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Microscopic origin of the spin-reorientation transition in the kagome topological magnet TbMngSng
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TbMngSng is a correlated topological magnet with a Mn-based kagome lattice, in which a Chern gap opens
at the Dirac point at low temperatures. The magnetic moment direction of the ferrimagnetic order changes from
in the kagome plane to out-of-plane upon cooling, which is essential for generating the Chern gap, but the
underlying mechanism for the spin reorientation remains elusive. Here, we investigate the spin-reorientation
transition in TbMneSne using neutron scattering. We provide direct evidence for the spin-reorientation transition
and unveil the coexistence of two Tb modes at 200 K. To account for these results, we put forward a model based
on SU(N) spin-wave theory, in which there is a temperature evolution of the ground state Tb 4 f orbitals, driven
by the crystalline electric field, single-ion anisotropy, and exchange interactions between Tb and Mn ions. Our
findings shed light on the complex magnetism of TbMneSng, despite its relatively simple ground state magnetic
structure, and provide insights into the mechanisms for tuning magnetic topological materials.
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I. INTRODUCTION

The kagome lattice is characterized by its network of
corner-sharing triangles, and kagome Mott insulators have
been studied extensively in the search for quantum-spin-liquid
states stabilized by geometrically frustrated antiferromagnetic
interactions [1,2]. More recently, interest in the kagome lattice
has been extended to metals, which serve as a promising
platform for investigating the interplay between geometry,
topology, superconductivity, magnetism, and electronic cor-
relations [3,4]. The electronic structures of the kagome lattice
feature linearly dispersing bands that form Dirac crossings at
the Brillouin zone corner, van Hove singularity saddle points
at the Brillouin zone edge with a large density of states,
and flat bands across the whole Brillouin zone [3,4]. These
electronic states lead to fascinating physical consequences,
including nontrivial electronic band topologies [5—12], un-
conventional superconductivity [13,14], strong correlations
[15-18], competing charge and magnetic orders [19-23], and
the anomalous Hall effect [24-29].
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The aforementioned topologically nontrivial band struc-
tures and anomalous Hall effect can be found in the topologi-
cal magnets RMngSng (R166, R is a rare-earth metal) [30-33],
which consist of ferromagnetic kagome planes formed by Mn.
They feature tunable magnetism that varies among members
with different R ions. For example, Y166, Sc166 and Lul66
exhibit easy-plane antiferromagnetism, while Gd166, Er166,
Tm166 and Yb166 display easy-plane ferromagnetism, and
Dy166 and Ho166 are easy-cone ferromagnets [34—38]. These
diverse magnetic configurations enable the exploration of
a wide range of tunable topological phases and properties
[39,40]. Within this family, TbMngSng stands out due to its
simple collinear ferrimagnetic ground state with c-axis orien-
tated moments and ideal Mn kagome layers [35,41,42]. The
magnetic and crystal structures of TbMngSng which has the
space group P6/mmm and lattice constants a = b= 5.5 A
and ¢ = 9.0 A are illustrated in Fig. 1. Despite its simple
magnetic structure, TbMngSng exhibits a complex magnetiza-
tion process arising from the interplay of Mn kagome and Tb
triangular layers [43—45], suggestive of competing magnetic
interactions.

Recently, TbMngSng was reported to be a topological
Chern-gapped Dirac metal resulting from the combined ef-
fect of spin-orbit coupling and the out-of-plane ferrimagnetic
order [46]. It exhibits zero-field anomalous Hall, anomalous
Nernst, and anomalous thermal Hall effects due to its out-
of-plane magnetism and a large Berry curvature from the

