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Collective excitations in the tetravalent lanthanide honeycomb antiferromagnet Na,PrO;
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Thermomagnetic and inelastic neutron-scattering measurements on Na,PrO; are reported. This material is an
antiferromagnetic honeycomb magnet based on the tetravalent lanthanide Pr** and has been proposed to host
dominant antiferromagnetic Kitaev interactions. These measurements reveal magnetic fluctuations in Na,PrO;
below an energy of 2 meV as well as crystal-field excitations around 230 meV. The latter energy is comparable
to the scale of the spin-orbit interaction and explains both the very small effective moment of around 1.0 up per
Pr** and the difficulty to uncover any static magnetic scattering below the ordering transition at Ty = 4.6 K. By
comparing the low-energy magnetic excitations in Na,PrOs to those of the isostructural spin-only compound,
Na,TbO;, a microscopic model of exchange interactions is developed that implicates dominant and surprisingly
large Heisenberg exchange interactions J =& 1.1(1) meV. Although antiferromagnetic Kitaev interactions with
K < 0.2J cannot be excluded, the inelastic neutron-scattering data of Na,PrOs is best explained witha A = 1.22

easy-axis XXZ exchange anisotropy.

DOI: 10.1103/PhysRevB.103.L.121109

Frustrated quantum magnets have been proposed as a
platform to realize quantum spin-liquids (QSLs) and other
exotic forms of magnetic matter [1,2]. In QSLs, quantum
fluctuations are so strong that spins remain disordered for
temperatures well below the average interaction scale be-
tween spins and become entangled. Geometrically frustrated
lattices featuring lanthanide ions have gained much recent
attention, including the triangular, kagome, and pyrochlore
systems [3-8]. An alternative realization of a QSL (with
an exact solution) was proposed by Kitaev based on S=
1/2 moments on a honeycomb lattice with bond-dependent
Ising-like interactions [9]. While the honeycomb lattice is not
inherently frustrated, anisotropic interactions, parametrized
by the Kitaev term (K) give rise to frustration between
the competing orthogonal anisotropy axes. However, in real
materials, the Kitaev interactions are often perturbed by
Heisenberg interactions (J) giving rise to the strongly frus-
trated Heisenberg-Kitaev (/-K) model [10,11].

Bond-dependent interactions stem from strong spin-orbit
coupling (SOC) in magnetic insulators. Hence heavy 4d and
5d transition metal ions have been proposed as a paradigm
to realize a Kitaev QSL [12,13]. Spin-orbit Jer = 1/2 Mott
insulators comprising low-spin d> and d’ transition metal
ions such as Na,IrOs, HsLilr,Og, LioIrO3, and RuCls have
been extensively studied to search for Kitaev physics [14-20].
An alternative approach is to explore Jeg=1/2 magnetic
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moments from f-element ions, which exhibit significant
anisotropy [21,22]. In the 4f electron manifold, several elec-
tron configurations can host Jes=1/2 magnetic moments,
with the one electron/one hole (4f!/4f'%) configurations
as the most desirable. The one-hole case is realized by the
Jett = 1/2 honeycomb material YbCls, the collective behavior
of which was recently shown to be best described from the
Heisenberg limit [23]. The one-electron case leads to the 4 f 1
ions Ce** or Pr** including Na,PrOs, a material with edge-
sharing PrOg octahedra forming a honeycomb network similar
to the iridates and was recently proposed to exhibit dominant
antiferromagnetic Kitaev interactions, contrasting with 4d and
5d systems [24].

