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Two-dimensional triangular-lattice materials with spin-1/2 are perfect platforms for investigat-
ing quantum frustrated physics with spin fluctuations. Here we report the structure, magnetization,
heat capacity and inelastic neutron scattering (INS) results on cesium ytterbium diselenide, CsYbSe2.
There is no long-range magnetic order down to 0.4 K at zero field. The temperature dependent mag-
netization, M(T ), reveals an easy-plane magnetic anisotropy. A maximum is found in M(T ) around
T∼1.5 K when magnetic field H is applied in the ab plane, indicating the short-range interaction.
The low-temperature isothermal magnetization M(H) shows a one-third plateau of the estimated
saturation moment, which is characteristic of a two-dimensional frustrated triangular lattice. Heat
capacity shows field-induced long-range magnetic order for both H ||c and H ||ab directions. The
broad peak in heat capacity and highly damped INS magnetic excitation at T=2 K suggests strong
spin fluctuations. The dispersive in-plane INS, centered at the (1/3 1/3 0) point, and the absence
of dispersion along c direction suggest 120◦ non-collinear 2D-like spin correlations. All these results
indicate that the two-dimensional frustrated material CsYbSe2 can be in proximity to the triangular-
lattice quantum spin liquid. We propose an experimental low-temperature H-T phase diagram for
CsYbSe2.

I. INTRODUCTION

Frustrated magnetism is a challenge and intriguing
field in the condensed matter physics due to multiple
unconventional phenomena having ground state degen-
eracy [1, 2]. One important topic is the quantum spin
liquid (QSL) state, where highly entangled spins pre-
vent the breaking of any symmetry, even at zero tem-
perature [3–5]. The spin interactions are restricted by
the low-dimensional structure, which could enhance the
spin fluctuations [2]. Until now, most QSL candidates
are proposed in the low-spin S=1/2 frustrated systems,
such as A2IrO3 (A=Na, Li, Cu), H3LiIr2O6, κ-(BEDT-
TTF)2Cu2(CN)3, EtMe3Sb[Pd(dmit)2]2, and RuCl3 [6–
20].

The rare-earth materials attract attention in search-
ing for QSL candidates, as an alternative to Cu-based
S=1/2 systems. The rare-earth ions with the odd num-
ber of 4f electrons could be treated as Kramers dou-
blets with an effective spin Seff=1/2. Especially a num-
ber of Yb-based quantum magnets have attracted con-
siderable interest, like the realization of a quantum spin
S=1/2 chain in YbAlO3 [21–23], and a quantum dimer
magnet Yb2Si2O7 [24]. Another Yb-base compound,
YbMgGaO4, was proposed as a QSL candidate with
the frustrated Yb3+ triangular lattice. The heat capac-
ity, magnetization, thermal conductivity, neutron scatter-
ing and muon spin relaxation find no transition in this
compound and suggest a possible gapless QSL ground
state [25–32]. However, the intrinsic Mg/Ga disorder ex-
ists between the frustrated layer and could induce the
system to other states [25, 29, 30, 33–36].

Another classic 112 system ARQ2 (A=Alkali metal,
R=Rare-earth elements, Q= O, S, Se) was proposed as

QSL candidate [37]. This 112 system is unique with
the perfect rare-earth triangular layers, which are sep-
arated by the alkali metal ions. The distance of the
nearest neighbor (NN) rare-earth ions and interlayer dis-
tance could be tuned by replacing the different A+ and
Q2− ions. There is no structural or magnetic transi-
tion in NaYbCh2 (Ch=O, S, Se) polycrystalline down to
50 mK [37]. The quantum chemistry calculation suggests
that the Yb3+ 4f 13 configuration should show large gab
factors within the frustrated magnetic layers [38]. Elec-
tron spin resonance and magnetization reveal Seff=1/2
ground state at low temperature in the NaYbS2 [39]. Un-
til now, the investigation of the 112 systemmostly focuses
on the NaYbQ2 compounds with the rhombohedral lat-
tice (space group R3̄m).

