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We present present a quantitative experimental investigation of the scalar chiral magnetic order
with in Nd3Sb3Mg2O14. Static magnetization reveals a net ferromagnetic ground state, and inelastic
neutron scattering from the hyperfine coupled nuclear spin reveals a local ordered moment of 1.76(6)
µB , just 61(2)% of the saturated moment size. The experiments exclude static disorder as the
source of the reduced moment. A 38(1) µeV gap in the magnetic excitation spectrum inferred from
heat capacity rules out thermal fluctuations and suggests a multipolar explanation for the moment
reduction. We compare Nd3Sb3Mg2O14 to Nd pyrochlores and show that Nd2Zr2O7 is in a spin
fragmented state using nuclear Schottky heat capacity.

I. INTRODUCTION

A new family of rare earth kagome compounds
RE3Sb3A2O14 (RE = rare earth, A = Mg, Zn) has
recently been discovered1–5. These materials, some-
times called "tripod kagome", host a variety of magnetic
phases, including topological scalar chiral order5, emer-
gent charge order6, quantum spin fragmentation7, and
a quantum spin liquid phase8. To date, the magnetic
structures of three of these compounds (Nd3Sb3Mg2O14,
Dy3Sb3Mg2O14, and Ho3Sb3Mg2O14) have been de-
termined by powder neutron diffraction5–7 and found
to share two characteristics: an average all-in-all-out
(AIAO) order (where the ordered spins point into or out
of a triangle center) with a net ferromagnetic moment
along the c axis, and an ordered magnetic moment sig-
nificantly below the saturated moment expected for the
magnetic ion. The ferromagnetic AIAO order is inter-
esting because it indicates a net scalar chirality (where
the scalar triple product of three spins around a tri-
angle S1 · (S2 × S3) 6= 0) and topologically protected
magnon edge states9–11. The reduced ordered moment,
meanwhile, seems to indicate a disordered or fluctuating
ground state. In Dy3Sb3Mg2O14 and Ho3Sb3Mg2O14 it
has been proposed, based on elastic diffuse neutron scat-
tering, that the reduced moment results primarily from
static spin disorder in an emergent magnetic charge or-
dered two-in-one-out two-out-one-in state6,7.

In this paper we (i) use low temperature static mag-
netization to explicitly show there is a net ferromag-
netic component of the magnetic order in Nd3Sb3Mg2O14

as previously inferred from neutron diffraction. (ii)
Through neutron measurements of nuclear hyperfine
splitting, we show there is a uniform 40% reduction of
the ordered moment per site relative to the saturation
moment. (iii) We show there is a 40 µeV gap in the mag-
netic excitation spectrum through analysis of the low T

specific heat. These results lead to a broader discussion
of reasons behind and methods to detect moment reduc-
tion in frustrated rare earth based magnets.

II. EXPERIMENTS

Magnetization: We measured low temperature mag-
netization of 0.1 mg loose powder Nd3Sb3Mg2O14 using
a custom-built SQUID magnetometer. The loose powder
was mixed with silver paste and attached to silver foil
to ensure good thermal connection. We measured static
magnetization as a function of temperature from 40 mK
to 2.2 K at 5 Oe twice: once starting from a field-cooled
(FC) and again from a zero-field-cooled (ZFC) state. The
data is shown in Fig. 1. The low temperature SQUID
magnetometer only measures relative magnetization, so
we normalized the data to units of µB/Nd by scaling the
low temperature SQUID data from 1.8 K to 2.2 K to
match magnetization data taken on an MPMS (31.3 mg,
no silver powder, 800 Oe)12.
Neutron Scattering: We measured neutron scattering

on 20.3 g loose powder Nd3Sb3Mg2O14 using the HFBS
backscattering spectrometer at the NCNR. The sample
was sealed under 10 bar helium in a copper can that was
attached to the mixing chamber of a dilution refrigerator.
We measured at a bandwidth of ±36 µeV and an elastic
full width at half maximum energy resolution of 1.04 µeV
at 50 mK for 21.5 hours, 700 mK for 4 hours, and at 4.5
K for 2 hours. To more accurately measure the hyperfine
excitations, we switched to the ±11µeV mode (0.79 µeV
resolution), measuring for six hours at base temperature,
two hours at 300 mK, and for two hours at 700 mK. The
data measured in the ±11µeV mode are shown in Fig. 2.
The ±36µeV data (in which no spin waves are visible) is
given in the supplemental information13.

