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Physical properties of the trigonal binary compound Nd2O3
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We have studied the physical properties of Nd2O3 with neutron diffraction, inelastic neutron scattering, heat-
capacity, and magnetic susceptibility measurements. Nd2O3 crystallizes in a trigonal structure with Nd3+ ions
surrounded by cages of seven oxygen anions. The crystal-field spectrum consists of four excitations spanning
the energy range of 3–60 meV. The refined eigenfunctions indicate XY spins in the ab plane. The Curie-Weiss
temperature of θCW = −23.7(1) K was determined from magnetic susceptibility measurements. Heat capacity
measurements show a sharp peak at 550 mK and a broader feature centered near 1.2 K. Neutron diffraction
measurements show that the 550 mK transition corresponds to long-range antiferromagnetic order implying a
frustration index of θCW /TN ≈ 43. These results indicate that Nd2O3 is a structurally and chemically simple
model system for frustration caused by competing interactions with moments with predominant XY anisotropy.
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I. INTRODUCTION

Nd3+-based compounds have recently been the subject of
renewed interest in relation to the so-called “moment frag-
mentation” mechanism [1]. This puzzling phenomenon was
recently put forward in the context of spin ice in which the
magnetic moment can fragment, resulting in a dual ground
state (GS) consisting of a fluctuating spin liquid, a so-called
Coulomb phase, superimposed on a “magnetic monopole”
crystal. Experimentally this fragmentation can be realized in,
e.g., Nd2Zr2O7 [2,3] and Nd2Hf2O7 [4] where it manifests
in neutron diffraction measurements as the superposition of
magnetic Bragg peaks, characteristic of the ordered phase, and
a pinch point pattern, characteristic of the Coulomb phase.
These results highlighted the relevance of the fragmentation
concept to describe the physics of systems that are simultane-
ously ordered and fluctuating, and it opens the possibility to
study new exciting phenomena in frustrated systems.

Additional examples of the aforementioned behavior are
sought by the community. Beyond this, simple examples
which may help establish trends in magnetic properties of
such materials are important. In this regard, Nd2O3 appears
potentially interesting. Indeed, previous characterizations of
Nd2O3 found no magnetic order above 4 K [5,6], with Curie-
Weiss (CW) temperatures in the range of −20 � θCW �
−32 K suggesting that Nd2O3 may be a structurally and
chemically simple model system with significant frustra-
tion and competing interactions. Additionally, Nd2O3 is a
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potentially important magnetic impurity phase in the context
of other more complex Nd-based materials, and a thorough
characterization of the low-temperature physical properties is
thus important.

As shown in Fig. 1(a) , Nd2O3 crystallizes in the trigonal
centrosymmetric space-group P 3̄m1 (164); this space group
is in agreement with the classification made by Pauling [7],
Boldish and White [8], Faucher [9], Boucherle and Schweizer
[10] and, more recently, by Gruber et al. [11] which also
predicts the correct symmetry of the Raman modes. Other
authors assigned to this compound the acentric space-group
P 321 [12] or P 63/mmc [13]. As we describe in greater detail
below, both of these options have been ruled out by our
refinement at T = 2 K which gives the best agreement with
the data set for the trigonal P 3̄m1 space group, having a =
b = 3.83(1), c = 6.00(3) Å, α = β = 90◦, and γ = 120◦
in accord with previous measurements [7–11].

The environment surrounding Nd3+, shown in Fig. 1(a),
has a C3v symmetry, consisting of seven oxygen ions located
at the vertex of a distorted cube along one diagonal. The C3

axis coincides with the c axis, whereas one of the mirror plane
lies perpendicular to the ab planes. Nd ions are arranged on
triangular nets stacked along the c axis. The two shortest
Nd-Nd bonds (3.69 and 3.77 Å) are along the c axis. The
shortest Nd-Nd distance in the plane is somewhat longer than
those out of the plane at 3.83 Å. These three similar bond
distances likely result in competing interactions in addition to
the geometric frustration inherent to the triangular nets of Nd.

