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A quantum spin liquid (QSL) is a state of matter characterized by fractionalized quasiparticle excitations,
quantum entanglement, and a lack of long-range magnetic order. However, QSLs have evaded definitive
experimental observation. Several Yb**-based triangular lattice antiferromagnets with effective S = % have been
suggested to stabilize the QSL state as the ground state. Here, we build a comprehensive magnetic temperature
phase diagram of a high-quality single crystalline KYbSe, via heat capacity and magnetocaloric effect down
to 30 mK with magnetic field applied along the a axis. At zero magnetic field, we observe the magnetic
long-range order at 7y = 0.29 K entering 120 degrees ordered state in heat capacity, consistent with neutron
scattering studies. Analysis of the low-temperature (7) specific heat (C) at zero magnetic field indicates linear T
dependence of C/T and a broad hump of C/T in the proximate QSL region above Ty. By applying magnetic field,
we observe the up-up-down phase with 1/3 magnetization plateau and oblique phases, in addition to two new
phases. These observations strongly indicate that while KYbSe, closely exhibits characteristics resembling an
ideal triangular lattice, deviations may exist, such as the effect of the next-nearest-neighbor exchange interaction,
calling for careful consideration for spin Hamiltonian modeling. Further investigations into tuning parameters,
such as chemical pressure, could potentially induce an intriguing QSL phase in the material.

DOLI: 10.1103/PhysRevB.109.155129

I. INTRODUCTION

Quantum spin liquids (QSLs) are a proposed state of mat-
ter characterized by fractionalized quasiparticle excitations,
quantum entanglement, and a lack of long-range magnetic
order [1-4]. This elusive phase of matter has captured great
attention from researchers because quantum entanglement
can be utilized to realize fault-tolerant quantum computing
[5,6]. Researchers have been actively searching for the QSL
phase in materials with magnetic frustrations. Among the
simplest geometrically frustrated systems are the triangular
lattice antiferromagnets (TLAFs) [7,8]. Recent reports have
suggested the possibility of TLAFs hosting a gapless U(1)
Dirac QSL phase [9] or a chiral spin liquid with spinon Fermi
surfaces [10] at zero magnetic field when the ratio of the
nearest-neighbor (J;) and next nearest-neighbor (J>) exchange
interactions is close to 0.06 (J,/J; = 0.06) [11-19].

The strong magnetic frustration in theoretical TLAFs in-
duces an interesting magnetization process under magnetic
field: a 120-degree ordered state at zero magnetic field (if
a long-range ordering exists at zero magnetic field) and an
up-up-down (UUD) spin structure with a 1/3 magnetization
plateau within a finite range of the magnetic field [20-22].
The UUD phase is a fluctuation-driven magnetic phase whose
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spin structure differs from the classical ground state, through
the order-by-disorder mechanism [23]. The field range of the
UUD phase decreases as the temperature decreases for large
spin TLAFs, as the fluctuation is driven by thermal fluctu-
ations [24,25]. Conversely, for small spin TLAFs, the UUD
phase persists down to zero temperature due to the dominance
of quantum fluctuations [21,26-28]. As the magnetic field
further increases, an oblique spin structure is also stabilized
before the magnetization reaches saturation.

Recently, delafossite materials with the ARX, structure
have been investigated as promising candidates for quan-
tum spin liquids (QSLs) [29-33]. These materials feature
two-dimensional triangular lattices of R** ions, where A rep-
resents alkali metals (Li, Na, K, Rb, Cs, Tl, Ag, and Cu), R
represents rare-earth elements, and X represents chalcogen
elements (O, S, and Se). The crystal structure is illustrated in
Fig. 1(a). Rare-earth elements form a triangular lattice, allow-
ing for tuning the distance between nearest neighbor rare earth
ions. Alkali metals modulate interlayer interactions, while
chalcogen elements affect intralayer interactions [29—-32]. The
diverse chemistry that controls the physical properties gives
rise to a series of compounds that allow exploration of various
intriguing ground states, including the possibility of realizing
QSL phases [29-35].

Significant studies have been conducted on Yb**-based
materials due to the § = 1/2 state, which maximizes the quan-
tum effect [36,37]. Among the AYbSe, family of delafossite
materials, KYbSe, has been considered a candidate for QSL.
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FIG. 1. The crystal structure of KYbSe, (a) and specific heat,
C as a function of temperature, 7' of single crystal KYbSe, in zero
applied magnetic field (b). The black solid circles are the total spe-
cific heat, the blue line is a nuclear Schottky fit, Cy, to the low-T
upturn, and the red solid circles are the data with the nuclear Schottky
contribution subtracted. The inset shows the magnetic entropy S as a
function of temperature.

