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Nd-based pyrochlore oxides of the form Nd2 B2O7 have garnered a significant amount of interest
owing to the moment fragmentation physics observed in Nd2Zr2O7 and speculated in Nd2Hf207.
Notably this phenomenon is not ubiquitous in this family, as it is absent in Nd2Sn2O7, which
features a smaller ionic radius on the B-site. Here, we explore the necessary conditions for moment
fragmentation in the Nd pyrochlore family through a detailed study of the mixed B-site pyrochlore
Nd2GaSbO7. The B-site of this system is characterized by significant disorder and an extremely
small average ionic radius. Similarly to Nd2Sn2O7, we find no evidence for moment fragmentation
through our bulk characterization and neutron scattering experiments, indicating that chemical
pressure (and not necessarily the B-site disorder) plays a key role in the presence or absence of
this phenomenon in this material family. Surprisingly, the presence of significant B-site disorder in
Nd2GaSbO~ does not generate a spin glass ground state and instead the same all-in-all-out magnetic

order identified in other Nd pyrochlores is found here.

I. INTRODUCTION

Corresponding to a canonical frustrated lattice geome-
try, the pyrochlore oxides (A2 B207) consist of two inter-
penetrating networks of corner-sharing tetrahedra, com-
posed of the A and B-site cations, respectively [1]. In the
cases when A and/or B are magnetic, the pyrochlore lat-
tice has played a key role in the realization of a diverse
array of exotic magnetic ground states and phenomena
that include unconventional long-range order [2, 3|, mag-
netic monopole quasiparticles [4, 5], classical [6, 7] and
quantum [8-10] spin ices, and other spin liquid states
[11, 12].

A phenomenon that has recently garnered particular
interest among these pyrochlores is that of magnetic mo-
ment fragmentation, corresponding to the coexistence of
magnetic order with a fluctuating spin liquid phase in
a single ground state [13]. Such fragmentation of the
magnetic degrees of freedom arises from the behavior of
the magnetic monopole quasiparticles that are elemen-
tary excitations of the so-called spin ice phase [14]. In
this unique state of matter, moments follow local “two-
in-two-out” ice rules that lead to a macroscopic degen-
eracy analogous to the degeneracy of configurations in
water ice [15, 16]. From the “two-in-two-out” picture,
flipping a single spin leads to the creation of two magnetic
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monopoles at the centers of each of the resulting “3-in-
l-out” and “l-in-3-out” tetrahedra. When the monopole
density is high, the energy is minimized via the creation
of a fragmented state where a crystal of monopoles coex-
ists with a Coulomb spin liquid [17]. Alternatively, this
phase can be understood through the superposition of two
components: an ordered, divergence-full “all-in-all-out”
(ATAO) component and a divergence-free “two-in-two-
out” component which remains fluctuating and provides
a gain in entropy [18]. Experimental realizations of such
“ground-state moment fragmentation” have been demon-
strated in the tripod Kagome materials RE3MgoSb3O14
(RE = Dy [19], Ho [20]) and via a staggered magnetic
field in the iridate pyrochlores RE;IroO7 (RE = Dy [21],
Ho [22]).

In some pyrochlore systems with magnetic A-site and
non-magnetic B-site cations, the fragmentation phe-
nomenon has been proposed to occur in the excitations
rather than the ground state [23]. This “excited-state
moment fragmentation” has been identified in NdsZroO7
via neutron scattering measurements [18]. Two mag-
netic excitations are observed in this data: a nearly-
dispersionless mode and a dispersive mode correspond-
ing to the divergence-free and divergence-full components
of the fragmentation, respectively. The former assign-
ment was confirmed via the observation of pinch points
in the @-dependence of the dispersionless mode. This
type of fragmentation typically requires a net ferromag-
netic interaction between nearest neighbor spins on the
pyrochlore lattice and dipolar-octupolar symmetry of the
ground state wavefunction doublet, which allows for dipo-
lar ordering of the J, component of the moment while the
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octupolar Ji component enables persistent fluctuations
[18, 23]. NdyHf;07 [24] has been proposed as an ad-
ditional candidate for realizing this exotic phenomenon.
On the other hand, recent work on Nd3SnyO7 has argued
that excited-state moment fragmentation is not realized
in this material due to the overall net antiferromagnetic
interactions in the ground state, causing moments to fully
order into an ATAO structure [25].