The high energy resolution of the HFBS spectrome-
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Figure 1. Low temperature powder-averaged magnetization
of Nd3Sb3Mg2O14. Measurements were taken upon heating
from a field-cooled (green) and zero-field-cooled (blue) state.
The splitting of these two curves indicates a ferromagnetic
ground state.

ter allows detection of nuclear spin flip excitations in
the hyperfine enhanced field associated with the 4f elec-
tronic dipole moments. The corresponding scattering
cross section takes the form of a low-energy peak at
the nuclear spin flip energy with an intensity that is Q-
independent (except for the Debye Waller factor). This
scattering is distinguished from magnetic inelastic scat-
tering which is typically dispersive with an intensity that
follows the electronic magnetic form factor14,15. Nd has
two isotopes with nuclear moments: 12.2% Nd143 (inco-
herent cross section σi = 55(7) barn) and 8.29% Nd145

(σi = 5(5) barn), both with nuclear spin I = 9/2. When
Nd3Sb3Mg2O14 orders below 540 mK, the nuclear spin
levels will be split, and we expect to see nuclear hyper-
fine excitations.

The neutron cross section of powder-averaged nuclear
hyperfine excitations is( d2σ

dΩdE

)±
=

1

3

kf
ki
e−2W (Q)I(I + 1)

σi
4π
δ(∆M − E), (1)

where ± refers to positive and negative energy transfer,
∆M is the hyperfine splitting energy, σi is the incoher-
ent scattering cross section for the magnetic ion, I is
the nuclear spin state, 2W (Q) = 〈u2〉Q2 and 〈u2〉 is the
mean squared displacement of the nucleus, ki and kf are
the incident and scattered neutron wave vectors, and the
horizontal bar indicates an isotope average16. For Nd,
I(I + 1) σi

4π = 8.98 barn. Using eq. 1, we were able to de-
termine the energies of the nuclear hyperfine excitations
and use the hyperfine integrated intensity to convert the
data to absolute units.

III. RESULTS

Magnetization: The bifurcation between the FC and
ZFC magnetization measurements in Fig. 1 clearly indi-
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Figure 2. Hyperfine nuclear excitations in Nd3Sb3Mg2O14

measured by neutron scattering at 0.1 K, 0.3 K, and 0.7 K.
These data are the sum over all detectors (0.25 Å−1 to 1.75
Å−1). Each nuclear excitation peak is slightly wider than the
resolution width as shown in panel (a). The energy of the ex-
citation peaks indicate the size of the ordered electronic mag-
netic moment. There is an unknown temperature independent
offset of the measured intensity from zero arising from back-
ground contributions to the detector count rate. Error bars
represent one standard deviation.

cate a ferromagnetic transition at Tc = 0.54 K. When
a ferromagnet orders in zero field, the domains form
with random orientations resulting in a net zero mag-
netization. When cooled in field, the ferromagnetic
domains preferentially order along the field direction,
giving a non-zero magnetization. Thus, a key signa-
ture of a ferromagnetic material is a difference between
the field-cooled and zero-field-cooled magnetization—
precisely what we observe in Nd3Sb3Mg2O14. In the
ZFC data, the normalized magnetization dips slightly
below zero. This negative value can be neglected, as
it is within the systematic error bars for in the normal-
ization to MPMS data (which can have have nonlinear
effects below 0.5 K). Therefore, we confirm the predic-
tion from previous neutron scattering work5 that the
canted antiferromagnetic order of Nd3Sb3Mg2O14 has a
net ferromagnetism.Dy3Sb3Mg2O14 and Ho3Sb3Mg2O14

have also been inferred to have a ferromagnetic moment
based on analysis of the antiferromagnetic diffraction6,7.
Hyperfine Excitations: The neutron scattering results

in Fig. 2 show the appearance of finite energy nuclear
spin flip excitations below Tc. The nuclear hyperfine cou-
pling is too weak to influence the spin dynamics in this
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Table I. Low temperature ordered moment of Nd3Sb3Mg2O14

measured by neutron diffraction, hyperfine excitations, nu-
clear Schottky anomaly, and calculated the CEF Hamiltonian.
The experimental values agree with each other, but not the
theoretical value.

Neutron Hyperfine Nuclear CEF
diffraction excitations Schottky Theory
1.79(5) µB 1.76(6) µB 1.73(4) µB 2.89 µB

system, but it can be used to calculate the local electronic
ordered moment. To extract precise values for the ener-
gies, we fit the data with Gaussian peaks weighted by a
population factor e±βh̄ω/2/(e−βh̄ω/2 + eβh̄ω/2) as shown
in Fig. 2. (The temperature was treated as a fitted pa-
rameter for the lowest temperature data in Fig. 2(a),
giving a value of 0.10(3) K. For higher temperature data,
T was determined by resistive thermometry.) The 0.1 K
data shows an excitation energy of 2.20(3) µeV, and the
0.3 K data shows an excitation energy of 2.13(3) µeV.
At 0.7 K no nuclear hyperfine excitations are visible, in-
dicating no static electronic moment. Using the empiri-
cal relation (extracted from multiple neutron diffraction
and hyperfine experiments on Nd-based magnetic materi-
als) between Nd nuclear hyperfine energies ∆E and static
magnetic moment µ in ref17,

