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The lanthanide pyrochlore oxides Ln.B2O7 are one of the most intensely studied classes of mate-
rials within condensed matter physics, firmly centered as one of the pillars of frustrated magnetism.
The extensive chemical diversity of the pyrochlores, coupled with their innate geometric frustration,
enables realization of a wide array of exotic and complex magnetic ground states. Thus, the discov-
ery of new pyrochlore compositions has been a persistent theme that continues to drive the field in
exciting directions. The recent focus on the mixed B-site pyrochlores offers a unique route towards
tuning both local coordination chemistry and sterics, while maintaining a nominally pristine magnetic
sublattice. Here, we present a broad overview of the pyrochlore stability field, integrating recent syn-
thetic efforts in mixed B-site systems with the historically established Ln;B>0O~ families. In parallel, we
present the discovery and synthesis of the entire Ln2InSbO7 family (Ln: La, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu) located near the boundary of the pyrochlore stability field using a rapid, hybrid
mechanicochemical/microwave-assisted synthesis technique. Magnetic characterization on the entire
class of compounds draws striking parallels to the stannate analogs, suggesting that these compounds
may host a breadth of exotic magnetic ground states.

I. INTRODUCTION

The cubic pyrochlore structure A;B>0O; (Fig. 1) is
considered as one of the canonical frustrated lattices
in three dimensions [1-5]. In the case of the lan-
thanide pyrochlore oxides (LnsBs0O~), the trivalent lan-
thanide Ln®* ions form the hallmark frustrated network
of corner-sharing tetrahedra (Fig. 1). Even consider-
ing only the lanthanide pyrochlore oxides, the number
of possible combinations of Ln3* and B** is stagger-
ing [1, 2, 6, 7]. The flexibility to decorate the frus-
trated lattice with lanthanide elements of varying single-
ion anisotropy, moment size, and radii — combined with
the steric and chemical flexibility offered by the B-site —
have cemented the pyrochlore family as a fruitful arena
for the pursuit of the emergence of exotic and novel mag-
netic ground states. Experimental and theoretical studies
alike have proposed the Lny,B>0O7 pyrochlores as a means
to realize a myriad of properties ranging from uncon-
ventional long-range order [2-5, 8-15], unconventional
spin-glass behavior [3, 16-27], topologically-nontrivial
electronic states [28-36], spin ices [12, 37-47], mag-
netic monopole quasiparticles [48-52], quantum spin
liquids [53-63], cooperative paramagnetism [64-68],
and other spin-liquid-like states [69, 70].

Considering the rich interplay between chemistry and
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FIG. 1. Isometric view of the cation sublattice of the cubic
Fd3m pyrochlore lattice (left), where the lanthanide sublat-
tice consists of a 3D network of corner-sharing tetrahedra. The
pyrochlore structure is an ordered superstructure variant of
the defect fluorite structure, where the 8-coordinate A- and 6-
coordinate B-site sites are structurally distinct (right).

physics present in the pyrochlore materials, the discov-
ery of new pyrochlore compositions has been a con-
stant theme over the last few decades [1, 2, 4, 5].
Given the vast chemical space, the community natu-
rally sought out empirical “rules” to predict the rela-
tive stability of pyrochlore structures using simple chem-
ical metrics. These approaches are reminiscent of the
Goldschmidt tolerance factor for perovskites [71], and
aim to provide simple guidelines and chemical intuition.
Within pyrochlores, the “radius-ratio rules” have been
the most successful, which constrain R,,;n < Ry3+/Rpa+
< Ruax [1, 2, 72, 73]. Despite the apparent simplic-
ity and variations in the specifics of Ry, and Ry,
the radii-ratio rules have been applied with great suc-



cess [1, 2]. Naturally, the diversity of experimentally ac-
cessible Ln,B>07; pyrochlore phases saw a rapid expan-
sion in the 1960’s [72], particularly with rapid techno-
logical advances in extreme synthesis conditions, partic-
ularly those at high pressure. Human ingenuity has con-
tinued to realize metastable Ln,B>O~ phases considered
outside the pyrochlore stability field, including the ger-
manates [74-78] and plumbates [79].

Beyond the search for the prototypical Ln,B,O~
phases, one can also consider permutations that build
upon the basic structure while maintaining the hallmark
frustrated Ln®* sublattice. The first mention of mixed B-
site pyrochlore phases emerged with Blote [80], where
the six coordinate B** ion was replaced by the isoelec-
tronic combination of BJ*BJ;". This is reminiscent of ex-
ploratory searches for more complex diamond-like semi-
conductors where silicon can be split iteratively into
increasingly complex chemical compositions (e.g. Si,
GaAs, CuGaSe,) bound by charge balance. Unlike the
diamond-like semiconductors, where the permutations
reduce the global symmetry of the unit cell (Si: Fd3m,
GaAs: F43m), the B-site in Ln,B;*B}" 07 is nominally
disordered, yielding an average structure with the same
global symmetry as the ternary pyrochlore (F'd3m). De-
spite the potential for a large number of additional per-
mutations on the pyrochlore structure, systematic stud-
ies of the mixed B-site pyrochlores have been scarce so
far [1].

Part of the historical hesitation behind the mixed B-
site pyrochlores comes from the negative connotation of
“disorder” and its association with “dirty” samples [81].
Recently, however, there has been a surge of renewed
interest in the mixed B-site pyrochlores [82-87], driven
by the emerging picture of the profound effects that dis-
order can play on cooperative magnetic properties. Re-
cent experimental studies on PryZroO; suggest the pos-
sibility that disorder may in fact provide a key route in
the realization of both exotic, and possibly novel mag-
netic ground states [55, 81]. The studies that do ex-
ist for mixed B-site pyrochlores are fascinating in their
own right, and the most thorough investigations have
indicated that the mixed Ga3*Sb®* compositions are re-
markably similar to the Ln,Ti; O titanates in both struc-
ture and properties [80, 82-84]. As such, we postulate
that the richness of the Ln,B,0; phases may be mirrored
in their mixed B-site counterparts, but with additional
chemical degrees of freedom.

In this work we aim to provide the first systematic
study of a mixed B-site family throughout the entire
f-block in the context of the rich history of the lan-
thanide Ln,B;0; phases. We begin by providing an up-
dated pyrochlore stability field diagram, integrating re-
cent synthetic efforts in the metastable Ln,B;0; phases
and mixed B-site Ln,B>*BY"0O; pyrochlores. Simul-
taneously, we present our synthesis and discovery of
the Ln,InSbO; series of compounds. These compounds
serve as a structural analog to the Ln,Sn,O; stannates,
much as the Ln,GaSbO; family corresponds to the re-

spective titanates. The Ln,InSbO; compounds straddle
the pyrochlore stability window, and producing high-
quality powders using classical synthesis methods is diffi-
cult [88]. As such, we also present a new synthesis tech-
nique — a hybrid mechanochemical-microwave method —
for the pyrochlore oxides which can produce phase-pure
crystalline material in <30 min heat treatments. We dis-
cuss the magnetic properties of the entire Ln,InSbO~ se-
ries down to 60 mK, analyzing the data in the context
of other Ln,B,0O; analogs and other mixed B-site py-
rochlores. Our work demonstrates the rich and diverse
role the mixed B-site materials can play when decipher-
ing complex structure-property relationships in the lan-
thanide pyrochlores.

II. EXPERIMENTAL METHODS
A. Synthesis

Polycrystalline samples of the Ln;InSbO; family (Ln:
La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were
synthesized from stoichiometric amounts of the pre-dried
lanthanide oxides: La;03 99.999 % Alfa, PrgO11 99.99 %
Alfa, Nd>O3 99.99 % Alfa, Smy03 99.9 % Alfa, EusO3
99.9 % Alfa, Gd303 99.99 % Alfa, Tb,O7 99.9 % Alfa,
Dy203 99.9 % Alfa, Ho,O3 99.99 % Alfa, Ero03 99.9 %
Alfa, Er,O3 99.9 % Alfa, Tmy03 99.9 % Alfa, Yb,O3
99.998 % Alfa, LuyO3 99.999 % Alfa, and the two met-
alloid oxides: InyO3 (99.9 % Alfa) and SbyO5 (99.998 %
Alfa). Two synthetic routes were investigated.

The first corresponds to a method building on the clas-
sical heating profiles previously reported for similar py-
rochlores, while integrating mechanicochemical meth-
ods. Stoichiometric mixtures of the pre-dried oxide and
the two metalloid oxides were combined into a tungsten
carbide ball-mill vial and milled for 60 min. The result-
ing powders were extracted, ground in an agate mor-
tar, and sieved through a 50 pm sieve. These powders
were loaded into 2 mL high-density alumina crucibles
(CoorsTek) and annealed in a box furnace at 1250°C for
48 h.

