PHYSICAL REVIEW B 108, 054435 (2023)

Editors’ Suggestion

Exchange-renormalized crystal field excitations in the quantum Ising magnet KTmSe,

Shiyi Zheng ®,'2"" Hongliang Wo®,"" Yiging Gu®,'

Paul Steffens,* Martin Boehm,* Qisi Wang®,'> Gang Chen

,12" Rui Leonard Luo®,* Yimeng Gu®,"? Yinghao Zhu®,

1

037 and Jun Zhao ®1-27:8:%

IState Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200433, China
2Shanghai Qi Zhi Institute, Shanghai 200232, China
3Department of Physics and HKU-UCAS Joint Institute for Theoretical and Computational Physics at Hong Kong,
The University of Hong Kong, Hong Kong, China
4Institut Laue-Langevin, 71 Avenue des Martyrs, 38042 Grenoble Cedex 9, France
3>Department of Physics, The Chinese University of Hong Kong, Shatin, Hong Kong, China
SInternational Center for Quantum Materials, School of Physics, Peking University, Beijing 100871, China

" Institute of Nanoelectronics and Quantum Computing, Fudan University, Shanghai 200433, China
8Shanghai Research Center for Quantum Sciences, Shanghai 201315, China

M (Received 22 May 2023; revised 1 August 2023; accepted 7 August 2023; published 23 August 2023)

Rare-earth delafossite compounds, ARC, (A = alkali or monovalent ion, R = rareearth, C = chalcogen), have
been proposed for a range of novel quantum phenomena. Particularly, the Tm series, ATmC,, featuring Tm ions
on a triangular lattice, serves as a representative group of compounds to illustrate the interplay and competition
between spin-orbit coupling, crystal fields, and exchange couplings in the presence of geometric frustration. Here
we report the thermodynamic and inelastic neutron scattering studies on the newly discovered triangular-lattice
magnet KTmSe,. Both heat capacity and neutron diffraction measurements reveal the absence of long-range
magnetic order. Magnetic susceptibility shows strong Ising-like interactions with antiferromagnetic correlations.
Furthermore, inelastic neutron scattering measurements reveal a branch of dispersive crystal field excitations. To
analyze these observations, we employ both the transverse field Ising model and the full crystal field scheme,
along with exchange interactions. Our results suggest a strong competition between spin exchange interactions
and crystal field effects. This work is expected to offer a valuable framework for understanding low-temperature

magnetism in KTmSe, and similar materials.

DOI: 10.1103/PhysRevB.108.054435

I. INTRODUCTION

Recent theoretical and experimental studies on the
triangular-lattice magnets with strong frustration and quan-
tum fluctuation have proposed several possible realizations
of exotic quantum states [1,2]. Two common scenarios, in-
volving triangular lattices occupied by either Kramers or
non-Kramers ions, have been extensively investigated to elu-
cidate unconventional magnetic ground states. A well-known
example of the former case is the quantum spin liquid (QSL)
material YbMgGaO, [3-11], while TmMgGaO, with the in-
teger spin local moments could be approximately viewed as
an example of the non-Kramers doublets [12—-16]. Despite
the successful description of the transverse field Ising model
(TFIM) [13,14,17,18] in TmMgGaO,, further examination
and research are necessary to address fundamental questions
regarding the nature of magnetic excitations in generic non-
Kramers triangular-lattice magnets.

Since crystal electric field (CEF) interactions play a vi-
tal role in determining both the magnetic ground state and
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single-ion anisotropy of rare-earth ions [19-21], it is essential
to uncover the CEF spectra in order to understand the exotic
quantum states found in triangular-lattice magnets. In addition
to determining the CEF parameters and eigenvalues, measur-
ing the dispersion or splitting of the low-lying CEF states
may also provide useful information about low-temperature
magnetism, including dipole-dipole interactions [22], phonon
modes [23-25], and quadrupolar excitons [26,27].