Motivated by the potential role that disorder plays in
the realization of quantum spin liquids [26] and other
exotic magnetic phenomena including moment fragmen-
tation, there has been a renewed interest in mixed-site
pyrochlores [27]. Notable examples include the mixed
A-site fluoride pyrochlore NaCaCooF7 [28], which is ar-
gued to form a disorder-induced cluster spin glass phase
[29], and the related pyrochlore NaCaNisF7 [30], which
exhibits disorder-induced spin freezing that appears to
preempt a Heisenberg spin liquid state. In addition, the
mixed B-site oxide pyrochlore YbyGaSbO~ [31] is a can-
didate for disorder-induced spin liquid or spin-singlet be-
havior [32]. Interestingly, Nd2ScNbO7 shows the com-
bination of ATAO long-range magnetic order and diffuse
scattering expected for moment fragmentation, although
open questions remain about the true nature of its mag-
netic ground state and the presence of this exotic phe-
nomenon in this material [33, 34]. More specifically, the
diffuse scattering manifests as rods along the (111) di-
rections, but no evidence for pinch points is observed,
possibly due to the significant B-site disorder in the sys-
tem. Furthermore, the polarized neutron scattering ex-
periment was not energy-resolved, so it is not clear if the
diffuse scattering is in the elastic or inelastic channel. De-
spite these issues, the previous work on NdsScNbO7 in-
dicates that B-site disorder may be playing an intriguing
role in governing the magnetic properties of this system.
On the other hand, the properties of NdoScNbO7 may be
largely dictated by its average B-site ionic radius, which
is intermediate between the values for moment fragmen-
tation systems (i.e., Nd2ZroO7 and NdoHfsO7) and the
conventional ATAO ordered magnet NdsSnsO7.

The current work aims to disentangle the contribu-
tions of B-site disorder and chemical pressure to the
magnetic properties of the Nd pyrochlores by charac-
terizing the mixed B-site pyrochlore Nd2GaSbO7 in de-
tail. Although the expected level of B-site disorder is
similar to the amount in NdsScNbO7, the average B-
site ionic radius is smaller as compared to all other Nd
pyrochlores previously studied. Through a combination
of bulk characterization and neutron scattering experi-
ments, we identify ATAO long range antiferromagnetic
order in Nd,GaSbO7 below Ty = 1.1 K with no evi-
dence for moment fragmentation. Our work suggests that
chemical pressure plays a key role in establishing excited-
state moment fragmentation in Nd pyrochlores. Interest-
ingly, the collective magnetic properties of NdyGaSbO~r
and NdySnoO7 are very similar despite the significantly
different amount of B-site disorder in the two materials.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of NdyGaSbO; and a
non-magnetic mixed B-site lattice standard analog
LuyGaSbO; were both synthesized by a standard solid-

state reaction of RE;O3 (RE = Nd3*t or Lu3*t), Gay0s3,
and SboOs, as previously reported by Strobel et al. [35].
Rietveld refinement of fits to the room temperature
powder diffraction patterns (Bruker D2 Phaser, Cu K,)
confirmed the presence of single phase pure RE;GaSbOy
(RE = Nd** or Lu3"), possessing Fd3m symmetry with
no discernible impurities (< 5%).

The field and temperature dependence of the DC mag-
netization of polycrystalline NdoGaSbO7 were first mea-
sured using a Quantum Design 9 T Dynacool Physical
Property Measurement System (PPMS) employing the
vibrating sample magnetometer (VSM) option with a
base temperature of 1.8 K. Subsequent DC magnetization
measurements employed the traditional DC scan mode on
the Quantum Design Magnetic Property Measurement
System (MPMS) equipped with a 3He insert, providing a
base temperature of 420 mK. Specific heat measurements
of polycrystalline NdoGaSbO7; and its corresponding lat-
tice analog LusGaSbO7 were performed with a Quantum
Design 9 T PPMS equipped with a 3He insert, providing
a base temperature of 350 mK.

High-energy inelastic neutron scattering (INS) mea-
surements were performed on the direct-geometry time-
of-flight chopper spectrometer SEQUOIA of the Spalla-
tion Neutron Source (SNS) at Oak Ridge National Labo-
ratory (ORNL). Approximately 5 g of NdyGaSbO7 pow-
der was loaded in a cylindrical Al can and cooled to a
base temperature of 5 K using a closed cycle refrigerator
(CCR). Powder-averaged intensity spectra as a function
of momentum transfer () and energy transfer E were col-
lected with incident energies E; of 60 meV and 150 meV.
A fine-resolution Fermi chopper was operated at a fre-
quency of 420 Hz and 600 Hz, respectively, while the tq
chopper was spun at 90 Hz, yielding an elastic energy res-
olution 42 ~ 2% [36]. As an estimate for a background
contribution, an empty Al can was measured in identi-
cal experimental conditions for approximately one fifth
of the sample counting time. Normalization with a vana-
dium standard was performed to account for variations
of the detector response and the solid angle coverage.

Neutron powder diffraction (NPD) was performed on
the high-resolution powder diffractometer HB-2A of the
High Flux Isotope Reactor (HFIR) at ORNL [37]. A
vertically focussing Ge(113) wafer-stack monochromator
provided a neutron wavelength of 2.41 A. The collimation
settings were open-21’-12' for the premonochromator,
monochromator-sample and sample-detector positions,
respectively, providing a resolution of % ~ 2 x 1073
Approximately 5 g of NdoGaSbO; powder was pressed
into pellets and loaded in a cylindrical Al can with a Cu
lid. In the case of the initial 0 T diffractograms, a He
insert provided a base temperature of 475 mK. For sub-
sequent measurements in the presence of magnetic fields,
the sample can was loaded into a symmetric vertical field
cryomagnet which provided magnetic fields up to 5 T and
a base temperature of 1.5 K. Rietveld refinements were
performed with TOPAS Academic V6 [38] and the mag-
netic structure symmetry analysis was performed using
TOPAS, ISODISTORT [39], and SARAh [40].