However, at temperatures below 0.29 K, magnetic order has
been reported based on specific heat and neutron scattering
experiments without a clear signature of gap opening [38,39].
When a magnetic field is applied in the ab plane, field-induced
long-range magnetic orders are found at the 1/3 saturation
magnetization plateau, most likely identified as UUD [40,41].

Although KYbSe, exhibits magnetic order at low tem-
peratures, the results indicate that it is a proximate QSL, as
suggested by the J,/J; ratio estimated using specific heat and
inelastic neutron scattering data [38,39]. The J,/J; ratio ex-
tracted from neutron scattering and heat capacity data (0.047)
is very close to that (0.06) of the QSL quantum phase tran-
sition on the triangular lattice Heisenberg antiferromagnet.
Therefore, KYbSe, serves as a significant milestone toward
realizing a QSL, with the potential for fine-tuning through
methods such as chemical doping and pressure.

Here, we have studied the thermodynamic properties of
KYbSe, using heat capacity and the magnetocaloric effect
(MCE) and have constructed a comprehensive in-plane mag-
netic field vs temperature (H-T) phase diagram. We have
observed a single ordering transition at 0.29 K at zero
magnetic field. Through the convergence of data from both
heat capacity and MCE analyses, consistent magnetic phase
boundaries have been obtained. The nature of the magnetic
phase transitions closely aligns with second-order phase tran-
sition, suggesting a negligible magnetic anisotropy within the
plane. Furthermore, our phase diagram exposes five distinct
magnetic phases, encompassing a 120-degree ordered phase,
a UUD phase, and an oblique phase. In light of our com-
prehensive findings, it is apparent that the compound under
investigation exhibits characteristics closely resembling those
of an ideal TLAF. However, the revelation of two additional

phases hints at the possible existence of supplementary mag-
netic interactions.

II. EXPERIMENTAL DETAILS

KYDbSe,; single crystals were synthesized using a KCI salt
flux method, and the detailed synthesis methods are described
elsewhere [40]. All specific heat and MCE measurements pre-
sented in this study were conducted in an Oxford Instruments
dilution refrigerator with a temperature range of 30 mK to
1.6 K and an applied magnetic field of up to 11 T. Specific
heat values were obtained using a quasiadiabatic method. The
MCE was also measured using the same experimental setup.
The bath temperature was fixed, and the magnetic field was
swept at rates between 0.09 and 0.19 T/min while monitoring
the sample temperature.

For the measurements, a heater was mounted on one side
of a sapphire stage, while a large single crystal sample of
KYbSe, (1.19 mg) was mounted on the other side of the
sapphire stage using GE varnish. The sample was positioned
with the a axis parallel to the direction of the magnetic field
(H || a). A ruthenium oxide resistance thermometer was af-
fixed to the top of the sample, and a weak thermal link to
the temperature bath was established by directly applying GE
varnish to the sample. Due to the negligible heat capacity of
the thermometer compared to the sample, the heat transfer
between the thermometer and the sample was minimal.

III. RESULTS

In Fig. 1(b), the zero-field heat capacity of the single crys-
tal KYbSe; is shown as a function of temperature. At T =
0.29 K, a small peak is clearly observed, which we attribute to
a transition into a 120-degree ordered state, consistent with
the neutron scattering results [38]. Below 0.1 K, the spe-
cific heat (C) starts to increase with decreasing temperature
due to the nuclear Schottky anomaly of the Yb>* ions. The
contribution of the nuclear Schottky anomaly is represented
by the solid blue line (Cyy). Here, Csey = dE/dT, where
E =NX! Ajexp(—A;/kgT )/ 2% jexp(—A;/kgT). n is the
number of split the ground state separated by A; [42], so that

2
1 P Y N

The Hamiltonian for the nuclear hyperfine level splitting A, is
given by

H=a() + P(I7 — 31U + 1)), )

where (J;) is the expectation value of the electronic magnetic
moment, and / and I, refer to the nuclear magnetic moment.
(a is the dipolar hyperfine constant, and P is the quadrupole
coupling constants which we take from Ref. [43]). If we ne-
glect the quadrupolar term, the upturn in the nuclear Schottky
anomaly can be used to put an upper bound on the root-mean-
squared (J;) static electronic magnetic moment [44].