©2024 American Physical Society
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FIG. 1. (a) Schematic illustrations of the crystal and magnetic structures of TbMnSng, drawn by VESTA [56]. Blue, orange and grey spheres
represent Tb, Mn and Sn atoms, respectively. The main magnetic exchange paths are illustrated by the two-way arrows, including the couplings
between Mn ions in the ab-plane (J), couplings between Mn and Tb layers (JMT), as well as the couplings between different Mn layers (/MM
and JMM). (b) Brillouin zone of the two-dimensional hexagonal lattice with reciprocal lattice vectors a* and b’. High-symmetry points are
labeled. (c) Diagram of the triangular lattice formed by Tb ions with Sn ions in the same layer. (d) Diagram of kagome lattice formed by
Mn ions. (e) Elastic peak intensity of (0, 0, 1) at different temperatures, extracted from the 4SEASONS time-of-flight data. (f) Temperature
dependence of the intensity at (1, 0, 1) measured using Taipan. The spin-reorientation temperature 7, ~ 330 K is marked. Error bars represent

one standard deviation throughout this work.

Chern-gapped Dirac fermions [7,39,47,48]. Intriguingly, a
spin-reorientation transition occurs in TbMngSng, where upon
cooling the ordered spins rotate from the ab plane to the
c-axis [35,41,42]. The spin-reorientation temperature Ty is
above room temperature and can be tuned by an external
magnetic field [49]. Since the out-of-plane magnetic order
that breaks time-reversal symmetry is a prerequisite for cre-
ating the Chern gap in TbMneSne [25,46,50], identifying
the mechanism that drives the spin reorientation is crucial
for comprehending the interplay between magnetism and
electronic topology in TbMngSne. The spin-reorientation tran-
sition may result from the competition between an easy-plane
anisotropy of the Mn and a temperature-dependent uniaxial
anisotropy of Tb [43,51-53]. In this scenario, increasing the
temperature leads to enhanced fluctuations of the Tb mo-
ments that weaken the uniaxial anisotropy, eventually causing
the moments to orient from out-of-plane to in-plane [54]. A
possible role of Tb orbital states has also been discussed,
whereby TbMngSng constitutes a two-state orbital alloy that
has a temperature-dependent occupancy of different orbital
states, and the spin-reorientation is induced when the orbital
occupations reach a critical value [55].

In this work, we study the temperature evolution of the
magnetic order and spin dynamics in TbMneSng using neutron
scattering. By tracking the magnetic Bragg peak intensity as
a function of temperature, we provide direct evidence for the
spin-reorientation transition. Through inelastic neutron scat-
tering (INS) measurements, we find that the Tb mode at 350 K
(above Ty;) is different from that at 8 K, and at intermediate
temperatures (200 K), there is a coexistence of two distinct Tb
modes. We put forward a theoretical model based on SU(N)
spin-wave theory that can well account for the temperature
evolution of the magnetic excitations, in which the interplay

of the crystalline electric field, single-ion anisotropy, and ex-
change interactions between Tb and Mn leads to a change of
the Tb 4 f ground state, driving the spin-reorientation transi-
tion in TbMngSng.

II. EXPERIMENTAL DETAILS

Single crystals of TbMngSng were grown using a Sn self-
flux method. A mixture of Tb (Aladdin 99.9% metals basis),
Mn (Alfa Aesar 99.3% metals basis), and Sn (Aladdin 99.99%
metals basis) powders were ground together in a molar ratio
of (TbMng)4.5Snygs s and packed into an alumina crucible. The
crucible was then sealed with a filter in a quartz ampoule
under vacuum [57]. The ampoule was heated to 1000 °C over
25 hours and maintained at that temperature for 12 hours. The
tube was then cooled to 620 °C at a rate of 2 °C per hour and
quickly removed from the furnace, after which the flux was
decanted using a centrifuge.

Elastic neutron scattering measurements were carried out
using the Taipan thermal triple-axis spectrometer at ANSTO
(Australian Nuclear Science and Technology Organisation),
with samples aligned in the (H, 0, L) scattering plane and Ey
fixed to 14.87 meV. Time-of-flight INS measurements were
performed using 4SEASONS (4D-Space Access Neutron
Spectrometer) at J-PARC (Japan Proton Accelerator Research
Complex) [58], operating in the multiple-E; mode [59], with
a set of E; =50 meV (primary) and 21 meV. The elastic
energy resolutions were 2.37 and 0.84 meV, respectively, with
a chopper frequency of 350 Hz. We coaligned 191 pieces of
single crystals, weighing 3.7 g in total, using a Laue x-ray
diffractometer and affixed them to aluminum holders using
hydrogen-free adhesive. We set the (H, 0, L) plane to be
horizontal. The sample mosaic spread was 3.53° (full width at
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half maximum, FWHM) in the ab plane and 3.18° (FWHM)
along the ¢ axis, indicating a reasonable good sample coalign-
ment. Data were collected by rotating the sample assembly
about the [—120] axis from 30° to 180° in a step of 1°, with
ki || ¢ defined to be zero.

