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In the study of frustrated quantum magnets, it is essential to be able to control the
nature and degree of site disorder during the growth process, as many measurement
techniques are incapable of distinguishing between site disorder and frustration-
induced spin disorder. Pyrochlore-structured spinel oxides can serve as model systems
of geometrically frustrated three-dimensional quantum magnets; however, the nature of
the magnetism in one well-studied spinel, ZnFe,Oy, remains unclear. Here, we demon-
strate simultaneous control of both stoichiometry and inversion disorder in the growth
of ZnFe,Oy single crystals, directly yielding a revised understanding of both the collec-
tive spin behavior and lattice symmetry. Crystals grown in the stoichiometric limit with
minimal site inversion disorder contravene all the previously suggested exotic spin
phases in ZnFe;O. Furthermore, the structure is confirmed on the F43m space group
with broken inversion symmetry that induces antiferroelectricity. The effective tuning
of magnetic behavior by site disorder in the presence of robust antiferroelectricity makes
ZnFe,O; of special interest to multiferroic devices.

single-crystal growth | antiferromagnetic spinel | inversion disorder | neutron magnetic diffuse scattering |
antiferroelectricity

To control disorder is of foundational importance in the advancement of both science
and technology, best exemplified by the continued improvement of the size and quality
of silicon single crystals as an enabling capability for the current information age (1).
In frustrated and quantum magnetism (2-5), crystalline disorders, such as admixed site
occupancies, vacancies, and impurities, present a significant challenge to experimental
studies of exotic spin phases. While disorder can sometimes enable exotic physics, for
instance a modest level of disorder can in theory promote spin entanglement (6) and
disorder played a major role in revealing the quantum Hall effect (7), more typically
real materials exhibit excessive levels of disorder that would suppress quantum effects
(4, 8). While disorder and frustration lead to different global spin states (2), it remains
experimentally challenging to differentiate a quantum entangled spin state from an
ensemble of disordered spin singlets (5). Disorder is most effectively mitigated during
the growth of single crystals, exemplified by the continuing improvement of GaAs
heterogenous junctions leading to advances in the study of the fractional quantum
Hall effect (9).

The pyrochlore lattice structure is a model host of potential geometric spin frustra-
tion in three dimensions (2, 3). With s = 1/2 spins, the lattice can potentially host
many different types of quantum spin liquids that preserve both the lattice symmetry
and time-reversal symmetry (10). Among the three crystalline classes that contain a
pyrochlore sublattice, spinel, Laves, and pyrochlore (3), the spinel AB,O4 of normal
condition (Fig. 1) is unique in that with edge-sharing BOg octahedra, the B-O-B angle
is near 90°, leading to both direct hopping exchange and multiple superexchange sce-
narios between B ions with a hierarchy of interaction strengths of both ferromagnetic
and antiferromagnetic types (11, 12). As competing interactions strongly depend on
both the elemental species and the B-O-B angle (11, 12), there potentially exist many
scenarios of strong spin frustration and liquid-like orbital and magnetic ground states
in pyrochlore spinels. However, cation imbalance, oxygen deficiency, and inversion dis-
order are prevalent practical concerns in pyrochlore oxides (3, 8). As the A and B ions
in the spinel structure are of similar sizes, within ~+15% of each other (13), spinel
oxides are prone to site disorder. The normal spinel (AN [B1],04 has Aions fully occu-
pying 84 (tetrahedral) sites of the F43m space group (Fig. 14), and the inverse spinel
(BN [A** B0, has A ions randomly occupying half of the 164 [octahedral] sites. The
inversion disorder, defined as the parameter A of (A4,_;B;)[4;B,_;]04 with (tetrahe-
dral) and [octahedral] sites (14), varies continuously in the range 0 <A <1 between
these two limiting cases. We note that the inversion disorder is only well defined
when stoichiometry is strictly kept; i.e., the B ion concentration is twice that of the

PNAS 2022 Vol. 119 No.43 2208748119

https://doi.org/10.1073/pnas.2208748119

Significance

While disorder is an inalienable
characteristic of real crystalline
materials, the capability of
controlling various types of
disorder often strongly influences
our understanding of science and
the advancement of technology.
Magnetic spinel represents a class
of materials with a pyrochlore-
structured sublattice to potentially
host three-dimensional spin
frustration but is strongly
influenced by the inversion
disorder of two similarly sized
cation species. While it remains
challenging to experimentally
differentiate these two
characteristics, here we mitigate
the disorder issue at the crystal
growth stage. Our independent
control of both stoichiometry and
inversion disorder clarifies both
magnetism and structure in a
spinel oxide of interest for seven
decades.
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Fig. 1. Controlling disorder in spinel ZnFe,0,. (A) Schematic of the normal
spinel unit cell in the Fd3m space group, highlighting the clusters of Fe
(red) tetrahedra and their O (blue) neighbors. (B) XRF-WDS measured Fe vs.
Zn concentration ratio n of all our grown crystals (Materials and Methods),
as a function of the two growth parameters T; and r. The gray region
(1.995 <n < 2.005) represents the stoichiometric limit in our characteriza-
tion. (C) A schematic of the two-dimensional phase space of disorder in a
normal spinel. The horizontal axis represents the stoichiometric condition,
with varying degrees of inversion disorder between A and B sites. The
orthogonal direction represents excessive Fe or Zn concentrations away
from the stoichiometric condition and vacancy disorders of either cations
or anions (assumed to be mutually exclusive). Inversion disorder also exists
in the off-stoichiometric condition but is not well defined. This phase dia-
gram, as a reinterpretation of B, summarizes the consistent understanding
of all our characterizations in the current study.

A ion. This inversion disorder between similarly sized A4 and
Bions (13, 15) makes spinels a challenging class of geometric
spin frustration materials to grow and characterize (14).
ZnFe,04 exemplifies the challenge of high-quality crystal
growth in spinel oxides. Despite being studied since the 1950s
(16-27), literature reports of the magnetic properties of
ZnFe,;Oy are not consistent. While many >"Fe Mossbauer meas-
urements (23, 25) confirm that the iron in ZnFe;Oy is entirely
Fe’™ ions, these can be introduced into various types
of disorder by thermal and/or mechanical preparation pro-
cesses such as heating, annealing, powdering, and ball milling
(21, 23, 25, 26). Neutron magnetic diffraction (16, 19, 20,
22-25, 27) often demonstrated a superposition of a broad diffu-
sive profile and a peak around the (1/2, 1, 0) wave vector at
~4 K, indicating varying degrees of short- and long-range spin
orders in the bulk (19, 23), with the long-range order attributed
to antiferromagnetism below 7y ~ 10 K (18, 19). Magnetic sus-
ceptibility measurements often found a positive (ferromagnetic)
Curie—Weiss temperature 7oy (23-25), despite the assumption
that the system is antiferromagnetic, giving rise to an unclarified
implication of spin frustration (24, 27). Alternating current
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magnetic susceptibility studies have shown that the cusp tem-
perature can be frequency dependent (25), suggesting the exis-
tence of very slow spin dynamics, similar to a spin glass (27) or
a spin liquid (24). However, the peak in the magnetic suscepti-
bility in the direct current (DC) limit (24, 25, 27) is not consis-
tent in temperature with the peak of the magnetic heat capacity,
which is consistently observed below 10 K as either a broad
bump or a relatively sharp divergence (17, 21). We note that
most measurements in the literature, such as in refs. 16-19,
21-23, and 25-27, were carried out on powder specimens of
ZnFe,Oy rather than single crystals.

