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Synthesis and characterization of the novel breathing pyrochlore compound Ba;Tm;Zn;01;
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In this study, a novel material from the rare-earth based breathing pyrochlore family, Ba;Tm,Zn;0,, was
successfully synthesized. Powder x-ray diffraction and high-resolution powder neutron diffraction confirmed
phase purity and the F43m breathing pyrochlore crystal structure, while thermogravimetric analysis revealed
incongruent melting behavior compared to its counterpart, Ba;Yb,ZnsO;;. High-quality single crystals of
Ba;Tm,Zns0;; were grown using the traveling solvent floating zone technique and assessed using Laue
x-ray diffraction and single crystal x-ray diffraction. Thermodynamic characterization indicated paramagnetic
behavior down to 0.05 K, and inelastic neutron scattering measurements identified distinct dispersionless crystal
electric field energy bands, with the fitted crystal electric field model predicting a single-ion singlet ground state
and an energy gap of ~9 meV separating it from the first excited (singlet) state. Additional low-energy excitation
studies on single crystals revealed dispersionless bands at 0.8 and 1 meV. Computed phonon dispersions from
first-principles calculations ruled out phonons as the origin of these modes, further illustrating the puzzling and

unique properties of Ba;Tm,Zn;0y;.
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I. INTRODUCTION

Frustrated quantum magnets have over the past thirty years
become a fruitful playground for the exploration of exotic
magnetic ground states with suppressed tendency towards
conventional long-range order and displaying unconventional
excitations [1-3]. The competing interactions in these systems
can originate from a frustrated lattice geometry, spin-spin in-
teractions beyond nearest neighbors, or anisotropic spin-spin
interactions. Geometrically frustrated lattices are commonly
achieved using spins residing on either elementary triangular
or tetrahedral units and forming regular two- and three-
dimensional lattices. In three dimensions, the pyrochlore
lattice of corner-sharing tetrahedra has become the paradig-
matic example of high magnetic frustration [1,3].

The pyrochlore architecture is prominently featured in the
A;B,07 magnetic pyrochlores [4-6]. In these materials, the
trivalent A3* and tetravalent B** ions, respectively, span two
independent interpenetrating pyrochlore lattices, with either
or both sites capable of hosting a magnetic moment depend-
ing on the cation. Magnetic materials with nonmagnetic A3+
(e.g., Y>* or Lu**) and magnetic transition metal B** ions
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have been studied [4] (e.g., Y2Mn,O7 [7], Y2Mo,07 [8-10],
LUQM0207 [11], Lu2M0205N2 [11] and Llle207 [12]), and
found to display a range of interesting thermodynamic, mag-
netic, as well as thermal transport [12] properties. However,
a wider variety of materials displaying a gamut of magnetic
behaviors has been afforded by the rare-insulating rare-earth
compounds in which A is a magnetic trivalent 4f lanthanide
rare-earth element (e.g., A = Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Yb) and B is a nonmagnetic transition metal element
(e.g., B=Ti, Sn, Ge, Zr, Hf) [4-6,13—15]. In these systems,
the strong single-ion crystal field anisotropy typically results
in a magnetic crystal field ground-state doublet described
by an effective spin-1/2 degree of freedom. The interactions
(e.g., magnetic, quadrupolar, etc) between the ions are then
expressed in terms of anisotropic bilinear “exchange-like”
couplings between those pseudospins 1/2 [6,16—18].

In addition to the A,B,07 pyrochlore oxides, the spinels
AB>Xy (e.g., A =Zn, Mg; B =Cr, Fe, X = O, S), in which
the magnetic transition metal B** ions reside on a pyrochlore
lattice, have also been extensively studied [19]. The latter have
provided great opportunities to study the physics of magnetic
frustration on the pyrochlore lattice with transition metal ions
(Cr**, Fe’") beyond that explored with the A;B,07 com-
pounds with nonmagnetic A3* and magnetic B*" transition
metal ions [7-12]. About ten years ago [20], a new variety

©2024 American Physical Society
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FIG. 1. (a) Powder x-ray diffraction pattern of Ba;Tm,ZnsOy; at
room temperature is shown as black circle. The red, blue, and green
lines represent the calculated intensity, the difference between ob-
served and calculated intensity, and the expected Bragg’s positions,
respectively. The additional nonmagnetic ZnO and BaCOj; impurity
peaks are identified as *, specifically at the strongest peaks of these
phases. (b) Crystal structure of Ba;Tm,Zns;0y;, highlighting only
the Tm?" ions, is shown with the breathing ratio (d/d’) and the
alternating large and small corner sharing tetrahedra.

of magnetic spinels, AA'B4Xs (e.g., A = Li, Cu; A’ = Ga, In;
B =Cr;X =0, S, Se), with nonmagnetic cations on the A
and A’ sites being crystallographically ordered, began attract-
ing attention [20-22]. In these materials, the magnetic Cr3t
ions reside on a so-called breathing pyrochlore (BP) lattice.
This architecture consists of an alternating arrangement of
expanded (large) and contracted (small) corner-shared tetra-
hedra, with the nearest-neighbor bond distances d and d’ for
the large and small tetrahedra, respectively [see Fig. 1(b) for
an example of a breathing pyrochlore lattice with breathing
ratio d/d’" = 1.85].

The availability of BPs offers opportunities to explore
interesting and enhanced frustration-driven phenomena. For
example, theoretical studies have predicted that the param-
eter phase space of BP systems, which comprises different

exchange couplings (J4 and Jg) and Dzyaloshinskii-Moriya
(DM) interactions (D4 and Dg) between large (A) and small
(B) tetrahedra may contribute to stabilize exotic ground
states such as quantum spin ice [23], spin liquid [24],
magnetic hedgehog lattice [25] and Weyl magnons [26].
In terms of experimental realizations, Cr-based BP systems
such as Li(Ga, In)Cr4(O, S)g [20,27], CulnCrsSg [28] and
CuAlCr4Sg [22] have been synthesized and investigated ex-
perimentally, as well as modelled theoretically [21]. To a
large extent, these Cr-based BP systems have a similar struc-
ture compared to a regular (i.e., nonbreathing) pyrochlore
since the breathing ratio is nearly unity (d/d’ ~ 1.05 £ 0.02).
Moreover, the Cr** ion has effective S = 3/2 spin for which
quantum fluctuations are suppressed and are expected to be-
have nearly classically [21].

A potential route to explore a different regime out-
side the d/'d ~ 1 breathing ratio limit and the large S
value characterizing the Li(Ga, In)Cr4(O, S, Se)s materials
is the rare-earth (RE) breathing pyrochlore (BP) family,
known as BazRE;ZnsO;; [29]. So far, only one member
has been systematically explored: the effective spin-1/2 sys-
tem (Ba3;Yb,ZnsOq). Unlike other breathing pyrochlores, the
breathing ratio (d/d’) of the Ba3;Yb,ZnsO;; BP system is
approximately 1.8 and thus much larger than the ratio for
Cr-based BPs. At the very least, in this limit, one may hope
that studying these materials will yield a better understanding
of the microscopic aspects of magnetism associated to frustra-
tion as well as the nature of the effective spin-1/2 interactions
in rare-earth systems [30,31] without the need to address the
complexity of collective behavior. In further contrast to the
Cr-based BPs, Ba3;Yb,ZnsOy; exhibits no signs of long-range
ordering down to 100 mK [29,32]. The limit of nearly isolated
tetrahedra describes the physics of this compound quite well
[29,32-37], implying that the exchange interactions between
the tetrahedra in Baz;Yb,Zns0; are small [29]. On the other
hand, Ba;Yb,Zns0;; has been suggested as a candidate for
rank-2 U (1) QSL because of the strong DM interaction [24]
and has been found to exhibit low-temperature properties
that hint at the significance of interactions between tetrahedra
[32,38].