The wave vector ¢ was expressed as (H, K, L) in re-
ciprocal lattice units (rlu), with (a", b", ¢")= (%, %, 27”)
(a=b=5.5A and c = 9.0 A with space group P6/mmm).
The INS data were analyzed using HORACE [60] and presented
in terms of the orthogonal vectors [1, 0, 0], [—1, 2, 0], and
[0, O, 1], as illustrated in Fig. 1(b). The measured neutron
scattering intensities are proportional to the spin-spin corre-
lation function S(q, E) =), 5(8ap - Godp)Sap(q, E), where
E is the energy transfer and g, is the Cartesian component
of the (unit) momentum transfer vector. The measured inten-
sities were converted to the dynamic spin susceptibility via

x"(q. E) = S(q, E)[1 — exp(—E /kgT)].

II1. RESULTS

A. Neutron scattering

Figure 1(e) displays the energy scans through the (0, 0, 1)
Bragg peak at different temperatures. The intensity at 350 K
is significantly larger than those at 425 K (above T¢ & 423 K)
and below Ty =~ 330 K. On the other hand, Fig. 1(f) shows
a rapid drop in intensity of the (1, 0, 1) peak above around
Ty =~ 330 K. These observations provide direct evidence that
TbMngSng experiences a spin-reorientation transition, with
the spins evolving from being along the c-axis to lying in the
ab plane upon increasing the temperature above Ty, since neu-
trons are only sensitive to the spin component perpendicular
to the momentum transfer. The spin-reorientation tempera-
ture Ty is within the range of previously reported values
[35,41-43,49,51-53].

We also investigated the spin excitations well below T at
8 K, and above T at 350 K. Considering the strong damping
at high energies [44], we focus on the spin excitations below
50 meV. Figure 2 shows the spin excitation spectra measured
at these two temperatures along different trajectories. All four
panels were measured with E; = 50 meV. Figures 2(a) and
2(b) display the 8 K spectra along [H, 0, 2] and [0, O, L],
[H,0,3]and [1, 0, L], respectively. At base temperature (8 K),
there are two modes at energies below 40 meV. As identified
in Ref. [44], the relatively flat mode located at £ ~ 25 meV
with a bandwidth of about 5 meV corresponds to spin waves
propagating in the Tb ions. This mode is denoted as the Tb
mode, as shown in Figs. 2(a) and 2(b). The other more disper-
sive mode with a spin gap of around 7 meV is a Mn acoustic
magnon mode. This mode has maximal structure factors in the
Brillouin zones with even L, and so is labeled even mode [44].

Figures 2(c) and 2(d) display the spectra along the same
directions as those in Figs. 2(a) and 2(b), respectively, but
measured at 350 K. We find that the spin gap of the Mn even
mode appears to be closed at 350 K. The other noticeable
difference between the spectra measured at 8§ and 350 K
is that the relatively flat Tb mode around 25 meV disap-
pears. Instead, there is a low-energy mode dispersing from the
I" point with a band top at about 8 meV. As 350 K is above
Ty, and the Tb spins all lie in the basal plane, this low-energy

(0,0,2)3

2 1
(H, 0,2)(rlu) (0, 0,L) (rlu)

Energy (meV)

0,0.2)3 4 000 0T
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2 1
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FIG. 2. Magnetic excitation spectra obtained at 7 =8 and
350 K. (a) and (c) are along [H, 0, 2] and [0, 0, L], while (b) and
(d) are along [H, 0, 3] and [1, O, L], respectively. The integration
widths are AH = £0.2 rlu, AK = £0.1 rlu, and AL = £+0.4 rlu.
The integration ranges were chosen such that the data statistics are
optimized, without affecting the intrinsic behavior in our data, e.g.,
the dispersion.

mode reflects the isotropic character of the Tb ions within
the ab plane. Since the easy-axis anisotropy should weaken
with increasing temperature, it is important to clarify whether
the low-energy mode simply arises from the collapse of the
anisotropy gap above T;.