Here, we demonstrate growth strategies that control both the
stoichiometry and the levels of inverse disorder in single-crystal
ZnFe,O4 and utilize this control to resolve these decades-long
ambiguities. We show that stoichiometry in spinel ZnFe,Oy4
can be maintained over a narrow trajectory across the growth
parameter space, leading to crystals of different levels of inversion
disorder. In the disorder-free limit, stoichiometric ZnFe,O4
single crystals demonstrate a consistent divergence at 7y = 9.9 K
in both magnetic susceptibility and heat capacity and exhibit
long-range antiferromagnetic order with no trace of magnetic
diffuse scattering. These results show that the exotic spin phases
suggested in the literature should instead be attributed to disorder
effects. The experimentally observed antiferromagnetic Curie—
Weiss temperature 7oy is now consistent with the theoretically
expected nearest-neighbor interaction between Fe ions on octa-
hedral sites. Further, ZnFe,Oy4 can be categorized as type I
multiferroic material with antiferroelectricity in the lattice space
group F43m, regardless of the level of inversion disorder. Our
study serves as a benchmark for the level of quality control
attainable in magnetic spinel oxides and promotes pyrochlore-
structured oxides as a fertile research field of frustrated and
quantum magnetism and strongly correlated electrons.

Results

Disorder Control at the Growth Stage. AB,O4 spinel oxides
can be grown by many different techniques over a wide temper-
ature range, such as floating zone (28), high-temperature solu-
tion (24), Czochralski, and chemical vapor transport (29) for
single crystals; solid-state reaction (25) for polycrystals and
powders; and hydrothermal and solution—gelatin (21, 26) for
nanoparticles. Here we focus on high-temperature solution
growth (Materials and Methods), as this technique can be car-
ried out over a large range of temperatures with many choices
of solvents (30) and can produce single crystals at 1 mm size or
larger, a critical threshold for many characterization techniques
and applications. Growing crystals in ambient atmosphere also
could protect the Fe* ions from reducing to the Fe?* state.
One major concern of high-temperature solution growth is
the potential inclusion of flux and/or its ionic components in
the form of impurities. We have grown ZnFe,Oy single crystals
with three different types of solvents: anhydrous Na,B,O-,
triple-oxide BaO/Bi,03/B,03 mixture (30), and a binary mix-
ture of Li,B4O; and Na,B40; at their eutectic point (31). We
found that among these, Na,B40- was the best choice based
on evaluations of the crystals’ magnetic properties. For Na,B4O,
both Na* and B’* ions are significantly different in size from
Zn** and Fe’* ions, and thus they are not included as cation
impurities without causing structure instability (13, 15). The
results discussed below focus on single crystals grown in
Na,B4O; solvent. As Na,B4O; is typically regarded as viscous,
we rotated the crucibles inside the furnaces at a constant angular
speed (Materials and Methods). The rotation greatly enhances the
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solution homogeneity and significantly reduces the number of
nucleation centers on the crucible’s inner surface, leading to larger
and more consistent crystals.

Unlike most growth procedures that first utilize a solid-state
reaction to produce spinel-structured powder before dissolving
that powder in the solvent to grow single crystals (24), we
instead directly dissolve ZnO and Fe,O3; powders in molten
Na,B4O; at the highest temperature of growth 7, to form
ZnFe,0y, following their reported binary phase diagram (32).
The disorder in the resulting spinel single crystals is thus con-
trolled by two growth parameters, the highest temperature 7,
experienced and the molar ratio » = (mole of ZnO)/(mole of
Fe,O3) in the initial powder mixture (Materials and Methods).
Single-phase ZnFe,O4 growth has been observed over most of
the parameter space of 7, from 1,250 °C to 850 °C and  from
1.0 to 3.0. However, for 7, = 850 °C and r < 1.30, an addi-
tional single-crystal phase of Fe,Os; emerges; no growth of
ZnO single crystal has been observed in this range. Without a
loss of generality, we limit our discussion to remain within the
parameter space of single-phase spinel ZnFe,Oy.

Bulk Elemental Analysis and the Map of Disorders. The large
range in the (7, 7) parameter space we explored for the growth
control is expected to introduce multiple types of disorder (14),
such as nonstoichiometry between the Fe and Zn cations, cat-
ion or anion vacancies, and admixed cation site occupancies
(inversion). Given the potential changes of physical properties
when single crystals are turned into powder form (21, 23, 25,
26), all our characterizations are performed on single crystals.
We first examine the overall Fe vs. Zn concentration ratio 7 in
bulk crystals, using elemental analysis based on wavelength-
dispersive X-ray fluorescence spectroscopy (XRE-WDS) (Mate-
rials and Methods). Using hard X-rays instead of electrons to
excite XRF, our measurements are sensitive to elements at a
depth of 20 to 40 pm in the bulk, limited only by the absorp-
tion of Zn and Fe Ko X-ray fluorescence in the material.

The Fe vs. Zn concentration ratio # of our grown crystals is
systematically examined and plotted against 7, and r in Fig.
1B. For growths with identical 7, 7(7) evolves monotonically
with 7 as expected, reflecting the controlling condition of the
growths. This evolution allows a finite range of 7 for each 7 to
bring 7 to the stoichiometric limit, defined here as being
within + 0.25% of 2.000 (gray shaded region in Fig. 1B). For
T, = 1,250°C, all crystals have excess iron and only a very
large 7 > 2.5 can bring 7 to ~2.005. At 7, = 1,000 °C, an
increasing r drives the crystals from Fe excess to Zn excess,
reaching the stoichiometric condition for r between 1.6 and
1.8. At 7, = 850 °C, = 1.3 is the best condition to grow crys-
tals at the stoichiometric limit of 7z ~ 1.995, and larger 7 results
in crystals with excess Zn. These optimal growth conditions of
stoichiometric crystals are strongly correlated with the magnetic
characterizations discussed below.