After subtracting the nuclear Schottky tail, the magnetic
entropy (S) is estimated by integrating C/T with respect to
temperature, as shown in the inset of Fig. 1(b). The calcu-
lated S recovers approximately 89% of RIn2 up to 10 K.

155129-2



MAGNETIC FIELD-TEMPERATURE PHASE DIAGRAM OF ...

PHYSICAL REVIEW B 109, 155129 (2024)

(a) 4 T T T T T T
Hla
& 3
X
©°
g 2 Y
2 .
> 2 5 025 o1 |
o 1 o, J a
-! 0000000000 02 1

0 T T T T T T T T T T

C/T (J/mol K2)

FIG. 2. Specific heat divided by temperature, C/T as a function
of temperature of single crystal KYbSe, in dierent applied magnetic
fields. (a) Field range 0-2 T, the red arrow indicates the ordering
transition, the blue arrows show the development of a broad hump.
(b) Field range 0-3.5 T, the blue arrows show the development of a
strong Lambda-like anomaly. (c) Field range 4—10 T, the blue arrows
indicate the continued development of the Lambda-like transition.

The slow recovery is attributed to the magnetic frustration
that suppresses the magnetic ordering temperature compared
to the interaction energy scale. One important observation
is that only one-phase transition at zero magnetic field was
observed. This implies that the system is nearly isotropic
[45] and the spins are not strongly affected by thermal
fluctuations [24].

We next measured C/T as a function of temperature under
various constant applied magnetic fields along the a axis, and
the results are shown in Fig. 2. In Fig. 2(a), the ordering
transition is indicated by a red arrow. As the magnetic field
is increased, the transition weakens and becomes difficult to
identify when H > 1T, while the height of the broad humps
indicated with the light blue arrows increases. However, when
H > 2T, aprominent Lambda-like peak marked with the blue
arrows begins to develop, as shown in Figs. 2(b) and 2(c). This
peak increases in both intensity and temperature, reaching
0.94 K at 4 T, indicating a rapid increase in entropy across
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FIG. 3. (a) Specific heat divided by temperature, C/T as a func-
tion of applied magnetic field, H of single crystal KYbSe, at different
fixed thermal bath temperatures. For clarity, each curve is shifted
by a constant, « as indicated in parentheses. Arrows indicate the
position of anomalies attributed to transitions between consecutive
magnetically ordered states. (b) and (c) show magnified views of
C/T with respect to the applied magnetic field around 2 T and 8 T,
respectively.

the transition. As the field is further increased above 4 T, the
Lambda-like peak is suppressed, as shown in Fig. 2(c).

To detect phase transitions as a function of magnetic field,
we measured C/T while scanning the magnetic field at a
constant temperature, as shown in Fig. 3. For clarity, C/T
is vertically shifted by o with the temperature evolution,
and each constant « is in parentheses beside the legend. We
identify a series of magnetic phase transitions, and the transi-
tion fields are indicated by arrows in Fig. 3. Our data above
0.4 K match well with the previously studied field-induced
magnetic phase transitions [40]. However, C/T below 0.4 K
reveals additional new features at low fields below 2 T (de-
noted by the light red arrows) and high fields around 8 T
(denoted by the light blue arrows), whose features are weak
but clear.

Next we turn to the MCE, which measures the change
in the sample temperature while sweeping magnetic field
Tsampte (H ). The MCE can be measured in different condi-
tions: adiabatic, quasiadiabatic, equilibrium, and isothermal
conditions. In the adiabatic limit, where the time constant for
the temperature of the sample to relax to the bath is much
longer than the magnetic field sweep rate, the magnetic field
up sweeps and down sweeps Tgumple (H) are identical, i.e., it
is reversible [46,47]. A first-order phase transition with latent
heat can make it irreversible. On the other hand, when the
time constant for relaxation is much shorter than the field
sweep rate, the equilibrium limit is obtained and Tsampie (H )
displays sign changing of slope near the phase boundaries on
magnetic field up sweeps and down sweeps [46]. Figure 4
illustrates Tgample () for up (black) and down (red) sweeps
of the magnetic field for various initial temperatures in zero
magnetic field. The sign change in slope around the phase
boundaries indicates that our measurements were taken under
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FIG. 4. Magnetocaloric effect, MCE measurements at various initial temperatures in zero magnetic field. (a) Black solid and red open
symbols represent the sample temperature, Tyumple as a function of up-sweep and down-sweep magnetic fields, respectively. (b) A zoomed-in
view of the MCE of the sample around the lowest temperature regime. Vertical arrows indicate the anomalies in T,mpl. With sweeping magnetic

field.