Magnetic fields perturb the quantum disordered
ground state and induce the long-range order up-up-
down spin state in NaYbO2 [40–42]. This field-induced
quantum phase transition, evoking alternative ground
states, is an intriguing phenomenon in the frustrated
triangular system. Two-dimensional triangular-lattice
Heisenberg antiferromagnet could present several ground
states under different fields due to degeneracy, such as
120◦ spin state, or collinear up-up-down state [43, 44].
In the easy-plane scenario, the up-up-down state could
induce a plateau at one-third of the saturation mag-
netization due to the spin fluctuations [45], as it was
found in the Cs2CuBr4, CuFeO2, Ba3CoNb2O9 and
Ba3CoSb2O9 [46–50]. The phase diagrams in the quan-
tum scenario are not well elucidated, which inspires us to
investigate more triangular-lattice compounds with dif-
ferent environments.

Here, we study another triangular lattice material
CsYbSe2. We present the detailed measurements of the



2

single crystal magnetization, heat capacity and inelastic
neutron scattering (INS). There is no long-range order in
the magnetization and heat capacity down to T=0.4 K
at zero field, while large anisotropy is found between
the ab plane and the c axis. The magnetic field in-
duces a one-third plateau in the isothermal magnetiza-
tion below H<7 T. Zero-field heat capacity suggests the
QSL state in the triangular Heisenberg lattice. The low-
temperature heat capacity with magnetic fields confirms
the quantum-induced magnetic ordering in intermediate
fields. The excitation spectra obtained from INS unam-
biguously demonstrate a quasi-2D nature of frustrated
Yb3+ with Seff=1/2 in this triangular lattice.

II. MATERIALS AND METHODS

Millimeter-sized hexagonal shape CsYbSe2 single crys-
tals were synthesized by salt flux method following the
procedure described in Ref. [51]. The energy-dispersive
x-ray spectroscopy (EDS) shows the molar ratio of
Cs:Yb:Se is close to 1:1:2. Fig 1(a) demonstrates the
structure and the optical microscope image of CsYbSe2.
X-ray diffraction (XRD) was collected on a PANalyti-
cal X’pert Pro diffractometer equipped with an incident
beam monochromator (Cu Kα1 radiation) at room tem-
perature [Fig. 1(c)]. Sharp (00l) peaks suggest good crys-
talline quality in the single crystal.

Magnetic properties were measured using a Quantum
Design (QD) Magnetic Properties Measurement System
(MPMS3). The magnetization below 2 K was measured
by the MPMS3 iHe3 option. The total mass of the mea-
sured crystals was ∼3 mg. Temperature dependent heat
capacity was measured in QD Physical Properties Mea-
surement System (PPMS) using the relaxation technique.
The mass of the single crystals for heat capacity was
∼2 mg.

Neutron scattering measurements of CsYbSe2 were
performed at the time-of-flight Cold Neutron Chopper
Spectrometer (CNCS) [52, 53], at the Spallation Neu-
tron Source at Oak Ridge National Laboratory. Data
were collected with 12 single crystal samples of total
mass ∼0.1 g, which were co-aligned to within 2◦ using
a Multiwire x-ray Laue machine in the (HHL) scatter-
ing plane. The measurements were carried out using
the rotating single crystal method at a temperature of
T = 2 K. The data were collected using fixed incident
neutron energies of Ei = 3.32 meV and Ei = 25.0 meV
resulting in a full-width-at-half-maximum energy resolu-
tion of 0.07 meV and 0.75 meV at the elastic position,
respectively. All time-of-flight data-sets were combined
to produce a four-dimensional scattering-intensity func-
tion I(Q, Ef ), where Q is the momentum transfer and
Ef is the energy transfer. For data reduction and analy-
sis, we used the Mantid [54] and Horace [55] software
packages.

FIG. 1. (a) The structure of CsYbSe2. The distance between
the nearest two dimensional Yb triangular layers is 8.275 Å.
(b) The perfect frustrated Yb triangular layer. The distance
of the nearest neighbor Yb ions is 4.148 Å. Each Yb ion is
connected to six nearest Yb ions via six Yb-Se-Yb bonds. (c)
The X-ray diffraction pattern obtained on the surface of a
single crystal.

