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A comprehensive set of muon spin spectroscopy and neutron scattering measurements supported by ab
initio and model Hamiltonian simulations have been used to investigate the magnetic ground state of Na,PrO;.
1SR reveals a Néel antiferromagnetic order below Ty ~ 4.9 K, with a small static magnetic moment mgi. <
0.22 ug/Pr collinearly aligned along the ¢ axis. Inelastic neutron measurements reveal the full spectrum of
crystal field excitations and confirm that the Pr*" ground-state wave function deviates significantly from the
I'; limit that is relevant to the Kitaev model. Single- and two-magnon excitations are observed in the ordered
state below Ty = 4.6 K and are well described by nonlinear spin wave theory from the Néel state using a
magnetic Hamiltonian with Heisenberg exchange / = 1 meV and symmetric anisotropic exchange I'/J = 0.1,
corresponding to an XY model. Intense two magnon excitations are accounted for by g-factor anisotropy
2./8+ = 1.29. A fluctuating moment §m* = 0.57(22) ug/Pr extracted from the energy and momentum inte-
grated inelastic neutron signal is reduced from expectations for a local / = 1/2 moment with average g factor
gavg ~ 1.1. Together, the results demonstrate that the small moment in Na,PrOs arises from crystal field and

covalency effects and the material does not exhibit significant quantum fluctuations.
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I. INTRODUCTION

Material realizations of Heisenberg-Kitaev models hold
significant contemporary interest because of their potential to
harbor quantum spin liquids in higher than one-dimensional
lattice geometries [1-3]. The Kitaev model is characterized by
quantum frustration arising from bond-dependent anisotropic
Kitaev interactions between Je = 1/2 Kramer’s doublets
spin-orbit entangled local magnetic moments [1,4]. In prac-
tice, the generic Hamiltonian for a realistic Kitaev material
contains Heisenberg and symmetric anisotropic exchange
interactions. Depending on local symmetries and electron
hopping pathways these additional interactions may be of
comparable strength to the Kitaev term [5]. Dominant Kitaev
interactions are known to be present in transition-metal com-
pounds with octahedrally coordinated 54° and 4d° electronic
filling, including the Ir** oxides and Ru**-based chlorides
and trihalides [2,6—14], but strong Heisenberg and anisotropic
interactions stabilize Néel order in all of these compounds
[5]. It is thus essential to search for other material realiza-
tions where the non-Kitaev interaction terms can be further
minimized.

Recently, it has been shown that strong Kitaev interac-
tions are potentially realizable in a broader class of materials,
including compounds with high spin d’ electronic configu-
ration such as Co?* and Ni** [15,16], and the f! electronic
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configuration such as Ce** and Pr** [3,17-20]. In the case of
the f! electron materials, a dominant spin-orbit coupling and
octahedral crystal field can act to stabilize a I'; doublet, Jog =
1/2, with strong Kitaev interactions [3,21]. Furthermore, the
more spatially localized f-orbital occupying electrons com-
pared to those in 4d and 5d orbitals could serve to limit direct
exchange interactions.

One candidate material to realize such Kitaev physics is
Na,PrOs, which hosts octahedrally coordinated Pr*t in the
f! electronic configuration [22]. Na,PrOs crystallizes in the
C2/c space group with edge-sharing PrOg octahedra, re-
quired for the realization of the dominant bond directional
exchange [3,18,21]. The crystal structure has two inequivalent
Pr sites forming a honeycomb lattice in the ab plane with two
intraplane Pr-Pr distances of d = 3.433 and d’ = 3.458 A.
Honeycomb planes are separated by layers of Na atoms with
an interplane Pr-Pr distance of d, = 5.867 A [23,24]. Based
on ab initio studies, Na,PrO; was predicted to host anti-
ferromagnetic Kitaev interactions between local Je = 1/2
moments on Pr*t [18,21]. On the contrary, neutron crystal
field measurements revealed that the Pr** ground-state wave
function is not a I'; doublet as required for the Kitaev model.
Furthermore, the magnetic excitations are best captured by
a Heisenberg XXZ model Hamiltonian with negligible Ki-
taev interactions [24]. Recent neutron and x-ray absorption

©2024 American Physical Society
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measurements confirm that the Pr ground state in Na;PrO;
deviates significantly from the I'; doublet as a result of
strong octahedral crystal field and Pr(4 f) — O(2p) hybridiza-
tion [24,25]. However, there are still questions regarding the
magnetic ground state of Na,PrO;. Despite a clear heat ca-
pacity peak at Ty [22], and the appearance of well-defined
spin waves, no direct evidence for static magnetic order has
been found in this material. Furthermore, an apparent con-
tinuum of magnetic excitations existing above the spin wave
bands remains unexplained [24]. Together, the conspicuously
small static magnetic moment and excitation continuum leave
open the possibility for significant quantum fluctuations in
Na2PI'O3.

In this work, we use a comprehensive series of muon spin
spectroscopy (4 SR) and neutron scattering measurements ac-
companied by DFT and model Hamiltonian simulations to
refine the magnetic ground state and underlying microscopic
exchange interactions of Na,PrO3. Our results rule out any
significant, beyond spin-wave, quantum fluctuations in this
material and establish crystal field effects, covalency, and
stacking faults as the primary origin of the small ordered
moment. The SR measurements unambiguously reveal that
Na,PrOj is antiferromagnetically ordered below Ty =~ 4.9 K.
Analysis of the muon data supplemented with DFT and dipo-
lar simulations find the most likely ordered state to be a
Néel AF structure with a small static magnetic moment of
Ustatic < 0.22 up/Pr, collinearly aligned along the c¢ axis.
Measurements of the crystal field excitations reveal five addi-
tional crystal field modes above the previously reported single
crystal field excitation [24]. The full set of crystal fields more
tightly constrain the Pr** ground-state wave function. Low-
energy inelastic neutron scattering revealed intense single-
and multimagnon excitations. The complete measured mag-
netic excitation spectrum is well described by a nonlinear
spin wave model in the collinear Néel state that includes a
dominant Heisenberg exchange and subdominant symmetric
anisotropic exchange interactions. We find that the previ-
ously unexplained continuum of magnetic excitations arises
from multimagnon excitations with relatively large neutron
intensity that is accounted for by g-factor anisotropy. Our
analysis demonstrates a small (~20%) ordered moment re-
duction arising from quantum fluctuations. The fluctuating
moment of m = /g2J(J + 1) — g2J2 = 0.75(14) ug/Pr re-
covered from the energy and momentum integrated inelastic
neutron intensity is reduced from expectations for a local J =
1/2 and gaye = 1.1 as determined by our crystal field analysis.
Based on these results, we attribute the small moment and
intense multimagnon neutron intensity in Na,PrOj to crystal
field and covalency effects.