The second route involves abandoning classical heat-
ing profiles and instead combines mechanicochemical
methods with microwave-assisted synthesis. Stoichio-
metric mixtures of the pre-dried oxide and the two met-
alloid oxides were combined into tungsten carbide ball-
mill vials and milled for an initial 60 min cycle. The
resulting powder was extracted, ground in an agate mor-
tar to break up any agglomerates, and milled again for
an additional 90 min. After this second cycle, 10 mL of
anhydrous ethanol was added to the vial, and the sam-
ple was milled a third time for an additional 30 min. The
resulting slurry was dried in a 80°C oven, resulting in an
extremely fine, homogenous powder.

Each precursor powder was loaded directly into a 2 mL
alumina crucible (CoorsTek), which was subsequently
nested within a larger 10 mL alumina crucible filled with



7 g of granular activated charcoal (DARCO 12-20 mesh,
Sigma-Aldrich). The crucibles were then placed within
an assembly of low density alumina foam measuring ap-
proximately 15x15x15 cm. Finally, the total assembly
was placed in a 2.45 GHz multimode microwave oven
with a maximum output of 1.2 kW (Panasonic model NN-
SN651B). For samples containing large lanthanide ions
(La—Gd), the alumina crucible was exposed directly to
air. For smaller lanthanide ions (Tb-Lu), an alumina frit
and secondary 2 mL crucible were used as an effective
“lid” to reduce heat loss and increase the maximum tem-
perature.

Phase purity was examined with powder x-ray diffrac-
tion (XRD) measurements at room temperature on a Pan-
alytical Empyrean diffractometer (Cu K,,, ,) in standard
Bragg-Brentano (#-260) geometry. Rietveld refinements of
the powder XRD patterns were performed using TOPAS
Academic v6 [89]. Structural models and visualization
utilized the VESTA software package [90].

B. Magnetic characterization: dc & ac magnetic
susceptibility

Measurements of the temperature- and field-
dependent dc magnetization were performed on a
7 T Quantum Design Magnetic Property Measurement
System (MPMS3) SQUID magnetometer in vibrating-
sample magnetometry (VSM) mode. Powder of each
Ln,InSbO;  sample was placed in a polypropylene
capsule and subsequently mounted in a Quantum
Design brass holder. The zero-field-cooled (ZFC) and
field-cooled (FC) DC magnetization was collected con-
tinuously in sweep mode with a ramp rate of 2 K/min
in the presence of an external DC field of 10000 Oe.
The ZFC isothermal dc magnetization was collected
continuously in sweep mode with a ramp rate of
100 Oe/sec.

The temperature dependence of the ac magnetiza-
tion was measured on a Quantum Design 14 T Dyna-
cool Physical Property Measurement Systems (PPMS)
employing the ac susceptibility option for the dilution re-
frigerator (ACDR). Phase-pure powder of each member
of the Ln,InSbO; was cold pressed with a Carver press,
and a portion of the resulting pellet with approximate
dimensions of 1x1x0.5 mm was adhered to a sapphire
sample mounting post with a thin layer of GE varnish. All
ac measurements were collected under ZFC conditions in
the absence of an external dc magnetic field.

ITII. RESULTS & DISCUSSION
A. Pyrochlore Stability Field

Part of the allure of the pyrochlore lattice is the chem-
ical diversity offered by the choice of A-site and B-site el-
ements [1, 2,4, 5,7,72,73,91, 92]. As established pre-

viously, the community leverages the empirically-derived
“radius-ratio rules” to predict and synthesize new py-
rochlore materials. For trivalent lanthanide oxide py-
rochlores Ln,B,07, the relationship was previously es-
tablished decades ago as 1.46 < Ry 3+/Rps+ < 1.80 [1].
More recently, the rules are often quoted as 1.36 <
Ry3+/Rpa+ < 1.71 [2, 72, 73]. The pyrochlore stability
rules have been applied with great success in discovery
of stable and metastable Ln,B2O; phases and continue
to play a fundamental role in materials discovery.

While the applicability of the “radii-ratio rules” within
the mixed B-site systems is assumed, there has not been a
exhaustive review of the B-site systems in the context of
the pyrochlore stability field. Recall that mixed B-site al-
loys must additionally observe the charge neutrality con-
ditions in the permutation of LnyB>O; compositions to
LnyB}TB2T07. As such, there are a relatively finite num-
ber of combinations that can be expected to obey both
the radii-rules and charge-neutrality conditions. Fig-
ure 2 provides a graphical review of known trivalent lan-
thanide pyrochlore-like oxide (gray) compositions of the
form LnyB,07 or LnyBYTBXT 0O, [1, 74-80, 82, 88, 93—
1571].

In our search for lanthanide pyrochlore oxides, we
have chosen to maintain the nominal purity of both
the Ln3* and oxygen sublattices, although many other
variants on the pyrochlore lattice (e.g. mixed anion
oxy-fluoride [158, 159], oxy-nitrides [17], alkali A-
site [160], etc.) have been reported. For graphical
simplicity, compositions with a limited number (< 4)
of members reported (e.g. LnyAlISbO; [161]) have been
omitted. White boxes mark compositions with no re-
ported synthetic data. Non-pyrochlore compositions
are marked in red, and include: 1) phase competition
with other compounds, 2) polymorph competition with
fluorite-type or lower symmetry structures, or 3) persis-
tent (substantial) phase impurity and off-stoichiometry.
Special attention has been paid to pyrochlore phases that
have been stabilized in the pyrochlore structure through
the application of hydrostatic pressure >1 MPa (e.g.
Ln,GeyO7 [74-78], LnyPbyO7 [79]). These metastable
compositions are distinguished by a dark red coloration.

Using a simple scoring algorithm, we have recalcu-
lated the limits of Ry < Rpps+/Rpar < Rmax. Con-
trary to the often quoted range [Ryin, Rmax] of [1.36A,
1.71A] [2, 72, 731, the best fit, denoted by the black
boundary in Fig. 2, was calculated to be [Rin, Rmax]
of [1.46A, 1.824], in excellent agreement with the his-
torical estimate provided by Subramanian et al. [1]. Our
updated stability diagram suggests that the mixed B-site
pyrochlores largely abide by the empirical radii rules dis-
covered decades prior. This is interesting, as one could
reasonably expect that the bond strain and disorder in-
duced by the mixed B-site could negatively impact the
energetics of the ordered pyrochlore structure. The pre-
dictive accuracy of the model for all known compounds
is ~94%. We note that the range [ Rpin, Rmax] of [1.36A,
1.71A1 [2, 72, 73] performs substantially worse, only
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FIG. 2. Stability-field map for Ln2B>07 and Ln2B?*B}" 07 lan-
thanide pyrochlore oxides. Known pyrochlore structures re-
ported in the literature are superimposed with a minimized sta-
bility field (black border). “Non-pyrochlore” null results (red)
and pyrochlores stabilized with high pressure (dark red) are
distinguished from “no data” (white).

capturing the known pyrochlore phases with at 75% ac-
curacy.

Upon closer inspection of Fig. 2, many compositions
that border the edge of the stability field were noted to
have mixed results reported in the literature — where co-
existence and competition of the pyrochlore and defect
fluorite phases is contested [7, 162]. While we have tried
to survey the results independently, the binary demarca-
tion of pyrochlore/non-pyrochlore is an oversimplifica-
tion at best. The literature is rife with such results that
highlight the complexity of defect formation [163, 164]
throughout the stability field. Colloquially, our review
of the literature serves as a reminder that the stabil-
ity field, although convenient, is an oversimplified con-
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struct. One must respect that the defect thermodynamics
and kinetics will be unique for each composition. These
defect mechanisms are crucial for many key systems (e.g.
YbQTi207 [5, 165—173], TbgTi207 [64, 174—182]) whose
ground state properties are intimately tied with the nu-
ances of both defects and disorder. It is important to note
that such considerations must be taken into account, par-
ticularly when moving into compositions with intentional
disorder on the B-site.

B. Ln>InSbO7: Synthesis & Structure

While the effective radii of the combination of InSb
is approximately 0.70 A, nearly identical to that of Sn
(0.69 A) [183], the discrepancy is large enough such that
the InSb compositions straddle the limits of pyrochlore
stability field in Fig. 2. This is consistent with previous
work by Strobel [88], where only Gd>InSbO~, was able to
be synthesized in a phase-pure form. In contrast to the
case of the much smaller combination of GaSb, approxi-
mating that of Ti, preliminary work by Strobel suggested
that lighter Ln3* cations appeared to completely desta-
bilize the cubic pyrochlore structure, replaced by lower
symmetry derivatives [88].