In nonstoichiometric crystals with 7 deviating from 2, exces-
sive Zn introduces an oxygen deficiency, whereas excess Fe
causes cation vacancies on both the A and B sites. As our crys-
tals are grown in molten oxides at ambient air pressure, we
assume anion and cation vacancies do not happen simulta-
neously but instead are mutually exclusive. For stoichiometric
crystals, we expect from entropy considerations that there
should be varying levels of inversion disorder associated with
the different growth temperatures 7, we expect that crystals
grown with » = 1.3 at 7, = 850°C would have the least
amount of inversion disorder. The two growth parameters 7

and 7, that guided the plot of 7 in Fig. 1B are thus mapped
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onto a two-dimensional phase space of sample quality, denoted
by two orthogonal axes of cation/anion vacancies (with the stoi-
chiometric condition at the origin) and inversion disorder from

zero to high (Fig. 10).

Disorder Effects in Magnetic Susceptibility. The charge-based
elemental analysis discussed above does not provide insight into
the role of disorder on the magnetism of ZnFe;Oy. Instead, we
use the magnetic characteristics as an indicator of the site disor-
der of the Fe ions. In Fig. 2, we first examine the evolution of
the DC magnetic susceptibility x with 7, and 7. For the most
disordered single crystals, with 7, = 1,250 °C and » = 1.0, the
zero-field—cooled x(7) has a large spectral weight that peaks
around 80 K (Fig. 2 A, Inses), similar to that of nanocrystals
and strained powder (23, 25, 26). The 1/y(7T) does not show
linear Curie-Weiss (CW) behavior for any temperature range
below 400 K. Instead, a tangential fit of 1/y(7") at the highest
temperature suggests a ferromagnetic CW temperature 7w ~
200 K (Fig. 2A4). As r is increased, 7cw monotonically
decreases (Fig. 2), correlated with the decrease of the Fe vs. Zn
concentration ratio 7 toward stoichiometry (Fig. 1). For all our
crystals grown with 7, = 1,250 °C, Ty remains positive (Fig.
2E). When T is reduced to 1,000 °C, 7cw(7) no longer has a
monotonic trend but instead reaches a minimum at » = 1.6 to
1.8 with an antiferromagnetic 7cw ~ —20 K (Fig. 2E), identi-
cal to the r values where the Fe vs. Zn concentration ratio
n becomes stoichiometric (Fig. 1). For crystals grown with
1, = 850°C, the lowest 7w ~ —25 Kiis achieved at » = 1.3,
again coinciding with stoichiometric results from the elemental
analysis (Fig. 1). For grown crystals of the same 7, Tcw(7) is
always the lowest when they are stoichiometric.

For crystals deviating from the stoichiometric condition, the
increased 7w (7) suggests that excessive Fe or Zn concentra-
tions (Fig. 1), with concurrently increased vacancies, increase
the level of spin disorder, obscuring the traditional interpreta-
tion of a Curie-Weiss analysis by violation of its mean-field
assumption. On the other hand, 1/x(7) of stoichiometric
crystals grown at three different 7; differ in a subtler manner
(Fig. 2 B-D). All three 1/y(7) are similar at high temperature
(~400 K). Apart from the change of the Curie-Weiss tempera-
ture from 25 to —25 K (Fig. 2E), the largest difference is seen
in the peak region of y(7") around 7y; the critical divergence
in y(7) sharpens, while the amplitude gradually reduces in
value (Fig. 2 B-D, Insets). The Curie—Weiss temperatures and
slopes of stoichiometric crystals grown at 1,000 °C and 850 °C
are essentially identical. The linear slopes of Curie-Weiss fits of
these two crystals (Fig. 2 C and D) yield a consistent local spin
moment of 5.53(1) pp per Fe®* ion, within 7% of the theoreti-
cal value 5.92 pg for an s = 5/2 state of 34° Fe>*. Our results
suggest that most of the inconsistencies in the ¥(7) behavior
reported in the literature (21, 23-27) are likely due to off-
stoichiometry concentrations of the samples.

Spin Correlation Revealed by Neutron Magnetic Diffuse
Scattering. The spin correlations and disorder at microscopic
length scales can be directly visualized by neutron magnetic dif-
fuse scattering (Materials and Methods), allowing us to directly
search for signatures of inversion disorder in stoichiometric
crystals. Here, we compare two stoichiometric single crystals
(ST Appendix, Figs. S1-S3), grown at Tg = 1,250°C and
1,000 °C, whose overall magnetism is characterized by positive
(~25 K) and negative (~ —22 K) Ty, respectively.

For stoichiometric crystals grown at 7:5 =1,250°C (Fig. 3 4

and B), a large amount of magnetic diffuse scattering is seen
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Fig. 2. Disorder influence on magnetic susceptibility and Curie-Weiss temperature. (A-D) Inverse magnetic susceptibility 1/y (blue points) of ZnFe,04 single
crystals grown with various Tg and ZnO vs. Fe,03 molar ratio r. The high-temperature region of 1/y is fitted to the Curie-Weiss law (red solid and dashed
lines) for the extraction of both Ty and the local moment size. (Insets) Zoomed-in views of the magnetic susceptibility y around Ty for both FC and ZFC con-
ditions (Materials and Methods). A-D correspond to crystals listed in S/ Appendlix, Fig. S1 A-D, respectively. (F) Evolution of Tcw(r) for three different T,. Each
data point represents the average of 10 to 40 individual crystals including those in A-D (Materials and Methods); error bars represent the 16 SD of the mean.
The solid lines are guides to the eye. The negative segment of the y axis is expanded to highlight Tcw's approach to the clean limit.