Low energy INS measurements were performed on the
indirect-geometry time-of-flight spectrometer IRIS at the
ISIS spallation source. As an indirect-geometry spec-
trometer, the final energy E; was fixed at 1.84 meV
by cooled pyrolytic graphite PG002 analyzer crystals in



near-backscattering geometry, providing a range in mo-
mentum transfer Q of 0.44 A=1 to 1.85 A~1 at the eclas-
tic line. The graphite analyzers were cooled to reduce
thermal diffuse scattering, providing an elastic resolu-
tion of 17.5 peV. To optimize incident neutron flux, the
PGOO2_OFFSET configuration was chosen where the two
disk choppers are spun at 50 Hz, providing an energy
transfer window of —0.3 meV to 1.2 meV. Approximately
5 g of Nd2GaSbO; powder was loaded into an annular
Cu can and then placed in an Oxford Instruments Kelvi-
noxVT 3He/*He dilution refrigerator (DR) insert of a
cryostat, providing a base temperature of 40 mK. Nor-
malization with a vanadium standard was performed to
account for variations of the detector response and the
solid angle coverage.

Polarized diffuse neutron scattering experiments were
performed on the diffuse scattering cold neutron time-
of-flight spectrometer DNS at the Heinz Maier-Leibnitz
Zentrum (MLZ) with an incident neutron wavelength of
4.2 A selected with a double-focusing pyrolytic graphite
monochromator. Data was collected in non-time-of-
flight mode, leading to the extraction of the inte-
grated scattering intensity with energy transfers up to an
E; = 4.64 meV. Approximately 5 g of NdoGaSbO7 pow-
der was placed in an annular cylindrical can made with
oxygen-free Cu and sealed in a He atmosphere. A small
amount of deuterated methanol (Sigma-Aldrich, > 99.8
at. % D) was added to optimize sample-cryostat thermal
contact. The Cu can was loaded onto a dry-type DR in-
sert of a top-loading CCR, providing a base temperature
of 83 mK. A vanadium standard was used to account for
variations of the detector response and the solid angle
coverage. Corrections for polarization efficiency of the
supermirror analyzers were made by using the scattering
from a NiCr alloy. Equal counting times were spent on
measuring the scattering along the z, y, and z directions.
The nuclear, magnetic, and nuclear spin-incoherent scat-
tering cross sections were separated as a function of @) us-
ing the 6 pt. zyz-polarization analysis method [42]. The
non-spin-flip (NSF) and spin-flip (SF) scattering along
each of the three directions was measured with a time
ratio of 1:1.

III. RESULTS AND DISCUSSION
A. Single-Ion Physics

High-energy inelastic neutron scattering measurements
on SEQUOIA at 5 K, shown in Fig. 1, identified multiple
excitations consistent with crystal field transitions cen-
tered at energy transfers of 26, 38, 44, and 115 meV. Al-
though a fifth excitation centered at 11 meV also has sig-
nificant intensity at low (), the intensity of this mode in-
creases quickly with @@ and therefore we attribute it to the
same phonon mode observed in other Nd pyrochlores [43].
The four magnetic excitations identified correspond to
the maximum number of levels expected for the J = 9/2
multiplet of the Nd3* ions in a crystal field environment.
While the data confirmed the presence of a thermally iso-
lated ground state doublet, the B-site mixing inherent to
Nd,GaSbO7 has broadened the crystal field excitations
significantly, consistent with a distribution of local crys-
talline environments for the Nd®* ions. Such broaden-

TABLE 1. Determination of the Stevens parameters for
Nd2GaSbO~ from the corresponding parameters reported for
Nd2ZrzO7 [41] using the scaling relation given by Eq. 2 [45].

B" m Nd2ZroO7  Scaling Factor Nd2GaSbO~r
BY 0 2 —0.179 1.08550 —0.199
BY 0 4 —0.01399 1.14653 —0.01655
B 3 4 —0.1121 1.14653 —0.1386
B 0 6 —0.0002944 1.12110 —0.0003536
B 3 6 0.00358 1.12110 0.00434
B¢ 6 6  —0.00403 1.12110 —0.00553

ing has been previously observed in other mixed B-site
pyrochlores including TboSny_,Ti,O7 [44], Nd2ScNbO~
[33], and YboGaSbO~ [32], transforming the determina-
tion of crystal field parameters, even average ones, into a
significantly under-constrained problem for conventional
INS data fitting approaches [34].

Instead, a quantitative estimate of the Stevens param-
eters B[ comprising the crystal field Hamiltonian Hcgr
for Nd?*+ with local D34 point group symmetry given by

Horr =BIOY + BYOY + B0} + BIOY O
+ B0} + BSOS,
was determined using a scaling analysis procedure that
has been employed successfully for many other pyrochlore
systems [32, 45].