Even within compositions which were nominally sta-
ble, prior reports in the GaSb and InSb systems[88]
commonly referenced impurity phases that were persis-
tent and often unidentifiable. Considering that mixed
B-site compositions are quaternary alloys, they require
excellent mixing and homogeneity to produce phase-
pure samples. Ensuring good mixing, accelerating ki-
netics, and producing phase-pure powders often require
several cycles of classical “shake-and-bake” processing,
consisting of multiple heating cycles with intermittent
grinding. However, often these methods are insufficient
to produce phase-pure powders. Such is the case for
Ln,InSbO, [80, 88], and some select Ln,GaSbO; com-
positions [80, 82], where impurities persist indefinitely.
As an attempt to circumvent the limitation of slow reac-
tion kinetics, we incorporated mechanochemical meth-
ods (see Methods § ITA), creating extremely fine, ho-
mogeneous, glassy precursor phases. As illustrated in
Fig. 3, in the case of La...Gd, a single annealing treat-
ment (18 h) on the glassy precursor phase is sufficient to
produce phase-pure powders. The successful synthesis
of phase-pure LnyInSbO; cubic pyrochlore oxides sug-
gests that prior limitations [88] were a consequence of
the classically established processing methods commonly
employed to synthesize pyrochlore oxides, and not limi-
tations of thermodynamics.

However, LnsInSbO; compositions with small lan-
thanide ions (Tb...Yb) did not produce cubic py-
rochlores, and instead exhibited diffraction patterns
fraught with numerous additional reflections, reminis-
cent of previous exploratory work [88]. A combination of
scanning electron microscopy (SEM) and energy disper-
sive spectroscopy (EDS) confirmed the heated powders



@5 (b) 10.8~ r . r
Lninsbo, | (331) | I
(331) — Fit (Fd3m) <107} 5
—~ I L A M| & > Y1200 2
o T e ¢
Nd | i J A A 105 ,".’. 3
o) 11150 <
- Sm | 1 N o “A“‘ 8 ro4 e 4 E
€ [Eu | e o whl| & %
] ; = * 11100
g | i Al | 103 : , ,
% Ju A}L JL/L A M\L 1.0 :\Ei} - EE ...... _E__
£ A A M. An | g I t 10.35
J \_k E A A NN ~ \_/L g 08 \‘i "' &
. w N . x
A ﬁ J _— —I| E osf H‘"i ; loss 3
JJ ; M J\_/____/\,\jL ﬁ ', ~}\\ a
Yb | l R N A A A @ 021 «— {i i}{ =
Lu . | . L 11, — ) 00.“?‘*’5' - \‘\.1\-0.33
N 085 000 005 100 105

Q (A") Ay = 1.540A

Ln* Shannon Radius (A)

FIG. 3. (a) Room temperature x-ray diffraction patterns and corresponding Rietveld fits (black) in the Fd3m space group for
LnzInSbO7 family. All compounds crystallize in cubic symmetry with pre-Gd compositions (La...Gd) displaying characteristic
pyrochlore superlattice reflections (e.g. (331) peak). Due to the exceptionally weak structure factor of the (331) reflection, we
have provided a magnified view (a,right) to aid in graphical comparison. (b,top) Linear dependence of the refined cubic lattice

parameter and cell volume with trivalent lanthanide Shannon radius.

(b,bottom) Deviation between predicted and observed

intensity of (331) superlattice reflection as a function of composition. The suspected crossover from the pyrochlore structure for
pre-Gd compositions (La. ..Gd) to a defect fluorite-like structure for post-Gd compositions (Tb...Yb) is mirrored by the shift of the

variable z-coordinate of the 48 f oxygen.

remained chemically homogeneous and single phase,
suggesting a reduction in symmetry from cubic to mon-
oclinic or triclinic crystal systems. We noted an extreme
sensitivity of the additional peaks with anneal time and
temperature, suggestive of complex crystallization kinet-
ics in the trans-Gd compounds.

To probe the crystallization process ex situ, we de-
signed a series of quenching experiments to generate a
crude time-temperature phase diagram. We determined
that the precursor, which is largely amorphous, first crys-
tallizes into a cubic phase within a very short time frame
(~1 hr). As the anneal proceeds further, the cubic phase
gradually degrades and transforms into the lower sym-
metry structure. Additional experiments to control at-
mospheric conditions and test potential volatility issues
failed to stymie the decomposition of the cubic phase,
suggesting that the symmetry reduction is a thermody-
namic effect. In this respect, although the emergence of
the cubic phase from the glassy precursor is kinetically
favored, the high symmetry phase is ultimately thermo-
dynamically unstable for the smaller Ln3* ions.

The synthetic observations summarized above are con-
sistent with Fig. 2, where Ln,InSbO; compositions for
early lanthanides are predicted to be cubic, while desta-
bilizing midway through the lanthanide series. How-

ever, the observation that the cubic phase was kineti-
cally favored provided a means to stabilize pyrochlore-
like phases for the heavier lanthanides. As described
in Methods §II A, microwave-assisted heating [184-188]
of the mechanicochemically synthesized amorphous pre-
cursors provided a direct experimental means of achiev-
ing the extreme heat/cooling rates required to success-
fully quench in the cubic Ln,InSbO; phases (Fig. 3(a)).
It is worth noting that trans-Gd compounds often ben-
efit from small amounts of excess Sb,O5 to compen-
sate for increased volatility during the extreme ramp
rates. We note that the microwave-assisted mechan-
icochemical methods also work for pyrochlore phases
that are accessible through classical heating methods.
Thus, the combination of microwave-assisted heating
and mechanochemical methods enables the rapid synthe-
sis of the pyrochlore oxides, on the order of minutes in
lieu of days, allowing for wide experimental surveys of
chemical spaces in a short amount of time.

At first glance, it appears that the entire Ln,InSbO7 se-
ries can be stabilized as cubic pyrochlores. Fig. 3(a),
XRD illustrates that all LnsInSbO; compositions crystal-
lize in the cubic crystal system. The corresponding Ri-
etveld analysis (black) is shown for each compound us-
ing the pyrochlore Fd3m structure with an ordered cation



sublattice. No impurity phases can be identified within
the resolution of X-ray diffraction, and the lattice pa-
rameter and cell volume trend linearly with increasing
Ln?* radii (Fig. 3(b, top)), consistent with reports for
other pyrochlore families [1]. For lighter lanthanides
(La...Gd), LnInSbO; compositions are best described
with the pyrochlore Fd3m structure, possessing the char-
acteristic (311) and (331) “pyrochlore” superlattice re-
flections [1, 2, 189, 190]. However, it is worth noting
that due to the particular elements involved, these su-
perlattice peaks in Ln,InSbO; are extremely weak. For
the ideal pyrochlore structure with no disorder present
between the A- and B-sites, the (311) and the (331)
superlattice reflections in La;InSbO; are predicted to be
0.2% and 1.4% of the main (222) reflection, respectively.

In the case of trans-Gd compositions (Tb...Lu), as-
signment of the unit cell is more nuanced. Although
these materials do maintain cubic symmetry (Fig. 3(a)),
the (311) and (331) superlattice reflections become van-
ishingly small, as illustrated in Fig. 3(b, bottom). The
black trace denotes the “fit fraction” of the (331) reflec-
tion, where the “fit fraction” is defined by:

I — 1
F = 100% x (1 ~ Thucale. th,Obs.) )
Thia,cate. — Thia,Bg.

where F' was constructed such that perfect agreement
with the pyrochlore structure is defined as 100%, and
complete suppression of the (331) corresponds to 0%.
The loss of the (331) peak as the Ln3t radius shrinks
is mirrored by a gradual shift in the position of the 48 f
oxygen ion to the higher symmetry point at (3/8, 1/8,
1/8). This shift towards a symmetric oxygen coordina-
tion is likely associated with a gradual disordering of
the A- and B-sublattices [7, 191]. However, we caution
that oxygen is notoriously difficult to fully characterize
with standard X-ray diffraction. Incremental increases
in disorder are consistent with recent results in the py-
rochlore zirconates, where a combination of XANES, syn-
chrotron, and neutron diffraction indicate that the defect
fluorite to pyrochlore transition across the series is grad-
ual [164]. However, in the case of Ln;InSbOy, the sit-
uation has an additional layer of complexity since the
cubic phase is not the thermodynamic ground state for
trans-Gd compositions. Thus, we move to conservatively
classify the LnyInSbO; compositions from (Tb...Lu) as
defect fluorite phases. Unfortunately, as is the case of
Ln,InSbOy, since the In®t, Sb®t, and Ln3" ions all share
relatively similar electron densities, it is difficult to di-
rectly quantify the degree of A- and B-site disordering.
However, loss of the (311) and (331) superlattice re-
flections is typically sufficient to suggest suppression of
pyrochlore-like domains.

