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Crystalline electric field excitations and their nonlinear splitting under magnetic fields in YbOCl
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Recently reported van der Waals layered honeycomb rare-earth chalcohalides REChX (RE = rare earth, Ch
= chalcogen, and X = halogen) are considered to be promising Kitaev spin liquid (KSL) candidates. The
high-quality single crystals of YbOCI, a representative member of the family with an effective spin of 1/2, are
available now. The crystalline electric field (CEF) excitations in a rare-earth spin system are fundamentally
important for understanding both finite-temperature and ground-state magnetism, but remain unexplored in
YDbOCI so far. In this paper, we conduct a comprehensive Raman scattering study to unambiguously identify
the CEF excitations in YbOCI and determine the CEF parameters and wave functions. Our Raman experiments
further reveal the anomalous nonlinear CEF splitting under magnetic fields. We have grown single crystals of
YbOCI, the nonmagnetic LuOCI, and the diluted magnetic Lug s Ybo.14OCl to make a completely comparative
investigation. Polarized Raman spectra on the samples at 1.8 K allow us to clearly assign all the Raman-active
phonon modes and explicitly identify the CEF excitations in YbOCI. The CEF excitations are further examined
using temperature-dependent Raman measurements and careful symmetry analysis based on Raman tensors
related to CEF excitations. By applying the CEF Hamiltonian to the experimentally determined CEF excitations,
we extract the CEF parameters and eventually determine the CEF wave functions. The study experimentally
pins down the CEF excitations in the Kitaev compound YbOCI and sets a foundation for understanding its

finite-temperature magnetism and exploring the possible nontrivial spin ground state.

Introduction

By constructing bond-dependent anisotropic Ising-like
spin-exchange interactions on the honeycomb lattice, an ex-
actly solvable Kitaev model can be obtained [1]. The model
represents a groundbreaking framework in the study of quan-
tum spin liquids (QSL) and topological quantum computa-
tions. One of the most intriguing aspects of the Kitaev model
is its potential to host non-Abelian anyons [2—4], which are a
type of quasiparticle that can be used for fault-tolerant quan-
tum computations [5, 6]. Therefore the search for Kitaev spin
liquid (KSL) candidate materials has attracted significant in-
terest. Rare-earth ions exhibit high magnetic anisotropy orig-
inating from strong spin-orbit coupling (SOC). The Jackeli-
Khaliullin mechanism inspires us to search for KSL candidate
materials in rare-earth compounds [7, 8].

Recent investigations have identified the rare-earth chalco-
halides REChX family as promising candidates for KSL ma-
terials. These compounds have garnered significant interest
due to their distinctive structural and magnetic properties, po-
sitioning them as ideal systems for probing KSL states [9, 10].
Most of these compounds exhibit high symmetry character-
ized by the R3m space group, with the nearest-neighbor rare-
earth magnetic ions forming a perfectly undistorted honey-
comb lattice. YbOCI is a prototypical material within the
family [10]. Particularly, Yb®* ions having an odd num-
ber of 4 electrons possess a doubly degenerate CEF ground
state (Kramers doublets), which is protected by time-reversal
symmetry and yields an effective spin-1/2 required by KSL.
Furthermore, the magnetic ion layers in YbOCI are stacked
through van der Waals interactions. This type of van der Waals
structure exhibits excellent two-dimensional properties, en-

abling the realization of Kitaev physics in few-layer or even
single-layer honeycomb lattices [10, 11].

For this purpose, we have successfully grown high-quality
single crystals of YbOCI, with a maximum size of approxi-
mately 15 mm. This allows us to comprehensively understand
the magnetism of YbOCI in different aspects. In the previous
work, we conducted a comprehensive study on the magnetism
of YbOCI at finite temperatures and in its ground state[10].
Experimental results indicate that YbOCI undergoes a mag-
netic phase transition at 1.3 K, with its ground state exhibit-
ing A-type antiferromagnetism (AFM). More interestingly, a
magnetic field of approximately 0.3 T along the ¢ axis can
induce YbOCI into a spin-disordered state [12]. Although
we have gained a comprehensive understanding of the ground
state magnetism of YbOCI, there is still a lack of quantita-
tive measurements and studies on its CEF excitations. For
rare-earth magnetic ions, the CEF plays a crucial role in mag-
netism. Therefore it is necessary to conduct a comprehensive
study of CEF excitations in YbOCL

In this paper, the CEF excitations of YbOCI are com-
prehensively measured and analyzed using Raman scattering
technique. First, we performed temperature-dependent x-ray
diffraction (XRD) measurements on YbOCI. Through struc-
tural refinement of these XRD patterns, we ruled out the pres-
ence of temperature-induced structural phase transitions in
YbOCI. This exclusion allowed us to focus solely on the
CEF excitations of YbOCI without the complicating factors
of structural changes.