In the last few years, a new class of triangular-lattice
antiferromagnets, ARC, (A = alkali or monovalent ion, R =
rareearth, C = chalcogen), has attracted great attention due
to its potential in realizing novel quantum states [28]. This
family of materials crystallizes into a delafossite structure
with space group R-3m or P63/mmc, while the trivalent
R3* ions reside in a local environment with D3; symmetry.
Tremendous investigations on Yb>*- [29-38], Er**- [39-41],
and Ce’*-based [42-44] 112-family magnets have been re-
ported, including massive precise knowledge of the CEF
excitations in them [45-52]. However, while the majority
of studies focus on materials in which the triangular lattice
is formed by Kramers ions in the ARC, family, research
on compounds featuring non-Kramers ions is rather limited.
Unraveling the magnetic properties of these compounds re-
mains an important task. KTmSe,, the new thulium-based
112-family material, shares the same crystal structure as

©2023 American Physical Society
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FIG. 1. (a) Schematic of the crystal structure of KTmSe,. Blue, Tm>*; red, K*; green, Se?~. (b) Image of a typical single crystal. (c) X-ray
diffraction pattern of KTmSe, single crystal on the (0, 0, L) plane. (d) Heat capacity and entropy release of KTmSe, under different magnetic
fields along the ¢ axis. (e) Temperature dependence of magnetic susceptibility from 2 to 300 K for KTmSe, single crystal both in the ab plane
and along the ¢ axis under 1 T. The inset shows the inverse magnetic susceptibility with negative Curie-Weiss temperature. (f) Isothermal
magnetization of KTmSe, up to 9 T both in the ab plane and along the c axis at 2 K. FWHM, full width at half maximum; FC, field cooled;

ZFC, zero-field cooled.

the QSL materials NaYbO, [29] and NaYbSe, [35]. The
perfect triangular-lattice layers of magnetic Tm*" ions are
separated by the nonmagnetic K™ layers, resulting in a quasi-
two-dimensional structure with geometrical frustration [see
Fig. 1(a)]. The two lowest CEF levels of the non-Kramers
Tm?>* ion are point-group-symmetry-demanded singlets. Nev-
ertheless, the first excited CEF state is highly dispersive in
the reciprocal space, and this is attributed to the strong renor-
malization of the CEF excitation by the exchange interactions
of the local moments. The quantitative measurement of these
excitations provides a great chance to determine the exchange
parameters and the CEF energy levels.

In this paper, we report the thermodynamic and neutron
scattering measurements and point-charge calculations on the
single-crystalline triangular-lattice magnet KTmSe; to inves-
tigate the competition between the exchange coupling and the
CEF effect by directly revealing the exchange-renormalized
CEF excitations. Heat capacity and neutron diffraction mea-
surements show the absence of long-range magnetic order in
KTmSe, down to an ultralow temperature of 60 mK. The
temperature-dependent susceptibility and the field-dependent
magnetization show the Ising-like single-ion anisotropy and
predominantly antiferromagnetic spin correlations accompa-
nied by a negative Curie-Weiss (CW) temperature. Inelastic
neutron scattering (INS) illustrates a branch of dispersive
excitation from 0.85 to 1.6 meV which is the first excited
CEF state of Tm>*, indicating that a single-ion model can no
longer describe the low-lying CEF excitations. A frequently
used solution is to apply the transverse field Ising model

(TFIM) on KTmSe; to explain the dispersive magnetic ex-
citation by constructing a pseudospin Seir = 1/2 from the
ground state quasidoublet [12,13,16—18]. The effective model
successfully explains the dispersive magnetic excitation by
introducing a transverse field perpendicular to the z axis, and
provides a phase diagram that can include many different
materials with similar Ising characters. From a more complete
perspective, establishing an effective magnetic Hamiltonian
consisting of all the CEF states and the spin exchange pa-
rameters simultaneously is also productive and illustrative.
As a complementary approach to the TFIM, we then apply
point-charge (PC) analysis and the mean-field-random-phase
approximation (MF-RPA) to calculate the CEF spectra and
low-energy magnetic excitations.