both below and above 7. Across 7y, only a fraction of the
magnetic diffuse scattering at 15 K (Fig. 3A4) sharpens to form
long-range ordering at 6 K, and a large amount of spectral
weight remains diffusive (Fig. 3B). The diffuse scattering pat-
tern of our disordered, stoichiometric crystals is very similar to
that reported in ref. 24. By contrast, magnetic scattering from
our stoichiometric crystal grown at 7, = 1,000 °C is totally dif-
ferent. The magnetic diffuse scattering at 11 K (Fig. 3C), only
about 1 K above 7y, is much weaker than the magnetic diffuse
scattering of the more disordered stoichiometric crystal at 15 K
(Fig. 34). Below Ty, all diffusive spectral weight disappears,
and only sharp, resolution-limited (Fig. 3F), magnetic reflec-
tions are observed at 6 K (Fig. 3D). This indicates that the
magnetic diffuse scattering in Fig. 3 C originates from true criti-
cal fluctuations, whereas those in Fig. 3 A and B are mostly due
to spin scattering from a high level of static inversion disorder.
From the stoichiometric 7; = 1,000 °C crystal in the disorder-
free limit (Fig. 3D), we confirm that the primary wave vector of
the magnetic order is (1/2, 1, 0). While the spin structure will be
refined in detail in a future publication, spin correlation lengths in
these crystals are readily extracted from a radial scan across the
(1/2, 1, 0) reflection in comparison with lattice correlation lengths
measured at the (1, 1, 1) reflection (Fig. 3 Eand F). For the stoi-
chiometric crystal grown at 7, = 1,250 °C (Fig. 3 A and B), the
longitudinal line shape is of Lorentzian form, and the full width at
half maximum indicates that spin correlations exponentially decay
over a spatial length scale of 30 A, or four unit cells. On the other
hand, in the stoichiometric crystal grown at 7, = 1,000 °C
(Fig. 3 C and D), both lattice and magnetic longitudinal line
shapes are identical and mostly Gaussian, indicating the line
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width is dominated by the instrument resolution and the spin
correlation length is beyond 48 A. This comparison of correlation
lengths suggests that the stoichiometric crystal grown at 1,250 °C
has at least four times as many pinning centers, and correspond-
ingly higher inversion disorder, per unit volume compared to the
stoichiometric crystal grown at 1,000 °C. With the unnoticeable
amount of magnetic diffuse scattering observed in Fig. 3 D and
F, neutron magnetic diffuse scattering is unlikely to further differ-
entiate the two stoichiometric crystals approaching the disorder-
free limit, grown at 7, = 1,000 and 850 °C, respectively.
Neutron diffuse scattering also provides an opportunity to
evaluate the potential existence of spatial correlations between
disordered sites. In S/ Appendix, Fig. S4, we plot H-K plane
patterns at L = 12, 13, and 14 reciprocal lattice unit (r.l.u.) for
the set of stoichiometric crystals grown at Tg = 1,250°C (87
Appendix, Fig. S1E), which has the largest amount of inversion
disorder among three specimens. At this range of large transferred
momentum, magnetic diffuse scattering is expected to vanish. The
lack of any diffusive pattern across the Brillouin zone indicates the
inversion disorder in our crystals is uncorrelated in space.

Magnetic Heat Capacity in the Clean Limit. Heat capacity
C,(T) provides an independent and highly sensitive evaluation
of inversion disorder in stoichiometric crystals approaching the
disorder-free limit (Fig. 4). For crystals grown with the same
1, the sharpest C,(7") curves (Fig. 44) always belong to those
at the stoichiometric condition (Fig. 1) and the lowest 7w in
magnetic susceptibility (Fig. 2). Conversely, the broadened
G,(T) in off-stoichiometric crystals presumably is due to the
magnetic order being pinned at shortened correlation lengths
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Fig. 3. Contrast of spin correlations between disordered and ordered stoichiometric crystals. Unsymmetrized scattering intensities, measured from two
sets of crystals grown from (A and B) Ty = 1,250 °C (crystal assembly in S/ Appendix, Fig. S1E) and (C and D) T = 1,000°C (single crystal in S/ Appendix, Fig. S10),
respectively (Materials and Methods), are presented as H-K plane slices at L = 0.0 and 0.5. All intensities have been integrated over a thickness of 0.05 r.L.u. along
L. For each sample, the magnetic scattering is contrasted between temperatures (A and C) above and (B and D) below the antiferromagnetic transition. As the
samples have different masses and mosaicity, the intensities (color bar) in A-D are normalized by equalizing the reciprocal-space integrated intensities of lattice
reflection families <1, 1, 1> and <2, 2, 0> at 6 K (Materials and Methods). The plotted magnetic-scattering intensities are further isolated by subtracting the back-
ground and lattice diffraction pattern at high temperature, 100 K for (A and B) and 25 K for (C and D), where the magnetic diffuse scattering is nonexistent
(Materials and Methods and SI Appendix, Figs. S2 and S3). Circular rings in all panels are due to powder diffraction by the aluminum holders. (E and F) Radial
(longitudinal) scans across both the lattice reflection (1, 1, 1) and the magnetic reflection (1/2, 1, 0) for the same two samples (Materials and Methods). The
solid line of the lattice shape in E is a guide to the eye, as its form is not described by the pseudo-Voigt function because of the convolution of lattice cons-
tant distribution of 30 individual crystals and the instrument resolution. The magnetic reflection in E is fitted with Lorentzian. Both curves in F are pseudo-
Voigt with 80 and 65% of weight in Gaussian for the lattice and the magnetic reflections, respectively. Both curves of the lattice and the curve of magnetic
reflection in F have identical FWHM as they are dominated by the instrument resolution.

by an increasing number of vacancies, preventing spins from

between these two sets of stoichiometric crystals with 7 of 1.75
having a sharply defined phase transition.

and 1.3, respectively. For the crystals grown with 7, = 850°C

For stoichiometric crystals grown with reduced 7;, C,(7)
progressively diverges. While magnetic susceptibility shows only
a minimal difference between stoichiometric crystals grown with
T, = 1,000 and 850 °C (Fig. 2 Cand D), divergences of C,(7)
at Ty are distinctly different (Fig. 4A4). Since excessive Zn cati-
ons are necessary in the starting solution to bring the spinel crys-
tals to stoichiometry, we assume the excessive-to-normal Zn ion
ratio (r — 1) is proportional to the level of inversion disorder, as
both should reduce to zero in the ideal situation. We thus estimate
that the level of inversion disorder differs by a factor of 2 to 3

PNAS 2022 Vol. 119 No.43 2208748119

and = 1.3, G,(7) reaches a peak value of 65.1 J-mol "K' or
equivalently 15.6 Cal-(mole of ZnFe,0 ) ™! (Fifg. A), much
more singular than the best C,(7") of 9.2 Cal-mol ™ K1 reported
in the literature (17). Here, for stoichiometric single crystals grown
with 7, = 850°C, both C,(T) and x(7) diverge consistently at
T (Figs. 2D and 4A). The magnetic heat capacity, integrated
after subtraction of the phonon background, reveals a magnetic
entropy of 13.5 J-mol "K', which is slightly smaller than
RIn6 = 14.9 | (mole of Fe*™) ' K (Fig. 4B), consistent with a
classical spin s = 5/2 in this spinel.
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Fig. 4. Influence of both off-stoichiometry and inversion disorder on heat
capacity. (A) Heat capacity Cy(T) of ZnFe,;O4 single crystals as a function of
the growth parameters T; and r. (Insets) Zoomed-in views of C(T) around
Tn. The sharpest C,, curve in each panel is from stoichiometric crystals. The
sharpness of the most divergent C, increases with lowering Tg, due to the
reduction in inversion disorder. (B) Temperature evolution of the magnetic
entropy per mole of Fe>* moments, integrated after removing phonon
contribution from the total heat capacity (Materials and Methods).