In this work, the magnetic properties of Na,PrO; are
investigated using a combination of thermomagnetic and
neutron-scattering measurements on powder samples. These
studies uncover spin-wave-like excitations at energies be-
low 2 meV. A comparison to the isostructural compounds
Na,;TbO3 and Na,CeO3, which represent spin-only magnetic-
moment and nonmagnetic analogs of the title compound,
respectively, yields deeper insights into the effective magnetic
Hamiltonian of Na,PrO;. Although no magnetic Bragg peaks
are observed within experimental sensitivity below the Ty ~
4.6 K transition seen in thermomagnetic probes, dynamic
correlations in Na,PrO; are well explained by a model in-
cluding antiferromagnetic nearest-neighbor interactions and a
easy-axis XXZ exchange anisotropy. The inelastic data do not
support the presence of a sizable Kitaev term K. These studies
also reveal an unusually small effective magnetic moment for
the Pr** ions which is explained by the increased crystal-field
splitting in comparison to trivalent lanthanides [25,26].
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FIG. 1. (a) Monoclinic crystal structure of Na,PrO; showing the
honeycomb layers of Pr*" ions and the resulting nearest-neighbor
and out-of-plane magnetic exchange pathways. (b) Comparison of
the expected splitting of the 2F5, free-ion ground-state of Pr*t by
SOC and a O, CEF environment in LS and intermediate coupling.
(c) Comparison between low momentum-transfer Q < 6 A in-
elastic neutron-scattering spectra measured with E; =800 meV for
Na,LnO; (Ln = Ce, Pr, Tb) at T =1.8 K. (d) Momentum-transfer
dependence of the £ =233(1) meV excitation at 7 = 14 K com-
pared to phonon background at comparable energies. (e) The inverse
magnetic susceptibility 1/(x(T) — xo) and susceptibility x(7') of
Na,PrO;ina0.1 T field and o = 1.09 x 1073 emu/mol‘l. The bold
solid line (purple) is the CEF comparison to the data with the param-
eters in (f). The black and red traces in the inset correspond to FC
and ZFC measurements, respectively. (f) Isothermal magnetization
M(H) at T =5 K and obtained CEF parameters.

Polycrystalline samples of Na, Ln*tO; with Ln = Ce
4f9), Pr (4f"), Tb (4f7) were synthesized by solid-state
reactions and structurally characterized by synchrotron x-ray
diffraction (see Ref. [27], Sec. S1 and Ref. [28]). Na,PrO;
contains layers of PrOg octahedra forming distorted hon-
eycomb networks separated by layers of Na ions, with
two intraplane Pr—Pr distances, d = 3.407(3)A and d’' =
3.487(6) A, and an interplane distance of d; ~58A atT =
100 K [Fig. 1(a)]. The ABC stacking sequence in the C2/c
space group originates from symmetry-breaking displace-
ments of the Na atoms which also lead to evident-stacking
faults in diffraction patterns. Na,CeOs and Na,TbO; are
isostructural to Na,PrO; [28]. Given the air sensitivity of
these samples, all synthesis and measurement operations were
performed in an inert-gas atmosphere.

To understand the single-ion properties of Na,PrOs, broad-
band inelastic neutron-scattering measurements on the fine-
resolution Fermi chopper spectrometer (SEQUOIA) [29,30]
were performed at the Spallation Neutron Source (SNS), Oak

Ridge National Laboratory (ORNL). Experiments were per-
formed on (m =28 g) polycrystalline samples loaded in annular
Al powder cans and inserted into a liquid “He cryostat reach-
ing a base temperature of 7 = 1.5 K. The data were reduced in
MANTID [31] to yield the neutron-scattering intensity 1(Q, E)
as a function of momentum-transfer Q and energy-transfer
E. We used a series of incoming energies to probe possible
crystal electric field (CEF) excitations of our samples up to an
energy transfer of £~ 800 meV (see Ref. [27], Sec. S2, and
Refs. [32,33]).

Pr*t is a 4f! Kramers ion, isoelectronic to Ce**, with
a 2Fs, free-ion ground-state. For an octahedral oxygen en-
vironment with O, symmetry, the CEF splitting leads to a
Kramers doublet ground-state (I';) and an excited quartet
(I's) which we expect to split into two doublets given the
lower D,y site symmetry of Pr** in Na,PrOs [Fig. 1(b)].
The energy dependence of the neutron-scattering intensity at
low-momentum-transfer 1(Q <6 A~!, E) was used to search
for these CEF excitations. The comparison of different E;s
and samples (Fig. 1(c) and Supplemental Material, Ref. [27],
Sec. S2) reveals a strong excitation at £ =233(1) meV. The
intensity of the excitation increases at low Q as expected
for magnetic scattering [Fig. 1(d)]. The excitation found in
Na,PrO; compares well to the 260 meV I'; to I'g splitting ob-
served for BaPrO; [34] which comprises Pr** ions in an ideal
O, environment. Since no other CEF excitations are observed
below 500 meV, the E =233 meV mode is associated with the
two quasidegenerate I'g doublets see Ref. [27], Sec. S2).

