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We report the low-temperature magnetic properties of Nd3+ pyrochlore Nd2ScNbO7. Susceptibility and
magnetization show an easy-axis moment, and heat capacity reveals a phase transition to long-range order
at TN = 371(2) mK with a fully recovered �S = R ln(2), 53% of it recovered for T > TN . Elastic neutron
scattering shows a long-range all-in all-out magnetic order with low-Q diffuse elastic scattering. Inelastic neutron
scattering shows a low-energy flat band, indicating a magnetic Hamiltonian similar to Nd2Zr2O7. Nuclear
hyperfine excitations measured by ultra-high-resolution neutron backscattering indicate a distribution of static
electronic moments below TN , which may be due to B-site disorder influencing Nd crystal electric fields. Analysis
of heat-capacity data shows an unexpected T -linear or T 3/2 term which is inconsistent with conventional magnon
quasiparticles, but is consistent with fractionalized spinons or gapless local spin excitations. We use legacy data
to show similar behavior in Nd2Zr2O7. Comparing local static moments also reveals a suppression of the nuclear
Schottky anomaly in temperature, evidencing a fraction of Nd sites with nearly zero static moment, consistent
with exchange-disorder-induced random singlet formation. Taken together, these measurements suggest an
unusual fluctuating magnetic ground state which mimics a spin liquid, but may not actually be one.
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I. INTRODUCTION

Quantum spin liquids are a long-sought but elusive state
of matter in which magnetic spins form a many-body en-
tangled state [1–4]. The quantum fluctuating state supports
emergent topological quasiparticles with unusual properties,
like magnetic charge, fractionalized values of electron spin,
and nonlocality [3–6]. Although the quest for a definitive
three-dimensional (3D) quantum spin liquid has been unsuc-
cessful so far [3,4] (though promising candidates exist like
Ce2Zr2O7 [7,8] and Ce2Sn2O7 [9]), there are proposals that
the features of interest, exotic quasiparticles, appear even in
materials which have long-range magnetic order but mag-
netic exchange Hamiltonians close to a quantum spin liquid
(called “proximate” or “condensed” quantum spin liquids)
[10–13]. Such behavior has been observed in one-dimensional
(1D) spin chains [14,15], and is theorized to exist for higher-
dimensional materials as well. If these theories are correct,
even magnetically ordered materials can be relevant to the
search for exotic quasiparticles of quantum spin liquids.

The pyrochlore lattice, with its magnetically frustrating
geometry of corner-sharing tetrahedra, features prominently
in proposals for spin liquids [5,6,16–20] and proximate spin
liquids [12,13]. A recent class of compounds that has received
much attention is pyrochlore magnets based on the Nd3+ ion
[21–36]. Nd2Zr2O7, Nd2Hf2O7, and Nd2ScNbO7 show many
similar features which defy conventional expectations: a pinch

point in the Q dependence of the inelastic magnetic neutron
scattering cross section [28,32] and a strongly reduced mag-
netic ordered moment [21,26]. The behavior of these materials
has been attributed to “moment fragmentation” [28]: a theo-
retically proposed magnetic state with a crystallized lattice of
magnetic monopoles, forming a three-in one-out order on a
pyrochlore lattice [20,37–39]. However, despite much use of
the fragmentation language [23,34], the three-in one-out order
is absent from these materials and thus it is not the ground
state but the excitations which are considered fragmented
[40].

In this paper we focus on Nd2ScNbO7, a Nd3+ pryochlore
with a disordered Nb and Sc B-site lattice [34,41,42]. We
use magnetization, susceptibility, heat capacity, and elastic,
quasielastic, and inelastic neutron scattering to characterize
its ground-state magnetism and show that Nd2ScNbO7 ex-
hibits many of the same behaviors as the sister compounds
Nd2Zr2O7 and Nd2Hf2O7. We report an all-in all-out magnetic
order with easy-axis anisotropy and a distribution of static
ordered moments possibly due to disordered crystal electric
fields (CEF). Comparing measures of the local ordered mo-
ment magnitude indicates some sites with no static moment,
and analysis of low-temperature heat capacity reveals an unex-
pected density of states. We offer two possible explanations of
these results: a moment modulated quantum fragmented phase
with exotic quasiparticles, or local disorder-induced spin sin-
glets within the long-range ordered phase, possibly a result
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FIG. 1. (a) Inverse susceptibility of powder Nd2ScNbO7 and
CW fits, showing high- and low-temperature regimes where the
ground-state crystal field doublet is thermally populated. (b) Powder-
averaged magnetization at 2 K, showing a saturation magnetization
of roughly 1.3 μB.

of proximity to a spin-liquid phase. We then use these results
and analysis of previously published Nd2Zr2O7 data to show
that this same behavior appears in other Nd3+ pyrochlores,
indicating a surprising similarity in multiple members of the
Nd pyrochlore family.

II. EXPERIMENTS AND RESULTS

A. Sample synthesis

Polycrystalline Nd2ScNbO7 was synthesized from a sto-
ichiometric mixture of Nd2O3, Sc2O3, and Nb2O5, which
we mixed and prereacted at 1000◦C for 60 h with repeated
grinding and pelletizing. We confirmed the pyrochlore crystal
structure with a Bruker D8 Advance Eco x-ray diffractometer
with Cu Kα radiation (λ = 1.5418 Å) and a Lynxeye detec-
tor. Refinements showed the lattice parameter a = b = c =
10.533(6) Å at 296 K, and nearly equal mixing of Nb and
Sc on the B site of the pyrochlore lattice. Further details are in
Ref. [42] and Appendix A.

B. Susceptibility and magnetization

We measured the susceptibility and magnetization of a
pressed pellet sample using a Quantum Design Physical
Properties Measurement System (PPMS) [43]. Magnetic sus-
ceptibility was measured between T = 1.8 and 300 K at
0.5 T, and magnetization at T = 2 K was measured between
0 and 9 T. The data and fits are shown in Fig. 1. The
temperature dependence of the susceptibility shows a bend
at T = 50 K typical of rare-earth ions with low-lying CEF

FIG. 2. (a) Low-temperature heat capacity of Nd2ScNbO7,
showing a phase transition at 370 mK. The colored lines show cal-
culated nuclear Schottky anomalies for different ordered electronic
Nd moment sizes. (b) Entropy calculated from heat capacity after
subtracting the nuclear Schottky term.

levels. We fit the susceptibility data to a Curie-Weiss law at
high temperatures (100 K < T < 300 K) and low tempera-
tures (2 K < T < 10 K). The high-temperature Curie-Weiss
fit yields μeff = 3.45(3) μB, close to the expected free-ion
value of gJμB

√
J (J + 1) = 3.618 μB where J = 9

2 and g j =
8
1 1. The low-temperature fit (sensitive to the lowest CEF
doublet and thus the ground-state magnetism) yields μeff =
2.61(2) μB and �cw = −0.07(4) K, so the net magnetic in-
teractions nearly cancel out but are slightly antiferromagnetic.

We fit the magnetization versus applied field for the pressed
pellet to a Brillouin function [Fig. 1(b)] which indicates a
saturated moment of 1.323(5) μB. This value is almost exactly
half of the free-ion saturation moment, which is consistent
with powder averaging of an easy-axis magnet (typical for
Nd on the pyrochlore lattice [22,26,44]). The slight deviations
from the Brillouin function line shape are presumably due to
magnetic exchange and higher crystal field levels.

C. Heat capacity

We measured zero-field heat capacity of Nd2ScNbO7 as
a function of temperature using a Quantum Design PPMS
with a dilution refrigerator insert [43]. Heat capacity at each
temperature was measured three times with the semiadia-
batic relaxation method, and then averaged. The sample was
a cold-pressed 1.3-mg powder pellet with equal masses of
Nd2ScNbO7 and silver powder for thermal connection; we
subtracted the heat capacity of silver (measured separately)
from the raw data. The data are shown in Fig. 2, and reveal a
peak at 370(10) mK indicative of a magnetic phase transition.

The heat capacity below 100 mK shows an upturn that
we associate with a nuclear Schottky anomaly (where the
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FIG. 3. (a) Elastic neutron scattering of Nd2ScNbO7 at 0.1 and
3 K, showing significant temperature dependence on the (220) and
(311) peaks. (b) Rietveld refinement of temperature subtracted scat-
tering data, showing a best-fit all-in all-out structure. Note also
the temperature-dependent low-Q diffuse scattering. (c) Energy-
integrated Nd2ScNbO7 scattering as a function of temperature at
the (220) Bragg peak. (d) Elastic (±0.4 μeV) low-Q scattering as a
function of temperature. Both (c) and (d) order-parameter curves are
consistent with a 3D Ising critical exponent, shown in black. Error
bars indicate one standard deviation.