The goal of the present paper is to characterize the mag-
netic properties of Nd2O3, particularly at lower temperatures
than have been previously reported. Fits to the magnetic
susceptibility with a Curie-Weiss law find an effective mo-
ment of 3.64(1)μB/ion and a θCW = −23.7(1) K. Inelastic
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FIG. 1. (a) Crystal structure of Nd2O3 with the red spheres
representing Nd sites and the blue spheres representing oxygen
sites. Nd2O3 crystallizes in the trigonal centrosymmetric space-group
P 3̄m1 (164). The environment surrounding the Nd3+ sites consists of
seven oxygen ions located at the vertex of a distorted cube along one
diagonal. The C3 axis coincides with the c axis, whereas one of the
mirror planes lies perpendicular to the ab plane. (b) and (c) Refined
magnetic structures of Nd2O3 showing only the magnetic moments
on the Nd sites. The Rietveld refinement at 280 mK indicates
two potential magnetic structures, both with antiferromagnetically
(AFM) aligned moments in the ab plane and either (b) (− − ++) or
(c) (+ − −+) stacking along the c axis.

neutron scattering measurements reveal a spectrum of four
crystal-field excitations from the ground state doublet to ex-
cited states. We analyze this spectrum to determine the crystal-
field Hamiltonian. The ground state eigenfunction extracted
from this analysis indicates moments with XY anisotropy.
Low temperature heat capacity measurements show a broad
peak centered at 1.2 K and a sharp peak at 550 mK not pre-
viously reported. Neutron diffraction measurements further
reveal that the sharp peak in the heat-capacity data corre-
sponds to the onset of long-range magnetic order at 550 mK
with an ordering wave-vector �k = (1/2 0 1/2). The magnetic
structure determined from the diffraction data is characterized
by moments lying on the trigonal basal plane with an ordered
moment size of 1.87(10)μB [see Figs. 1(b) and 1(c)]. Together
the results presented here indicate that Nd2O3 is a chemically

simple example of a frustrated magnet with moments with a
strong XY anisotropy on a centrosymmetric lattice.

II. EXPERIMENTAL DETAILS

Nd2O3 was obtained from Alfa Aesar (99.997% purity)
and dried in air at 1050 ◦C. Using the same source ma-
terial, pellets of diameters of ≈ 8 mm were prepared by
cold pressing dried powder and sintering in air at 1250 ◦C
for 12 h. These samples were characterized by means of
a Quantum Design physical property measurement system
and a magnetic property measurement system. Specific heat
data were collected using a 3He insert in the temperature
range of 0.4 � T � 10 K with an applied magnetic-field H

of zero and 50 kOe. The magnetization M was measured upon
cooling in H = 10 kOe, and the results are reported as the
magnetic susceptibility χ = M/H .

The crystal-field excitations have been studied using the
SEQUOIA spectrometer at the Spallation Neutron Source at
Oak Ridge National Laboratory [14]. Approximately 5 g of
polycrystalline Nd2O3 was loaded into a cylindrical Al can
and sealed under helium exchange gas. The sample and an
equivalent empty can for background subtraction [15] were
mounted in a sample carousel. Measurements were performed
at 5 and 50 K with incident energies Ei of 25, 75, and 130
meV. Higher energy resolution measurements were performed
on the same sample with the Cold Neutron Chopper Spec-
trometer (CNCS) [16]. For these measurements the sample
was cooled to 2 K in a cryomagnet and measured with Ei =
6.5 meV at 0 and 50 kOe. Unless otherwise noted, all inelastic
measurements presented here have had the measured back-
grounds subtracted. The collected data sets from SEQUOIA
and CNCS have been analyzed using the software MANTID

[17] and DAVE [18].
The magnetic structure has been studied through neutron

powder diffraction measurements with the HB-2A powder
diffractometer at the High Flux Isotope Reactor [19]. Sintered
pellets were stacked to achieve a sample of cylindrical shape
of 0.4 mm radius and 1.5 cm length. The pellets were loaded
into a Cu cylindrical can to maximize thermal contact and
sealed with a He exchange gas. Measurements with λ =
2.41 Å were conducted in a zero applied field at 2, 1 K, and
280 mK using a cryostat with a 3He insert. The magnetic
structure refinement was performed independently with the
software FULL-PROF [20] and JANA2006 [21].