∆E = µ× (1.25± 0.04)
µeV

µB
, (2)

we calculate a mean ordered Nd moment of 1.76(6) µB

at 0.1 K, and 1.70(6) µB at 0.3 K. The hyperfine peaks
are slightly wider than the central elastic peak: FWHM
= 1.131(6) µeV (inelastic 0.1 K) and FWHM = 1.178(7)
µeV (inelastic 0.3 K) vs FWHM = 0.9059(1) µeV (cen-
tral elastic). This evidences either a finite relaxation
rate or a distribution of ordered moments in the sam-
ple: ±0.19(2) µB at 0.1 K, ±0.23(3) µB at 0.3 K or (see
the supplemental materials for details13).

It is worth emphasizing that these nuclear hyperfine
measurements are local probes of the Nd magnetism: the
hyperfine excitation energy is proportional only to mo-
ment size and is independent of the number of atoms
involved. In contrast, magnetization and neutron diffrac-
tion are extensive quantities that vary in proportion to
the sample mass. Although there is a small distribution
of ordered moments (from 1.99µB to 1.53µB) the order is
nearly homogeneous with all spins between 1/2 and 2/3
the expected ordered moment.

The mean hyperfine ordered magnetic moment agrees
to within the experimental uncertainty with the ordered
moment measured by neutron diffraction: 1.79(5) µB

5.
As shown in Table I, the measurements of the ordered
moment are 38% less than the theoretical ordered mo-
ment for Nd3Sb3Mg2O14 calculated from the crystal elec-
tric field (CEF) Hamiltonian: 2.89 µB

18 (which fully
takes into account atomic scale anisotropies and quan-
tum effects).

This remarkable agreement between a local probe (hy-
perfine excitations) and a bulk probe (neutron scatter-
ing) of the ordered moment means that the moment
reduction cannot arise from any static disorder, as in
Dy3Sb3Mg2O14. And yet the measured ordered moment
is only 2/3 the saturation moment for the Kramers dou-
blet. This indicates an ordered state that incorporates
rather strong quantum fluctuations as might be expected
for a frustrated spin system in two dimensions, poten-
tially involving higher-order magnetic order that is invis-
ible to neutrons and hyperfine coupling like in ref.19 (e.g.,
order in the octupolar level).
Heat Capacity Fits: The point group symmetry for

Nd3+ in Nd3Sb3Mg2O14 is 2/m corresponding to a ligand
environment with a strong easy-axis character18. Absent
an accidental degeneracy, it would be surprising if gapless
spin excitations existed in Nd3Sb3Mg2O14 which produce
the reduced ordered moment.

We can determine the spin excitation gap by fitting
the low temperature heat capacity from ref.5 assuming a
gapped bosonic (spin-wave) spectrum:

U =
v0

(2π)3
4π

∫
ε(q)

1

eε(q)/kbT − 1
q2dq. (3)

Here ε(q) =
√

∆2 + (cq)2 is the spin-wave dispersion
with velocity c and gap ∆, and heat capacity is com-
puted as C = ∂U

∂T . We solved these equations numer-
ically, added a Nd nuclear Schottky anomaly20 so that
Ctot = Celectronic + Cnuclear, and fit the resulting Ctot
to the data. The fits are shown in Fig. 3 (details are
given in the supplemental information13). The fitted gap
is ∆ = 38±1.4µeV, which is consistent with the absence
of magnetic excitations in the neutron scattering data
within a bandwidth of ±36µeV. There is in fact evidence
for this gap even in the higher temperature heat capacity
data from the x intercept in a plot of C/T vs T 2 plot [see
Fig. 3(c)]. Specifically,

∆ =

(√
8

5
πkB

)
√
xi. (4)

where xi is the x intercept of a high temperature lin-
ear extrapolation in K2 and ∆ is the gap in meV. (The
derivation is given in the supplemental information13.)
This relation and holds for bosonic quasiparticles with
a dispersion relation that can be approximated by the
relativistic form, and allows for determination of a gap
from data above the gap temperature scale.