Despite our tentative classification of the trans-Gd
LnsInSbO; phases as defect fluorite phases, we feel
it appropriate to highlight recent results that demon-
strate how the transition from pyrochlore to defect flu-
orite is not always a simple matter. Recent work on
TbyHf;0O7 [163] demonstrates that that the loss of the
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pyrochlore superlattice reflections does not necessarily
arise from cation disordering. In the case of the halfnate,
a combination of neutron powder diffraction and reso-
nant X-ray diffraction confirmed the presence of an or-
dered “pyrochlore” cation sublattice. Instead, the anionic
sublattice experiences progressive disordering, marked
by a high density of oxygen Frenkel defects. [163] Re-
flecting on our observations in the LnyInSbO; com-
pounds, such an effect could conceivably be convolved in
our observation of shifts in the 48 f oxygen position, but
ultimately lies outside our experimental confidence at
this time. Further experiments including neutron diffrac-
tion are underway. However, as we will demonstrate in
our magnetization measurements, many of the trans-Gd
compositions retain magnetic properties that are strik-
ingly similar to their pyrochlore stannate and titanate
analogs.

Revisiting Fig. 2, it is clear that the structural trends
identified in the Ln,InSbO; series are consistent with its
location in the predicted pyrochlore stability field. De-
spite having a nearly identical effective B-site radius
as the stannates (0.69 A) [183], the Ln,InSbO; series
(0.70 A) does not share the structural stability of the
stannates. This striking drop in the phase stability of
the pyrochlore structure is mirrored by other large mixed
B-site pyrochlores such as Ln,ScNbO; [109, 110, 192]
(0.693 A) and Ln,ScTaO7 [105-108] (0.693 &), both of
whom have effective Shannon radii [183] closely com-
parable to that of tetravalent tin. As our discussion shifts
towards the magnetic properties of the Ln,InSbO; fam-
ily of compounds, we will aim to make comparisons be-
tween not only the stannates, but also with their heavier
analogs (e.g. halfnates and zirconates), and other mixed
B-site pyrochlores.

C. dc and ac magnetic susceptibility

Drawing analogies to the stannates, members of the
Ln,InSbO; family have been organized into four cate-
gories based on their proposed magnetic ground state:
1) long-range antiferromagnetic order, 2) dynamic mag-
netic ground states, 3) dipolar spin ices, and 4) nonmag-
netic singlet states. As shown below, despite mirroring a
stability field similar to the halfnate counterparts [1, 94,
100-104], the properties of the Ln,InSbO; series are re-
markably consistent with the magnetic properties of the
stannates, the non-mixed B-site family with whom they
share the closest structural properties [1, 111]. Remark-
ably, even in the cases of trans-Gd compositions where
the structure would be conservatively classified as defect
fluorite, the magnetic properties of the LnyInSbO; fam-
ily remain reminiscent of the behavior exhibited by their
pyrochlore stannate counterparts.

We stress that our comparison with existing pyrochlore
families is a first-order approximation. We aim to frame
the magnetic properties of the Ln,InSbO~; systems using
familiar terminology derived from the breadth and depth
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of available pyrochlore research. Detailed investigations
utilizing other thermodynamic (e.g. heat capacity) and
scattering (e.g. inelastic/elastic neutron) will always be
required to unambiguously determine complex ground
states.

1. Long-range antiferromagnetic order: Nd>InSbO~,
GngnSbO7 & ETQIT'LSbO7

Nd2InSbO;:  As illustrated in Fig. 4, a A\-type peak
at Ty = 0.37 K is present in the ac susceptibility of
Nd»;InSbO,. Exhibiting no clear frequency dependence,
such a peak is consistent with a transition into a long-
range magnetic ordered state. As the isothermal mag-
netization suggests the presence of (111) Ising single-ion
anisotropy [193], combined with the small magnitude of
the Curie-Weiss temperature, our data supports the pos-
sibility that Nd,InSbO- assumes non-coplanar all-in-all-
out magnetic order that has been reported for all other
Nd-based pyrochlores [82, 87, 194-203].

While possessing many of the generic features of Nd-

based pyrochlores, Nd;InSbO; exhibits a key distinguish-
ing property: a exceptionally low Curie-Weiss temper-
ature of +0.1 K. Recently, Gomez et al. [82] proposed
that chemical pressure plays a crucial role in realiza-
tion of moment fragmentation [204]. The authors ar-
gue that any contraction of the lattice would decrease
the value of the Curie-Weiss constant as a result of the
enhancement of the antiferromagnetic Nd3+-0%~-Nd3+
superexchange pathways, which would exclude moment
fragmentation in favor of long-range antiferromagnetic
order [195, 205]. Solely utilizing the lattice parame-
ter, both Ty and Ocw for Nd>InSbO; compare favorably
to the general trends observed among all Nd-based py-
rochlores summarized by Fig. 8 in Gomez et al. [82].

We suspect that Nd;InSbO; may exhibit the same
rich physics present in the ScNb [87, 194], Hf [206],
Zr [205, 207, 208] analogs due to its proximity to the
crossover point in the sign of the Curie-Weiss tempera-
ture. Recently, Scheie et al. [194] suggested that both
Nd;ScNbO; and Nd;Zr,O; share a common, unusual
fluctuating magnetic ground state. This presents the ex-
citing possibility that Nd;InSbO; may exhibit moment



fragmentation. With the presence of controlled chemi-
cal disorder, Nd>InSbO, may provide additional insights
into the physical origins of the strong quantum fluctu-
ations [205, 209, 210] underlying both the nature of
moment fragmentation and the magnetic ground state
present in the heavier Nd-based pyrochlores.

Gd,InSbO7: With a half-filled 4f7 electronic configu-
ration (L=0, S=7/2) [211], Gd3* is expected to pos-
sess minimal spin anisotropy, particularly smaller than
Ho3*, Dy3T, and Tb3*+ [14, 212, 213]. Combined with
dominant antiferromagnetic exchange when placed on
a pyrochlore lattice, Gd-based pyrochlores are excellent
candidates for the experimental realization of a classical
Heisenberg pyrochlore antiferromagnet and its predicted
ground state degeneracy [214-221].

As is the case for the other Gd»B;0O; pyrochlores
(Ti [212, 222, 223], Sn [222-224], Sc/Nb [86],
Hf [225], Zr [225], Pb [79]), the presence of mini-
mal single-ion anisotropy results in a Curie-Weiss-like
magnetization response over a large temperature range.
The presence of dominant antiferromagnetic interac-
tions with a fcw=—8.7 K, results in the deviation of
the isothermal magnetization from the Brillouin func-
tion in the low field limit before its saturation at
95J=7 pp [226].

In stark contrast with Gd,ScNbO; [86], Gd;InSbO-;
exhibits a frequency independent A-type anomaly at
Tn=0.78 K in the ac susceptibility, corresponding to the
onset of long-range order. In the case of ScNb [86], a
Mydosh parameter of 0.020(1) places Gd2ScNbO- in the
conventional spin glass regime [19, 227]. The glassy
nature of Gd,ScNbO- is consistent with the bifurcation
of the ZFC/FC dc magnetization, linear low-temperature
specific heat, and SR results. Instead, Gd2InSbO; has
a sharp A-type anomaly which is highly reminiscent of
Gd,Sn, 0O, [222, 228]. Unlike the titanate, which ex-
hibits two closely spaced transitions [222, 229, 230], the
stannate assumes the k = (0,0,0) I'; “Palmer-Chalker”
state [228, 231]. In fact, such a collinear antiferromag-
netic state is theoretically predicted for a Heisenberg an-
tiferromagnet with dipolar interactions [232], and corre-
sponds to the proposed state for GdPtoO7 [233]. Such a
magnetic structure is much simpler to determine experi-
mentally when compared to the proposed multi-k struc-
ture of the titanate that still remains the subject of de-
bate [14, 229, 230, 234-237].

The presumed long-range antiferromagnetic order of
of Gd,InSbOy is particularly interesting in the context
of the spin-glass ScNb. [86] A generic mixed B-site Gd-
based pyrochlores generally exhibits the three key in-
gredients of a spin glass: 1) frustration, 2) disorder,
and 3) competing interactions. However, our concep-
tual intuition may be limited, particularly in the face
of a recent report of the effects of sample quality in
Gd,Zr,07 [225, 238]. The clear absence of glassy be-
havior in Gd;InSbO7, despite substantial (intentional)
chemical disorder, demonstrates that other subtle pertur-
bative terms such as beyond nearest neighbor exchange

terms [228, 239] may be particularly influential in the
selection of its magnetic ground state.

EryInSbO7: As is the case for their Heisenberg Gd?+
counterparts, the inclusion of dipolar interactions to the
isotropic exchange Hamiltonian for XY pyrochlores (e.g.
Er3t) with dominant antiferromagnetic interactions is
predicted to lift any extensive classical degeneracy, and
uniquely select the Palmer-Chalker state [8, 232, 240].
Experimentally, however, this is not the case for the ma-
jority of XY pyrochlores [78, 166, 168, 241-245]. Ex-
emplified by Er,TiyO;, where long-range magnetic or-
der is realized via a quantum order-by-disorder mecha-
nism [8-12], XY pyrochlores present a versatile experi-
mental platform for the effects of multi-phase competi-
tion [5].