III. CRYSTAL-FIELD ANALYSIS

Inelastic neutron scattering is an efficient probe of crys-
talline electric-field (CEF) excitations. Characterization of the
crystal-field levels allows the nature of the magnetic ground
state of a system to be determined with reasonable accuracy.
The crystal-field analysis performed here follows the formal-
ism described by Wybourne [22] and Judd [23,24]; given the
local structure of Nd2O3 drawn in Fig. 1(a) and the C3v site
symmetry of this compound, the crystal-field Hamiltonian
consists of six parameters [25]. Prather’s convention [26] for
the minimal number of crystal-field parameters was achieved
by rotating the environment by π/6 along the threefold axis.
Finally, within LS coupling, Hund’s rules state that, for a 4f 3
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ion, the quantum numbers are L = 6 and S = 3/2, thus J =
‖L − S‖ = 9/2 [27]. Therefore the crystal-field Hamiltonian
can be written as

H = B0
2 Ĉ0

2 + B0
4 Ĉ0

4 + B3
4

(
Ĉ3

4 − Ĉ−3
4

) + B0
6 Ĉ0

6

+B3
6

(
Ĉ3

6 − Ĉ−3
6

) + B6
6

(
Ĉ6

6 + Ĉ−6
6

)
, (1)

where Bm
n ’s are the crystal-field parameters and Ĉm

n ’s are
spherical tensor operators [28–31]. Nd3+ is a Kramers ion,
so we expect to have at least doubly degenerate CEF levels as
stated in the theorem [32]. The effect on the Hamiltonian of a
Zeeman term will result in breaking time-reversal symmetry,
splitting the degeneracy of the levels from doublets to singlets.
As a first approximation this splitting will be proportional to
the strength of the field times the magnetic moment of the ion;
thus, at small fields, this term will broaden the crystal-field
levels and decrease their intensity.

Once Eq. (1) is diagonalized, the unpolarized neutron par-
tial differential magnetic cross section can be written within
the dipole approximation as [33]

d2σ

d� dE′ = C
kf

ki

f 2(|Q|)S(|Q|, ω), (2)

where � is the scattered solid angle, kf

ki
is the ratio of the

scattered and incident momenta of the neutron, C is a con-
stant, |Q| is the magnitude of the wave-vector transfer, and
f (|Q|) is the magnetic form factor. The scattering function
S(|Q|, h̄ω) gives the relative scattered intensity due to tran-
sitions between different CEF levels. At constant temperature
β = 1/kBT ,

S(|Q|, h̄ω) =
∑
i,i ′

(∑
α |〈i|Jα|i ′〉|2

)
e−βEi

∑
j

e−βEj

F (�E+h̄ω,�i,i ′ ),

(3)

where α = x, y, z, �E = Ei − Ei ′ , and F (�E + h̄ω,�i,i ′ )
is a Lorentzian function with halfwidth � to parametrize the
line shape of the transitions between the CEF levels i → i ′.
We calculate the scattering function using this formalism. The
calculation is compared with an experimental data set, and the
procedure is iterated varying the crystal-field parameters to
minimize the χ2 difference.

A potential difficulty with the analysis described above is
that the spectrum of Nd has higher J -multiplet levels which
can be close to the GS one. This implies that the eigen-
functions of the GS could result in a linear combination of
different J multiplets. In order to investigate this possibility,
we repeated our crystal-field analysis in an intermediate-
coupling regime, including the first 12 J multiplets up to 2 eV.
This analysis highlighted that there is indeed an effect due to
the close proximity of the J = 9/2 and J = 11/2 multiplets
but, as shown in Table III, the overall GS eigenfunctions do
not change appreciably from the original LS approximation.
Thus, our discussion of the physical properties of Nd2O3 in
the remainder of the paper uses a description appropriate for a
J = 9/2 multiplet rather than the more general case. Note that
the intermediate-coupling calculation has been checked with
the program SPECTRE [34], which yields identical results.