III. RESULTS AND DISCUSSION

Unlike NaYbO2, which is crystallized in R3̄m space
group, CsYbSe2 adopts P63/mmc space group due to
different layer stacking sequences. Because the large ra-
dius of Cs ions, two layers of YbSeYb are packed in
CsYbSe2 along the c axis while three layers of Yb-O-
Yb are packed in NaYbO2. CsYbSe2 has similar ideal
triangular layers of Yb3+ in the YbSe6 octahedral envi-
ronment, as shown in Fig. 1(b). The distance between
Yb-layers dinter in CsYbSe2 is 8.275 Å, which is larger
than the dinter in NaYbO2 and comparable to dinter in
YbMgGaO4. The distance between the nearest neigh-
bor Yb3+ dNN is 4.148 Å, which is slightly larger than
dNN in NaYbO2 and NaYbS2 due to the larger size of
Se ion. The 2D ratio dinter/dNN = 2 varies from 1.6
for NaYbO2 to 2.47 for YbMgGaO4. This difference be-
tween the 2D ratio reflects on the different field-induced
magnetic transitions at low temperatures in NaYbO2

and YbMgGaO4 [32, 41, 42]. Based on two-dimensional
CsYbSe2 structure, it inspires us to investigate the de-
tails of magnetic properties using the single crystals.

A. Magnetization

The DC susceptibility measurements under H=1 T
[Fig. 2(a)] show no evidence of a magnetic transition in
the CsYbSe2 down to 2 K. We used Curie-Weiss law to
fit the magnetization, in both field directions, for the
temperatures above 250 K and around 10 K [Fig. 2(a)].
The effective magnetic moment µeff was evaluated us-
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FIG. 2. (a) The temperature dependence of DC susceptibility
for the CsYbSe2 single crystal in the ab plane and along the
c axis. Solid lines show the fit to the Curie-Weiss law, see
the text and Table I. (b,c) The temperature dependence of
magnetic susceptibility in different magnetic fields H ||ab (b)
H ||c (c). The discontinued points around 1.8 K are due to
the different temperature control method of the measurement.
Inset of (b) shows the low temperature field cooled (FC) and
zero field cooled (ZFC) susceptibility at H=0.2 T.

ing the Curie constant from the fits. The Curie-Weiss
temperature θCW and µeff are shown in Table I. The
effective moment is close to the moment of free Yb3+

(4.54 µB) at high temperatures. As the temperature de-
creases, the effective moment also decreases and exhibits
strong anisotropic behavior, similar to that found in
NaYbS2 [39]. In the anisotropic two dimensional Heisen-
berg system, the average magnetic susceptibility is de-
scribed by χavg = (2χab+χc)/3 [26]. The negative value
θavg = −16.9 K from Curie-Weiss fitting at low tempera-
ture indicates the antiferromagnetic interaction between

Yb3+ ions. Interestingly, this value is slightly lower than
θ = −10.3 K in the similar Yb-triangular lattice material
NaYbO2, although the dNN in CsYbSe2 is longer than
dNN in NaYbO2.

TABLE I. The effective magnetic moment (µeff) and Curie-
Weiss temperature (θCW ) obtained from the fit at high tem-
peratures (HT) of 250−300 K, and at low temperatures (LT)
of 8− 12 K.