The presence of multi-phase competition has been
used extensively to account for key experimental signa-
tures that are characteristic of the XY pyrochlores [5].
These include: multiple heat capacity anomalies,
suppression of the ordering temperature, unconven-
tional spin dynamics, defect sensitivity, and pressure-
dependent magnetic ground states. Recently, the applica-
tion of multi-phase competition has been extended [246—
249] further to address the vastly different magnetic
ground states observed among each of the two families
of XY pyrochlores.

In Er-based pyrochlores, members with a smaller lat-
tice parameter tend to select for long-range antiferro-
magnetic order in I's [241, 242], while their larger
counterparts assume the Palmer-Chalker state at signif-
icantly lower Néel temperatures [250, 251]. The effects
of multi-phase competition becomes particularly appar-
ent when comparing the titanate that orders at 1.23 K
with vy (['s) [8, 242, 252], while its stannate counter-
part begins to order at 108 mK in the Palmer-Chalker
state [240, 251, 253]. The significant suppression of
the second order magnetic transition, combined with
the multiscale dynamics, is consistent with the place-
ment of Er,SnyO7 in close proximity to the I';/T's bound-
ary [5, 240, 246]. The titanate, however, exhibits little
sample dependence and a robust ground state as it is lo-
cated deep within 15 of I's [246, 254].

As illustrated in Fig. 4(c), both the temperature-
dependent and isothermal magnetization mirrors the ti-
tanate [8, 255-257] and the stannate [224, 258-260].
Above 20 K, the magnetic susceptibility follows the
Curie-Weiss law for dominant antiferromagnetic inter-
actions (Acw=—11.5 K) between large Er>** moments
(pteg=9.7 pup). The isothermal magnetization does not
follow a Brillouin curve, saturating at ~4.2 ug << gsJ.
The large moment suggests a large dipolar term, and
when combined with the XY single-ion anisotropy of
Er3*, a Palmer-Chalker state theoretically should be re-
alized [8, 232, 240, 242]. In the case of Er-based
pyrochlores, B-site disorder does not preclude the as-
sumption of long-range magnetic order. Samples pro-
duced along the ErySn,_,Ti,O7 solid solution retained
the ¢» (I'5) ground state of the titanate until a quantum
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crossover at x = 1.7 to I'; of the stannate [261].

In Er,InSbO~, the transition to a long-range ordered
state is consistent with the distinct peak at Ty = 0.56 K
present in the ac susceptibility. However, unlike the Nd
and Gd analogs, the prominent peak exhibits a clear fre-
quency dependence at low frequencies. In Er,Sn,O7, the
frequency-dependence was attributed to spins located at
magnetic domain boundaries [262, 263]. As illustrated
in Fig. 5, the frequency dependence does not follow
Arrhenius-type behavior. Instead, our data exhibits ex-
treme non-linearity for frequencies above 1 kHz. We note
that this behavior may still be consistent with the stan-
nate, as all published ac data is collected over a narrow
low-frequency regime from 5-200 Hz [240, 251]. We hy-
pothesize that the non-Arrhenius behavior in EroInSbO;
may be a reflection of the slow dynamics that have pre-
viously identified in EroSnyO; [240, 251]. Ultimately, it
would be interesting to determine if both the stannate
and titanate analogs exhibit non-linearity in the high fre-
quency limit.

While Er,InSbO; does exhibit clear linear behavior for
lower frequencies, its activation energy of 12.5 K is over
an order of magnitude larger than that of its stannate
analog (0.9 K) [240, 251]. Such an increase is consis-
tent with the effects of disorder, as has been proposed
in A-site disordered pyrochlores [264-266], although it
has been noted that B-disorder may have the opposite ef-
fect [267]. Regardless, the distinct similarities between
Er,InSbO7 and its stannate analogs suggest the existence
of multi-scale dynamics, where slow dynamics may per-
sist and coexist with static long-range magnetic order be-
low Ty.

The Néel temperature of Er,InSbO~ is unique among
those values reported for all other Er3*-based py-
rochlores. Naively, with a lattice constant comparable
to the stannate, it is expected that the resulting weaker
exchange tensor would depress the Néel temperature
of EryInSbO; towards the O K limit [5]. Instead, its
large Tn=0.56 K is comparable to that of the much
smaller titanate [8, 255-257]. Such a large Néel tem-
perature suggests that EryInSbOy is located far from a

9

phase boundary in the the classical ground-state phase
diagram [5, 240, 246], although it important to note that
without neutron diffraction, the identity of I" and its re-
spective v both remain for now an open question.

2. Dynamic Magnetic Ground States: Yb2InSbO7, Tb2InSbO7 &
SmaInSbO7

Yb,InSbO;: Corresponding to the second, and ar-
guably most prominent family of the XY pyrochlores [5],
Yb-based pyrochlores have been subject to intense inter-
est since the proposal of quantum spin ice behavior in
Yb,Tiz 07 [60, 249, 268-271]. The subsequent explosion
of experimental and theoretical studies have propelled
research into Yb-based magnetism in various frustrated
geometries, including the triangular [59, 272-279] and
Shastry-Sutherland lattices [280-285]. Fueled by the
enhanced quantum fluctuations that are a result of the
Jet = 1/2 degrees of freedom originating from the ther-
mally well-isolated Kramers doublet single-ion ground
state [2, 5, 78, 246, 286-288], Yb-based magnetism has
remained a fruitful arena for the search of quantum spin
liquid states [5, 58, 61, 268, 289-292].

As is the case for their Er3* counterparts, multi-
phase competition in Yb-based pyrochlores is particu-
larly influential on the magnetic properties of the se-
lected ground state [247, 249]. In addition to ex-
tremely depressed transition temperatures (T, Tc <
1 K), Yb-based pyrochlores have demonstrated partic-
ular sensitivity to sample preparation and defect for-
mation [5, 166, 167, 169, 171, 173, 293-299]. The
case of YbyTiyO7 is perhaps the most infamous. Minute
changes in the Yb stoichiometry have been demonstrated
to broaden, depress, or completely suppress any sig-
nature of long-range static magnetic order in heat ca-
pacity and magnetization. [5, 165-173]. Interestingly
enough, the application of a moderate amount of pres-
sure [300] is sufficient to recover the k = 0 splayed fer-
romagnetic state. Altogether, these results are consistent
with the placement of the titanate near the ferromagnetic
I'g/antiferromagnetic I's phase boundary [60, 246, 247].

Given the extreme fragility of the magnetic ground
state in Yb,TioO7, one would expect full suppression of
the long-range order in the mixed B-site YbyGaSbO;.
Indeed, Yb,GaSbO; does not exhibit the characteristic
A-type anomaly in its heat capacity [80, 83] indicative
of static long-range magnetic order in Yb3*-based py-
rochlores [165-168, 229, 243-245, 293, 294, 301, 302].
At a cursory glance this seems consistent with the delete-
rious effect of disorder, though more thorough investiga-
tions demonstrate that only a minority of spins freeze,
with the majority remaining dynamic to base temper-
atures as confirmed by both inelastic neutron scatter-
ing [83] and uSR spectroscopy [303].

In fact, strong dynamical correlations have been
shown to be ubiquitous among the Yb3*-based py-
rochlores [5, 294], developing coherence at a tempera-
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ture T* > Ty, T¢ centered about a broad feature present
in the heat capacity [78, 244, 245, 294, 302]. These un-
conventional dynamics correspond to gapless Q=0 exci-
tations [166, 250, 251, 294, 301] and are remarkably
robust against disorder and doping effects, regardless
of the presence (or suppression) of long-range magnetic
order [5, 258, 294]. Similar effects have been partic-
ularly well-documented in Tb3*-based pyrochlores [4,
175, 304-309].

In the case of Yb,GaSbOy, the application of a mod-
est 1 T field shifts spectral weight from these low en-
ergy fluctuations into magnetic Bragg peaks correspond-
ing to I'g long-range magnetic order [83]. Although cor-
responding to the zero field magnetic structure of the
titanate, the appearance of such static magnetic order
despite the presence of maximal B-site disorder at first
is not expected, particularly when considering stuffing
of the order of 1-2% in the Yb,TiyO; suppresses long-
range ordering [5, 167, 169-171, 173]. While mechani-
cal pressure can be used to recover the magnetic order in
Yb,Tio 07, [300] the energy scale is quite disparate from
the application of a 1 T field in YbyGaSbO;. This is evi-

dence that antisite disorder (stuffing) and B-site disorder
operate independently — and should be experimentally
discernible.