Subsequently, we performed Raman scattering measure-
ments on YbOCI, the nonmagnetic control sample LuOClI,
and the diluted magnetic sample Lug gs Ybg 14OCl at 1.8 K. By
combining symmetry analysis and Raman scattering tensors
of phonons, we identified all phonon excitation peaks in these



three materials. More importantly, we also observed three ad-
ditional excitation peaks in the Raman scattering spectrum of
YbOCI near 319, 327, and 523 cm~!, which we preliminar-
ily identified as the CEF excitations of YbOCI. To confirm
more reliably that these three additional peaks are CEF exci-
tations of YbOCI, we provided further evidence from multiple
perspectives.

From a basic understanding, YbOCl is a good insulator, and
the phase transition temperature of YbOCI is 1.3 K. There-
fore within the range of several hundred wavenumbers, the
excitation peaks, apart from phonon peaks, are only CEF ex-
citations. Besides, temperature-dependent Raman scattering
experiments on YbOCI did not show significant shifts in these
three excitation peaks over temperature which is consistent
with the temperature dependence characteristics of CEF exci-
tations. It should be noted that although YbOCl is a good van
der Waals material, the effect of van der Waals interactions
on the CEF can be practically ruled out. The primary rea-
son is that van der Waals interactions are higher-order dipole
interactions, whereas the CEF primarily originates from the
electrostatic potential. The energy scales of the two are sig-
nificantly different. Moreover, the bond lengths of Yb-O and
Yb-CI, which are 2.22 A and 2.75 A respectively, are shorter
than the interlayer distance D = 6.44 A [see Fig. 1(a)]. We
also calculated the CEF excitation levels of YbOCI from the
perspective of the point charge model (PCM). The calculated
CEF first and second excitation energy levels are close to
the results obtained from the experimental measurements. In
Lugg6Yb.140Cl, weak excitations were also observed near
the two lowest additional excitation peaks of YbOCI. The in-
tensity of these excitations is approximately ten times smaller
than that of YbOCI. This also serves as indirect evidence sup-
porting the CEF excitations in YbOCI. The most important
and compelling evidence is our analysis based on the sym-
metry of CEF wave functions and CEF Raman tensors. The
intensity of polarized Raman scattering under different polar-
izations is completely consistent with our analysis through the
CEF Raman tensors.

We also investigated the CEF excitations of YbOCI along
the c axis and in the ab plane under different magnetic fields.
By applying external magnetic fields, we observed an obvious
nonlinear splitting effect in the CEF first and second excita-
tion energy levels. Incorporating the contributions of internal
magnetic fields through the mean-field (MF) approximation,
we were able to better explain the nonlinear splitting of these
energy levels by the influence of an external magnetic field.

More generally, it is interesting to make a comparison be-
tween Raman scattering techniques and inelastic neutron scat-
tering (INS) in studying CEF excitations. Both are inelastic
scattering techniques sharing formally similar scattering cross
sections. INS is undoubtedly the most common method for
studying CEF excitations in rare-earth materials. It can di-
rectly give the momentum-resolved CEF levels. On the other
hand, INS requires a larger quantity of samples to obtain a
better signal-to-noise ratio, while even micron-sized samples
can be detected with clear excitation signals by Raman scatter-

ing. Moreover, Raman scattering offers a much higher energy
resolution, which makes it possible to study the CEF splitting
under magnetic fields and the coupling between CEF excita-
tions and phonons.

Samples, experimental techniques, and numerical methods

High-quality single crystal samples of YbOCI, LuOClI,
and LuggeYbg 14OCl were synthesized through the high-
temperature flux method. The typical size of these single
crystal samples is 4 x 4 x 0.05 mm?. The synthesis method
for single crystals of YbOCI is as follows. Anhydrous YbCls
and Yb,O3 were mixed in a mass ratio of 1:4, transferred to
a graphite crucible, and then encapsulated in a vacuum quartz
tube. The encapsulated sample was heated to 1050 °C in a
muffle furnace and held for 72 hours. Then it was cooled at a
rate of 6 °C per hour until reaching the melting point of YbCl;
(875 °C) [13, 14], and finally cooled naturally to room temper-
ature. The synthesis method for single crystals of LuOCl and
Lug g6 Yby 140Cl is similar to that of YbOCI, cooling at a rate
of 6 °C per hour until reaching the melting point of LuClz (905
°C). The synthesized sample was treated with deionized wa-
ter and dilute hydrochloric acid to remove surface impurities,
ultimately yielding a transparent single crystal. These single
crystal samples of YbOCI, LuOCl, and Lug g5 Ybg.14OCl were
used for Raman scattering experiments.

We also synthesized polycrystalline samples of YbOCI for
temperature-dependent XRD measurements. The synthesis
method for polycrystalline samples of YbOCI is streamlined.
The mixture of YbCl; and Yb, O3 is heated at 1050 °C for 72
hours, followed by cooling to room temperature [15], yielding
the desired sample.

