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CrossMark
Abstract
The question of structural disorder and its effects on magnetism is relevant to a number of spin
liquid candidate materials. Although commonly thought of as a route to spin glass behaviour,
here we describe a system in which the structural disorder results in long-range
antiferromagnetic order due to local symmetry breaking. Nd,ScNbOy7 is shown to have a
dispersionless gapped excitation observed in other neodymium pyrochlores below Ty =
0.37 K through polarized and inelastic neutron scattering. However the dispersing spin waves
are not observed. This excited mode is shown to occur in only 14(2)% of the neodymium ions
through spectroscopy and is consistent with total scattering measurements as well as the
magnitude of the dynamic moment 0.26(2) p5. The remaining magnetic species order
completely into the all-in all-out Ising antiferromagnetic structure. This can be seen as a result
of local symmetry breaking due disordered Sc*3 and Nb™ ions about the A-site. From this
work, it has been established that B-site disorder restores the dipole-like behaviour of the
Nd*3 ions compared to the Nd,B,0O; parent series.

Keywords: neutron scattering, frustrated magnetism, spin ice

(Some figures may appear in colour only in the online journal)

1. Introduction
liquids. One of the open questions in this field concerns the role

Magnetic disorder induced by structural disorder has been an  (hat chemical disorder plays in the low temperature magnetic
increasingly important issue in the search for quantum spin  pronerties of frustrated magnets which can lead to effects that
* Author to whom any correspondence should be addressed. mimic spin liquid behaviour. Naively, one would expect that

1361-648X/21/245802+15$33.00 1 © 2021 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-648X/abf594
https://orcid.org/0000-0003-1826-6432
https://orcid.org/0000-0002-3681-0182
mailto:colemws@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/abf594&domain=pdf&date_stamp=2021-5-14

J. Phys.: Condens. Matter 33 (2021) 245802

C Mauws et al

m 1310 Hz |
e 153 Hz

x' (arb.)

= 2 2 b dNdDd
IS (2] [o°] o N IS [e)]
x x x x x > x
X X X X X X X
S 9o 9o o o o Q9

W 4 4 % A4 A
T T T T T T T

1 1 1 1 1 1

N
N
x
a
<
L
T
1

1.0x1 0>7 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08

Temperature (K)

Figure 1. (a) The pyrochlore lattice with antiferromagnetic AIAO
order along a local < 111 > Ising axis. (b) AC susceptibility of
powder Nd, ScNbO7 noting a peak near 7y = 0.37 K. No frequency
dependent shift is observed.

adding chemical disorder would lead to spin glass behaviour,
but even this issue is still controversial [1]. Over the last few
years, there have been a number of key studies of chemical
disorder in quantum spin liquid candidates such as the kagome
based Herbertsmithite [2, 3], the triangular lattice YbMgGaOy,
[4, 5] and a variety of pyrochlore materials with tetrahedral
magnetic sublattices [6—10]. In the latter case, the pyrochlores
with mixed nonmagnetic sites are beginning to see a signifi-
cant amount of investigation, including the ATA"2B,F; tran-
sition metal pyrochlores [11] (where A is an alkali metal, A’
an alkali earth metal and B is a magnetic transition metal),
and the Ln,B3B'+30; rare earth pyrochlores [12, 13] (where
B is a transition metal and Ln is a Lanthanide). One of the
crucial issues which has not been resolved has been the effect
of non-magnetic cation disorder upon the magnetic cations in
tetrahedral lattices, which has broad impact to a wide variety

of exotic ground states such as the quantum spin liquid and
quantum spin ice.

The role of chemical disorder in dipole—octupole systems
such as Nd,Zr, 07 [14] and Nd,Hf,0O7 [15] is particularly top-
ical as chemical disorder has been widely studied in these
pyrochlores [16, 17]. The chemical robustness of this unusual
low temperature state, in which a large portion of the total
moment remains in a gapped dynamic spin ice-like state, [18]
has never been studied until now. This is important not only in
the identification of monopole crystallization, which may be
nucleated by magnetic defects [19, 20], but also in unravelling
the spectroscopic signature of moment fragmentation—the
coexistence of a ‘divergence-full’ ordering in the elastic por-
tion of the spectrum and a dispersing spin wave spectrum,
alongside a ‘divergence-free’ part [21, 22] which, in the case of
Nd pyrochlore systems, remains fluctuating with a dispersion-
less gap in the spectrum. It is worth noting that moment frag-
mentation is a broad phenomenon that manifests differently
and must be discussed differently in various systems [23-25];
the discussion here is limited to the case of dipole—octupolar
pyrochlores. To address the issue of chemical disorder on the
moment fragmentation-like ground state, we have prepared the
mixed B-site pyrochlore Nd;ScNbOy. In this system, the rare
earth Nd 3 fully occupies the 16¢ site but the 16d site contains
a solid solution of Sct? and Nb*> cations, with a Néel tem-
perature of 0.37 K (figure 1). Remarkably, we find that even
in the limit of severe chemical disorder on the B-site that the
system shows key experimental signatures of moment frag-
mentation, with coexisting magnetic Bragg peaks and diffuse
scattering observed beneath 7'y. Therefore, in the case of the
Kramers doublet systems which allow the dipolar and octupo-
lar components of the moment to transform independently,
we show here that chemical disorder does not play a strong
role in the underlying physics at low temperatures. Instead the
maintenance of symmetry is required for retaining an octupo-
lar behaviour, and the destruction of that symmetry, even by
next-nearest neighbour chemical disorder, restores dipole-like
behaviour compared to the parent Nd,B,07 series.