FIG. 2. Nd2O3 susceptibility collected over the temperature
range of 2 � T � 300 K (blue dots). The Curie-Weiss fit was per-
formed above 50 K and yielded θCW = −23.7(1) K and an effec-
tive magnetic moment of 3.64(1)μB/ion. The red line shows the
calculated crystal-field susceptibility based on our refinement in LS
coupling, we ascribe the small deviations below ≈25 K to Nd-Nd
spin correlations. The inset shows the same data on a linear-linear
scale.

IV. RESULTS AND DISCUSSION

A. Magnetic susceptibility

The magnetic susceptibility of Nd2O3 is shown in Fig. 2.
A Curie-Weiss fit (black line) yields θCW = −23.7(1) K and
an effective magnetic moment of 3.64(1)μB/ion. The Curie-
Weiss model χ = C/(T − θCW ) was utilized to fit data above
50 K where the Curie constant C is related to the effective
moment and θCW is the Weiss temperature. The value of
the effective moment is comparable to the free-ion value of
3.62 μB [35]. At low temperatures below ∼25 K, the Curie-
Weiss fit deviates from the data as a consequence of the
thermal depopulation of crystal-field levels and the growing
importance of magnetic correlations which ultimately drive
the formation of a long-range magnetically ordered state
below 550 mK (see Sec. IV D). The fitted curve in Fig. 2
from the crystal-field model (see Sec. IV B) also deviates from
the susceptibility data at a similar temperature but in contrast
to the CW model overestimates the susceptibility (and thus
underestimates χ−1) presumably due to the importance of
magnetic correlations at low temperatures.

B. Crystal-field spectrum

Figure 3 shows an overview of the measured spectra col-
lected at SEQUOIA as a function of energy transfer h̄ω and
wave-vector transfer Q at T = 5 and 50 K for several values
of Ei (130, 75, and 25 meV from top to bottom). Each data
set has been plotted subtracting the empty can background
collected at the same temperature. From the dynamic structure
factor we can clearly see that there is a series of flat modes
which are potentially Nd crystal-field levels. In particular, at
5 K, we detected two strong modes near 3 and 10 meV, and
two less intense modes near 30 and 60 meV, respectively.
The level at 60 meV is quite close to an oxygen phonon
(≈58 meV) whose intensity increases in the 50 K data set.
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FIG. 3. Inelastic neutron scattering spectra of Nd2O3 measured at (a)–(c) T = 5 K and (d)–(f) T = 50 K using the SEQUOIA spectrom-
eter. In (c) and (f) Ei = 130 meV; in (b) and (e) Ei = 75 meV; and in (a) and (d) Ei = 25 meV. All slices have been plotted on the same
intensity scale given at the top of the figure. The feature at ≈58 meV is likely an oxygen phonon mode. As described in the text, the crystal-field
transitions are located at 2.86(3), 10.49(2), 30.46(3), and 60.29(4) meV. (g)–(i) show cuts of the spectra measured at T = 5 and T = 50 K

integrated over 0.5 Å
−1

< | �Q| < 3 Å
−1

, 1 Å
−1

< | �Q| < 4.5 Å
−1

, and 1 Å
−1

< | �Q| < 4.5 Å
−1

respectively. The solid lines in (g)–(i) are the
result of fits of the crystal-field Hamiltonian model to the data as described in the text. The T = 5 K data in panels (g)–(i) are offset by 250,
40, and 15 units, respectively, for clarity.

Note that modes measured with higher incident energies are
broadened, in part, because the energy resolution of the SE-
QUOIA time-of-flight spectrometer is approximately 3% of
the incident energy for the spectrometer settings used in these
measurements.

To confirm that the modes identified above are crystal-
field excitations, the intensity as a function of wave-vector
transfer was examined. Individual cuts as a function of Q

were made through the T = 5 K data shown in Fig. 3. These
cuts were scaled to have the same average integrated intensity

for 0.5 Å
−1

< | �Q| < 3 Å
−1

. The resulting values are shown
in Fig. 4(b). We simultaneously fit these data to the magnetic
form factor of the Nd3+ ion (black line). The agreement is
excellent, validating the magnetic origin of the excitations.