As summarized in Fig. 6(a), the low temperature mag-
netic properties of YboInSbO; are reminiscent of its GaSb
analog [83] with comparable Curie-Weiss parameters
(3.5pei/Yb*tand Ocw=—1.4 K). In the low tempera-
ture limit, a frequency-independent peak at 0.17 K dom-
inates, reminiscent of both Yb,GaSbO,; and the rela-
tively sharp features present in pristine samples of both
the titanate [165, 166, 168, 172, 173, 310, 311] and
stannate [243, 244, 301]. The energy scale is com-
parable to the stannate (T¢ ~0.11-0.15 K [243, 244,
301]) which is proximal in terms of both average B-
site radius [183] and cell volume. The comparison
between InSb:Sn is analogous to GaSb:Ti, where the
smaller GaSb (0.35 K [83]) mimics the respective ti-
tanate (0.26 K [166-168]).

Exploiting the analogy to its GaSb analog, it is more
probable that the sharp peak in both x’ and x” corre-
sponds to a freezing of a minority of spins instead of
long-range ferromagnetic order. The striking similari-
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ties between YboInSbO; and Yb,GaSbO; are particularly
noteworthy since Yb;InSbO; is outside the pyrochlore
stability field (Fig. 2) and may be intermediate between
the pyrochlore and defect fluorite structures. The anal-
ogous behavior of InSb and GaSb may suggest that the
cation sublattice (up to a certain correlation length) re-
mains intact, despite a highly disordered anionic sublat-
tice, as is the case for TboHf,O7 [163].

Although it remains to be seen whether Yb,InSbO~, will
exhibit properties consistent with Yb,GaSbO- or its stan-
nate analogs, the interaction between long-range mag-
netic order and the mixed B-site pyrochlores is interest-
ing. Given that 1-2% of Yb disorder suppresses long-
range magnetic order [5, 167, 169-171, 173], the obser-
vation that such suppression can be reversed by a mod-
est field in YboGaSbO, [83], with its much larger struc-
tural and steric changes, suggests that B-site disorder
may present a unique (and very distinct) chemical means
of reliably suppressing long-range ferromagnetic order in
Yb-based pyrochlores, while preserving the Yb3* sublat-
tice and its underlying persistent dynamics [5, 294].

TboInSbO;: Despite possessing a wealth of rich and
complex set of phenomena that rivals the Yb-based py-
rochlores, theoretical efforts to address their Tbh-based
counterparts have remained an enduring challenge [2,
4]. In contrast to the other lanthanide ions presented so
far, the non-Kramers doublet of the J=6 free-ion ground
state manifold of Tb3* is separated from its first excited
doublet by only ~1.4 meV [2, 64, 176, 312-314]. Corre-
sponding to a gap roughly an order of magnitude smaller
than Yb®*, the application of the pseudospin-1/2 model
is not necessarily straightforward, necessitating the in-
corporation of more subtle effects, possibly even on equal
footing with Hepr [315-317]. Such subtle effects in-
clude virtual crystal field transitions, secondary correc-
tions that introduce anisotropic exchange and may po-
tentially stabilize a quantum spin ice ground state in the
cooperative paramagnet Tb,Ti,O; [176, 268, 315, 316,
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318-320].

As is the case for its Yb3t counterpart, multi-phase
competition is particularly influential on the magnetic
ground state of TbyTi2O7 [4, 321-324]. Highly reminis-
cent of Yb,Ti» O, the magnetic ground state of TbyTiz O
is extremely sample dependent [64, 174-182] with de-
viations in stoichometry on the level of 1-2% yield-
ing quadrupolar order [305, 321, 325], consistent with
the placement of the titanate in close proximity to the
boundary between quantum spin ice and quadrupolar or-
der [4]. Contrast such behavior to that exhibited by the
stannate which assumes “soft” (or dynamic) spin ice or-
dering corresponding to Tb3+ moments oriented 13.3
relative to the local (111) [326-332].

As summarized in Fig. 6(b), the isothermal magneti-
zation of TbyInSbO; is consistent with Ising single-ion
anisotropy characteristic of Tb®*-based pyrochlores [4,
74, 163, 176, 268, 313]. The high temperature dc
magnetization is qualitatively similar to both its stan-
nate [224, 259, 326, 328] and titanate [64, 176, 223]
analogs with comparable Curie-Weiss parameters of fis
= 10 up and fcw = —11.9 K. However, the sharp fea-
ture indicative of long-range order in the stannate [328]
is absent, replaced by a broad, frequency-independent
feature centered about ~1.33 K in x’. These properties
are highly reminiscent of TboSnTiO; [309]. In the ti-
tanate [175, 180, 223, 333], stannate [326, 328], and
Tb,GaSbO, [80], the broad feature has been attributed
to the buildup of short-range magnetic correlations.

More complexity is evident in the out-of-phase x” ac
magnetization signal (Fig. 7). We first observe an upturn
in the magnetization around 2 K, normally associated
with an increase in ferromagnetic interactions and mir-
rored by the broad feature in x’. A shoulder peak in x”
can be seen near 1.2 K, particularly in the low-frequency
regime. This feature corresponds with the peak in the
AC magnetization shown in Figure 6. However, unlike
the pristine Tb,Sn,07, our data lacks the characteris-
tic sharpness of the ferromagnetic ordering peak in the
stannate, and it is difficult to extract a frequency depen-
dence due to convolution with the rising signal. The gen-
eral shape of x” agrees remarkably well with x=0.1 Ti-
doped TbySns_ . Ti, O7.[328] We postulate that the InSb
disorder plays a similar role to the Ti-doping, destroy-
ing the long-range ferromagnetic order. An additional
feature emerges around 400 mK, a similar energy scale
to a 300 mK feature observed in the pristine Tb,Sn,O7.
However, while prior reports observed an anomalously
high Mydosh parameter (0.34),[328] we estimate that
the 400 mK feature exhibits ATy /Ty Alog(f) = 0.04, an
order of magnitude lower and more akin to results ob-
served in the doped TbySny_, Ti, O; samples.

Presuming that Tb,InSbO; sits on the boundary be-
tween the defect fluorite and pyrochlore stability fields,
the observation that Tb,InSbO; exhibits behavior ex-
tremely reminiscent to lightly doped TboSn,_,Ti, Oz is
somewhat perplexing. However, if you consider the
case of the corresponding halfnate TboHf>0O~, where de-



@ g0 S : :
' Ho,InSbO, 05 Ho,InSbO, A
= foo =10 Hz n foo =10 Hz
8 He=1000e | © Hye =100 Oe
- 4.0 <04
2 S -
g FE
=]
g 20 £ 03
L =
= = 0.2 -1.6K
0.0LTe=0.80K “I Y7 Her = 10.8 pg
0.1 1 10 100 0 2 4 6
(b) e ;
4.0 Dy,InSbO, 1.0 Dy,InSbO, Vs
= foo =10 Hz @ foo =10 Hz
8 30 Hy:=1000e | 0.8[ Hy=100Oe
. S
[}
£ £
g 20 - 06
2 £
310 =04 - C.W. Fit
= ~ V4 O = -1.9K
0.0fTF=112K 02t .7 Mer = 10.4 pg
0.1 1 10 100 0 4 8 12
T(K) T(K)

12

Ho,InSbO;, Ho,InSbO;,
A 0.01-10 kHz 4.0
© N
g 40 o 20
g 8 0.0
2 2
§ 20 S-20
S porpm 150 K
= o -4.0 30 K
1.8 K
0.0 -6.0
0 1 2 3 4 -6 -3 0 3 6
6.0
4.0 Dy,InSbO;, Dy,InSbO;,
f.; 0.01-10 kHz 4.0
° 30 % 20
'z a
< -
€ 59 2 00
2 3
GE, ) E—Z.O
3 10 X1o kiz 150 K
= -4.0 30 K
1.8 K
0.0 -6.
0 1 2 3 4 60 30 3 6
T (K) H(T)

FIG. 8. Combined temperature dependence of the ac and dc magnetization with corresponding Curie-Weiss fits, and the isothermal
dc magnetization of (a) Ho2InSbO~ and (b) Dy2InSbO-~. For temperatures 7' < 4 K, the ac susceptibility was measured at various
frequencies f,. ranging from 10 Hz to 9984 Hz in the absence of a dc field. Here we show data collected for For 7" > 1.8 K, the dc
susceptibility was measured in an external field H4. of 100 Oe. Data ranges used in Curie-Weiss fits correspond to darkly shaded

data.

spite the presence of substantial anionic disorder (oxy-
gen Frenkel defects), the cation sublattice remains or-
dered in the pyrochlore motif [1, 103, 104, 163, 224],
the similarities of TboInSbO- to its Tb,Sn,_, Ti, O; ana-
log can be somewhat reconciled. The question as to why
X" retains such complex structure in TboInSbO- that is so
characteristic of both the titanate and stannate, despite
the known sensitivity of Tb-based pyrochlores to chemi-
cal disorder [64, 174-182], may assist in addressing the
physics that underlies the distinct sample dependence in
the selection of the magnetic ground state for Tb-based
pyrochlores [4].