2. Methods

Polycrystalline Nd,ScNbO; was prepared by conventional
solid state synthesis at 1400 °C. The single crystal used in this
study was prepared by the floating zone method under flow-
ing air at a growth rate of 8 mm hr~'. The quality of the single
crystal was confirmed by x-ray Laue diffraction and four-circle
neutron diffraction at the Chalk River laboratories. The sam-
ple is largely single crystalline barring a few grains (<1%
by intensity) in comparison to the dominant phase’s Bragg
peak intensities. The pyrochlore structure exists as a super-
cell of the parent defect fluorite, where the cations form two
distinct sublattices and the oxygens in the pyrochlore pref-
erentially occupy the 8b Wycoff position over the 8a posi-
tion. This gives insight into the common defects in pyrochlore
systems, where cations may randomly distribute themselves
over the sublattices and oxygens may occupy the 8a position.
Powder x-ray diffraction on a crushed portion of the single
crystal was refined, and all cations were allowed to refine to
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Figure 2. Electronic excitation spectrum at 5 K of Nd,ScNbO7
taken on SEQUOIA using La,ScNbO; at 5 K as a phonon
correction, and integrated over Q from 2.5-4 A~!. Discrete crystal
electric fields are labelled e; with the broad anomaly labelled ey, and
p1 is an imperfectly subtracted phonon.

either cationic site (the Rietveld refinement yielded aR,,, of
11.2 with <0.2% site mixing of the cations). Another com-
mon defect among pyrochlores is on the oxygen site, with the
oxygens from the fully occupied 8b site moving to the sys-
tematically vacant 8a site. Neutron total scattering results did
not require any 8a oxygen defects to adequately describe the
results.

AC susceptibility was performed at the National High Field
Magnet Lab using an in-house SQUID mounted in a dilution
refrigerator cryostat, at the frequencies shown in figure 1. The
1310 Hz data in figure 1 was shifted vertically by 0.32 x
10~7 cm™ to account for an issue with the AC phase during
measurement, in order to make the data more readable as total
intensity was not relevant to our results. No frequency shift
was detected for the susceptibility as a function of tempera-
ture within this range. DC magnetization measurements were
taken on a Quantum Design PPMS with a base temperature of
1.8 K, using a 6.1 mg powder sample.

Inelastic neutron scattering measurements were taken on
a powder sample using the SEQUOIA spectrometer at Oak
Ridge National Laboratories [26] with multiple incident ener-
gies (E; = 10.5, 60 and 140 meV) at temperatures of 5, 100,
and 250 K. The majority of the crystal field spectral weight
was found to be distributed continuously from 10-50 meV.
To accurately remove the phonon interference we subtract off
a spectrum of the La;ScNbO; phonon standard, normalized
by calculated Bragg peak intensities to a self shielding factor
of 0.82. The remaining scattering is solely due to crystal field
excitations, to a good approximation. Additionally the higher
energy excitation present at 106.5(1) meV is observed, and
remains very broad at 14.1(2) meV full width at half maximum
(FWHM). At an incident energy of 140 meV the sharp excita-
tions cannot be resolved from the broad features, and the lower
broad excitation is not resolved from the elastic line, which is
why the relative intensity of the 106.5 meV peak is not fit in

the data. Additional inelastic neutron scattering measurements
were performed using the Disk Chopper spectrometer (DCS)
at NIST (CHRNS) on a crystal aligned in the (HHL) plane. A
dilution refrigerator was used to reach low temperatures with
the sample fixed with copper wire for thermal conductivity. In
order to improve the low intensity inelastic signal, measure-
ments were averaged over Q. A 20 K empty cryostat run was
used as a background.

X-ray pair distribution function (PDF) analysis was per-
formed at the Canadian Light Source using the BXDS-WHE
instrument. A wavelength of 0.155 A was used to provide
a QO Of 28 A1 at a temperature of 90 K (to minimize
atomic vibrations present at room temperature). Data were
reduced and the diffraction patterns fit in GSAS 1II, and the
PDF data were fit utilizing PDFgui. [27, 28]. Calibrations
were performed using LaBg and Ni standards. Neutron PDF
was performed at NOMAD (Oak Ridge National Laboratory).
Data were taken in a quartz ampule using a 0.539 g sample
at 300 K. Vanadium standards were used for absolute inten-
sity calibration. Data were reduced using in house software at
ORNL.