The remaining parts of the paper are organized as fol-
lows. In Sec. II, we introduce the experimental details. In
Sec. III, we propose a TFIM for the low-lying doublets with
the effective spin Se to account for the dispersive CEF
excitation. In Sec. IV, we include all the CEF states and
the superexchange with the local J moments to further an-
alyze the CEF excitations. In Sec. V, we conclude with a
discussion.

II. EXPERIMENTAL METHOD AND RESULTS

Polycrystalline samples of KTmSe, were synthesized
through a solid-state reaction with a molar ratio of
K:Tm:Se=1:1:2. The starting materials were sealed
in a vacuumed quartz tube and heated to 950°C at a rate of
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TABLE 1. Refined crystallographic parameters for KTmSe,
polycrystal (trigonal, space group R-3m, Z =3) from room-
temperature x-ray powder diffraction with pulverized single-crystal
KTmSe, samples.

Lattice parameter Value
a(A) 4.1352(1)
c(A) 22.7487(5)
V (A% 336.881(2)
o (deg) 90
y (deg) 120
Atomic position Value

K
.y 2) (0,0,0.5)
Wyckoff site b
Multiplicity 3

Tm
(x,y,2) 0,0,0)
Wyckoff site a
Multiplicity 3

Se
(x,y,2) [0, 0, 0.2698(1)]
Wyckoff site c
Multiplicity 6

50°C/h and then maintained at this temperature for 3 days.
KTmSe, single crystals were grown by the flux method with a
molar ratio of KTmSe; : K;Ses = 1 : 10. The powder mixture
was annealed at 950 °C for 5 h and then slowly cooled down
to 650 °C at a rate of 0.8 °C/h. The flux was subsequently re-
moved with deionized water. KLuSe, single crystals, used as
a nonmagnetic reference, were grown using the same method.
The resulting dark yellow KTmSe,; single crystal exhibited a
hexagonal shape with well-defined edges [Fig. 1(b)]. Single-
crystal x-ray diffraction measurements were performed on a
Bruker D8 x-ray diffractometer [Fig. 1(c)]. The x-ray powder
diffraction data were refined using the FULLPROF SUITE
software [53], from which the crystallographic parameters
were extracted. A summary of the relevant crystallographic
parameters for the KTmSe, is provided in Table I.

Heat capacity, susceptibility, and magnetization measure-
ments on KTmSe, single crystals were performed on a PPMS
DynaCool instrument (Quantum Design). No signal of mag-
netic phase transition is observed in the heat capacity data
under zero or nonzero external field along the crystalline ¢
axis, indicating the absence of long-range magnetic order in
KTmSe, compound down to at least 0.3 K [Fig. 1(d)]. A broad
peak appears at ~4 K and can be then partially suppressed by
external magnetic fields, implying a large contribution from
excited CEF states. The temperature-dependent susceptibil-
ity shows Ising-like single-ion magnetic anisotropy with an
evident easy axis and a negligible in-plane response. More-
over, the predominantly antiferromagnetic correlations are
evidenced by the negative CW temperature of 6, = —2.32 K
(fit from 20 to 50 K after subtracting the Van Vleck con-
tribution) [Fig. 1(e)]. The isothermal magnetization data in
both directions at 2 K reaffirm the Ising anisotropy, indicating
that only the out-of-plane component requires examination

[Fig. 1(f)]. Upon reaching 6 T, the magnetization saturates
and increases linearly with the applied field. The saturated
magnetic moment is p, = 6.2 pg, from which we extract the
g factor g, = 1.033 (u, = g.J ug = 6g; uz). The g factor is
close to the Landé g factor of the Tm** ion g; = 1.167, fur-
ther confirming the Ising nature of KTmSe,. Inelastic neutron
scattering data were collected on 3 g of KTmSe, single crys-
tals in the (H, K, 0) scattering plane. The measurements were
carried out on the ThALES cold triple-axis spectrometer using
a flat-cone analyzer at the Institut Laue-Langevin, Grenoble,
France.

