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Drawing inspiration from the recent breakthroughs in the Na,BaCo(PO,), quantum magnet, renowned for its
spin supersolidity phase and its potential for solid-state cooling applications, our study delves into the interplay
among lattice, spin, and orbital degrees of freedom within this compound. Using temperature-, field-, and
pressure-dependent Raman scattering techniques, we present experimental evidence revealing crystal-electric-
field (CEF) excitations, alongside the interplay of CEF-phonon interactions. We performed density functional
theory calculations for the phonon frequencies and compared them with the experimentally observed modes. In
addition, our experiments elucidated electronic transitions from j;,; to j3,» and from j;, to js,, with energy
levels closely aligned with theoretical predictions based on point-charge models. Moreover, the application
of a magnetic field and pressure revealed Zeeman splittings characterized by Landé-g factors as well as the
CEF-phonon resonances. The anomalous shift in the coupled peak at low temperatures originated from the
hybridization of CEF and phonon excitations due to their close energy proximity and shared symmetry. These
findings constitute a significant step towards unraveling the fundamental properties of this exotic quantum

material for future research in fundamental physics or engineering application.
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I. INTRODUCTION

In contemporary condensed matter physics, a significant
endeavor revolves around identifying an isotropic and ge-
ometrically frustrated system capable of hosting an ideal
two-dimensional (2D) triangular lattice. This system should
be characterized by effective spin-1/2 local moments, de-
void of structural imperfections or inherent chemical disorder
[1-7]. Na;BaCo(POy), (NBCP) has emerged as an inter-
esting material due to its nearly perfect triangular lattice
structure devoid of inherent chemical disorder or site mix-
ing [8]. From previous experimental results, the material not
only unveiled emergent quantum phenomena, including spin-
orbit coupling (SOC), crystalline-field effects, topological
order, and fractionalized excitations deviating from conven-
tional spin-wave behaviors [9—13], but also offered promising
avenues for next-generation advancements in energy stor-
age, conversion, magneto-caloric effects (MCE), and novel
computational paradigms [14,15]. Experimental evidence
supports NBCP as a host for a spin supersolid phase [14,16],
with Co?* ions exhibiting effective spin-1/2 characteristics.
Moreover, NBCP displays a broad continuum observed in
inelastic neutron scattering, attributed to spinon excitations,
alongside antiferromagnetic exchange without long-range
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ordering down to 0.05 K [8,12]. Subsequent investigations via
ultralow-temperature specific heat and thermal conductivity
measurements indicated an antiferromagnetic phase transition
occurring at the Néel temperature (7y) of 148 mK [17]. Re-
cent findings from muon spin relaxation (wSR) and nuclear
magnetic resonance experiments suggest magnonlike mag-
netic excitations transitioning to spinons at the critical field
woHe = 1.65 T [18]. Moreover, Gao et al. observed persistent
spin fluctuations until low temperatures and proposed a spin
supersolid state with Kosterlitz-Thouless-Berezinskii (BKT)
fluctuations of the U(1) phase [16].

In compounds containing transition-metal ions, the inter-
play between spin, lattice, and electronic degrees of freedom
in magnetic materials can lead to new phenomena. For exam-
ple, in ferromagnetic Co[N(CN);],, strong electron-phonon
coupling is evident from a magnetic-field-driven avoided
crossing of low-lying Co®*" excitations with two ligand
phonons [19]. In some materials, the hybridization of CEF and
phonons can generate significant phonon magnetic moments,
such as in CoTiO3 [20]. On the other hand, phonon anomalies
observed in the Raman data can sometimes give important
insight into the magnetic entropy changes as provided in
the material Co3V,0g [21]. As a material exhibiting a large
magneto-caloric effect [14], our data can provide important
insight in developing Na;BaCo(PO,), as a promising func-
tional material in solid-state cooling.

In this study, we present a comprehensive anal-
ysis of NBCP, employing temperature-, polarization-,
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magnetic-field-, and pressure-dependent Raman spectroscopy
down to 7 K, with magnetic field up to 8 T and pressure
up to 2.18 GPa. Our investigations reveal all the primary
phonons and crystal-field excitations (CEF) with their ener-
gies corroborated through density functional theory (DFT)
and point-charge model calculations. In addition, we discov-
ered peak splittings with the application of magnetic field and
pressure, indicating different mechanisms that originated from
the Zeeman effect, CEF-phonon coupling, and anisotropy of
the Landé-g factor. This work constitutes direct experimental
evidence of the spin-lattice interplays in NBCP under ap-
plied pressure and magnetic field, thereby opening different
avenues for exploring its exotic properties and facilitating
further research in this material.

