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Direct confirmation of long-range magnetic order and evidence for multipoles in Ce2O3
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The sesquioxide, Ce2QO3, has been a material of intense interest in recent years due to reports
of an anomalous giant magnetodielectric effect and emergent mixed crystal field-phonon (vibronic)
excitations below a putative antiferromagnetic transition at Ty = 6.2 K. The claim of long-range
magnetic order in this material is based on heat capacity and temperature-dependent susceptibility
measurements; however, multiple neutron diffraction studies have been unable to distinguish any
magnetic Bragg peaks. In this article, we present the results of a comprehensive investigation of the
low-temperature phase in symmetry-broken polycrystalline Ce2O3 using a combination of magnetic
susceptibility, heat capacity, neutron diffraction, triple-axis and time-of-flight (TOF) inelastic neu-
tron scattering (INS), and muon spin rotation (uSR). Our measurements and subsequent analysis
confirm that the transition at Tn can be associated with the ordering of moments on the Ce’t
site. Both a spontaneous magnetic order observed with uSR and a dispersive spin-wave spectrum
observed with inelastic neutron scattering suggest a model wherein planar dipoles order antiferro-
magnetically. Notable inconsistencies between SR and neutron scattering data within the dipole
picture provide strong evidence for the ordering of higher-order moments.

Introduction

Cerium-based compounds are an interesting subset of
materials that possess strongly correlated 4f electrons
presenting both localized and itinerant behavior [I, [2].
It is this property of the electrons that lends itself to
a broad display of exotic phenomena in these materials,
fueling much of their interest. Among these phenom-
ena are strongly renormalized magnetic moments [3, 4],
multipolar magnetic order [5, 6], the Kondo effect [7],
heavy-fermion behavior [§], and heavy-fermion supercon-
ductivity [9]. Additional emergent phenomena have been

reported in certain Ce-based systems, including obser-
vation of composite ‘vibronic’ excitations arising from
mixed phonon and crystal field excitations [TOHI3].

Here, we investigate the metastable oxide, Ce2O3. In
this material the Ce?* ion has Cs, symmetry with 7-fold
coordination to O% ligands (Fig. . The structure con-
sists of bi-layer triangular nets of Ce atoms sandwiched
by triangular nets of oxygen atoms, which crystallize in
a trigonal P3m1 phase. Lattice parameters are a = 3.88
A and ¢ = 6.05 A [14], making the in-plane Ce-Ce dis-
tance 3.88 A, while Ce-Ce distances along ¢ are slightly



smaller at 3.74 A (intercell distance) and 3.80 A (intracell
distance). Previous experiments examining the magnetic
susceptibility and heat capacity of Ce;O3 have identified
a magnetic transition near Ty = 6.2 K [15] [16], assumed
to be associated with the onset of antiferromagnetic or-
der. Additional investigations have reported unusual be-
haviors setting in near this transition. These include re-
ports of a giant magnetodielectric effect near the order-
ing transition temperature, despite the lack of an obvious
structural distortion [16]. Further, a Raman scattering
study reported the emergence of mixed vibronic modes
in Ce503 as the system was cooled below Ty [17], imply-
ing strong mixing between lattice and magnetic degrees
of freedom.

While these experimental signatures are quite sugges-
tive of a magnetic ordering transition in Ce;Os3, conclu-
sive evidence for the existence of such order has not yet
been documented. Multiple investigations using neutron
diffraction have failed to reveal any signature of mag-
netic Bragg peaks below Ty, evoking comparison to the
hidden order system URusSiz [16L [I8]. In one study, neu-
tron diffraction revealed a realignment of crystallites in a
powder sample with the application of a magnetic field,
which the authors argued was consistent with an easy-
plane anisotropy for ordered antiferromagnetic moments
[16]. This was consistent with conclusions drawn from
a modified crystal-field theory analysis in the same pa-
per. The authors further used the observation of a lin-
ear magnetocapacitance and the lack of splitting between
zero-field-cooled (ZFC) and field-cooled (FC) tempera-
ture curves in magnetization to argue for the existence of
a low-temperature collinear antiferromagnetic phase with
a k=0 propagation vector [16]. Another ordering picture
was put forth in a recent study of the isostructural ana-
logue Nd2Og, wherein magnetic Bragg peaks observed
with neutron diffraction were indexed to a k=(1/2,0,1/2)
propagation vector [I9]. At this time, the exact nature
of magnetic order in Cez03 remains an open question.