The temperature-dependent XRD data were collected using
a Huber G670 high-resolution fast x-ray powder diffractome-
ter equipped with a Zephyr cryostat. We measured the ele-
mental composition of YbOCI, LuOCl, and Lugg¢Ybg.140C1
samples using a SU5000 scanning electron microscope
equipped with a BRUKER XFlash 6160 energy-dispersive
spectrometer. The Raman spectra were collected using an
HR800 Evolution (Jobin Yvon) equipped with 633 nm and
473 nm lasers, charge-coupled device (CCD), and volume
Bragg gratings. After cleavage, the single crystals of YbOCI,
LuOCl, and LuggsYbg14OCl were placed in a closed-cycle
cryostat (AttoDRY 2100) equipped with a superconducting
magnet up to 9 T. The excitation laser beam was focused into
a spot of ~ 5 um in diameter in the ab plane of single crys-
tal samples with a power below 0.5 mW to avoid overheating.
Magnetization measurements along the c axis and in the ab
plane of single crystals of YbOCI were performed by a Quan-
tum Design Physical Property Measurement System (PPMS)
equipped with a vibrating sample magnetometer (VSM) at 1.8
K.

Based on the CEF theory and diagonalization techniques,
we have developed a customized program package for ana-
lyzing the zero-field (ZF) CEF excitation energy levels and
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FIG. 1. Schematic diagram of the YbOCI crystal structure and temperature-dependent XRD measurements. (a) The crystal structure of YbOCI.
(b) The temperature-dependent XRD patterns of YbOCI. The open circles represent the experimental measurement results. The green solid
lines represent the refined XRD results. The temperature-dependent lattice parameters a (c) and c (d) were obtained from refined XRD. The
open circles represent data from XRD refinement, and the solid lines are the fitting results from the empirical formula (1).

the magnetic field-dependent splitting of the CEF energy lev-
els.

Crystal Structure, XRD, and Raman active phonons

The crystal structure of YbOCI possesses a space group
symmetry of R3m. The schematic diagram of the crystal
structure is shown in Fig. 1(a). The quasi-two-dimensional
plane of magnetic ions Yb>*, which is extended from the
local structure, satisfies the symmetry requirements of the
hexagonal lattice. Therefore it is a candidate material for
studying Kitaev spin systems [9, 10]. We also synthesized
the nonmagnetic sample of LuOCI and the diluted magnetic
sample Lug g6Ybg 14OCl. They are isomorphous with YbOCI
and both possess R3m space group symmetry. Furthermore,
their lattice parameters are minimally different from those
of YbOCI [16], rendering them excellent comparative mate-
rials for YbOCI. The nonmagnetic sample of LuOCI com-
pletely eliminates the CEF excitations and the exchange in-
teractions between magnetic ions. When we investigate the
phonon peaks with Raman activity in YbOCI, LuOCl can be
a good reference material to help us analyze the peak posi-
tion, symmetry, and vibration mode of the phonon peaks in
YbOCI. The diluted magnetic sample Lug g6 Ybg 140CI almost
eliminates the exchange interactions between magnetic ions,
but the CEF of magnetic ions still remains. As a control sam-

ple of YbOC], it can help us analyze the CEF excitations of
YbOCI.

Before analyzing the CEF excitations of YbOCI, we need
to rule out the possible structural phase transition of YbOCI.
As shown in Fig. 1(b), we conducted temperature-dependent
XRD measurements on polycrystalline samples of YbOCI.
Firstly, we did not observe any additional diffraction peaks
in the XRD patterns of YbOCI at different temperatures. All
the diffraction peaks detected by x-ray match the peak po-
sitions given by theoretical calculations [red indicators in
Fig. 1(b)]. This indicates that the polycrystalline samples
of YbOCI1 we synthesized possess high quality and further
confirms that YbOCI is single phase. Secondly, we per-
formed structural refinement on the XRD patterns at different
temperatures. Through the refinement, we found that aside
from slight changes in the lattice parameters a and ¢, and
the crystallographic symmetry of YbOCI keeps R3m. The
temperature-dependent lattice parameters a and c are shown
in Fig. 1(c) and 1(d). The lattice parameters a and c did not
show any rapid increase or decrease with temperature, indi-
cating that there is no temperature-induced structural phase
transition in YbOCI. Moreover, the change in lattice parame-
ters with temperature can be well described by the following

empirical formula [17]:
L:a0+a1T+a2T2, (l)

where ag, a1, and ay are fitting parameters, and 7' represents
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FIG. 2. Comparison of Raman spectra of YbOCI, LuOCI, and LugsgsYbo.14OCl at 1.8 K. (a) The excitation peak in the shaded area is
fluorescence excitation, which can be eliminated by selecting different laser wavelengths, as shown in the inset of (a). The vibration patterns
in (a) correspond to the vibration modes of different phonon peaks in sequence. [(b)-(g)] The polarized Raman spectra of LuOCl at 1.8 K. The
XX and XY configurations represent parallel and cross polarization configurations, respectively.