Nd nuclear moments become polarized along the local field
direction of the static electronic magnetism). We fit this Schot-
tky anomaly using PYNUCLEARSCHOTTKY [45] (which uses
the hyperfine coupling constants in Ref. [46]) to simulate
the nuclear heat capacity for Nd3+ and a phenomenologi-
cal Celectronic = aT n + γ T for the low-temperature tail of the
lambda anomaly. These fits yield a sample averaged ordered
moment of 〈μ〉 = 1.171(13)μB and electronic exponent n =
2.20(2). (Possible reasons for the noninteger exponent are
discussed in Sec. III.) As Fig. 2(a) shows, the ordered moment
is well constrained by the high-temperature Schottky tail, even
though the entire peak was not measured.

We calculated the entropy recovered across the phase tran-
sition �S = ∫

C
T dT after subtracting the nuclear Schottky

anomaly. As Fig. 2(b) shows, the electronic magnetic en-
tropy across the entire temperature range probed converges to
R ln 2, the entropy of a Kramers doublet. Interestingly, half of
the magnetic entropy is recovered above the phase transition,
indicating a short-ranged correlated phase at finite temper-
ature. This is a common behavior for rare-earth pyrochlore
magnets [47].

FIG. 4. Neutron spectrum of Nd2ScNbO7 at 0.1 K with 6-K
background subtracted, showing an intense flat band at 0.1 meV
and weaker scattering with a bandwidth of 0.4 meV. Note that the
scattering comes down to h̄ω = 0 at low Q.

D. Neutron scattering

We performed two neutron experiments on Nd2ScNbO7:
one experiment using the MACS triple axis spectrometer at
the NCNR to measure the diffraction pattern and the spin ex-
citations, and one experiment using the HFBS backscattering
spectrometer at the NCNR to measure the nuclear hyperfine
excitations. Both experiments were performed on the same
9.33-g powder sample sealed under 10-bar He in a copper can,
and mounted in a dilution refrigerator.

1. MACS experiment

In the MACS experiment, we measured the elastic scat-
tering using a double-focusing configuration and Ei = E f =
5 meV neutrons with beryllium filters in the incident and
scattered beams at sample temperatures 0.1 (below the phase
transition) and 3 K (where the magnetic entropy is completely
recovered). These data are shown in Fig 3. There are clear
temperature-dependent peaks which signal long-range mag-
netic order at low temperatures. The 5-meV neutron data
have an energy resolution of 0.35 meV, which is roughly
the bandwidth of the excitations (see Fig. 4), which makes
it functionally an energy-integrated diffraction configuration
for this sample.

We measured the inelastic spectrum with E f = 2.5 meV
neutrons (still with beryllium filters) for a full width at half
maximum (FWHM) energy resolution of 0.08 meV, covering
energy transfers from h̄ω = 0.0 meV to h̄ω = 0.5 meV. The
inelastic signal was measured at T = 0.1 K while a param-
agnetic background was acquired at T = 6 K. These data are
shown in Fig. 4. There is an intense flat-band excitation at
0.1 meV, very similar to the sister compound Nd2Zr2O7 [28]
(Ref. [34] also observed the Nd2ScNbO7 flat-band excitation
and placed this band at 0.07 meV). This similarity suggests
that whatever magnetic state exists in Nd2Zr2O7 could also
exist in Nd2ScNbO7.

To determine the magnetic-ordered structure, we per-
formed a Rietveld refinement on the temperature-subtracted
diffraction data [Fig. 3(b)] using the FULLPROF software
package [48] and SARAH [49] to generate the irreducible
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representations. The only strongly temperature-dependent
peaks are (220) and (311), but the fit nonetheless uniquely
points to all-in all-out (AIAO) order on the pyrochlore lattice
with an ordered moment 1.121(9) μB. [There are perhaps
small temperature-dependent features on the (111) and (200)
peaks, but these are barely above the experimental error bar
associated with the T -difference measurement, and no single
irrep was able to account for their intensity alongside the
stronger magnetic peaks.] The discovery of AIAO order is
not surprising: nearly all Nd3+ pyrochlores order with this
structure: cf. Nd2Zr2O7 [28], Nd2Hf2O7 [21], Nd2Sn2O7 [24],
and Nd2Ir2O7 [50].

One thing that is unique about Nd2ScNbO7 is the existence
of temperature-dependent low-Q diffuse scattering that ap-
pears to be magnetic (see Fig. 3). Subsequent backscattering
measurements showed this diffuse scattering to be real and
elastic to within 0.4 μeV, with an onset at TN [Fig. 3(d)]. This
diffuse scattering carries 9(2)% of the total integrated intensity
of the (220) and (311) peaks (integrating

∫
d2σ

d	 dω
Q2dQ to

account for the powder average). Despite the low-Q diffuse
scattering, the magnetic Bragg peaks are no wider than the
nuclear Bragg peaks [the fitted correlation length from the
(220) Bragg peak is >2000 Å], indicating a very long mag-
netic correlation length.

Finally, we measured the temperature dependence of the
(220) Bragg peak and found an order-parameter curve consis-
tent with a 3D Ising order [β = 0.3265 [51], Fig. 3(c)] with a
fitted critical temperature TN = 373(2) mK.

2. Backscattering experiment

In the High Flux Backscattering Spectrometer (HFBS)
experiment, we measured the excitation spectrum with a
±11-μeV bandwidth and an energy resolution FWHM of
0.8 μeV. At this high resolution, the Nd nuclear hyperfine
excitations become visible just off the central elastic peak (cf.
Refs. [24,52,53]). These arise from a static electronic mo-
ment splitting the 2I + 1 = 8 degenerate nuclear spin levels
via the nuclear hyperfine interaction. This gives rise to a Q-
independent peak in the inelastic neutron scattering spectrum
at an energy that corresponds to ± the level splitting [54].
When the nuclear hyperfine energy levels are known, the local
static electronic moment can be calculated from the energies
of these peaks [24,52,53]. We measured the excitation spec-
trum as a function of temperature from 50 mK to 3 K. These
data are shown in Fig. 5.

As is immediately evident from Fig. 5(a), the observed
nuclear hyperfine excitations are significantly broader than the
resolution width [which is defined by a vanadium scan (see
Appendix B 1)]. We show this broadening to be intrinsic by
comparing Fig. 5(a) to the related compound Nd3Sb3Mg2O14,
shown in Fig. 5(b) (from Ref. [52]). Both data sets were taken
on the same instrument with the same sample environment
and the same exchange gas pressure but Nd2ScNbO7 has
much broader nuclear hyperfine excitations: this shows the
broadening is a property of Nd2ScNbO7. This broadening
indicates either a static distribution of ordered moments or a
short lifetime of the nuclear hyperfine levels that could result
from electronic spin fluctuations.

The temperature dependence of these features is shown in
Fig. 5(c). At the lowest temperatures, two humps are visible

FIG. 5. (a) Nd2ScNbO7 nuclear hyperfine neutron scattering on
HFBS. (b) Nd3Sb3Mg2O14 measured with the same instrument
configuration. Comparison between (a) and (b) shows significant
broadening of the nuclear hyperfine peaks in Nd2ScNbO7, indicating
a distribution of local static moments. (c) Hyperfine Nd2ScNbO7

scattering as a function of temperature, with the fitted model. (d) Av-
erage static moment extracted from the model. (c) Gaussian and
Lorentzian widths to the nuclear hyperfine peaks. Below the tran-
sition temperature, Gaussian distributions dominate, but near and
above the transition temperature Lorentzian broadening dominates.
Error bars indicate one standard deviation.

on either side of the central elastic peak. As temperature in-
creases, the hyperfine peaks shift into the central elastic peak
and become Lorentzian-type tails. We fit the HFBS data to
a model including both Lorentzian and Gaussian broadening
(described in Appendix B 2), where the Gaussian is meant to
account for a static moment distribution and the Lorentzian is
meant to account for dynamic moments. The fits are shown
as the black lines in Fig. 5(c) and the widths as a function of
temperature are shown in Fig. 5(d). From these fits, we extract
the mean ordered moment using the empirical relation be-
tween Nd nuclear hyperfine energies �E and static magnetic
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FIG. 6. Low-temperature heat capacity of Nd2ScNbO7 compared to various models. (a) Shows a fitted model based on an 0.07-meV
flat-band spin-wave excitation plus linear dispersive spin waves and a Schottky anomaly. It fails to properly account for the density of states
at low T , indicating some exotic behavior. (b) Shows the same fitted model but the heat capacity from spin-wave excitations are raised to an
arbitrary fitted power. (c) Shows a fitted model which includes a linear term in specific heat. This linear term model fits the data two orders of
magnitude better than the model in (b). (d) Shows a fit including a spinon T 3/2 contribution as predicted by Ref. [13].

moment μ in Ref. [53]:

�E = μ × (1.25 ± 0.04)
μeV

μB
. (1)

At the lowest temperatures, the broadening appears to be
mostly Gaussian with an average ordered moment of 1.47(6)
μB and a Gaussian spread of 0.8(1) μB [see Fig. 5(d)]. Above
T = 370 mK the peak standard deviation overlaps with zero
static moments and the broadening shifts to Lorentzian. This
model is very rough, but it is consistent with static moments
for T < TN and quasielastic scattering from fluctuating mo-
ments for T > TN .