Estimates for the six Stevens parameters of
NdyGaSbO7; (NGSO) were determined by scaling

their respective values reported for NdaZroO; (NZO)
according to the relation

alT(NZO)

B"(NZO), (2)

where a denotes the lattice parameter for each com-
pound.  Lattice parameters of 10.62652(9) A and
10.33984(6) A were used for NdpZroO; [41] and
Nd>GaSbO7 respectively. The latter corresponds to
the refined lattice parameter obtained from the neutron
diffraction data shown in Fig. 4.

Employing the six scaled Stevens parameters for
Nd>GaSbO7 summarized in Table I, the crystal field
Hamiltonian (Eq. 1) yields four excited doublets, con-
sistent with Kramers’ theorem for the 41 /2 ground state
multiplet of the 4f3 Nd3* ions. As illustrated in Fig. 1(c),
the energy eigenvalues predicted by the scaling analy-
sis summarized in Table II are in good agreement with
the broad crystal field excitations identified above. A
closer inspection of the ground state doublet eigenvectors
identified a dipolar-octupolar wavefunction of the form
al £ 2) + B8] ¥ 2), where changes in angular momentum
are restricted by symmetry to units of three. The coeffi-
cients a < [ suggest that the moments are Ising-like in
nature.

The components of the g-tensor for the ground state
doublet can be calculated according to

9z = 2gJ |<Oi|Jz|0i>| (3)
and

Goy = 295 [{0%[J:|0F)| = 29, [£i(0%J,[0T)

;@)
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FIG. 1. Powder-averaged neutron scattering intensity maps of polycrystalline Nd2GaSbO7 measured on SEQUOIA at 5 K using
incident energies (a) E; = 60 meV and (b) E; = 150 meV. The corresponding @Q-cuts have integration ranges of Q = [1, 3] A!

and [3, 6] A_17 respectively). Dashed lines indicated approximate energies of the observed excitations. (c) Calculated energy
eigenvalues determined from a scaling analysis on Nd2Zr2O7 [41], exhibiting good agreement with the experimental spectra.

TABLE II. Energy eigenvalues (in meV) and eigenvectors (in |J = §,m) basis) of Hepr for Nd2GaSbOr employing the six

scaled Stevens parameters that are summarized in Table 1.

E (meV) |- 3) =2 -3 -3 =2 3) 3) 3) 3) 1)
0.0 0.89 0 0 0.07 0 0 0.45 0 0 0
0.0 0 0 0 0.45 0 0 —-0.07 0 0 0.89
27.0 0 0 0.61 0 —0.01 —0.79 0 —0.01 0.04 0
27.0 0 0.04 0.01 0 0.79 —0.01 0 0.61 0 0
45.3 —0.46 0 0 0.14 0 0 0.88 0 0 0
45.3 0 0 0 0.88 0 0 —0.14 0 0 —0.46
45.6 0 0.55 0.09 0 —0.51 0.07 0 0.64 0.08 0
45.6 0 0.08 —0.64 0 —0.07 —0.51 0 0.09 —0.55 0
117.4 0 —0.83 0 0 —0.32 0 0 0.46 0 0
117.4 0 0 0.46 0 0 0.32 0 0 —0.83 0

where g5 = % corresponds to the Landé g-factor for the linear Curie-Weiss behavior given by

4T /2 ground state multiplet of a free Nd3+ ion, |0F) are
the eigenvectors of the ground state doublet, and J,, J,,
and J, are total angular momentum operators. We find
g. and g, values corresponding to 4.73 and 0 respec-
tively, which are indicative of an Ising system and an
isotropic g-factor

N 1
g= 5(93 +292,) (5)

equal to 2.73.

B. Bulk Property Characterization

An initial investigation of the collective magnetic
ground state of NdoGaSbO; was achieved through a
combination of DC magnetization and heat capacity
measurements. As illustrated in Fig. 2(a), the tem-
perature dependence of the DC magnetic susceptibility
(woH = 0.1 T) revealed an absence of long-range mag-
netic order down to 1.8 K, consistent with the previously
reported behavior for all Nd-based pyrochlores. In the
high temperature limit, the inverse susceptibility exhibits

C
=T fow ©)

Over the temperature range 100 K < T < 250 K,
a Curie-Weiss fit yields a Curie-Weiss temperature of
Ocw = -32.32(7) K and a Curie constant of C =
1.2481(5) emu - K/Oe - mol Nd3*, corresponding to an ef-
fective paramagnetic moment pog = 3.160(1) up/Nd>*,
a value in close agreement with the free Nd3* moment of
3.62 HUB-

