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Crystalline electric field excitations in the quantum spin liquid candidate NaYbSe2
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By employing inelastic neutron scattering (INS) and Raman scattering (RS) experiments, we comprehensively
investigate crystalline electric field (CEF) excitations in NaYbSe2, a new quantum spin liquid candidate that
belongs to a large family of triangular-lattice rare-earth chalcogenides with a high-symmetry structure and
negligible structural, spin, and charge disordering effects. We can identify CEF excitations at 15.8, 24.3, and
30.5 meV at 5 K. The selected cuts of the INS spectra are well reproduced with a large anisotropy of gab = 2.9
and gc = 1. The CEF excitations are further confirmed by our calculations based on the point charge model.
Interestingly, NaYbSe2 exhibits an unusual shift of CEF levels to higher energies with increasing temperatures.
Further, the Raman mode close to the first CEF excitation shows an anomalously large softening with decreasing
temperatures. The absence of these anomalies in the nonmagnetic isostructural material NaLuSe2 allows us to
argue that NaYbSe2 incorporates an unusually strong CEF-phonon resonancelike coupling not reported in any
of the triangular-lattice rare-earth chalcogenides. The determination of the CEF excitations suggests the validity
of the picture of an effective spin 1/2 at low temperatures.
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I. INTRODUCTION

A quantum spin liquid (QSL) is a novel quantum spin-
entangled state breaking no symmetry even at zero temper-
ature [1,2]. The idea of QSL was proposed by Anderson in
1973 and then applied to high-temperature superconductivity
[3,4]. Since then, many theoretical efforts have been devoted
to the exotic state. For instance, Wen proposed a topological
classification for QSL based on the parton mean-field theory
[5]. Kitaev proposed an exactly solvable spin-1/2 model on
the honeycomb lattice, which inspires the idea of topological
quantum computing based on the strong spin entanglement of
QSL [6].

Extensive efforts have also been made on the material side.
Herbertsmithite is a famous QSL candidate with spin-1/2
Cu2+ ions on the kagome lattice [7,8], although the antisite
mixing between the Cu2+ and Zn2+ ions remains a key issue
in uncovering the intrinsic properties of the ground state. More
recently, a topical interest has arisen in materials with strong
spin-orbit (SO) coupling. Notably, the rare-earth-based QSL
candidate YbMgGaO2 was discovered, which possesses a per-
fect spin triangular lattice and rules out the spin impurities
and Dyaloshinski-Moriya interaction (DMI) [9]. A series of
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experiments down to milikelvin, such as thermodynamic mea-
surements, muon spin relaxation (μSR), and inelastic neutron
scattering (INS), consistently suggest a gapless QSL ground
state [10–14]. Meanwhile, it was a concern that the charge
disorder between Mg/Ga in YbMgGaO2 [15] may have an
influence on the spin.

By extending the idea of exploring strong SO coupling, we
discovered a large family of rare-earth-based QSL candidates,
ARECh2 (A = alkali or monovalent ion, RE = rare earth,
Ch = chalcogen) [16]. The family shares the same high sym-
metry as YbMgGaO2, inherits almost all the advantages of it,
and naturally resolves the issue of charge disorder. Remark-
ably, preliminary results on various compounds in the large
family show the enhanced antiferromagnetic (AF) exchange
coupling compared to YbMgGaO2. These advantages render
the family as an ideal playground for spin liquid study.

NaYbCh2 is the subfamily of rare-earth chalcogenides for
which research efforts are rapidly accumulating [16–24]. In
particular, NaYbSe2 attracts much interest because of its dis-
tinct signature of a QSL and the charge gap (�1.92 eV) that is
appropriate for material engineering such as pressure-induced
metallization [16,25]. And even unconventional superconduc-
tivity has been reported [25]. To investigate the magnetic
properties at low temperatures, the influence of the ligand
anions on structural properties, etc., precise knowledge of the
crystalline electric field (CEF) excitations is essential. It is
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also noteworthy that we are already able to grow large single
crystals of NaYbSe2 (with the largest dimension � 20 mm)
that are adequate for an INS study. Our study of CEF ex-
citations is essential to pave the way for investigating the
magnetic ground-state properties by using INS measurements.