µeff [µB] θCW [K] µeff [µB] θCW [K]
HT HT LT LT

H‖ab 4.34 -42.3 3.48 -13.2
H‖c 4.88 -31.6 3.26 -26.1

The low-temperature part of the DC susceptibility
is shown in Fig. 2(b,c). There is no long-range order
down to 0.42 K in both field directions below 1 T. The
larger H‖ab magnetization indicates an easy-plane fea-
ture of CsYbSe2, which is also found in other 112 com-
pounds [39, 56]. A maximum is found in the temperature
dependence of magnetization below 3 T for the H‖ab.
Since the heat capacity does not exhibit a λ anomaly in
this temperature range, we suggest that the strong short-
range interactions are developed. Zero-field cooled (ZFC)
and field cooled (FC) susceptibility overlap at low tem-
peratures (see inset in Fig. 2(b)), excluding the possibility
of spin glass state. This behavior is different from that
observed in NaYbS2 single crystal, indicating a possible
difference in the in-plane magnetism. It may be caused
by the different distances between Yb3+, spin-orbital cou-
pling or different space groups. When the magnetic field
reaches 3 T, an upturn is found at ∼0.8 K, revealing the
field-induced long-range magnetic order (LRO). As the
magnetic field reaches 7 T, the magnetization shows a
flat feature, indicating that the system moves to another
magnetic state. Both LRO and maximum near 1.5 K
were not found when a magnetic field up to 7 T is ap-
plied along the c axis due to the easy-plane anisotropy.
The heat capacity measurements reveal the field-induced
magnetic transition around 10 T, as we discuss in Sec-
tion III B. Although a similar maximum is not found for
the H‖c, the observed deviation of the magnetic suscep-
tibility from Curie-Weiss law below 8 K suggests that the
crossover to QSL is present.
The effect of an applied field on the magnetization at

different temperatures is shown in Fig. 3(a). The ob-
served anisotropic ratio is larger than in NaYbS2, which
is consistent with the larger dinter/dNN ratio in CsYbSe2.
We found an apparent magnetic plateau below T=1.2 K
for the magnetic moment ∼0.7 µB. From the theoretical
calculations, the 1/3 magnetic plateau is expected in the
easy-plane XXZ model [45]. Using the Curie-Weiss fitting
at low temperature, we expect the g value of gab = 4.0
by assuming Seff=1/2. So, we estimate the saturation
moment at low temperature ms = gJ to be 2 µB. The
observed magnetic plateau is indeed close to 1/3 of the
estimated saturation moment. There is no similar 1/3-
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FIG. 3. Magnetization (a) and differential of magnetization
(b) versus field for H ‖ab and H ‖c at different temperatures.

plateau on the magnetization curve in field H ||c up to
7 T. This is caused by the easy-plane anisotropy, which
requires a higher magnetic field to build up a long-rang or-
der along the c axis. The differential of the magnetization
shows two peaks for the field direction H‖ab (Fig. 3(b)).
They become broader with temperature increasing but
we still observe the anomalies at T = 1.2 K at 3 T and
5 T, indicating strong spin fluctuation. No peaks were
found in the differential of magnetization for the field
direction H ||c up to H = 7 T.

B. Heat Capacity

The zero-field heat capacity for CsYbSe2 is shown in
Fig. 4(a). The heat capacity goes to the Dulong-Petit
limit of phonon contribution around 100 J/mol K [57]. A
broad peak is found below 10 K, which is similar to that
observed in the other Yb-112 materials implying the QSL
states in the triangular Heisenberg lattices [42, 58, 59].
There is no λ anomaly around 1.5 K, confirming short-
range correlations found in the magnetization. The broad
peak moves slightly to high temperature in field H‖c of
9 T (see Fig. 4(a)). The shift is smaller than that in
NaYbO2 powder, due to the easy-plane feature or large
distance between the nearest neighbour Yb3+.
To estimate the magnetic entropy, we subtract the

phonon background using a nonmagnetic CsLaSe2, as
shown in Fig. 4(a). The integrated entropy is 5.4 J/mol

1 10 100
0.01

0.1

1

10

100

0.4 0.6 0.8 1.0 1.2
0

1

2

3

0

2

4

6

C
 (J

/m
ol

 K
)

T (K)

 CsLaSe2 0 T
 CsYbSe2 0 T
 CsYbSe2 9 T

(a)

T (K)

C
 (J

/m
ol

 K
)

 0 T  3 T 
 5 T  7 T 
 9 T  10 T 
 12 T   
   

 

H||c(c)

C
 (J

/m
ol

 K
)

 0 T  1 T  3 T
 3.5 T  4 T  5 T 
 5.5 T  6 T  7 T 
 8 T  9 T  10 T 

              

H||ab(b)

0 5 10 15
0

2

4

6

S
 (J

/m
ol

 K
)

T (K)