Lattice Symmetry of the Stoichiometric Crystals. Given the
importance of lattice symmetry in the exploration of quantum
spin liquids (10), the three sets of stoichiometric ZnFe,Oy crys-
tals, grown under different (1y 1) conditions, also provide a
unique opportunity to examine the sensitivity of lattice charac-
teristics to the level of inversion disorder. The lattice structure
is characterized at the time-of-flight white-beam neutron dif-
fractometer TOPAZ (33, 34) (Materials and Methods and Figs.
5 and 6), which records the timing of each scattered neutron at
the detector so that the wavelength is well determined. This
feature allows diffraction measurements with a continuous
spectrum of neutron wavelengths, providing unique advantages
in resolving some key issues as discussed below.

For all three sets of crystals, the reconstructed diffraction pat-
terns in the three-dimensional reciprocal space confirm the cubic
symmetry (Materials and Methods) and clearly demonstrate no
reflection at mixed even/odd indexes, indicative of a face-
centered—cubic Bravais lattice (Fig. 54 and S/ Appendix, Fig. S4).

6 of 10 https://doi.org/10.1073/pnas.2208748119

The classical understanding of spinel ZnFe,Oy is of space group
Fd3m (#227) (20, 22, 24). However, there is a clear set of non-
vanishing (4, 0, 0) reflections with / = 4m + 2 and (b, 4 0)
reflections with # + # = 4m + 2 (m being an integer) observed
in all three stoichiometric crystals with different levels of inver-
sion disorder (Fig. 5 and S/ Appendix, Figs. S2-S4). These reflec-
tions are forbidden in space group F43m but are allowed in its
maximal nonisomorphic subgroup F43m (#216). Within the
face-centered—cubic structure, the presence of (4, 0, 0) reflections
rules out two other maximal nonisomorphic subgroups F4;32
(#210) and F43 (#203) (35). As all scattering events at TOPAZ
have clearly resolved wavelengths, the observation cannot be
attributed to harmonics, i.e., neutrons of half- or quarter-
wavelengths that diffract at higher orders (36). Mixed-index
reflections such as (1, 1, 0) or (3, 1, 0), indicative of potential
issues with harmonics, were not observed in our data (Fig. 5A4).
These “forbidden” reflections such as (2, 0, 0) and (4, 2, 0) were
observed over a wide range of incident neutron wavelengths with
effectively constant intensities (Fig. 5 B and Cand Materials and
Methods), inconsistent with an origin of multiple scattering. Fur-
thermore, they are observed only for wavelengths 1 < 24, where
d is the d-spacing of the specific reflection. A multiple-scattering
process combining two lower wavevectors, such as (6, 4, 0) =
(3,3,1) + (3, 1, —1), would allow the diffraction event to be
observed with neutrons of wavelength 4 > 24. Here, all scattering
events are consistent with a single diffraction process (Fig. 5 B
and O). The linewidth of a radial scan through the (2, 0, 0)
reflection is indicative of a long-range order of the lattice, as it is
as narrow as a radial scan of the main (4, 0, 0) reflection (Fig.
5D). Furthermore, all diffraction patterns at TOPAZ are consis-
tent with the reconstructed reciprocal lattice patterns for mag-
netic diffuse-scattering study at CORELLI (Fig. 3 and S/
Appendix, Figs. S2-S4), where the elastic nature of scattering is
differently constrained through a cross-correlation mechanism
(37). The (2, 0, 0) reflection was also observed in neutron
single-crystal scattering using a triple-axis spectrometer in ref. 24
but neglected. ZnFe,O4 thus is attributed to space group
F43m. Among subgroups of FA3m that also possess the face-
centered—cubic Bravais lattice, F23 (#196) is the only other space
group that would conform to the observed diffraction pattern.
However, F23 is a subgroup of F43m, and they differ only at
484 sites, while atoms in an AB,Oy spinel crystal occupy 44, 4¢,
and 16e sites in the setting of F43m. So there is no need to
refine to a space group of lower symmetry than F43m.

For our crystals measured with neutron wavelengths from
0.6 to 3.5 A (Materials and Methods), the diffraction intensities
demonstrate a strong extinction effect even from a crystal as
small as 0.7 mm in diameter (Fig. 5B and S/ Appendix, Fig.
S1D). While some reflections of medium and low intensity can
be fitted to the standard formula of extinction (38) (Materials
and Methods), strong reflections with an extinction suppression
beyond a factor of 10 cannot be properly corrected (Fig. 5B).
Overall, only ~75% of the reflection families are used for
refinement after applying the extinction correction (Materials
and Methods). Modeling the extinction in Fig. 5B allows for a
highly precise extraction of the structure factors Fj,;(1=0).

We first refine ZnFe,Oy in the Fd3m space group; the sole
oxygen position parameter # = 0.38546 + 0.00011 is consis-
tent with the values reported in refs. 20 and 22. On the other
hand, refining a spinel in the F43m space group involves three
parameters (S/ Appendix, Table S1), one for the B site position
that controls the breathing distortion of the pyrochlore sublat-
tice and two additional oxygen position parameters along the
(1, 1, 1) direction that are derived from the oxygen position
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Lattice space group revealed by continuous-wavelength neutron diffraction. (A) A slice of the H-K plane scattering intensity at the L = 0 position for

the single crystal grown in the (Tg = 850 °C, r = 1.3) condition (S/ Appendix, Fig. S1D). The graphic is generated from symmetrized neutron-scattering data in
the reciprocal space, and several white boxes highlight the forbidden reflections of Fd3m, the traditionally understood space group of ZnFe,0,. Instead,
these observed reflections satisfy the selection rules of the space group F43m. (B and C) Wavelength dependence of scattering intensities aFZ,(4) of several
unique reflection families. In B, intensities of several reflection families are fitted for the extinction effect (solid lines) (Materials and Methods) to extract the
extinction-free value af?,(0) at the zero-wavelength limit. For several reflection families of very high intensity, the extinction formula does not apply. Instead,

a power-law form of aFf,(4)

~ 177 (dashed lines) fits the data well with an exponent s~ 1.5. C emphasizes the wavelength dependence of the forbidden

reflections of the space group Fd3m. The vertical dashed lines indicate the long-wavelength diffraction limits of each family. The absence of diffraction
events beyond these wavelength limits indicates that multiple scattering does not contribute to these reflections. (D) A radial (longitudinal) scan across both
the (2, 0, 0) and (4, 0, 0) reflections, generated from A. Lines of both reflections have comparably sharp profiles, indicating a long-range lattice order.

parameter # of the Fd3m space group. In Fig. 6, all lattice
parameters of the F43m space group are plotted for all three
stoichiometric crystals, labeled by the growth temperature 7.
While the parameters are consistent across all three crystals,
they clearly deviate from those of the F43m space group, espe-
cially the B-site position (Fig. 6B). In all three stoichiometric
ZnFe,Oy crystals, the breathing distortion of the pyrochlore
lattice remains stable and is not sensitive to the level of inver-
sion disorder. The Fe-O bond lengths between neighboring Fe
tetrahedra differ by 2.0% in the F43m space group (Fig. GE).