As the temperature decreases, the inverse susceptibility
deviates significantly from the high-temperature Curie-
Weiss behavior due to crystal field effects on the *I /2
ground state multiplet [46]. As a result, characterization
of the crystal field ground state through the Curie-Weiss
law was limited to low temperatures. Employing a tem-
perature range of 1.8 K < T < 15 K, a fit to the Curie-
Weiss law (Eq. 6) yields a negative Ocw = -0.35(1) K and
a Curie constant C' = 0.729(1) emu - K/Oe - mol Nd?*,
corresponding to a peg = 2.415(1) pg/Nd*". Both
Curie-Weiss parameters are quantitatively very similar
to those reported for NdaSnaO7 [25, 47]. The negative
Curie-Weiss temperature is particularly noteworthy, as
the moment fragmentation systems NdsZroOr [48, 49]

x(T)
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FIG. 2. (a) Temperature dependence of the zero field cooled (ZFC) magnetic susceptibility of polycrystalline Nd2GaSbO7 in
an external field of poH = 0.1 T. A Curie-Weiss fit (dashed line) from 1.8 K to 15 K yields a Curie-Weiss tempera-

ture fcw = —0.35(1) K, and an effective paramagnetic moment peg = 2.415(1) pp/Nd>3T.

(b) Field-dependence of the

isothermal magnetization of polycrystalline Nd2GaSbO7 for various temperatures. At 1.8 K, the magnetization saturates at
Usat ~ 1.2 pup/Nd®*T. (c) Temperature dependence of the ZFC magnetic susceptibility of polycrystalline Nd2GaSbO7 in an
external field of puoH = 0.1 T extended into the *He regime reveals a sharp transition at Tn=1.1 K, corresponding to the onset

of long range antiferromagnetic order.

and NdyHf;07 [24] have positive values for this parame-
ter.

The effective moment for Nd,GaSbO; is consistent
with a thermally isolated ground state doublet that is
not purely |J = 9/2,my; = £9/2) in character, which is
in good agreement with the CEF scaling analysis results
described above. The ground state wavefunctions may
even contain some contributions from the excited 4137 /o
multiplet, as has been observed in NdyZroO7 [48]. By ex-
ploiting the presence of a large gap A ~20 meV between
the crystal field ground state and first excited state pre-
viously identified in Fig. 1, a Jeg = 4 model can be em-
ployed to account for the experimental data. In the case
of this simplified model, the J multiplet with the Landé
g-factor g; is projected onto a Jeg = % manifold with an
isotropic g factor defined by Eq. 5 with components g,
and g, that are given by Eqgs. 3 and 4, respectively. By
employing such a projection, the effective paramagnetic
moment of gy4/J(J + 1) for a polycrystalline sample is
simply redefined in terms of the projected values of g and
Jemr as [50, 51]

Heff = G Jeff(Jeff + 1) HUB- (7)
For NdyGaSbOy, the effective spin-1/2 model with the
g value taken from the crystal field scaling analysis de-
scribed above yields peg = 2.37(1) up, in excellent agree-
ment with the Curie-Weiss law fitted value in the low
temperature limit.

The field dependence of the isothermal magnetization
at selected temperatures, illustrated in Fig. 2(b), provides
additional support for the applicability of the J.g = %
model in Nd2GaSbO7 and the realization of local (111)
Ising anisotropy for the Nd?* spins. The saturation mag-
netization values along the different high-symmetry direc-
tions in this case [48] are given by

1
My = %ﬂCEF, (8)

1
My = SHCEF, (10)

and the powder-averaged saturation magnetization is

6M100 12M110 8M111
]\4811&t _ sat + 26'sat + sat . (11)

The measured magnetization of 1.2 ug at 9 T and 1.8 K
agrees exceptionally well with the calculated value of
1.13 pp determined from the crystal field scaling anal-
ysis results described above, taking pcgr = peft-

As shown in Fig. 2(c), measuring the DC susceptibility
down to >He temperatures reveals the presence of a sharp
maximum at Ty = 1.1 K. There is also a A-anomaly at
the same temperature in the heat capacity data shown
in Fig. 3(a). Taken together, these two features are in-
dicative of an antiferromagnetic phase transition at Tx.
The magnetic transition temperature identified here is
consistent with the value previously reported in an ear-
lier study by Blote et al. [52]. Similarly to NdaSnaOg,
there is a clear absence of a broad hump at temperatures
T > Ty that is usually attributed to the development of
short range magnetic correlations in these geometrically
frustrated magnets. Such behavior in Nd2GaSbOy7 is in
stark contrast to its ytterbium analog YboGaSbO~r, where
the A-anomaly is completely absent and the heat capacity
data is instead dominated by a broad hump centered at
2.3 K [32].

From the second law of thermodynamics, the temper-
ature dependence of the heat capacity C, determines the
entropy change AS over a temperature range [T7, Ts] by
the relation

2 Gy(T)
AS:/ LT, (12)

T

By employing the Boltzmann definition of entropy S =
R1nQ, it becomes clear that the temperature dependence
of Cp mag in the low temperature limit allows for the di-
rect experimental determination of the degeneracy of the
magnetic ground state. As illustrated in Fig. 3(b), the
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FIG. 3. (a) Temperature dependence of the magnetic com-

ponent of the heat capacity at 0 T for polycrystalline
Nd2GaSbO~ revealing a A-anomaly at 1.1 K, indicative of a
transition to long range magnetic order. The magnetic com-
ponent for Nd2GaSbO~7 was isolated by subtracting off the
normalized lattice contribution of the non-magnetic analog
Lu2GaSbO7. The raw heat capacity data for both systems
is shown in the inset. (b) Corresponding entropy release for
Nd2GaSbOr7 approaching R1n(2), as expected for a magnetic
ground state doublet.

magnetic entropy released on warming from 7' = 0.36 K
and T = 22.5 K is 0.89 R1In 2, which is close to the value
of RIn 2 expected for a Kramers doublet. The incomplete
recovery of RIn2 can likely be attributed to the presence
of a significant amount of magnetic entropy remaining
below 0.35 K, combined with a significant relative error
(~ 5%) in the sample mass used for normalization.