The remainder of this paper is organized as follows. Af-
ter an overview of the methods in Sec. II, we present the
1SR measurements in Sec. III A along with DFT and dipolar
simulations of the muon spectra in Sec. Il A 1. In Sec. III B
we present and analyze the crystal field excitations. Elastic
and inelastic neutron scattering are presented in Secs. IIIC
and IIID along with a nonlinear spin wave modeling of
the measured spectrum, which is used to constrain a model
Hamiltonian. The summary and conclusions are presented in
Sec. IV.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Powder samples of Na,PrO; were synthesized via solid-
state reactions from Na,O, and PrgO,;. Dry starting reagents
were weighed in a metal ratio, Na/Pr ~ 2.2, to account for
sodium evaporative losses, ground in an agate mortar and pes-
tle, and pelletized under an argon environment. The prepared
materials were enclosed in Ag ampules and heated at 750 °C
under dry, flowing oxygen for 36 h. Samples were furnace
cooled to ~150 °C and immediately transferred to an Argonne
glove box for storage.

1SR measurements were carried out on the GPS spectrom-
eter at the Paul Scherrer Institut, Switzerland. The sample was
packed into aluminium foil inside a glove box to avoid air
contamination and put into a Cu fork inserted into the exper-
imental probe. The measurements were performed both in a
weak transverse field (TF) mode to calibrate the asymmetry
parameter of the muon polarization, and in zero field (ZF) to
reveal presence of the internal magnetic field that gives rise
to the spontaneous oscillations of uSR signal. The ZF uSR
spectra were collected at temperatures ranging from 1.5-5.2 K
using a helium flow cryostat. The time-differential £ SR data
were fitted using MUSRFIT software [26], and the MULAB suite,
a home-built MATLAB toolbox.

To identify the muon implantation sites, we used the well-
established DFT + p approach [27-30]. Non-spin-polarized
DFT calculations were performed within generalized gradient
approximation (GGA) for the PBE (Perdew-Burke-Ernzerhof
[31]) exchange-correlation functional as implemented in the
QUANTUM ESPRESSO code [32]. The muon was treated as a
hydrogen impurity in a 2 x 1 x 1 charged supercell (96 host
atoms and 1 muon) with a compensating background. For Na,
O, and H atomic species, the norm-conserving pseudopoten-
tials were used; while for Pr, the projector augmented wave
(PAW) with no 4f electron state in the valence was used,
in order to avoid the well-known difficulty in describing its
valence shell [33]. The plane-wave cutoff of 100 Ry was used
while the Brillouin zone was sampled using a4 x 4 x 4 mesh
of k points [34].

High-energy neutron scattering measurements of the crys-
tal field excitations were conducted on the fine-resolution
Fermi chopper spectrometer (SEQUOIA) [35] at the Spalla-
tion Neutron Source (SNS), Oak Ridge National Lab (ORNL).
The polycrystalline sample was loaded into an aluminum
can, and cooled to a base temperature of T = 5 K using a
closed cycle cryostat. To cover the full range of crystal field
excitations with sufficient resolution, data was collected using
the high-flux chopper with fixed incident neutron energies of
E; = 60, 150, 300, 700, and 2500 meV.

Low-energy neutron scattering measurements were carried
out on powder samples using the Multi-Axis Crystal Spec-
trometer (MACS) at the NIST Center for Neutron Research
(NCNR). Elastic (E = 0) measurements were conducted with
the monochromator in a vertical focusing configuration us-
ing neutron energy of 5 meV. Inelastic measurements were
carried out using a double-focusing configuration and a fixed
final energy of Ef = 3.7 meV with Be and BeO filters be-
fore and after the sample, respectively, for energy transfers
AE = E; — Er below 1.5 meV. For energy transfers above
1.4 meV, we used a Be filter after the sample and no incident
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FIG. 1. (a) Muon asymmetry spectra at different temperatures. The solid lines are the best fits to the asymmetry data using Eq. (1). (b) The
real part of the fast Fourier transform (FFT) of the experimental SR spectrum at 7 = 1.5 K, with the vertical dashed lines showing the
oscillating fields obtained from the best fit of the asymmetry. Solid yellow line is the best fit with the convolution of the computed dipolar fields
to a Gaussian distribution with the Néel-I AF magnetic structure [see Fig. 2(c)]. The fit gives a magnetic moment size of myy,i. = 0.131 wgp.
(c) The internal fields (B,,;) as a function of temperature. Solid lines are a fit to the power-law function described in the text. (d) The magnetic
volume fraction Vj; as a function of temperature, color shaded to illustrate the relative contribution of each term in Eq. (1).

beam filter. Data for energy transfers above 1.4 meV was
corrected for contamination from high-order harmonics in the
incident beam neutron monitor. Measured background signal
contributions from the sample environment were subtracted
and signal count rates were converted to absolute values of
the scattering cross section using the incoherent signal from
the sample integrated over the range 1.7 < Q0 <2 A~'.

III. RESULTS

A. Muon spin relaxation (#SR)

The measured ZF SR asymmetry spectra, a“f(¢), are
shown in Fig. 1(a) for four different temperatures. At temper-
atures above ~4.9 K, the uSR signal shows no oscillations,
indicating that the sample is in the paramagnetic phase. Upon
lowering the temperature below 4.9 K, the uSR signal dis-
plays damped coherent oscillations, indicating the emergence
of long-range magnetic order due to the presence of a static
internal magnetic field. Furthermore, we also observe a fast
relaxation at short times, reflecting presence of static magnetic
moments. As the temperature is further lowered to 1.5 K,
the signature oscillations of the long-range magnetic order
become more pronounced and dominate the SR spectra.