Theoretical calculations aimed at assessing the stability
of breathing pyrochlore compounds conclude that the size
of small and large tetrahedra could be either slightly dif-
ferent (d/d’ ~ 1) or significantly different (d/d’ ~ 2) [39].
In the first case, materials such as Li(Ga, In)Cry(O, S, Se)s
and Pb,Ir,07_5(8 &~ 1) [39] are closer to a standard d/d' = 1
pyrochlore lattice with strongly coupled tetrahedra, while in
the second case, the rare-earth BP compounds BazRE;ZnsOq;
behave, to a large extent [32,34,38], as a system of quasi-
isolated tetrahedra. Nonetheless, in the second case, where
a significant distance between small tetrahedra hinders in-
tertetrahedron interactions, application of external pressure or
the substitution with a magnetic ion possessing a larger mag-
netic moment may enhance the intertetrahedron interactions.
Moreover, the ability of these intertetrahedron interactions to
alter the single-tetrahedron physics is highly dependent on the
specific single-ion crystal field manifold of states which varies
between different RE ions. Additionally, the intratetrahedron
interactions, which can, in principle and generally speaking,
be strongly influenced by the choice of RE ion, may also play
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a significant role. To explore the role of inter- and intratetra-
hedra interactions in providing a clearer picture of magnetism
in BPs, it is thus important to search for new materials in
the Ba;sRE;Zns0;; family that may harbor stronger intertetra-
hedra interactions or display interesting physics qualitatively
distinct from the one found in BazYb,ZnsOy;.

Building upon our previous synthesis and single-crystal
growth achievements [37] and drawing from our accumu-
lated expertise, we report in the present paper a ground-
breaking synthesis, single crystal growth, and comprehen-
sive characterization of the novel rare-earth BP compound
Ba3;Tm;ZnsOy;. Neutron diffraction data confirms the phase
purity and structure of BazTm,Zns0O;; down to a temperature
of 4 K. Unlike the relatively straightforward growth of single
crystals of BazYb,ZnsO;; [37], growing single crystals of
this new Ba;Tm,ZnsO;; compound proved challenging be-
cause of the compound’s incongruent melting behavior. To
overcome this difficulty, we employed the traveling-solvent-
floating zone (TSFZ) technique, utilizing a solvent disk
composed of BaZnO,, which ultimately yielded large high-
quality single crystals of Ba3Tm;Zns;0;;. Magnetic and heat
capacity studies on these single crystals conclusively indicate
the absence of any long-range magnetic ordering down to
0.1 K. Additionally, neutron scattering was employed to in-
vestigate the crystal electric field (CEF) levels and low-energy
excitations of this material.

II. EXPERIMENTAL METHODS

Polycrystalline Ba;Tm;Zns0;; powder was prepared by
a solid-state reaction route using the starting precursors of
Tm, O3 (99.9%, Alfa Aesar) with ZnO (99.99%, Alfa Aesar)
and BaCOj3; (99.99%, Alfa Aesar). The starting precursors
were weighed in the (1:5.05:3) molar ratio, respectively, and
the well-ground mixture was sintered at 800 °C for 8 hours,
1000 °C for 12 hours, and 1110 °C for 48 hours with interme-
diate grinding. For the nonmagnetic analog, BazLu,Zns0y;
was synthesized from the precursors Lu,Oz (99.9%, Alfa
Aesar) with ZnO (99.99%, Alfa Aesar) and BaCO3 (99.99%,
Alfa Aesar) weighed in the (1:5:3) molar ratio, respectively,
and sintered at 1100 °C for 48 hours. Additionally, attempts
to synthesize Ba;Er,ZnsO;; revealed that it is highly unstable
and likely not synthesizable. The phase purity of our samples
and crystal structure were examined using a powder x-ray
diffraction (PXRD) technique with a MiniFlex diffractome-
ter from RIGAKU equipped with Cu K-« radiation source
at room temperature. The temperature-dependent structural
stability and long-range ordering were assessed through
high-resolution powder neutron diffraction using the BT-1
spectrometer at NIST, Gaithersburg on a &7 g Ba;Tm;Zns0;
powder sample. The powder sample was packed in a vana-
dium can filled with helium-4 exchange gas so that the sample
could be cooled down to the base temperature. Measurements
were systematically performed at 4 K, 45 K, and 100 K us-
ing a helium-4 type closed-cycle refrigerator (CCR). The Cu
(311) monochromator was used to produce incident neutron
of wavelength 1.54 A along with a 15’ collimator installed
upstream of the sample. The diffraction pattern was analyzed
using the FullProf suite [40].

Once the phase purity of the powder sample was con-
firmed, a thermogravimetric analysis (TGA/DSC 34, MET-
TLER TOLEDO) was used to understand the intricacies
of the melting behavior of this compound. Subsequently,
single crystals of Ba3Tm;ZnsO;; were grown using a four
semi-ellipsoidal mirrors optical floating zone furnace (Model:
FZ-T-12000-X-VII-VPO-PC, Crystal System Corporation,
Japan) equipped with xenon lamps with a maximum power
of 12 kW. These mirrors focus the radiation from the xenon
lamps to achieve a large vertical temperature gradient. Ad-
ditionally, alumina shutters control the feed rod’s exposure
to the optical rays, adjusting the temperature gradient and
aiding in tuning the liquid zone size. The quality of the grown
crystals was examined using a Laue diffractometer (MUL-
TIWIRE LABS MWLI120). Single crystal x-ray diffraction
of Ba3Tm;ZnsO;; was performed at the UNC Chapel Hill
Department of Chemistry using a Bruker KAPPA Apex II
diffractometer and measured at 230 K. The structure was
solved using Superflip3 [41] and refined using full-matrix
least squares with the Crystals software from the University of
Oxford [42]. Magnetic characterization on the grown crystal
was done using a vibrating sample magnetometer (VSM) and
heat capacity data was collected using helium-4 (1.8K <
T < 300K) and dilution refrigeration (0.06 K < T < 2 K)
set-up attached to the Physical Properties Measurement Sys-
tems, Quantum Design (PPMS Dynacool, QD, USA). To
investigate the magnetic properties of Ba;Tm,ZnsO;; down
to 0.02K and in high magnetic fields, we performed tun-
nel diode oscillator (TDO) measurements at the DC Field
Facility of the National High Magnetic Field Laboratory in
Tallahassee. A bar-shaped single-crystal sample, with a length
of approximately 2 mm, a width of 1 mm, and a thickness of
0.5 mm, was wound inside a detection coil, aligning the [111]
Ba3;Tm,ZnsOy; crystallographic direction along the coil axis.

The sample and coil together constituted the inductive
component of an LC circuit connected to a tunnel diode oper-
ating in a negative resistance region, which was fine-tuned to
achieve resonance within a frequency range of 10to 50 MHz.
The shift in the resonance frequency f, which relates to the
change in the sample magnetization M (df /dH oc d*M /dH?)
[43,44], was recorded as the field was swept to 18 T using
superconducting magnets.

Inelastic neutron scattering (INS) measurements were
conducted using the SEQUOIA spectrometer [45] at the spal-
lation neutron source (SNS), Oak Ridge National Laboratory.
Approximately 6 grams each of pure Ba;Tm,ZnsO;; and
BasLu,;ZnsOq; (for the determination of the phonon contri-
butions) powder samples were loaded into aluminium cans
and sealed under helium-4 atmosphere. Measurements were
collected at incident neutron energy (E;) E; = 150 meV and
100 meV in high-flux mode and at E; = 50 meV and 25 meV
in high-resolution mode over the temperature range 5K <
T < 150K. The data were analyzed using the DAVE MSlice
[46] while the PyCrystalField [47] and MCphase [48] pack-
ages were utilized to determine the parameters of the crystal
electric field (CEF) Hamiltonian for Tm3* in Ba3;Tm;,Zns0q;.
The low-energy inelastic scattering experiments were per-
formed at the Cold Neutron Chopper Spectrometer (CNCS)
[49] at the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory on six pieces of coaligned high-quality
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single crystal samples of Ba;Tm;Zns0;; with a total mass of
~0.9 g. The crystals were mounted on a copper holder using
superglue (see Fig. 4 below), aligning them in such a way that
their [h + k, —h + k, —2k] scattering plane is perpendicular
to the [111] crystallographic direction, with the magnetic field
H along the [111] direction. The measurements were con-
ducted in a dilution refrigerator with a base temperature of
0.1 K as well as an 8 T magnet insert, using E; = 3.32 meV.

