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CsYbSe,, a recently identified quantum spin liquid (QSL) candidate, exhibits strong crystal electric

field (CEF) excitations. Here, we identify phonon and CEF modes with Raman spectroscopy and ob-
serve strong CEF-phonon coupling resulting in a vibronic bound state. Complex, mesoscale interplay
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between phonon modes and CEF modes is observed in real space. Additionally, unexpected resonant
Raman excitation condition is satisfied, yielding up to third-order combination modes, with a total
of 17 modes identified in the spectra. This study paves the way to coherent control of possible
QSL ground states with optically accessible CEF-phonon manifolds and mesoscale engineering of

CEF-phonon interactions.

1 Introduction

Quantum spin liquids (QSLs) have been a topic of intense re-
search interest in condensed matter physics in recent decades®™3.
The still elusive possibility of control over distributed many-
body entanglement offers a key path toward fault-tolerant reg-
isters for quantum information processing. Quantum spin lig-
uid candidates like a-RuChm, k-(BEDT-TTF),Cu, (CN)3, and
YbMgGaO,1# typically exhibit geometric frustration of some sort,
but there have not yet been conclusive observations of QSLs, nor
are there well accepted measurement protocols for QSL order pa-
rameters.

Yb delafossites?® such as NaYsz, NaYbSez,
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NaYbOz, CsYbSez, and KYbSeg - with effective spin
Seff = 1/2 from Yb3* ions and antiferromagnetic coupling deco-
rating 2D triangular lattices - are popular QSL candidates. Easy-
plane magnetic anisotropy results in a plateau at one-third of the
saturation magnetization due to strong spin fluctuations 192123
There have been no reports of long-range magnetic ordering at
temperatures as low as 7 = 0.4 K as a result of the geometric
frustration in these materials. This family is thought to be less
defect prone than QSL candidate YngGaO4.

Crystal electric field (CEF) modes emerge as a result of the lift-
ing of the orbital degeneracy of transition metal ions in their lig-
and environments3%31, CEFs can therefore be used as probes of
internal fields. Lower energy CEFs are particularly important as
they are part of the ground state wavefunction that defines prop-
erties such as magnetism, conductivity and superconductivity=2.
For instance, the CEF splitting and spin-orbit coupling of Yb3*
4f13 orbitals causes the intrinsic magnetic anisotropy in Yb de-
lafossites. CEF modes are also responsible for a Schottky anomaly
that has been observed in some members of this family. The
rare earth Yb** doublets are time-reversal degenerate Kramers
pairs®3. The 4f electrons - well shielded compared to 3d elec-
trons - exhibit smaller CEF splitting®®. CEF excitations can also
interact with other excitations in the system3>37, While CEFs
have been extensively studied since the 60s, understanding of
their interactions with other excitations beyond pristine single ion
environments remains rather limited. CEF coupling to electron-
hole pairs has been proposed as the mechanism that mediates
superconductivity in UPd2A13 and PrOS4Sb12@. It was re-
ported for Pr(Os;_,Ru,)4Sb;; that, when CEF and phonon modes
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cross each other, the superconducting transition temperature has
a minimum42,

When the mode energy of a CEF and that of a phonon mode
are close to each other, mode resonance can happen. This strong
CEF-phonon coupling may even yield vibronic bound states. CEF-
phonon coupling has been observed in CeAuAl;=044 Ce, 0522
CeAl,*>7 PrNis 48 NdBa,Cuz0;_542, and Ho,Ti,07°%, among
other materials. Conduction electrons may further complicate the
picture and alter the relative intensity of hybrid modes=Y. Under-
standing the complex manifold spanned by CEFs and phonons,
their interactions, and their associated optical selection rules may
lead to emergent functionalities that take advantage of spin-
lattice coupling. Also, this understanding may be useful for con-
trolling and reading out possible QSL ground states for topologi-
cal quantum information processing.