All observed ZF-uSR spectra are well fit with the follow-
ing model, commonly used to describe ©SR asymmetry in
antiferromagnets [36]:

3
Y (@) =ag [Z ﬁe’*"tcos(yuBM’it + @)
i=1

+ fruse ™+ fze‘*"e_(mz]’ M

where ay is the muon initial amplitude calibrated at high tem-
perature. In a powder sample we expect the internal local field
B,, to have both longitudinal and transverse components with
respect to the muon spin S,,. The first term in Eq. (1) describes
the transverse components with an exponentially damped os-
cillating signal that decays with a transverse relaxation rate A,
summed over all muons that thermalize at three symmetrically

inequivalent sites. The parameter f; controls the contribution
of each muon stopping site i to the total asymmetry signal. y,,
(=27 x 135.5 MHZ T7!) is the muon gyromagnetic ratio,
B, (=2mv,/y,) is the muon internal magnetic field corre-
sponding to muon precessing with frequency v,, and ¢ is
the initial phase. The second term in Eq. (1) accounts for the
transverse component for a site with overdamped oscillations,
labeled as fast nonoscillating term, with amplitude ag ff.s; and
depolarization rate Agg (~ 2 ws™1). The third term accounts
for the longitudinal component with damped relaxation, am-
plitude ag f;, and spin-lattice relaxation rates A;. Finally, for
T Z Ty, static dipolar interactions with nuclear moments with
depolarization rate o &~ 0.2 s~ dominate the muon spectra.

In Fig. 1(b), we show the real part of the fast Fourier
transform (FFT) of the time-domain SR asymmetry at 7 =
1.5 K. Three local magnetic fields are identified from the best
fit of Eq. (1) to the asymmetry signal at 7 = 1.5 K. We label
these B,; = 9 mT, corresponding to the peak with maximum
Fourier power, then B, = 7 mT, and B,;3 = 15 mT.

The temperature dependence of the three distinct internal
fields B,; are shown in Fig. 1(c). Here the solid lines rep-
resent fit to a phenomenological double exponent power-law
function; B,,;(T') = B,,;(0)[1 — (TT—N)"‘]'6 [37,38]. From this fit,
we obtained an estimate of the Néel temperature of Ty ~
4.9 K, consistent with heat capacity and neutron measure-
ments [22,24]. The « exponent accounts for the magnetic
excitation at low temperatures while the 8 exponent reflects
the dimensionality of the interactions in the vicinity of the
transition. A least-squares global fit to the internal field com-
ponents yields « = 4.0+ 0.2 and 8 = 0.15 £ 0.01. The B
value is far less than ~1/3 expected for a three-dimensional
magnetic Hamiltonian [39]. Its average value is close to that
expected for a two-dimensional XXZ model [40]. However,
the large o value indicates presence of complex magnetic
interactions [41,42]. These findings are in agreement with
those from neutrons presented below.

We obtained the magnetic volume fraction (Vy;) from the
asymmetry amplitudes extracted from fits to Eq. (1) [43].
Temperature-dependent Vy; for each internal field component
are shown in Fig. 1(d); the fill color denotes the relative
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contributions of the muon at each distinct stopping site. The
signal f] corresponds to the muon at site A; and contributes
59% to Vi (green shaded area). Sites A, (signal contribution
f>) and Aj (signal contribution f3) contribute 14% and 7%, re-
spectively, resulting in a total of 80% contribution to Vj from
implanted muons that are sensitive to the internal magnetic
field. The remaining 20% is recovered from the amplitude
of the fast nonoscillating relaxing signal (ff.), showing
that 20% of the implanted muons do not exhibit coherent
precession.

Muon sites and dipolar field analysis

To characterize the contributions of each muon site to the
oscillatory components of the uSR signal in Fig. 1(a), and
constrain the magnetic structure, we proceed to identify the
muon implantation site(s) in Na,PrO; using the DFT + u
approach. DFT modeling reveals three symmetrically distinct
candidate muon sites, consistent with sites Aj, Ay, and Aj
from the analysis of uSR data above. Each of these sites is
located at the 8 Wyckoff position, with a distance of ~1 A
along the ¢ axis to the three distinct O sites in the unit cell,
as shown in Figs. 2(a) and 2(b). These sites are found to be
in the direction of the nonmagnetic Na layer and farther away
from the magnetic Pr** ions [Fig. 2(a)]. This is consistent with
observations in typical oxide compounds where the positive
muon is well known to stop near the O sites [30,44].

Our DFT calculations predict that the A; site has the
lowest energy, but the energy differences between Aj, A,,
and Aj sites are less than 0.2 eV. These findings imply that
muons populate the A, Ay, and Aj sites with nearly equal
probability.

With the knowledge of the muon implantation sites, we
determined the magnetic structure and ordered moment size
in Na,PrO; by direct comparison of simulated dipolar field
distributions at these site(s) with experimental results. The
contact hyperfine contribution to the muon local field was
not included because the muon positions in the sample are
expected to result relatively small values of this contribution
and because of the computational complexity necessary to
accurately model the 4f electrons of Pr using DFT [45].
First, by considering the maximal magnetic space groups
(MAXMAGN [46]), we have identified and explored 28
AF magnetic structures, within the k,, = (000), (110), and
(100) propagation vectors that are most likely based on the
minimum of the magnetic excitation spectra discussed in
Sec. III D. For each of these magnetic structures, the muon
dipolar interactions [47] were computed at the 24 muon sites
(i.e., three muon sites at each of the 8 f Wyckoff positions)
as a function of the Pr magnetic moment. The experimentally
observed FFT power spectrum at 1.5 K [Fig. 1(b)] was then fit
to the convolution of the computed dipolar fields and a Gaus-
sian distribution (see Appendix). The SR magnetic structural
analysis identified four possible AF magnetic structures, la-
beled Néel-I, Néel-1I, A-type, and Stripy in Fig. 2(c), that
are consistent with our experimental findings. Fits with other
magnetic structures do not capture important features of the
experimental FFT power spectrum peaks. We found that the
fit to the Néel-1 AF structure with magnetic moments aligned
parallel to the crystal ¢ axis gives the best matching dipolar

Stripy Il

A-type

FIG. 2. (a) Muon sites A; (green spheres), A, (pink), and Aj
(brown) bound to the three O sites of the PrOg octahedra. (b) Muon
sites A; (green spheres), A, (pink), and Ajz (blue) shown in the unit
cell of Na,PrO; with lattice parameters a = 5.96 A, b=1032A,
c=11.73 A, B =109.96° [23]. (c) Four proposed AF magnetic
structures from analysis of SR data, labeled Néel-1, Néel-1I, A-type,
and Stripy. Only the Pr atoms are shown for clarity (with Pr; dark
blue spheres and Pr; sky blue spheres).

field distribution shown in Fig. 1(b). We point out that this
magnetic configuration is also in agreement with the analysis
of the neutron data, as we discuss below. Furthermore, as
shown in Table I, the effective static magnetic moment size
determined from the best fit to the real FFT spectrum are
notably very small, mgpie < 0.22 pg/Pr.