II. EXPERIMENTAL METHOD

We synthesized high-quality Na,BaCo(POy), single crys-
tals using the conventional flux method [8,22]. Initially,
polycrystalline NBCP samples were prepared via solid-state
reaction. The precursor powders, including Na;CO3(99%,
Alfa Aesar), BaCOj3 (99.99%, Adamas), CoO(99%, Alfa
Aesar), and (NH4),HPO4(99.5%, Sigma-Aldrich), were thor-
oughly mixed using an agate mortar and pestle. The mixture
was then annealed in air at 700°C for 24 hours. Subse-
quently, the dried powders were combined with NaCl flux
(in a molar ratio of 1:5) and placed in a platinum crucible
covered with a lid inside a box-type furnace. The crucible
was heated to 950°C, held for 2 hours for homogeniza-
tion, and slowly cooled to 750°C at a rate of 2°C/hour.
Pink crystals were obtained, washed in water, and manually
separated from the bulk, resulting in typical dimensions of
2 x 1 x 0.3 mm?, as depicted in Fig. 1(b) (inset). Raman
spectroscopy was performed using linearly polarized lasers
with wavelengths of 488 and 532 nm, yielding a spot size
of approximately Sum on the sample employing a grating
of 1800 g/mm. Spectra were collected in parallel (XX) and
crossed (XY) polarization configurations, with phonon vibra-
tional anisotropy explored by rotating the laser-polarization
direction. For later discussions, we used the experimental
values from the 488 nm laser excitations. Peak positions were
extracted by fitting the Raman spectra with Lorentzian oscilla-
tors with the uncertainty from the fitting reported as the error
bar. For temperature- and field-dependent measurements, sin-
gle crystals were placed in a helium closed-cycle cryostat,
allowing temperature variation between 7 and 300 K. Crystal
orientations in the ab and ac planes were accessed by placing
samples on the cold stage in two directions. Temperature- and
field-dependent spectra were recorded in both planes, with
an exposure time of 90 s and a laser power reaching the
cryostat’s optical window of approximately 8 mW for each
spectrum. The calculation of zone-centered phonons was done
using the plane-wave approach implemented in QUANTUM
ESPRESSO [23,24]. All the calculations were carried out us-
ing optimized norm-conserving Vanderbilt pseudopotentials.
The plane-wave cutoff energy was set to 120 Ry. Dynami-
cal matrix and eigenvectors were determined using density
functional perturbation theory. The numerical integration over
the Brillouin zone were done with a 191 k-point mesh in the
Monkhorst-Pack grid. In our calculations, we use fully relaxed

ionic positions with experimental lattice parameters given in
Ref. [8].

III. RESULTS AND DISCUSSIONS
A. Phonon excitations

Na;BaCo(PQOy), crystallizes in a trigonal structure with
lattice parameters o = 8 = 90°, y = 120°, and lattice con-
stants @ = b = 5.313 A, ¢ = 7.008 A in space group P3ml
(No. 164) [8] and point group Dg ’ (3m1 in Hermann-Mauguin
notation) as depicted in Figs. 1(a) and 1(b). The triangular
layer of magnetic CoOg octahedra resides in the ab plane
with each Co?* ion coordinated to six oxygen atoms. With
a layered AA stacking along the ¢ axis, the Co>* ions ideally
form an effective two-dimensional (2D) triangular lattice to
be free of chemical disorders or structural distortions. The
polarization-dependent Raman spectra at room temperature
under ambient pressure are depicted in Fig. 1(c). The bulk
unit cell comprises a total of 14 atoms, resulting in 42 normal
phonon modes at the I" point. The Co and Ba atoms occupy
(3, sites in each unit cell, while the remaining 6 O atoms bind-
ing to Co atoms occupy the C; sites. The vibrational modes at
the I" point can be categorized into F(Dg ) = SA1,+7A, +
6E, + 8E, + Axg + Ay,. Among these vibrational modes, 11
are Raman active modes corresponding to the nondegenerate
Aj, symmetry modes and the doubly degenerate E, symmetry
modes. Moreover, the energy values between experimental
values and ab initio computations by QUANTUM ESPRESSO
matched very well, as seen in Table I [8,25-28]. The sym-
metry analysis reveals that the £, mode can be observed in
both cross and parallel configurations, while the A;, mode
is visible only in the parallel polarization configuration as
verified by the experimental observation in Figs. S1 and S2
in the Supplemental Material [29]. The Raman tensors of the
two modes are given as shown in Eqs. (1)—(3) [30-32].