Polarized neutron scattering measurements were performed
on a single crystal of Nd,ScNbO7 using the DNS spectrometer
at FRM-II. The crystal was aligned in the (HHL) plane for the
measurements using a wavelength of 4.1916 A. Measurements
were taken in a dilution refrigerator from 100 mK to 1300 mK,
and then to higher temperatures of 5 K and 10 K.

3. Results

3.1. Crystal electric field and magnetization

The initial effects of extreme chemical disorder on the B-
site in pyrochlores can readily be seen in the broadening of
crystal field excitations. Neutron CEF spectroscopy was per-
formed on Nd,ScNbO; to explore these effects and charac-
terize the local rare earth environment. To remove phonon
interference the non-magnetic structural analog La,ScNbO;
was used as a background subtraction (figure 2). The crystal
field peaks are not sharp in energy, which is a natural conse-
quence of the heterogeneous local distortions imposed by the
charge disorder. A broad inelastic excitation centred around
25 meV energy transfer follows the Nd** magnetic form fac-
tor (appendix) and is assumed to be the result of the three
very broad excited crystal field doublets overlapping within
the region (figure 2). Another well-developed crystal field dou-
blet appears at 108 meV energy transfer (appendix). On top
of this large, broad crystal field excitation, four discrete exci-
tations are observed. The excitation labelled p; is an optical
phonon visible in La,ScNbO; that is not perfectly subtracted
(appendix). The remainder of the excitations indexed as e; are
designated as crystal fields. The four observable CEF exci-
tations are fit to the J = 9/2 ground state manifold for Nd
under an assumed hexagonal local symmetry (D3, or D) [29]
which require six crystal field parameters. The crystal field
scheme was fit using the Spectre [30] crystal field analysis
package. Using the Wybourne description of the crystal field
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Table 1. CEF results for Nd,ScNbO; within the ground state J-manifold. Unlabelled
intensities are due to being unable to extract relative intensities while using a higher
E;. Basis with contributions less than 0.01 are excluded, including higher multiplet

contributions.
Eobs (meV) Iobs Eﬁl(mev) Iﬁt + % + % + % + % + g
0.0 0 0 0.51 0 0 0.85
14.6(1) 1 13.52 1 0.77 0 0.63 0.01 0
19.9(1) 0.5(1) 20.92 0.46 0 0.85 0 0 0.50
27.7(1) 0.4(2) 28.23 0.5 0.55 0 0.66 0.47 0
106.5(1) — 104.86 — 0.30 0 0.38 0.86 0
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Figure 3. (a) Inverse DC magnetic susceptibility in a 1000 Oe
applied field on a powder sample of Nd, ScNbO; (Black), with
calculated susceptibilities for the experimentally determined crystal
field (Blue) and calculated values for Nd,Zr,O7 (Red), taken

from the crystal field parameters presented in Zu et al [31].

(b) Magnetization measurements on powder Nd, ScNbO7 at 1.8 K
with a maximum applied field of 90000 Oe.

for a hexagonally symmetric system (D3 or D3,):

Hcpr = BYCY + BYCY + BYCY + BiC; + B.Ci + B2CS (1)

the set of parameters were refined to Bg = —36.36 meV,
Bg =442.4 meV, Bg = 186.2 meV, BZ = 173.7 meV,
B} = —66.75 meV, and BS = 118.8 meV. This results in the

Figure 4. Possible local environments of Sc*? and Nb*> that retain
a C; rotation centre, of the possible 2° configurations. The D34
configurations maintain the crystallographic site symmetry, whereas
the D5 configurations have lost inversion. The configuration in the
bottom right is enlarged to accommodate labelling that applies to all
configurations.

crystal field scheme presented in table 1, which gives a com-
pletely Ising moment of 2.0 up. This idealized crystal field
scheme does not account for the large broad crystal field exci-
tation labelled ey (figure 2). Comparing the spectral weight
of the broad and discrete excitations shows that the discrete
crystal fields only comprises 14(2)% of the spectral weight.
The calculated magnetic susceptibility from these parameters
can be compared against experiment (figure 3(a)). Both the
fitted crystal field scheme and the crystal field scheme for
Nd,Zr,07 [31], which do vary from each other significantly,
are insufficient in explaining the bulk magnetic susceptibility
of Nd,ScNbO;. This calculation does not agree with the bulk
susceptibility, as this crystal field fit only represents 14(2)%
of the Nd*3 ions. For completion the calculated susceptibility
for Nd,Zr, 07 is also shown disagreeing with the experimental
data, although arguably fitting slightly better than the refined
CEF. As the majority of ions contain distinct local fields, it
is unlikely that any single crystal field scheme can meaning-
fully describe the bulk data. Because of this, the total moment
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Figure 5. X-ray PDF data obtained on a ground single crystal of Nd,ScNbO7 at 100 K. Blue data points are experimental, the red line shows
the respective fits, and the green line shows the difference. Fit (a) shows the fit described in text that quantifies the relative ratio of B-site
correlations. Fit (b) is a fit to the data using a conventional unit cell approach. The peak denoted” contains the nearest neighbour Nd—Nd,
Nd-Sc, Nd—Nb, Sc—-Sc, Sc—Nb, and Nb—Nb correlations, all with crystallographically equivalent distances.