No magnetic Bragg peak is observed at high-symmetry
points down to 60 mK in neutron diffraction measurements,
confirming the absence of long-range magnetic order in
KTmSe,, as indicated by the heat capacity data. With the
increase in energy, a branch of dispersive magnetic excitation
becomes visible at the K point [Fig. 2(a)]. The excitation
disperses outward from the K point [Fig. 2(b)] and then
forms ringlike patterns around the I" point at higher energies
[Figs. 2(c)-2(e)]. Eventually, the spectra reach the band top at
the I" point and vanish above 1.6 meV [Fig. 2(f)]. The overall
dispersion is seen more clearly in the energy dependence
of the spectral intensity along the high-symmetry directions
[Fig. 3(a)] and in a group of constant-energy cuts [Fig. 4(a)].
Based on constant-Q cuts at the high-symmetry points, we can
quantitatively determine a spin gap of 0.887 & 0.066 meV (at
the K point) in KTmSe, [Fig. 4(b)], while the total bandwidth
of the magnetic excitation is 0.649 4= 0.144 meV [Fig. 4(d)].
To describe the observed magnetic excitation spectrum, we
need to carry out the theoretical process.

III. QUANTUM ISING MODEL DESCRIPTION
WITH LOWER DOUBLETS

An effective spin-1/2 model is widely used to treat the
low-energy magnetic excitations in many rare-earth magnets,
assuming that the magnetic properties at low temperatures
are governed by the interaction between the S = 1/2 local
moments with no involvement of higher excited CEF states. In
the triangular-lattice compound TmMgGaO,, a quasidoublet
consisting of the two lowest singlets with an energy gap of
~0.62 meV is considered as the magnetic ground state, cor-
responding to a pseudospin-1/2 with an effective transverse
field along the y direction [13,18]. In this picture, the out-of-
plane spin operator $¢ represents the three-sublattice dipole,
order while the in-plane operators $* and $* represent the
ferroquadrupole order, described with transverse field Ising
model [17,18]. We here apply the same quantum Ising model
description to explain the dispersive magnetic excitation in
KTmSe; observed in INS. Unlike TmMgGaO,, where the ex-
change interaction wins and supports an ordered state via the
assistance of the intrinsic transverse Zeeman coupling by an
order-by-disorder mechanism [13,18], the intrinsic transverse
Zeeman coupling wins and preserves the Z, symmetry of the
system in KTmSe;.

In the magnetization measurements on single-crystalline
samples, the Tm>* ions are fully polarized under large mag-
netic fields (upon 8 T), from which we find that the g factor
g, = 1.033 is close to the Landé factor g; = 1.167. The
single-ion Ising anisotropy suggests that the ground state wave
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FIG. 2. Measured and calculated momentum dependence of the CEF excitation in KTmSe, at the indicated energies and 7' = 0.06 K.
(a)—(f) Raw contour plots of the constant-energy images at 7 = 0.06 K. (g)—(1) Calculated CEF excitation using the MF-RPA model specified
in the text. The dashed lines indicate the zone boundaries. The measurements were performed on ThALES triple-axis spectrometer with

E; = 4.066 meV. Here, r.l.u., reciprocal lattice units.

function of KTmSe, is dominated by |J* = %6}, which means
that the CEF ground state is a singlet [14],

|We) = c6(16) +[=6)) +¢3(13) — [=3)) + c0l0); (D)

additionally, in our heat capacity measurements, the full mag-
netic entropy release shows ~RIn2 around 15 K, indicating
that the first excited CEF state is supposed to be another
singlet,

|We) = c6(16) — [—6)) + c5(13) +1-3)). (@)

The CEF information obtained from characterizations sug-
gests that the ground state of KTmSe, is expected to be
a “quasidoublet,” consisting of the CEF ground state sin-
glet and the first excited singlet [13], similar to the case of
TmMgGaO,. As a result, we can construct effective spin-1/2
operators acting on this quasidoublet.