As the exotic behavior seen in this material is inextrica-
bly linked to the putative order, a more thorough exam-
ination is essential. In this article, we present the results
of a multifaceted approach to probe the low temperature
phase in Ce2O3. We investigate polycrystalline samples
with multiple techniques, including neutron diffraction,
time-of-flight (TOF), triple-axis inelastic neutron scatter-
ing (INS), and muon spin rotation (uSR). Our TOF data
allowed us to characterize the crystal electric field (CEF)
spectra associated with the Ce3* cations, the analysis
of which confirms the conclusion of planar cerium spins.
TOF and triple-axis data demonstrate a shifting and
broadening of the CEF line at E=27 meV, in line with
previous observations from Raman scattering of emer-
gent vibronic modes. Significantly, TOF also revealed
the existence of dispersive magnon excitations at lowest
temperatures, where a precessive signal in uSR spectra
implies the existence of magnetic order. These obser-

FIG. 1: Crystal structure of Ce303.(a) Unit cell
representation of structure. Orange spheres represent
Ce atoms and blue spheres represent oxygen atoms. (b)
Cross-section view illustrating alternating layers of O%
and Ce3T atoms. (c) View along the c-axis showing
ab-planes from above. Oxygen atoms connected by
black triangle are above the Ce-plane while those
connected by grey triangle are below the Ce-plane.

vations constitute the first direct evidence of long-range
magnetic order in this material.

Experimental Methods

Polycrystalline samples of CesO3 were prepared fol-
lowing the procedure laid out in Ref. and character-
ized first using heat capacity and magnetization. Heat
capacity measurements were taken using a Quantum
Design PPMS Dynacool instrument, and magnetization
measurements were performed with a Quantum Design
MPMS3 Vibrating Sample Magnetometer. The PPMS
and MPMS systems are both housed in the Stewart
Blusson Quantum Matter Institute at the University of
British Columbia (UBC).

Phase purity and characterization of the structure were
determined using both x-ray diffraction (XRD) and neu-
tron powder diffraction (NPD) measurements. Powder
XRD was measured on a Bruker D8 Advance instru-
ments both at UBC and in the Illinois Materials Research
Laboratory using a copper K-« source and a Johansson
monochromater that blocks any K-as. NPD measure-
ments were taken using the POWGEN high-resolution
neutron powder diffractometer at the Spallation Neutron
Source of Oak Ridge National Laboratory and the BT-
1 the high-resolution neutron powder diffractometer at
the NIST Center for Neutron Research (NCNR). Mea-
surements at POWGEN were performed using an Orange
cryostat at T = 2 K, 20 K, and 294 K with central wave-
length 0.8 A andat T=2K,3K,4K,5K, 6 K, 7K,
and 10 K using central wavelength 2.67 A. Measurements
at BT-1 were taken at 2 K and 20 K using a Cu (311)
monochromator and a closed cycle refrigerator (CCR).
Structural refinements were carried out using the GSAS-
IT software [20)].



Inelastic neutron scattering measurements were carried
out using both the TOF direct-geometry chopper spec-
trometer Merlin at the ISIS Muon and Neutron Source
[21, 22] and the triple-axis spectrometer (TAS) BT-7 at
the NCNR [23]. TOF measurements on Merlin used the
Gd chopper at 500 Hz to obtain neutrons of incident en-
ergy E; = 16 meV, 23 meV, 66 meV, and 160 meV and
at 350 Hz for neutrons of incident energy E; = 12 meV,
20 meV, 38 meV, and 100 meV. Samples on Merlin were
measured at 1.8 K, 10 K, and 140 K. Resultant scans were
normalized using comparable measurements of a vana-
dium standard sample. TAS measurements were taken
with incident neutrons of energy 14.7 meV, selected with
a pyrolytic graphite monochromator, and collimations of
open-80’-80’-open. The sample was loaded in a He gas
environment into an aluminum can with an indium seal.
Measurements carried out at temperatures T= 2.6 K, 4
K, 5K, 55K,6K,7K,8K, and 15 K using a CCR.

1SR measurements were performed at TRIUMF using
the LAMPF spectrometer in a low-background configura-
tion on the M20 beamline in a helium flow cryostat. Zero-
field (ZF) pSR measurements were then taken at various
temperatures above and below the magnetic transition
temperature. Longitudinal-field measurements were also
taken at base temperature (T = 1.9 K) and in applied
fields ranging from H = 100 Oe to 2000 Oe.