Given the axial distortion of the PrOg octahedra (see
Ref. [27], Sec. S3 and Refs. [35-37]), the CEF Hamiltonian
can be written using the Wybourne tensor operators [36]
as ﬂCEF = B(Z)C'g + Bgég + Bié’j + Bgég + Bgé’f. The large
CEF energy scale in Na,PrO; has been observed indirectly
by O K-edge x-ray absorption near edge spectroscopy studies
of PrO;, [26] and is similar in magnitude to the spin-orbit
interaction A~ 100 meV resulting in a 360 meV separation
between 2Fs 2 and ’p /2 for a free Pr*t jon [38]. As a result,
a mixing of the ?F5/, and *F); electronic manifolds is ex-
pected and the above Hamiltonian must be diagonalized using
the complete set of intermediate-coupling basis states using
SPECTRE [39].

Given the number of CEF parameters, it is not possi-
ble to constrain the Hamiltonian solely using the observed
excitation. To progress, it is possible to additionally match
the temperature dependence of the magnetic susceptibility
for uoH =0.1 T [Fig. 1(e)] and T > 60 K using the set of
CEF parameters of Fig. 1(f) and a temperature-independent
term xo = 1.09 x 1073 emu/mol~', although the CEF pa-
rameters remain underconstrained. The value of yy is in
reasonable agreement with the estimated value [40] xo~
%,uZBNA = 0.8 x 107> emu/mol~! for a Pr** ion and with
observations for the related compound BaPrO; [41]. We note
that a constrained form of the Hamiltonian preserving the
proximate O; crystal field symmetry with axial distortion
as a perturbation does not allow us to match the mag-
netic susceptibility (see Ref. [27], Sec. S4). This choice of
CEF parameters yields a ground-state doublet dominated by
|2F5/2 +3/2) and |2F7/2 4+ 5/2) states and predicts several
higher-energy doublets beyond the 800 meV reach of our
experiments (see Ref. [27], Sec. S2). This also yields a
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FIG. 2. (a) Heat capacity measurements of our Na,Ln*t0; sam-
ples measured using the relaxation method above T =2 K. For
Na,PrO;, measurements down to 7 =100 mK were carried out using
a dilution refrigerator insert on pressed pellets mixed with Ag. The
change in magnetic entropy for Na,PrO; and Na,TbOj; is obtained
after subtracting the (scaled) lattice contribution from Na,CeO;.
(b) Neutron diffraction measurements on Na,PrO; at T = 1.6 K
using A = 2.4 A. The red line is the result from a Rietveld refinement.
(c) Comparison at low-angle diffraction between 7= 1.6 K and
T =55K.

calculated powder-averaged g=0.98 for effective Jg=1/2.
The effective moment /L‘éf]f:on.84 wg/Pr is unusually small
given the free-ion value is p/%® = 2.54 up/Pr. The small g
tensor is evident from the experimental isothermal magnetiza-
tion at T =35 K, which is linear and reaches only ~0.12 ug/Pr
at woH =14 T, far short of saturation [Fig. 1(f)].

Below T ~ 40 K, the susceptibility of Na,PrO; deviates
from the single-ion form and culminates in a magnetic
transition at 7y=4.6 K, consistent with Ref. [42], with a clear
splitting between field-cooled (FC) and zero-field-cooled
(ZFC) traces but no visible frequency dependence in ac
susceptibility (see Ref. [27], Sec. S4). Thus, this sharp peak
is interpreted as magnetic ordering preceded by short-range
order [Fig. 1(e)]. It is difficult to find an adequate regime for a
Curie-Weiss analysis: A fit limited to 40 < T < 60 K yields
an antiferromagnetic Weiss constant ®w =—30.4(1) K and
pe, = 1.19(1)up /Pr, comparable to .. Heat capacity
measurements (see Ref. [27], Sec. S5 and Refs. [43,44])
corroborate this picture [Fig. 2(a)]. An additional upturn is
observed below T = 0.3 K, which is associated with nuclear
spins. Subtracting the lattice contribution reveals an entropy
change AS ~ 0.76R1In2 between 0.1 K and 40 K, corrob-
orating the Jo=1/2 picture for Pr** and revealing some
missing entropy.