III. RESULTS
A. Crystal structure and phase purity

Ba3;Tm,ZnsOy; is isostructural to Ba; Yb,ZnsOy; and crys-
tallizes into the cubic structure with a space group of F43m
(no. 216). We show in Fig. 1, the powder x-ray diffraction
pattern collected on BazTm;Zns0;; powder sample and the
crystal structure obtained from the refined diffraction pattern.
Figure 1(a) shows the experimental powder x-ray diffrac-
tion data and the calculated data obtained using Rietveld
refinement along with the expected Bragg positions. The
phase analysis confirms the phase purity of the synthesized
Ba3;Tm,ZnsO;; powder sample. More than 99% of the sample
mass is in the BP phase with space group F43m. A negligible
percentage of nonmagnetic impurity (BaCO3; and ZnO) are
identified with the associated peaks and are marked with *
symbols in Fig. 1(a). The crystal structure of Ba;Tm;Zns0;
thus corresponds to a breathing pyrochlore network where
the Tm>" magnetic ions form large and small tetrahedra, as
shown in Fig. 1(b).

To examine the structural stability of the breathing py-
rochlore structure, high-resolution powder neutron diffraction
was carried out on BazTm,;ZnsO,; powder sample at the se-
lected temperatures T = 4 K, 45 K, and 100 K. The measured
diffraction data was structurally refined using the FullProf
software, with no structural transition being observed down
to 4 K. Apart from the expected lattice contraction with de-
creasing temperature, no significant changes in the structure
were detected. In Fig. 2, one representative powder neutron
diffraction data collected at 4 K is shown along with the
calculated intensity. It is found that all the observed Bragg
peaks can be indexed based on the space group F43m at 4 K.
The small value of Chi-square (1.59) and Bragg R-factor (4.5)
obtained from Rietveld refinement confirm a good agreement
with the BP structure.

B. PDF analysis

To investigate the local structure of Ba;Tm,;Zns0y, total
neutron scattering measurements were conducted on a powder
sample using the Nanoscale-Ordered Materials Diffractome-
ter (NOMAD) [50] at Oak Ridge National Laboratory. The
data were collected across selected temperatures ranging from
2 K to 300 K. After normalization, the NOMAD data were
Fourier transformed to obtain the pair distribution function
(PDF) G(r), areal-space representation of atomic correlations
that quantifies the likelihood of finding a pair of atoms sepa-
rated by a distance r, averaged over time,
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FIG. 2. Neutron powder diffraction data of Ba;Tm,ZnsO;; col-
lected at 4 K using incident neutron of wavelength 1.54 A. The black
circles, red, and blue lines represent the observed intensity, calculated
intensity, and difference between observed and calculated intensity,
respectively. The short vertical-green lines show the expected lo-
cations of Bragg peaks associated with the breathing pyrochlore
structure, as well as the peaks associated with the second harmonic
of the neutron energy used for this experiment.

Here, Onax Was set to 30 A1 and A is an arbitrary scale
parameter determined from the analysis. The momentum
transfer Q is defined as Q = 47 sin(0)/A, where A is the neu-
tron wavelength and 6 is the scattering angle. The PDF data
G(r) for the selected temperature range, displayed in Fig. 3

m Ba Zn1 Zn2

| O1 0203 04 05 ﬁ

2K (20K
40K 50K
60K 100 K

G (r) (arb.)

FIG. 3. The pair distribution function G(r) of the local structure
of Ba;Tm,ZnsO;; collected at selected temperatures between 2 K
and 100 K (scatter markers), compared with the average model
(solid-red lines) refined using PDFGUI software with the assumed
space group F43m. The data has been shifted vertically for clarity.
The inset shows the thermal displacement factor U;, for different
atoms. As can be seen, no anomalous temperature dependence or
anomalously large value of any thermal factor is observed.
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from 1.8 A to 10 A, have been shifted vertically for clarity.
Small-box refinements of the PDF data were performed using
the PDFgui [51] software. The average structure, modeled
by the space group F43m, fits the data well with no peak
splitting or significant mismatches observable. The inset of
Fig. 3 shows the anisotropic atomic displacement parameter
U;; for various atoms as a function of temperature, derived
from the PDF fits. U;; decreases with temperature, which
is expected as thermal fluctuations decrease. All U;; values
are on the order of 1073, indicating no disorder or atomic
tunneling between local atomic configurations [52].

C. Single crystal growth

In order to grow single crystals of BazTm;Zns0y;, the
melting behavior of Ba;Tm,;ZnsO;; was studied by ther-
mogravimetric analysis, as detailed in Appendix A. Upon
heating, Ba3Tm,ZnsO;; was found to melt incongruently,
decomposing into products according to the reaction (Al).
Among the decomposed products, BaZnO, is the only com-
ponent in the liquid phase that can be used as a flux solvent for
subsequent crystal growth. Consequently, a traveling-solvent-
floating-zone (TSFZ) technique was employed to grow large
and high-quality single crystals of the Ba3Tm;ZnsO;; com-
pound using BaZnO, as flux. The preparation details of the
feed rod and flux are elaborated upon in Appendix B.

About 250—300 mg of BaZnO,; solvent disk is used de-
pending on the Ba;Tm;Zns;0;; feed rods’ dimensions. The
growth process is performed in two steps: Firstly, the feed
rod is placed at the seed rod holder (lower shaft of the FZ
furnace), and the solvent disk is melted partially and is stuck
to the top end of the feed rod and exposed under a 0.1% of
the maximum lamp power. Secondly, the feed rod with the
attached BaZnO, solvent disk was suspended from the upper
shaft of the furnace, and the growth process was started. The
crystal growth is performed while bringing down the feed rod
into the heating zone under 0.1—1.0% of the maximum lamp
power and shutter length ~70-65 mm. The melted BaZnO,
flux is partially absorbed by the feed rod and thereafter dis-
solves the Ba3Tm,Zns0q;. This eventually percolates down
and forms a liquid blob with solid particles at the end of
the feed rod. At this stage, the liquid blob contains mostly
the BaZnO, liquid from the supplied external flux and other
phases BasTmgZnsO,; (S), Ba;Tm;ZngO;3 (S), ZnO (S), and
BaZnO, (L) from the decomposition of Ba;Tm;Zns0;; feed
rod. Once the amount of the BaZnO, liquid appeared to be
sufficient on the surface of the feed rod, a liquid zone was
formed, and both feed and seed rods were moved downwards
with a growth speed of 1—3 mm/h. The lamp power was
gradually reduced to its lowest value of 0.1% of maximum
power. The feed and seed were made to rotate (8—20 rpm) in
opposite directions to achieve a homogeneous mixture in the
liquid zone. During the growth process, the BazTm;Zns0y,
decomposes at the liquid zone’s upper region, while at the
lower region, the decomposed phases recombine, crystallizing
into the breathing pyrochlore phase we seek.

To obtain centimeter-scale Ba;Tm,Zns0;; single crystals,
the best growth conditions were identified as follows: The
oxygen pressure was set to a maximum of 0.95 MPa to min-
imize bubbling. A “two-scanning” method was used, where

FIG. 4. Ba;Tm,ZnsO; single crystals extracted from different
growths mutually coaligned along the [111] direction and mounted
on the sample holder for the neutron experiments. Representative
Laue patterns from different regions of single crystals are shown. The
brightest (black) spot just below the central white disk corresponds
to the (111) reflections.

the feed rod was initially passed through the heating zone
at a high speed (V; > 1 mm/hr) to premelt the crystal. This
premelted grown crystal was then used as the feed rod for
the slow growth process (V; = 0.4 mm/hr), which improved
molten zone stability by preventing liquid penetration into
the highly dense premelted crystal feed rod. The optimized
growth parameters are tabulated in Table IV in Appendix B
and representative grown single crystals are shown in
Fig. 4.