The Q dependence of the ≈58 meV feature has also been
checked; in this case a quadratic increase in intensity as a
function of Q is observed confirming its phonon nature [see
Fig. 4(a)]. Indeed we found strong support for this result in
Refs. [8,36], which showed that this phonon is one of the two
Raman Eg modes for Nd2O3. Other phonon modes have been
identified at ≈13 and ≈23.5 meV.

The intensity of the CEF excitations has a significant
temperature dependence as shown in Figs. 3(d)–3(f). These
changes are due to the thermal population of each level that
changes according to Boltzmann statistics. At low temper-
atures, the probability that high-energy levels are populated
is essentially zero so that only CEF transitions from the
ground state to excited states occur as allowed by dipole
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FIG. 4. (a) Scattering intensity as a function of |Q| for the
phonon scattering at 58 meV. The dotted red line is a fit to a parabolic
function. (b) Normalized scattering intensity as a function of |Q|
for Nd2O3 measured using the SEQUOIA instrument as described
in the text. Constant energy scans were integrated over energies as
indicated in the legend of the figure. The solid line is the square of
the Nd3+ magnetic form factor.

selection rules. Then, as the temperature increases, the GS
is depopulated in favor of the first excited state. Thermal
population of the first excited state allows transitions to the
other states. Such transitions are visible at 9 and 28 meV.

The energy width of the first excited state can be better
appreciated in Fig. 5, which shows the dynamic structure
factor of Nd2O3 collected at the CNCS with Ei = 6.5 meV
at T = 5 K. The crystal-field excitation is clearly broader
than the instrumental resolution of 0.1 meV. This broadening
appears to be due to a weak dispersion of the crystal-field
excitation, likely reflecting the Nd-Nd exchange interactions.
The data set collected at 50 kOe shows that the intensity
of the first excited state decreases. The Zeeman term in the
Hamiltonian breaks time-reversal symmetry thereby lifting
the degeneracy of the crystal-field doublets. The additional
field-induced splitting of the crystal-field levels alters the
thermal population with the result that changes in the intensity
of the lowest crystal-field excitations are observed.

The determination of the crystal-field parameters defined in
Eq. (1) has been performed using the T = 5 and 50 K inelastic
neutron-scattering data as a function of energy transfer. We fit
the experimental CEF spectrum using a series of Lorentzian
functions that were allowed to vary for each excitation. We
diagonalize Eq. (1) using a set of CEF parameters calculated
in the point charge approximation [37,38], determine the spec-
trum and the eigenfunctions, and then calculate the dynamical
structure factor as in Eq. (3). We then compare the calculation
to the measurement to determine a χ2 value. This quantity
is minimized by iterating the procedure until the calculation
converged to a global minimum.

(a)

(b)

50 kOe

0 kOe

FIG. 5. Inelastic neutron scattering spectra of Nd2O3 measured
at T = 5 K with Ei = 6.5 meV measured with the CNCS. The
comparison between the (b) zero-field and (a) the 50 kOe applied
field data shows a decrease in the intensity of the first excited state
due to the Zeeman term that splits and lifts the degeneracy of the
doublets. In the zero-field data, there appears to be a small dispersion
of the lowest excited state.

The crystal-field parameters (in meV) determined from our
refinements for both the LS-coupling and the intermediate-
coupling approximations, are given in Table I. The extrap-
olated values of the ground state g tensor are as follows:
gz = 0.231(16) and gxy = 1.733(12) with a corresponding
magnetic moment of μNd = 1.89(5)μB . The anisotropy in
the g-tensor gz/gxy = 0.133 where as we noted the z axis
is projected along the [001] axis indicates a significant XY
character of the spin.

Tables II and III list the refined wave functions and energy
levels of the crystal-field states for Nd2O3 in the LS-coupling
and intermediate-coupling approximations, respectively. Ac-
cording to our refinement, the spectrum consists of five dou-
blets at 0.0, 2.86(3), 10.49(2), 30.46(3), and 60.29(4) meV in

TABLE I. Tabulated crystal-field parameters in units of
meV determined for the LS-coupling and intermediate-coupling
approximations.