should be considered tentative. Another way of attempting
to extract the total moment is through magnetic saturation,
(figure 3(b)) via DC Magnetometry. For a purely Ising system,
the magnetization saturates at 1/2 p,,,, which gives a total
moment of 2.5(1) pz. However this Ising assumption should
only be considered an upper limit as there is significant over-
lap of the broad excited crystal fields with the ground state
which would allow other anisotropies, resulting in a satura-
tion moment higher than 1/2 p,;, as the system approaches
a Heisenberg anisotropy. This gives us a reasonable range of
2.0-2.5 g consistent with other Nd pyrochlores.

The coexistence of broad and sharp crystal field excitations
may be explained by a distribution of local environments about
the neodymium site. Our initial assumption is that the discrete
peaks originate from the most probable local coordinations,
causing them to stand out against the background of varying
excitations. If these discrete excitations originated from the
D3, double group of the D3, retaining configurations, which

exists for two possible arrangements of Sc™> and Nb*> next
nearest neighbour configurations (figure 4), in which all Sc or
all Nb form a hexagon about the A-site, we could assume a
statistical distribution of Sc and Nb on the B-site and would
expect 1/32 (3%) of the magnetic ions to retain D3, symme-
try. However these two configurations would likely split the
CEF excitations within our energy resolution, and this is not
observed. Additionally, grouping of the Sc and Nb ions seems
unlikely due to the large charge repulsion that would occur
from clusters of Nb>* cations. If, for example, we assume that
each tetrahedron has an average +4 charge (two Sc™ and two
Nb+3) only 0.4% of magnetic ions should retain D3, symme-
try. Instead what is likely being observed as discrete excitations
in the CEF spectrum are the Dj systems (figure 4). Under D3
symmetry equation (1) still holds and we should still expect
a similar crystal field spectrum to other Nd pyrochlores. The
fact that the discrete e; excitations stand out against the back-
ground of Nd ions with various local environments suggests
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Figure 6. Neutron PDF data obtained on a ground single crystal of Nd, ScNbO5 at 100 K. Blue data points are experimental, the red line
shows the respective fits, and the green line shows the difference. Panel (a) shows a full fit of the primitive crystallographic lattice with
random Sc—Nb correlations. Panel (b) shows the a fit to 6 A using the parameters from (a) and fitting only the scale factor. Panel (c) shows a
fit to 6 A using the results of (a) and also fitting the Sc—Nb, Nb—Nb and Sc—Sc correlations.

that these discrete excitations originate from the most probable
local configuration of ions about Nd*3.

The D5 configurations appearing well above the statistical
expectation of a fully disordered system is due to the charge
repulsion of Sc and Nb ions, as this configuration will provide
the least charge repulsion, or potentially the least local strain
due to ionic size discrepancies. This demonstrates that there
are strong short-range correlations between Sc and Nb ions. If
we assume the charge ice rule of two Sc*3 and two Nb™> per
B-site tetrahedron, giving each tetrahedron a net -4 charge per

ion, 17.6% of our Nd environments should have the D3 con-
figuration. With 14(2)% of the Nd ions containing this local
environment, it suggests that the system does not have per-
fect charge ice behaviour but strong correlations approaching
charge ice.

3.2. Pair distribution function analysis

In order to explore the possibility of charge ice ordering, and
understand the nature of the Sc—Nb correlations, x-ray and
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(a)

B-O 2.046(1) A
Nd-O 2.584(1) A
Nd-0’ 2.2825(1) A

(b)

B-O 2.044(62) A
Nd-O 2.586(87) A
Nd-0’ 2.283(32) A

Figure 7. (a) Refined crystallographic Fd3m unit cell from neutron diffraction, shown in the primitive lattice. Bond length errors are
extracted from refinement errors. (b) Refined primitive unit cell from neutron PDF for Nd, ScNbO7, the P1 cell included free refinement of
oxygen positions. Orange polyhedra contain Nd, green polyhedra contain Sc/Nb. Bond length errors are extracted as a standard deviation

from the distribution of oxygen bond lengths.
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Figure 8. The fraction of Sc—Nb correlations, with the rest being
Sc—Sc and Nb—Nb in equal proportion as a function of the fitting
range maximum. The line at 2/3 represents the theoretical result of
charge ice, the line at 1/2 is the expected result of a system with
random occupancy, which the fit should trend to at long upper range.
The abbreviation nn represents the fit with only nearest neighbour
B-B correlations, and nn + nnn represents the first two correlation
spheres, with later fits including longer range correlation spheres.