Heat Capacity

Heat capacity measurements were taken from 1.8 K to
70 K, resulting in the curve shown in Figure [2a). The
overall temperature dependence was consistent with mea-
surements published elsewhere [16] and contained con-
tributions from magnons, phonons and CEF excitations.
To isolate the magnetic contribution, the CEF and lattice
contributions were estimated and subtracted. The lattice
contribution was estimated from measurements on the
isomorphic Las O3 [24] and polynomial extrapolations to
low temperature, as outlined in Ref.[16. The CEF contri-
bution can be computed directly from the three Kramers
doublets observed with TOF neutron inelastic scatter-
ing, as described later in this paper. The heat capacity
arising from these modes is given by the expression:

1
U kT2
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(1)
where kp is the Boltzmann constant, Z is the partition
function, and E, are the CEF energy levels. A small
contribution from a CeOqy impurity identified with x-ray
diffraction was also subtracted [25].

The resulting magnetic contribution is shown in Fig-
ure b) and reveals most prominently a lambda-anomaly
at T = 6.2 K, indicating a second-order phase transition.
Integrating with temperature, we find that the entropy
(inset of Fig. b)) approaches RIn2, as expected if we as-
sociate this transition with the ordering of effective spin
degrees-of-freedom within the ground state doublet.

The heat capacity data at temperatures below 4 K fit
well to an expression expected for antiferromagnetic spin
wave materials [20]:

CAF :BAFT"exp(fAAF/T) (2)

where n was empirically fit to 3.14(14). Ap repre-
sents the magnitude of the spin gap and fit to a value
of 3.08(46) K while B4 fit to a value of 0.14(4).

Magnetic Susceptibility

Magnetic susceptibility measurements were performed
in the temperature range T = 1.8 K - 400 K with an ap-
plied field H = 1000 Oe. Results taken using both ZFC
and FC protocols are plotted in Figure a). High tem-
perature behavior was well-described by a Curie-Weiss
function, x=xo+C/(T-0), as demonstrated by the plot
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FIG. 2: (a) Heat capacity of CexO3 vs. temperature
(raw data). (b) Magnetic contribution to heat capacity.
Solid red line indicates fit to low-temperature data.
Inset: Entropy from magnetic contribution to heat
capacity.



of inverse susceptibility shown in Figure b). Fits of the
data in the temperature region 100 K <T <400 K to this
function yielded an effective moment size 5y = 2.40(4)
pup and Weiss constant § = -57.0(5) K. This moment
size is slightly smaller than the free-ion value of 2.54up
for Ce3t with J=5/2. The Weiss constant is significantly
larger than the ordering of Ty = 6.2 K, indicating a mod-
erate level of frustration. This may be a consequence of
competition between the three nearest-neighbor Ce?* in-
teractions described above, as seen in Nd2Og [19]. The
expected susceptibility was calculated using the eigen-
vectors and eigenenergies derived from the CEF analysis
utilizing the MANTID package [27]. The data are rea-
sonably well-described by the simulation at high temper-
atures, but diverge at lower temperatures, likely the re-
sult of magnetic interactions which are not accounted for
in this model. At the ordering temperature, the suscep-
tibility reaches a cusp suddenly, consistent with a sharp
onset of antiferromagnetic correlations. No discernible
splitting is seen between ZFC and FC curves, arguing
against any weak ferromagnetic moment or significant
disorder.

Powder Diffraction

As detailed above, diffraction measurements were per-
formed using both XRD at room temperature and NPD
at multiple lower temperatures. We did not find, in
the diffraction patterns, any sign of impurities other
than a persistent fraction of C'eOs, which can form from
metastable CesO3 at a rate set by storage conditions.
CeOs has no identifiable magnetic transitions, and this
impurity did not affect the conclusions of this paper.
Nonetheless, XRD was performed at room temperature
using lab-based sources before every inelastic neutron,
muon or thermodynamic measurement to ascertain the
impurity fraction. The POWGEN TOF NPD instrument
at the SNS has an extended range of coverage in recipro-
cal space (Q) and was used to determine the structure of
Ce;03 with a high degree of precision over an extended
temperature region. Additional NPD measurements were
performed at lowest temperatures using the BT-1 instru-
ment at the NCNR to more carefully look for magnetic
Bragg peaks at low scattering angles.