Discussion

Our analysis indicates that a strong inversion disorder

responsible for both the ferromagnetic 7cyw and strong spin
diffuse scattering of static nature in many existing studies of
ZnFe,O4 (16, 19, 20, 22-25, 27). In the presence of inversion
disorder, the exchange interaction between Fe®* ions on Band
A sites is likely ferromagnetic and strong. On the other hand,
the exchange interaction between B sites is predominantly
through Fe-O-Fe bonds at near 90° angle (Fig. 6E). For Fe*t
ions, the s = 5/2 spin state indicates that the five 34 electrons
are spread among both %, and ¢, levels; there exist several dif-
ferent types of exchange processes involving both types of
orbitals (11, 12). Similar to the analysis of edge-sharing FeOg4
octahedra in pyroxenes (11), the direct Fe’*-Fe’* hopping
exchange interaction of the #,-5, (4, — d,,) channel within
the plane of Fe-shared O-O edge-Fe should be antiferromag-
netic but relatively weak, as 34 orbitals become small in Fe and

PNAS 2022 Vol. 119 No.43 2208748119

the overlap is reduced (in comparison to light 34 elements
such as Ti). For superexchange interactions, both the #,-2
(dye — pz — diz) and tyg-¢, (dy — pi — dh,2 o 2) channels should
be antiferromagnetic. For the -6 (dhp_o_2 — py/pu—
dy2_p_2) channel, the exchange interaction is ferromagnetic
but very weak as the ~95° Fe-O-Fe angle in ZnFe,Oy4 (Fig. 6E)
is close to the boundary value of 97° for an ferromagnetic-to-
antiferromagnetic (FM-AF) cross-over (11). Another ferromagnetic
exchange channel involving two p states of oxygen is of %41,
(dyy — px/ pz — dss) type but it is again very weak. Overall, there are
many exchange pathways of the antiferromagnetic type and only a
few of the ferromagnetic type, and the antiferromagnetic type -,
is expected to be the strongest among all. So, the total exchange
interaction between Fe’* spins should be antiferromagnetic. With
the antiferromagnetic 7w observed in our crystals (Fig. 2F), the
experiment and theory are now qualitatively consistent.

Most spinel oxides are of the F43m space group, and the
F43m space group deduced here would break the inversion
symmetry in creating Fe tetrahedra of alternating sizes (Fig. 6).
Several splnel oxides, such as MgAl,O4 and MgV,0y, have
been placed in the F43m space group by direct diffraction
techniques (39, 40). The crystal structure of ZnFe,O,4 has been
debated in the literature. While many references (20, 22) cate-
gorize it in the Fd3m space group, it has been suggested to
belong the F' 43m space group based on indirect evidence (41, 42).
Crystals of proper stoichiometry and a minimal level of vacancies
and inversion disorder are recognized as a key prerequisite to
address this space group issue (43). Here, our systematic charac-
terization of disorder as a function of growth conditons and
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Fig. 6. Refined lattice parameters. (A) The cubic lattice constants of three stoichiometric crystals with slight difference in stoichiometry are plotted against
the deviation of Fe vs. Zn concentration n from a perfect 2.000. The cubic lattice constants were determined during the establishment of UB orientation
matrix (Materials and Methods). (B and C) Atomic position parameters for (B) B site (or Fe) and (C) two oxygens at 16e positions in F43m space group are
plotted for three stoichiometric crystals against the growth temperature T,. All three crystals demonstrate consistent values and significant deviations
from the expected values (two dashed lines) of the Fd3m space group. C is constructed such that if ZnFe,0, is in the Fd3m space group, both oxygen posi-
tions would overlap on the graph (summing to 1.25). Complete refinement results are listed in S/ Appendix, Table S1. (D and E) Comparison of Fe-O bond
lengths and angles of the FeOg cage, situated between the adjacent Fe tetrahedra, using either (D) Fd3m or (E) F43m space groups, respectively. The color
assignment of atoms is the same as in Fig. 1. For F43m space group, two different shades of blue and gray are used to indicate the two sites of O and Zn,

respectively.

diffraction studies using stoichiometric crystals in the disorder-
free limit allows us to directly determine the space group assign-
ment (Fig. 6). The alternatively sized tetrahedra in the F43m
space group can be visualized as the Bsite ions of the Fd3m
space group shifting toward and away from the centers of neigh-
boring tetrahedra, forming an all-in—all-out type of displacement
and associated local electric dipole moments. ZnFe,O4 thus
exhibits antiferroelectricity from a breathing pyrochlore lattice in
the F43m space group (43), an electric dipole equivalent of the
all-in—all-out antiferromagnetic state on the pyrochlore lattice.
Here the antiferroelectricity in ZnFe,Oy is rather insensitive to
the level of inversion disorder (Fig. 6), while the magnetic prop-
erties can be effectively switched between purely antiferromag-
netic in disorder-free crystals and ferromagnetic or spin-glass
type in highly site-disordered specimens (23, 25, 26). Although
antiferromagnetism and antiferroelectricity exist independently
in ZnFe;,O4 as type I multiferroicity, the unique nature of
site-disorder—controlled magnetic characteristics in the robust
presence of antiferroelectricity makes ZnFe,O4 of potential
application interest to multiferroic devices.

Previous experiments on Cr’"-based spinels (44) and analyti-
cal theory (45) have suggested Heisenberg spins interacting
through antiferromagnetic exchange on a breathing pyrochlore
lattice can form exotic ground states such as a classical spin lig-
uid. As the breathing distortion of ZnFe,Oy lattice creates only
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a 2% variation of Fe-Fe distances in the small and large tetrahe-
dra, we expect the nearest-neighbor Fe-Fe exchange interactions
remain antiferromagnetic. The long-range magnetic order in
ZnFe)O4 could be influenced by the next—nearest-neighbor
interaction that is known to be important in spinels but was not
considered by the theory (45). Both LiGaCrsOg and LilnCrOg
spinels of breathing pyrochlore lattices in ref. 44 exhibit inconsis-
tent peak temperatures between the magnetic heat capacity and
the magnetic susceptibility. While this inconsistency was attrib-
uted to the opening of a spin gap at temperatures higher than
that of the long-range spin order (44), our current work demon-
strates that such a discrepancy might not be intrinsic and can be
removed through the reduction of disorder in single crystals.