In this paper, by performing INS and Raman scattering
(RS) measurements on NaYbSe2 and its nonmagnetic refer-
ence compound NaLuSe2, we comprehensively investigated
the CEF excitations in NaYbSe2 and revealed an unusual
CEF-phonon resonancelike coupling. We identify three CEF
excitations, at 15.79, 24.33, and 30.53 meV, by INS exper-
iments at 5 K, which are also confirmed by RS experiments.
Our analysis based on a CEF Hamiltonian well reproduces the
selected cuts of the INS spectra. We also employed the point
charge model to calculate the CEF excitations, which are ba-
sically consistent with our experiments [26], particularly the
lowest ones. Both INS and RS experiments demonstrate that
the CEF excitations exhibit an unusual shift to higher energies
with increasing temperatures. The Raman mode very close to
the first CEF excitation is significantly softened with decreas-
ing temperatures accompanying an unusual behavior also in
linewidth. The fact that these anomalies are completely absent
in NaLuSe2 allows us to identify a CEF-phonon resonancelike
coupling in NaYbSe2. The phonon anomalies as well as the
unusual CEF temperature dependence can be explained in
terms of the electronegativity of chalcogen elements.

II. EXPERIMENTAL TECHNIQUES

The high-quality single crystals of NaYbSe2, as well as
the nonmagnetic NaLuSe2, were grown using a NaCl-flux
method. The single crystals with the dimensions of 5 × 5 mm
were used in the RS experiments. The polycrystalline samples
of NaYbSe2 and NaLuSe2 were synthesized by the high-
temperature solid-state reaction and were characterized to be
single phased [16]. The polycrystalline samples of NaYbSe2

(�5 g) and NaLuSe2 (�3 g) were used in the INS experiments
[26]. The INS data on NaYbSe2 and nonmagnetic reference
compound NaLuSe2 were collected using the high-flux and
high-resolution time-of-flight spectrometers, MAPS, at the
ISIS pulsed neutron facility, Rutherford Appleton Laboratory,
United Kingdom. The instrumental full width at half maxima
(FWHM) is ∼1.48 meV. The polycrystalline samples were
loaded in an Al can with an inner diameter of 30 mm. The
closed-cycle refrigerator (CCR) was used to cool the sam-
ples to a base temperature of 5 K with He-exchange gas.
Finally, the energy and temperature dependence of the data
were obtained. The Raman spectra were collected using a
HR800 (Jobin Yvon) and T64000 (Jobin Yvon) equipped with
a 633 nm and 473 nm laser, charge-coupled device (CCD), and
volume Bragg gratings. After cleavage, the single crystals of
NaYbSe2 and NaLuSe2 were placed in a closed-cycle cryostat
for the Raman experiments. A backscattering configuration
was employed and the polarizations of both the incident and
scattering light lie in the single-crystal ab plane.

III. CEF EXCITATIONS AND INELASTIC
NEUTRON SCATTERING

The INS spectra for NaYbSe2 with the incident neutron
energies Ei = 19.3, 27.7, 50.0, 70.0, and 150.0 meV at 5 K are
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FIG. 1. (a)–(e) The INS spectra of NaYbSe2 measured with in-
creasing incident neutron energies at 5 K. For comparison, (f) is
the INS spectrum of NaLuSe2 measured with an incident energy of
50.0 meV at 5 K. The intensity color scale of NaLuSe2 has been
normalized to NaYbSe2.

shown in Fig. 1. Three excitations can be seen at 15.8, 24.3,
and 30.5 meV in Figs. 1(c) and 1(d). In conjunction with the
observation that the excitations in NaYbSe2 are momentum
independent, we conclude that they are not due to phonons but
unambiguously of the CEF origin. For comparison, the INS
spectra of nonmagnetic reference sample NaLuSe2 are also
measured and no momentum-independent CEF excitation is
observed. At the same time, in the INS spectra of NaLuSe2, a
weaker excitation peak can be observed near 17 meV [26], and
it moves to lower energy with increasing temperatures [26].
Our RS experiments (see below) further identify the corre-
sponding CEF excitations in NaYbSe2 and demonstrate that
the weak excitation in the INS spectra of NaLuSe2 belongs to
the Eg mode phonon.