The intensity of a Raman mode, denoted as I, is pro-
portional to | ¢; - R - e, |>, where R is the Raman tensor of
the phonon mode, and e; and e, are the unitary polariza-
tion vectors of the incident and scattered light, respectively
[33-35]. For the A;, mode, by substituting the Raman tensor,
we can obtain the mode’s different responses to polarization,
as shown in Egs. (4) and (5). Under the parallel configura-
tion where y = 6, the intensity /(A,,) is proportional to lal?,
resulting in a circular polarization profile. Conversely, un-
der the experimental cross configuration where y = 6 + 90°,
I(A1g) =0, indicating that the mode is nonvisible as con-
firmed by the experiment. Similarly, for the E, mode, we have
I(E,) o |c|?* so that the polarization profile is circular and
visible for both polarizations,

a - - cos 6
I(Ayg) o« |(cosy,siny,0)- | - a sind ||, (1)
. b 0
I(Ag) o laf cos*(y — 0), )
a - .
RA) = a |, 3)
.. b
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FIG. 1. (a) NBCP crystal structure. (b) The room-temperature powder XRD pattern and inset showing the single-crystal XRD, indicating
the well-grown (001) surface with a photograph image. (c) The incident light polarization e; is aligned along the x direction, while the scattered
light polarization e, can be either parallel (x direction) or perpendicular (y direction) to e;. Spectra were collected in parallel (XX) and crossed
(XY) polarization configurations on the ab and ac planes of the NBCP single crystals at room temperature.
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B. Crystal-field excitations

We characterized the temperature-dependent (7-300 K)
Raman spectra of NBCP with the whole set of data
given in the Supplemental Material, Figs. S3(a) and S3(b)
[29]. The spectra collected using 488 and 532 nm laser

excitations exhibited similar spectra, except the peak of
526 cm~!, which is only visible in the 488 nm laser excitation
possibly due to a weak intensity, as shown in Fig. S3(c) in the
Supplemental Material [29]. As the temperature decreased,
the phonon modes shifted to higher frequencies, as illustrated
in Fig. S3(d) in the Supplemental Material [29]. Two soft
phonons at 867 and 871 cm™! exhibited decreasing energies
as the temperature decreases, as shown in Fig. 2(g). Below
130 K at ambient pressure, an additional five peaks emerged.
These peaks appeared at 309 cm™! (38 meV), 346 cm™!
(42 meV), 862 cm™! (107 meV), 900 cm~! (112 meV), and
1036 cm™!' (128 meV) demonstrating strong temperature-
dependent intensities, weak polarization dependence, and
linewidth softening as the temperature decreased. The

155129-3



GHULAM HUSSAIN et al.

PHYSICAL REVIEW B 111, 155129 (2025)

TABLE I. A comparison of DFT calculated phonon frequencies and experimentally observed values with two different laser excitations

(488 and 532 nm).

Mode Calc. (cm™) Expt. (488 nm)(cm™") Expt. (532nm)(cm™!) Mode Calc. (cm™)
E,(R) 120.1 120 117 E,(IR) 37
AL(R) 186.1 166 164 E,(IR) 111.8
E,(R) 201.8 201 199 Ang(—) 155.0
E,(R) 236 224 220 Ay, (IR) 155.6
A (R) 270 254 251 E,(IR) 195.7
309(38 meV) 309 A (—) 197.5
346(42 meV) 342 A (IR) 214.1
E,(R) 425 430 429 E,(IR) 2282
E,(R) 562.7 526 . A,(IR) 239.7
A (R) 567.9 580 577 Ay, (IR) 279.8
862 (107 meV) 858 E,(IR) 404.1
E,(R) 868.2 867 863 Au(IR) 533.8
A (R) 886.5 871 870 E, (IR) 563.6
900 (112 meV) 900 Az (IR) 873.5
AL(R) 1021 977 980 E.(IR) 887.2
1036 (128 meV) 1033 Ay, (IR) 980.5