Example patterns obtained using the POWGEN and
BT-1 instruments can be found in Fig. It was found
that all diffraction data sets are well described by the
previously reported P3m1 structure for Ce;O3, and the
results of Rietveld refinements on several typical data
sets are given in Table [ Sample parameters are found
to be consistent both with the literature [16] and be-
tween fits performed on different instruments at compa-
rable temperatures. Notably, the quality of fits to P3m1
also did not worsen considerably for NPD measurements
performed at the lowest temperatures at either BT-1 or
POWGEN, which limits the size of any structural dis-
tortion which might exist at the ordering transition at
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FIG. 3: (a) Magnetic susceptibility of Ce;O3 vs
temperature (red squares). Blue dashed line
corresponds to expected susceptibility with calculation
as described in the text. Inset: Susceptibility near Ty.
(b) Inverse susceptibility with solid line representing fit
to data as discussed in text.

Tx = 6.2 K. As with previous attempts to investigate
Ceo03 with NPD [I6], [I8], our data revealed no evidence
for magnetic Bragg peaks below Ty. Assuming a tradi-
tional Ce3t form factor, this allows us to simulate the
magnetic contribution to the powder diffraction pattern
and determine an upper limit on the ordered magnetic
moment. In doing so we calculate a maximum magnetic
moment of y = 0.32(11)up associated with a predicted
k=0 ordered state [I6] or pu = 0.026(12)up for a state
with k=(1/2 0 1/2) as seen recently in Nd2Og3 [19].

TOF Inelastic Neutron Scattering

The main results of our TOF inelastic neutron scatter-
ing measurements are summarized in Figs. [f] and [6] In
Figs. | (a), (b) and (c), we show the normalized scatter-
ing data taken using neutrons with incident energies F; =
66 meV, 100 meV, and 160 meV, respectively, and tem-
perature T = 10 K. Consistent across all spectra, several



TABLE I: Results of x-ray and neutron refinements on Ce;O3 in space group P3ml

. Uncertainties are statistical in origin and represent one standard deviation.

Instrument Lattice Parameters Atom Positions (Fractional Coordinates) Rw
a (A) c (A) Ce 01 02
Bruker D8 at 293 K 3.8906(2) 6.0658(1) 1/3, 2/3, 0.2478(19) 0,0,0 1/3, 2/3, 0.661(10) 5.158
POWGEN at 300 K 3.8917(1) 6.0585(1) 1/3, 2/3, 0.2451(2) 0,0,0 1/3, 2/3, 0.6474(1) 2.054
POWGEN at 25 3.8833(1) 6.0459(1) 1/3, 2/3, 0.2448(1) 0,0,0 1/3, 2/3, 0.6472(1) 2.412
POWGEN at 2 K 3.8835(1) 6.0463(1) 1/3, 2/3, 0.2451(1) 0,0,0 1/3,2/3, 0.6474(1) 0.948
BT-1 at 20 K 3.8833(1) 6.0526(1) 1/3, 2/3, 0.2437(2) 0,0,0 1/3, 2/3, 0.6486(2) 6.73
BT-1 at 2 K 3.8825(1) 6.0511(1) 1/3, 2/3, 0.2440(2) 0,0,0 1/3, 2/3, 0.6482(2) 6.794
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FIG. 4: Neutron powder diffraction data from (a)
POWGEN measured at T = 2 K with center
wavelength A = 0.8 A~! and (b) BT-1 measured at 2K
with wavelength A = 1.54 A~'. Solid black lines depict
fits to the P3m1 structural model appropriate for
Cey03. Additional peaks in (b) arise from Al can. Inset
shows enlarged region at low Q where magnetic Bragg
peaks are expected.

phonon excitations with a I(Q) o< Q2 momentum transfer
dependence are apparent at energies ' ~ 9.4, 13.5, 19.4,
27, 43.5, 52.2, and 63 meV. These are equivalent to the
phonon excitations reported for the structural analogue
LayO3 [29,30], and are as expected for this material. In
addition, magnetic excitations were observed near E ~
27 and 98 meV, which we associate with CEF excitations
of the Ce?* cations.