C. Neutron Powder Diffraction

Having identified an antiferromagnetic transition at
Tn = 1.1 K, we employed neutron powder diffraction to
characterize the magnetic moment configuration of the
ordered state. As illustrated in Fig. 4(a), a Rietveld
refinement (R, = 3.9%, Ry, = 5.3%, x* = 21) of the
diffraction pattern collected at T > Ty confirmed that
Nd,GaSbOr crystallizes in the cubic F'd3m space group
with a refined lattice parameter a = 10.33984(6) A, repre-
senting the smallest lattice parameter reported for a Nd
pyrochlore. The Rietveld refinement identified a small
impurity peak at @ = 3.28 A~! corresponding to the
fluorite-related Nd3SbOr phase with a < 4% volume frac-
tion, a value below the detection limit of the preliminary
standard laboratory X-ray diffraction measurement. De-

TABLE III. Crystallographic information at 10 K for
Nd2GaSbOy7, extracted from a Rietveld fit to the neutron pow-
der diffraction data.

2

Atom Wyckoff Position T,Y, 2 Uiso ( )

Nd 16¢c 0,0,0 0.0071(7)
Ga/Sb 16d 113 0.0067(8)
0o(1) 48f 0.4229(1),%,%  0.0032(4)
0(2) 8b 3,33 0.014(1)

tailed results of the Rietveld refinement are provided in
Table III. It is important to note that no diffuse scat-
tering, which could arise from short-range Ga3*/Sb%*
charge ordering and/or short range magnetic correlations,
was visible in this data.

Upon cooling to T' < Ty, additional scattering inten-
sity appears at the low @ (220) and (311) Bragg reflec-
tions as shown in Fig. 4(b); this is consistent with the
bulk characterization results described above. All the
magnetic Bragg peaks are resolution-limited, and can be
indexed with a propagation vector k = (0 0 0), which is a
common ordering wavevector for rare earth pyrochlores.
In this case, the magnetic representation for the Nd3*
ions can be reduced to four non-zero irreducible repre—
sentations (IRs) given by I'pag = I's + T2 + T2 + 2T in
Kovalev’s notation [53], where al'C denotes the IR of the
little group of k = (0 0 0) with an order ¢ and dimen-
sionality b and multiplicity a.

Using the refined crystallographic parameters and scale
factor at 10 K as initial estimates, a magnetic Rietveld
fit to the diffraction pattern collected at 475 mK, also
shown in Fig. 4(a), identified the magnetic structure as
I's with an ordered moment poq = 1.59(5) pup/Nd3+.
As illustrated in Fig. 4(c), I's corresponds to an ATAO
magnetic structure, which is the ordered moment con-
figuration previously identified in other Nd pyrochlores.
More generally, this magnetic ground state is expected for
the Ising antiferromagnets in this family of materials, as
the moments are oriented along their local (111) axes. In
contrast to all other IRs, such a non-coplanar antiferro-
magnetic structure is consistent with a lack of additional
scattering intensity at both the (111) and (200) Bragg
positions, as found for Nd,GaSbO~.

The ordered moment obtained from NPD is signifi-
cantly reduced compared to the full-moment of the CEF
ground state doublet given by ucgr = 2.37 up/Nd*t,
which may arise from an unsaturated moment (i.e., data
collected at a temperature too close to the ordering tran-
sition) or may be indicative of strong quantum fluctua-
tions within the CEF ground state manifold. While re-
duced ordered moments appear to be a hallmark of all
Nd pyrochlores that order into the ATAO ground state, it
is noteworthy that the systems argued to exhibit excited-
state moment fragmentation have significantly smaller
values (e.g., 0.80(5) pp in NdaZryOr [49]).

