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In d-electron systems, there can also be intricate interplay between Kondo
coupling and magnetic interactions as that in f-electron systems, but the
underlying mechanism remains elusive. Here, using inelastic neutron scatter-
ing, we investigate the temperature evolution of the low-energy spin waves
(magnons) in a metallic van der Waals ferromagnet Fe;_,GeTe,, and observe
that the magnon damping diverges at both low and high temperatures and
exhibits a minimum at an intermediate temperature. These behaviors are
described by a formula that combines logarithmic and power-law terms,
representing the dominant contributions from Kondo coupling and thermal
fluctuations, respectively. These findings can be explained by considering
electron-magnon scattering of spin-flip type within the ferromagnetic Kondo-
Heisenberg lattice model, distinct from the original Kondo effect which only
considers the coupling between itinerant electrons and isolated impurity
spins. These results unveil the intriguing interplay between itinerant electrons
and spin waves in metallic 3d-electron systems with magnetic order, and
provide magnon damping as a new effective probe of Kondo coupling in
metallic quantum magnets, thereby opening new avenues for exploring Kondo
physics from the magnon perspective.

The original Kondo effect in dilute magnetic alloys, which takes the
resistivity minimum as one of the characteristics, describes the scat-
tering of conduction electrons by magnetic impurities in such
systems'. This effect is classified as the single-impurity Kondo pro-
blem and is now well understood based on the spin-flip scatterings of
conduction electrons off the single-impurity spins (Fig. 1a)*”. The
concept of Kondo physics has been extended to include the correlated

electron systems, specifically those consisting of a dense periodic
array of local moments interacting with the conduction electron sea
through an antiferromagnetic Kondo interaction, referred to as a
Kondo lattice (Fig. 1b-d)*®. The Kondo-lattice model was initially
proposed to describe the heavy-fermion state in f-electron systems,
particularly in intermetallics containing Ce, Yb, or U elements®”. The
competition between the Kondo effect and couplings of localized
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Fig. 1| Schematic of Kondo screening and resistivity behavior in different
Kondo systems. a-c Schematics illustrating different Kondo screening scenarios
based on the concentration of local moments, the strength of ferromagnetic
interaction J/,; and Kondo coupling Jk. In the Kondo-impurity model (a), local
moments act as magnetic impurities. In the ferromagnetic Kondo-Heisenberg lat-
tice model (b), representative of the case in Fe;_,GeTe,, a dense periodic array of
local moments aligns parallel via J,, inducing magnetic order. These moments are
partially screened by the conduction electron sea through weak Jx. In the heavy
Fermi-liquid state (c), local moments are fully quenched, resulting in a nonmagnetic
heavy-fermion phase driven by strong Jx. d Temperature dependence of resistivity
for the three scenarios depicted in (a-c). In (a, c), incoherent spin-flip scattering

between localized spins and conduction electrons results in a resistivity minimum
followed by a ~ — In(T) divergence below T,,,. At lower temperatures, Kondo singlet
formation leads to temperature-independent resistivity in (a), while in (c), resis-
tivity follows a Fermi-liquid 72 scaling below the coherence temperature Ty. In
Fe;_,GeTe,, a slope change in resistivity around 90 K indicates an incoherent-
coherent crossover, as represented by the shaded region. e The canonical Doniach
phase diagram for a ferromagnetic Kondo lattice as a function of Jx, showing the
magnetically ordered regime and the heavy-fermion regime, separated by a
quantum critical point. The shaded region and the star illustrate the phase space to
which Fe;_,GeTe, belongs. T¢ is the Curie temperature of the FM order, and
magnon damping reaches its minimum at 7.

spins underlies various intriguing phenomena in these heavy-fermion
compounds (Fig. le), including quantum criticality®™, strange-metal
behavior™'?, magnetism”™¢ and superconductivity”®, which can be
tuned by chemical doping, magnetic field or pressure® ™, In the strong
Kondo coupling regime, the hybridization between localized f elec-
trons and conduction electrons leads to the quenching of local
moments and the expansion of the Fermi surface, resulting in the
formation of a heavy Fermi-liquid state (Fig. 1c, d)*”"*?°. Magnetic
order can arise when the strength of the effective magnetic interaction
between localized spins exceeds the Kondo coupling. Moreover, the
coexistence of magnetic order with Kondo effect®™ or
superconductivity'”® can be observed, particularly in systems where
the duality of f electrons emerges due to the mixed-valence situation
and the multiorbital nature™™,