Inelastic scattering methods such as neutron and Raman scat-
tering are workhorse tools for probing fundamental excitations
such as phonons, CEF modes®2, magnons, and possible Majo-
rana statesZ>3, Though Raman spectroscopy typically probes ex-
citations near the I" point in the Brillouin zone, it is capable of
probing higher energy modes that are challenging to access with
neutron scattering. Further, Raman microscopy can be used to
probe sub-micron-scale spatial variation to reveal interactions be-
tween excitations. Here, we employ polarization-, spatially-, and
temperature-resolved Raman spectroscopy to probe CEF-phonon
interactions in CsYbSe,. We identify all the primary phonons,
and CEFs. We report combination modes as a result of resonant
Raman condition, a vibronic bound state as a result of mode res-
onance, and mode repulsion between CEF and phonon modes.
Our work extends explorations of CEF-phonon coupling into the
emerging class of candidate QSLs.

2  Methods

2.1 Sample Details and Experimental Setup

High quality single crystal CsYbSe, (Figure |1)) was grown using
a previously described flux method®. Polarization-resolved Ra-
man spectra from 7 = 3.3 K - 300 K were taken in a Montana In-
struments closed-cycle cryostat with out-of-plane excitation and

measured with a Princeton Instruments Isoplane SCT-320 spec-
trograph with a Pixis 400BR Excelon camera and a 2400 line/mm
grating. A 532.03 nm continuous wave laser excitation and a set
of 3 Optigrate volume Bragg gratings were used to access low
energy Stokes and anti-Stokes Raman modes. Achromatic half-
wave plates were mounted on piezoelectric rotators for polariza-
tion control. The power at the sample was about 1.5 mW and the
typical acquisition time was about 30 sec per spectrum. The hy-
perspectral Raman microscopy was performed with an AttoCube
3-axis positioner and Semrock filters in lieu of the Bragg gratings
(for improved collection efficiency).

2.2 Calculation Details

To obtain frequencies and vibration patterns of Raman-active
phonon modes in CsYbSe,, first-principles plane-wave density
functional theory (DFT) calculations were performed using VASP
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Fig. 1 (a) Side view and (b) top view of the crystal structure of CsYbSe;.
(c) Vibration patterns of Raman active phonon modes in CsYbSe;. (d)
Primary CEF excitations and phonon excitations.

software with projector augmented wave (PAW) pseudopotentials
for electron-ion interactions®# and the Perdew-Burke-Ernzerhof
(PBE) functional for exchange-correlation interactions®. The
DFT+U method was used to consider the localized f electrons
of Yb atoms, with the effective U parameter chosen as 6.0 eV=2°,
Other U values including 4.0, 5.0, and 7.0 €V were tested as well,
which yielded the same phonon frequencies. It is worth noting
that, recent studies on similar materials using a hybrid PBEO
functional®? and self-interaction corrected functionals®® have
shown better agreement with experimental electronic and struc-
tural properties compared to the Hubbard correction (DFT+U).
Both atomic coordinates and lattice constants were optimized un-
til the residual forces were below 0.001 eV/A, with a cutoff energy
of 400 eV and a I'-centered k-point sampling of 18 x18x5. The
total energy was converged to 10~8 V. Based on the optimized
unit cell, we then performed phonon calculations using a finite-
difference scheme implemented in Phonopy22. The same cutoff
energy and convergence criteria of energy were used. Hellmann-
Feynman forces in the 3x3x1 supercell with a I'-centered k-point
sampling of 6 x6x5 were computed by VASP for both positive and
negative atomic displacements (5 = 0.03 A) and then used in
Phonopy to construct the dynamical matrix. The diagonalization
of the dynamical matrix provides phonon frequencies and eigen-
vectors (calculation results in Supplemental Information).22=8,
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3 Results and Discussion