temperature. The temperature-dependent lattice parameters
can be well simulated by the formula which further indicates
that there is no structural phase transition in YbOCI.
Subsequently, we can identify the phonon vibrations of
YbOCI through Raman scattering.  We conducted Ra-
man scattering measurements on three samples: YbOCI,
Lups6Ybg 140Cl, and LuOCl. These three samples share the
D3, point group and R3m space group [9, 18, 19]. The crystal
symmetry allows for six Raman-active phonon modes: 3E, +
3A1,. Symmetry analysis tells us that the A;, mode is visible
only in the parallel polarization configuration (XX), while the
E, mode can be observed in XX and cross polarization con-
figurations (XY). The two modes can be clearly identified by
the polarized Raman scattering spectra. The Raman spectra
of YbOCI (green), LuggsYbp 140Cl (blue), and LuOCI (red)
at 1.8 K are presented in Fig. 2(a). We can clearly observe six
peaks in the Raman spectrum of LuOCl at 1.8 K. Through po-
larized Raman scattering [see Figs. 2(b)-2(g)], the vibration
modes corresponding to the six phonon peaks can be distin-
guished one by one [19]. Moreover, the corresponding vi-
bration patterns are also displayed in Fig. 2(a). It should be
noted that the Raman peak near 430 cm ™! is caused by fluo-
rescence, and this excitation peak can be eliminated by replac-

ing the laser with a different wavelength (see the inset of Fig.
2(a)). The Raman scattering spectrum of LuggsYbg 14OCl is
highly similar to that of LuOCl. The only difference is that
the scattering intensity of the two vibration modes E3 and
A 1s significantly weakened in Lug g Ybg 14OCI. In the Ra-
man scattering spectrum of YbOCI, we only observed four
phonon peaks. Moreover, three additional broad excitation
peaks were observed at 319 cm~! (P1), 327 cm™~! (P2), and
523 cm~! (P3). Based on our research on the CEF excita-
tions of NaYbS, [20] and NaYbSe; [21] using Raman scatter-
ing techniques, we believe that the three additional excitation
peaks are related to the CEF of YbOCI. Next, we will quan-
titatively analyze these excitation peaks in combination with
CEF theory.

CEF excitations in YbOCI1

The electron configuration of the 4 f orbital in Yb>* is 4 £13.
4 f13 configuration emerges as a spectral multiplet > F; /» with
an eightfold degeneracy and another spectral multiplet 2 F} /2
with a xisfold degeneracy after SOC. The energy gap between
the two multiplets is about 1 eV [22], which means that we
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FIG. 3.  CEF excitations in YbOCI. (a) The central magnetic ion Yb* forms a CEF environment with the surrounding coordinating an-

ions. (b) The Raman scattering peaks of the CEF first excitation energy level (1) and second excitation energy level (P2) in YbOCI and
Luo.s6 Ybo.14OCl. There are no CEF excitation peaks in LuOCl. (c) The Raman scattering spectra of YbOCI at different temperatures. The
three CEF excitation peaks P1, P2, and P3 hardly change with temperature. (d) The polarization Raman spectra of YbOCI at 1.8 K. XX and
XY represent parallel and cross polarization configurations, respectively. RR and RL represent cross-circular and parallel-circular polarization
configurations, respectively. (e) The CEF excitation energy levels of YbOCI. The dashed lines are the calculated energy levels from the PCM
model, while the solid lines are based on Raman scattering experimental measurements. The irreducible representations corresponding to the

four CEF energy levels are I'4, I'4, I's 6, and I's.

only need to consider the contribution associated with the
multiplet 2 F» /2- In YbOCI, the central Yb** ion and the sur-
rounding three-coordinated C1~ anions and four-coordinated
O?~ anions form a local CEF environment with Cs, point
group symmetry, as shown in Fig. 3(a). In this CEF envi-
ronment, Yb>* jons with an odd number of 4 f electrons split
into four pairs of doubly degenerate Kramers states, protected
by time-reversal symmetry. Therefore the Hamiltonian used
to describe the CEF excitations in YbOCI is represented as
follows [23]:

Hepr =Y BSO9+BI0OJ+Bi03+ B0+ B0+ B{Og

2
where B}, denotes the CEF parameters and Ofn symbolizes
the Stevens operator, which is constructed based on the an-
gular momentum J after SOC. In the CEF Hamiltonian, the
z axis is aligned with the crystal’s z axis, while the z axis is
defined along the §;-bond, which preserves the C' rotational
symmetry[19].

According to the Hamiltonian describing the CEF of
YbOCI, three CEF excitation energy levels can be detected.
This is consistent with the three excitation peaks observed in

the Raman scattering spectrum of YbOCI at 319, 327, and
523 cm~!. In addition, we can also demonstrate from many

aspects that these three excitation peaks are CEF excitations
of YbOCL.

(i) We can perform a qualitative analysis based on the en-
ergy scale. YbOCI is a good insulator, and within the en-
ergy range of several hundred wavenumbers, the excitations
observed in the Raman scattering spectrum can only be at-
tributed to lattice vibrations, magnetic excitations, or CEF ex-
citations. Through the above analysis of lattice vibrations, we
have ruled out the possibility that these three additional exci-
tations are phonon peaks. Moreover, the phase transition tem-
perature of YbOClI is 1.3 K, and the magnetic excitation mea-
sured by INS does not exceed 1 meV [12]. Therefore the exci-
tation peaks of P1, P2, and P3 cannot be caused by magnetic
excitations. The CEF excitations for Yb>* ions are generally
in the range of tens of millielectron volts, such as YbMgGaOy,
[24], NaYbS,; [20, 25], and NaYbSe, [21]. From the energy
perspective, these three excitation peaks most closely match
the characteristics of CEF excitations. We can also rule out the
possibility that these three excitation peaks are caused by flu-
orescence excitation, which depends on different laser wave-



lengths. As shown in the inset of Fig. 2(a), these three extra
excitation peaks can still be observed under lasers with differ-
ent wavelengths [26].