In particular, the first CEF excitation sets a fundamental
energy scale for studying the magnetism of NaYbSe2 and
is the key to look into various thermodynamic behaviors at
elevated temperatures, including the Curie-Weiss one.

Figure 2 demonstrates the temperature dependence of the
CEF excitations. The cuts of the integrated spectra in the
ranges of low wave vector (∼0 − 3 Å−1) and high wave vector
(∼3 − 5 Å−1) are shown in Figs. 2(f)–2(j) and Figs. 2(k)–2(o).
The red dashed lines in Fig. 2 mark the center peak positions
of CEF excitations based on the fitting of the cuts of the INS
spectra. The green dashed lines in Fig. 2 mark the Eg mode
phonon excitation observed in the cuts of the INS spectra
above 100 K and can be confirmed by RS experiments. There
are several points we can draw from Fig. 2.
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FIG. 2. (a)–(e) The INS spectra of NaYbSe2 measured with the incident neutron energy Ei = 50 meV at selected temperatures. (f)–(j) The
cuts of INS intensity vs energy at five temperatures. The data in (f)–(j) and (k)–(o) have been integrated over the wave-vector space from 0 to
3 Å−1 (green dots) and 3 to 5 Å−1 (purple dots). The fitting curves (red lines) were obtained using the standard program in MANTID [27]. In
(a)–(e) and (f)–(j), the first, second, and third CEF excitations of Yb3+ are highlighted by red dashed lines and the Eg mode phonon excitation
in NaYbSe2 is highlighted by green dashed lines.

(i) The intensity of the three CEF excitations decreases
with |Q|. This can be explained by the magnetic form factor
F (|Q|) in the differential neutron scattering cross section. By
calculating F 2(|Q|) as a function of |Q|, we found that the
scattering intensity decreases with increasing |Q|, consistent
with the observation here [26].

(b)(a) Na
O,S,Se
Yb

FIG. 3. (a) Crystal structure of NaYbCh2 (Ch=O, S, Se).
(b) Experimental CEF excitation energy levels extracted from INS
experiments [17,28].

(ii) The intensity of the CEF excitations decreases with
increasing temperatures. This simply comes from the thermal
broadening and population factor, and similar behavior has
also been seen in YbMgGaO2 [15].

(iii) Most interestingly, the CEF excitations exhibit a
slight but clear shift to higher energies with increasing
temperatures. Our Raman experiments also detect the shift
(Fig. 4). This unusual temperature dependence was ob-
served in neither YbMgGaO2 [15] nor NaYbS2 [28]. The
temperature-dependent CEF excitations are quite unusual.
This seems related to the larger radius of Se anion or its
weaker electronegativity. At lower temperatures, there is a
larger overlap of electron cloud between Yb and Se, which
reduces the effective charges of the Se anions and hence gives
rise to the lower CEF levels. With increasing the temperatures,
the thermal lattice expansion normally slightly enlarges the
bond distance between Yb and Se and reduces the electron
cloud overlap between them. Consequently, this slightly en-
hances the ionicity of the compound and raises the effective
charge of Se, which eventually raises the CEF levels by
a small amount. Thermal broadening of the CEF levels at
higher temperatures makes the shift obscure, as observed in
neutron experiments. We can check the existing CEF INS
experimental data of NaYbO2 [17] and NaYbS2 [28] which
support the explanation of electronegativity. The first CEF
excitation energy levels of NaYbSe2, NaYbS2, and NaYbO2

increase in sequence, while the electronegativity of Se, S,
and O increases in sequence. In addition, the CEF-phonon
resonancelike coupling (see below) may further enhance the
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FIG. 4. Raman spectra for NaYbSe2 and NaLuSe2. (a),(b) The NaYbSe2 and NaLuSe2 polarized Raman spectrum at 300 K, respectively.
XX and XY represent parallel and cross polarization configurations, respectively. The insets of (a) and (b) show the vibration patterns of the
Eg and A1g phonon modes. (c),(f) The temperature evolution of Raman spectra in NaYbSe2 and NaLuSe2, respectively. The Raman shifts and
the half widths at half maximum (HWHM) of the Eg mode are shown in (d), (e), (g), and (h).

character of the CEF excitations shift to higher energies with
increasing temperatures.