B. Crystal field excitations

In order to elucidate the magnetic degrees of freedom in
Na,PrOs, we first present an analysis of crystal field excita-
tions. Figure 3(a) shows the low-temperature (5 K) inelastic
neutron scattering (INS) contour plots with incident energy
E; =700 meV, which clearly reveals at least four inelastic
features with intensities that decrease with increasing mo-
mentum transfer, consistent with crystal field excitations at
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TABLE 1. The best fit magnetic orders labeled Néel-I, Néel-1I, A-type, and Stripy, shown in Fig. 2(c); their propagation vector, Group
(BNS), their magnetic moment (m) values and the calculated dipolar field (Bgj,) at muon sites Al, A2, and A3 using the corresponding
magnetic configuration. By, values are to be compared with B,; = 9 mT, B, =7 mT, and B3 = 15 mT from experiment.

Label K Group (BNS) Matic (14B) B}l (mT) B2 (mT) B (mT)
Néel-T 000 C2'/c’ (15.89) 0.131 9 9
Néel-II 000 C2'/c (15.87) 0.130 10 9
A-type 000 C2/c’ (15.88) 0.212 9 10
Stripy 100 Pc2,/c (14.84) 0.106 9 11 10

~250, 300, 400, and 500 meV. The additional local excitation
that appears at 452 meV has an intensity that increases with
momentum transfer indicating that it is of nuclear origin. We
identify this feature with an O-H stretching mode [48,49]. The
low-Q magnetic intensity exists on a large high-energy back-
ground with dispersion that is characteristic of a hydrogen
recoil, providing further evidence of the presence of hydrogen
contamination that likely originates from a brief exposure of
the sample to atmosphere during synthesis. Such O-H stretch-
ing modes and hydrogen recoil scattering were also apparent
in previous studies of Na,PrO;z [24]. We note that bulk char-
acterization of our sample as well as neutron diffraction and
inelastic scattering presented below are consistent with previ-
ous reports, demonstrating that this small amount of hydrogen
present has negligible effect on the sample properties.

To better resolve the intrinsic crystal field excitations from
the large background signal, we integrate the neutron data
over |Q| = [6, 11] A~! and fit a background signal using a
decaying exponential with an additional Gaussian centered on
the 450 meV O-H stretching mode as shown in Fig. 3(b).
This background was subtracted to produce the data shown
in Fig. 3(c), while the higher-resolution E; = 300 meV data
shown in Fig. 3(d) revealed that the crystal field intensity
spectrum below 250 meV is comprised of two modes around
~230 and ~240 meV. No additional crystal field modes were
found at higher energies for data collected using neutron in-
cident energies (up to 2.5 eV). To obtain the peak positions,
we fit the INS data to a Voigt profile after subtracting a large
background [see Fig. 3(b)]. In total, six CEF excitations were

0 6

revealed at energies of 228, 243, 296, 388, 528, and 568 meV.
The first two modes, at 228 and 243 meV are consistent with
prior studies that found a single broad energy mode centered
at 233 meV [24,25], but our higher-energy resolution clearly
shows that this mode is split, while an improved signal to
noise unveils four additional crystal field modes that were not
previously visible above background.

The six crystal field excitations we observe are consistent
with the previously proposed intermediate coupling scheme
for Na,PrO; [25], confirming the importance of crystal elec-
tric field (CEF) interactions in Na,PrO;. However, the higher
quality of our data allows us to better constrain microscopic
parameters by fitting solely the crystal field level energies and
intensities.

We computed Pr*t single-ion crystal electric field (CEF)
Hamiltonian (Hcgg) from a point charge (PC) model within
the intermediate coupling regime using the following CEF
Hamiltonian [50]

Hepr = B0 + B3? 05 + BYOY + By> 07 + By 07"
+ B0y + B? 07 + B OF + BEPOS®,  (2)

where B are the CEF parameters and OF™ are the Stevens
operators. Hcgr includes contributions from the nonzero —m
components that are imaginary in the Stevens operators and
second-order terms. Both are required to account for the low
symmetry Pr ion local environment [25]. We also found that
fourth- and sixth-order terms were required to capture all
observed crystal field excitations, especially at higher energy.
For our calculations, we considered Pr*t ion with orbital

(a) — | (arb. Unts) 813 4 4
600 i : (b) Bkg (c) o Data-Bkg (d) — Voigt line fit
= 9 o Data-Bkg — PC model fit ¢ Data
513 — Voigtline fit | —3 ~3
— =] EY b Dat 3 =
2 400 A S e & ata s RS
£ 24l A% 22 22
(2] wn %))
1] c 2 c c
< 2 2 2
. = L c C
200 ) = =,
0 0 1 : 0  Jase? =y,
4 8 12 200 400 600 200 225 250 275
Q (A1) (mev) AE(meV) AE(meV)

FIG. 3. (a) E; = 700 meV inelastic neutron scattering signal in Na,PrO;. (b) Constant momentum transfer cut from E; = 700 meV data
integrated over |Q| = [6, 11] A~". A background arising from phonons, vibrational excitations and H scattering was subtracted prior to analysis
of the crystal field features. (c) Point charge model fit to E; = 700 meV INS spectrum. Vertical bars correspond to the transition levels obtained
from the PC model fit. (d) Constant momentum cut from E; = 300 meV data integrated over |Q| = [6, 11] A-! demonstrating two crystal field

levels.
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TABLEII. B values in meV obtained from the PC model (first
column), and fit of the obtained PC model parameters to the INS data
at E£; = 700 meV.