3.1 Theoretical analysis of phonon and CEF modes

Figures|1| (a) and (b) show the crystal structure of CsYbSe,. Ac-
cording to group theory and our first-principles phonon calcula-
tions, CsYbSe, belongs to the space group P63/mmc (No. 194)
with the point group Dgp,. The bulk unit cell has a hexagonal lat-
tice with 8 atoms in total, giving rise to 24 normal phonon modes
at the I point: T'(Dgp) = Alg + 3Ayy + 2Byy + 2B2g + Elg +
2E3g + 3Eqy + 2Epy, where Raman active phonon modes corre-
spond to non-degenerate A;; symmetry modes, doubly degener-
ate Epy symmetry modes, and doubly degenerate Ejg symmetry
modes. The intensity of a Raman mode is / o< |e; - R - e/, where
R is the Raman tensor of a phonon mode, and e, and e; are the
electric polarization vectors of the scattered and incident light, re-
spectivelym@. In the back-scattering geometry with linear laser
polarization, e; and e; are in plane. Based on the Raman tensors
shown in the Supplemental Information, it is clear that only Ajg
and Eyg phonon modes can appear in the Raman spectra, whereas
E14 modes cannot be observed in the our experimental configura-
tion. This is common in hexagonal layered materials®. Our DFT
calculated frequencies for the two Ey; modes (E%g and E%g) are
37 em~! and 97 em~!, and A;g at 122 cm~!. These results are
consistent with our experimental Raman observations that will be
discussed below.

e
>
s
>
=
(72}
=
[}
g
£

CEF1 + CEF2

CEF1 + 2CEF2

=200 -100 0 100 200 300 400
b Raman shift (cm™1)
0.5
04 £, £, e,  T=2851K P = XX
_—/\_,%@

{Wi

g

YA
0.1 =—
NY—————————
0.0
' 4 CEF1 CEF2  CEF3 T=33K
-200 -100 0 100 200 300 400

Raman Shift (cm™1)

Fig. 2 (a) Temperature dependent Raman spectra from T =3.3 K to
T =273 K. The legends correspond to the assignment of the peaks. (b)
The line traces of the temperature dependence data from (a) with manual
offset added between traces for clarity. The white arrow in (a) and the
black arrow in (b) indicate an artifact from volume Bragg gratings that
leaked through the spectrometer.
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3.2 Temperature dependence

Temperature dependent Raman spectra acquired in an XX polar-
ization configuration (e; = (1, 0, 0), e; = (1, 0, 0)) from T = 3.3
Kto T =285 K (1 K step from 3.3 to 30 K, 5K step from 40 K to
285 K) are shown in Figure (a) and (b). The white arrow in (a)
and the black arrow in (b) highlight an artifact from the volume
Bragg gratings that is unrelated to CsYbSe,.

A total of 10 Raman modes on the Stokes side are resolved in
Figure[2] We assign the three modes at 114 cm™!, 183 cm™!, and
269 cm~! to CEF1, CEF2, and CEF3 respectively. Since the CEF
excitations in CsYbSe, are expected to be dominated by Yb3* 4f!3
orbitals with the electronic ground state J = 7/2 manifold that
is split into 4 doubly degenerate Kramers pairs (Figure [1] (d)),
these three modes and the ground state comprise the expected 4
pairs. The next excited state manifold J = 5/2 is expected to be
about 10,000 cm™! higher. Additonally, CEFs typically ex-
hibit strongly temperature-dependent intensity and linewidth32.
CEF1-CEF3 soften (shifts toward lower energy) at low tempera-
tures and becomes significantly more prominent in intensity. In
particular, CEF1 is more than 15.3 times stronger in intensity at
T =3.3 Kthan at T =285 K. The energy levels for the three CEF1-
CEF3 modes are consistent with previous spectroscopies of CEF
modes in NaYbSezIEI and KYbSezﬂ. The CEF1 and CEF2 modes
are also consistent with a recent report on CEF levels probed by
resonant torsion magnetometry and low field susceptibility mea-
surements that are particularly sensitive to CEF1 and the details
of the CEF Hamiltonian24,