Notably, we see scattering from both phonons and CEF
modes at the singular energy E = 27 meV. This is in line
with the Raman scattering measurements of Sethi et al.
[I7], where emergent vibronic excitations were also seen
at temperatures below T" = Tx. The current measure-
ments did not have sufficient energy resolution to confirm
the existence of mode splitting, but the data at the lowest
temperatures did reveal a shift in spectral weight consis-
tent with this previous study [I7]. We demonstrate this
shift in Figs. [5| (d) and (e) and explore it in greater de-
tail using neutron triple-axis spectroscopy, discussed in a
later section.

To extract information about the nature of the local
Ce3t moments, we fit the intensity profiles of the two
magnetic modes observed in our multiple data sets at T'
= 10 K to a simple crystal field model. Magnetic scatter-
ing intensity was first isolated by taking constant-Q cuts
of normalized scattering data, integrating over the range
Q = [3.5,6] A=', and subtracting the scattering contri-
bution from phonon scattering as determined by scaling
data in the range Q = [9.6,11.6] A='. The magnetic
scattering near ¥ = 98 meV was characterized solely us-
ing neutrons with F; = 160 meV neutrons, whereas the
magnetic scattering near £ = 27 meV was characterized
through simultaneous consideration of E; = 100 meV and
the F; = 66 meV data sets. The E; = 160 meV data
was not considered when characterizing the £ = 27 meV
region due to a high level of quasi-elastic scattering ob-
served in the lower-resolution measurement at energies
up to ' = 35 meV,

Our diffraction results showed that the Ce3* atoms
possess Cs, point group symmetry, which implies non-
zero values for BY, B}, and Bj CEF parameters. As a
first estimate of these parameters, we performed a simple
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FIG. 5: Time-of-flight inelastic neutron scattering measurements on CeaO3 with neutrons at E; = 66 meV (a,d), 100
meV (b) and 160 meV (c). Constant-Q cuts of data with scaling as described in text (e). Constant-Q cuts of data
with fits represented by solid black line (f). Solid blue line depicts results from crystal field analysis performed by

Gruber et al. [2§]

TABLE II: Calculated wavefunctions for CesO3 determined using fits to the time-of-flight inelastic neutron
scattering data. Crystal field parameters are also included in the first line of the table.

B9=4.26 meV B = 0.0339 meV B3} =-3.3516 meV
E (meV) -3 |- 3) |- 3) |3) 13) 13)
0.000 0.3455 0.0 0.0 -0.9384 0.0 0.0
0.000 0.0 0.0 0.9384 0.0 0.0 0.3455
27.107 0.0 -1.0 0.0 0.0 0.0 0.0
27.107 0.0 0.0 0.0 0.0 -1.0 0.0
98.063 -0.9384 0.0 0.0 -0.3455 0.0 0.0
98.063 0.0 0.0 -0.3455 0.0 0.0 0.9384

point-charge model calculation, and then refined them
further through consideration of the magnetic scattering
data. Fits assumed a pseudo-Voigt energy profile for the
CEF modes with varying widths and energies and in-
tensities calculated by the software PyCrystalField [31].
Best fit crystal field parameters are presented alongside
the energy eigenvalues and wave functions in Table [[I}
The quality of the fit is demonstrated in Fig. [5] which
compares the predictions of the current work to those of
the thermodynamic analysis of Gruber et al. [2§].

This CEF analysis reveals a ground state Kramer’s
doublet, as expected for a Ce3T cation, with two dou-
blets removed to higher energies. Using the ground state
wave functions and Equations [3] and [} we are able to

calculate g =2.26 and g=0.24:

g1 =295 (W |JT|0y) (3)

g = 297 (V4| J.|¥4) (4)

These values imply a total dipole moment of 1.6 up
with a distinct easy-plane spin anisotropy. This conclu-
sion about anisotropy is in agreement with the modified
ligand field analysis of Kolodiazhnyi et al. [I6], as well as
studies investigating other materials housing Ce3* ions
in trigonal environments [32].

Figure [6] shows the results of our measurements with
E; = 12 meV neutrons, which allow for closer inspection
of excitations near the elastic line. Upon lowering the
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FIG. 6: Inelastic neutron scattering with E;=12 meV at
temperature above (a) and below transition (b).
Constant-Q cuts of INS data where |Q|=0.8-1.2 A~ (d)
Simulation of spin waves as described in text.

temperature to T = 10 K, these data reveal a signifi-
cant build-up of paramagnetic scattering centered most
strongly at Q ~1 A~! (Fig. |§|(a))7 which evolves into a
dispersive spin-wave spectrum on cooling to T = 2 K
(Fig. [f[b)). The magnon density of states is centered
at E ~ 1.5 meV and has bandwidth of AE ~ 1 meV
(Fig. [6{(c)), consistent in scale with an ordering transi-
tion at Ty = 6.2 K.