B PC PC fit

B —2.1967 6.3207
B2 —10.4081 —2.3956
B’ 2.3018 10.1864
BY —0.0800 —0.0057
B? —0.4789 —0.2748
B,? —1.6177 —1.1675
B} —0.7456 —0.0317
B* 0.8509 0.1006
B 0.0080 —0.0313
B2 —0.0100 0.0890
B;? —0.0032 —0.0121
B} 0.0625 —0.0065
B.* 0.0001 0.1596
BS 0.0665 0.1956
B® —0.0140 —0.2250

TABLEIII. The ground-state eigenvalue (along the first row) and
the corresponding coefficients of the eigen-kets (in the |m;, m,) basis)
of the 14 basis sets from the mixing of the f orbitals (down the
column), obtained from the point-charge model fit to INS data.

AE (meV) — 0.000 0.000
|-3,-1) (—0.086 + 0i) 0i

1-3. 3) 0i (0.143 + 0i)
-2, —3) 0i (0.017 — 0.027)
-2, 3) (0.155 +0.163) 0i

-1, —3) (—0.346 — 0.478) 0i

-1, 4 0i (0.444 + 0.562i)
0, —3) 0i (=0.17 — 0.173i)
0, 1) (0.17 — 0.173i) 0i

I, -1 (—0.443 4 0.563i) 0i

I, 3 0i (0.345 — 0.479i)
12, —3) 0i (—0.155 + 0.163i)
12, 1) (=0.017 — 0.027i) 0i

13, —3) (—0.143 + 0i) 0i

3,1 0i (0.086 — 0i)

angular momentum L = 3, spin quantum number S = 1/2,
represented by isoelectronic Ce®>" ion. We obtained reason-
able fits of the PC model to the INS data varying the spin
orbit coupling strength of between 40 and 60 meV and we
report the best fit results for A = 54 meV.

Our model calculations were initialized by generating the
PC model to provide a set of starting CEF parameters that
were further refined through least-squares fitting to the E; =
700 meV INS data. The first column of Table II presents the
values of the CEF parameters B:™ from the PC model, while
the second column presents the final optimized CEF parame-
ters. A notable feature from the obtained CEF parameters is
that significant sixth-order terms are required to capture all
features of the excitations.

Figure 3(c) displays a comparison of the INS intensity with
the PC model fit (brown dashed line) that provides excellent
agreement with all six observed excitations. The ground-state
eigenvectors in the |L, S) basis resulting from the PC model
fit are reported in Table III, while the complete eigenvalues
and eigenvectors can be found in the Supplemental Material
[51]. The low-symmetry local environment of Pr*" results
in a ground-state wave function that deviates significantly
from the I'; doublet [18,21]. Furthermore, we find a mixed
ground state, with significant contribution from the j = 5/2
and j = 7/2 multiplets. The coefficients of all the 14-fold
degenerate basis are nonvanishing, as shown in Table III. The
complexity of the ground-state wave function reflects the low
symmetry of the Pr local environment and likely significant
hybridization between Pr (4 ) and O (2p) states so that a point
charge crystal model provides only an effective description
of the magnetism in Na,PrOs. This conclusion is consistent
with recent x-ray absorption spectroscopy measurements [25]
and with a reduced local moment as revealed by our SR and
neutron scattering measurements presented below.

The observed g tensor is anisotropic with average trans-
verse components in the honeycomb plane components

g+ = 1.05 and a longitudinal component of g, = 1.35, with
g./8+ = 1.29. These illustrate that the CEF effects introduce
an easy axis anisotropy that is consistent with a c-axis-
oriented ordered moment.

C. Neutron diffraction

Both heat capacity [22] and our SR measurements indi-
cate that Na,PrO; undergoes long-range magnetic ordering
below Ty = 4.9 K, this ordered state should give rise to
a magnetic Bragg reflection visible with neutron diffrac-
tion. Figure 4 shows the elastic neutron signal measured at

6 [
o~ 2.7K
o >
S % 60 B 512k
= c o
L, £ s Q
g 640 0O Q@
3
=
>
o
e
5
h
S

1Ql (A1)

FIG. 4. Elastic neutron scattering difference between data at
12 K, well above Ty and data at T = 2.7 K, well below Ty. The
red line is the simulated diffraction pattern for a Néel-1 order with a
moment size of 0.3 pg. Expected Bragg peak positions are indicated
by the green ticks. Inset shows the raw data at each temperature. The
main peak at 1.14 A~! corresponds to a nuclear (002) reflection.
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FIG. 5. (a) Inelastic neutron scattering data for Na,PrO; at 7 = 1.8 K. (b) Simulated powder averaged nonlinear spin wave spectrum for
the J-I" model with / = 1 meV and I' = I'" = 0.1J corresponding to the XX Z limit. (¢) 7 = 1.8 and 20 K constant momentum transfer cut
integrated between 1 < Q < 1.4 A~!, as indicated by dashed lines in (a). Solid line shows the nonlinear spin wave model as in (b) with
the single- (1M) and two-magnon (2M) contributions labeled. Dashed line is the nonlinear spin wave model for J = 1.24, I' = 0.35J,

"= -0.025J.

T =2.7K and T = 12 K. To place tight constraints on any
ordered magnetic moment, we plot the difference between
T = 2.7 and 12 K. The difference data do not show any evi-
dence for magnetic Bragg intensity or diffuse scattering above
the statistical noise indicating that any three dimensional
ordered moment in Na,PrO; is extremely small, consistent
with the uSR analysis presented above and previous reports
[24]. The variance of the difference data places an upper
bound on the ordered moment of m < 0.3 up assuming a
three-dimensional ordered Néel-I magnetic structure with mo-
ments aligned along the ¢ axis, consistent with the wSR
and inelastic neutron spectra described below. This upper
bound represents a significantly reduced moment compared
with expectations from the J = 1/2 ground-state doublet
and g, = 1.35 from our crystal field analysis, giving m, ~
0.65 pp.