Minimizing the inversion disorder in stoichiometric crystals is
an important concern in the search for true spin frustration in
quantum magnets. Here, our growth strategy allows a wide range
of control over both the imbalance of initial nutrients composi-
tion and the adjustable temperature range, leading to a full explo-
ration of the parameter space for crystals in the asymptotic
disorder-free limit. Spinel oxides represent an important class of
materials hosting three-dimensional geometrical spin frustrations.
Exploration of this class of materials in the disorder-free limit, in
the presence of intertwined spin, orbital, charge, and lattice
degrees of freedom, is poised to lead to a cornucopia of discoveries
in both strongly correlated electrons and quantum magnetism.

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208748119/-/DCSupplemental

Materials and Methods

single-Crystal Growth. ZnFe,04 spinel single crystals were synthesized using
the high-temperature solution growth method. Powders of reagents ZnO (Sigma
Aldrich; 99.99%) and Fe,03 (Sigma Aldrich; 99.995%) and solvent anhydrous
Na,B,0; (Sigma Aldrich; >99%) were ground together. The initial powder mix-
ture was loaded in a 20-mL platinum crucible, tightly covered by a platinum lid,
heated to 7 at a rate of 50 °C/h, and held at T for 12 h. The ratios of solvent to
solute, defined as s = (mol Na,B40;)(mol 3d cations Zn and Fe), were maxi-
mized from solubility studies to achieve solute saturation at each Ty; s =0.94 for
Ty = 1,000°C, and s =1.4 for T, = 850 °C. The crucibles were rotated inside
the box fumaces throughout the synthesis process, with a rate of 96 rpm for
Ty =850°Cand 48 rpm for 7, = 1,000 °C. For Ty = 1,250 °C, either no rotation
or a rotation rate of 24 rpm was used. ZnFe,0, single crystals grow during the
slow-cooling process, with a rate of —2 °C/h in the temperature range of 1,250
to 950 °Cfor Ty = 1,250 °C, —1.2 °C/h in the range of 1,000 to 800 °C for Ty =
1,000°C, and —0.26°C/h in the range of 850 to 750°C for T = 850 °C,
respectively. Afterward, the furace was cooled down to room temperature natu-
rally. Octahedron-shaped crystals (S/ Appendix, Fig. S1) were extracted by etching
in 7% HCl solution at 150 °C.

Elemental Analysis. The concentration ratio n of Fe and Zn in grown single
crystals was determined by XRF-WDS (ZSX Primus II; Rigaku Corp.), using charac-
teristic Fe-Koc and Zn-Kax fluorescent lines. The fluorescence was excited by X-rays
generated from a Rh target. A 25-um-thick aluminum filter was inserted in the
incident beam path to block the direct heat from the X-ray tube to protect the
arystals from overheating. To achieve reliable statistics of the Fe/Zn fluorescence
intensity ratio, crystals from the same synthesis batch were densely packed but
not overlapped in a disk form of 8 mm diameter, attached by a thin layer of sili-
cone grease to a glass plate free of iron and zinc content. The top crystal surfaces
were kept clean, flat, and parallel to the horizontal plane. To reduce spurious sig-
nals and increase spatial averaging, the sample holder was rotated with a speed
of 30 rpm. The calibration of the Fe/Zn fluorescence ratio was carried out by mea-
suring pressed pellets of mixed Fe,03 and ZnO powders of seven different stoi-
chiometric ratios from 1.96 to 2.08, in a disk form of 1 mm thick and 8 mm
diameter, under the same measurement condition as the grown crystals.

Magnetic Susceptibility. The DC magnetic susceptibility i was measured in a
commercial magnetic property measurement system (MPMS3; Quantum Design
Inc.), based on the superconducting quantum interference device (SQUID) tech-
nique. Individual single crystals were cooled to the base temperature of 1.8 K
either in zero field (ZFC) or under a magnetic field of 100 Oe (FC); all were mea-
sured during the warming process under a 100-Oe field. Before the measure-
ment, the remanent field in the MPMS magnet was cleansed to about 1 Oe by
field oscillation. Tey was calculated by the standard method of a linear fit to the
Curie-Weiss law over the high-temperature portion of the inverse susceptibility
1/x. The temperature range of the fitting was determined by gradually expand-
ing the lower boundary of the fitting range from 400 K down, to the extent that
the quality of the linear fit could be either improved or maintained. The temper-
ature range of fitting is typically above 5|Tcw| to justify the application of a
Curie-Weiss analysis, except for two batches of the most disordered crystals
grown at 1,250 °C. For each synthesis, 10 to 40 crystals, including those in S/
Appendix, Fig. S1, were individually measured. The measured 1/ were fitted
separately to extract the Curie-Weiss temperature, to generate the plotted data
in Fig. 2 as the statistical average and distribution of Teyy in these crystals.

Neutron Magnetic Diffuse Scattering. Single-crystal neutron magnetic dif-
fuse scattering was conducted at the time-offlight beamline BL-9 (CORELLI) of
the Spallation Neutron Source, Oak Ridge National Laboratory (37). Two sets of
stoichiometric crystals of different synthesis conditions were measured. The first
set was a mosaic assembly of 30 crystals, coaligned to ~6° full width at half
maximum (FWHM), with a total mass of 390.0 mg, all grown with Ty =
1,250 °C and r = 2.9. The mosaic assembly was constructed within a volume
of 8 x 8 x 8 mm?> (SI Appendix, Fig. S1E), glued by fluoropolymer (CYTOP
CTX-809A) on both sides of an aluminum strip (0.3 mm thick). The second set
is an individual single crystal with a mass of 7.4 mg, grown with Ty =
1,000 °C and r = 1.75 (SI Appendix, Fig. S1C), and wrapped in aluminum foil
for the measurement.
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Each set of crystals was mounted in a close-cycle cryostat with 6 K base temper-
ature. The magnetic diffuse-scattering data were collected by taking 240 exposures
of each set of crystals, which was rotated together with the cryostat about the verti-
cal axis over a full 2z range with evenly spaced 1.5° steps. Collected neutron-
scattering events in the 240 exposures were used to construct a three-dimensional
dataset in the coordinates of reciprocal space, using Python scripts locally devel-
oped at CORELLI, together with the Mantid program for visualization (37).

Neutron scattering was measured at three temperatures for each sample, below
and immediately above the antiferromagnetic transition temperature Ty and at
high temperature where the spin correlation was no longer observed. For the crys-
tals grown with Ty = 1,250 °C, magnetic diffuse scattering was measured at 6 K
(with a total proton charge of 96 C), 15 K (a total proton charge of 67.2 C), and
100 K (a total proton charge of 57.6 C). For the crystal grown with 7y = 1,000 °C,
magnetic diffuse scattering was measured at 6 K (a total proton charge of 76.8 C),
11 K (a total proton charge of 107.8 C), and 25 K (a total proton charge of 45.6 C).
Representative neutron-scattering data before background subtraction are shown
in SI Appendiix, Figs. S2 and S3 for both samples and all temperatures.