D. Single crystal characterization

Several high-quality single crystals of a few millimeters in
size were extracted from the different growths and oriented
using a Laue diffractometer. The crystals were oriented along
the crystallographic [111] direction, and the magnetic and
thermal characterizations were carried out on these oriented
crystals. Figure 4 shows the coaligned Ba;Tm;Zns0O;; sin-
gle crystals (each around 1 g) mounted on a copper-based
sample holder for neutron study with some representative
images of collected Laue patterns also shown. Each crystal
specimen was aligned along the [111] direction and placed
on the sample holder with Cu wire and super-glue as shown
in Fig. 4. The similar Laue patterns obtained from the differ-
ent mounted crystal specimens confirm the orientation of all
Ba3;Tm,ZnsOy crystals to be along the crystallographic [111]
direction.

Single crystal x-ray diffraction (XRD) was conducted
on the Ba;Tm,;ZnsO;; crystal to confirm the crystal struc-
tures, with refined atomic positions given in Table I. The
Tm**—Tm3** and Tm—O bond distances, bond angles, and
the breathing ratio (d/d’) obtained from these positions are
separately tabulated in Table II. The breathing ratio (d/d’)
determined for BazTm;ZnsOq; is 1.8822(9), larger than the
1.82(2) value found for Baz;Yb,Zn50,; [37].
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TABLE 1. Single crystal x-ray diffraction refinement results at
230 K using the space group F43m. Fractional atomic coordi-
nates and equivalent isotropic displacement parameters Uiy, (A2) for
Ba;Tm,ZnsOy;. U, is defined as 1/3 of the trace of the orthogonal-
ized U;; tensor. Values in parentheses indicate +1 0.

T =230 K a=b=c=134971(9)A wR, = 0.0629

Atom (Wyckoff site) X y z Usso

Tml (16e) 0.6633(1) 0.6633(1) 0.6633(1) 0.014(1)
Bal (24f) 0.5000 0.5000 0.7950(1) 0.018(1)
Zn1 (16¢) 0.4167(1) 0.5833(1) 0.5833(1) 0.015(1)
Zn2 (24g) 0.4167(2) 0.7500 0.7500 0.016(1)
Ol (4a) 0.5000 0.5000 1.0000 0.014(3)
02 (4b) 0.5000 0.5000 0.5000 0.019(4)
03 (16e) 0.3448(7) 0.6552(7) 0.8448(7) 0.009(2)
04 (16¢) 0.8314(9) 0.6686(9) 0.6686(9) 0.022(2)
05 (48h) 0.4985(9) 0.6668(5) 0.6668(5) 0.017(2)

E. Magnetic and thermodynamic characterization

Magnetic measurements were carried out on an oriented
Ba3;Tm,ZnsOy; single crystal specimen. Magnetic suscepti-
bility was measured in the presence of an external magnetic
field of H = 1 T along H || [111]. The measurement was per-
formed from 300 K to 2 K under ZFC (zero-field cooling)
and FC (field cooling) conditions. Figure 5(a) shows the
temperature-dependent magnetic susceptibility x with H ||
[111] under ZFC protocol. No splitting was observed between
the ZFC and FC data, and the results are consistent with mea-
surements on the powder sample, indicating no directional
anisotropy. Low magnetic field (e.g., 0.01 T) x measurements
were also carried out. Although these measurements showed
small fluctuations in the general trend of x (7") on the order of
less than 1%, no FC-ZFC splitting was observed. The inverse
magnetic susceptibility was fitted using the Curie-Weiss (CW)
law: 1/x = (T — 6cw)/C; where C is the Curie constant and
Ocw is the Curie-Weiss temperature. The effective moment
WUerr can be calculated from the Curie constant by peg =
/3ksgC /Ny, where N, is Avogadro’s number. The Landé g fac-
tor can be determined from C = ng*ugJ(J + 1)/3kp, where n
is the number of free spins per formula unit. The CW fit was
performed in the high-temperature range (90—300 K) regime
where 1/x follows a linear temperature dependence and
yielded C = 6.96 emu K mol~'Oe~! and fcw = —26.3 K.

This (negative) Ocw parameter should not be viewed as
a sole measure of “antiferromagnetic” interactions in this

TABLE 1II. Selected bond distances (A) and bond angles (°) of
Ba;Tm,Zns0O;, obtained from the refined single crystal x-ray diffrac-
tion data collected at 230 K. Values in parentheses indicate £1 o.

Tm-Tm (small tetrahedron) 3.3113(14)
Tm-Tm (large tetrahedron) 6.2325(15)
Breathing ratio d/d’ 1.8822(9)
Tm-04 bond length 2.272(13)
Tm-O5 bond length 2.225(13)
05-Tm-O5 bond angles 92.3(3)
05-Tm-04 bond angles 86.3(5)

compound since the 1/ = 0 temperature intercept reflects
some combination of the crystal electric field (CEF) levels and
the Tm>*-Tm>* exchange and magnetic dipolar interactions
[53]. The calculated effective moment pies of 7.46 uy and g =
1.151 agrees well with the theoretical value of pegr = 7.55 ug
and g = I for free Tm** (L = 5,5 = 1,J = 6) ion at ambient
temperature. As the temperature decreases, the higher energy
CEF energy levels depopulate, reducing the effective moment
and hence changing the slope of 1/x. Near T ~ 45K, a
shoulder-like feature emerges in x (T') as the Tm>* ion enters
its CEF ground state. As we will see below from the inelastic
neutron scattering analysis, the CEF ground state is a singlet
and this plateauing of the susceptibility at low-temperature is
the van Vleck component of x. However, a slight upturn in
x at temperatures below 20 K cannot be explained by the
van Vleck component, and its origin is unknown. We have
investigated whether this up-turn could be caused by parasitic
paramagnetic phases or dilute impurities, but we found no
evidence that would confirm such a scenario. Finally, the lack
of a sharp feature in the susceptibility data of Ba3Tm;ZnsOy;
indicates an absence of long-range ordering down to 2 K
while the indistinguishable FC and ZFC susceptibility further
suggests a lack of spin glass freezing, also above 2 K.

The isothermal magnetization M (H) measurements were
performed at selected temperatures (7 = 2K, 5 K, and 50 K)
as shown in Fig. 5(b). The magnetic field was ramped up
and down to 14 Tesla with no hysteresis observed in the field
sweeps. At both low and high fields, M (H) shows a linear
trend, consistent with the van Vleck paramagnetism of a CEF
ground state singlet. This linear trend steepens up going from
50 K to 5 K and 2 K, indicating a paramagnetic behavior.

The right axis of Fig. 5(b) shows the integrated frequency
response of TDO measured at 0.02 K up to 18 Tesla. The inte-
grated frequency response is proportional to the magnetization
and shows a linear behavior, similar to the 2 K magnetization
data, suggesting no anomalous behavior or phase transition
down to 0.02 K.

Figure 5(c) shows the temperature dependence of the total
heat capacity of BazTm;Zns0y; single crystal in a magnetic
field H L [111]. The heat capacity shows no sharp anomalies
down to 100 mK, again indicating the absence of any phase
transition. Upon applying a field up to 8 T, minimal changes
are observed in the heat capacity as function of temperature
[see inset of Fig. 5(c), which focuses on the low temperature
regime]. Additionally, no differences were observed between
the powder and single crystal measurements. Interestingly, the
low-temperature heat capacity does not follow the expected
Debye like phonon contribution oc 72 as fits to such a form
proved unsuccessful with no temperature windows yielding a
good fit (see Appendix E for details). On the other hand, the
low-temperature heat capacity of BazLu,Zns0O;; can be mod-
eled well by a Debye like form, suggesting the presence of
other additional nonphonon contributions to the heat capacity
of Bang2Zn5011.

F. Inelastic neutron scattering

Inelastic neutron scattering (INS) was used to probe the
crystal electric field (CEF) levels of Ba3Tm;ZnsO1;. The CEF
levels originate from the splitting of Hund’s ground state
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FIG. 5. (a) Temperature dependence of susceptibility x (7') and inverse susceptibility 1/x (T'), measured at 1 T, revealing no significant

difference between ZFC and FC down to 2 K. The dashed-red line is the Curie-Weiss fit. Note that 1 emu/(mol Oe)

=47 x 107°m?/mol.