To gain more insights into the spin-reorientation in
TbMneSng, we performed INS measurements at 200 K to
investigate the temperature evolution of the Tb mode. Since
the strong intensity of the Mn even mode might obscure the
observation of the Tb band, we plot the dispersion along the
[H,0,3]and [1, 0, L] directions where the intensity of the Mn
even mode is weak. The data collected with E; = 50 meV are
presented in Fig. 3(a). There is a high-energy mode located
at about 22 meV, which is close to the mode observed at
8 K, albeit slightly softened. The bandwidth of this mode is
about 2 meV, smaller than the 5 meV bandwidth at 8 K. More
interestingly, we find that there is also a weak low-energy
mode, with a band top below ~10 meV. To examine this
mode in more detail, the data with a lower E; = 21 meV are
shown in Fig. 3(b). The low-energy mode at 200 K disperses
from the I point, resembling the low-energy mode at 350 K,
and exhibits a bandwidth of about 6 meV and a small gap at
the I" point. We further analyzed the data by taking different
constant-Q cuts, so as to obtain the intensity as a function
of energy transfer. Gaussian functions were used to fit the
resulting cuts, from which we extracted the peak positions of
the two modes at 200 K. Similar analyses have been applied to
the data at 8 and 350 K. The dispersion of the high- and low-
energy modes are plotted in Figs. 3(c) and 3(d), respectively,
which clearly show that at 200 K there is a coexistence of two
distinct modes. Similar observations have also been reported
in Ref. [55]. In Fig. 3(d), it is shown that the low-energy mode
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FIG. 3. Magnetic excitation spectra of TbMngSng measured along [H, 0, 3] and [1, 0, L] with integration widths of AH of +0.2 rlu, AK
of £0.1 rlu and AL of +0.4 rlu. [(a) and (b)] Spectra measured at 200 K with E; = 50 and 21 meV, respectively. Comparison between the
(c) high-energy modes at 8 and 200 K, and (d) the low-energy modes at 200 and 350 K. Dashed lines are the fits to data, based on the model
described in the text. The goodness of fit, defined as x> = Zi % is 0.06, 1.9, and 5.1 for the data at 8, 200, and 350 K, respectively.
THE, and EXP; represent data points from theory and experiment, respectively.

at 200 K nearly overlaps with that at 350 K. On the other
hand, the high-energy mode is slightly softened, and exhibits
a significant bandwidth reduction, compared to the 8-K data.

The experimental observation of the coexistence of two Tb
modes at 200 K contradicts the expectation that the evolu-
tion of the spin dynamics in TbMngSng upon warming can
simply be accounted for by the reduction of spin anisotropy,
since in this case only one mode is anticipated. In fact, we
were unable to obtain the two modes using linear-spin-wave
theory (as implemented in SpinW [61]) with the Heisenberg
Hamiltonian given in Ref. [44], by tuning the Tb and Mn
single-ion anisotropy terms. This indicates that additional
mechanisms are needed to capture the spin dynamics of
TbMneSne at 200 K, which can also play a key role in driving
the spin-reorientation transition.

In Ref. [55], the coexistence of two Tb modes is interpreted
as a mixing of the low- and high-temperature states, and the
spin-reorientation results from a temperature-induced change
of the thermal occupancy of the two states. While this picture
accounts for the coexistence of two Tb modes and the spin
reorientation, it does not capture the softening and bandwidth
reduction of the high-energy mode. Furthermore, the low-
energy mode with a small gap at 200 K is also difficult to
be reconciled with this picture. Below, we present a model
based on SU(N) spin-wave theory that can give rise to these
features, and provide an understanding of the temperature evo-
lution of the spin excitations and spin-reorientation process of
TanGSIl6.