§ = S01W) (Wl = W) (W), 3)
W1
8 = S(We (Wl — |We) (e, @
o1
8 = ST Wl + W) (W), ®)

where |W,) and |W,) are eigenstates corresponding to eigen-
values of 1/2 and —1/2 of . It has to be emphasized
that the definition of the spin operators in Egs. (3)-(5)

is to some extent different from the conventional mean-
ing. The constructed longitudinal component $? behaves
as a magnetic dipole which couples to neutron or exter-
nal fields, while the transverse components S$% and 8 are
even under time reversal and represent the multipolar be-
haviors displaying “hidden” in conventional experimental
probes [13,18].

Based on the spin operators of the quasidoublet, we further
establish the spin Hamiltonian of KTmSe, and adopt the lin-
ear spin wave (LSW) theory to calculate the spin excitation
spectra,

=Y NS85+ > nS&-n)_ 8, (6)
(i, J) (i, ) i

where (i, j) and ((i, j)) denote the nearest and next-nearest
neighbors, respectively, and % is the energy corresponding
to the effective intrinsic transverse field describing the split-
ting of the ground state quasidoublet, as described with
TFIM [12,13,16-18]. A set of parameters can describe the
neutron scattering data accurately: J; = 0.29(1) meV, J, =
0.018(2) meV, and h = 1.13(2) meV. The calculated re-
sults reasonably agree with the experimental observations
[Fig. 3(b)].

The successful application of the quantum Ising spin model
both in TmMgGaO, [13,18] and in KTmSe, provides a
unique method to understand the magnetic excitation in Ising
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FIG. 3. (a) Energy dependence of the observed spectral intensity along the high-symmetry momentum direction at 7 = 0.06 K. (b) and
(c) Simulated magnetic excitation spectra based on LSW and MF-RPA methods, respectively. (d) Schematic of a high-symmetry direction of
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antiferromagnets by introducing an effective transverse field
to describe the splitting of the ground state quasidoublet.
Comparing these two materials, we found that TmMgGaO,
is located in the three-sublattice ordered state while KTmSe,
is in the quantum disordered state that is driven by the
dominant transverse exchange. These results are consistent
with the general phase diagram tackled with the Weiss
mean-field approximation [18]. Quite remarkably, the sim-
ple TFIM provides us with a unified understanding of these
two compounds: Since the quantum order-by-disorder ef-
fect in TmMgGaO, is relatively weak, a coexistence of
three-sublattice magnetic order and “ferroquadrupole hidden
order” displays as a nearly gapless magnetic excitation in
INS, while a relatively large effective transverse field % in
KTmSe, results in the dominance of the polarization ef-
fect and suppression of the three-sublattice order and then
drives the system into the “quantum disordered” state where
the effective spins are fully polarized along the transverse
direction.

IV. FULL CRYSTAL FIELD SCHEME CALCULATION

In the phase diagram of the TFIM, KTmSe, is located in
the fully polarized region where the three-sublattice ordering
is fully suppressed by the intrinsic polarization effect. This is
consistent with the results from the heat capacity and neutron
diffraction measurements. Due to the absence of long-range
spin order, the dispersive excitation observed in the INS can
also be considered as the first excited CEF state from another
perspective. On the other hand, the spin exchange interaction
between Tm>" ions still plays an important role and is respon-
sible for the dispersion for CEF excitations.