close equilibrium conditions. This condition was anticipated
due to the maximum field sweep rate of only 0.19 T/min
with a fairly good thermal link to the bath as described in
Sec. II. Starting from the initial temperature of 1.05 K in the
paramagnetic state, Tgample (/1) displays a broad hump around
0.7 T and progressively decreases as the field strength in-
creases from 3 T to 5 T. During the down-sweep, Tsample (H )
exhibits a gradual rise while the field decreases from 8 T to
5 T, followed by a decrease between 5 T and 3 T, eventually
converging to approximately 1.0 K at zero magnetic field.
Tiample (H ) starting at 0.85 K and 0.63 K displays qualitatively
analogous curves but with more pronounced features. No-
tably, Tsampie () curves starting below 0.4 K exhibit additional
features. A new peak feature arises around 2 T, shifting to-
ward higher fields with decreasing temperature. Furthermore,
a much clearer sign-changing phenomenon emerges around
3 T and 5 T. The broad humps at low field around 1 T grow
more substantial as the initial temperature decreases.

IV. DISCUSSION

We have developed a magnetic field versus low-
temperature phase diagram by plotting the critical tempera-
tures and magnetic fields from the specific heat and MCE data
from Sec. III. The resulting diagram is presented in Fig. 5.
Although some data points contain uncertainty that introduces
a sizable error bar, distinct patterns within the phase diagram
are evident, and five distinct phases are clearly delineated.
For the specific heat data, we determine the temperature and
magnetic field values at which the temperature (magnetic)
derivative of C/T becomes zero for the phase boundaries. On
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the other hand, we took a peak in MCE after the up-sweep and
down-sweep crossing points, as shown in Fig. 5.

We identify five distinct magnetic phases alongside the
paramagnetic phase. Among these, three phases are aligned
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FIG. 5. (a) The H-T phase diagram of KYbSe, derived from
anomalies in C/T and MCE. The solid lines indicate the boundary
of the ordered phase derived from anomalies in the C/T(T). The
stars and dotted lines indicate transitions derived from anomalies in
C/T (H). The cross symbols indicate anomalies in MCE. The half-
filled circles are from data published previously [30]. We separate the
phase diagram into five regions, labeled M1-5, of dierent magnetic
orders, with H,-Hs indicating the upper fields of these regions.
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FIG. 6. A zoomed-in view of C/T around the ordering transition.
The solid red line is a guide to the eye for T -linear behavior, possibly
indicative of a proximate quantum spin liquid state.

with the canonical behavior of a TLAF. These include the
120-degree phase (M1) or Y phase, the UUD phase featuring
a 1/3 M, plateau (M3), and the oblique phase (M5). We first
discuss these three phases. However, two additional phases
(denoted by M2 and M4) will also be addressed, albeit their
precise nature remains unclear at present.

We designate M1 as the 120-degree ordered phase and M2
as the Y state. These identifications are based on system-
specific calculations [38,48] and parallels drawn with other
triangular lattice antiferromagnets like Ba;CoSb,0g [22,26].
In the low-field region, a single magnetic phase transition is
observed, implying isotropic magnetic behavior within the
plane [49]. This suggests that the spin Hamiltonian could be
aptly characterized by either XXZ or isotropic Heisenberg
interactions. This implies that the long-range ordering at zero
magnetic field is primarily propelled by weak interactions be-
tween layers, indicating a potential strategy to suppress such
long-range magnetic ordering is to engineer the interlayer
interactions. Additionally, when analyzing heat capacity at
zero field, We determine that the magnetic moment of Yb3t
has an upper bound of approximately 0.6 u, arising from the
net magnetic moment due to the antiferromagnetic correlation
between spins. This value is notably diminished due to the in-
fluence of magnetic frustration, distinguishing it from nominal
values and those observed in nonfrustrated magnetic systems.
However, this outcome dovetails with the magnetic moment
extracted from other experimental methods. In Fig 6, below
1 T, C/T exhibits a T -linear behavior in the range indicated by
vertical arrows. In the fermionic spinon mean-field approach,
low-energy dispersion is isotropic and linear at zero field,
forming pockets for H # 0 with radii proportional to H. At
the mean-field level, this leads to a transition from C ~ T2
under zero field to C ~ HT. [50-53] This aligns with our
findings, and Fig. 3 further illustrates the C/T ~ H behavior
for H < 1 T at a temperature of 0.42 K.