B. SU(N) spin-wave simulations

To describe the low-energy modes in the INS spectra, we
propose an extended effective spin model to that in Ref. [44],

H = Ht + Hy + Hyr, (D

which consists of a term representing the crystal field of the Tb
ions (Hr), exchange interactions between Mn ions (Hy;), and
exchange interactions between neighboring Mn and Tb layers
(Hwmt). Compared with the spin model proposed in Ref. [44],

our approach introduces the crystal field effect of Tb ions and
the multipolar interaction between Mn and Tb ions.

In TbMngSne, the Tb>* ion has a 4% configuration [54],
with the lowest-energy manifold of the isolated Tb** ions
corresponding to 7 Fs (L = 3, S = 3 and J = 6). The Tb>" ions
in TbMngSng occupy the la site with the Dg, point group.
Therefore, by symmetry analysis, the local crystal field of
Tb* ions can be written as

Hr = BSOS + BYOY + B2OY + BS (08 + 05°),  (2)

where O]" are the Stevens operators which can be expressed
in terms of the total angular momentum operators of the
Tb** ions, and By" are the Stevens parameters. The exchange
interactions between Mn ions are given by

Hy = ZJS,"S]' + ZZJ,?’IMS,' Stk
(ij) k

i<j

+3 " (D,S% +D,S3). 3)

where J, J,?’IM, and D, (D,) are the nearest-neighbor exchange
coupling between the Mn ions within the kagome plane, inter-
layer exchange coupling between Mn ions, and the single-ion
anisotropy of Mn ions with spin S = 1, respectively. The
coupling between Mn and Tb is expressed as

Hyr =Y JMUS; - J;+ Y JXTSLI, )
(i<j) (i<j)
where J; is the total angular momentum of Tb*". JMT is
a multipolar interaction. From a local spin perspective, the
magnetic interactions between Tb and Mn ions can be derived
from a multiorbital Hubbard model that includes the orbitals
on both Tb and Mn ions. By projecting the multiorbital model
onto the low-energy states, it becomes apparent that the mag-
netic interactions between Tb and Mn ions involve terms
beyond the Heisenberg term, primarily owing to the presence
of spin-orbital coupling [62]. To simplify the analysis, we
will primarily focus on the Heisenberg term JMT and the
multipolar interaction JZI‘Z’IT. All the relevant exchange paths
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TABLE I. Exchange interactions and Stevens’ parameters (in meV) at different temperatures obtained by fitting the INS results.

T (K) J JMM Mt JyT D, D, BY BY(x10%)  BY(x107%) B¢
8 288  —535 —224 090 —02125 —1650 —1650  —0.019 7.83 7.98 0
200 288  —535 —224 072  —0.055 —0.50 -150  —0.019 7.83 7.98 0
350 —288  —535  —224 088  —0.0005  —6.50 —-650  —0.019 7.83 7.98 0

are shown in Fig. 1(a). Although the Mn spin is typically
treated as localized [44,55], the Mn electrons in fact have a
strong itinerant character [39,46,48]. Therefore JMT can be
viewed as a Kondo coupling between itinerant Mn electrons
and localized Tb spins [63].

Since there is a long-range ferrimagnetic order in
TbMngSng, we apply spin-wave theory to study its spin dy-
namics. To facilitate the treatment of excitations between the
complex spin-orbital-entangled states, we use SU(N) instead
of the SU(2) theory to calculate the excitation spectra [64].
These spectra are determined using the correlation function,

1 —iwt
N f dte™™ " (Sup — Gadp)

af=x,y,z

x Y020l 1)),

rr’