For comparison, we show in Fig. |§|(d) a simulation of
the expected scattering pattern from a powder of Ce;Og3
containing the k = 0 collinear antiferromagnetism pro-
posed by Kolodiazhnyi et al. [I6]. Powder-averaged sim-
ulations were performed using the SpinW software pack-
age [33] and assumed dipole C'e** moments, the g-tensor
calculated above, an exchange coefficient J= 1 meV and
a spin gap determined from fits of our heat capacity data
(A =3.08 K). The simulation successfully reproduces sev-
eral features of the observed scattering pattern, including
the ridge of scattering near 1.5 meV and the positions
in @ of several local scattering maxima. The measured
spin-wave scattering seems to fall away more rapidly than
the dipole simulation, probably reflecting the significant
multipolar character of the Ce*t moments which can be
inferred from the wavefunctions for the electrons in the
Kramers doublet determined above and the associated
distribution of electron density in the unit cell. The ap-
parent gap of ~ 1 meV in the scattering data is under-
stood as an effect of the powder density-of-states. Over-
all, the appearance of collective spin-wave excitations is
a significant observation, which constitutes the strongest
evidence to date of long-ranged spin order in CeOs5.

Triple-Axis Neutron Scattering

We followed our TOF inelastic studies with a more
detailed study of the 27 meV mode with triple-axis neu-
tron scattering. The underlying motivation was to con-
firm and expand upon recent Raman spectroscopy re-
sults which reported emergent vibronic excitations near
this energy [I7]. In particular, the major features ob-
served in the Raman data were two new modes near a
purported two-phonon band at 24 meV and the CEF ex-
citation at 27 meV as the sample was cooled below Ty.
These emergent modes appeared at 22 meV and 31 meV
and appeared to have phonon-like and electron-like be-
havior, respectively. Notably, a clear shift in spectral
weight from the CEF mode into the 31 meV mode was
also observed as temperature was decreased.

Our TOF data reveal a similar shift in spectral weight
as the sample is cooled below Ty, and this is reaffirmed
by temperature-dependent TAS scans at Q = 2.4 Al
(Figure (a)). In examining constant-Q scans at base
temperature, one can see that much of the scattering
intensity is magnetic, as evidenced by the reduced inten-
sity with increasing momentum transfer (Figure [7|(b)).
Phonon scattering is relatively weak in this region of mo-
mentum space, but there may also be a phonon-like com-
ponent, seen as a subtle inflection in scattering intensity
at higher Q. This Q-dependence is similar to that seen
in the TOF data for this region. Notably, the peak in
this region remains broad, despite the increase in energy
resolution of our TAS measurements over our TOF data.
This is actually fairly consistent with the Raman scat-
tering study, where the CEF modes were broad in en-
ergy and the phonon-like modes much sharper. The Q-
range of our TAS measurements strongly suppressed the
phonon scattering in favor of scattering from the mag-
netic modes. The fact that the width is much wider than
instrument resolution implies that the magnetic modes
have a finite lifetime, possibly due to scattering from
phonons or delocalized electrons. We do not observe
more than a single peak, but the observed mode has a
distinct asymmetry. This might imply a profile consist-
ing of at least two unresolved peaks, though best fits to
these data are achieved using a sum of three Gaussian
functions. Based on the Q-dependence of these data and
the TOF data above, we associate these three peaks with
one phonon at 28 meV and two magnetic excitations at
26 and 31 meV, respectively.

To characterize the temperature evolution of this scat-
tering, the constant-Q scans were fit to the three Gaus-
sian profile at all temperatures, and the best fits are
shown as solid lines in Figs. [ffa) and (b). As no sig-
nificant temperature-dependence of the phonon mode at
28 meV was observed in the TOF data, fits for the
phonon peak were made for the lowest temperatures only
and then held constant for higher temperatures. Figure
[(c) shows the fitted intensities of the two temperature-
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dependent modes, and implies an apparent transfer of
intensity from the 26 meV mode (Mode 1) into the mode
at 31 meV (Mode 2). This is consistent with the previ-
ous Raman study, though we do not see the additional
peak at approximately 22 meV, likely due to its heavily
phonon-like nature. This limitation and the large intrin-
sic width prevents us from commenting more explicitly on
the presence or nature of possible vibronic modes, which
were clearly observed in CeCuAl; [12]. A future investi-
gation using polarized neutrons on single crystal samples
is suggested to better separate phonon and magnetic con-
tributions and track dispersion of these modes in three
dimensional reciprocal space.