(ii) We also conducted temperature-dependent Raman scat-
tering measurements on YbOCI, as shown in Fig. 3(c). The
three excitation peaks P1, P2, and P3 show almost no change
with temperature [19]. For example, in geometrically frus-
trated rare-earth titanate pyrochlores [27], the CEF excitations
exhibit almost no change with temperature. This is also a key
piece of evidence for determining the CEF excitations in rare-
earth magnets.

(iii) We calculated the CEF excitation energy levels of
YbOCl based on the PCM[28], as indicated by the dotted lines
in Fig. 3(e). The calculation results show that the CEF first
and second excitation energy levels of YbOCI are close to
each other. The CEF third excitation energy level is far away
from the first and second energy levels. This feature is consis-
tent with the results of our Raman scattering measurements.
The close proximity of the CEF first and second energy levels
is uncommon in Yb-based rare-earth magnets, which may be
attributed to the irregular local structure of YbO,Cl; formed
by the central Yb>* ion and surrounded by three coordinating
ligand anions C1~ and four coordinating ligand O®~, which
conforms to Cs, point group symmetry. Compared to rare-
earth chalcogenide compounds [29], the CEF environment of
YbOCI has a lower point group symmetry and lacks inversion
symmetry. It should be noted that the PCM is a rough approxi-
mation. The analysis of CEF should be based on experimental
measurements.

(iv) In the diluted magnetic sample LuggsYb 140Cl, we
also observed weak excitation peaks near the CEF first and
second energy levels of YbOCI, as shown in Fig. 3(b).
The scattering intensity in Lug e Ybg 140CI excitation peaks
is about 10 times weaker than in YbOCI. This is consistent
with the fundamental principle that the excitation intensity
decreases as the proportion of magnetic ions is reduced. It
should be pointed out that the excitation peak positions of
the CEF first and second energy levels observed in YbOCI
are slightly different from those for Lug g Ybg.14OCL. This is
mainly related to the slight changes in lattice parameters and
atom positions of the doped samples. It can also be proved
that the phonon peaks of E,, A}, E?, and A3, of YbOCl and
Lup 36 Yby.140Cl1 are not completely consistent [see Fig. 2(a)].

(V) More importantly, we can proceed from the CEF Ra-
man tensor for further analysis. The irreducible representa-
tions of the four CEF excitation levels of YbOCI are I'y4, I'y4,
I's 6, and Iy, respectively. According to the Raman transition
rules [30, 31]:

Fi ® 1_‘f c 1—‘Raman' (3)

The transitions from I's to I'y and I'4 to I's ¢ can be decom-
posed into the following irreducible representation [32, 33]:

F4*>F4:F1@F2€BF3,

“4)
Ty — F5,6 =TI3.

TABLE 1. The Raman tensors for CEF transitions

I Iy Is
0df\ [0d—f
d 00 d 0o 0
a00\ /[0 co\ \foo/ \fo o
0aO —c 00 d 0 0 d 0 0
00b/ \o oo/ [o—-df||o=-ary
o f o)/ \o—fo

(symmetric) (antisymmetric)

The corresponding Raman tensors of I'y, I's, and I's are
shown in Table I.

Among them, I'; possesses two types of Raman tensors:
symmetric and antisymmetric [31, 32]. Furthermore, accord-
ing to these Raman tensors, we can determine the Raman
scattering intensities for XX, XY, cross-circular (RL), and
parallel-circular (RR) polarizations. For the Raman transition
between I'y and I'4 states:

KX =ad>+4d® IR, p, =4d® + 3,

(5)
RR 2 2 RL 2
If p,=a" +c It p, = 8d".
For the Raman transition between I'y and I'; ¢ states:
XX 2 XY 2
IF4 — F5_ye = 4d ]F4 — F5,6 = 4d ? (6)
RR RL 2
IF4 — F5_ye = 0 IF4 — F5’6 = 8d °

The P1 Raman scattering peak, corresponding to the CEF first
excitation energy level, follows the transition rule from I'y to
T'4. According to the transition from I'y to I'y described in
formula (5), the sum of scattering intensities for XX and XY
polarization is equal to the sum of scattering intensities for RR
and RL polarization. In Fig. 3(d), the sum of the scattering
intensities of the P1 peak under XX and XY polarizations is
basically equal to the sum of the scattering intensities under
RL and RR polarizations. Similarly, the P3 Raman scattering
peak, which represents the CEF third excitation energy level,
also follows the transition rule from I'4 to I'y. The sum of the
scattering intensities of the P3 peak under XX and XY polar-
izations is also consistent with the sum of the scattering inten-
sities under RL and RR polarizations. For the P2 scattering
peak, which corresponds to the CEF second excitation energy
level, it conforms to the transition rule from I'y to I'5 5. Un-
der XX and XY polarizations, the scattering intensity for the
transition from I'y to I's ¢ remains unchanged. The scattering
intensity under RL polarization is twice that of XX and XY
polarizations, while under RR polarization, the scattering in-
tensity is zero. The scattering intensity of the P2 peak under
different polarizations basically conforms to this characteris-
tic. It should be noted that the P2 peak does not completely
extinguish in the RR mode, which is related to our Raman