We also measured a high-resolution elastic (0 ± 0.4 μeV)
order-parameter scan with the fixed-window mode, focusing
on Q = 0.36(5) Å−1 [Fig. 3(d)]. This showed the low-Q dif-
fuse scattering observed in Fig. 3(b) to be associated with
the magnetic order: its onset is at TN = 370(2) mK and its
temperature dependence is consistent with the 3D Ising order
parameter (β = 0.3265 [51]), showing the low-Q diffuse scat-
tering to be magnetic in origin. Allowing the critical exponent
to vary in these order-parameter fits, we find β = 0.34(7) for
the MACS data and β = 0.34(4) for the HFBS data, con-
sistent with 3D Ising (β = 0.3265), 3D XY (β = 0.3485),
and 3D Heisenberg (β = 0.3689) magnetic order [51]; but
the uncertainty is too high to pinpoint the anisiotropy of the
exchange interaction.

III. ANALYSIS

These experiments have shown Nd2ScNbO7 to have easy-
axis anisotropy and AIAO long-range magnetic order. These
features are similar to many other Nd3+ pyrochlores. It could
be that Nd2ScNbO7 orders in a dipolar-octupolar doublet like
Nd2Zr2O7 [23], but given that neutron diffraction is only sen-
sitive to dipolar AIAO doublet order, we leave this for future
theoretical investigation. Combining the Neel temperatures
measured from heat capacity and the two order-parameter
curves, we find a mean Neel temperature TN = 371(2) mK.

These experiments also reveal some unusual features: (a)
an unusual temperature dependence in heat capacity, (b) a dis-

crepancy between ordered moments obtained from different
experimental methods, and (c) a distribution in static magnetic
moments evidenced by broadened hyperfine excitations. Con-
sidered together, they indicate an unconventional magnetic
ground state with strong quantum fluctuations.

A. Density of states in heat capacity

The first unusual feature is in the temperature dependence
of the magnetic heat capacity below TN . Our initial phe-
nomenological fit showed that the electronic heat capacity
does not follow the expected T 3 behavior of linear dispersive
modes in three dimensions, but a power law closer to T 2.2. The
peculiarity becomes more apparent when we plot C/T vs T 2,
as in Fig. 6. This shows a very nearly linear trend, but with a
positive offset in C/T (i.e., the heat capacity seems to follow
C = γ T + αT 3 with γ > 0). This is opposite to expectations
for gapped bosonic modes: in general, heat capacity from a
gapped bosonic spectrum produces a negative offset in C/T
[52].

Several things can cause non-T 3 heat capacity in a 3D
antiferromagnetic insulator: (i) a spin-wave spectrum that
cannot be approximated by gapped linear dispersive modes
(such as in Gd2Sn2O7 [55,56]). (ii) glassy spin disorder which
produces a noninteger power law in T [57,58]. (iii) Exotic
excitations which can produce positive non-T 3 terms in heat
capacity [13,59]. We test each of these scenarios by building
an appropriate model and comparing it with the data. (Details
of our fitting methods are in Appendix E.)

We test (i) by building a phenomenological spin-wave
model. Having observed the low-energy flat mode (Fig. 4),
we infer the following magnetic Einstein term in the specific
heat:

Cflat = kB

(
h̄ω0

kBT

)2 eh̄ω0/kBT

(eh̄ω0/kBT − 1)2
(2)

with h̄ω0 = 0.07 meV, and we insert it into the following
model:

C = A × Cflat + B × Cld (�, c) + CSchottky(μ), (3)
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where Cld (�, c) is the heat capacity of a gapped linear disper-
sive spectrum of the form η(q) =

√
�2 + (cq)2 (calculated as

in Ref. [52]), and CSchottky(μ) is a Schottky anomaly. A, B,
�, c, and μ are fitted parameters. The best fit is shown in
Fig. 6(a) and the best-fit parameters are given in Table III.
This fit underestimates heat capacity around 0.1 K and does
not match the temperature dependence at higher temperatures.
This indicates a low-energy density of states (DOS) below
0.07 meV not accounted for by this model. There are clearly
some significant contributions below the flat band that are not
linear dispersive spin waves.

We test (ii) by redoing the fit, this time allowing the dis-
persive spin-wave contribution to take on an arbitrary power
in temperature:

C = A × Cflat + B T n + CSchottky(μ), (4)

where A, B, n, and μ are fitted parameters. The result of this
fit is shown in Fig. 6(b) and the best-fit parameters are given
in Table IV. The fit is much improved, but the model still does
not match the temperature dependence above 0.05 K2.

We test (iii) by trying two models. First, we add a linear
term in the heat capacity to account for fermionic quasiparti-
cles [59,60]:

C = A × Cflat + B T 3 + γ T + CSchottky(μ), (5)

where A, B, γ , and μ are fitted parameters. The results of this
fit are shown in Fig. 6(c) and Table V. The match is very good:
there are virtually no deviations from the experimental data
points, and the reduced χ2 is improved over the power-law fit
by nearly two orders of magnitude.

Second, we consider a T 3/2 term to account for condensed
spin-liquid spinons as in Ref. [13]:

C = A Cflat + Cld (�, c) + B T 3/2 + CSchottky(μ), (6)

where A, �, c, B, and μ are fitted parameters. The results
of this fit are shown in Fig. 6(d) and Table VI. The match
is again very good. This model included one additional fitting
parameter as compared to the others, but the reduced χ2 shows
that the match is nearly equivalent to the linear term model.

As a side note, these fits better constrain the ordered mo-
ment from the Schottky anomaly. If we take the three fits
which most accurately model the electronic specific heat (the
linear term fit and the T 3/2 fit) and the initial phenomenologi-
cal fit, the weighted mean ordered moment is μ = 1.171(4)μB

with a standard deviation of 0.03μB. Here we take the stan-
dard deviation as uncertainty reflecting the uncertainty in
which model is correct, and so the ordered moment from the
nuclear Schottky anomaly is μ = 1.17(3)μB.

Comparison to other Nd3+ pyrochlores

This exercise in fitting shows that, given reasonable as-
sumptions about collective bosonic excitations, the density
of states in Nd2ScNbO7 cannot be accounted for by such
quasiparticles alone. This conclusion is bolstered by compar-
ison to the heat capacity of Nd2Zr2O7, which is also quite
unusual with an apparent low-temperature T 2 dependence
[32,47]. Fortunately, the Nd2Zr2O7 spin-wave spectrum has
been measured and modeled in detail [32], so it is possible
to directly calculate the magnon heat capacity in the low-T

FIG. 7. Heat capacity of Nd2ScNbO7 plotted in C/T vs T 2

(a) compared to three other Nd3+ pyrochlore-based compounds:
Nd2Zr2O7 (b) [47], Nd3Sb3Mg2O14 (c) [61], and Nd2Sn2O7 (d) [47].
(c), (d) Show conventional spin-wave heat capacity, while (a) and
(b) show excess heat capacity at low temperatures, even compared
to heat capacity computed directly from the spin-wave spectrum (b).
Note that the nuclear hyperfine contribution to the specific heat was
subtracted from all data, including Nd2Sn2O7 shown in (d).

limit (details are in Appendix G). The results are depicted in
Fig. 7(b), and show that the measured specific heat is much
higher than the calculated magnon specific heat at low tem-
peratures where higher-order effects associated with the phase
transition (damping and softening of collective modes) can
be neglected. This indicates an anomalous low-energy DOS
that cannot be accounted for through conventional spin-wave
theory, just like Nd2ScNbO7.