(b) Isothermal magnetization M (H) curves at 2 K, 5 K, and 50 K. The inset illustrates the zoomed-in low-field magnetization, exhibiting
no hysteresis during field ramping. The black linear guidelines are included to highlight the linear response. The right axis shows the TDO
measurement (solid red curve overlapping the 2 K and 5 K magnetization data) taken at 0.02 K, where Af is integrated with respect to the
field. This integrated curve is proportional to the magnetization and has been scaled to match the M (H) data collected at 2 K. The similarity
in trends between the TDO measurement and the M (H) data at 2 K indicates no anomalous behavior or phase transitions down to 0.02 K.
(c) Temperature-dependent total heat capacity of Ba;Tm,ZnsO; single crystal with applied magnetic field H perpendicular to [111] direction,
down to 100 mK. Minimal alterations are observed in the heat capacity trace at 8 T, and the inset focuses on intermediate fields in the
low-temperature regimes. The lack of any sharp anomaly in heat capacity indicates the absence of phase transitions.

due to the crystal environment around the magnetic ion. The
Tm>* ion in Ba;Tm,ZnsO;; reside at a site with Cs, point
group symmetry whose local crystal environment splits the
Tm3* ion’s 3He 13 degenerate states into five singlets and
four doublets. The effect of this crystalline electric field can
be modelled by the single-ion CEF Hamiltonian Hcgp acting
within the 3 Hg manifold

Hcer = B20020 + B4gOuao + B43 043

where the Oy, are the Stevens operators [47,54,55] and the By,
are parameters characterizing the crystal field potential within
the set of J = 6 states.

In Fig. 6, the top three panels show a representative INS
spectrum sets collected using an incident neutron energy of
E; = 50meV at temperatures of 6 K, 50 K, and 150 K. As
shown in the bottom panels, we observed two distinct tran-
sitions at 9.4 meV and 15.4 meV, as well as low-intensity
transitions centered at 25 meV and 31.4 meV [see inset of

+ B60Os0 + Bs3 063 + BesOss.» (2)  lower panel of Fig. 6(a)], whose intensities are less than 1% of
AE meV AE (meV AE (meV
@ ( 0) ® 5 M9 © 10 %50
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FIG. 6. Inelastic neutron scattering measurements and CEF model fits for polycrystalline Ba; Tm,Zns0y;. [(a)—(c), top] AE vs |Q] slices at
temperatures of 6 K, 50 K, and 150 K, respectively, with incident energy E; = 50 meV. The spectrum from Ba;Lu,ZnsO;; has been subtracted
to remove the nonmagnetic background. Two prominent CEF bands located at 9.47 and 15.45 meV, alongside lower-intensity bands centered
at 25 and 31.4 meV are visible. [(a)—(c), bottom) Constant-Q cuts with an integration window of 3—4 A-! with overlayed CEF fits derived
from the most optimal solution discussed in the main text. The insets in the bottom panels of (a) and (b) show the zoomed-in line cuts at higher
energy, while the inset in the bottom panel of (c) shows the fit to the isothermal powder magnetization at 10 K.
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TABLE III. Energy levels and their associated eigenvectors for the single-ion CEF Hamiltonian, obtained by fitting the Ba;Tm;ZnsO;
INS data. The wavefunctions are represented in the |m,) basis. The energies are labeled as singlets (S) or doublets (D) in brackets next to the

corresponding energy level.

E (meV) =6)  [=5) =4 =3 =2} =] 10) ) 12) 13) 14) 15 16)
0.000 (S) —0.4726 0.0 00 —0526 0.0 0.0 0.0 0.0 00 —0526 0.0 0.0 04726
9.467(S) 0.6472 0.0 0.0 02399 0.0 0.0 02169 0.0 0.0 —02399 0.0 0.0  0.6472
15450 (D) 0.0 0.0 05661 0.0 00 —0.1319 00 00 07455 00 00 —03262 0.0
15450(D) 00 —03262 0.0 0.0 —0.7455 0.0 0.0 —0.1319 0.0 0.0 —05661 0.0 0.0
25.052(D) 0.0 05168 0.0 0.0 —02014 0.0 0.0 08026 0.0 0.0 —02196 0.0 0.0
25.052(D) 0.0 00 0219 00 00 08026 00 0.0 02014 00 00 05168 0.0
31.012(S) 0.0336 0.0 00 0314 00 0.0 —0.8947 0.0 00 —0314 0.0 0.0  0.0336
31.037(S) —0.526 0.0 0.0 04726 0.0 0.0 0.0 0.0 0.0 04726 0.0 0.0  0.526
42643(D) 00 05213 00 0.0 03437 0.0 0.0 —0.4281 0.0 0.0 —0.6532 0.0 0.0
42643(D) 0.0 0.0 06532 0.0 0.0 —04281 0.0 0.0 —03437 0.0 00 05213 00
53.874(D) 0.0 0.0 —04523 0.0 0.0 —03939 0.0 0.0 05344 0.0 0.0 05956 0.0
53.874(D) 0.0 —0.5956 0.0 0.0 05344 00 00 03939 00 0.0 —04523 00 0.0
57.365(S) 0.2828 0.0 0.0 —0.5864 0.0 0.0 —03903 0.0 0.0 05864 0.0 0.0 0.2828

the most intense transition. While BazLu,Zns0O;; was used to
subtract the nonmagnetic background, discerning very weak
CEF levels atop the large contributions of nearby phonon
excitations proved challenging because of limited momentum
coverage. Therefore, experimentally, we can only reliably ob-
serve four (at 9.4, 15.4, 25, and 31.4, all in meV) of the eight
possible CEF transitions out of the CEF ground state. To fit the
six CEF parameters in Eq. (2) using this data, we employed
the PyCrystalField software [47]. As an additional constraint,
we included isothermal magnetization data in the fitting
procedure, as elaborated in further detail in Appendix C.
The best fit parameters were ultimately determined to be
(in meV) Byy = —7.83 x 1072, By = —1.01 x 1073, By =
1.84 x 1072, Bgp = —1.59 x 107, Bgz = 5.24 x 1074, and
Bgs = —5.42 x 10~*. Table III lists the energy levels and
the corresponding eigenvectors determined from the fit. The
bottom three panels in Fig. 6 show the calculated constant-Q
cuts overlaid on the experimental data. The fit reproduces
reasonably well the positions and relative intensities of the
four observed transitions. It also predicts additional transi-
tions at 42.6 meV, 53.8 meV, and 57.3 meV with intensity
less than 1% of the 9.4 meV transition, consistent with our
inability to discern the higher energy transitions against the
experimental background. The ground eigenstate of Hcgp is
identified as a singlet, with no other CEF level (of either low
or high intensity) until the first excited state at 9.4 meV. The
proposed CEF scheme also fits the isothermal magnetization
data very well as shown in the inset of Fig. 6(c). Furthermore,
the fitted CEF parameters reproduce the weak magnetic field
dependence of the 9.4 meV and 15.4 meV transitions, as
shown in Fig. 11 below. Given the singlet ground state and
the substantial ~#10meV gap to the first excited state, we
should expect to observe no significant features in the INS
spectrum below 10 meV. Moreover, estimating the typical
scale of the Tm>t—Tm>* interactions, Hrm_tm, to be in the
range 0.01—1 meV, which is typical for insulating rare-earth
oxides, we would not expect the development of long-range
order since the first excited crystal field level (at 9.4 meV) is
at least more than a factor 10 compared to Hry—1m, and thus

causing only a small admixing between the ground singlet and
the lowest excited crystal field states. This is similar to what
is seen in the Tm,Ti,O; pyrochlore compound [56].

With the CEF scheme established, we conducted INS
experiments on high-quality coaligned single crystals of
Ba3;Tm;ZnsOy; to probe the low-energy excitations in the
compound with applied magnetic field H || [111]. We show
in Fig. 7 the scattering intensity as a function of energy
transfer, with a path taken through the high symmetry points
of To— Xy —TI't1 =X, — 'y — X3 — 'y for selected fields,
revealing dispersionless bands at ~0.8 meV and =1 meV at
0 T. Applying a magnetic field leads to a systematic shift in
the band intensities and centers. The band intensity gradually
decreases as the field is increased from O T to 8 T, but remains
visible even at 8 T. Within the resolution of the present data,
no significant field-dependent shifts in the band energies were
observed; however, the intensity of this excitation band clearly
changes as a function of the applied field, as shown in the
line-cuts of Figs. 7(g). The origin of this INS signal is rather
mysterious and we have not been able to find a compelling
explanation for it.