Bm
n LS coupling Intermediate coupling

B0
2 −258 ± 13 −281 ± 14

B0
4 −77 ± 4 −71 ± 4

B3
4 56 ± 3 75 ± 4

B0
6 −14.9 ± 0.7 −21 ± 1

B3
6 65 ± 3 60 ± 3

B6
6 57 ± 3 51 ± 1
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TABLE II. Tabulated wave functions of the crystal-field states in Nd2O3 obtained within the LS-coupling approximation. The crystal-field
energies (in meV) are given horizontally, and the mJ values of the ground-state multiplet are given vertically. Only coefficients of the wave-
functions >10−3 are shown. For the sake of representation, the wave functions of the doublet excitations are gathered into one column of which
the values without (within) parentheses correspond to the first (second) member of the doublet.

mJ 0.0 0.0 2.86 2.86 10.49 10.49 30.46 30.46 60.29 60.29

−9/2 −0.099 (−0.271) −0.011 (0.957)
−7/2 0.233 (−0.509) (−0.829)
−5/2 (−0.523) 0.652 0.548
−3/2 0.085 (−0.954) −0.120 (−0.263)
−1/2 0.820 (0.561) (−0.114)
1/2 (0.820) 0.561 0.114
3/2 −0.954 (−0.085) 0.263 (−0.120)
5/2 0.523 (−0.652) (0.548)
7/2 (−0.233) 0.509 −0.829
9/2 0.271 (−0.099) 0.957 (0.011)

very good agreement with the experimental data. For the sake
of representation, the wave functions of the doublet excita-
tions are gathered into one column of which the values without
(within) parentheses correspond to the first (second) member
of the doublet. The GS is mainly a linear combination of ψ0 =
| ± 1/2〉 + | ± 5/2〉 + | ± 7/2〉 states. This spectrum is also
in excellent agreement with the energies of the crystal-field
excitations reported in previous optical measurements [39,40]
which identified the J = 9/2 transitions around 2.85, 10.41,
31.37, 61.5 and 2.60, 9.67, 30.25, 60.88 meV, respectively.

A comparison showing the fitted intensity at 5 and 50 K
versus the experimental spectra is shown in Figs. 3(g)–3(i).

The calculation is in excellent agreement with both data sets
over the entire range of energy transfer, confirming the quality
of the fit. The magnetic susceptibility calculated solely on the
basis of our crystal-field model is presented as a red line in
Fig. 2.

C. Low-temperature specific heat

The low temperature specific heat Cp/T is presented in
Fig. 6(a). The inset shows Cp to higher temperatures where
a Schottky anomaly is observed near 15 K. The Schottky
anomaly is expected due to the thermal depopulation of the

TABLE III. Tabulated wave functions of the crystal-field states in Nd2O3 obtained within the intermediate-coupling approximation, only
the J = 9/2 and J = 11/2 mixings are presented. The crystal-field energies (in meV) are given horizontally; the mJ values of the ground-state
multiplet are given vertically. Only coefficients of the wave functions >10−3 are shown. For the sake of representation, the wave functions of
the doublet excitations are gathered into one column of which the values without (within) parentheses correspond to the first (second) member
of the doublet.

mJ 0.0 0.0 2.86 2.86 10.49 10.49 30.46 30.46 60.29 60.29

−9/2 −0.251 (0.088) 0.957 (0.011)
−7/2 −0.182 (0.449) 0.872
−5/2 (0.356) 0.794 (−0.485)
−3/2 0.958 (0.086) 0.240 (−0.109)
−1/2 0.916 (0.398) −0.015
1/2 (0.916) −0.398 (0.015)
3/2 −0.086 (0.958) −0.109 (−0.240)
5/2 −0.356 (0.794) −0.485
7/2 (0.182) 0.449 (0.872)
9/2 0.088 (0.251) −0.011 (0.957)