Now this unusual heat capacity is not present in all
Nd3+ pyrochlores. Figures 7(c) and 7(d) show two Nd3+

pyrochlore-based materials with conventional magnon behav-
ior: T 3 heat capacity with −γ offsets. Figure 7(c) shows
data from the Nd3+ pyrochlore derivative Nd3Sb3Mg2O14

(a kagome compound with AIAO order and easy-axis
anisotropy) which has heat capacity exactly matching gapped
linear dispersive magnon modes [52]. Figure 7(d) shows data
from pyrochlore Nd2Sn2O7 [47] (another Nd3+ pyrochlore
with AIAO order and easy-axis anisotropy [24]), is beauti-
fully consistent with gapped dispersive magnons indicated
by the solid red lines (further details are in Appendix G).
Thus, not all Nd3+ pyrochlores have the extra DOS observed
in Nd2ScNbO7 and Nd2Zr2O7. Specifically, only the specific
heats of the two materials with gapped excitation spectra are
well accounted for by thermal excitation of bosonic collective
modes.
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TABLE I. Low-temperature ordered electronic moment μ of
Nd2ScNbO7 measured by nuclear Schottky anomaly, neutron diffrac-
tion, and hyperfine excitations. The bottom row describes what quan-
tity each technique measures. For comparison, we include the same
measurements for the more conventional magnet Nd3Sb3Mg2O14

from Ref. [52].

Nuclear Neutron Hyperfine
Schottky diffraction excitations

Nd2ScNbO7 1.17(3) μB 1.121(9) μB 1.47(6) μB

Nd3Sb3Mg2O14 1.73(4) μB 1.79(5) μB 1.76(6) μB

Local RMS μ Mean LRO μ Mean local μ

B. Static moment discrepancy

Another unusual feature of Nd2ScNbO7 is the apparent
discrepancy in the measured static moment. Specifically un-
der the assumption of a static spin structure, three different
measurements (nuclear Schottky anomaly, diffraction refine-
ment, and hyperfine excitations) yield different values for the
ordered moment size, shown in Table I. All are less than half
of the single-site saturation magnetization inferred from mag-
netization measurements on a powder sample. The Schottky
anomaly and the neutron diffraction refinement values agree
to within uncertainty, but there is an apparent discrepancy with
the value derived from the nuclear hyperfine excitations.

To interpret these differences we must consider what
quantity each technique measures. The neutron diffraction
measurement is a spatially averaging probe: it gives only the
static moment (on a timescale set by the energy resolution)
that participates in a long-range-ordered (LRO) state. Mean-
while, the measurements based on the nuclear spin (Schottky
anomaly and hyperfine excitations) are local probes: they give
the value of the electronic ordered moment without reference
to spatial correlations. There are important differences be-
tween the hyperfine excitation and nuclear Schottky probes
too: the high-temperature tail of a nuclear Schottky anomaly
measures the root-mean-squared (RMS) local static moment
(at intermediate temperatures it measures a value between
the mean and RMS, see Appendix C) while the hyperfine
excitation spectrum is a measure of the probability distribution
function for the magnitude of the local moment.

It is possible for the local static moment to be larger than
the LRO moment if there is static spin disorder [62]. This
is what one expects for the moment fragmented state on the
pyrochlore lattice: in that case, the local static moment would
be twice the LRO moment [20,28]. However, this is not what
we observe: the local moment is only 1.47(6)

1.121(9) = 1.32(5) times
larger than the LRO moment, and both are much smaller than
the sublattice saturation magnetization inferred from the pow-
der magnetization measurements. Thus, Nd2ScNbO7 does not
have a moment fragmented ground state (in the sense of
Refs. [20,28,38,63] referring to a three-in one-out crystallized
lattice of magnetic monopoles). The fragmentation theory
notwithstanding, static spin disorder (from, for example, a dis-
tribution of moment sizes) may explain why the static moment
inferred from the nuclear spin polarization is greater than the
moment inferred from magnetic neutron diffraction.

The most curious discrepancy is in the difference between
the moment inferred from the nuclear Schottky anomaly and

FIG. 8. (a) Two possible distributions of static moments in
Nd2ScNbO7. Distribution 1 (red) was modeled after the positive-
energy transfer hyperfine spectrum. Distribution 2 (blue) is the same
distribution, but with 1

4 of the moments having zero or nearly zero
static moments. (b) Calculated Schottky heat capacity from the two
distributions; distribution 2 matches the data very well. (c) Hyperfine
spectrum calculated from distributions 1 and 2, normalized to match
the hyperfine scattering. They are identical: the zero moments from
model 2 are hidden in the elastic peak.

the hyperfine spectrum. If all moments are uniform size, these
values should be the same (cf. Ref. [52]). With spin disorder,
the nuclear Schottky moment should exceed the mean value
from hyperfine excitations (by definition, RMS � mean).
However, we see the opposite: the RMS nuclear Schottky
value is less than the mean nuclear hyperfine value. The same
three measurements were performed using the exact same
equipment on the related Nd magnet Nd3Sb3Mg2O14 [52]
(which has no exotic features in its ground state) and those
three measurements agree beautifully, so the measurement
technique, calibration, and analysis methods seem to be in
order. Rather, this discrepancy and the reduction seen in all
these moment measurements relative to the sublattice satu-
ration magnetization suggests that some fraction of the Nd
electronic moments is fluctuating.

If the moment measured from the hyperfine spectrum is
larger than the moment from the Schottky anomaly, this in-
dicates that the hyperfine measurement missed some sites
with very small moments. A limitation of fitting hyperfine
scattering is that signals from vanishing static magnetism are
hidden in the elastic scattering, and the normalization is not
precise enough to identify the missing spectral weight. Thus,
if the distribution of Nd moments is not Gaussian (as our
model above assumed) and a significant fraction of Nd sites
have vanishing static moments (small enough to be hidden
in the elastic channel), the fitted mean moment would be
higher than the moment revealed by a Schottky anomaly fit.
This is demonstrated in Fig. 8, where two different distri-
butions reproduce the hyperfine spectrum but have different
mean moments and nuclear Schottky signals. Distribution
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FIG. 9. Simulated CEF spectrum for Nd2ScNbO7. (a) Distribution of symmetry-equivalent local Nd environments if 14% are D3. (b) CEF
levels of the four most common local environments (C1: 26.2%, D3: 14%, and both D1: 13%) calculated from a point-charge model assuming
modest oxygen displacement. (c) Total simulated neutron spectrum from all CEF environments, showing that observable peaks are from more
than just D3 environments. The light gray dashed line shows the total scattering assuming no charge ice correlations (totally random Nd and
Sc placement).

1 (〈μ〉 = 1.59 μB, μRMS = 1.71 μB) follows the profile of
the positive-energy transfer hyperfine spectrum, but distribu-
tion 2 (〈μ〉 = 1.19 μB, μRMS = 1.46 μB) has 1

4 of moments
clustered around zero. Distribution 2 is consistent with both
neutron and heat-capacity data. [Note that the RMS moment
is greater than the fit above: this is because at low temperatures
the fitted moment deviates from the RMS (see Appendix C).]
Under this interpretation, the static moment discrepancy
shows some fraction of Nd sites have fluctuating moments to
the lowest temperatures, such that the static moment on some
sites is nearly zero.

C. Ordered moment distribution

A third question raised by these results is why there is a
distribution in ordered moment size indicated by the backscat-
tering measurements. Although we cannot say for certain, it
is possible that this distribution is due to variations in the
local crystal fields of Nd from the Nb-Sc B-site disorder. To
demonstrate this, we simulated the crystal field environment
using a point-charge model.

Measurements by Mauws et al. [34] show a distribution
of crystal electric field (CEF) excitations in Nd2ScNbO7. Be-
cause of the charge difference between Nb5+ Sc3+, we expect
some correlations between the Nb and Sc placements. Assum-
ing this to be true, we performed Monte Carlo simulations
of Nb5+ Sc3+ charge ice at finite temperature to determine
the relative frequency of the other symmetry-unique sites (see
Appendix F). Although there are 26 = 64 possible Nb-Sc
arrangements around a Nd ion, there are only 13 symmetry-
unique arrangements. When 14% of Nd3+ sites have D3

symmetry (the estimate of Ref. [34]), the percentages of other
symmetry-unique CEF environments are shown in Fig. 9(a).

We then calculated the CEF Hamiltonians of the various
CEF states using the point-charge approximation and PYCRYS-
TALFIELD [64] (see Appendix F for details), and the levels of
the four most probable states are plotted in Fig. 9(b). Because
Nd3+ is a Kramers ion, every environment yields five doublets
no matter how low the symmetry. We then simulated the
neutron spectrum by summing over all CEF states with the
appropriate weights [Fig. 9(c)] and found a spectrum which

resembles what was measured in Ref. [34]. However, we find
that many of the strongest peaks are not from D3 sites. If in-
stead we assume a completely random Nb and Sc distribution
with no charge-ice correlations [shown by the gray line in
Fig. 9(c)] the calculated neutron spectrum is only moderately
changed, and possibly corresponds to the data in Ref. [34]
even better.