SmyInSbO7: Despite exhibiting a frequency indepen-
dent peak at 0.62 K that compares favorably to both
its titanate (Ty = 350 mK [334]) and stannate (Ty
440 mK [335]) analogs, the peak observed in the case of
SmyInSbO; is significantly broader. Although a natural
suspicion is that such broadness is a reflection of poor
crystallinity, this is not the case for Smy;InSbO; which
exhibits clear pyrochlore superstructure reflections and
crystallinity comparable to all other pre-Gd InSb com-
pounds. In fact, such behavior is highly reminiscent of its
zirconate analog, which despite exhibiting excellent crys-
tallinity with no detectable Sm/Zr antisite defects, does
not exhibit a sharp A-type anomaly in the heat capacity
down to 0.1 K [238]. Instead, SmyZr,O; has a broad
peak centered at 500 mK corresponding to the full Rin2
of the ground state doublet, consistent with a buildup of
short range magnetic correlations [238, 336].

Such a comparison to its zirconate analog is further
strengthened by clear similarities in both the tempera-

ture and field dependence of the dc magnetization. As is
the case for all Sm®*-based pyrochlores, the temperature
dependence of the dc magnetization in Fig. 6(c) does not
exhibit a simple Curie-Weiss-like behavior due to crystal
field effects [335-337]. Restriction of the Curie-Weiss
analysis to a narrow temperature range yields a Curie-
Weiss temperature 0w of —1.0 K and an effective para-
magnetic moment g of 0.5 pup/Sm3*, comparing fa-
vorably with those values recently reported for the zir-
conate [238] (cw=—1.27 K and peg=0.39 pp/Sm>1).
As is the case for the zirconate, the isothermal magneti-
zation does not saturate up to p,Heyy ~ 7 T, instead the
magnetization is linear, consistent with a pseudospin-1/2
model assuming Ising anisotropy with a g factor signifi-
cantly less than 1 [238, 336]. Such single-ion anisotropy
is consistent with the | + 3/2) dipolar-octupolar doublet
previously reported for the stannate [335], titanate [334,
335], and zirconate [238].

Possessing a moment over a magnitude smaller rela-
tive to the dipolar spin ice candidates Ho?>* and Dy3*,
the corresponding reduction in the dipolar term that is
characteristic of all Sm3+*-based pyrochlores [259, 334
336, 338], suggesting that exchange will be particularly
influential in the magnetic ground state of SmyInSbO;.
When combined with the slightly larger lattice parame-
ter, there is a possibility that quantum fluctuations may
be strong enough to prohibit the assumption of the
long-range antiferromagnetic all-in-all-out magnetic or-
der that usually accompanies antiferromagnetically cou-
pled Ising moments on the pyrochlore lattice [43, 57, 82,
339-342]. As is the case for the zirconate [238], strong



dynamics may persist in Sm;InSbO; down to the lowest
measurable temperatures, placing Sm,InSbO; as a po-
tential quantum spin ice candidate.

3. Dipolar spin ices: Ho2InSbO7 & Dy2InSbO~

The discovery of the the dipolar (“classical”) spin
ice state in both Ho,Ti,O; [37-39] and Dy, Ti2O7 [40]
spurred a flurry of interest in lanthanide pyrochlore ox-
ides that has spanned the past two decades [2, 4, 5, 42,
343, 344]. When decorated with large Ho* or Dy*+ mo-
ments that exhibit local (111) Ising single-ion anisotropy
amd net effective ferromagnetic exchange,[80, 345-
348] Ho,Ti;O7 and Dys,Ti,O; exhibit the macroscopi-
cally degenerate “two-in-two-out” motif fundamental to
the dipolar spin ice [12, 39, 41-47].

As illustrated in Fig. 8, both HosInSbO; and
Dy»InSbO; exhibit quantitative behavior highly remi-
niscent of both their titanate [37, 40, 72, 182, 193,
212, 257, 349, 350] and stannate [72, 193, 224, 259,
349, 351] counterparts. The isothermal magnetiza-
tion saturates to half of the theoretical value, con-
sistent with a pseudospin-1/2 model assuming Ising
anisotropy [193]. Temperature-dependent susceptibility
measurements confirm the clear absence of long-range
magnetic order. Above 3 K, both systems exhibit Curie-
Weiss-like behavior with parameters similar to those
reported for the titanate and stannate. Frequency-
dependent maxima at 0.80 K and 1.12 K appear in the
ac susceptibility of Ho,InSbO, and Dy,InSbO~, respec-
tively, comparable to those temperatures reported for
their stannate [349] and titanate [349, 352-355] coun-
terparts. Such behavior is also consistent with other
Ho- and Dy-based spin ices, where frequency depen-
dence is indicative of local spins freezing into the spin
ice state [75, 76, 349, 352-359]. An Arrhenius analy-
sis of the frequency-dependent ac susceptibility (Fig. 9)
yielded activation energies F,/R of 16.5 K and 7.6 K for
Ho,InSbO; and Dy»2InSbOy, respectively, that are com-
parable to those values reported [85, 352, 360-363] for
the corresponding stannate and titanate systems.

The realization of a dipolar spin ice for two trans-
Gd members of the Ln,InSbO; family is not com-
pletely unexpected. Early studies on “stuffed” spin ice
Hoy(Tiz—,Ho,)O7_,/2 (0 < 2 < 2/3) demonstrated that
the spin ice state is remarkably robust against significant
amounts of disorder [364-368]. The resistance to local
disorder appears to persist up to the defect fluorite limit,
where both A and B-sites become indistinguishable. The
presence of antisite disorder naturally accounts for both
the negative Weiss temperature and reduced activation
energy barrier [267, 364]. However there are notewor-
thy differences between the Ln;InSbO; systems and the
“stuffed” spin ices. In particular, the magnitude of the
normalized values of both x’ and x” are much larger
than their stuffed spin ice counterparts [364]. The freez-
ing transitions of the InSb pyrochlores are also much
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FIG. 9. Arrhenius fit of the frequency dependence of the

freezing transition in Dy>InSbO- (left) and Ho2InSbO7 (right),
yielding activation energies of E,/R = 7.6 K and 16.5 K, re-
spectively, comparable to their stannate and titanate analogs.

sharper with minimal temperature suppression, reminis-
cent of their pure stannate [349] and titanate [349, 352—
355] analogs.

Recently it was shown that in many Dy-based py-
rochlores, anti-site disorder between the A- and B-sites
may destroy the spin ice state. This effect was observed
for the “stuffed” spin ice Dy, (Dy,Tiz_.)O7_,/2 [369]
and Dy,Zr;0~, the latter of which hosts a disordered
spin liquid-like magnetic ground state [370]. Recall that
Dy»InSbOy is initially considered to be within the defect
fluorite regime of the stability diagram, naively char-
acterized by gradual disordering of the A- and B-sites.
In this sense, the prototypical spin-ice behavior seen
in Figure 8 is surprising. Potentially both Ho,;InSbO;
and Dy»,InSbO; may exhibit the same anionic sublat-
tice disorder at TboHf>0O- [163], which would preserve
the Dyt and Ho?* cation sublattice and the requisite
spin-ice state. Consistent with this thesis, the spin state
has been shown to remarkably robust against disorder
isolated to the non-magnetic B-site sublattice. Exam-
ples include the doped systems Hoy(Tiz—,Ho,)O7_, /2
(x < 0.3) [364], Dy2Sny ,Sb,O7;,/> [267], and
Dy,Tiy_,Fe,O7; [371]. Similar effects are observed
in the mixed B-site analogs Dy,ScNbO; [85, 267],
Dy»GaSbO; [84], and Dy,FeSbO; [372] as well.

As is the case for all trans-Gd members, additional
measurements, (e.g. neutron diffraction and PDF, heat
capacity, etc.) will be necessary to distinguish between
which particular scenario: “stuffed” (A?;;Jr anti-site) or
B-site (B;B;;) disordered spin ice applies to both the
Ho?* and Dyt members.

4. Nonmagnetic Singlet Ground States: Tm2InSbO~,
EuQInSbO7 & Pl”zIHSbO7

EusInSbO7: Both Eu- and Tm-based pyrochlores host
trivial non-magnetic spin singlet ground states [259,
373-376]. In the case of Eu®*t, the combination of the
46 electronic configuration, strong spin-orbit coupling,
and D3, point group symmetry yields a non-magnetic
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FIG. 10. Combined temperature dependence of the ac and dc magnetization, and the isothermal dc magnetization of (a)
EusInSbO7, (b) Tm2InSbO7, and (c) PrzInSbO~. For temperatures T < 4 K, the ac susceptibility was measured at various fre-
quencies f,. in the absence of a dc field. For T > 1.8 K, the dc susceptibility was measured in an external field H,. of 100 Oe.