Though it is common to fit experimentally observed CEF energy
levels to obtain crystal field parameters, three clearly visible CEF
peaks provide too little information to constrain a fit to the six
nonzero crystal field parameters for the three-fold Yb?>* symme-
try in CsYbSe;. Nevertheless, to get an approximate understand-
ing of the CEF ground state, we modeled the CEF Hamiltonian
using a point charge model calculated using PyCrystalField soft-
ware® and the Se environment of CsYbSe,. To match energy
scales, we fitted the Se effective charges to the three measured
low-temperature CEF levels. This yielded an effective Se charge
of -1.54e for CsYbSe,. The observed and calculated CEF level en-
ergies are in Table[I] The ground states of these models, assuming
a quantization axis in the c direction, are

|ys) = £0.968| +7/2) +0.218| £ 1/2) £0.128| £5/2) (1)

This point charge fit is a crude approximation, and shows
an easy-axis ground state. However, the coefficients for the
ground state eigenfunction can easily be adjusted to give an easy-
plane ground state. Previous experience with these materials 824
shows that their ground states tend to be more isotropic or easy-
planar, suggesting that the above point-charge fit is not very ac-
curate.

Based on our DFT phonon calculations discussed above, we as-
sign the Eég mode to the 46 cm~! peak. Further, we assign the
peak at 120 em ™' at T =293 K to E3,. At first glance, it may
seem that this high-temperature mode transitions continuously
to the peak at 114 cm~! at T = 3.3 K, which we assigned to CEF1
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Fig. 3 Peak positions as a function of temperature for the most prominent 9 peaks (extracted from Figure see text) (a) Eég, (b) CEF1 and E%g,

(c) CEF2, (d) CEF3, (e) 2E%g, (f) CEF1 + CEF2, (g) 2CEF2 and (h) CEF1 + 2CEF2. The peak positions are extracted from Bayesian inference on
the data of Figure The shaded intervals are the 68% HDI and 95% HDI. The wide HDIs indicates high uncertainty due to low peak intensity.

because of its strong softening and intensity increase at low tem-
peratures. However, more careful analysis of the Raman spectra
(discussed in greater detail below) shows that, at T =293 K, CEF1
is a weak mode nearly resonant with E%g. As the temperature de-
creases, Eég does not have marked increase in intensity compared
to CEF1. The A;; mode is assigned to a small peak at 169.0 em™ !,
since this peak shows up in the XX polarization configuration and
disappears in the XY polarization configuration, a signature of A4
symmetry according to the group theory analysis discussed below.
While this mode is resolved at T =293 K, due to its low intensity
and its proximity to CEF2, we were not able to resolve it at low
temperatures. We assign the mode 255.9 cm™! to 2E2g, and 300
cm~! to CEF1 + CEF2. The 368.0 cm~! and 479.1 cm™! peaks
could be attributed to several higher-order modes including 368.0
cm™': 2CEF2, CEF1 + 2E5,, CEF3 + 2E;, and 479.1 cm™': CEF1
+ 2CEF2, 2B}, + 3E3,. We think 368.0 cm ™" is likely 2CEF2, and
479.1 ecm~! is likely CEF1 + 2CEF2 because of their temperature
dependence or spatial dependence which we will discuss shortly.
We observed and identified 8 more modes in higher energy Ra-
man spectra (Supplemental Information) that we will revisit in

Section

To further verify the mode assignment and symmetry, we per-
formed polarization-resolved Raman spectroscopy measurements
in both parallel (XX) and cross (XY) polarization configurations.
According to group theory analysis (more details in Supplemen-
tal Information), the polarization profile of an Ey; Raman mode
is circular under any linear polarization configuration. For an Ajg
Raman mode, the polarization profile is circular in the XX config-
uration while its intensity is zero in the XY configuration (e; =
(1, 0, 0), e; = (0, 1, 0)). Similar polarization responses of Ra-
man modes have been previously reported for NaYbSe,8. Under
the XX configuration, at room temperature, Eég, E%g, and Ajg all
have 0-fold symmetry (i.e., circular polarization profiles), and at
low temperatures, the Elg, CEF1, CEF2 and CEF3 modes likewise
exhibit 0-fold symmetry (Supplemental Information), consistent

4| Journal Name, [year], [vol.], 1~E]

with the group theory analysis for these modes. All of the modes
above except A, exhibit nearly the same intensity across the XX
and XY configurations while A1, is suppressed in the XY configu-
ration, in agreement with the analysis based on their Raman ten-
sors (Supplemental Information). We note that the polarization
profiles of CEF Raman modes are very similar to the polarization
profiles of Ey; phonon modes, suggesting that CEF modes share
similar forms of Raman tensors to Ey; phonon modes.