In any case, assuming that these calculations give at least
an approximate picture of the distribution of CEF states, we
find that the maximum static moments for these sites have a
mean value μ = 1.645 μB with a standard deviation 1.117 μB.
This is very close to the observed 1.47(6) ± 0.8(1) μB from
the hyperfine excitations. Therefore, the ordered moment dis-
tribution might be partially caused by disordered crystal field
environments.

It should be noted that the precise values of the calcu-
lated static moments are dependent on the details of the
point-charge simulations. Different assumptions about oxygen
displacement produced a higher mean μ and a lower standard
deviation. Furthermore, the hyperfine spectrum simulated di-
rectly from the CEF model shows more discrete peaks than
the observed hyperfine spectrum (see Appendix F), possibly
because of the simplistic point-charge model and collec-
tive effects which affect the low-temperature static moments.
Therefore, these calculations demonstrate the possibility (but
do not prove) that the distribution of ordered moments is
caused by B-site disorder.

With this moment-size distribution, one would expect to
see some diffuse elastic scattering indicating a superposition
of random spin orientation with long-range AIAO order: the
disordered moment estimated from nuclear hyperfine excita-
tions is [0.8(1) μB]2

[1.47(6) μB]2 = 26(7)%. This may explain the observed
low-Q diffuse elastic signal in Fig. 3. However, the low-Q
scattering decreases with Q much more dramatically than the
Nd form factor, indicating correlated spin disorder rather than
random disorder.

IV. DISCUSSION

The results from heat-capacity and local moment mea-
surements indicate a strongly fluctuating magnetic state with
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an unusual DOS which seems to be common among several
Nd3+ pyrochlores. It is clear that conventional magnons can-
not account for the DOS in Nd2ScNbO7 and Nd2Zr2O7, but
it is not clear what kind of excitations they are. In principle,
the apparent linear offset could be from a very low-energy
bosonic flat mode. If the energy of the mode is ∼5 μeV,
the heat-capacity signal would look very much like a linear
term. However, such a strong low-energy mode would have
been visible in the neutron backscattering experiment, so we
can constrain any such mode to have an energy greater than
11 μeV or less than 0.4 μeV. Furthermore, such a low-energy
mode is not predicted in the spin Hamiltonian of Nd2Zr2O7

[23,32], rendering any such mode to be beyond linear spin-
wave theory (LSWT) magnons. We present two possible
explanations for the low-energy DOS: fermionic quasiparti-
cles and local spin degrees of freedom.

Linear C/T offsets are ordinarily signals of fermionic
quasiparticles, and the γ term (called a Sommerfeld coeffi-
cient) is a measure of the density of states at the chemical
potential, which is proportional to the effective mass of the
fermions. In Nd2ScNbO7 we measure γ = 3.08(4) J

mol K2 .
This is three orders of magnitude higher than Sommerfeld
coefficients for most metals (γAg = 6.1 × 10−4 J

mol K2 , γNb =
8.7 × 10−3 J

mol K2 [60]), and is of the order of heavy-fermion
systems such as YbBiPt, which has γ ≈ 8 J

mol K2 [65]. This γ

could possibly be the signal of fermionic spinons of a quan-
tum spin liquid [59], which is plausible given the theoretical
proximity of Nd2Zr2O7 to a U(1) quantum spin liquid [23].
Alternatively, it could be that the heat-capacity signal is from
C ∝ T 3/2 spinons predicted for a condensed AIAO pyrochlore
spin-liquid phase [13]. In either case, this correspondence
suggests that the mystery DOS in Nd2ScNbO7 and Nd2Zr2O7

are spinons of a proximate quantum spin liquid.
Under this interpretation, the distribution of moments may

be due to a moment-modulated spin fragmented state, as
proposed for Ho3Sb3Mg2O14 [66]. In this phase, dipolar in-
teractions induce a quantum moment fragmented state where
certain spins fluctuate more than others, leading to a distribu-
tion of static moments. Although the moment size for Nd is
smaller than Ho, similar physics from asymmetric exchange
may be relevant. If so, the specific fraction 1

4 of spins having
nearly zero moment, which is consistent with the nuclear hy-
perfine spectrum, could indicate the “one-out” spin fluctuates
while the “three-in” spins are static.

Alternatively, it could be that the mystery DOS is asso-
ciated with local spin degrees of freedom induced by the
Nb-Sc disorder. It is known that specific heat in disordered
spin glasses can have T -linear or T 3/2-specific heat [57,67]. If
such a heat-capacity signal were superimposed upon magnon
specific heat, the result could look very much like the fits
in Fig. 7. Under this interpretation, the CEF and magnetic
exchange disorder from the Nb-Sc disorder create local soft
spin degrees of freedom within a long-range-ordered state.
This may explain the low-energy low-Q scattering in Fig. 4.

This disorder hypothesis also naturally explains how a
fraction of the spins could have no static moment. It has
been shown theoretically that random bond disorder on the
pyrochlore lattice can produce random singlet formation be-
tween spins [68], or even long-range entangled states [69].

Given how close Nd2Zr2O7 is to a U(1) quantum spin-liquid
phase [23] it is possible that Nd2ScNbO7 is also close enough
that bond and anisotropy disorder causes certain site pairs to
be locally within that phase and form singlets, such that there
is no static moment on those sites and low-energy singlet-
triplet excitations appear in the DOS.

If this interpretation is correct, Nd2ScNbO7 hosts the
unusual combination of long-range magnetic order, singlet
formation, glassy local excitations, and a sharp phase tran-
sition. This would imply that the disorder is weak enough
that the long-range order is preserved (with a resolution-
limited correlation length) though the exchange and single-ion
anisotropy disorder produces local soft modes for the spins
(some of which pair to form singlets) and diffuse low-Q
scattering.

Assuming this to be true, the exotic behavior of the sister
compound Nd2Zr2O7 may also be associated with disorder-
induced local spin degrees of freedom (perhaps through
oxygen deficiency and “stuffing” problems which plague
other pyrochlores [70–72]). This disorder hypothesis may ex-
plain the dramatic sample dependence reported in Ref. [47]
and why different studies with different samples report con-
flicting values of the ordered moment [26,28,35].

Whether the mysterious magnetic DOS is from frac-
tionalized quasiparticles or local excitations, the resulting
ground state is clearly dominated by strong quantum fluctua-
tions. Comparison between nuclear hyperfine excitations and
specific-heat data indicates there are sites where the electronic
moment continues to fluctuate faster than the nuclear spin re-
laxation time so that no hyperfine level splitting is generated.
Thus, quantum fluctuations persist to the lowest temperatures.
An apparent suppression of ordering was also documented for
Gd2Sn2O7, and it was proposed that quantum fluctuations in
the electronic moment suppress a nuclear Schottky anomaly
[73]. The quantum fluctuations in Nd2ScNbO7 could be from
an exchange-disordered proximate spin liquid [74], or local-
ized excitations from a random singlet state. Occam’s razor
leads us to prefer the localized DOS hypothesis over the exotic
quasiparticle hypothesis, but transport experiments [75] are
needed to determine whether the excitations are localized spin
degrees of freedom or delocalized quasiparticles which can
transport energy.

These results have strong implications for other Nd py-
rochlores. The many similarities between Nd2ScNbO7 and
Nd2Zr2O7 suggest a common magnetic state, and we expect
these same features to be present in Nd2Hf2O7 because of the
close correspondence with Nd2Zr2O7. The magnetic ground
state is strongly influenced by collective quantum physics:
The combination of frustration and disorder in Nd2ScNbO7

produces a state which fluctuates to the lowest temperatures
and mimics spin-liquid behavior, but may not be the long-
sought many-body entangled spin-liquid state.

V. CONCLUSION

We have shown the Nd3+ pyrochlore Nd2ScNbO7 to have
an easy-axis moment with AIAO magnetic order below TN =
371(2) mK. Susceptibility and magnetization indicate an
easy-axis moment, heat capacity shows a fully ordered sys-
tem with R ln 2 entropy, and elastic neutron scattering shows
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AIAO order. Inelastic scattering shows a flat-band excita-
tion similar to Nd2Zr2O7, and all order-parameter curves are
consistent with 3D Ising magnetic order. Nuclear hyperfine
excitations reveal a distribution of static electronic moments
below TN , which we suggest is due to B-site disorder influenc-
ing the Nd3+ crystal electric field states.