More recently, the unexpected heavy-fermion state has also been
observed in certain d-electron transition metals, which reside in the
intermediate regime between itineracy and localization of d
electrons? ', Understanding magnetism within the framework of this
duality and the applicability of the Kondo-lattice model to such sys-
tems are currently active topics of research?*>!, The van der Waals
(vdW) metallic ferromagnet Fe;GeTe, is one such example
material”® . Due to the coexistence of localized and itinerant 3d
electrons, there are conflicting reports regarding the microscopic
origin of the magnetism in Fes_,GeTe, ?°72*** In our earlier work, we
have reconciled the debate by showing that the ferromagnetism has a
dual origin, with local moments and itinerant electrons contributing to
the low-energy spin waves and columnlike continua, respectively®.
Moreover, there is accumulating evidence for the Kondo coupling
between these two components, such as the Fano resonance

feature”?°, large effective electron mass*>**, and the incoherent-

coherent crossover in transport and magnetic measurements®. In
particular, the resistivity curve of Fe;_,GeTe, reveals a slope change at
a characteristic temperature of ~90 K, as depicted in Fig. 1d. Below this
temperature, the Kondo-lattice behavior emerges in the magnetic
ordering phase, accompanied by the enhancement of Fermi surface
volume and effective electron mass®. Notably, this resistivity behavior
aligns with observations in other d-electron systems exhibiting a
heavy-fermion state’>**?, but is distinct from either the Kondo-
impurity model or the Kondo lattice in f-electron systems (Fig. 1d).
Since our earlier work has indicated that Kondo screening significantly
enhances spin-wave damping at 4 K compared to 100 K*, a question
naturally arises: will the damping follow certain scaling behavior due to
the Kondo coupling effect?

Here we report inelastic neutron scattering (INS) measurements
on the temperature evolution of low-energy spin waves in Fe-deficient
Fes_,GeTe, single crystals with Curie temperature 7¢ ~ 160 K. Upon
cooling from T¢, we observe that the magnon damping rate initially
decreases, reaching a minimum around T:j ~ 90K, before rapidly
increasing again. This behavior follows a scaling relation combining
both logarithmic and power-law terms. Additionally, we find that the
in-plane Kondo coupling is stronger than the out-of-plane coupling,
resulting in a softening of in-plane magnons at low temperatures.
Using the state-of-the-art tensor-network algorithm*°™**, we reproduce
the observed magnon damping minimum and logarithmic scaling
within a ferromagnetic Kondo-Heisenberg (FMKH) model. Although
the form is analogous to the original Kondo effect describing the
coupling between itinerant electrons and impurity spins*?, the
underlying mechanism is essentially different—here, itinerant d
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Fig. 2 | Nonmonotonic temperature evolution of magnon damping.

a, b Temperature evolution of the energy scans off the zone center at the in-plane
position (-0.05, -0.05, 2) and out-of-plane position (0, 0, 1.7), respectively. Dif-
ferent symbols represent different temperatures. Lines are guides to the eye with
Lorentzian fittings. ¢, d The corresponding data from (a, b), corrected by the Bose
population factor. Solid lines are fits using the DHO formula convoluted with the

instrumental resolution, as discussed in the text. e, f Extracted damping rate y (red
squares, left axis) and magnon energy £, (blue circles, right axis) as a function of
temperature. The dashed curves are guides to the eye, fitted by either a logarithmic
or power-law function. The red solid curves are fits using a linear combination of
these two terms. The blue solid curve in (f) is a fit with a simple power-law function.
Throughout the paper, errors represent one standard deviation.

electrons scatter the collective excitations of local moments via a spin-
flip process induced by Kondo coupling. Our results provide compel-
ling evidence for the existence of Kondo effect in the metallic ferro-
magnet Fe;_,GeTe,, and demonstrate magnon damping as an effective
probe for the Kondo coupling in systems where magnetic order and
Kondo effect coexist.

Results

Damping rate minimum and logarithmic scaling

Figure 2a, b shows the energy scans at various temperatures for the off-
centered in-plane and out-of-plane positions, respectively. As no siz-
able spin gap was observed at the zone center (0, 0, 2)*', we chose Q
positions away from the zone center in order to track the temperature
evolution of the inelastic magnon peak. Intriguingly, for (-0.05, -0.05,
2) within the in-plane direction (Fig. 2a), no magnon peak is observed
at 4 K. Instead, the magnon peak emerges at higher temperatures, with
its center exhibiting a nonmonotonic change approaching T¢. For (O,
0, 1.7) in the out-of-plane direction (Fig. 2b), the peak center con-
sistently shifts to lower energies with increasing temperature. To
eliminate the influence of the Bose statistics, we correct the raw data
with the Bose population factor, and plot them in Fig. 2c, d. We fit these
corrected results by convoluting the momentum- and energy-
dependent instrumental resolution with a damped harmonic oscilla-
tor (DHO) formula, which is applicable to damped spin waves>*°™5,
The DHO formula has a form of y(Q, E) o VEoE/[(E2 — Eo2) +(VE)*],
where Ey is the magnon energy and y is the damping rate (the inverse
of y is proportional to the lifetime of the damped magnons)®*¢*5,
Based on these DHO fittings in Fig. 2¢, d, we can extract the intrinsic
damping rate and magnon energy. We emphasize that Eq represents
the fitted magnon energy, which does not necessarily coincide with the
peak maximum in the measured spectra. This is particularly the case

for strongly damped magnons; for example, at 4 K, the peak maximum
appears at a much lower energy than £y (Fig. 2c).