Muon Spin Rotation

Finally, we performed a series of uSR measurements
to directly couple to the magnetic order parameter and
glean further information about the nature of the low-
temperature state. uSR is exquisitely sensitive to small
magnetic fields inside materials and has a long, estab-
lished history of detecting small moment spin order in
f-electron systems. It is sensitive to both dipole and
multipolar magnetism, and is largely unaffected by ab-
sorption, disorder, delocalization and other complicating
factors which can obscure Bragg peaks in a neutron scat-
tering experiment.

Figure[§] (a) shows spectra from several zero-field (ZF)
1SR measurements taken at temperatures above and be-
low the transition temperature at Ty = 6.2 K. Well above
Tn, the ZF spectra exhibit a weak Gaussian relaxation,
as expected for a system of randomly oriented dipoles.
Upon cooling, the most salient feature of the data is the
emergence of clear oscillations below T with a frequency
that increases with decreasing temperature to a value of
about f = 14 MHz. This reflects the Larmor precession
of muon spins around an emergent local field of Hjyeq;
= 0.1 T and provides direct and unambiguous evidence
for long-ranged magnetic order. Longitudinal-field (LF-
#SR) measurements performed at base temperature (T

= 1.9 K) show that the spectra decouple in comparably
sized fields (Figure [§] (b)), indicating that the order is
static on the SR timescale.

Zero-field spectra were fit to the muon spin depolar-
ization function shown in Eq. [6} In this equation, Ag is
the total muon asymmetry, which is a property of the
spectrometer and determined by an independent calibra-
tion measurement performed in the paramagnetic state
at T = 20 K. A; is the fraction of the initial asymme-
try representing the magnetically ordered volume and is
itself separated into a 2/3 oscillating component and a
1/3 non-oscillating component, corresponding to mean
field components perpendicular and parallel to the initial
muon spin direction. Ay and Az are non-oscillating com-
ponents, with and without discernible time relaxation,
respectively. Inclusion of these two non-oscillating com-
ponents was determined empirically to be the minimal
model required to explain the spectra at the lowest tem-
peratures. All fits were performed under the constraint
Ay + Ay + A3z = 1, and the weight of the various frac-
tions were found to be temperature independent well be-
low the transition with approximate values A; = 0.51, A,
= 0.34, and A3 = 0.15. These values were held constant
in fits close to the transition for stability. The size of
the time-independent portion, As, is consistent with the
nonmagnetic CeOs impurity fraction determined using
x-ray diffraction, whereas the non-oscillating component
A5 may represent either muons landing in a non-magnetic
volume inside our Ce3QO3 sample or muons residing at a
symmetric location in the unit cell with zero mean field
(where the likely muon stopping site is discussed below).

1 2
AoP(t) = AOAl(g‘il?p*(’\l“t) + 3 cos(2m ft + ¢) exp Pret))

+ Az Agexp™ M2t 4 A3 4,
(5)

As seen by the black lines in Fig. a)7 fits using this
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equation were largely successful in describing the data
at all temperatures, with the possible exception of near
the transition where it misses at early times. Parameters
extracted from these fits are shown in Figs. [§(c)-(e) and
show clear and smooth evolution with temperature. The
oscillation frequency in the ordered volume is plotted in
Fig. c) and shows a clear order-parameter temperature
dependence, consistent with our interpretation of a sec-
ond order phase transition. In this case thermal depen-
dence of the oscillation frequency in the ordered phase
can be described by:

F(T) = fol1 %)ﬁ (6)