As illustrated in Fig. 5(a), the application of an exter-
nal magnetic field induces the appearance of additional
scattering intensity centered at the low @ (111), (002),
and (311) nuclear Bragg reflections, in clear contrast to
the I's behavior observed for the case of 0 T. Magnetic
Rietveld refinements of diffraction patterns of polycrys-
talline NdoGaSbO7; collected in various fields identified
the magnetic structure as I'g. At 5 T, the refined mag-
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FIG. 4. (a) Rietveld fits to neutron powder diffraction profiles for polycrystalline Nd2GaSbO+7 collected on HB-2A at 10 K and
475 mK. A small fluorite-related Nd3SbOr magnetic impurity (< 4%) is present. Contributions from the Bragg reflections of
the sample can were fit using a Pawley refinement. (b) Enlarged version of the neutron powder diffraction data presented in
(a), shown over a limited @) range only. Additional scattering with a magnetic origin appears below T at the (220) and (311)
Bragg peak positions. (c) A schematic of the all-in-all-out antiferromagnetic structure that is realized for NdoGaSbO7 below
Tn. To improve clarity, only the Nd®T ions are shown.
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FIG. 5. (a) Low-Q neutron powder diffraction profiles and profile fits for polycrystalline Nd2GaSbO~ collected on HB-2A at
1.5 K under various applied fields between 0 T and 5 T. Additional scattering of magnetic origin appears for fields of 0.5 T
and greater at the low @ (111), (002), and (311) nuclear Bragg reflections, consistent with a I's magnetic structure. (b) Field
dependence of the refined ordered moment from magnetic Rietveld refinements for Nd2GaSbO~ at 1.5 K highlighting a field-
induced transition between poH = 0.1 and 0.5 T. (c) Pictorial representation of the field-induced ferromagnetic I'q “ordered
spin ice” magnetic structure identified by magnetic Rietveld refinements for Nd2GaSbO7 at 1.5 K and fields of 0.5 T and greater.

For the purposes of clarity, only Nd** ions are shown.

netic moment poq = 2.5(3) pp is consistent with a
fully-recovered CEF moment. The field-dependence of
the refined magnetic moment presented in Fig. 5(b) con-
firmed a field-induced magnetic transition to the ferro-
magnetic “ordered spin ice” magnetic structure between
toH = 0.1 T and 0.5 T, with a small canting angle away
from the local (111) direction of ~ 3°. A schematic of the
ordered spin ice structure is shown in Fig. 5(c). This spin
configuration has been identified in other Nd-based py-
rochlores with magnetic transition metals on the B-site,
both as the zero-field ground state (e.g., Nd2MozO7) [54]
and induced by a magnetic field along the [001] direction
(e.g., Nd21r207) [55]

D. Low Energy Spin Dynamics

To explore the possibility of moment fragmentation in
Nd2GaSbOy7, it is important to characterize the nature
of the low-energy excitations since they play a key role
in the realization of this phenomenon [23]. More specif-
ically, flat and dispersive transverse spin wave modes
should be visible that correspond to the divergence-free
and divergence-full component of the fragmentation re-
spectively, with the dispersive modes slightly higher in
energy than the flat mode. Our inelastic neutron scatter-
ing measurements from the IRIS spectrometer at 40 mK,
shown in Fig. 6(a), identify the expected flat mode. No-
tably, the Q-dependence of the flat mode does not follow
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intensity for polycrystalline Nd; GaSbO7 measured on IRIS using an Ef = 1.84 meV for (a),(b) T' < Tx and (c),(d) T > Tn.
The constant Q-cuts are well-described by the lineshape given by Eq. 13, as described in the main text. (e),(f) Temperature
dependence of the lineshape fit parameters are consistent with the behavior of a spin-wave mode associated with long-range

antiferromagnetic order.

the characteristic behavior for spin ice scattering in a
polycrystalline sample [22], which suggests that excited-
state moment fragmentation is absent in Nd,GaSbO7.
A constant @-cut through the flat mode with an in-
tegration range of @ = [0.5,1.0] A s depicted in
Fig. 6(b), and it is well-described by the lineshape given

by
S (E) a3 )

r
+ A (ri+(Eon,A)2 )

+B(n(B)+1) (

E—FE, a
oA

(13)
I'p
FZB+(E7EO,B)2)

~B((B)+1) (mritey) +C

consisting of a linear combination of a Gaussian of width
o4 and Lorentzian of width I' 4 for the elastic peak with
a center-of-mass FE, 4, and two Lorentzians of width
I'p for the inelastic peaks with centers-of-mass +F, g,
while the instrumental background was approximated as
a constant background C. The inclusion of the Bose
factor n(E), combined with the anti-symmetrized lin-
ear combination of the two Lorentzians describing the
inelastic feature, assures that the lineshape obeys de-
tailed balance. Our fitted result yields a center-of-mass
of 0.253(6) meV for the flat mode at 40 mK, as illus-
trated in Fig. 6(b), which corresponds to a significantly
larger value than reported for the moment fragmentation
system Nd2Zr2O7 (0.07 meV) [18] and the mixed B-site
pyrochlore Nd2ScNbO7 (0.06 meV) [33]. The value for
the center-of-mass shifts to lower energy transfers with

increasing temperature and becomes gapless near Ty,
as shown in Figs. 6(c) (d), and (e), while the width of
the mode increases as the temperature approaches T'N
from below (Fig. 6(f)). The temperature-dependence of
the spin gap matches expectations for a powder-averaged
transverse spin wave mode that is associated with the
ATAO antiferromagnetic order in this system [23]. While
the dispersive modes expected for this ordered state are
not clearly visible here, this may be due to insufficient
signal-to-noise in the polycrystalline experiment or an en-
ergy resolution that is too coarse to resolve them from the
flat mode.