To compare magnetic diffuse-scattering pattems of these two sets of crystals
(Fig. 3 A-D), we scaled their relative intensities by the ratio of reciprocal-space
integrated intensities of a few reflection families. Two reflection families <1, 1, 1>
and <2, 2, 0> are selected due to minimal influence of the extinction effect
(Fig. 5) and the fact that their transferred momenta are below that of the low-
est aluminum reflection, so contamination of the Al powder ring is avoided
during integration. All available reflections, eight of the <1, 1, 1> family and
10 or 12 of the <2, 2, 0> family, are individually integrated to provide an aver-
age of each family. For these two families, intensity ratios between the two sam-
ple sets are consistent within 10% of each other. The average ratio of 28.2 is used
as the scaling factor between the two sets of data and is reasonably consistent
with the mass ratio of 52.7 between the two samples sets. The fractional discrep-
ancy could be due to the absorption effect of the larger mosaic assembly (S/
Appendix, Fig. STE vs. SI Appendix, Fig. S1C). After the renormalization of scatter-
ing intensities at each temperature, Fig. 3 has the high-temperature lattice and
background scattering subtracted to isolate the magnetic diffuse-scattering signal.

For a comparison of lattice and magnetic correlation lengths in Fig. 3 £ and
F, radial (longitudinal) scans were generated for both the (1, 1, 1) lattice reflec-
tion and the (1/2, 1, 0) magnetic reflection. The (1, 1, 1) lattice reflection is
chosen to provide a transferred momentum closest to that of the magnetic reflec-
tion. For each radial scan, scattering intensities were integrated over two trans-
verse directions. The ranges of integration along the transverse (1, —1, 0) and
(1,1, —2) directions of the (1, 1, 1) lattice reflection are 0.43 x 0.46 A=2 and
0.22 x 0.24 A2, for samples in S/ Appendix, Fig. S1 E and C respectively. The
ranges of integration along the transverse (—2, 1, 0) and (0, 0, 1) directions of
the (1/2, 1, 0) magnetic reflection are 0.25 x 0.26 A2 and 0.17 x 0.19 A2
for samples in SI Appendix, Fig. S1 E and C respectively. The difference in ranges
takes into consideration the mosaic assembly (S Appendix, Fig. S1E) versus the
single crystal (SI Appendix, Fig. S1C).

Heat Capacity. For each growth condition of (Ty, r), heat capacity C,(T) of at
least two pieces of single crystals was individually measured at zero field, using
the heat capacity measurement option (D650) of the physical property measure-
ment system (DynaCool; Quantum Design Inc.). The measurements used the
pulse-relaxation scheme, with the size of temperature rise controlled to 0.027 at
each temperature T. Each C,(T) curve was measured at least three times at each
temperature for both consistency and statistical averaging. For the calculation of
the magnetic entropy, the phonon contribution was removed from the total heat
capacity G,(T) in the range of 0 to 50 K, using a T° functional form at low temper-
ature, transitioning to a linear form at higher temperature up to 90 K.

Neutron Single-Crystal Diffraction. Single-crystal neutron diffraction was
measured using a Laue diffracometer at the time-of-flight beamline BL-12
(TOPAZ) of the Spallation Neutron Source, Oak Ridge National Laboratory
(33, 34). The beamline utilizes a broad continuous spectrum of incident neu-
tron wavelengths from 0.6 to 3.5 A, bounded from below by the focusing
capability of the neutron guide and from above by the pulsing period of
the spallation source and the distance between the beamline and the source.
All three stoichiometric crystals (S/ Appendix, Fig. S1 B-D) were measured at
100 K, cooled by a liquid nitrogen jet, to minimize the background scattering
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and reduce the Debye-Waller effect. Each crystal was measured at many dif-
ferent angular positions to provide a nearly complete coverage of reflections
for all d spacings larger than 0.40 A. Reflections with d < 0.40 A were not
considered in our data analysis. For each crystal in S/ Appendix, Fig. S1 B-D,
there were 8,176, 13,623, and 13,569 observed reflection events with d >
0.40 A, measured over a total flux of 63, 94.3, and 135.9 C of proton charge,
respectively. These reflections confirm the cubic symmetry of the UB orienta-
tion matrix and can be categorized into 297 unique families under the space
group F43m. The number of measured reflections over these 297 families
provides a large degree of redundancy over different neutron wavelengths,
clearly revealing the extinction effect (Fig. 5B). The collected neutron-
scattering events were reduced to a list of intensities, each proportional
(by an overall coefficient a) to the structure factor FZ,, of reflection (h, k, /),
using Python scripts developed locally at TOPAZ.

In the presence of a strong extinction effect (Fig. 5B), we found the calcu-
lation for secondary extinction with Gaussian mosaic distribution in type Il
crystals, in a modified version of equation 37 of ref. 38, best suited our dif-
fraction data:

A@)mim3a* v
1+ B(H)m1m212

Here, A(6) = 0.58 + 0.48cos (26) + 0.24cos?(20) and B(6) = 0.02—
0.025 cos(26) are from equation 43 of ref. 38. The parameter m; = afZ,(0) is
a product of the extinction-corrected structure factor F2,,(0) and the overall
scaling factor a, while the parameter m,/a is indicative of the extinction
parameter.

A high-fidelity extraction of m;, has posed challenges to our data analysis. As
exemplified in Fig. 5B, each of the 297 unique reflection families was fitted with
Eq. 1 to extract m,. However, for strong reflections, Eq. 1 is not applicable (38),
which amounts to about 21 to 26% of the reflection families. In addition, many
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reflections of small d spacing were measured over a very small range of neu-
tron wavelength, which makes it difficult to determine the free-floating value
of my. my can also be strongly influenced by a low number of redundancies
and the counting statistics of weak reflections. Here, we extracted an average
m, based on 27 to 31 families (~10% of total 297 families) with d spacing
greater than 0.7 A, all with intermediate reflection strength and measured
over a large range of neutron wavelength from 0.6 to over 1.4 A. All these
individual fit values of m; are consistent within 3¢ of their respective uncer-
tainties. The fact that m; is a constant for these 27 to 31 reflections that span
over a large range of d spacing from 0.74 to 4.87 A justifies the presumption
that our crystals are of type Il (38). Except for those for which Eq. 1 does not
apply, the average my is applied to 74 to 79% of all reflection families to
extract afZ,(0). These extinction-corrected intensities af7,(0) are further
refined with space group F43m, using the Shelxl program, to extract the
three lattice parameters of the B-site breathing displacement and two oxygen
positions along the (1, 1, 1) direction (S/ Appendix, Table S1).
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