IV. DISCUSSION

From the experimental results presented in Sec. III, the
following picture of Ba;Tm;Zns01; emerges: The Tm3t ion
in Ba;Tm,ZnsO0;; has a singlet ground state with a gap of
9.4 meV to the lowest crystal field level. This gap is sig-
nificantly larger than the expected intratetrahedron exchange
interactions (e.g., in Ba;Yb,Zns0;; they are roughly J =~
1 meV or so [34]) and thus also the intertetrahedron ex-
change interactions. The singlet ground state should thus
lead to a “trivial” quantum paramagnetic ground state in
Ba3;Tm,Zns0Oy, a product of CEF singlets on each Tm site,
with the first excitation—a kind of CEF “exciton” appearing
at 10 meV. This picture, similar to what is found in the
Tm,Ti,O; pyrochlore [56], appears consistent with the ther-
modynamic data, susceptibility and magnetization data, which
do not show any evidence of low-lying excitations below the
CEF gap (e.g., via a significant entropy release).
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FIG. 7. Scattering intensity as a function of energy transfer for Ba;Tm,ZnsO;;. Panels (a)—(d) display data from INS experiments
conducted on high-quality, coaligned single crystals with an applied field H || [111], measured at 100 mK, and traversing through the
high-symmetry points 'y — X; — 'y — X, — ', — X5 — Iy, as illustrated in cartoon (e). Notably, two dispersionless excitations identified at
0.8meV and 1.1 meV in a OT field exhibit decreased intensities upon application of the field. (f) The band centers for the upper and lower
bands at k = I'; show no significant energy shifts with the applied field. (g) However, constant-Q cuts, after applying powder averaging, reveal
significant field-induced changes in the intensities of these excitation bands, suggesting a magnetic origin. Error bars indicate +1 o.

This description of BazTm,ZnsO;;, however, presents an
interesting puzzle: What is the excitation observed in inelastic
neutron scattering data at ~1 meV in Fig. 7?7 From the above
discussion, there should be nothing magnetic from the Tm>*
ions near 1 meV, as it lies well below the CEF gap. The
CEF analysis rules out a low-lying CEF mode, as detailed
in Appendix C. This additional mode likely points to other
interactions or physical phenomena that manifest not only in
the INS data but also in the heat capacity, that we discussed
above in Sec. IIT E. We briefly mention here a number of
possible natural origins for this excitation:

(1) Low-lying phonon excitation. While optical phonons
typically lie higher in energy than 1 meV, one might ask
whether the proximity to a structural instability could result
in an anomalously low-energy phonon excitation. Indeed,
we have experimentally found that the BP family becomes
unstable for lanthanides lighter than Tm, suggesting that
Ba3;Tm;ZnsOy; may sit close to an instability.

(2) Magnetic disorder. One possibility is that the low en-
ergy excitations at £ &~ 1 meV are caused by a small fraction
of Tm>" sites that have a different local environment than
the bulk and thus harbor a low-lying crystal field excitation
in the =1 meV range. Alternatively, oxygen vacancies, if
present, can create a charge imbalance around the Tm3" ion,
potentially reducing its oxidation state to Tm>* and thereby
creating low-lying crystal field excitations.

(3) Atomic tunnelling. If the crystal structure of
Baz;Tm;ZnsOy; has two nearby local minima in the location
of one of the atoms, quantum tunneling could result in a
superposition of states and an associated tunnel splitting
[57-60]. This excitation would be beyond the phonon picture

of lattice dynamics and could potentially be observable in
inelastic neutron scattering [52].

(4) Spin-lattice coupling. Significant coupling of the
Tm*" CEF excitations to a lattice vibration could result in a
change of character of those excitations and lead to new (and
potentially low-lying) excitations.

‘We now briefly discuss each of these possibilities in order.

Low-lying phonon excitation. In order to rule out phonons
as the identity of the low-energy modes in the range
0.8—1 meV, we computed the expected phonon dispersion
from first principles calculations. Full details of these calcu-
lations are presented in Appendix F. In Fig. 8, we show the
computed phonon dispersions. We find that the F43m struc-
ture is energetically stable and that there are no anomalous
low-energy phonons that could explain the nearly dispersion-
less modes appearing in the inelastic neutron scattering data.
We estimate that the lowest optical phonon at the I points
occurs at 2.5 meV, but that it is sufficiently dispersive to
reach 5.7 meV at the X points. Similarly, the lowest acoustic
branch reaches the same energy of 5.7 meV at the X points.
Considering these calculations, we conclude that the disper-
sionless excitations detected in the 0.8 meV to 1 meV range
are unlikely to be of phononic origin.

Magnetic disorder. To rule out any magnetic disorder, such
as potential site mixing where Tm>* might occupy a different
atomic site or oxygen vacancies that could change the oxida-
tion state to Tm>* and thus experience a different crystal field
around it, which could result in a 1 meV band, we further
analyzed the powder neutron diffraction data shown in Fig. 2.
We specifically investigated scenarios where the Tm>* ion
could be situated at other sites. We found that substituting
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FIG. 8. Computed phonon dispersions for Ba;Tm,;ZnsO,
showing absence of low-energy dispersionless modes (kpath as sug-
gested in SeeK-path [66,67]). (Inset) Phonon dispersion along the
k-path plotted in Fig. 7.

the Tm>* ion at another site results in an occupancy close
to 0% with no improvement in fitting quality. Additionally,
we did not find any evidence of oxygen vacancy as the re-
fined occupancy stayed close to 1. It therefore seems unlikely
that the 1 meV band originates from a fraction of Tm3*
ions occupying a different local CEF environment or from
the presence of Tm>* ions. Another possibility could be the
presence of a magnetic impurity phase in the single crystal
sample that produces these excitations. However, in a powder
inelastic scattering experiment conducted at the SEQUOIA
spectrometer on a different powder sample (see Appendix D),
we observed the same ~1meV excitation band. We found
through powder diffraction data analysis the powder sample
to contain less than 1% magnetic impurity phase. Such a small
amount would make it essentially impossible to detect such a
small quantity in our INS measurements. Thus, this magnetic
disorder scenario also appears unlikely.

Atomic tunnelling. In scenarios typically associated with
atomic tunneling, atoms exhibit transitions between two
nearby position configurations [57-60], which can manifest
as anomalously large atomic displacement parameters [52].
In our study of BazTmyZnsO;;, such anomalies were not
observed. Specifically, single-crystal x-ray diffraction data
collected at 230 K indicates that the isotropic displacement
parameters (U, ) for all atoms are of the order of 10~2 A2, as
documented in Table I. This smallness in the displacement pa-
rameters suggests no significant deviations from the expected
atomic positions.

To further investigate the possibility of atomic tunneling,
we utilized neutron pair distribution function (PDF) analy-
sis on powder samples, as detailed in Sec. III B. Neutron
scattering is particularly sensitive to oxygen, thus provid-
ing complementary insights to the x-ray analysis. The PDF
analysis, conducted across temperatures from 100 K to 2 K,
affirmed that the average structure, corresponding to the
space group F43m, accurately reflects the experimental data
(see Fig. 3). This agreement between the local and aver-
age structures indicates that atomic tunneling is unlikely.

Details concerning the behavior of atomic displacement pa-
rameters across the temperature range are further discussed in
Sec. I B. The parameters we determined align with typical
thermal behaviors, showing no evidence for the disorder or
anomalies typically indicative of tunneling phenomena.

Spin-lattice coupling. Although phonons and crystal elec-
tric field (CEF) excitations are often considered decoupled
[61], strong magnetoelastic coupling between the lattice and
the orbital degrees of freedom can in principle bridge these
excitations [62—65]. Two primary conditions facilitate this
coupling [63,64]: (1) The presence of a phonon mode in the
proximity of a CEF excitation, and (2) coupling between the
phonon and CEF modes being allowed by symmetry. If these
conditions are satisfied, magnetoelastic interactions can result
in the mixing of phonon and CEF modes, leading to the for-
mation of a new type of excitation known as a vibronic mode.
In the case of Ba3Tm,Zns0,, the lowest CEF excited state
is located at approximately 10 meV. Given that the observed
low-energy mode is around 1 meV (see Fig. 7), a very large
magnetoelastic coupling would be required to reduce the gap
by 9 meV and bring either excitation within the observed
1 meV range. Therefore, the possibility of such significant
magnetoelastic coupling in BazTm,ZnsO;; appears rather
unlikely.