neutron PDF analyses were performed. Despite the high reso-
lution (roughly 0.2 A FWHM) of the x-ray data, there was no
splitting of peaks noted by an asterix (x) in figure 5, which

would contain information about the A—A, B-B and A-B
nearest neighbour correlations. The fits to the data in figure 5
are shown using two methods. Fit (b) utilized the crystallo-
graphic fit to the Bragg peaks and parameterizes several peak
shape variables as well as scale and unit cell dimensions, yield-
ing a scale (0.63(1)), a unit cell (10.478(2) A), a }2 peak sharp-
ening 0, (3.7(2) A?), and an isotropic atomic displacement
factor Uis, (0.0035 A2) overa range of 2-20 A. This provides a
reasonable representation of the data, but with notable errors of
underweighing the peak denoted * (which has the cation cor-
relations), and overweighing of the Sc—Nb correlation peaks
beyond nearest neighbour interactions. Fit (a) (figure 5) rep-
resents an attempt to better describe the cation correlations
(the peak denoted * in the data). To obtain this fit, the param-
eters obtained from the long-range fit were fixed in order to
obtain a low parameter fit. The PDF was fit from 2.8-4 A
fitting only a relative ratio of Sc—Nb, Nb—Nb and Sc—Sc cor-
relations such that the sum of the correlations were fixed and
the number of Nb—Nb, Sc—Sc correlations were equal, giv-
ing a relative ratio of 0.76:0.12:0.12 Sc—Nb:Sc—Sc:Nb—Nb
correlations (figure 5(a)). This resulted in a relative error of
200 percent of the scale factor, illustrating the loss of infor-
mation due to poor discernibility of relatively light species
such as oxygen (Z = 8) and scandium (Z = 21) compared to
heavier species such as Nb (Z = 41) and Nd (Z = 60) from
x-ray scattering. This is a common issue with x-ray PDF on
high symmetry systems where cations with large electronic
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Table 2. Comparison of the ordered AIAO moment in the known
neodymium pyrochlores.

Pyrochlore AIAO moment (up) Reference
Nd,ScNbO4 2.2(4) This work
Nd,Zr, 0 1.26(2) Xu et al, 2015
Nd,Zr, 0 0.8(1) Petit e al, 2016
Nd,;Sn, 07 1.708(3) Bertin et al, 2015
Nd,Hf,0, 0.62(1) Anand et al, 2015
CEF limit 2.0-2.5 This work

densities overlap with identical nearest neighbour bond lengths
to ions of interest.

While no meaningful conclusion can be drawn from the
x-ray PDF with respect to B-site correlations, due to the
low intensity weighings of Sc and Nb correlations relative to
overlapping Nd—Nd correlations, neutron PDF can be more
instructive. The increased relative intensities of the oxygen
peaks allowed a better refinement of the scale factor over the
short fitting window of 1-6 A, which was impossible with the
x-ray data. Better resolution of the cations was also obtained
as there is considerable contrast between the scattering length

—H,0] plane above the Néel order (bottom right).

of Sc (12.3 fm) compared to Nd (7.69 fm) and Nb (7.05 fm)
[32]. Initial refinements of the oxygen positions in the stan-
dard Fd3m cell did not work well. Instead, a refinement was
made from 1-40 A (figure 6(a)) of the primitive unit cell rep-
resented in P1 symmetry, refining all of the oxygen positions
freely, and assuming random B—B cation correlations, yielding
a scale (0.97(1)), unit cell (7.4554(6) A), a % peak sharpening
81 (1.4(2) A), and Uiy, (0.0064(2) A2). This P1 cell yielded
a unit cell similar to the crystallographic cell, with very sim-
ilar average bond lengths, but the larger, anisotropic, distri-
bution better represented the data, than any refinement with
the symmetrized cell could achieve (figure 7). Using this cell,
a similar fit to the neutron data was performed from 1-6 A
(figures 6(b) and (c)) with more reliable results (R, = 0.110)
compared to the random B-site occupancy (R, = 0.112). Of
the nearest neighbour B—B site correlations, 0.65(9) refined
to Sc—Nb with the rest being equal weights of Sc—Sc and
Nb-Nb, close to the expected charge ice value of 2/3 and due
to the lower error bars, a randomized orientation of Sc and Nb
can be ruled out. To confirm that this is a nearest neighbour
effect, the same method of fitting was used to longer ranges
(figure 8), where the interactions should approach statistical
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values assuming this is a short range interaction. Although this
error is still too large to confirm true charge ice behaviour,
it is sufficient to conclude that there are correlations that
prefer Sc—Nb correlations above those expected of random
occupancy.