Although SR clearly reveals a static, ordered, moment
below Ty in Na;PrO;, both 1SR and elastic neutron scattering
find that this ordered moment is vanishingly small. There are
three most likely, and not mutually exclusive, possibilities
for such a small ordered moment. The first possibility is
the presence of structural disorder that inhibits the formation
of three-dimensional long-range order. In particular, stacking
faults that are known to be prevalent in Na,PrOjz [23]. The
presence of such stacking faults would increase the upper
bound on the ordered moment size determined by neutron
diffraction. The second possibility is significant Pr-O cova-
lency that results in a fraction of the moment on the O site.
The third is presence of significant quantum fluctuations that
reduce the ordered moment size. Such fluctuations would be
expected to arise from a frustrated magnetic Hamiltonian.
Since quantum fluctuations of the ordered moment act to shift
magnetic neutron intensity from the elastic (E = 0) channels
to inelastic ones, the possible presence of significant quan-
tum fluctuations is directly testable through analysis of the
low-energy magnetic excitation spectra as we will discuss
below.

D. Magnetic excitations

The measured powder averaged low energy (6E <
10 meV) inelastic neutron scattering for Na,PrOj is shown
in Fig. 5(a). There are two visible branches of magnetic exci-
tations, centered at 1.5 and 3 meV. The lower-energy branch
exhibits a clear dispersion, with a 1 meV gap and 1.5 meV
bandwidth consistent with previous reports [24]. Excitations
disperse from a minimum energy at Q = 1.25 A~! corre-
sponding to the (110) Bragg position as expected for spin
waves in the Néel-I ordered state. The higher-energy branch of
magnetic excitations is centered around 3.2 meV and extends
into a continuum up to 5 meV, most clearly visible in the
constant momentum transfer cut of Fig. 5(c). Given that this
high-energy branch intensity is maximum at approximately
twice the energy of the lower-energy zone boundary—where
the density of single-magnon states is maximized—and the
intensity of the higher-energy branch is significantly reduced
with respect to the lower-energy one, we associate the higher-
energy excitations with a multimagnon continuum. Such an
assignment is supported by nonlinear spin wave modeling
discussed below. Both branches of magnetic excitations fol-
low the same temperature dependence, collapsing into a broad
energy continuum of the paramagnetic response above Ty .

To model the magnetic excitations in the Néel state, we
consider the generic nearest-neighbor model for Kramer’s
pseudospins on the honeycomb lattice. This includes four
symmetry allowed exchange interactions [5,6],

> [USi S+ KSI'St +T(8)S¢ +8L'SY)
(o
+T/(SIS% 4 SIS + +878! 4 578!,

where (ij), is a u-type bond and pvp are a permutation
of the octahedral axes xyz. This includes the Heisenberg
exchange J, Kitaev exchange K and two symmetric off-
diagonal exchanges I' and I''. We will assume the strictly
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crystallographically inequivalent nearest-neighbor bonds have
the same exchange interactions, effectively granting the model
threefold rotation symmetry about the ¢ axis. We do not in-
clude c-axis exchange interactions as these are expected to be
weak and minimally influence the powder averaged dynamical
structure factor.

We have assumed the J = 1/2 pseudospins in Na, PrO; are
defined with respect to the local cubic axes. Alternatively, a
trigonal basis that quantizes the spins along the out-of-plane
and high-symmetry in-plane directions can be used and yields
[52,53]

Z[Jl (S?S; + SE‘VS; + AS;’S;) + J:t:t(VijS?_S;_ +H.C)
)
—Lx (v [SFSs + 85T+ H.C)].

where y;; are bond-dependent phase factors (y, = 1, ¥y = o,
and y, = w* where w = e?71/3),

Classically, a Néel state can be stabilized on the hon-
eycomb lattice by a dominant anti-ferromagnetic exchange
J > 0, leaving the staggered moment direction arbitrary. In-
cluding a Kitaev interaction in addition to the Heisenberg
interaction stabilizes a staggered moment aligned along one of
the cubic axes through an order-by-quantum-disorder mecha-
nism. Finite symmetric off-diagonal exchanges will select a
direction even classically, with I" + 2I'" > 0 favoring out of
the honeycomb plane, corresponding to A > 1 in the trigonal
basis, and I" 4+ 2I'" < 0, corresponding to A < 1, favoring an
in-plane staggered moment—the in-plane direction is unfixed
classically, but will be selected via order-by-disorder [54]. We
assume the staggered moment orientation is selected by the
symmetric off-diagonal exchanges given the small selection
energy of the order-by-disorder mechanism and fix I' 4+ 2I"" >
0 to yield a staggered moment oriented out of the honeycomb
plane, consistent with expectations from uSR.

The magnetic excitations in the Néel phase can be cal-
culated semiclassically using spin-wave theory. We carried
out calculations of the powder-averaged dynamical structure
factor for several sets of exchange constants (J, K, [, T)
including the XXZ limits (only J;, A nonzero) and the J —
' — I'" model (setting K = 0). We note that the XX Z limit is
equivalentto K =0 and I' = I'" with J; =J — " and AJ} =
J 4+ 2TI". Given the small ordered moment we have included
corrections to linear spin-wave theory up to order O(1/5%) to
ensure we can capture any quantum fluctuations. Details of the
formalism for these nonlinear spin-wave theory calculations
can be found, e.g., in Refs. [54-56].

First, we note that large gap observed experimentally can
be captured even in linear spin-wave theory with threefold
symmetry once I and I"" interactions are included (or equiv-
alently, once A # 1). Quantitatively, the size of the gap, and
the bandwidth of excitations, can be accounted for by several
different sets of exchange parameters. The key features of
the spectrum are largely determined by the value of " + 2T
(where J is fixed to set the overall energy scale). Tuning the
precise values of ' or I'" separately only introduces subtle
changes to the powder-averaged intensity that our data cannot
constrain. Based on these gross features, we confine our calcu-
lations to the value I" 4+ 2I'" = 0.3J, fixing the scale of the gap
relative to the bandwidth, and vary the relative contributions

of I', I'". Small differences can be observed in the flatness
of the top of the excitation band and in the distribution of
intensities near maxima at |Q| ~ 1 A and 1.75 A depending
on the precise values used.

To model Na,PrO; we considered several cases: I'/J =
0.0,0.1,0.2, 0.3, and 0.35 holding I''/J = (0.3 — T"/J)/2 for
each to fix '+ 2I". This includes the XXZ limit where
' =T"=0.1J corresponding to A = 1.33 in the trigonal
basis, close to the value considered in Ref. [24]. A com-
parison of this model to the experimental data is shown in
Figs. 5(b) and 5(c). The theoretical result incorporates up to
the O(1/S?) contributions of the transverse, longitudinal and
transverse-longitudinal parts of the structure factor (which
include the leading contribution from the two-magnon con-
tinuum) [57,58]. The overall intensity scale is left arbitrary
and a g-factor anisotropy of g./g+ ~ 1.29 was used. Due to
the limited range of |Q|, the neutron form factor for Pr*t was
not included.