To track the temperature evolution of the observed CEF and
phonon modes from the data of Figure [2) we employed Bayesian
inference techniques with a Hamiltonian Monte Carlo technique
PyMC3©2 a No U-Turns (NUTS) sampler, and 4 chains with 3,000
samples for spectral modeling. Figure (3| illustrates the inferred
peak positions of the most prominent peaks: Eég, E%g, CEF1,
CEF2, CEF3, ZE%g, CEF1 + CEF2, 2CEF2 and CEF1 + 2CEF2. The
traces are the median values from the Bayesian inference. The
two shaded bands are 68 % (darker) and 95 % (lighter) highest
density intervals (HDIs).

We see:

* Regular phonon modes that are uncoupled to other modes,
such as Eég and ZE%g in Figures[3| (a) and 3(e) respectively,
harden (shift toward higher energy) as the temperature de-
creases. This is the most common temperature dependence
for phonons in most materials in general. This tempera-
ture dependence usually fits to a phonon anharmonic decay
model. The fit to the anharmonic decay model is shown as
red dashed line in these two subplots.

* CEF modes shown in Figure [3] (¢), (d), (), (g), (h) soften.
The CEF modes are more prominent for 7 < 120 — 140 K and
far weaker at higher temperatures. This can be seen in the
large uncertainty of the Bayesian inference result for these
CEF modes at higher temperatures. The combination modes
CEF1 + CEF2 and 2CEF2 are not well-resolved at lower
temperature (7 < 70 K for CEF1 + CEF2 and T < 40 K for
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2CEF2). This ressults in large uncertainties of the Bayesian
inference result for these CEF modes as highlighted in Figure

* Coupled phonon-CEF modes such as E%g exhibit a nontriv-
ial temperature dependence that deviates from the phonon
anharmonic decay model. For example, phonons coupled to
spin degrees of freedom in RuSr,GdCu,0g caused anoma-
lous frequency shifts®®. Anomalous softening for Eyg in
NaYbSe; due to coupling to CEF1 was also reported re-
cently'l8,

3.3 Real space mode repulsion observed with hyperspectral
Raman

Mesoscale interplay between CEF and phonon modes is also ob-

served in real-space hyperspectral Raman microscopy of the same

flake at T = 3.3 K, as shown in Figure[4} The Raman map consists

of 45 x 45 spectra across a 96 x 88 um area. Selected spectra

with distinct representative features are shown in Figure [4{ (a).

The spectrum at (x,y) = (10 um,76 um) has prominent CEF1,
CEF2, and CEF3 modes, consistent with the majority of the 2,025
sampled pixels. While the envelope of all the spectra (illustrated
by the shaded background) still exhibits most of the spectral con-
tent that is present at each pixel, material heterogeneity induces
substantial linewidth broadening in the shaded spectrum. For ex-
ample, at (x,y) = (6 um,72 um), the intensity of the CEF1, CEF2
and CEF3 modes are only about 50 % of their peak intensity, and
smaller peaks at 127.1 cm~! and 145.1 cm™! are observed. Ad-
ditionally, the peaks at 233.9 cm~! and 255.9 cm~! are more
prominent. There are also smaller peaks at 383.7 cm~! and 510.7
cm~!. We assign 127.1 cm~! to E%g, which is only a small base-
line next to CEF1 at most pixels and 145.1 em~! to a vibronic
bound state @, from the strong coupling between CEF1 and Eég.
We further assign 255.9 cm~!, 383.7 cm~! and 510.7 cm™! to
2E%g, 3E§g and 4E%g, respectively.