E. Polarized Neutron Scattering

We collected polarized neutron scattering data on the
DNS instrument to extend our search for the diffuse scat-
tering associated with the divergence-free component of
a fragmented state over a wider Q-range using an exper-
imental set-up that facilitated a straightforward separa-
tion of the magnetic and non-magnetic scattering compo-
nents via the 6 pt. xyz-polarization analysis method [42].
We note that this data is not energy resolved and effec-
tively integrates the scattering over energy transfers up
to 4.4 meV (A = 4.2 A), so it will capture the flat inelas-
tic mode that was measured on IRIS. As illustrated in
Fig. 7, our results confirm the absence of the spin ice cor-
relations both above and below TN expected for moment
fragmentation systems [22]. In fact, no diffuse scatter-
ing is observed below Ty, while the 3.5 K data consists
of a broad feature centered at 1.25 A. This behavior is



indicative of short-range magnetic correlations above T'y
that disappear in the long-range ordered state, which is
typical for conventional magnets.
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polarized, energy-integrated (A = 4.2 A) differential magnetic
cross section for polycrystalline NdoGaSbO~r at temperatures
above and below T'n (Bragg peaks removed). For purposes
of clarity, a vertical offset of 1 ﬁ has been introduced for
each successive temperature. o

F. Discussion

Upon a closer comparison of several key physical prop-
erties reported for all the Nd pyrochlores (Fig. 8) and
those determined for Nd>GaSbOy; in the current study,
two distinct material classes begin to emerge. The first
class, where excited-state moment fragmentation is re-
alized (e.g., NdaZr2O7) or speculated (e.g., NdoHf507),
have larger ionic radii on the B-site, weak net ferromag-
netic interactions (fcw > 0), and significantly reduced
magnetic transition temperatures and ordered moments.
The second class, where moment fragmentation is absent
(e.g., Nd2Sny07), have smaller ionic radii on the B-site,
weak net antiferromagnetic interactions (fcw < 0), and
larger magnetic transition temperatures and ordered mo-
ments. NdoScNbO7 represents an interesting crossover
case due to its Ocw close to 0 K and the presence of rod-
like diffuse scattering without evidence for pinch points
both above and below the long-range magnetic ordering
transition [33, 34].

From the current study, we find that Nd,GaSbO7 be-
longs to the second material class with no evidence for
moment fragmentation. The reduction in the average
B-site ionic radius results in a decrease in the lattice
parameter a and a corresponding enhancement of the
Nd3*+ —02?~ —Nd?* superexchange pathways, as shown by
the concurrent increase in both T and the magnitude of
Ocw. Since the dominant net antiferromagnetic inter-
actions provide no incentive for a magnetic moment to
spontaneously flip and create magnetic monopoles, the
realization of moment fragmentation in NdoGaSbO7 is
precluded and instead replaced by an AITAO antiferro-

O powder @ single crystal ]
0.75 T T T T T .2
_o ¢ 11.0
[ (e} X X1
g 0.70 ' x X 7 82 g
2 [ o 190 =
“ 065F 8 gj04 =
[ 10.2
0.60 X—— : ; o0
25F E
3 20F A 3
3 : A
= 1.5 _A A_
£1.0F A o
T 05f A ]
00 S
04Ff ]
g 0.2 i o 3
; 00 e e Q ............................. -
S 021 -
I o
049 -
GaSb Sn ScNb Hf Zr

Nd,B,0;,

FIG. 8. Comparison of select physical properties of Nd cubic
pyrochlores for various B-site cations (arranged in order of
increasing average ionic radius). Data was retrieved from [25]
(Sn, powder), [33] (ScNb, single crystal), [34] (ScNb, pow-
der), [24] (Hf, powder), [49] (Zr, crystal), and [48] (Zr, pow-
der). Open and filled markers denote powder and single crys-
tal data, respectively.

magnetic ground state possessing an enhanced ordered
moment. The general trends presented in Fig. 8 clearly
establish that chemical pressure plays a critical role in
driving fragmentation phenomena in the Nd pyrochlores.
Notably, the B-site disorder does not generate a spin glass
ground state in Nd2GaSbO7 and instead the ATAO mag-
netic order found in other Nd pyrochlores is preserved.

IV. CONCLUSIONS

In summary, our bulk characterization and neu-
tron scattering measurements on polycrystalline
NdyGaSbO7; have identified a clear absence of excited-
state moment fragmentation in this material. The small
lattice constant of NdsGaSbOg7, relative to other Nd
pyrochlores with Ising anisotropy, seems to enhance
the antiferromagnetic exchange interactions required
to generate conventional all-in-all-out magnetic order,
despite the presence of significant B-site disorder in this
system. Our work also shows that chemical pressure
plays an important role in the realization (or absence) of
excited-state moment fragmentation in the Nd pyrochlore
family. NdoScNbO7, with its average B-site ionic radius
of intermediate size, is an interesting crossover case that
warrants future investigation.
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