−11/2 (−0.004) 0.054 (−0.028)
−9/2 0.01 (−0.045) −0.070 (0.012)
−7/2 −0.006 (−0.06) −0.001
−5/2 (−0.015) −0.033 (−0.022)
−3/2 −0.008 (0.012) −0.088 (−0.029)
−1/2 −0.008 (−0.007) −0.038
1/2 (0.008) −0.007 (−0.038)
3/2 0.012 (0.008) 0.029 (−0.088)
5/2 −0.015 (0.033) 0.022
7/2 (−0.006) 0.06 (0.001)
9/2 0.045 (0.01) 0.012 (0.07)
11/2 0.004 (0.054) −0.028
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FIG. 6. (a) The comparison of the Cp/T data for Nd2O3 and
La2O3 highlights the sharp anomaly at T = 550 mK, typical of a
phase transition, and a smaller broad contribution at 1.2 K (see the
inset) whose origin is at present undetermined. Both these contribu-
tions are completely absent in La2O3. A field of 50 kOe appears to ei-
ther eliminate long-range order or suppress it to temperatures below
the observation window of the current measurements. (b) Magnetic
Bragg peak scattering intensity at (1/2 0 1/2) and magnetic entropy
Sm (integrated Cp/T ) from 0.4 to 5 K as a function of temperature
yielding an entropy of ≈90% of R ln(2). For this analysis the La2O3

was used to subtract the nonmagnetic background. The vertical
dashed line highlights the transition temperature of T = 550 mK.
The solid black line is a fit of the Bragg peak scattering intensity
to a power-law function and serves as a guide to the eye.

crystal-field level at 2.86 meV and is consistent with the
previous work of Ref. [6]. Above 25 K the lattice contribution
becomes an important component of the specific heat.

At temperatures below 4 K there are two previously un-
observed features evident in the data. The first is a broad
contribution to the specific heat centered near 1.2 K, and the
second is a sharper peak near 550 mK. As will be discussed
in Sec. IV D, the low-temperature peak indicates the onset of
long-range antiferromagnetic (AFM) order. A field of 50 kOe
dramatically alters the specific heat and appears to either
eliminate long-range order or suppress it to temperatures
below the observation window of the measurement.

At the present time we are unable to determine the origin
of the broad feature centered near 1.2 K. No additional signal
was detected in the neutron-diffraction pattern at 1 K (see the
inset of Fig. 7). We exclude an unobserved crystal-field level
as an explanation since our crystal-field analysis accounts for
the allowed crystal-field levels. Integrating Cp/T from 0.4
to 5 K yields an entropy of ≈90% of R ln(2) as shown in
Fig. 6(b). For this analysis, we utilized La2O3 data to subtract

FIG. 7. Neutron diffraction data and Rietveld refinement of the
structural model for Nd2O3. Data were collected with HB-2A in a
zero field at T = 280 mK. The two strongest peaks are due to the
Cu sample holder. The magnetic structure refinement used structural
parameter values determined from the structural refinement at 2 K.
The system orders into an antiferromagnetic layered structure with
spins in the basal plane, consistent with our crystal-field analysis.
The ordering wave-vector is �k = (1/2 0 1/2). The two asterisks in the
main panel highlight two small impurity peaks. The inset shows the
temperature-dependent diffraction data as a function of the scattering
angle 2θ . Magnetic reflections are observed at 2θ = 23.8, 41.0, 51.6,
and 58.9◦. The data were collected with λ = 2.41 Å.

the nonmagnetic background. Thus the entropy associated
with the broad feature appears to be required to account for
the total R ln(2) entropy expected for a doublet GS. However,
this cannot be stated definitively as additional entropy may be
released at temperatures below those probed here. Other pos-
sible explanations for the feature include: undetected short-
range magnetic order and/or a low-lying magnetic excitations.
Both of these possibilities are reasonable expectations for a
material with significant frustration as is the case for Nd2O3.
Further studies are planned to investigate this aspect of Nd2O3

in single crystal samples.

D. Long-range magnetic order

We use neutron-diffraction measurements to probe the
phase transition observed in the heat-capacity measurements.
We find that Nd2O3 has magnetic long-range order below
TN = 550 mK. The appearance of magnetic order and the
ordered spin configuration are reported here for Nd2O3.

Figure 7 shows the measured diffraction data and Rietveld
refinement of the Nd2O3 data collected with HB-2A in zero
field at T = 280 mK. Note that two small peaks due to an
unidentified impurity phase were observed in the diffraction
pattern (see Fig. 7). The structural model was refined using
the 2 K data set as the starting point, and no evidence of a dis-
tortion or a structural phase transition was found confirming
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TABLE IV. Rietveld refinement summary for Nd2O3 in the
space-group P 3̄m1 (164). Note that the refinement at 280 mK has
been performed keeping the 2 K lattice constants fixed. The weighted
profile R-factor (Rwp) is given in the third column as an indication of
the quality of the fit.