extracted line width and Raman intensity data in the 7-140 K
temperature range can be seen in the Supplemental Material,
Figs. S4(a)— S4(d) [29]. The observed energy values can be
roughly grouped into two transition levels: two peaks ap-
peared in the range of 300 cm~!, around 40 meV, and another
three between 800 and 1100 cm™!, in the range of 110 meV.
However, the two lower-energy peaks shown in Figs. 2(b) and
2(c) persisted roughly to 130 K and demonstrated opposite
shifting directions as phonons, as shown in Fig. 2(d). More-
over, the two higher-energy peaks with energies at 107 meV
(862 cm™!)and 112 meV (900 cm™!) showed up as one broad
peak persisting all the way to room temperature, as shown
in Fig. 2(e). Upon deconvolution, we discovered four peaks
inside, which were the two phonon peaks of E, at 867 cm™!
(107 meV), Agat 871 cm~! (108 meV), together with the two
new peaks at 862 cm™! (107 meV) and 900 cm~' (112 meV),
as shown in Fig. 2(f) and in the Supplemental Material,
Figs. S1(a) and S1(b) [29]. Figure 2(g) showed the anoma-
lous shifting directions for these peaks, suggesting potential
hybridization or couplings that will be discussed later. A third
newly emerged peak at 1036 cm~! (128 meV) was further
away from any phonon peaks and appeared as an independent
one below 130 K.

We attribute these additional peaks to crystal-field excita-
tions in the presence of spin-orbit coupling and small trigonal
distortion and further verified our conclusion by the point-
charge model computation and theoretical values reported in
the literature. In Na,BaCo(PQ,),, the cobalt ion exists in the
Co’" state with an electronic configuration of 3d”. Figure 2(a)
illustrates the energy diagram for the cobalt ion situated within
an octahedral crystal field under the influence of spin-orbit
coupling. Expressed in term symbols, the electronic ground
state for the Co** ion is *F with L =3 and S = 3 /2, result-
ing in 2L 4+ 1 = 7 initially degenerate levels for the free ion.
Subjecting to the octahedral field, the energy levels split into
the 71, mode (subject to I'y symmetry), the 75, mode (I's),
and the higher A;, mode (I';). Spin-orbit coupling further
splits the energy levels into a j = 1/2 doublet (subject to

['¢ symmetry), a j = 3/2 quartet (I'g), and a j = 5/2 sextet
with four transforming according to I'; and the others ac-
cording to I's symmetries. A group theory analysis revealed
the Raman activity of these sublevel transitions between T,
ground term sublevels, as shown in the Supplemental Ma-
terial, Table S1 [29]. The experimental results also agreed
with a recent theoretical paper on the computation of NBCP’s
Raman spectroscopy with a small negative trigonal distortion
so that ligands are pushed closer together in the xy plane while
being pulled farther apart along the z axis, resulting in a weak
Jj = 5/2 peak plus two stronger j = 5/2 peaks at higher wave
numbers [25]. In the low-temperature measurement without
magnetic field, the Hamiltonian can be represented according
to Eq. (6),

H = Herys + Hsoc = »_BJOY +isoS-L.  (6)
n,m

Here, Hcrys represents the crystal-field contribution, which
can further be expanded into a series of spherical harmonics
where B) are the CEF multiplicative factors related to the
strength of the crystal field and O] belong to the Stevens’
operators. The spin-orbit coupling Hsoc can be expressed as
the dot product of the operators with a spin-orbit-coupling
constant Agso. By directly constructing a point-charge model
based on the NBCP structure, the calculations were per-
formed using the open-source package PYCRYSTALFIELD [36].
Table II compares our measured energy levels with point-
charge computation and the theoretical values done by density
functional theory [37]. The computed CEF constants were
Bg = —1.53 meV, Bg = 0.43 meV, and Bi = 12.28 meV, with
the spin-orbit-coupling constant Aso = —22 meV from the
literature [28].

The peak positions are in excellent agreement with the
transition energies from the ground state j = 1/2 to the
excited states j = 3/2 and j = 5/2. The two lower-energy
peaks arose from the smaller energy gap between j =1/2
and j = 3/2, while the three higher-energy ones correspond
to the transition from j = 1/2 to j = 5/2. These transitions
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FIG. 2. (a) The energy levels of the ground *F Co** split by the crystal field in the presence of SOC and trigonal distortion. (b) The
temperature-dependent CEF excitation peaks around (300 cm™!) 40 meV. (c) A comparison of low- and room-temperature Raman spectra of the
40 meV CEF peaks. (d) Peak position evolution as a function of temperature for phonon and 40 meV CEF peaks. (¢) The temperature-dependent
CEF excitation peaks around (8001100 cm™') 110 meV. (f) A comparison of low- and room-temperature Raman spectra for the 110 meV
CEF peaks (two lower peaks). (g) Peak position evolution as a function of temperature for the two lower 110 meV CEF peaks and adjacent
phonon peaks.