To carefully track the spatial dependence of each mode we uti-
lized baseline removal with asymmetric least squares (ALS) and
non-negative matrix factorization (NMF). Below we discuss the
ALS results. NMF results are described in the Supplementary In-
formation.

Figures [4| (b) - (i) illustrate the Raman intensity maps (red:
high; blue: low) for modes (b) CEF1, (c) E%g, (d) w,, (e) CEF2
+ Ej,, (f) 2E3,, (8) CEF2, (h) CEF3, and (i) CEF1 + 2CEF2.
The selected pixels from panel (a) are marked. Spatial anticor-
relations between the CEF modes and Eég phonons are observed:
where CEF modes are strong, the Eég and ZE%g modes are weak.
This also corroborates our assignment of 479.1 cm~! as CEF1 +
2CEF2 because the mode shows positive spatial correlation with
other CEF modes. While there have been many spectroscopic re-
ports of CEF-phonon coupling in other materials, interplay of CEF
excitations and phonons in real space has not been previously re-
ported. One possible origin of the inhomogeneity may come from
Ybg; antisite detect, i.e., Yb atoms occupying Cs sites (as Ybyj, re-
ported for NaYbSe,2%). At (x,y) = (51 um,32 um), for example,
CEF modes are weakened while phonon modes are strengthened.

Journal of Materials Chemistry C

This could be explained by a higher density of Ybcg antisite de-
fects, where Yb ions may have valence Yb*t to neutralize Se?~
instead of Yb*>*. Since Yb%* has a closed 4f'* shell, there would
be no CEF modes to excite. The CEF mode does not completely
disappear because the observed peak height is an ensemble av-
erage within the confocal volume. Since the pristine Yb3*+-Se?~
has a large electron cloud overlap®, strong electron-phonon cou-
pling is expected, and the Raman intensity of the bare phonon
mode may be therefore reduced. With the Yb orbital turned into
a closed shell, the electron-phonon coupling that weakened the
bare phonon response is removed, resulting in increased inten-
sity. The vibronic bound state is visible when both CEFs and Egg
are moderately active, such as at position (x,y) = (6 um,72 um).
If w, is indeed a vibronic bound state resulting from CEF1 and
E%g interactions and tuned by Ybcs density, it may be possible to
engineer the electron-phonon coupling by means of Yb-ion im-
plantation.

3.4 CEF-phonon bound state and combination modes

Vibronic Bound state. When mode resonance between a CEF
and a phonon mode happens, vibronic bound states can form.
This form of magnetoelastic coupling has been detected by Raman
spectroscopy since the 80s in CeAl,Z. There, closely spaced CEF
and phonon modes form two new modes with energies described

by the Thalmeier-Fulde descriptionZ:
QCEF + @CEF —
w1 =~ wphi\/( —Bhpiyr @

where wcgr and @y, are the energies of the closely spaced CEF
and phonon modes, respectively, and V is the effective coupling
strength. With the 145.1 cm™! peak assigned to the @, mode of
CEF1 and Eég, we obtain an effective coupling strength of 23.6
em~! at 7 = 3.3 K, which is smaller than Ce,0322 and larger than
CeAl, 47, This model suggests that a conjugate bound state @,
exists at 96.2 cm~!, but @; was not observed, potentially due to
the 90 cm™! cutoff of the longpass filter that was used for the
hyperspectral Raman measurements. It is worth pointing out that
, is observed only in a small subset of the sampled real space
positions, such as (x,y) = (6 um,72 um), the purple trace in Figure
(a) and purple square in the rest of the subplots of Figure
The eigenvibration of the Eﬁg mode is described by the out-of-
phase vibration of the two Se atoms next to the Yb>* ion, which
is responsible for the CEF modes.