Analysis of our results has revealed two unconventional
behaviors in Nd2ScNbO7: First, we used heat capacity to
show an anomalous density of states in both Nd2ScNbO7 and
Nd2Zr2O7, that is inconsistent with conventional magnons.
These excitations give a heat-capacity signal consistent with
fractionalized spinons of a proximate spin-liquid phase, or
localized spin excitations from a random-singlet phase that
coexists with long-range order. Second, by comparing the
local and long-range-ordered moments, we rule out the pos-
sibility of classical moment fragmentation (in the sense of
Refs. [20,28,37]) in Nd2ScNbO7. This comparison of local
ordered moments reveals that a fraction of Nd sites have
vanishing static moments in the low-T limit, as in a ran-
dom singlet state or an exotic moment-modulated quantum
fragmented state. Taken together, these results indicate a spin
system dominated by quantum fluctuations that cannot be
described in terms of conventional magnons in an otherwise
long-range-ordered state. Disorder, however, plays a signif-
icant role so that experiments probing the degree of spatial
coherence of the low-energy excitations will be needed to
properly classify the unusual quantum state of matter in Nd-
based pyrochlore magnets that we have drawn attention to in
this paper.
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APPENDIX A: POWDER X-RAY REFINEMENT

To verify the Nd2ScNbO7 stoichiometry, we performed a
powder x-ray refinement on approximately 50 mg of material
randomly selected from a sample of total mass 2 g, using
a Bruker Advance Powderx -ray diffractometer at ambient
temperature, with Cu Kα radiation. The data and fit are shown
in Fig. 10. The occupancy for Sc is 48.7(6)%, which is two
standard deviations from a one-to-one ratio of Sc to Nb. Re-
finement was performed using the program FULLPROF [48];
the refined atomic positions are noted in Table II.

FIG. 10. Powder x-ray refinement of Nd2ScNbO7. The measured
scattering is the black dots, the red line is the fit, the blue line is the
difference between data and fit, and the vertical green lines indicate
the locations of Bragg intensity.

In Fig. 10 there are some very small peaks visible near
2θ = 30◦, indicating some trace impurities. Part of the impu-
rities can be indexed as starting materials Nd2O3, Nb2O5, and
Sc2O3. Since the intensity of the (222) peak in Nd2ScNbO7 is
over 50 times larger than the highest peak of impurities, the
trace amount of impurities are not affecting the pyrochlore
structure of Nd2ScNbO7.

APPENDIX B: BACKSCATTERING EXPERIMENT AND
ANALYSIS

1. HFBS resolution function

The resolution function for HFBS is asymmetric in energy
[76], as is common for backscattering spectrometers [77].
This is clearly shown by the incoherent elastic scattering
acquired for a vanadium standard sample in the ±11-μeV
configuration shown in Fig. 11. There are a variety of instru-
mental causes for this asymmetry [76], and we account for it
with a phenomenological resolution function that consists of
five Gaussian peaks plus a Lorentzian peak:

R(ω) =
5∑

i=1

G
(
ω,ω0i , Ai, σi

) + L(ω,ω0, A0, �0). (B1)

This function is normalized so
∫

R(ω)dω = 1. Here the peak
centers ω0i , areas Ai, and widths σi are fitted sequentially: we
started with a single Lorentizan fit, added a Gaussian term
and refit, added another Gaussian and refit, etc. As shown in

TABLE II. Atomic coordinates and isotropic thermal parameters
for Nd2Sc0.974(12)Nb1.026(12)O7 at 293 K.

Wyck. Occ. x y z B

Nd1 16d 1 1/2 1/2 1/2 1.45(3)
Sc1 16c 0.49(1) 0 0 0 1.64(6)
Nb1 16c 0.51(1) 0 0 0 1.64(6)
O1 48 f 1 0.3289(6) 1/8 1/8 1.8(2)
O2 8b 1 3/8 3/8 3/8 0.9(4)
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FIG. 11. HFBS scattering from a vanadium standard sample,
showing an asymmetric line shape and our phenomenological fitted
resolution function. (a), (b) Show different views of the same data.

Fig. 11, this provides a very good reproduction of the line
shape. This normalized line shape is used to fit all the hyper-
fine HFBS data in this paper, via convolution with models for
the intrinsic physical spectrum.

2. Hyperfine excitation model

The neutron cross section of powder-averaged nuclear hy-
perfine excitations is

( d2σ

d	 dE

)±
= 1

3

k f

ki
e−2W (Q)

∑
i

ρiIi(Ii + 1)

× σi

4π

[ ∑
j

p j (T )δ
(
�M j

i
− �M j+1

i
− h̄ω

)

+
∑

j

p j+1(T )δ
(
�M j+1

i
− �M j

i
− h̄ω

)]
.

(B2)

Here ± is positive- and negative-energy transfer, �M j are
the hyperfine splitting energies, σi is the Nd incoherent scat-
tering cross section, I is the nuclear spin state, e−2W (Q) is
the Debye-Waller factor, and ki and k f are the incident and
scattered neutron wave vectors. The sum i is over isotopes
with their relative abundance ρi [54], and the sum j is over
all energies. In this analysis, we approximate k f

ki
≈ 1 because

of the small energy transfers and e−2W (Q) ≈ 1 because of the
low temperatures. The negative- (positive-) energy transfer
scattering is suppressed (enhanced) by the Boltzmann weight
p(T ) = e∓β�

e−β�+eβ� .
The measured hyperfine peaks are broader than the res-

olution width defined above. We account for this with a
Gaussian (which we use to model a random distribution of
static moments) convolved with a Lorentzian (which we use to
model finite lifetime of the excited nuclear hyperfine states),
convoluted again with the resolution function. We apply the
Boltzmann factor to the Gaussian distribution prior to con-
volution because the nuclear states with large splitting will
experience more thermal depopulation than those with smaller

splitting (the effect of this is to suppress the negative-energy
tail of the −h̄ω Gaussian and to enhance the positive-energy
tail of the +h̄ω Gaussian).

The two stable isotopes of Nd with nuclear spin are 143 and
145, with relative abundances 12.2% and 8.3%, respectively,
and both with I = 7

2 . Thus, the equation used for fitting in
Fig. 5 is( d2σ

d	 dE

)±
= 1

3

[
7

2

(
7

2
+ 1

)]

×
(

0.122
σ143

4π

∑
j

C
(
G, L,�M j

143
− h̄ω, T

)

+ 0.083
σ154

4π

∑
j

C
(
G, L,�M j

145
− h̄ω, T

))
,

(B3)

where C(G, L,�M − h̄ω) is the convoluted broadening de-
fined by a Gaussian width G and a Lorentzian width L with
the Boltzmann weight defined by temperature T .

In fitting this model, we were also able to fit the ef-
fective temperature using the Boltzmann factor. Curiously,
the lowest-temperature data (which had a sample thermome-
ter reading of T = 0.048 K) gave a fitted temperature of
T = 0.14(2) K. The difference is at least partially due to
beam heating. Our previous measurements of Nd3Sb3Mg2O14

(which, in total, had 1.3 times more absorption cross section
in the beam) showed a Boltzmann fitted temperature of T =
0.10(3) K for a sample thermometer reading of 45 mK [52].

APPENDIX C: NUCLEAR SCHOTTKY ANOMALY AND
THE ORDERED MOMENT

The equation for a nuclear Schottky anomaly is

C = 1

ZkBT 2

[ ∑
i

E2
i e

−Ei
kBT − 1

Z

( ∑
i

Eie
−Ei
kBT

)2
]

(C1)

[78]. Here Ei are the levels of the nuclear spin states, which
are determined by the hyperfine nuclear spin Hamiltonian

H = a′Iz + P
(
I2
z − 1

3 I (I + 1)
)

(C2)

[see Eq. (1) in Ref. [46]], where a′ = a〈Jz〉, 〈Jz〉 being the
expectation value of the effective electronic spin J , and P is a
constant defining the hyperfine quadrupole coupling strength
and the electronic quadrupole moment. For Nd3+, the hyper-
fine quadrupole coupling strength is three orders of magnitude
weaker than the dipole coupling [46,79]. Our CEF calcula-
tions indicate a potentially large static electric quadrupole
order in the ground-state doublet 〈+|O0

2|+〉/[J (2J − 1)] =
0.958 (here O0

2 is the quadrupole Stevens operator [80] and J
is the total Nd3+ spin). Even assuming a completely saturated
quadrupole moment, the quadrupolar hyperfine level splitting
only varies by ≈1% relative to the dipole-only hyperfine split-
ting (0.014 μeV assuming the constants in Ref. [46] or 0.024
μeV assuming the constants in Ref. [79], two orders of mag-
nitude smaller than the observed splitting). Thus, although
we include it in our fits, the quadrupolar hyperfine coupling
is negligible and the heat capacity is primarily from dipolar
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hyperfine effects. (These values also confirm that the inelastic
neutron hyperfine peak broadening cannot be explained by
Nd3+ quadrupolar order.) In passing, we note that it is also
possible for nuclear levels to be split by crystal electric fields,
but the nuclear quadrupole moment is small for Nd, and these
effects tend to be <0.1 μeV for Nd [81]; therefore, we do not
consider these effects in our analysis.