By establishing a CEF Hamiltonian below, we can then
describe the CEF states of Tm>* quantitatively,

Hepr = ZB:’:OZ', @)

where O™ are the Stevens operators and B” are multiplicative
factors called the CEF parameters [54]. Under the D3, point
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FIG. 4. (a) Constant-energy cuts along the M-K-I";-M,-T"; di-
rection at the indicated energies at 7 = 0.06 K. The vertical dashed
lines indicate the high-symmetry points. (b)-(d) Constant-Q cuts at
the K, M, and I" points, determining the spin gap and bandwidth of
magnetic excitation in KTmSe,. The solid lines and error bars denote
the Gaussian fits and standard deviation.

symmetry, only six CEF parameters are allowed to be nonzero
in Eq. (7): BY, BY, B}, BY, B}, and BS. The 13-fold (J = 6,
L =5, S = 1) degenerate ground state of the free 4f'> Tm3*
is split into five singlets and four doublets under the D3, CEF
environment with a rotation axis about ¢ [14]. We have used
the MCPHASE software package to carry out the PC analysis
based on the following formula [55]:

m AT le|? qi
T dn4 14we - r;"H

ap(r")Z,' (0;, d:). ®)

In our PC analysis, we selected a point-charge shell (<
5.45 A) to describe the CEF environment of Tm>™, including
six nearest (2.79 A) and six next-nearest (4.99 10\) Se?” an-
jons and six nearest Tm3* (4.14 A) and K* (4.48 A) ions.
Although the Se®~ ionic shell in the TmSes octahedra is
responsible for the primary splitting of the Tm>** manifold,
the resulting CEF states are often inaccurate when only six
Se?~ anions are considered in the CEF environment. This is
because the neighboring Tm** and K+ ions also contribute
significantly to the splitting [45]. The simulated CEF parame-
ters from the selected CEF environment are listed in Table II,
while the corresponding eigenvalues and eigenvectors are
listed in Table III.

From the PC analysis, we again verified the CEF ground
state and the first excited state both to be singlets, dominated
by IJ° = £6),

|Wo) = 0.51(]6) + |—6)) + 0.35(]3) — |—3)) -+ 0.48]0),
)
[W1) = —0.64(]6) — |—6)) — 0.29(|3) + |=3)), (10)

while the energy of |W;) is ~1.17 meV. The results agree
with our thermodynamic and neutron scattering measure-
ments well.

In TmMgGaO,, the influence of higher CEF levels on
low-temperature magnetism below 10 K is negligible due
to the large energy gap of approximately 38.4 meV [14].
However, in KTmSe,, the three excited states (2.816, 4.798,
and 4.837 meV) are somewhat closer to the ground state
quasidoublet. This raises concerns about the appropriateness
of restricting the analysis to the lower quasidoublet. While this
restriction may not be a serious issue for KTmSe,, it could
be problematic for other rare-earth magnets with weak crystal
field splittings. To ensure a comprehensive analysis, we will
focus on the effective magnetic Hamiltonian that includes all
CEEF levels [3,34],

ﬁeff = 7‘2CEF + ﬁspin
=Y BrOy+ > LT+ L BF 4 LI (1)

n,m (i, )

Due to the apparent Ising anisotropy of Tm??, it is rea-
sonable to ignore the in-plane spin exchange terms, and then
Eq. (11) can be written as

Herr = ) BYO) + ) JJ7 T, (12)
n,m (&.J)

where J, is the nearest out-of-plane exchange parameter
and J; and J; describe the original J = 6 operators of the

Tm3t moment. By establishing the effective Hamiltonian, we
then combine the contributions from all the excited CEF states
and the spin exchange interactions. Based on 7:leff, MCPHASE
uses the mean-field—random-phase approximation to recalcu-
late the dispersive excitation of the first excited CEF state
and find the appropriate parameter value that can accurately
describe the present neutron scattering data: J, = 0.004 meV.
The calculated result of E-k dispersion shows an excellent
agreement with the experimental observation, as shown in
Figs. 2(g)—1) and 3(c).

The exchange parameter value of 0.004 meV simulated
from MF-RPA is much smaller than that (0.29 meV) obtained
from TFIM, primarily because we focus on the effective to-
tal angular momentum J = 6 rather than an effective spin
Seff = 1/2. Additionally, the antiferromagnetic interaction be-
tween Tm>* moments is also consistent with the susceptibility
results.