Temperature Position Rwp

2 K a = b = 3.83(2), c = 6.00(3) Å 1.70
Nd = 1/3, 2/3, 0.246(3)

O(1) = 0, 0, 0
O(2) = 1/3, 2/3, 0.648(5)

280 mK a = b = 3.83, c = 6.00 Å 1.91
Nd = 1/3, 2/3, 0.246(4)

O(1) = 0, 0, 0
O(2) = 1/3, 2/3, 0.647(7)

μNd = 1.87(10)μB

previous work performed at higher temperatures [7,9]. Note
that the refinement was performed excluding the two strongest
peaks coming from the Cu holder. The results of the structural
refinements are given in Table IV. The inset of Fig. 6 shows
the temperature dependence of the intensity of the (1/2 0
1/2) magnetic Bragg peak. The appearance of the magnetic
Bragg peak coincides with the anomaly in the specific heat at
550 mK.

The magnetic structure has been analyzed with two soft-
ware packages: FULL-PROF and JANA2006 to cross-check the
results. In both cases this magnetic structure has been refined
in the Cc2/m (No. 12.63) magnetic space group with a
propagation vector of (1/2 0 1/2) (referenced to the parent
space group P 3̄m1). Within this symmetry, the Nd spins
are antiferromagnetically coupled in the basal plane with an
ordered moment of μNd = 1.87(10) μB (consistent with our
crystal-field analysis) [see Figs. 1(b) and 1(c)]. Note that mo-
ments are constrained to be along the b axis by the magnetic
space group Cc2/m defined for a magnetic unit cell twice as
large as the chemical cell along the a and c directions. Due
to the close proximity of the Nd atoms to the 1/4 position,
we are unable to distinguish between the (− − ++) and the
(+ − −+) stacking sequences of the AFM planes as depicted
in Figs. 1(b) and 1(c), respectively. The relative stacking is
determined by the alternating out-of-plane Nd-Nd bonds (3.69
and 3.76 Å). The space-group Cc2/m allows both solutions,
and the calculated structure factor does not change apprecia-
bly between the two models. The results of the refinement of
the magnetic structure are given in Table IV.

Taken together the results above indicate that Nd2O3 is a
chemically and structurally simple frustrated system. Since
the ground state eigenfunction is mostly composed of Jz =
1/2 (67%) and is reasonably well separated from the first
excited state crystal-field level at 2.86 meV it is tempting

to view Nd2O3 as an effective spin-1/2 system with poten-
tially strong symmetric anisotropic exchange terms due to the
strong spin-orbit coupling expected for a rare-earth ion.

It is also interesting that the stripelike magnetic order
of Nd2O3 is similar to that found in theoretical models of
triangular lattices. This type of stripe order is nearby to a spin
liquid phase [41]. However, the situation in Nd2O3 appears to
be rather different from a geometrically frustrated triangular
lattice. As described above, in Nd2O3 the nearest-neighbor
Nd-Nd distances are out of plane. Thus the frustration appears
to be driven by competing interactions rather than geometrical
frustration. A definitive answer to the importance of various
exchange parameters awaits studies of single crystal samples.

V. CONCLUSIONS

We have examined the magnetic properties and crystal-
field levels of the binary compound Nd2O3. The crystal-field
spectrum of the Nd3+ ions spans an energy range between
3 and 60 meV; in zero field the XY-like spins are in the ab

plane with a magnetic moment of 1.89(5) μB/ion. This value
is consistent with the ordered moment of 1.87(10) μB deter-
mined from the neutron diffraction data. The ordered phase
consists of spins AFM coupled on the ab plane and oriented
along the b axis with an ordering vector �k = (1/2, 0, 1/2).
The planar arrangement of ordered moments agrees with
the XY anisotropy determined from the crystal-field levels.
The results presented here suggest that Nd2O3 is a strongly
frustrated system driven by competing interactions.
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