V. CONCLUSIONS

In conclusion, we have successfully synthesized
Ba3Tm,ZnsO;;, a novel magnetic material within the
rare-earth-based breathing pyrochlore family, and grown
high-quality single crystals of this compound using the
traveling-solvent-floating-zone technique. Investigation into
its magnetic and heat capacity properties revealed the absence
of long-range magnetic ordering down to 0.05 K. Neutron
scattering techniques were employed to characterize the
crystal electric field levels, unveiling two additional magnetic
bands at 0.8 and 1 meV despite the presence of singlet CEF
ground state and 9.4 meV gap to the first excited CEF state.
The absence of low-energy dispersionless modes in computed
phonon dispersions excludes phonons as the identity of the
observed excitations. These findings provide valuable insights
into the structural, magnetic, and vibrational properties of
Ba3;Tm;ZnsOy;, contributing to understanding its puzzling
behavior at the atomic and electronic levels and paving the
way for further studies.
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APPENDIX A: MELTING BEHAVIOR

To understand the melting behavior of the Ba3Tm;ZnsOy;
compound, simultaneous differential scanning calorime-
try and thermogravimetric analysis were performed on a
Ba3;Tm;ZnsO;; powder sample. The sample was contained
in an alumina crucible, and another alumina crucible was
used as the reference while N, gas was used as the method
gas. The samples were heated up to 1380 °C with a heating
rate 10°C/min. In Fig. 9, the percentage heat flow change
and the change of Ba;Tm;Zns0;; sample weight are shown
in a comparison with the Ba3;Yb,ZnsO;; sample. Note that
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FIG. 9. The percentage of heat flow and weight loss of
Ba;Yb,Zns0q; (blue) and Ba; Tm,Zns0y; (red) with respect to tem-
perature while heating the sample up to 1380 °C in TGA. The sharp
endothermic dip around 1210°C is the region where melting event
occurs. Melting in Ba; Yb,ZnsOy; is not accompanied by significant
weight loss whereas in Ba;Tm,Zns0,;, weight reduces drastically
suggesting Ba;Tm,ZnsO;; melts incongruently.

the synthesis of the Ba3Yb,ZnsO;; sample has been previ-
ously reported in Ref. [37]. It is found that Ba;Yb,Zn501;
shows a sharp endothermic dip in heat flow at 7 ~ 1220°C
with no significant weight loss, which is a sign of melting
as the phase transition from solid to liquid happens over a
narrow temperature range. In contrast, Ba3Tm;ZnsO1; shows
a broader endothermic dip in heat flow at 7" &~ 1200 °C with
significant weight loss, indicating decomposition over a wider
temperature range. Thus the behavior of heat flow and weight
loss suggests that the melting behavior of Ba;Tm;ZnsO;
is different (i.e., incongruent in nature) compared to that of
Ba3;Yb,Zns0y, which melts congruently.

To further validate our conclusion, PXRD data were col-
lected on both BazYb,ZnsO;; and Ba;Tm,Zns;O;; melted
samples left after the TGA/DSC experiment. The PXRD anal-
ysis confirms that the Ba;Yb,ZnsO;; is chemically stable
after melting and this agrees with our previous crystal growth
report [37]. In contrast, the Ba3Tm;ZnsO;; decomposes into
three different solid (S) and one liquid (L) phases,

13 Ba3TmZZn501 1 (S)
— 3 Ba5ngZn4021 (S) + Baszzle8013(S)

+22BaZn0,(L) + 23 ZnO(S). (A1)

This incongruent melting behavior of Ba3;Tm;Zns0q;
poses a significant hurdle in growing single crystals as
it cannot be achieved by using the simple floating-zone
(FZ) technique similar that used to grow single crystals
of the BazYb,Zns0;; compound [37]. To tackle this diffi-
culty, a traveling-solvent-floating-zone (TSFZ) technique was
used to grow large and high-quality single crystals of the
Ba3;Tm,ZnsO;; compound, with the detailed growth process
discussed in Sec. II of the main text.

APPENDIX B: GROWTH PREPARATION

As described in Eq. (A1), BaZnO, is one of the products
of the decomposition, and it is the only liquid in the decom-
position above 1200°C, which is used as a solvent/flux in
the TSFZ growth process of Ba;Tm;Zns0;;. The BaZnO,
powder was separately synthesized via a solid-state reaction
route using BaCO; and ZnO as starting precursors. The well-
ground mixture was first sintered at 970 °C for 16 hours under
an Ar atmosphere with the ground mixture then resintered at
1000 °C for 48 hours under N, flow. It was found that BaZnO,
is not stable below a temperature of 525 °C as it decomposes
into BaO, and ZnO. To avoid decomposition, the sintered
pellet of the BaZnO, sample was rapidly cooled down to
room temperature from 1000 °C, resulting in a pure phase of
BaZnO;. In order to prepare a ceramic rod of Ba3Tm,Zns0y;
for single crystal growth, the pure BazTm,;ZnsO;; powder
was compressed into cylindrical-shaped feed and seed rods
using a hydrostatic pressure of approximately 700 bar. These
cylindrical feed rods typically weighed between 9 to 12 grams
and measured about 8 to 11 cm in length. These rods were
sintered at 1130 °C for 24 hours under an oxygen environ-
ment in a vertical tube furnace (Crystal System Corporation)
to achieve higher density. The details of the crystal growth
parameters are tabulated in Table IV. The initial attempt
(Growth No. 1), conducted without a solvent disk, resulted
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TABLE IV. Experimental details of Ba;Tm,ZnsO; crystal growth using optical floating zone technique.

Rotation Growth  Shutter
Growth O, Pressure speed Feed speed speed length Lamp
no. (MPa) (rpm) (mm/h) (mm/h) (mm) Solvent power Results
1 0.3-0.6 9—-10 1-2.5 1.2-2 65—70 Noflux 2-5%  Decomposed products
2 0.3-0.6 9-10 5-15 5-15 65—70 BaZnO, 2-5%  Ba3;Tm,ZnsO;; in the crystal’s shell
3 0.6 9—-10 1-2.5 1.2-2 65—70 BaZnO, 0.10%  Ba3;Tm,ZnsO;; prominent but no crystal
4 0.6 9-10 1.8—1.9 1.0 BaZnO, 0.10%  Largest grain size: 0.13 gm
5 0.95 14—-15 1.15-2.19 1.15 BaZnO, 0.10%  Largest grain size: 0.2 gm
6a 0.95 20 4.5-33 L5 BaZnO, 0.10%  Crystallized feed rod for 6 b
6b 0.95 15—-18 0.55-0.75 0.4 BaZnO, 0.10%  Largest grain size: 0.33 gm

in a crystal with impurity phases from the decomposition of
Ba3;Tm;ZnsOy;, although traces of the BazTm,Zns;O;; BP
phase were detected on the crystal’s surface. Furthermore,
without using any solvent disk to sustain the liquid zone,
the lamp power had to be increased to 5-6% of its maxi-
mum power, which likely contributed to decomposition. We
attempted to use BaCOj3 or a combination of (BaCO3 + ZnO)
as a flux, but the resulting grown crystal was found to exhibit
the presence of the impurity phases identified in Eq. (Al).
However, subsequent incorporation of a BaZnO, solvent disk
and optimizing the shutter length to approximately 70 mm
not only mitigated this issue, but also allowed for the lamp
power to be substantially reduced to 0.1% of its maximum
operating power. The crystal growth process was hampered
by a number of challenges, such as maintaining a stable
liquid zone, with growth speeds above 5 mm/hr leading to
incomplete BP phase formation and speeds below 1 mm/hr
causing a liquid zone instability. Furthermore, the release of
trapped oxygen disrupted the growth, resulting in multiple
crystalline grains instead of single crystals. To overcome these
difficulties, the growth parameters were iteratively optimized
in each growth, progressively enhancing crystal quality. The
oxygen pressure was increased to a maximum of 0.95 MPa
value in order to minimize bubbling. Ultimately, centimeter-
scale Ba3Tm;,Zns0;, single crystals were obtained using the
“two-scanning” method discussed in Sec. II C of in the main
text.