To understand the ground-state of Na,PrO; below the
transition, neutron powder diffraction experiments were per-
formed on the HB2A diffractometer [47] at the High Flux
Isotope Reactor (HFIR), ORNL. No additional Bragg peaks
are observed beyond the C2/c nuclear structure [Fig. 2(b)],
even after subtracting a T = 55 K background [Fig. 2(c)].
Given the high incoherent scattering background from the
sample see Ref. [27], Sec. S2), the small effective moment
of Pr**, the stacking faults in the crystal structure, and the
likelihood of a k;, =0 propagation vector, this result is not
entirely surprising. To get an estimate on any ordered moment
(u*), the hyperfine coupling in the nuclear specific heat was
modeled using a Schottky form. Assuming the entire upturn
is nuclear yields a static electronic moment (uflyp) =0.41 up

at the timescale of the nuclear-lattice relaxation [4], which is
comparable to {fge) = 0.49up estimated from CEF calcula-
tions.

In the absence of visible magnetic Bragg peaks in
Na,PrO;, low-energy inelastic neutron scattering (E; =38,
20 meV) was employed to search for magnetic fluctuations. It
is instructive to compare these results to the isostructural spin-
only compound, Na,TbO; [Figs. 3(a)-3(e)]. Na,TbO3 orders
at 7y, = 38.2 K and develops structured spin-wave excitations
below 7y [Figs. 3(a) and 3(b)] with a band top of 5 meV and a
~1 meV gap. Subtracting T = 55 K data from 7 = 20 K, the
elastic line shows evidence of intense magnetic Bragg peaks,
show evidence of intense magnetic Bragg peaks indexed by
a k,, =0 propagation vector [Fig. 3(d)]. Representation anal-
ysis in SARAH [48] yields four possible magnetic structures,
only one of which yields a good fit following a Rietveld
refinement in FULLPROF [49] (see Ref. [27], Sec. S6). Spins
in the resulting Néel ordered structure lie in the ac-plane,
essentially along c. Spin-wave excitations in Na,TbO;3 are
very intense given S = 7/2 [Fig. 3(e)] and can be efficiently
modeled using linear spin-wave theory [50] in SPINW [51].
A spin Hamiltonian H = Hex + D Y ;(S?)* with Heisenberg
exchange interactions J; and Jj for the split nearest-neighbor
pairs (d and d'), J, between inequivalent lanthanide sites in
two adjacent honeycomb planes, and a single-ion anisotropy
term D are considered. The calculated powder-averaged in-
tensity is in excellent agreement with the data [Fig. 3(c)] with
parameters obtained after a grid calculation and subsequent
search for a minimal x2? (see Ref. [27], Sec. S7). These
parameters, J;=0.50 meV, J;=0.85J;, J, =—0.02J;, and
D=-0.001 J; indicate that the observed band-top dispersion
[Figs. 3(a) and 3(b)] is induced by the splitting of J; and
Ji, and that the small spin gap is the combined effect of
ferromagnetic J, and easy-axis D.