(iv) The offset of the first CEF excitation energy level
(�E = E300K − E5K = 1.06 meV) with increasing temper-
atures is smaller than the second (�E = E300K − E5K =
2.95 meV) and third (�E = E300K − E5K = 2.79 meV) ones
in Fig. 2. The CEF-phonon coupling enables an energy ex-
change between the first CEF excitation and phonons, and
may be responsible for the smaller shift of the first CEF
excitation.

We used the standard spectral analysis program [27] (MAN-
TID) to determine the CEF parameters by fitting the cuts of
the INS spectra in the range from 0 to 3 Å−1. The fitting
details and the extracted CEF parameters can be found in the
Supplemental Material [26]. The g factors given by the fittings
have the ratio of gab to gc around 3:1 [Figs. 2(f)–2(j)], which
is close to that in NaYbO2 and NaYbS2 [29]. This indicates
that the subfamily AYbCh2 has a systematic and strong mag-
netic anisotropy, which is in stark contrast within YbMgGaO2,
where the ratio is close to 1 [10]. The difference may stem
from the charge imbalance of different cations between the
Yb3+ layers [29].

We have also calculated the CEF levels in NaYbO2,
NaYbS2, and NaYbSe2 using the point charge model [26] and
made a comparison with the existing INS data [Fig. 3(b)].
Generally, the CEF levels decrease with the increase of
ion radii, i.e., in the order of O, S, and Se, as expected.
One can see an agreement between experiments and cal-
culations for the first CEF level. The calculated first CEF
levels are ∼39.7 meV (NaYbO2), ∼20.2 meV (NaYbS2), and
∼16.52 meV (NaYbSe2) [26], and the experimental values
obtained from the INS measurements are 34.8 meV [17],
17.0 meV [28], and 15.8 meV, respectively. It implies that the
ionic crystal picture still works in the case of larger selenium
anions. When we look at the second and third excitation
levels, there is a relatively large discrepancy between the ex-
perimental and calculated ones. The discrepancy is related to
the simplification of the anisotropic orbits in the point charge
model. It means that we need to go beyond the first-order
isotropic s-orbit picture if we want to accurately calculate
higher CEF energy levels. On the other hand, the lowest CEF

excitation rather than the higher CEF energies levels plays a
key role in the low-energy physics which we are concerned
with.

IV. CEF-PHONON RESONANCELIKE COUPLING
AND RAMAN SCATTERING

Figure 4 shows the Raman spectra of NaYbSe2 and
NaLuSe2. The crystal symmetry of R−3m allows two Raman-
active phonon modes Ag + Eg. Symmetry analysis indicates
that the Ag mode is visible only in the parallel polariza-
tion configuration, while the Eg mode can be observed in
both parallel and cross polarization configurations. The two
modes can be clearly identified with the polarized spectra
in Figs. 4(a) and 4(b). Meanwhile, the Eg phonon mode of
NaYbSe2 (marked by the green dashed lines in Fig. 2) and
NaLuSe2 [26] can also be observed in the INS spectra.

Besides the Raman modes, two weaker bands appear at 217
cm−1 (�26.9 meV) and 277 cm−1 (�33.3 meV) in NaYbSe2.
The frequencies exactly match the second and third CEF
energy levels observed in the INS measurements. The two
bands can be assigned to the CEF excitations since they com-
pletely disappear in NaLuSe2. Actually, Raman scattering is
a unique method to probe CEF excitations and has been ap-
plied to many rare-earth-based spin systems such as Tb2Ti2O7

[30–32]. It is worth noting that the intensities of the two
bands are quite different in the parallel and cross polarization
configurations [Figs. 4(a) and 4(b)]. This may be related to
the strong anisotropy in NaYbSe2. We did not observe the
feature corresponding to the first CEF level in the RS spectra.
A possible reason is that the first CEF excitation of 16 meV
(�185 K) is weaker and broader (FWHM � 10 meV) than the
second (FWHM � 5 meV) and third (FWHM � 5 meV) CEF
excitations in the INS experiments.