The general ice configuration appears in many types of frus-
trated systems that exist on corner shared tetrahedra. Frustra-
tion from bond disorder (covalent or hydrogen bonding) leads
to the ice rules within water ice with two bonding and two
non-bonding hydrogens on each tetrahedron. Ising ferromag-
netic interactions gives rise to the ice rule in spin ice, with two
spins pointing into each tetrahedron and two out [33]. Recently
charge ice behaviour on a fluoride pyrochlore lattice was con-
firmed in CsNiCrFg [34]. Another charge ice system Cd(CN),
has distortions of the cyanide tetrahedra towards or away from
Cd centres [35]. As far as we are aware Nd>ScNbO7 is the first
case of possible charge ice behaviour within the reported oxide
pyrochlores.

3.3. Magnetic neutron diffraction and spectroscopy

To determine the effect of these correlations on the mag-
netic ordering of the system, polarized neutron diffraction
was performed on a single crystal of Nd,ScNbO;. Magnetic
Bragg peaks associated with Ising antiferromagnetic order
were observed along with a weak signal of diffuse scattering
along the [HHH] and [OOL] directions consistent with the spin
ice structure factor [33]. The moment associated with the Ising
antiferromagnetic structure was refined from the total scatter-
ing of the two magnetic peaks (220) and (113) and four struc-
tural peaks, all taken from one quadrant [HH-L] as depicted
(figure 9), to minimize the effects of anisotropic scattering.
SARAh representational analysis [36] and FullProf Suite [37]
software packages were used to determine the magnetic basis
states and refine the data. The refined moment shows 2.2(4) pp
contributing to the long-range antiferromagnetic state, com-
prising the majority of the total scattering moment which lies
in the range of 2.0-2.5 pp. This shows that the antiferro-
magnetic ordered moment comprises much more than 0.8 pp

of the total 2.3 p; moment seen in Nd,Zr,O; [38], or the
0.6 pp of the total 2.5 py seen in Nd,Hf,07 [39]. Although
some experiments have reported larger moments in different
materials [31], this moment of 2.2(4) pp out of a maximum
2.5 jup remains abnormally high (see table 2).

Despite this large, nearly fully ordered moment, some evi-
dence of moment fragmentation-like features are clearly seen
in the coexisting spin ice like scattering beneath Ty (figure 9).
There exists clear diffuse scattering at low temperatures along
the [HHH] and [OOL] directions associated with spin ice scat-
tering. True pinch points at (111), and (002) are not observed
but this is likely due to the fact that this is an energy integrated
spectrum and this scattering is not solely elastic in nature. This
scattering feature is also qualitatively much too weak to be
comprised of the majority of the total moment, in agreement
with the large moment observed on the Bragg peaks.

To confirm the existence of moment fragmentation-like fea-
tures, energy resolved measurements of the spin ice like scat-
tering are required [14]. The DCS [40] at the NCNR was used
to obtain low energy inelastic measurements in the [HHL]
plane. Powder averaging over a wide [HHH] direction within
the [HHL] plane, the data shows a nearly dispersionless gap
(figure 10). While this feature should contain the spin ice
structure factor, the statistics were too poor to resolve the
0 dependence completely within the scattering plane. How-
ever this scattering is almost certainly associated with the
energy-integrated scattering observed with DNS. Integration
over [HHO], [HHH] and [0OOL] high symmetry directions con-
firm that the scattering is slightly anisotropic, and consistent
with spin ice scattering (appendix). To obtain the magnitude of
the inelastic scattering the single Q inelastic scattering normal-
ization method presented by Xu (2013) [41] was used over a Q-
range of 0.4-0.8 A~!, using Gaussian fitting for both the elas-
tic and inelastic excitations. This yields an inelastic moment
of 0.26(2) pp, which is consistent with a much larger compo-
nent of the moment remaining static compared to other Nd+3
pyrochlores. The magnon spectrum seen in other neodymium
pyrochlore systems was not observed here, potentially due to
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Figure 11. Inelastic powder neutron scattering from Nd, ScNbO7 using 60 meV incident energy on the SEQUOIA spectrometer. Raw data
(a), and data with a self-shielding factor corrected La, ScNbO; subtraction to correct for phonon interference.

the chemical disorder preventing the long-range propagation
of magnons below Tx.