0.4 0.8 1.2
0

1

2

S
 (J

/m
ol

 K
)

T (K)

0.4 0.8 1.2
0

1

2

S
 (J

/m
ol

 K
)

T (K)

FIG. 4. (a) The temperature dependence of heat capacity
of CsYbSe2 and CsLaSe2. The 9 T magnetic field is applied
along the c axis. The inset presents the magnetic entropy
of CsYbSe2 below 15 K. (b,c) Low temperature specific heat
of CsYbSe2 under different magnetic fields for H ||ab (b) and
H ||c (c). The inset shows the magnetic entropy of CsYbSe2 in
different magnetic fields below 1.2 K. The red arrow indicates
the positions of LRO at each field.

K, which is 93% of the Rln2 of the spin-1/2 system.
This result is consistent with the Seff=1/2 doublet in
CsYbSe2.
To investigate the field-induced magnetic phase transi-

tion, we measured the heat capacity in the field, in two
directions H ||ab and H ||c, at different temperatures, as
shown in Fig. 4(b-c). When the small magnetic field was
applied along the ab plane and the c axis, the heat capac-
ity curves overlap very well, suggesting spin liquid behav-
ior at the low magnetic fields. The field-induced magnetic
transition is observed atH = 3 T when the magnetic field
was applied along the ab plane, which is consistent with
the magnetization measurements. The temperature and
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FIG. 5. Experimental H-T phase diagram of CsYbSe2 ob-
tained from heat capacity and magnetic susceptibility results.
The values of the crossover (CO) are extracted as the tempera-
ture where magnetic susceptibility deviates from Curie-Weiss
relation.

magnitude of the λ anomaly increase with the increasing
of the magnetic field up to 4 T. The anomaly is sharpest
at the highest transition temperature ∼0.8 K, with a long
tail above 1 K that indicates the large spin fluctuations.
The magnetic transition is suppressed to a low temper-
ature in fields H ||ab above 4 T and disappears at 7 T.
The heat capacity at high magnetic field (>7 T) shows
field-dependent relation and apparent difference from the
low field ones (<3 T), indicating the different magnetic
states in these two regions.

When increasing the H ||c magnetic field up to 9 T, a
field-induced magnetic transition appears at 0.8 K that
is similar to the case of H ||ab at 4 T. If we extend M(H)
to 9 T at H ||c and pick M(H) at 3 T at H ||ab, the esti-
mated values of the magnetic moments at the magnetic
transition are close in both directions. The magnetic field
suppresses the transition to 0.6 K at 12 T and the clear
difference was found at 3 T and 12 T above 0.6 K. This
feature also indicates the different states induced by the
high magnetic fields. The anisotropic heat capacity under
magnetic fields is consistent with the magnetization mea-
surements, suggesting the two-dimensional magnetism in
CsYbSe2 with the easy-plane anisotropy. The magnetic
transition temperature in CsYbSe2 is slightly lower than
in the NaYbO2. The integrated entropy in the vicin-
ity of the LRO transition, as estimated in the inset of
Fig. 4(b,c), is below 20% of Rln2, revealing strong spin
fluctuation in CsYbSe2.

Based on the magnetization and heat capacity re-
sults, in Fig. 5 we present a tentative H-T phase dia-
gram for CsYbSe2. Large magnetic anisotropy is clearly
seen. The values of the crossover (CO) are extracted
as the temperature where magnetic susceptibility devi-
ates from Curie-Weiss relation. The LRO values obtained

FIG. 6. (a,b) Constant energy plots in the (a∗c∗) plane (a)
and the (a∗b∗) plane (b) at T = 2 K. The incident neutron
energy is Ei = 3.32 meV. The scattering intensity was in-
tegrated within ∆E = [0.2, 0.4] meV. The data in (b) were
symmetrized along the (H -H 0) direction. Axis values are
in reciprocal lattice units (r.l.u.). (c) Low-energy excitation
spectrum of CsYbSe2 at T = 2 K. Energy slice is taken along
the (HH2) direction with (H -H 0) and (0 0 L) integrated
over the range [-0.1, 0.1] and [1,4] r.l.u., respectively.

from heat capacity and magnetic susceptibility are con-
sistent with each other. Note that the dome feature for
LRO is also found in other frustrated magnetic materi-
als [41, 42, 60, 61].