TABLE II. CEF parameters of YbOCI (in meV) and Stevens normalization (in cm~H[19]

unit B9 BY B BY B3 BS
meV —3.163 x 107*  —1.900 x 107 —7.068 x 107*  1.000 x 107*  —5.200 x 1073  6.300 x 1073
unit AS(r?) At AR (rh) AZ(r®) AE(r®) A& (r®)

= BY/a® = BY/p° =B3IA = B3y = Bl = BS/y
cm™? —80.372 8.850 3292.274 5.450 —283.400 343.350

21/ =2.541 x 10?
51/8=-4.658 x 103
©1/y=5.450 x 10*

TABLE III. CEF energy levels, wave functions, and symmetry of YbOCl

Energy (cm 1) Wavefunction Symmetry
CEF0 0 (0 meV) [tho,+) = +0.6738 |+ 1) + 0.6274 |+£5) F0.3905 |F2) Iy
|th1,+) = 0.4882 |+ 1) F0.2291 [+3) F0.0070 |+£5) — 0.0019 |F3) +
CEF1 318.63 (39.51 meV) 0.8312 |£3) + 0.1346 | 1) I
CEF2 326.94 (40.54 meV) |th2,+) = +£0.9745 |+3) — 0.2245 |F3) I's.6
CEF3 522.73 (64.76 meV) [1hs,+) = +£0.5381|+2) — 0.7787 |+£3) +0.3226 |F2) Iy

spectrometer and optical path. Similarly, the phonon peaks
under different polarizations in Fig. 2 also exhibit a similar
issue.

Through the above analysis, we have demonstrated from
multiple perspectives that P1 (~ 319 cm™!), P2 (~ 327
cm~ 1Y), and P3 (~ 523 cm™!) Raman scattering peaks cor-
respond to the CEF excitations of YbOCI. Furthermore, since
the CEF Raman tensor differs from that of phonons, our anal-
ysis based on the CEF Raman tensor provides strong evidence
for identifying CEF excitations.

Based on the three CEF energy levels determined by Raman
scattering, we can fit the B}, parameters in the CEF Hamil-
tonian of YbOCI and calculate the corresponding CEF wave
functions. The CEF parameters, energy levels, wave func-
tions, and irreducible representations of YbOCI are presented
in Table II and III. For convenience, the CEF parameters, di-
vided by the corresponding reduced matrix elements (Stevens
normalization), are also present in Table II[19]. To verify the
reliability of these fitted CEF parameters, we also calculated
the g factors along the ¢ axis and in the ab plane based on the
computed CEF ground state wave functions. The relationship
between the g factors and CEF ground state wave functions is
as follows [34]:

ge = 295 (Y1, |- Y1, )],
Gab = g5 [{(¥1 +|Jx|V1, )], 7

where g; = 8/7 and |41 1) are the Landé g factor for free
Yb** and the CEF ground state wave functions. We calcu-
lated the g factors along the c¢ axis and in the ab plane to be
ge ~ 3.2 and gqp ~ 3.4, respectively. This is in agreement
with the results of the g factors along the c axis (g, ~ 3.2)

and in the ab plane (gqp ~ 3.5) from ESR measurements on
the diluted magnetic sample LuggsYbg 14OClI at 1.8 K [19].
Interestingly, we also observed a series of satellite peaks near
the main resonance peaks in Luggs Ybg 14OCl, which may be
associated with pairs formed by the magnetic ions Yb>*[19].
This further reinforces the reliability of the B]} parameters in
the CEF Hamiltonian obtained from our fitting, and also lays
the foundation for analysis of the splitting of the CEF energy
levels of YbOCI under the magnetic fields.

For the CEF wave functions we calculated in Table III, we
can do more discussion. The irreducible representations of
the wave functions of the CEF ground state, first excited state,
and third excited state are all I'y. The irreducible represen-
tation of the wavefunction of the CEF second excited state is
I's 6. The CEF wavefunction with the I'y irreducible repre-
sentation contains the three components |:i:%> s j:g> , and
| :I:%> . The CEF wave functions with the I'5 ¢ irreducible rep-
resentation only contain the |:|:%> component [35-38]. Due to
the inherent complexity of the CEF wave functions, the distri-
bution of charge density in space exhibits strong anisotropy
[39]. Therefore these degenerate CEF energy levels may split
in a nonl-inear way under the application of external magnetic
fields. As shown in Fig. 4, we calculated the splitting of the
CEF energy levels of YbOCI under magnetic fields applied
along the c axis and in the ab plane. From the figure, we
can clearly see that the doubly degenerate CEF energy lev-
els split in a linear manner under magnetic fields along the ¢
axis. However, the splitting of these levels exhibits significant
nonlinear effects under magnetic fields in the ab plane. From
the perspective of CEF wave functions, this phenomenon can
be easily understood. |J = 7/2,m;) is an eigenstate of .J,
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FIG. 4. Schematic diagram of the CEF energy spectrum of Yb*'.
The CEF local environment of Yb** with Cs,, point group symme-
try splits the Yb** ground-state manifold into four Kramers doublets.
The doubly degenerate CEF energy levels split linearly under a mag-
netic field applied along the c axis, while they show nonlinear split-
ting under a magnetic field in the ab plane. The arrows represent
transitions between different CEF levels.