The high-temperature limit of Eq. (C1) is C ∝ 1
T 2 . If the

ordered magnetic moment size varies from site to site but is
the same ion, the high-temperature tail of the nuclear Schottky
anomaly gives the root-mean-squared ordered moment. This
can be demonstrated with a sum over all sites indexed by k in
the high-temperature limit:

Cnet ∝
∑

k

E2
k

T 2
∝

∑
k

〈
J2

zk

〉
T 2

=
〈
J2

znet

〉
T 2

(C3)

and thus

Jznet =
√∑

k

〈
J2

zk

〉
. (C4)

However, this approximation is only valid in the high-
temperature limit. As one nears the Schottky peak, this
approximation breaks down. If the distribution is very broad,
the peak height itself will be suppressed. In practice, the
ordered moment fitted from the upturn will be in-between the
mean and RMS moment.

We finally note that there is an intrinsic disorder associated
with the different nuclear spins of the seven different isotopes
of Nd, which could play a role in the low-temperature elec-
tronic magnetism. Experiments on nuclear spin free isotopic
samples would be of interest to look into this.

APPENDIX D: HEAT-CAPACITY MEASUREMENTS

Heat-capacity data were acquired using a Quantum Design
PPMS with the semiadiabatic relaxation method, wherein the
time-dependent thermal response T (t ) of the sample stage
to a heat pulse applied to it is monitored. With knowledge
of the thermal conduction between the sample stage and the
thermal reservoir the specific heat of the sample is determined
from a fit to T (t ) [82]. We applied sufficient heat to achieve
a 3% temperature rise at each temperature (i.e., the 95-mK
data point had a ∼3 mK temperature rise). We let the tem-
perature equilibrate between each data point until the sample
temperature was stable to within 3% of the temperature rise
over the measurement time for three consecutive measure-
ments [equilibration at each point was at least three times the
measurement time (see Fig. 12)].

1. Temperature calibration

Whenever one observes an unusual experimental signal (as
we have in this paper), it is always important to consider errors
in the measurement technique. If temperature calibration were
off by 100% at 100 mK (showing 100 mK when the sample
is really at 200 mK), this positive γ term would disappear.
However, we consider this to be unlikely for four reasons:
(a) The transition temperature TN = 370(10) mK measured
from heat capacity is in agreement with TN = 371(2) mK

FIG. 12. (a) Measurement and equilibration times for the heat-
capacity measurements of Nd2ScNbO7. The lowest-temperature data
points had a measurement time of ∼1 h and equilibration times of
several hours. (b) Three lowest heat-capacity temperatures measured,
showing the small spread in measured heat capacity and temperature
for each data point. (c) Uncertainty σnet for heat capacity, as com-
puted with Eq. (D2).

from neutron diffraction, suggesting that the low-temperature
calibration is correct to within 10 mK at 300 mK. (b) The
compound measured immediately prior to this on the same
PPMS was Nd3Sb3Mg2O14, which gave a Schottky anomaly
upturn beautifully consistent with the ordered moment from
neutron measurements [52], indicating good calibration. The
same equipment and calibration was used here. (c) Sample
coupling, the measure of the exponential nature of the semia-
diabatic heating and cooling curves on a PPMS, is >95% for
the entire temperature range, indicating excellent exponential-
like heating and cooling behavior and reliable heat-capacity
values. (d) The same low-temperature density of states was
observed in Nd2Zr2O7 heat capacity (which was measured
with a completely different experimental setup), suggesting
an intrinsic behavior to Nd3+ pyrochlores. Therefore, we con-
sider the positive offset in C/T to be reliable experimental
results subject to the statistical error bars quoted.

2. Uncertainty

We measured heat capacity at each temperature three
times, and this repetition revealed good temperature stability
and very reproducible values for every temperature measured
[Fig. 12(b)]. We combined the three data points by taking the
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FIG. 13. Heat capacity of Nd2ScNbO7 compared to the silver
powder it was mixed with. The difference in heat capacity is well
over three orders of magnitude.

mean of heat capacity and temperature. Uncertainty in heat
capacity for each data point was computed as the standard
error of the mean of the three data points σstd/

√
n added

in quadrature to the standard error of the weighted mean
(
∑

i σ
−2
i )−1/2 (this is to account for both the uncertainties

generated by the PPMS fitting routine values plus the spread
of data points) so that uncertainty is

σ =

√√√√σ 2
std

3
+

(
3∑
i

σ−2
i

)− 1
2

. (D1)

Here σstd is the standard deviation of the three data points, and
σi are the uncertainties of the individual data points (which
come from covariance matrix of the exponential fits). Un-
certainty in temperature was computed as the standard error
of the mean of the three averaged points. For every temper-
ature the uncertainties are quite small: σT < 0.25 mK and
σc < 0.3% below 1 K. Error bars are always smaller than the
data-point markers in the main text, and these uncertainties
are used to define the χ2 of the different fitted models.

The fitting algorithm used for heat-capacity models
(Scipy’s “curve_fit” [83], which uses a least-squares method)
does not account for uncertainty in the x axis (in this case
temperature), so we converted σT to σC by multiplying the
uncertainty in temperature σT by the slope of the data at that
point si. We then added it in quadrature to the heat-capacity
uncertainty:

σnet i =
√

σC
2
i + (σT isi )2. (D2)

These σnet, plotted in Fig. 12(c), were used in defining χ2 for
the fits.

3. Silver subtraction

For the heat-capacity measurement, Nd2ScNbO7 was
mixed with silver powder with a 1:1 mass ratio, and then the
contribution from silver was subtracted from the data post
facto. Because the heat capacity of silver is so small below
1 K (three orders of magnitude below Nd2ScNbO7) the effect
of this subtraction is very slight as shown in Fig. 13. This
figure also shows the Sommerfeld coefficient of silver to be

TABLE III. Best-fit parameters for Eq. (3).

χ 2 A � (meV) c (m/s) μ (μB)

3896 0.40(12) 0.00(0) 24.2(1.3) 1.72(8)

γ = 7.1(2) × 10−4 J
mol K2 , which is far too small to account

for the large C/T offset in low-temperature Nd2ScNbO7 heat
capacity.

APPENDIX E: HEAT-CAPACITY FITS

1. Models

As noted in the main text, we fit the heat capacity using
three different models. In this section we list the best-fit pa-
rameters for each model.

a. Dispersive magnons + flat band

This model is given in Eq. (3) in the main text

C = A Cflat + Cld (�, c) + CSchottky(μ),

which includes a a flat-band excitation [Eq. (2), with h̄ω0 =
0.07 meV] plus a gapped linear dispersive spin-wave mode
plus a nuclear Schottky anomaly. The calculation for the lin-
ear dispersive mode heat capacity Cld (�, c) with spin-wave
velocity c is based off Ref. [52]. Because we do not know
the precise spin-wave spectrum of Nd2ScNbO7, we allow the
relative contributions of the flat band and the spin-wave mode
to be fitted parameters. (This is equivalent to fitting the phonon
specific heat to the sum of an Einstein mode and a Debye
spectrum.) The best-fit parameters and reduced χ2 are given
in Table III.

b. Power law + flat band

This model is given in Eq. (4) in the main text:

C = A Cflat + B T n + CSchottky(μ),

which includes a flat-band excitation plus a spin-wave mode
with an arbitrary power plus a nuclear Schottky anomaly.
The best-fit parameters are given in Table IV. The weight on
the flat-band excitation converged to zero. This indicates that
this fit is not very reliable because neutron scattering clearly
shows the flat band to be quite intense (at least 17% of the
measured spectral weight) and not a tiny contribution like the
fit indicates.

c. Dispersive magnons + linear term

This model is given in Eq. (5) in the main text

C = A Cflat + Cld (� = 0, c) + γ T + CSchottky(μ)

TABLE IV. Best-fit parameters for Eq. (4).