Overall the J-I' model with J =1meV, I'/J = —0.1,
and IV =T provides an excellent description of the data
given the simplicity of the model. We found no improvement
moving away from the XXZ limit or including an addi-
tional Kitaev exchange. Including the symmetry inequivalent
nearest-neighbor exchange and out-of-plane exchange inter-
actions will likely lead to an improved description of the data,
but our powder-averaged data set is not sufficient to constrain
such a large parameter space and the minimal J-I' model
presented here captures the essential physics. Single-crystal
measurements are required for any reliable further refinement
of additional parameters in the magnetic Hamiltonian, to cap-
ture the magnetic intensity around AE = 2.5 meV and above
4 meV.

A key feature of the magnetic excitations is the pro-
nounced continuum with a maximum intensity visible near
SE =3 meV. Given the powder averaging, it is tempting to
attribute this to an additional band arising due to Kitaev or ad-
ditional anisotropic interactions. A simpler explanation is that
it represents the contribution from the two-magnon continuum
associated with the lower-energy single-magnon band. Kine-
matically, this is sensible, since the continuum starts above
twice the gap, but its unusually high intensity merits further
discussion.

Since the two-magnon intensity is determined by compo-
nents of the spin along the direction of the ordered moment,
any reduction of the ordered moment that results from quan-
tum fluctuations must be accounted for by an enhanced
two-magnon signal. For the XXZ model most relevant to
Na,PrO; we expect only a modest 20% ordered moment
reduction including corrections up to second order, as found
in Ref. [59]. Indeed, such a modest moment reduction is antic-
ipated from the data directly, as the large measured spin wave
gap relative to the bandwidth acts to energetically freezeout
moment fluctuations at low temperatures. We conclude that
rather than enhanced quantum fluctuations, the strong two-
magnon intensity in Na,PrOs is a result of g-factor anisotropy
in Na,PrOs;.

While the one-magnon intensity is determined by the spin
components transverse to the ordered moment, and thus are
o g4, the two-magnon intensity is sensitive to the longitu-
dinal component and carries a factor of g§ The measured
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g-factor ratio g./g+ ~ 1.29 thus provides an enhancement of
the two-magnon intensity of (g./g+)* ~ 1.66 relative to the
one-magnon intensity. Comparison of the nonlinear spin-wave
dynamic structure factor with our data in Fig. 5(c) shows
excellent agreement of the relative two magnon intensity with
the measured signal at 3 meV.

Despite the apparently small static moment and absence
of any magnetic Bragg signal, the inelastic spectra displays
well-formed magnon excitations that can be described to a
high fidelity with nonlinear spin-wave theory predicting a
modest, ~20% ordered moment reduction from quantum fluc-
tuations. In the absence of significant quantum fluctuations,
the unobservable magnetic Bragg intensity in the powder-
averaged diffraction data could be accounted for by stacking
faults that disrupt three-dimensional magnetic order, allow-
ing long-range order to form in two-dimensional honeycomb
planes but only short-range order between the planes. The
resulting magnetic correlations form rods of elastic scattering
extending along the ¢* direction in reciprocal space. When
powder averaged, the rods result in a diffuse signal that is
not visible above background. Since the magnetic interactions
along the ¢ axis are weak, the magnetic excitations do not
disperse along this direction and the powder averaged inelastic
neutron intensity is not significantly influenced by stacking
faults. However, such a scenario cannot account for the small
static moment determined by uSR.

The inelastic neutron scattering signal provides an ad-
ditional, independent check, of the magnetic moment size
in NayPrO; through the total moment sum rule. Integrating
the total measured inelastic magnetic neutron intensity over
the region 0.7 < AE <6 meV and 0.8 < Q < 1.94 A‘l, we
obtain an approximate total fluctuating moment of 8m? =
3/2ub [[ Q*1(Q, E)AQAE/ [ Q*dQ = 0.57(22) u} /Pr. This
value accounts for a large systematic error arising from
background determination and is reduced from the value of
S = gngJ(J +1) — 82¢%J2 = 0.7 puj /Pr expected for a
local J = 1/2 moment and g factors as determined by crystal
field analysis. The factor §, = 0.8 accounts for a static mo-
ment reduction from quantum fluctuations. Such a reduced
fluctuating moment demonstrates the absence of significant
quantum fluctuations and is consistent with a reduced total
moment and Mg < 0.22 up determined by puSR. Overall,
uSR, neutron crystal field measurements, neutron diffrac-
tion, and low-energy inelastic scattering reveal that Na,PrOs
is a well-ordered Néel antiferromagnet, exhibiting minimal
quantum fluctuations, but crystal field effects that give rise
to a small, anisotropic, g factor. The total moment sum rule
analysis directly demonstrates a large moment reduction from
the single-ion limit. Together with previously reported x-ray
absorption measurements [25], our neutron and muon results
show that this moment reduction must arise from crystal field
and covalency effects.

IV. SUMMARY AND CONCLUSIONS

Our combined neutron and uSR measurements demon-
strate that Na,PrO; is Néel antiferromagnet and well de-
scribed by a two-dimensional J-I" or equivalently X X Z model
Hamiltonian. Although no magnetic Bragg reflection has
been identified, SR measurements reveal clear oscillations

characteristic of long-range order. DFT modeling enabled us
to identify the muon stopping sites and compare measured in-
ternal field distributions against possible magnetic structures.
We find the SR internal field distribution is most consistent
with Neel order with a small (< 0.22 up) static moment. Non-
linear spin wave modeling of the observed collective magnetic
excitations capture the complete spectra. An intense two-
magnon band is accounted for through g-factor anisotropy that
acts to enhance the neutron intensity of the longitudinal two-
magnon excitations relative to the transverse single magnons,
by a factor of (g./g+)* ~ 1.66. We find minimal reduction of
the ordered moment from frustration or quantum fluctuations
as confirmed through an analysis of the total magnetic spectral
weight from inelastic neutron scattering. Overall our work
emphasizes how local atomic physics can generate small static
magnetic moments and intense multimagnon continuum ob-
served by inelastic neutron scattering experiments, even in the
absence of appreciable quantum fluctuations. Furthermore,
our work demonstrates the importance of 1SR as a technique
for investigating frustrated magnets with small moments and
the clear synergies between SR and INS.
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APPENDIX: MAGNETIC STRUCTURE DETERMINATION
AND uSR DIPOLAR FIELD SIMULATIONS

The search for the magnetic structure in Na,PrO; was
initialized by considering all possible magnetic configurations
for k,, = (0,0, 0), (1, 1, 0), and (1, 0, O) propagation vectors
and its crystal structure. In Table IV we have listed the max-
imal magnetic space groups and magnetic configurations that
we have obtained utilizing the MAXMAGN [46].