Fits to this formula give a critical temperature of Ty =
6.1 K, consistent with the value we determined from heat
capacity, and the exponent [ fits to a value of 0.46, close
to the value of 8 = 1/2 expected from mean field the-
ory. Fig. d) shows the exponential relaxation rates as-
sociated with oscillating and non-oscillating components
of the ordered fraction. Here, A1}, represents the relax-
ation of the cosine component and should be associated

with inhomogeneous broadening of the local field distri-
bution at the muon site; relaxation here is proportional
to the second moment of the distribution and has simi-
lar temperature dependence as the mean field, which is
common. The parameter A\, represents the relaxation of
the non-oscillating component in the ordered volume and
likely reflects a weak dynamic relaxation mechanism; it
seems to diverge at the ordering temperature, consistent
with critical fluctuations near a second order phase tran-
sition. Fig. [8fe) shows the exponential relaxation of the
A5 non-oscillatory fraction, which surprisingly has a sim-
ilar temperature dependence and magnitude of frequency
in the A; fraction. This implies that the local field dis-
tribution at the site of muons in the Ay comprises stray
fields from the ordered fraction. In fact, given the lack
of net magnetization in the low-temperature region, the
magnitude of the fields contributing to the A, strongly
implies these muons reside within the ordered volume,
but are located at symmetric positions with respect to
the magnetic cations.

Beyond these details, it important to note that the
size of the mean field implied by the precession frequency



of A1 muons is quite significant and provides great con-
trast to the tight upper limits on the possible ordered
moment inferred from neutron diffraction data. To put
this statement on more quantitative footing, we used the
MuFinder software suite [34] to find the most likely muon
stopping site via advanced DF T analysis. This was found
to be at the fractional coordinates x = 0.000, y = 0.003,
z = 0.458 in hexagonal coordinates as shown by the grey
sphere in (Figure[§] (f)), favored over other stopping sites
by an energy of greater than 300 meV. Assuming this site,
we were able to calculate the mean dipole field likely felt
by muons as a result of the ordered states suggested in
the previous literature. For example, if we assumed the
k = (1/2, 0, 1/2) ordered state with planar spins seen
in isostructural Nd;Og [19], we infer from the oscillation
frequency in the ZF-uSR data that the ordered moment
would have to be approximately 0.4 ug. Assuming the
k = 0 with easy-plane spins requires a moment size of
2.45-2.65 pp, depending on the angle of rotation in the
planes. Within the context of the dipole moment picture,
neither of these calculated moment sizes are compatible
with the restrictions imposed by our neutron diffraction
data, which imply ordered moments smaller than 0.3 and
0.03 up for the k = 0 and k = (1/2, 0, 1/2) structures,
respectively. This paradox is easily resolved if one consid-
ers a potential role for higher order magnetic multipoles,
the ordering of which would contribute to the local field
distribution experienced by muons which would not con-
tribute to a neutron diffraction pattern. The existence
of multipolar order in Ce;O3 would put this material in
line with a long list of other f-electron magnets [35, [36].

Conclusions

Altogether, the data presented in this article reveal
several new properties and characteristics that resolve
some of the outstanding mysteries surrounding the ma-
terial Ce2O3 that are essential for a full understanding
of the low-temperature magnetic properties. Most re-
vealing, the emergence of clear oscillations in our pSR
data demonstrating the development of magnetic order
and the associated spin wave excitations observed in our
TOF inelastic neutron scattering data provide the first
direct confirmation of long-ranged magnetic order in this
material below 6.2 K. While the absence of observable
magnetic Bragg peaks in our neutron powder diffraction
patterns puts tight limits on the maximum size of ordered
dipole moments, the presence of dispersive magnon exci-
tations confirm that ordered moments must exist in some
form. The success of our spin-wave simulations provides
support for the k = 0 ordered state suggested by previous
studies, with spins aligned in the easy planes. However,
the interpretation of the uSR data utilizing this magnetic
structure suggests an ordered moment size of approxi-
mately 2.5 pp within the dipole picture, impossible to
reconcile with the conclusions from neutron diffraction.
Similar inconsistencies have been seen previously in cases
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of hidden order emerging in f-electron magnets [37, 38].
Perhaps the most notable example is that of URu,Sis,
where the nature of the hidden order remains unresolved
after decades of study [39]. It seems an inescapable con-
clusion then that higher-rank multipolar moments may
provide the answer to these seemingly contradictory ob-
servations. This further helps explain the more rapid
than expected suppression of magnetic scattering with
increasing Q. We note in passing that the involvement
of higher-rank multipoles in the low temperature region
may also help explain reports of a giant magnetodielectric
effect and the appearance of vibronic excitations in Ra-
man scattering data, since multipoles are tied to electron
orbitals and thus distribution of electron charge density
within the crystallographic unit cell. To illuminate this
physics further, we suggest a combined theory and reso-
nant x-ray scattering to determine the nature of the mul-
tipolar order in CesO3 and its coupling to other material
properties.
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