S(g, w) =

&)

where O% is the spin (total angular momentum) operator S,
(Jy) for the Mn (Tb) ions. The operators J, and S, can be
expressed in terms of Schwinger bosons 5™ and PM™, respec-
tively. These Schwinger bosons b!° (b%[“) correspond to the
eigenstates |m)ty, (Jm)mn) of J; (S, ) To model the spin reori-
entation and excitation spectra at different temperatures, we
vary the different exchange interactions between the Mn and
Tb ions, together with the single-ion anisotropy terms for Mn,
as detailed in Table I. The ground states, outlined in Table II,
are obtained by solving the ansatz of the Hamiltonian H. The
components of the excited states are calculated through the
following correlation function

1 .
NTb/Mn — f dt —lwt
w (@ )=75 [ die

x Z ezq (r—r') b,‘» Tb/Manb/MH(t)>’ (6)

r'm

where N is the number of spin-wave modes.

At 8 K, the large coupling JMT yields a magnetic moment
aligning with the c-axis [Fig. 4(a)]. This means that the ground
states of the Tb and Mn ions are the |m; = £6) and |mg =
F1) states, respectively. The calculated spectra at 8 K are
shown in Fig. 4(g), where the Tb mode near 25 meV and the
gapped Mn modes are well simulated. Given that the scattered
neutrons carry spin-1 excitations, the mode near 25 meV in the

spectrum represents the spin-1 excitations from |—6) to |—5),
as shown in Fig. 4(d). The gap in the Tb mode primarily arises
from the large coupling JMT, while the gap in the Mn modes
predominantly arises from the combined influence of the J}*
coupling and the single-ion anisotropy D, and D, of the Mn
ions. The JZIZIT coupling amplifies the gap of the Mn modes,
whereas the single-ion anisotropy reduces the gap of the Mn
modes when the magnetic moment is aligned along the c axis.

Upon increasing the temperature to 200 K, we maintain the
crystal field parameters and couplings between Mn ions, while
reducing JMT, JMT. D, and D, (Table I). A new state |$200k )
becomes the ground state for Tb>*, which is induced by the
interplay between the crystalline electric field, Mn single-ion
anisotropy and exchange interactions between Tb and Mn
ions. Under such circumstances, the magnetic moment is tilted
away from the ¢ axis towards the ab plane, as illustrated in
Fig. 4(b). The corresponding calculated spectrum, illustrated
in Fig. 4(h), successfully captures the main features of the ex-
perimental data at 200 K (Fig. 3), including an almost flat band
around 22 meV, and a small-gap mode with a bandwidth of
~6 meV at low energies. In the excitation spectrum, these two
modes correspond to spin-1 excitations from |¢rpk) to the
excited states. As shown in Fig. 4(e), the dominant component
of the upper excited state is |—4), while the dominant compo-
nents of the lower excited state are |—6) and |—5). Since the
main components of the ground state |pook) are |—6) and
|—5) [see Table II and Fig. 4(e)], the primary contribution to
the spin-1 excitation consists of the transitions from |—6) to
|—=5), |—5) to |—6), and |—5) to |—4), as shown in Fig. 4(e).
The low-energy mode results from hybridization between the
flat crystal-field excitations of the Tb ions and the dispersive
spin waves of the Mn ions. The energy gap in the low-energy
mode arises from the differentiation between D, and D, of
the Mn ions, a distinction that leads to the absence of U(1)
symmetry in our model.

At 350 K, above the spin-reorientation transition, we
amplify the single-ion anisotropic terms of Mn to enforce in-
plane magnetic moments [Fig. 4(c)]. The calculated spectra,
as shown in Fig. 4(i), exhibit a low-energy gapless mode
dispersing from the I" point, which is consistent with the
experimental results as shown in Fig. 2(d). The dominant
components of the ground state of Tb become |0), |£1), and

TABLE II. Ground states of Tb*>" in our model in terms of [mM)1b. |Psk)s [P200k), and |@3s0x ) correspond to the ground states at 8, 200, and