Starting from these maximal magnetic space groups in
Table IV, we have considered only antiferromagnetic struc-
tures with the following conditions of the magnetic moments;
() my =m, =+/2/2|m|, (ii) m;, = |m| and m, = 0, (iii)
m, =0 and m; =|m|, (iv) m, = |m|, and (v) taking into
account two distinct Pr sites, such that for cases (i)—(iv) above,
we have considered that the moments on Pr; is antiparallel to
those on Pr,. Implementing these conditions, we obtained a
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TABLE IV. Magnetic structures from MAXMAGN - Bilbao Crystallographic Server [46]: Maximal magnetic space groups for a given

propagation vector k,,, with two magnetic Pr atoms, Pr1 and Pr2.

ki Group (BNS)

Magnetic Structure®

000 C2' /¢’ (15.89)

C2/c¢’ (15.88)

C2'/c (15.87)

C2/c (15.85)

100 Pc2;/c (14.84)

Pczl/C (1484)

Pc2/c (13.74)

Pc2/c (13.74)

Pr1: (mxv 0, mz)s (mxv 0, mz)s (mxv 0, mz)s (mxv 0, mz)
Pry: (m,, 0, m), (m,, 0, m,), (m,, 0, m;), (m,, 0, m)
Pr;: (0, m,, 0), (0, —m,, 0), (0, my, 0), (0,—m,, 0)

Pr,: (0, my, 0), (0, —m,, 0), (0, m,, 0), (0, —m,, 0)

PI‘]Z (mxs 07 le), (_mxs 07 _mz)a (m)m 0, mz)s (_m)n 0,_mz)
Pry: (m,, 0, m,), (—m,, 0, —m;), (m,, 0, m;), (—m,, 0,—m;)
Pry: (0, my, 0), (0, my, 0), (0, m,, 0), (0, my, 0)

Pr: (0, my, 0), (0, my, 0), (0, my, 0), (0, my, 0)

Pr,: (m,, 0, m,), (m,, 0, m,), (—m,, 0, —m_,), (—m,, 0, —my,)
Pl‘zi (mxs 0, mz)v (mxa 0, mz)v (_mxs 0, _mz)v (_mxv 0, _mz)
Pry: (m,, 0, m,), (—m,, 0, —m,), (—m,, 0, —m,), (my, 0, m,)
Pry: (m,, 0, m), (—m,, 0, —m,), (—m,, 0, —m,), (my, 0, m,)
Pr;: (0, my, 0), (0, my, 0), (0, —m,, 0), (0, —m,, 0)

Pr,: (0, my, 0), (0, m,, 0), (0, —m,, 0), (0, —m,, 0)

Pr;: (0, my, 0), (0, —m,, 0), (0, —my, 0), (0, my, 0)

Pr;: (0, my, 0), (0, —m,, 0), (0, —my, 0), (0, my, 0)

#The atomic positions in fractional coordinate units [23] and the Wyckoff positions to the above magnetic order are Pr;: 0.00000, 0.16590,
0.25000 - (0, y, 1/4), (0, —y, 3/4), (1/2, y+1/2, 1/4), (1/2, —y+1/2, 3/4) Pr,: 0.00000, 0.50100, 0.25000 - (0, y, 1/4), (0, —y, 3/4), (1/2,

y+1/2,1/4), (1/2, —y+1/2,3/4).

total of 28 possible magnetic structures. Due to the magnetic
symmetry of the compound, the magnetic structures obtained
for the propagation vector k, = (0,0,0) are the same for
kn = (1,1, 0). In order to obtain the magnetic structure and
estimate the magnetic moment of Na,PrO; using the muon
spin spectroscopy measurements, we approximated and fit the
Gaussian convolution of the muon dipolar fields calculated
over these 28 magnetic structures to the experimentally ob-
served Fourier power spectrum at 1.5 K. The simulation of
the dipolar contribution to the muon internal field also requires
the knowledge of the muon site [47]. As described in the main
text, the muon was found to thermalize at three symmetrically
inequivalent sites, that we have labeled A, A;, and A3 (see
main text Sec. III A 1). Each of these sites has a multiplicity
of 8 (8 f Wyckoff position), hence we have considered dipolar
fields calculated on 24 muon positions.

For each magnetic structure, the dipolar fields B [47] are
calculated for all 24 muon sites with index i, in the pristine
Na,PrO; structure as a function of the Pr moments, mp,,
written as

24

(B, mp;) =) 8(B —mp,B)).
i=1

(AD

Such that we can approximate the FFT distribution of the ZF-
USR experimental spectra to a convolution with a Gaussian
broadening g as

(o]

p(t,m)g(B — t,0)dt.
(A2)

i;(Bv mpy, 0) = (p * g)(B) = /

—00
The fitting function P becomes

P(B;m, 0, A, Agkg) = Ap(B, m, o) + Agka, (A3)

where o, A, Agkg are the width, amplitude, and the back-
ground of the distribution respectively. Statistically acceptable
fits were obtained only for four magnetic configurations
shown in Fig. 6 (fits to all the other magnetic configurations
are shown in Fig. S1 of the Supplemental Material [51]).
These magnetic structures consist of the Néel-I, Néel-II, A-
type, and Stripy antiferromagnetic configurations.
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FIG. 6. Comparison between experimental and calculated dipo-
lar field distribution for four candidate magnetic structures. Fit
parameters from Eqs. (A1)—(A3) are shown in the inset of each panel.
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