3.4. Moment fragmentation

The formalism of Benton, the ground state exhibited is a
direct result of m; = {%, %} within the D3, double group [18].
Naively, one would expect that breaking this local symme-
try, as in the case of local chemical disorder that is seen in
Nd;ScNbO7, should result in a fully ordered Ising antiferro-
magnet, or a magnetic glass ground state, due to the removal
of the symmetry constraints that give rise to dipole-octupole
interactions in Nd*3 pyrochlores [18]. However, it is found in
this work that this is not the case. Some of the Nd ™ ions still
show the moment fragmentation-like behaviour at low temper-
atures despite chemical disorder which reduces the symmetry
to D3 (which is confirmed by the CEF measurements presented
here). This involves an inversion symmetry operation being
removed for many of the local Nd sites. As far as we are aware
there have not been any reports in the literature discussing
dipole—octupole magnetic states under this reduced D3 sym-
metry. However, from the symmetry argument presented by
Huang [42] it appears that the removal of inversion symme-
try should maintain the dipole—octupole symmetry required
for the fragmentation-like behaviour observed in other Nd*3
systems. The argument for this is as follows: the fundamen-
tal symmetry requirement of the moment fragmentation-like
behaviour is that the x and z components of the moment trans-
form like magnetic dipoles and the y component transforms
like a magnetic octupole. This is the case under D3, symmetry
with the ground state crystal field doublet having am; of 3n/2
where nis an odd integer, which yields adoubletof I'Y and T
In Nd,ScNbO7, the local B environments that retain D3, sym-
metry are very rare. Instead a local environment of alternating
Sc and Nb ions are proposed as retaining the dipole—octupole
symmetry. This causes a symmetry reduction to D3, removing
inversion symmetry. However under this symmetry reduction

I'Y = Ts and I'l = I retain the same symmetry, exclud-
ing inversion, which still yields the dipole—octupole symmetry
for Benton’s description of these Nd*3 systems. Under these
conditions the dipole—octupole doublet transforms like

Cy i 7% = 74 2)
oq: T = -7 =1 3)
[ 7% = 7t° %)
from Chen [42], and consequently
Cy: 7 = -7 = 5)
as
CG=1® 104 (6)

An important consequence of this transformation is that
7% and 7° transform dipoles and 7 an octupole creating
the dipole—octupole doublet and allowing for the moment
fragmentation-like phenomenon. Therefore the reduction to
D3 symmetry should not prohibit the existence of moment
fragmentation.

Following this analysis, Nd,ScNbO; should nominally
exhibit the experimental signatures observed in the Nd,B,07
parent compounds. However, local distortions induced by the
solid state solution of non-magnetic cations break the sym-
metry requirements for a dipole—octupole ground state which
is evidenced by the fact that 2.2(4) pp orders into an all-in,
all-out Ising antiferromagnet. By CEF spectroscopy we can
observe that 14(2)% of Nd ions do in fact retain D3 symmetry.
This small fraction of Nd*3 ions are still able to show sig-
natures of the ‘divergence-free’ gapped state with a spin ice
structure factor, which can be weakly observed in our polar-
ized and time of flight neutron scattering measurements. This
moment agrees reasonably well with the dynamic moment
observed in the DCS data (0.26(2) up) suggesting that roughly
10% of the total moment remains dynamic which is consis-
tent with a small fraction of the Nd 3 ions exhibiting moment
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Figure 13. Inelastic powder neutron scattering from Nd, ScNbO,
using 140 meV incident energy from the SEQUOIA spectrometer,
after phonon subtraction.

fragmentation-like behaviour. It is also possible that the Nd*
universally experience a smaller octupole exchange contribu-
tion than in the parent compound, although this is inconsistent
with a disorder-driven effect, which we are assuming is the
primary driver of the differences between the reasonably well-
ordered parent Nd,B,0O; compounds and the ion-disordered
N szCNbO7.

The issue of structural disorder in zirconium pyrochlores
has been investigated by a variety of chemical probes for
decades. For example, the work by Blanchard et al on the rare
earth series of pyrochlores has shown definitively that there is
a prominent fluorite to pyrochlore crystal structure change at
Tb due to the lanthanide contraction [16]. This site disorder
problem has been noted in other pyrochlores with relatively
large B site cations, such as the plumbates (RE,Pb,O7, RE =
rare earth). In this case, the Nd and Pr have low amounts of A/B

1

site mixing (on the order of a few percent), but by the Gd mem-
ber of the plumbate series, the chemical disorder is significant
(on the order of 30 percent) [43]. However, within all the mem-
bers of the zirconium series, previous experiments have shown
that there is a considerable amount of chemical disorder. As
in the case of the plumbates, this site mixing is minimized for
early members of the series such as La, Pr and Nd, but nonethe-
less local probes such as XANES show that even for these early
members in the series, there is a significant amount of A/B site
mixing. This experimental work illustrates that even for max-
imal B-site disorder, the octupolar interactions can occur, and
chemical issues surrounding more well-ordered members of
the series (such as Nd,Zr,O7) should not play a significant role
in observing this ground state.