350 K, respectively.

|, ) |6) 15) 4) 13) 12) 1) 0) [-1) 1-2) |=3) [—4) [=5) |-6)
[Psk) 0 0 0 0 0 0 0 0 0 0 0 0 1

| 200K ) 0 0 0 0 0 0 0 0.00006 0.00473 0.03170 0.17376 0.63170 0.75481
|pssox) 0.02271 0.08214 0.16367 0.25415 0.34670 0.42261 0.45290 0.42261 0.34670 0.25415 0.16367 0.08214 0.02271
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FIG. 4. [(a), (b), and (c)] Magnetic structures of TbMnsSng at 8, 200, and 350 K, respectively. [(d), (e), and (f)] Diagrams of the dominant
spin-1 excitation from the ground state to the excited state at 8, 200, and 350 K, respectively. [(g), (h), and (i)] Calculated spectra at 8, 200,
and 350 K, respectively, based on the excitation processes illustrated in the middle row using SU(N) spin-wave theory. We note that the Mn

odd modes are too weak to be observed experimentally.

|£2), and the primary components of the low-energy excited
states around 8 meV become |£1), |£2), and |£3), as shown
in Fig. 4(f). Therefore the contributions to the low-energy
mode are transitions from |0) to |[£1), |£1) to |+2), and |£2)
to |£3). The gaplessness of the low-energy mode is due to the
spontaneous symmetry breaking of the U(1) symmetry within
the Hamiltonian.

In the calculations, there are hybridization gaps between
the acoustic magnon modes resulting from the Mn ions
and the bands resulting from the Tb ions, which are not
resolved in our experimental data, likely due to instrumen-
tal resolution and broadening effects not considered in the
calculations.

IV. DISCUSSIONS AND CONCLUSIONS

In this paper, we use elastic neutron scattering to show that
there is a spin-reorientation process at ~330 K in TbMngSng,
below which the Tb moment switches from in-plane to out-
of-plane. Intriguingly, our INS results show that there are
two Tb modes at 200 K. This coexistence was previously
accounted for on the basis of a two-orbital model, whereby an
excited state becomes increasingly thermally populated with
increasing temperature [55], inducing the spin-reorientation
process. However, this scenario appears to have difficulties
in explaining the two distinct modes at 200 K. Furthermore,

calculations for such a scenario based on coupled crystal-
electric-field states using random-phase approximations show
multiple modes at intermediate energies, which are not ob-
served experimentally. In this work, we provide an alternative
microscopic model which can account for the observed tem-
perature evolution of the excitations, whereby the evolution
of the Tb mode reflects the temperature dependence of the
ground state. This is consistent with the temperature evolution
of three magnetically ordered regions evidenced by distinct
internal magnetic fields in muon-spin relaxation experiments
[45]. Our results show that the two Tb modes at 200 K arise
from excitations between a new ground state to its excited
state, distinct from those at 8 and 350 K. In our model, the
different behaviors of the two modes at 200 K compared to
those at 8 and 350 K are understandable.

We show that the combined effect of the crystal field poten-
tial, single-ion anisotropy of Mn and couplings between Mn
and Tb layers, tunes the ground states and gives rise to the spin
reorientation. At low temperatures, the large coupling JZI\Z’[T
leads to the ground state of |+6) for Tb. Since the couplings
between Mn and Tb ions decrease with increasing tempera-
ture, at high temperatures, the crystal field potential plays a
very important role in driving the Tb ground state in which the
direction of the magnetic moment deviates from the c-axis,
and at 350 K a slight change of the single-ion anisotropy
reorients the magnetic moments to the ab plane. Our model

014434-6



MICROSCOPIC ORIGIN OF THE SPIN-REORIENTATION ...

PHYSICAL REVIEW B 109, 014434 (2024)

provides a plausible mechanism for the spin-reorientation pro-
cess, which is key to realizing the topological electronic states
at low temperatures [46]. Our findings also underscore the
important role of interactions between the crystal field and the
magnetic couplings. Interestingly, the coupling between the
localized Tb 4 f moments and the itinerant Mn d electrons is
very similar to the Kondo effect widely discussed in heavy-
fermion systems with f electrons [65]. It is noteworthy that
the Kondo effect in d-electron systems has also been found in
recent years [63,66,67], suggesting the applicability of Kondo
physics to broader classes of condensed matter systems.
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