The successful application of PC analysis and MF-RPA
calculations to the effective Hamiltonian demonstrates the
effectiveness of this method for analyzing CEF excitations
in KTmSe,. While TFIM can adeptly explain the magnetism
by introducing an intrinsic transverse Zeeman term, MF-
RPA offers an alternative, complementary approach to explain
excitations. The methodology employed in this paper, in-
cluding the construction and simulation process along with

TABLE II. CEF parameters B} obtained from PC analysis. The units are in meV.

B B B}

B B B

—1.54 x 1072 —7.41 x 1074 2.12 x 1072

-1.53 x 107° —2.42 x 1077 —1.58 x 1073
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TABLE III. Calculated eigenvalues and eigenvectors from PC analysis (< 5.45 A) on KTmSe,.

Eigenvalue (meV)

Eigenvector

0

1.171
2.816
2.816
4.798
4.837
4.837
12.394
15.659
15.659
15.888
16.71
16.71

0.51(|6) + | — 6)) + 0.354(]3) — | — 3)) + 0.479]0)

—0.643(16) — | — 6)) — 0.294(|3) + | — 3))

0.235(I5) 4+ | — 5)) 4 0.264(|4) — | — 4)) 4 0.342(|2) — | — 2)) 4 0.509(|1) + | — 1))
0.235(I5) — | — 5)) — 0.264(|4) + | — 4)) 4+ 0.342(]2) + | — 2)) — 0.509(]1) — | — 1))
0.451(16) + | — 6)) — 0.149(]3) — | — 3)) — 0.74|0)
0.351(I5) + | — 5)) — 0.253(|4) — | — 4)) + 0.449(|2) — | — 2)) — 0.333(|1) + | — 1))
—0.351(]5) — | — 5)) — 0.253(]4) + | — 4)) — 0.449(]2) + | — 2)) — 0.333(|1) — | — 1))

0.294(|6) — | — 6)) — 0.643(|3) + | — 3))

0.434(|5) — | = 5)) — 0.424(]4) + | —4)) — 0.275(]2) + | — 2)) + 0.236(|1) — | — 1))
-0.434(]5) + 1 = 5)) — 0.424(|4) — | — 4)) + 0.275(|2) - | — 2)) + 0.236(|1) + | — 1))
0.191(]6) + | — 6)) — 0.594(|3) — | — 3)) + 0.472|0)

-0.365(15) + | — 5)) +0.432(|14) — | —4)) +0.325(]2) — | — 2)) — 0.274(|1) + | — 1))
0.365(|5) — | = 5)) +0.432(|14) + | —4)) — 0.325(]2) + | — 2)) — 0.274(|1) - | — 1))

appropriate anisotropic exchange parameters, could be
adapted for use with other rare-earth magnets. By providing a
versatile approach to analyzing magnetic spectra, this method
offers more opportunities to uncover the underlying nature of
frustrated rare-earth magnets and explore novel phenomena
that may emerge from their unique magnetic characteristics.

V. CONCLUSION

In conclusion, we have successfully synthesized the
thulium-based triangular lattice magnet KTmSe,. Our com-
prehensive investigation, including thermodynamic and neu-
tron scattering experiments, has suggested the absence of
long-range magnetic order in this compound. Through mag-
netic susceptibility measurements, we have identified strong
Ising-like interactions accompanied by antiferromagnetic cor-
relations. Our inelastic neutron scattering measurements have
unveiled a dispersive crystal field excitation branch, which
can be accurately described by an effective spin-1/2 model
with a transverse field. To further elucidate the CEF states
and dispersive excitation, we have employed a point-charge
analysis and mean-field-random-phase approximation based
on the effective Hamiltonian, taking into account both the
CEF interactions and spin exchange interactions. This study

offers a comprehensive understanding of the low-temperature
magnetism in KTmSe, and provides an effective approach for
exploring the intricate magnetic behavior of materials contain-
ing 4 f electrons.
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