Combination modes. Together, a total of 17 modes are ob-
served in Figures and S1. Their energies and assignments
are summarized in Table[1] Up to third order combination modes
such as CEF1 + 2CEF2, 2CEF2 + CEF3, are identified. Phonon
dressed electronic excitations are extremely common in pho-
tolumninescence®” and ARPES®®, and combination modes and
overtones are also quite common in resonant Raman spectroscopy
(the laser must be resonant with a given electronic transition),
including CEF modes coupled to LO phonons®? and CEF subtrac-
tion modesZ?, For the resonant Raman spectroscopy, recently it
was reported that for Ho,Ti,077Y, 633 nm laser cause excitation
resonance because it is close to I3 to > Fs transition of Ho,Ti;O7.
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Fig. 4 Hyperspectral Raman map of a 96.1 um by 88.4 um area of the crystal shows subtle mesoscale spatial dependence of the CEF modes and
phonon modes. The data was taken with no polarization control. (a) Representative spectra at 5 positions on the sample. (b)-(i) integrated relative
intensity of the prominent peaks as a function of position. (b) CEF1, (c) E%g, (d) @, (e) CEF2 + E%g, (f) 2E%g, (g) CEF2, (h) CEF3, (i) CEF1 +

2CEF2

For CsYbSe,, a similar transition from J =7/2 to J = 5/2 manifold
may happen but it has energy around ~1 eV so our 532 nm (2.33
eV) excitation will not result in resonant Raman condition.

Alternatively, the electronic gap of NaYbSe, is 1.92 eV, If
CsYbSe, has a similar electronic gap, the laser excitation (532
nm, 2.33 eV) should generate photocarriers that can scatter more
strongly with phonons and CEF modes compared to non-resonant
Raman, leading to an increased probability of higher-order scat-
tering events. The relative intensity of the various combination
modes is not well understood, but we hypothesize that it is re-
lated to the mode resonance between CEF1 and E%g. Because of
the close spectral overlap between those modes and because of
the resulting large scattering cross section, we expect the higher
order modes are mainly populated by the CEF1 and Eég instead
of any other modes.

4  Conclusion

We identified all the primary CEF and phonon modes for QSL
candidate CsYbSe, and verified their symmetries. Interestingly,

6 | Journal Name, [year], [vol.], 1~E|

with sub-micron spot size, we observed mesoscale spatial mode
repulsion between CEFs and phonon modes. Furthermore, we
identified a CEF-phonon bound state @, from CEF1 and E%g and
extracted an effective coupling strength V = 23.58 cm~!. Unex-
pected resonant Raman condition is satisfied yielding up to third
order combination modes. These results for the magnetoelastic
coupling in CsYbSe; can be used to estimate the coupling be-
tween phonons and potential spinons which may enable the con-
firmation of the underlying QSL ground stateZ273, Understand-
ing the mechanism behind the mesoscale CEF-phonon coupling
with knowledge of the complex CEF and phonon manifolds may
provide a pathway to optically addressable mesoscale quantum
spin devices that take advantage of the QSL ground state.
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wavenumber (cm") assignment
48.0 E),
96.2 ; from CEF1 and E;, (V = 23.5839)
114.2 CEF1
127.1 EZ,
145.1 ; from CEF1 and E;, (V = 23.5839)
169.0 A1,(293K)
184.6 CEF2
233.9 CEF2 + Ej,
255.9 2E;,
271.4 CEF3
300.0 CEF1 + CEF2
368.0 2CEF2, CEF1 + 2E; , CEF3 + 2E;,
383.7 3Ej,, CEF1 + CEF3
479.1 CEF1 + 2CEF2, 2E;, + 3E;,
510.7 4E5,
615.4 CEF2 + Ej, + 3Ej,, 3CEF1 + CEF3
639.6 2CEF2 + CEF3, 5E3,

Table 1 Summary of assignments of the observed modes. For some peaks,
368.0 cm~! for example, more than one combinations are possible. We
suggest that 368.0 cm™! is likely 2CEF2 and 479.1 cm~! is likely CEF1
+ 2CEF2 because of their temperature or spatial dependence. We think
that the combination modes with CEF1 and E3_ are more likely.

with inputs from A. A. P.. X. L., R. J., L. L. performed DFT phonon
calculations. A. S. S., D. P, L. L. and B. J. L initiated and oversaw
the project. Y.-Y. P., L.L., B. J. L wrote most of the manuscript with
contributions from all authors.
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