4. Conclusions

Structural disorder is well known to cause magnetic disor-
der, such as in spin glasses. Nd,ScNbO; presents an inter-
esting case where in the presence of severe structural dis-
order, a remnant of the spin ice ‘divergence-free’ scatter-
ing still exists at low temperatures. While Nd,ScNbOy is an
extreme example of chemical disorder among the rare Earth
pyrochlores, this system provides insight into the effect of
chemical disorder on disordered magnetic states in general.
Many studies of disorder focus on the missing occupation
of magnetic ions from the A-site or addition of magnetic
cations to the B-site [6, 44—46]. Equally important are stud-
ies of structural distortions that break or maintain symme-
try [8], and magnetic disorder can be robust against large
structural perturbations assuming an appropriate symmetry is
maintained. Additionally this study provides insight into the
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Figure 15. Cuts of the Bragg peaks from DCS at 60 mK, including the (220) peak and (222) peak. An incident energy of 5 A was used, the
cut was taken from the elastic line with an integration of 100 peV, and 0.1 r.l.u. in [HHO].

symmetry requirements for the dipole—octupole ground state
in pyrochlores. The fragmentation-like behaviour may occur
in systems of D3 symmetry on the pyrochore lattice, with bro-
ken inversion symmetry, and the destruction of the local C3
axis allows the system to order into a static Ising antiferromag-
net with the coexistence of diffuse scattering. Additionally our
spectroscopic data suggests that Nd,ScNbO7, and likely other
charge disordered pyrochlores have charge ice short-range cor-
relations, adding ionic charge ice to the varied types of systems
that exhibit ice-like correlations.
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Appendix A.

A.1. Crystal Field Analysis

As stated in the primary text, the majority of the crys-
tal field spectral weight is distributed continuously from
10-50 meV. To accurately remove the phonon interference we
subtract off a La;ScNbO; phonon standard, normalized by cal-
culated Bragg peak intensities to a self shielding factor of 0.82
(figures 11 and 12). The remaining scattering is solely due to
crystal field excitations. Additionally the higher energy excita-
tion present at 106.5(1) meV is shown (figure 13), and remains
very broad at 14.1(2) meV FWHM. At an incident energy of
140 meV the sharp excitations cannot be resolved from the
broad features, and the lower broad excitation is not resolved
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Figure 16. Inelastic neutron data taken from the DCS, using an incident wavelength of 8 A. Cuts are taken across a variety of directions in
the HHL planes, using a £0.25 r.l.u. integration in the orthogonal direction.

from the elastic line, which is why the relative intensity of the
106.5 meV peak is not fit.

The Q-dependance of the remaining scattering broad fea-
ture scattering (15-35 meV integration window) can be seen
to follow the Nd*3 form factor (figure 14). Additionally our
observed crystal field excitations also follow this behaviour.
The peak at 37 meV on the other hand has been assigned as
an imperfectly subtracted phonon, as it also appears as a peak
in La;ScNbO;. Although it appears to follow the form fac-
tor reasonably well, this is likely because it is sitting on the
broad excitation. Additionally the phonon appears to be shifted
lower in energy when compared to La;ScNbO; suggesting the
improper subtraction is due to a shift in energy, not intensity.
Therefore integration over a wide window will not show a
phonon-like Q-dependence.

An additional note on the statistical charge ice model pre-
sented in the paper; The expected distribution of 17.6% of Nd
ions containing the D3 symmetry comes from simply assum-
ing that each Sc ion has a 2/3 chance of an adjacent ion being
Nb and vice versa, which is true within charge ice. In order to
replicate our value of 14% of Nd ions containing the D3 local
environment a Monte Carlo simulation was used using the six
local B-site tetrahedra that surround the A-site. By introducing
defects into this model we approach our experimental value.
Assuming the interpretation of the system as a charge-ice with
defects is correct, then the defect concentration is 0.15 defects
per B-site tetrahedron (where a tetrahedron of all Nb or all
Sc counts as two defects). Defect configurations were allowed
into the simulation with a variable probability that falls off

exponentially with the number of defects present. The prob-
ability was tuned to reproduce 14% of Nd ions containing the
Ds configuration.

A.2. Elastic scattering

The Bragg peaks observed in the diffractions data from the
DCS and DNS show resolution limited scattering (figure 15),
establishing that the elastic peaks are indicative of static, long-
range order. DCS data are depicted as they show much higher
resolution compared to the DNS.

A.3. Anisotropy of Gapped state

The excitations being seen in DCS are the same signal that
gives the spin-ice like scattering from the polarized diffrac-
tion data, as this is consistent with moment fragmenta-
tion. The signal from DCS was too low to resolve constant
energy cuts, however using wide integration windows we can
observe directional anisotropy that is consistent with spin ice
(figure 16). Increased scattering along the [H,H,H] and [H,H,0]
compared to [0,0,L] is consistent with moment fragmentation
and the polarized diffuse scattering data, demonstrating that
this feature was in fact inelastic.

As mentioned in the primary text, the statistics from the
DCS were too poor to resolve the structure factor of the gapped
excitations. Using large integration windows the excitation
shows the correct anisotropy for a spin ice with increased
scattering along the [H,H,H] and [0,0,L] directions.
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