TABLE II. Comparison of experimental and calculated CEF levels.

Experimental Point-charge calculation DFT from the literature [25,37]
38.3 meV (309 cm™!) 37.3 meV 40.7 meV
42.4 meV (342 cm™) 43.2 meV 45.6 meV
106.9 meV (862 cm™!) 104.2 meV 112.4 meV
111.6 meV (900 cm™) 113.4 meV 113.6 meV
128.4 meV (1036 cm™}) 133.4 meV 128.3 meV
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FIG. 3. (a) Zeeman splitting of 34 meV peak at lower temperature (7 K) with increasing magnetic field perpendicular to the ab plane.
(b) The comparison of the spectra with and without magnetic field in different orientations. (c) Under P= 2.18 GPa applied pressure, the
40 meV peaks evolves as a function of magnetic field. (d) The Zeeman splitting valley showing the peak shift as a function of the field. (e) The
slope fit yielded g values obtained from the energy shift as a function of the applied magnetic field.

involved a change in the angular momentum quantum num-
ber, leading to a nonzero transition moment that renders
them observable in Raman spectroscopy. Our results are also
consistent with another recent report for this material, in-
dicating the presence of unconventional magnetism driven
by spin-orbit coupling, electronic correlations, and CEF
excitations [25].

C. Zeeman splitting

In crystal-field theory, metal-ligand interactions are typ-
ically considered to be solely electrostatic, suggesting
field-independent Raman excitations at low temperatures.
However, the behavior of the CEF peaks in NBCP was more
complex, showing splitting and strong dependence with ap-
plied magnetic field and pressure. The complete dataset is
provided in Figs. S5(a) and S5(b) in the Supplemental Mate-
rial [29], with zoomed views of the CEF excitations shown in
the side panels. For the lower-energy peaks that we designated
as transition from j = 1/2 and j = 3/2, the two peaks ex-
hibited shifts to higher frequencies at a rate of ~1.7 cm™!/T
and ~1.0 cm™'/T, respectively. Moreover, when the field
strength increased beyond 3 T, a third peak moving in the
opposite direction appeared, which we attributed to Zee-
man splitting, as illustrated in Fig. 3(a). To validate our

conclusion, we applied a magnetic field in both the parallel
and perpendicular directions. The 38 meV (309 cm~!) peak
showed up AE ~ 14 cm™! in response to the 8 T applied
field in both the H || ¢ and H || a directions, as shown in
Fig. 3(b). When a pressure of P =2.18 GPa was applied,
the peak splitting width increased from AE ~ 14 cm™' to
AE ~ 22 cm™!, as shown in Fig. 3(c), signifying that the
energy levels are more distinct under pressure. It is noteworthy
that the nonsplit peak at 42 meV (346 cm™!) also started to
show splitting under high pressure once a magnetic field was
applied. This was potentially due to the impact of pressure
that makes the Zeeman effect more detectable. However, as
the 42 meV (346 cm~!) peak split was very weak, we ex-
tracted most of the information from the 38 meV (309 cm™!)
peak instead.

Typically, the interaction between an external magnetic
field and the magnetic dipole moment associated with the
total angular momentum of an ion leads to Zeeman splitting.
We used the energy difference between the split modes to
calculate the effective magnetic moment (iefr) and the asso-
ciated g factor using the equation AE = 2gugB, where AE
represents the peak-peak splitting for a given applied magnetic
field B, and up denotes the Bohr magneton. The extracted
data as a function of magnetic field with a linear fitting are
shown in Fig. 3(d). A g factor of g, =4.34 and g, = 4.80
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FIG. 4. (a) Deconvolution of Raman spectra 800-960 cm~!. (b) The peak intensity in response to the applied field along different crystal’s
axis. (c) Low-temperature (7 = 7 K) Raman spectra of NBCP at P = 2.18 GPa with an applied magnetic field. Four distinct peaks showed
up. (d) Linear fits of the peak shifts as a function of field strength at ambient pressure. (e) Linear fits of the peak shifts as a function of field

strength at 2.18 GPa pressure.

values and the effective magnetic moment e ~ 1.14 ug
can be extracted as seen in Figs. 3(d) and 3(e), which is in
excellent agreement with the electron spin resonance (ESR)
experiment values of g, =4.22 and g = 4.81 [8,37]. For
Na;BaCo(PQy),, the g factor was theoretically predicted to
be anisotropic because of the small trigonal distortion [16,38].
It is plausible that the different transition observations CEF
peaks were caused by the anisotropy of the g factor, resulting
from different angular momenta change to show up under a
magnetic field [8,37,39].