operator. In quantum mechanics, the state |.J = 7/2, m) rep-
resents the total angular momentum .J and its projection m;
along the c axis. Here, J., is the operator corresponding to the
z-component of the angular momentum. For an eigenstate of
jz, we have:

J. T =17/2,m;) = mih|J =7/2,m;). (8)

This equation indicates that |J = 7/2,m;) is indeed an eigen-
state of J, with eigenvalue m;h. Therefore applying a mag-
netic field along the c axis will result in linear splitting
of these doubly degenerate CEF energy levels. However,
|J = 7/2,m;) is not an eigenstate of the J, or .J, opera-
tors, meaning that these states will undergo nonlinear splitting
when magnetic fields are applied in the ab plane, which in-
volves components of the angular momentum in the ab plane
[40]. It is worth noting that about the 6 T magnetic field
causes the split CEF first and second excitation levels to cross
along the c axis. This is closely related to the proximity of the
CEF first and second excitation levels, and we also observed
this phenomenon in Raman scattering under magnetic fields.
Next, we will carry out further research on the splitting behav-
ior of these CEF energy levels by combining Raman scattering
experiments under magnetic fields.

Magnetic field-induced nonlinear splitting of CEF energy levels

Through Raman scattering experiments, we have identified
the three CEF excitation energy levels of YbOCI. Due to the
inherent anisotropy of the CEF wave functions, the nonlin-
ear splitting characteristics exhibited under magnetic fields

are worthy of further investigation. Raman scattering is al-
most the only method to study the CEF splitting under mag-
netic fields. In general, the splitting of the CEF under the
magnetic field is about a dozen wavenumbers (1 ~ 2 meV),
which is comparable to the energy resolution of high-energy
INS. The energy resolution of Raman scattering is much bet-
ter than that of INS, so the weak shift in energy level can
be detected by Raman scattering. Besides, Raman scattering
is more convenient for studying the splitting of CEF energy
levels under magnetic fields compared with INS. Therefore
we performed Raman scattering measurements under differ-
ent magnetic fields along the c axis and in the ab plane of
YbOCI at 1.8 K, as shown in Figs. 5(a) and 5(b). For the Ra-
man scattering spectra along the c axis under different mag-
netic fields, we observed that the original two CEF excitations,
P1 and P2, split into four excited peaks with the increase of
the magnetic fields. The four emerging excitation peaks under
the magnetic fields are labeled as On — 1n (uoH || ¢), On —
2n (poH || ¢), 0n — 1p (uoH || ©), and On — 2p (uoH || o).
Among them, On — 1In (uoH || ¢) and On — 1p (uoH || ¢
shift almost linearly towards higher energies with increasing
magnetic field. In particular, the peaks of 0n — 2n (uoH || ¢)
and On — 2p (uoH || ¢) show significant nonlinear behav-
iors as the external magnetic field increases. For the Raman
spectra with the external magnetic field in the ab plane, both
the excitation peaks of On — 1p (upH L ¢) and On — 2n
(noH L c) shift towards higher energies with the increase of
the magnetic field.

The calculated results, which only account for the CEF
splitting effects under the external magnetic fields, are de-
picted as dashed lines in Figs. 5(c) and 5(e). It can be seen
that for the two excitations, On — 1p (uoH || ¢) and On — 2p
(oH || ©), the calculated results represented by the dashed
lines show a clear deviation from the experimental measure-
ments. This observation prompts us to further investigate the
potential reasons for the deviations between the computational
predictions and experimental measurements. A reasonable in-
terpretation is that the discrepancies arise from internal mag-
netic fields contributed by intrinsic magnetic moments. To
validate this idea, we measured the M-H data along the c axis
and in the ab plane of YbOCI at 1.8 K, as shown in Figs.
5(d) and 5(f). In both the c axis and ab plane, the magnetic
moments exhibit an initial increase with the applied magnetic
field followed by gradual saturation. Saturation is reached at
approximately 5 T along the ¢ axis and 2 T in the ab plane.
The saturation magnetic moments along the c axis and in the
ab plane are approximately 1.6 up and 1.7 pp, respectively.
Therefore it is necessary to consider the influence of the inter-
nal magnetic fields contributed by intrinsic magnetic moments
on the splitting of the CEF.