"F, ground state [374, 375, 377]. With a gap of over
100 K to its first excited magnetic state "F}, the Van
Vleck term dominates the low temperature magnetism
of Eu?* pyrochlores [88, 259, 378]. The dominance of
the Van Vleck term for EuyInSbO~ is consistent with the
temperature independence of the magnetic susceptibility
over a large temperature range below 100 K (Fig. 10(a)),
in stark contrast to the behavior predicted by the Curie-
Weiss law. As was the case for the titanate [374, 375]
and stannate [259] analogs, the isothermal magnetiza-
tion does not saturate but continues linearly up to 7 T,
consistent with antiferromagnetic exchange [374]. The
increase in the magnetization in the low temperature
limit can be attributed to the presence of small amounts
of magnetic impurities that eventually freeze.

Tm»InSbO7: In the case of Tm3*, the ground state is
a non-Kramers doublet that is weakly split due to crystal
field effects — resulting in a non-magnetic singlet state at
sufficiently low temperatures. [80, 259, 376, 379, 380].
As is the case for both the stannate [259] and ti-
tanate [376] analogs, the isothermal magnetization of
Tm»,InSbO; does not saturate, with values over an order
of magnitude smaller than its predicted saturation mag-

netization [211]. The temperature dependence of the
magnetic susceptibility illustrated in Fig. 10(b) does not
exhibit Curie-Weiss-like behavior, instead it is reminis-
cent of the behavior predicted for a singlet-triplet level
scheme [376, 381]. The slight upturn and resulting non-
linearity at the low temperature limit is attributed to the
presence of small amounts of magnetic impurities. The
frequency dependence of the ac susceptibility suggests
that these impurities freeze in the low temperature limit.

PryInSbO-+: In contrast to their Tm3+ and Eu?* coun-
terparts, Pr-based pyrochlores can host a plethora of ex-
otic magnetic ground states including the possibility of
the experimental realization of quantum spin ice in the
stannate [48, 356], halfnate [206, 382, 383], and zir-
conate [55, 81, 210, 384]. PryZr;0O; in particular has
garnered significant attention as theoretical and experi-
mental treatments have identified J,, > 0 that is much
larger than both |J1| and |J+|, placing ProZr,O7 near
the QSI limit [81, 210, 384]. In these systems, the crys-
talline electric field acting on the J = 4 manifold yields
a non-Kramers doublet that is well-thermally isolated
(A > 10 meV), and thus can be projected onto an effec-
tive .J=1/2 description [56, 210, 356, 385]. Thus, Pr3*-



based pyrochlores can provide an experimental platform
to investigate the complex, and often subtle interplay
that result from geometric frustration, strongly corre-
lated electrons, and orbital degrees of freedom [386].

However, the zirconate is also fraught with substantial
chemical and structural disorder [55, 81, 92]. Though
the physical origin of the disorder is still a subject of de-
bate, (e.g. lattice strain [81], Pr3* off-centering [387])
the effect is to induce a temperature-independent con-
tinuum of scattering [55]. The profound influence of
structural disorder in the zirconate is intuitive, consid-
ering that Pr’* is a non-Kramers ion. It was shown
that any perturbation away from ideal D34 site symme-
try can be mapped onto the introduction of transverse
fields onto the pseudospin manifold [55, 81]. Although
such a strong random transverse theoretical treatment
was shown to be consistent with experimental observa-
tions, the role of exchange disorder plays remains an
open question [4]. Theoretical attempts to address such
a question have only focused on both extremes. In the
case of strong exchange and weak exchange disorder, a
disordered variant of a QSI is expected, while in the case
of the exchange being significantly weaker than disorder,
one would expect a frozen quadrupolar gas [54, 56]. In-
stead, the intermediate regime, where the strength of the
exchange and exchange disorder are comparable, has re-
mained largely unexplored and represents an open ques-
tion of great interest [4].

At a cursory level, ProInSbO; presents an opportu-
nity to address this intermediate regime. Its signifi-
cantly smaller lattice parameter relative to the zirconate
should result in an increase in strength of the Pr3*-
0%~ -Pr3* superexchange pathways. Instead, as illus-
trated in Fig. 10(a), both dc and ac magnetization re-
sults suggest a trivial non-magnetic singlet state resem-
bling that of Tm,InSbO;. The absolute magnitude of
the isothermal magnetization is suppressed, and com-
bined with the lack of saturation is inconsistent with a
pseudospin-1/2 model assuming Ising anisotropy. Fur-
ther, many quantum spin ice candidates [356] exhibit
a weakly frequency-dependent feature at base tempera-
tures — but this feature is replaced with a Curie-like tail
in ProInSbO; that may be attributed to the freezing of
small amounts of impurities.

A natural conclusion would be that the splitting of
the ground state doublet into a non-magnetic singlet
state was a result of maximal B-site disorder, in strong
contrast with the minimal levels of disorder in the zir-
conate [55, 81, 387]. However, other mixed B-site
Pr-based pyrochlores such as PrySns_,Ti,O; [48] and
PryScNbO; [388] have been identified as spin liquid-
like candidates. It is possible that the various magnetic
ground states stem from the deviation between the Shan-
non radii [183] of In®t and Sb°* (§=0.2), which is sub-
stantially larger than that of PrySny_, Ti,O7 (6=0.085)
or PryScNbO; (6=0.105). The role of the deviation § in
the selection of the magnetic ground state is a promis-
ing avenue for future investigation, with direct experi-
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mental routes in the form of the plethora of mixed B-site
combinations currently synthetically available, each with
differing values of 4.

IV. CONCLUSION

With a wide array of possible compositions and the
hallmark frustrated lattice, mixed-site pyrochlores allow
access to exotic properties ranging from moment frag-
mentation, quantum spin ices, spin liquids, magnetic
monopoles, and many others [2, 4, 5, 72]. In this work
we analyzed the known stability field for the lanthanide
oxide pyrochlores LnsB>O~;. We merged recent synthetic
results for the mixed B-site compositions with the pre-
viously established families, providing a broad review
of the existing Ln-B-O compounds. We find the slightly
modified “radius-ratio rule” of 1.43 < Ry 3+/Rps+ < 1.82
to perform across the entire family with a predictive ac-
curacy of ~94%.

In tandem with our review of pyrochlore compositions,
we presented the phase-pure, rapid synthesis of the en-
tire Ln,InSbO; mixed B-site family. Our synthetic im-
provements enable synthesis of the entire family, improv-
ing upon prior reports wherein only the Gd and Nd vari-
ants were produced with sufficient purity [88]. Further-
more, we discuss how microwave-heating methods can
stabilize the cubic phase throughout the entire family, de-
spite small Ln3* (Lu...Tb) showing the proclivity to crys-
tallize in low symmetry (monoclinic/triclinic) forms. We
have provided empirical evidence that the InSb family
may transition towards the defect fluorite phase for small
Ln?** (Lu...Tb) while compounds with Ln3* (La...Gd) are
consistent with the pyrochlore Fd3m structure.

This work additionally presents a broad survey of the
magnetic properties throughout the entire Ln,InSbO;
mixed B-site family. We provide analysis and compar-
isons to the relevant LnyB2O7 analogs, examining how
the magnetic properties of the InSb compounds com-
pare to the parent structures. We find that Nd»InSbO7,
Gd,InSbO;, and EryInSbO; exhibit properties consis-
tent with the antiferromagnetic ordering typical of
their analogous stannates. YbyInSbO7, Tb,InSbO~,, and
SmyInSbO; show properties consistent with a dynamic
ground state. Ho2InSbO; and Dy,;InSbO~; exhibit behav-
ior consistent with the canonical dipolar spin ices, with
energetics consistent with their stannate equivalents. Fi-
nally, EusInSbO7, TmyInSbO7, and Pr2InSbO; host non-
magnetic singlet ground states. Such behavior is not
unexpected for EuyInSbO; and Tm,InSbO; due to their
local crystal field configurations. However, in the case
of Pr3*, the non-magnetic ground state appears to arise
from a splitting of the non-Kramers ground state doublet
due to the large Shannon radii contrast between In®* (VI)
and Sb?* (VI).

Our survey of the existing lanthanide pyrochlore ox-
ides combined with the magnetic characterization of the
LnsInSbO; family provides a fresh perspective on the



properties of mixed B-site pyrochlores. The chemical
diversity of the mixed B-site systems have become a
highlight of recent pyrochlore research, as the commu-
nity reexamines the influence of disorder and local ster-
ics on the realization of complex quantum phenomenon
in the pyrochlore phases. Striking similarities between
mixed B-site systems and the analogous mono B-site py-
rochlores continues to emerge, forcing us to reevaluate
the presumed deleterious role of disorder. Instead, chem-
ical disorder becomes a tool — enabling controlled local
chemical changes while maintaining a pristine Ln>* mag-
netic sublattice.
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