D. CEF-phonon coupling

The higher-energy Raman mode, centered around
110 meV, responded to the magnetic field in a markedly
different way. According to the point-charge model, there
are three transitions arising from j=1/2 to j=15/2
located at 862 cm™! (107 meV), 900 cm~' (112 meV),
and 1036 cm™!' (128 meV). However, within a similar
energy range, two phonons, i.e., the E, mode at 867 cm™!
(108 meV) and the A, mode at 871 cm~! (108 meV),
are also present. Extracted linewidth and intensity for the
CEF, E,, and A;; modes in NBCP under magnetic fields
of up to 8 T, can be seen in Figs. S6(a)- S6(d) [29]. The
two phonons come from the PO, tetrahedron’s symmetric

stretching and asymmetric stretching vibration modes for
the corresponding phosphate with the glaserite-type phase
[40—42]. This suggests a potential coupling between the CEF
and phonon modes contributing to this peak. Typically, the
electronic excitations that are close to phonons can come
from the CEF and the magnetic ions’ spin-orbit effects,
where the spin and orbital degree of freedom can strongly
interact responding to a magnetic field [43,44]. To investigate
this hypothesis, we deconvolved the peak (by multiple
peak fitting) into four contributors in the spectral range
800-980 cm~!, among which two are CEF peaks and two
are phonon peaks, and analyzed their frequency dependence
on the field strength as shown in Figs. 4(a) and 4(b). In the
absence of a magnetic field, the lowest CEF peak at 107 meV
(862 cm™!) showed the smallest intensity buried by the two
phonons. When field strength increased, the CEF displayed
strong intensity up to 8 T along both the ab and ac planes.
Furthermore, the linewidth and intensity of the CEF mode
at 862 cm~! (107 meV) exhibited stronger field dependence
compared to the 900 cm™' (112 meV) CEF mode, as shown
in Fig. 4(a) and the Supplemental Material, Figs. S6(a)—
S6(d) [29]. With continuously increased magnetic field,
the E, mode intensity greatly reduced at the expense of
the 862 cm™' (107 meV) CEF peak, while the total peak
intensity remained approximately conserved potentially due
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to the hybridization of the CEF mode and phonon. The
CEF-phonon coupling can lead to resonances observed in
many rare-earth compounds as reported for Ce,O3 [45],
Eu,03, and Yb,0O3 [46,47], etc. Moreover, closely related
examples of Co-based materials include Na,BaCo(POy),
[25], Na3Co,SbOg¢ [48], NayCo,TeOg [49], BaCo0y(AsO4)
[50], and CoX, (X = CI, Br, I) [51]. When CEF-phonon
coupling was observed, phonon softening is often a strong
indicator and sometimes large phonon magnetic moments can
be observed in magneto-Raman spectra [43,52,53]. Based
on the theory developed by Thalmeier and Fulde [54,55],
energy proximity and shared symmetries between the phonon
and CEF electronic excitations are necessary criteria for such
resonance to occur. In NBCP, the phonons’ proximity to
the resonance was observed at roughly the same position,
107 meV (867 cm™') E, and A;, at 108 meV (871 cm™')
mode, close to the CEF mode at 107 meV (862 cm™').
Both phonon modes exhibited anomalous softening with
decreasing temperature, as shown in Fig. 2(g), consistent
with observations in materials with similar coupling. The
irreducible representation of the local distortion by the
phonon at the cobalt site can be obtained by the subduction
from the O(3) of the point group [56,57]. The symmetry of
the CEF-phonon coupling states can be obtained by direct
product of the CEF and the phonon distortion at the ion
site, as shown in the Supplemental Material, Table S1 [29].
Therefore, we can confidently say that both conditions for
the Thalmeier-Fulde resonance were satisfied: the energetic
proximity as well as the shared symmetries between the two
types of excitations.