To account for the effects of external and internal magnetic
fields on the CEF, we selected the XXZ model with near-
est neighbor spin interactions. The Hamiltonian of the XXZ
model and the Zeeman term have the following form [41]:
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FIG. 5. Magnetic field-induced splitting of CEF energy levels in YbOCl and M-H data. [(a) and (b)] Raman scattering spectra of YbOCl under
magnetic fields applied along the c axis and in the ab plane at 1.8 K, respectively. [(c) and (e)] The central peak positions of the excitation
peaks change with magnetic fields along the ¢ axis and in the ab plane, respectively. The circles are experimental data. The dashed lines
represent the calculated results considering only the external magnetic fields. The solid lines are the calculated results considering both the
external and internal magnetic fields. [(d) and (f)] M-H data of YbOCI along the ¢ axis and in the ab plane, respectively.

FIXXZ +HZeeman - Z j:t
(24)

where J1 and J., represent the nearest neighbor spin-
exchange interaction with angular momentum J = 7/2 in the
ab plane and along the c axis, respectively. hg, hy, and h,
are external magnetic fields applied along the spin T jy and
J. directions, respectively. From the perspective of MF the-
ory, we can further simplify the Hamiltonian described above.
The MF Hamiltonian along the ¢ axis and in the ab plane is
expressed as follows:

Henr = Hepr — popsg; (he + hegy.c) > J?
(10)
Hap,mir = Hepr — popsgj (he + heggan) 32 J7
1

where herre = AcMe and herrar = AapMap are the effec-
tive internal magnetic fields along the c axis and in the ab
plane, respectively[19]. A, and A, are effective field coeffi-
cients related to spin-exchange interaction. M, and M, are
the magnetic moments along the ¢ axis and in the ab plane,
respectively. Based on the MF Hamiltonian described in For-
mula (10), we applied diagonalization techniques to refit the
experimental Raman scattering data (circles) presented in Fig.
5(c) and 5(e), yielding the simulation results represented by
solid lines. After considering the internal magnetic field, the

(JiH 5+ 7T ) + Teed2 5 = popngs S el + yoJY + b,

€))

(

simulation results more closely align with the experimental
data. Especially with the magnetic field applied along the ¢
axis, the calculations considering the internal magnetic field
show significant improvement for the 0n — 1p (uoH || ¢) and
On — 2p (uoH || ) excitations. Compared to the magnetic
field along the c axis, the corrections considering the internal
magnetic field in the ab plane are not significant. The reason
is that the On — 1p (uoH L ¢) and On — 2p (uoH L c) ex-
citations in the ab plane themselves do not exhibit significant
changes with the magnetic field.

Simultaneously, we estimated the effect of magnetic dipole
interactions, based on the saturated magnetic moment of
Yb3t ~ 1.7 up. The nearest-neighbor distance between
Yb3T ions is 3.55 A. Using the calculation formula (S.13)
[19], we estimate that the energy of the dipolar interactions is
approximately 0.06 K, which is significantly smaller than the
energy scale of spin-exchange interactions in YbOCI (approx-
imately 1-2 K). Therefore the influence of magnetic dipole
interactions can be considered negligible. To be honest, al-
though we have considered the influence of the internal mag-
netic field within the MF framework, there are still some dis-
crepancies between the calculated results and the experimen-
tal measurements. In fact, for rare-earth honeycomb lattice



magnets, the influence of off-diagonal spin-exchange interac-
tions should be considered. The MF approximation clearly
cannot incorporate the off-diagonal spin-exchange interac-
tions [42]. However, from a physical perspective, the MF ap-
proximation provides valuable insights for understanding the
CEF nonlinear splitting under magnetic fields in YbOCL.

Summary

In this paper, we systematically investigate the CEF ex-
citations and magnetic field-induced nonlinear splitting of
CEF excitations in YbOCI using Raman scattering tech-
niques. Firstly, through the temperature-dependent XRD pat-
terns of YbOC]I, we can rule out temperature-induced struc-
tural phase transitions. At the same time, through low-
temperature Raman scattering experiments on YbOCI, the
nonmagnetic control sample LuOCI, and the diluted magnetic
sample Luggs Ybg 14OCl, as well as the analysis of lattice vi-
brations, we can identify the phonon peaks in the Raman scat-
tering spectrum of YbOCI. Additionally, we observed three
extra excitation peaks in the Raman scattering spectrum of
YbOCI. Secondly, we demonstrated from multiple perspec-
tives that these three extra excitation peaks are attributed to
the CEF excitations of YbOCI. We identified the three CEF
excitation energy levels of YbOCI to be approximately 319,
327, and 523 cm~!. Moreover, we can obtain the CEF param-
eters and CEF wave functions of YbOCI by combining the
CEF theory and diagonalization techniques. Furthermore, we
studied the splitting behavior of the CEF excitations of YbOCI
under magnetic fields. The CEF excitations of YbOCI exhibit
significant nonlinear splitting characteristics under magnetic
fields, especially when the magnetic field is along the c axis.
From the MF perspective, considering the influence of the in-
ternal magnetic field, we can effectively explain the nonlinear
splitting effect of CEF excitations in YbOCI under magnetic
fields.

Our study of CEF excitations in YbOCI using Raman scat-
tering techniques is not only applicable to this material but
also serves as a model for investigating CEF excitations in
other rare-earth materials. This makes it possible for us to sys-
tematically study the CEF exciations of rare-earth magnetic
ions and the coupling between the CEF and other physical
quantities, such as CEF-phonon coupling.
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