The fitted spin wave velocity is c = 46.31 ± 0.08 m/s,
and a fitted ordered moment is 1.73 ± 0.04 µB. This
ordered moment agrees to within uncertainty with the
neutron values in Table I and again indicates a signifi-
cant moment reduction. The existence of this gap means
that the reduced ordered moment cannot be from low-
lying spin wave states, because they would be depopu-
lated at the lowest temperatures. A possible explanation
for the reduced ordered magnetic moment is spin order in
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Figure 3. Low temperature heat capacity of Nd3Sb3Mg2O14

fitted to a gapped spin wave spectrum. (a) Heat capacity from
ref.5 with fit based on eq. 3 plus a nuclear Schottky anomaly.
(b) Best fit χ2 as a function of gap energy, showing a minimum
at 38(1) µeV. (c) Data with the fitted nuclear Schottky term
subtracted, revealing high temperature T 3 behavior with the
x intercept determined by the gap size. (d) Gap size plotted
against extrapolated x intercept from panel (c), revealing a
perfect square root relationship.

a rotated basis involving higher multipoles, as was calcu-
lated for Nd2Zr2O7

19, as neutron scattering and hyper-
fine splitting are both only sensitive to the ordered dipole
moment (see supplemental materials for details13, which
includes refs.21–24).

IV. DISCUSSION

The tripod kagome compounds may be described as 2D
versions of pyrochlores compounds. Theory suggests3,
and experiments confirm that they often exhibit simi-
lar magnetic properties of their pyrochlore parents. For
example, Dy3Sb3Mg2O14 and Ho3Sb3Mg2O14 both ex-
hibit kagome-ice magnetic ground states6,7, like 2D ver-
sions of classical spin ices Dy2Ti2O7 and Ho2Ti2O7

25.
The same correspondence exists for Nd3Sb3Mg2O14: the
Nd3+ pyrochlore compounds Nd2Sn2O7, Nd2Hf2O7, and
Nd2Zr2O7 all show AIAO magnetic order with strongly
reduced magnetic ordered moments26–31.

The similarity is particular striking between the tri-
pod kagome system Nd3Sb3Mg2O14 and the pyrochlore
Nd2Sn2O7, which has a local ordered moment of 1.7
µB/Nd (measured by both nuclear hyperfine and neutron
diffraction)28. Meanwhile, the pyrochlores Nd2Hf2O7

and Nd2Zr2O7 show more dramatically reduced mo-

ments: 0.62(1) µB/Nd26 for Nd2Hf2O7 and 0.80(5)
µB/Nd30,31 or 1.26(2) µB/Nd32 (depending on the sam-
ple used) for Nd2Zr2O7. This massive reduction suggests
an additional mechanism behind the moment reduction
in Nd2Hf2O7 and Nd2Zr2O7.

Petit et al. have suggested that Nd2Zr2O7 is a
"fragmented" spin ice31: wherein emergent magnetic
monopoles order in a long range pattern, forming a three-
in-one-out three-out-one-in order on teach tetrahedra.
This creates an average AIAO order with a 50% reduced
net magnetic moment33. In this way, a spin is "frag-
mented": part of each spin contributes to a long range
pattern but part contributes to a short-range pattern.
The main evidence for this in Nd2Zr2O7 is a spin-ice like
pinch point neutron spectrum at finite energy. However,
ref.19 showed these experimental features can exist with-
out a fragmented spin-ice state involving ordered octupo-
lar moments. A moment fragmented state would feature
a local ordered moment much larger than the spatial-
average moment measured by neutron diffraction, and
this remains to be demonstrated.

Assuming the moment fragmentation hypothesis is
correct, the mere substitution of Sn for Zr changes
conventional ordered Nd2Sn2O7 to moment frag-
mented Nd2Zr2O7. Given the similarities between
Nd3Sb3Mg2O14 and Nd2Sn2O7, this suggests that if ap-
propriate ions could be substituted, Nd3Sb3Mg2O14 may
be driven to a fragmented, fluctuating ground state.

V. CONCLUSION

In conclusion, we have verified the net ferromagnetic
moment in the ordered phase of Nd3Sb3Mg2O14, con-
firming non-zero scalar chirality and non-zero Berry cur-
vature, leading us to expect topologically protected edge
states. Even so, the data clearly indicate a ferromag-
netic magnetization and therefore a net scalar chirality
from the AIAO structure, leading to the expectation of
topological features9–11. We have also provided unam-
biguous evidence of a local magnetic moment reduced to
less than 2/3 the expected value in Nd3Sb3Mg2O14 by
measuring nuclear hyperfine excitations, which precludes
static disorder as an explanation.

We have also quantified the excitation gap (38 ±
1.4 µeV) using specific heat measurements, showing that
the ordered magnetic moment reduction cannot be from
dynamic spin disorder, leaving the possibility that the
reduced moment is due to order in a rotated basis (possi-
bly on the octupolar level). Comparing Nd3Sb3Mg2O14

to other Nd3+ pyrochlores, we have argued that the
Nd3Sb3Mg2O14 magnetic Hamiltonian is close to a mo-
ment fragmented crystallized monopole state.
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