When applying the field in different crystallographic di-
rections, there were obvious differences for this coupling
behavior, as shown in Fig. 4(b). First, only two peaks can be
deconvolved because the A, phonon mode was only visible in
one polarization. However, CEF-phonon energy and intensity
trade-offs can be seen regardless of the field direction. To
extract more quantitative information about the interaction
between Co®* electronic excitations and phonons, we applied
a coupled oscillator equation to extract the coupling constants,
where the perturbed energy levels of the two coupled modes
are described in Eq. (7) [19,45]:

wpp + @* W — *\ 2
wl,zzphT:t <phT> + A2, 7

Here, w,n, and w* are the phonon and Co?*t electronic
excitation frequencies, and A is the coupling constant. We
estimate the electron-phonon interaction energy to be ap-
proximately 1.40, 1.61, 1.49, and 0.85 cm~! for the 862,
867, 871, and 900 cm~! modes, respectively. Taking into
account the field dependence of electronic excitation, the
best fit to the magneto-Raman data was obtained using
these coupling constants, as shown in Fig. 4(c). A no-
table point is that the coupled phonons exhibited strong
magnetic field dependence, while all other phonons’ re-
sponse are largely field independent, as shown in the
Supplemental Material, Fig. S7 [29]. The large magnetic
moments of the coupled phonons agreed with similar
materials [20].

An applied pressure can easily separate the contributors
to this peak, as seen in Fig. 4(d), and the evolution of the
line width and Raman intensity data for P = 2.18 GPa under
magnetic fields ranging from 0 to 8 T can be seen in Fig. S8 in
the Supplemental Material [29]. When a pressure of 2.18 GPa
was applied, the peaks broadened and were separated even
without magnetic field. The change of the Raman spectra can
possibly be explained by the direction of the trigonal distor-
tion. With a pressure applied in the perpendicular direction,
the ligands were pushed closer in the z axis, resulting in a
positive distortion instead of the negative one that was intrin-
sic to a nonpressured sample. A positive distortion will result
in two stronger j = 5/2 CEF peaks as can obviously be seen
in the blue and green fittings in Fig. 4(c). With a continuously
increasing field, the peak separation became more prominent.
At the maximum field strength of 8 T, the pressure resolved
the peaks and separated them into four distinct contributors.
However, a noteworthy point is that CEF-phonon coupling
was also present in the high-pressure spectra, but far away
from the resonant regime. The peak positions as a function
of the applied magnetic field with pressure are shown in
Fig. 4(e). Comparing with the nonpressured field-dependence
data, the phonon peaks’ responsiveness to the magnetic
field roughly remained the same level, while the CEFs’
responsiveness reduced. This can be explained as a more
pronounced impact by the lattice distortion on the particle
dynamics so that magnetic contributions were comparatively
diminished.

IV. SUMMARY AND CONCLUSION

In summary, we investigated the spin-orbit coupling,
crystal-electric-field (CEF) excitations, and CEF-phonon in-
teractions in the exotic supersolid compound Na; BaCo(POy);
using temperature-, magnetic-field-, and pressure-dependent
Raman scattering techniques. We identified and confirmed
the symmetries of all primary phonon modes in the material.
The temperature-dependent Raman revealed all the energies
of CEF excitations from the ground-state to the excited
ones, which correlated to the peaks observed at 309 cm™!
(38 meV), 346cm~! (42 meV), 862 cm~' (107 meV),
900 cm™! (112 meV), and 1036 cm™' (128 meV) and in ex-
cellent agreement with the point-charge model. Additionally,
we observed that the peaks at 38 and 42 meV, which repre-
sented the first CEF levels, exhibited field-dependent behavior
and Zeeman splitting under magnetic field. The higher-energy
CEF modes at 107 and 112 meV created a resonance with
two ligand phonons, which can be separated by an applied
pressure. This CEF-phonon coupling is shown to be qualita-
tively described using the two-oscillator model in which the
soft phonons are strongly coupled to electronic excitations
from CEF transitions. An applied pressure further split the
energy levels. The distinct energies associated with spin-orbit
coupling, CEF-phonon interactions, and electronic excitations
firmly establish NBCP as a promising candidate for further
theoretical and experimental investigations into the quantum
magnet with nearly ideal triangular lattice. Our results shed
light on the intricate interactions within NBCP and offered
different avenues for this material for further research in both
fundamental physics and practical applications.
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