Previous isothermal magnetization measurements con-
ducted on KYbSe, between H, (~3T) and H; (~5T)
have revealed a clear plateau at one-third of the saturation

magnetization when H ||ab [54]. This plateau corresponds to
the phase denoted M3 in our H-T phase diagram. The spin
structure of this plateau is expected to be a collinear UUD
magnetic order, a prediction supported by various theoretical
calculations [1,55-57], and observed in a number of TLAF
compounds [25,58—62]. This implies that the collinear UUD
state is most likely developed in the M3 region in KYbSe,
when H||a. One noticeable feature is that the UUD phase
maintains its width down to zero temperature. This persilstence

indicates that quantum fluctuations due to the § = 5 state

of Yb’' ions stabilize this plateau phenomenon rather than
thermal fluctuations. Meanwhile, the UUD phase of classical
spins only exists at a single point at 7 = 0 in the H-T phase
diagram, and thermal fluctuations expand the width of the
phase with increasing temperature.

In contrast to other TLAF with § = 1/2 with a notice-
able single-ion anisotropy, such as Cs,CuBr4 [58], MCE in
Fig. 4 for our scenario does not provide clear evidence of a
first-order phase transition between the Y phase and the UUD
phase. Instead, the transition consistently manifests as a peak
and valley structure, characteristic of a second-order phase
transition under equilibrium conditions. This observation is
further supported by the absence of any magnetization jump
when entering or leaving the plateau [46]. In cases where
magnetic anisotropy leads to a spin gap, a first-order phase
transition is observed in thermodynamic measurements and
magnetization as an abrupt change. Therefore, these observa-
tions also support the nearly isotropic magnetism of the title
compound.

At higher fields, we observe the emergence of the M4
and M5 phases. However, theoretical investigations [24] have
proposed that a single phase with a spin structure known as the
oblique phase stabilizes subsequent to the UUD phase before
the magnetization saturation. This stabilization is attributed
to the subtle interplay between antiferromagnetic interactions
and Zeeman energy. Notably, in Fig. 3, the peaks between the
UUD (M3) phase and the M4 phase exhibit distinct sharp-
ness. Conversely, the phase boundaries between M4 and M5
appear weaker. A similar pattern is discernible in MCE data
illustrated in Fig. 4. Drawing from these observations, we hy-
pothesize that the M4 phase likely corresponds to the oblique
phase, while M5 might represent a phase characterized by a
slight change in spin angle relative to the oblique configu-
ration. However, a more in-depth investigation is required to
determine the exact nature of the M4 and M5 phases.

The presence of two additional phases, M2’ and M5, has
also been noted. In canonical TLAFs described by the Heisen-
berg exchange interaction with nearest neighbor exchange
interaction or XXZ Hamiltonian, the three aforementioned
phases are typically observed. Thus, the emergence of the
M2’ and M5 phases suggests the possibility of a novel spin
flop phase characterized by spins being tilted away from
the theoretically predicted spin structures. The origin of this
behavior remains unclear for the time being, but it implies
that the additional next-nearest-neighbor magnetic interaction
known to exist in the title compound could play a role in
stabilizing these extra magnetic phases. Numerous instances
exist wherein an additional magnetic interaction term, such as
next nearest neighbor exchange interaction (J,), induces the
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appearance of supplementary phases, as seen in square lattice
and cubic lattice systems [63,64]. Moreover, the presence of
slight, albeit nonnegligible, in-plane anisotropy could poten-
tially trigger a change in spin structures under a magnetic
field. Consequently, our study underscores the need for further
investigations to illuminate the role of J; in stabilizing the new
phase, as well as meticulous research to uncover the nuances
of the in-plane anisotropy.

V. CONCLUSION

To summarize, we conducted specific heat and mag-
netocaloric effect (MCE) experiments up to 11 T at low
temperatures (T > 30 mK). We observe the single mag-
netic phase transition to 120 degrees at zero magnetic field,
which indicates negligible in-plane magnetic anisotropy. No-
tably, we observed T -linear and linear increasing features in
C/T above the long-range magnetic phase transition, which
serves as a signature of a proximate QSL. Upon applying
a magnetic field, the T-linear feature in C/T rapidly sup-
presses. Furthermore, our investigation unveiled a sequence of

second order phase transitions from the 120-degree phase to
the UUD phase, and subsequently to the oblique phase. These
phases are emblematic of isotropic TLAFs. Additionally, we
uncovered the existence of two new phases, urging careful
consideration in the formulation of a spin Hamiltonian model
to fully comprehend this compound’s behavior.
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