crystal-field parameters were fixed while we systematically
searched for the optimal interaction parameters.
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1. Reverse Monte Carlo method for crystal-field parameters

To identify sets of crystal-field parameters {B} that best
reproduce Ij;_3;4-1(T, E), we defined a functional ¢ that
quantifies the discrepancy between the experimental spectra
and those calculated using a given set of {BZ}. This functional
was minimized using a Metropolis algorithm with simulated
annealing. At each iteration n, a new set of parameters was
randomly generated and used to compute ¢ . The new set
was accepted if Ag = ¢™ — "~ <0, or with probabil-
ity e 2% if A¢ > 0. The inverse fictitious temperature S
was gradually increased with the iteration number (8  n)
to reduce the risk of getting trapped in local minima. This
process was typically repeated up to n = 10 000 to ensure
convergence to a satisfactory solution.

Specifically, the functional was defined as

1 ) 5
ARSI [ C AR =GR 3) BN
T.E
where Inae = Ij1_314-1 — Ipn is the magnetic contribution to

the experimental signal and Irfl‘;lg(T, E) denotes its calculated
counterpart (see Appendix F). Finally, o(T) are weighting
factors used to adjust the relative importance of datasets at
different temperatures. We typically set 0 (2K, 30K) = 1 and

o (150K, 300K) = 4.

2. Selection of interaction parameters

For each set of crystal-field parameters {BZ} identi-
fied, we first selected all possible triplets of interaction
parameters {HX, J.., J.} that reproduce the experimental
low-temperature values of the magnetic moments. Examples
of phase diagrams showing I'; and I's order parameters as a
function of J,; and Jy are shown in Fig. 11. Interestingly,
almost any molecular field value HY in the range uoH = 1 to
2T could provide a reasonable match, provided the two other
interaction parameters were chosen accordingly.

We then examined the calculated temperature depen-
dence of the I'; and I's magnetic moments and compared

{BL, H"} Set 1

{BJ, H™} Set 2

04
02 6
g 0 4
N
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FIG. 11. I'; (top) and I's (bottom) order parameters in ug as a
function of the interaction parameters J;, and J., for the crystal-
field and iridium molecular field values corresponding to set 1 (left)
and set 2 (right), listed in Table IV.

it with the experimental data to select a unique set of in-
teraction parameters for each crystal-field parameter set. It
is worth noting that the temperature dependence of the I's
magnetic moment was not discriminating, as none of the
solutions yielded a behavior consistent with the experimental
one. Ultimately, we kept only the nine-parameter sets that best
reproduced the overall experimental temperature dependence
of the specific heat.

The retained nine-parameter sets cluster into two distinct
groups: In one, the ground and first excited doublets are
dominated by |£5) and |£4), respectively, while in the other
this order is reversed. Set 1 and set 2 in the main text are
representative parameter sets from each group.
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