APPENDIX C: CEF ANALYSIS

In our study, we used the PyCrystalField [47] package to
analyze the inelastic neutron scattering data at zero field (0 T)
and determine the crystal electric field (CEF) B, parameters
of Eq. (2). For simulating the field dependence of the CEF
levels, we employed the MCPhase [48] package. We designed
a custom cost function to account for the challenges in fit-
ting the experimental data, including the presence of weak
bands and the uncertainty caused by the unobserved bands.
Our cost function included multiple contributions, such as the
two-dimensional Q- and §E-dependent spectrum, background
penalties for any excitation with intensity more than the
background in areas where we did not see any energy band,
integrated peak intensities to account for multiple energy lev-
els within the observed peak width, powder magnetization and

eigenvalue penalties to ensure the presence of eigenvalues at
the positions of clearly observed bands.

Considering the multiple contributions to the cost func-
tion, we used adaptive weighing of the cost contributions to
ensure that all sources of cost receive appropriate weight.
The CEEF fitting is heavily influenced by the choices of initial
parameters and tends to get trapped in local minima. To solve
this issue, we used various methods for the initial parameter
estimation. For example, we used a point charge model to
obtain the initiatial values for the By, parameters. We also
tried rescaling the published CEF parameters from the sister
compound Ba3;Yb,ZnsO1; [29] using

9(1)(rl) a —I+1 0
By = W(_> B, (C1)
9() (r >0 ao

as discussed for other systems [30,68]. In addition, we also
used logarithmic random sampling to sample values for initial
parameters as the By, parameters can span a wide range of
magnitudes. This strategy helped us explore a wide range of
parameter space and reduced the risk of being trapped in local
minima during the optimization process. In all, we explored
about 100,000 random starting parameters using a computer
cluster to run the program in parallel.

We present in Fig. 10 all the converged solutions obtained
through various strategies. The y axis displays the error x>
on a logarithmic scale, while the x axis shows the values
of the B;, parameters. The optimal solution is highlighted
by a red star while other converged solutions are shown
as circular markers. We observed that solutions predicting
low-lying energy levels between O and 8 meV exhibited
significantly higher experimental disagreement, as indicated
by the large x2 error, which is represented by the gray
circular markers. Thus, our CEF analysis indicates that the
crystal field ground state is a singlet with no intermediate
CEF level between the ground state and the first excited
state at 9.47 meV. The complete list of the 13 CEF energy
levels calculated using the best fit Bj, parameters (all in
meV) are as follows: 9.47, 15.45, 15.45, 25.05, 25.05, 31.01,
31.04, 42.64, 42.64, 53.87, 53.87, 57.36. Finally, we present
the field dependence of the CEF excitations measured at
the disk chopper spectrometer (DCS, NIST). Figure 11 shows
the evolution of the 9.47 meV and 15.45 meV band as the
field is applied up to 9 T. The CEF model fit is shown by the
solid colored lines and agrees with the observed trend.
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FIG. 10. The fitted crystal field parameters vs x? error obtained through various strategies are depicted. The red star data point represents
the best parameter, while all other circular markers denote other converged solutions. Note that solutions predicting an intermediate CEF level
between 0 and 8 meV, shown by gray color, exhibited significantly larger x? errors.
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FIG. 11. The magnetic field dependence of CEF levels at 0.1 K.
Constant-Q cuts have been derived from AE vs |Q] slices by integrat-
ing within the window of 1.8—4 A~". The scatter points represent the
experimental data, and the solid line represents the fit. The curves

have been shifted along the y axis for better clarity. Error bars
indicate =1 0.

APPENDIX D: LOW-ENERGY POWDER INS DATA

In the main results sections, we reported an anoma-
lous energy mode at approximately 1 meV, observed in
the single crystal INS experiment conducted at the CNCS
spectrometer. This mode is also present in the powder INS
data collected at the SEQUOIA spectrometer during our
investigation of the CEF levels. In addition to the inci-
dent neutron energy, E;, mentioned in the Methods section,
we used a lower E; of 8 meV, which provided suffi-
cient resolution to resolve the 1 meV band. As shown in
Fig. 12, the 1-meV mode is clearly visible in the powder
data as well. This consistency rules out the possibility that
the band observed in the single-crystal INS data arises from
scattering caused by superglue, magnets, or other nonsample-
related sources.

APPENDIX E: HEAT CAPACITY PHONONIC
CONTRIBUTION

We attempted to extract the phononic contribution in the to-
tal heat capacity C, of Ba3Tm,Zns0,; by subtracting the heat
capacity of the nonmagnetic analog Bas;Lu,ZnsO,;. However,
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FIG. 12. Powder INS data collected at the SEQUOIA spectrom-
eter with E; = 8 meV at 6 K, highlighting the anomalous 1 meV
energy mode.

because of the larger heat capacity of BazLu,Zns0;; below
~18 K, the subtraction was unsuccessful. As a result, we fitted
the low-temperature heat capacity data using the ST term,
where § is a proportionality constant. We explored various
fitting windows between 2 K to 15 K, as illustrated in Fig. 13.
However, we could not find any temperature window between
2 K to 15 K where the fit does not overestimate the total heat
capacity at the lower temperature. Additionally, incorporating
a linear o T term did not improve the fit. In contrast, nonmag-
netic Ba;Lu,Zn50y; total heat capacity can easily be fitted by
the SBT3 term for the full temperature range between 2 K to
15 K. The inability to fit a ﬂT3 term to Ba;Tm;Zns04; sug-
gests that there are additional contributions to its heat capacity,
possibly from magnetic excitations, which are not present
in BazLuyZns0;. Further, the C,, of Ba3Tm;Zns0,; lacks a
Schottky anomaly peak centered at 4 K that would correspond
to the 1 meV excitation observed in the INS spectra.

APPENDIX F: AB INITIO PHONON CALCULATIONS

In order to rule out phonons as the origin of the low-
energy modes in the inelastic neutron scattering (INS) data
in Fig. 7, we performed ab initio calculations using the plane
wave pseudopotential density functional theory method as
implemented in the Vienna Ab Initio Simulation Package
(VASP) [69-71]. For the purpose of this calculation, we
used the projector augmented wave (PAW) pseudopotential
[72,73] for all the elements. The exchange-correlation po-
tential employed was the modified Perdew-Burke-Ernzerhof
generalized gradient approximation for solids (PBEsol GGA)
[74]. In order to perform phonon calculations, we started
with the experimental coordinates obtained for the F43m
structure and relaxed the structure without imposing a fi-
nal target symmetry. We also performed relaxations starting
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FIG. 13. Comparison of the total heat capacity and phononic
term fitting for Ba;Tm,ZnsO,; and nonmagnetic BasLu,ZnsOy;
compounds. Black scatter points represent the measured heat capac-
ity, while the lines indicate the phononic term BT? fitting across
various temperature windows. (a) For Ba;Tm;ZnsO, all such fits
fail to fit the total heat capacity at the lower temperature end, irre-
spective of the temperature window chosen. (b) In contrast, the heat
capacity of Ba;Lu,Zns0O,; agrees well an BT term across the entire
range of 2 K to 15 K.

from lower-symmetry (perturbed) structures, but found that
the F43m symmetry was restored under relaxation, confirm-
ing the stability of the F43m structure. The energy cutoff
for the plane-wave basis set and energy convergence thresh-
old for electronic self-consistent cycle was set to 600 eV
and 10~%eV, respectively. The Blocked-Davidson iteration
scheme was used for the electronic minimization algorithm.
We used a k-point grid of 8 x 8 x 8 for structure relaxation.
For the phonon calculations, we employed the finite displace-
ment method [75,76] in conjunction with Phonopy [77,78],
with a displacement magnitude of 0.01 A. We used a real-
space supercell of 2 x 2 x 2 of the primitive unit cell, and a
k-point grid of 2 x 2 x 2.
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