χ 2 A B n μ (μB)

140 0.00(4) 49(3) 2.13(3) 1.32(3)
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TABLE V. Best-fit parameters for Eq. (5).

χ 2 A c (m/s) γ μ (μB)

7.58 0.072(7) 26.62(11) 3.23(4) 1.130(8)

which includes a flat band plus gapless spin-wave mode plus
a nuclear Schottky anomaly. The best-fit parameters are given
in Table V.

We also tried this fit allowing the gap � to be nonzero,
but the value converged to zero every time. Thus, we took it
out of the fit and set � = 0 so that the number of parameters
matched Eq. (2).

d. Dispersive magnons + T 3/2 term

It was theoretically predicted in Ref. [13] that a magnet-
ically ordered pyrochlore can have spinon excitations which
produce a T 3/2 power-law dependence in heat capacity. To test
this, we fitted the model in Eq. (6) two ways: once allowing
� to be a free-fitted parameter, and once fixing � = 0 [to
keep the same number of fitted parameters as Eq. (3)]. The
results are plotted in Fig. 14 and the best fit parameters are in
Table VI. This model fits as well as the linear term model,

FIG. 14. Low-temperature heat capacity of Nd2ScNbO7 fitted to
(a) a model including a linear term, (b) a model including a T 3/2 con-
tribution from spinons and a gapped magnon mode, and (c) a model
including a T 3/2 contribution and a gapless (� = 0) magnon mode.
All models match the data well, but as revealed by χ2 comparisons,
the gapped magon with T 3/2 heat capacity matches the best.

TABLE VI. Best-fit parameters for Eq. (6). The first top row
gives the best-fit parameters for when the magnon gap was a fitted
parameter, and the bottom row gives the best-fit parameters for gap-
less magnons.

χ 2 A � c (m/s) B μ (μB)

7.57 0.077(4) 0.070(16) 27.9(8) 12.7(18) 1.178(8)
12.47 0.02(1) 0.0 28.5(18) 10.2(16) 1.216(9)

suggesting that the anomalous low-energy density of states
could be due to the C ∝ T 3/2 spinon excitations considered in
Ref. [13]. This model also predicts a magnon gap of 0.07 meV,
which is almost exactly the energy of the flat band, suggest-
ing that this model could be a better reflection of the actual
magnon behavior in Nd2ScNbO7.

2. Varying maximum fitted temperature

The range of data fitted for each different model was T <

0.33 K. This temperature was chosen because it is the highest
temperature at which the heat capacity exhibits roughly T 3

behavior. If we decrease the highest fitted temperature, the
fits give the same general results: the model including only
dispersive magnons plus a flat band fits the data poorly, a
power law fits the data better, and a model including a linear
heat capacity term fits the data best.

Figure 15 illustrates this by plotting reduced χ2 as a func-
tion of maximum fitted T . Any reasonable maximum fitted
T still causes the linear term model to fit the data best by
over an order of magnitude. Curiously, the fitted temperature
range makes almost no difference for the fitted values for
the linear term model, as demonstrated in Fig 15(d). Thus,
the main conclusions of this paper are independent on which
temperature range is chosen for a fit.

APPENDIX F: MONTE CARLO CHARGE-ICE
SIMULATIONS

We performed Monte Carlo (MC) simulations with a large
box of 6 × 6 × 6 pyrochlore unit cells, allowing the Nb and
Sc sites to flip from one to another. Charge-ice correlations
were simulated by assigning an energy −J to every Nb-Sc
pair on a tetrahedron and +J to every Nb-Nb or Sc-Sc pair
on a tetrahedron. This led to a two-Nd two-Sc tetrahedron
having an energy −2J , a three-Nd one-Sc or three-Sc one-Nd
tetrahedron having an energy of 0J , and a four-Nd or four-Sc
tetrahedron having an energy +6J . The lowest-energy state is
a “charge ice,” with two Nd and two Sc on each tetrahedron,
but simulations at finite MC temperature will deviate from
this. We used a Metropolis algorithm to calculate the relative
frequency of the 13 symmetry-unique local environments as
a function of temperature, sweeping through the lattice four
times between measuring and taking 250 samples at each
temperature. The percentage of sites with D3 symmetry as a
function of MC temperature is shown in Fig. 16, and the code
for these MC simulations can be found in the Supplemental
Material [84].

We then calculated a point-charge model using PYCRYS-
TALFIELD [64] for every symmetry-unique ring around the Nd
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FIG. 15. (a) Reduced χ 2 for the three models as a function of maximum fitted temperature. (b) Dispersive magnon model fits (solid lines)
compared with data. The shade of the line indicates the maximum fitted temperature, which is indicated by the shade of the data marker.
(c) Power-law model fits (solid lines) compared with data. (c) Linear term model fits (solid lines) compared with data.

sites (there are 26 configurations but only 13 symmetry-unique
rings). The point-charge model is an approximation, but it is
usually close enough to give a qualitative picture of the CEF
Hamiltonian [85,86]. To account for the different charges of
the Nd and Sc sites, we used different effective charges for
each and assumed that the O2− ligands shift towards the Nb5+

by 3% as compared to Sc3+. To constrain the model to fit
better with the observed CEF transitions in Ref. [34], we fit

FIG. 16. The left panel shows the percentage of Nd sites with
D3 symmetry as a function of MC temperature. 14% of sites have
D3 symmetry at approximately T/J = 1. (The low-temperature jump
is a finite-size effect and varies as the system size is changed.) The
right panel shows the relative populations of the 13 symmetry-unique
environments for Nd in Nd2ScNbO7 where the orange dots are Sc and
the blue-green dots are Nb.

the effective charges in the point-charge model to minimize
the difference between eigenvalues of the D3-symmetric sites
and the observed transitions in Ref. [34]. This fit yielded
effective charges of −0.77e and −2.32e on the two symmetry-
independent O sites, 2.71e on the Sc site, and 6.39e on the Nb
site. We then used these effective charges to simulate the CEF
Hamiltonian of all 13 symmetry-unique ligand environments
for Nd3+, as shown in Fig. 9.

To test the correspondence to the experimental data, we
calculated the hyperfine spectrum and nuclear Schottky heat
capacity, as shown in Fig. 17. This shows a mostly bimodal

FIG. 17. Calculated hyperfine spectrum (a) and heat capacity
(b) from the CEF disorder point-charge model. The CEF spectrum
predicts some sites to have much larger static moments than is
observed, and the distribution is not nearly as continuous as in
experiment. Heat capacity also shows the CEF model overestimates
the mean ordered moment.
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distribution of static moments in the hyperfine spectrum,
which is not true of the actual data. We also (unsurprisingly)
see that the nuclear Schottky anomaly onset is at a much
higher temperature than experiment. These discrepancies are
partially due to the simplistic assumptions we have made
in modeling the moments with a point-charge model, and
partially due to intersite exchange which affect the static mo-
ments size, either singlet formation or collective fluctuations.

APPENDIX G: CALCULATED Nd2Zr2O7 HEAT CAPACITY

We calculated heat capacity by simulating the Nd2Zr2O7

spin-wave spectrum from the Hamiltonian in Ref. [32] using
the SPINW software package [87]. We simulated the spin-wave
spectrum over the reciprocal space range 0 < h < 1 RLU ,
0 < k < 1 RLU , and 0 < l < 1 RLU , and then calculated
heat capacity following Ref. [88] as

Cv = β2
∑

k

∑
α

[ηα (k)nB(ηα (k))]2 exp[βηα (k)], (G1)

where nB(ηα (k)) is the Bose factor. We then divided the
calculated heat capacity by the number of spin-wave modes
to get heat capacity per Yb ion, and then divided again by
six because there are six symmetry-related regions in the box
chosen. (This is a computationally expedient alternative to
summing over only the first Broullin zone, but is formally
equivalent.) The results are plotted as the red line in Fig. 7,
and capture the higher-temperature non-T 3 behavior well.

Figure 7 shows data from four compounds: Nd2ScNbO7,
Nd2Zr2O7 [47], Nd3Sb3Mg2O14 [61] (not a pyrochlore but
a derivative of the pyrochlore lattice sharing many of its
features), and Nd2Sn2O7 [47]. The light blue line shows the
raw data, and the dark blue line shows the data with a phe-
nomenological Schottky anomaly subtracted based on a fitted
power law T n for electronic heat capacity. The latter two
(Nd3Sb3Mg2O14 and Nd2Sn2O7) are conventional ordered
magnets, showing T 3 heat capacity from linear dispersive spin
waves. Slight negative offsets (y-intercept < 0) indicate small
spin-wave gaps of 35(1) μeV and 101(7) μeV, respectively.
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