C. Inelastic Neutron Scattering

The eight-fold degenerate J = 7/2 (L = 3, S = 1/2)
multiplet (2J +1 = 8) of Yb3+ is split into four Kramers
doublet states. First, we probed for possible low-energy
CEF excitations of the Yb3+ ions using neutron inci-
dent energy Ei = 25 meV. We did not find any excited
CEF levels in the energy range below 20 meV (∼230 K),
which is in agreement with the results obtained for other
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Yb-based triangle-lattice compounds, YbMgGaO4 (E1 =
38 meV) [29] and NaYbS2 (E1 = 23 meV) [39]. This is
also in agreement with our heat capacity measurements
where no Schottky anomaly is seen. Since the ground
state is well separated from the other excited CEF levels,
an effective spin-1/2 description is indeed appropriate at
low temperature and magnetic properties are dominated
by the ground-state Kramers doublet.

The experimental INS spectra for CsYbSe2 are pre-
sented in Fig. 6 as false color plots of the neutron in-
tensity without any background subtraction. Constant-
energy slice in the (a∗c∗) plane, taken around energy
E = 0.3 meV [Fig. 6(a)], shows clear intensity modula-
tion along the (HH) direction. For the magnetic planes
decoupled along c, the dispersion of the excitation would
be expected to be independent of L. The data indeed
indicate the absence of dispersion along L, implying that
the inter-plane coupling is much weaker than the intra-
plane correlations, in full agreement with the magnetiza-
tion measurements.

The out-of-plane detector coverage of the CNCS TOF
spectrometer is ±15◦, so that a limited Q-range in the
(a∗b∗) plane could also be accessed. Fig. 6(b) depicts the
momentum dependence of an inelastic magnetic scatter-
ing for the energy range from 0.2 to 0.4 meV. Note that
we symmetrized data along the (H -H 0) direction in
order to get a large Q-coverage. The strongly dispersive
scattering centered at the (1/3 1/3 0) point is clearly seen,
suggesting a 120◦ non-collinear 2D-like spin correlations.

Fig. 6(c) illustrates the energy dependence of the scat-
tering intensity along (H H) direction, which reveals
broad excitations originated from the (1/3 1/3 L). The
elastic scattering exhibits no magnetic Bragg peaks, con-
firming the absence of a long-range magnetic order. The
excitations are gapless within the energy resolution and
have a bandwidth of about 0.6 meV. In the highly degen-
erate spin-liquid ground state of our material, the mag-
netic excitations are over-damped away from the center
of magnetic Brillouin zone, similar to the case of quan-
tum spin-ice compound Yb2Ti2O7 [62]. We note that the
magnetic excitations in the CsYbSe2 are in strong con-
trast to the data obtained for the other triangular-lattice
compound Ba3CoSb2O9, where well formed dispersion
branches of single-magnon excitations and dispersive con-

tinua have been observed [50].

IV. CONCLUSION

Using the experimental results of magnetization, heat
capacity and inelastic neutron scattering on CsYbSe2
single crystals, we show that there is significant evidence
to suggest that CsYbSe2 provides a natural realization
of the quantum spin liquid model at low magnetic fields.
The magnetization and heat capacity show the absence
of magnetic order and spin freezing down to T = 0.4 K
at zero field. A magnetization plateau at one-third of the
saturation magnetization is found at temperatures below
1.2 K, where temperature dependence of heat capacity
confirms the magnetic field induced quantum phase
transition. The central features of the observed inelastic
magnetic scattering, that is the low-energy gapless
over-damped 2D excitation centered at the (1/3 1/3 0)
point, are the essential experimental hallmark of the
S=1/2 triangular-lattice QSL. Our work also calls
for further studies of the effects of magnetic field on
the ground state and excitations, including mapping
out dynamics in the 1/3-plateau. This requires larger
single-crystal samples and INS measurements in field at
ultra low temperatures and this work is in progress.
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