There are several evident anomalies in the Raman spectra
of NaYbSe2, including phonon mode broadening, asymmetric
line shape of the Eg mode, a large softening of the Eg mode
[Fig. 4(d)], and unusual temperature dependence of its width
[Fig. 4(e)]. The anomalies are absent in the nonmagnetic
reference compound NaLuSe2. The spin-phonon coupling
seems unlikely to be responsible for the anomalies because
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the broadening and asymmetry of the Eg mode already exist
even at room temperature, which is larger by almost an order
of magnitude than the exchange coupling. Furthermore, the
inversion center between adjacent magnetic ions prohibits the
first-order spin-phonon coupling and the system remains spin
disordered down to the lowest measurement temperatures. On
the other hand, the phonon mode (Eg) very close to the first
CEF excitation in energy (less than 1 meV) has been identified
by our Raman and INS spectra in NaYbSe2 and NaLuSe2.
The phonon mode exhibits a large softening with decreasing
temperatures. This is a clear indication of the coupling be-
tween the mode and the lowest excitation. The strong coupling
should give rise to a significant damping for both the phonon
mode and the lowest excitation. Thus we can identify that the
anomalies are due to the CEF-phonon coupling. As a matter
of fact, the CEF-phonon coupling has been reported in some
rare-earth compounds [30,32,33]. It may provide an alterna-
tive possibility to tune the CEF excitations and the magnetism
of the rare-earth spin system.

Compared to Yb-O and Yb-S, Yb-Se has a larger electron
cloud overlap, which, in principle, gives rise to a CEF-phonon
coupling. The coupling in NaYbSe2 is remarkably enhanced
by the resonancelike effect between the first CEF excitation
and the Eg mode. More precisely, the first CEF excitation is
only ∼1 meV higher than the phonon energy at room temper-
ature. With decreasing temperatures, the phonon frequency
normally goes up while the first CEF level goes down, as
discussed above. The tiny energy discrepancy will be easily
compensated and the resonancelike effect occurs. Generally,
the effect splits the resonance energy into the lower (phonon)
and upper (CEF) branches and the temperature-dependent
INS experiments of NaYbSe2 (Fig. 2) are consistent with this
picture.

V. CONCLUSION

We studied the CEF excitations of Yb3+ in NaYbSe2

using INS and RS experiments and by comparison with
nonmagnetic reference sample NaLuSe2. We observed three
CEF excitations by INS experiments and extracted the CEF
parameters by fitting the cuts of the INS spectra. We used
the point charge model to reproduce the CEF excitations of

NaYbO2, NaYbS2, and NaYbSe2, among which the lowest
CEF levels show a better consistence with the experimental
observations.

NaYbSe2 exhibits some unique features in the CEF excita-
tions compared to NaYbO2 and NaYbS2. First, the observed
CEF excitations exhibit an unusual shift to higher energies
with increasing temperatures. This is naturally understood in
terms of electronegativity. Second, the material has a strong
CEF-phonon coupling. The comparison of the INS spectra of
NaYbSe2 and NaLuSe2 allows us to identify a phonon mode
around 15 meV, which is very close to the first CEF excitation
of NaYbSe2. The CEF excitations and the phonon mode are
further confirmed in the Raman scattering experiments. Sur-
prisingly, the Eg mode phonon close to the first CEF excitation
shows a large softening with decreasing temperatures, while
the same mode in NaLuSe2 has a normal hardening. The
contrast is a clear demonstration of the CEF-phonon reso-
nancelike coupling. “Resonancelike” means that the Eg mode
phonon and the first CEF level are very close in energy (about
1 meV), and the “coupling” is reflected in the energy ex-
change between the Eg mode phonon and the first CEF energy
level.
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