This foregoing analysis facilitates the description of the
magnetic fluctuations in Na,PrO; at T=1.5 K [Figs. 3(f)-
3(i)], which resemble the spin-wave excitations in Na,TbO3
[Fig. 3(a)], but with a reduced band top of 2 meV [Fig. 3(f)]
and a scattering intensity decreased by a factor ~30 [Figs. 3(b)
and 3(f)]. Thus, a high-temperature subtraction (T = 55 K)
was utilized [Fig. 3(f)]. Given that no static magnetic scat-
tering is observed, an incipient k,, =0 order is assumed by
analogy with Na,TbOs. Given the Jo = 1/2 magnetic mo-
ments, several models are adopted to incorporate exchange
anisotropies (scaled to the corresponding primary exchange)
on J; and J{ bonds, with spin-wave theory calculations
performed in SPINW (see Ref. [27], Sec. S8). Including a diag-
onal exchange anisotropy (XXZ), e.g., Hex =J Zij(Sj‘Sf +
S7 S'jv- + AS;S?), opens a gap in the spectrum and yields an
excellent agreement with the data for J;=J/ =1.06 meV
and A = 1.22 [Fig. 3(g)]. Allowing J; to vary independently
slightly broadens the bandwidth but does not significantly im-
prove the agreement between data and calculations [Fig. 3(h)].
Introducing a Kitaev term K in the Hamiltonian yields an over-
all agreement with the data for J; = 1.1 meV (J{ =J;) and an
antiferromagnetic K=0.18/;, but introduces a weak double-
gap feature at the band bottom that is clearly not observed
in the experiment [Fig. 3(i)]. A cut through the low-energy
part of the data and the corresponding spin-wave calculations
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FIG. 3. (a)—(e) Inelastic neutron-scattering intensity /(Q, E) from Na,TbOs at T = 1.5 K using (a) E; = 8 meV or (b) E; = 20 meV, where
(b) is normalized to absolute units using the nuclear elastic scattering intensity see Ref. [27], Sec. S9 and Refs. [45,46]). (c) Comparison with
powder-averaged linear spin-wave theory calculations for optimized parameters including the magnetic form factor of Tb*" and a constant
energy energy broadening factor of 0.2 meV. The intensity in (a) was multiplied by a factor 0.25 to match the scale of (b)—(c). (d) Elastic
magnetic scattering —0.5 < E < 0.5 meV of Na,TbO; obtained by subtracting 7 = 55 K data from 7' = 20 K (black dots). The red line and
vertical black ticks are the result of a Rietveld refinement using a k,, =0 propagation vector. (¢) Momentum dependence of the low-energy
inelastic signal 0.9 < E < 4 meV (black dots) and comparison to linear spin-wave-theory predictions for optimized parameters (red line).
(f)—(j) Inelastic neutron-scattering results from Na,PrO; at T = 1.5 K using (f) E; = 8 meV, T = 55 K subtracted, and normalized to the
absolute units. Comparison to linear spin-wave-theory predictions with optimized parameters for (g) a J; XXZ model with A = 1.22 (J; =1.06
meV), (h) a Ji—J] XXZ model with A = 1.26 and J{ = 0.85/; (J;=1.1 meV), and (i) a J;-K model with K = 0.18/; (J; = 1.1 meV).
(i) Momentum dependence of the low-energy inelastic signal 0.9 < £ < 1.4 meV (black dots) and comparison to linear spin-wave-theory
predictions for optimized parameters from the J,—J{ XXZ (solid red line) and J,—K models (dashed blue line). To avoid oversubtraction, the
cut is taken from empty cryostat subtracted data while (f) shows a temperature-subtracted spectrum.

peaks in Na,PrOs as well as the missing entropy of around
0.3R1In 2 are two avenues for future inquiry. In particular, the
observed low moment for the Pr** ion has important impli-
cations for the understanding and application of high-valence

[Flg 3(5)] shows overall agreement, except between Q = 0.25
A="and 1 A~ where background contributions are large. All
models fail to account for the apparent continuum at the top
of the band (see Ref. [27], Sec. S8), which we attribute to

the presence of quantum fluctuations given recent studies on
the honeycomb magnets YbCl; and YbBr; [23,52], although
single-crystal studies will be necessary to determine the rela-
tive importance of these terms in detail.

In conclusion, the 1.1(1) meV energy scale of the Heisen-
berg exchange interaction in Na,PrOjs is surprisingly large for
a lanthanide system that is reflected in the unusually large
230 -meV scale of the CEF and the necessity to employ an
intermediate-coupling scheme to explain the small effective
moment per Pr*". Comparable CEF and SOC energy scales
have also been proposed for KCeO, [53] and observed in
RuCl; under pressure [54] where the impact of intermediate
coupling on exchange was shown to favor antiferromagnetic
Heisenberg interactions. Similar effects can hypothesized to
be the origin of the considerably weaker antiferromagnetic
Kitaev interaction, extracted by modeling the magnetic fluctu-
ations of Na,PrO; when compared to theoretical and ab initio
calculations [24]. The absence of visible magnetic Bragg

lanthanide ions in magnetic materials, since, akin to observa-
tions in high-valence actinides, this moment is derived from
competition between SOC and CEF and necessitates the use
of an intermediate coupling scheme to capture the observed
temperature dependence [55,56].
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