Figure 2e, f presents the extracted y and £ plotted as a function of
temperature, showcasing the most intriguing results of this work. It is
found that for both in-plane and out-of-plane directions, y shows an
upturn toward both 0 K and T, causing a minimum around T; ~ 90K.
While disorder or vacancies may affect local moments and make spin
waves broader, such an effect, if present, is more likely to be tem-
perature independent, and therefore would not be responsible for the
observed nonmonotonic temperature dependence. On the other
hand, this phenomenon is reminiscent of the resistivity minimum
caused by the Kondo effect in the original single-impurity Kondo
model (Fig. 1d)"*, where thermodynamic and transport properties
depend logarithmically on temperature as — In(7)"™*. Inspired by this,
we use a similar logarithmic term to describe the divergent behavior
toward O K. In the meantime, a power-law term describing the spin-
wave damping in the hydrodynamic regime is also required to explain
the divergence toward 7¢**°. Actually, these two effects should exist
simultaneously over the entire temperature range below T¢. There-
fore, the general formula should consist of the linear combination of
the two terms, which reads as,

V(D =AIn(Ty/T)+BA—T/T¢)™". M
To fit the data, we fix T; =90 K and T¢ =160K, and allow A, B, v to be
free. The fitting results well reproduce the unusual nonmonotonic
temperature evolution of y for both in-plane (Fig. 2e) and out-of-plane
(Fig. 2f) directions. Specifically, we obtain A;, = 1.617 + 0.204,
Bin = 0.834 + 0.100, and v;, = 0.715 + 0.087 for the in-plane direction,
and Agye = 0.356 £ 0.024, By = 0.406 + 0.025, and vy, = 0.490 + 0.040
for the out-of-plane direction. The distinct parameter values for the in-
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plane and out-of-plane directions indicate the presence of magnetic
anisotropy in this material.

The extracted magnon energy Eq shown in Fig. 2e, f exhibits dis-
tinct behaviors for the in- and out-of-plane directions. With increasing
temperature, it is found that the out-of-plane £, softens through a
power law while approaching T¢ (Fig. 2f), a behavior similar to the
temperature evolution of the magnetization in Fe;_,GeTe,***". On the
other hand, the in-plane E, keeps almost constant across T and
slightly softens upon cooling to lower temperatures (Fig. 2e). We
attribute these two distinct behaviors of Eq to different degrees of
Kondo coupling along the two directions. Notably, the magnitude of y
for the in-plane direction is much larger than that for the out-of-plane
direction, being approximately four times greater at 4 K. This aniso-
tropy can be explained by the quasi-two-dimensional vdW structure of
Fes_,GeTe,, which promotes a more itinerant electron character in the
a-b plane and results in stronger in-plane Kondo coupling. Conse-
quently, the in-plane Kondo screening markedly reduces the intralayer
exchange coupling between local moments, leading to the observed
decrease in the in-plane £, at low temperatures (Fig. 2e).

Momentum dependence of the scaling behavior

To examine whether these behaviors can also be observed in other
momenta, we plot the results of the low-energy spin-wave excitations
and their damping rate as a function of momentum in Fig. 3. We focus
on the excitations at 90 K, where the spin waves are most coherent
with the least damping. The energy scans along [110] and [001]
directions are plotted in Fig. 3a, d. As Q increases, the peak centers
shift gradually to higher energies, accompanied by a broadening of the
linewidth and a weakening of the scattering intensities, indicating the
nature of damped spin waves. We perform DHO fittings to these scans
to extract the momentum dependence of Ey, (Fig. 3b, e) and y (Fig. 3¢, f)

for the two directions. The dispersions are fitted using the quadratic
relation Eg = A + DQ?, where A and D are the spin gap and spin-wave
stiffness, respectively. The fittings yield D of 54.3 + 0.8 meV A2 for the
[110] direction (Fig. 3b) and 71.2 + 1.3 meV A? for the [001] direction
(Fig. 3e) at 90 K. For y, we found a quasi-quadratic dependence ( - ¢*?)
in the in-plane direction (Fig. 3c) and a linear dependence in the out-of-
plane direction (Fig. 3f).

The low-energy spin waves at other temperatures like 4, 45, and
130 K are also measured. With increasing temperature, we find that the
spin-wave dispersion remains nearly unchanged for the in-plane
direction but softens considerably for the out-of-plane direction
(Fig. 3b, e). Note that since the in-plane spin waves are heavily damped
at 4K, it is challenging to extract a reasonable dispersion. We find that
the original g-dependences of y at 90K remain applicable at other
temperatures, i.e., yin ~ 1G> and you. ~ nq, although the magnitude and
coefficient 5 of the damping vary due to the temperature dependence
of the Kondo screening effect (Fig. 3c, f). To further illustrate the
temperature evolution of the spin waves, we plot the extracted spin-
wave stiffness D and damping coefficient n as a function of tempera-
ture in Fig. 3g, h. The out-of-plane D follows a typical power-law rela-
tion with temperature, while the in-plane one remains nearly constant.
For n, it follows a nonmonotonic dependence and can still be eluci-
dated using Eq. (1) with fixed Ty=90K and T¢ = 160K for both
directions. Together with Fig. 2e, f, these findings uncover a universal
law independent of the momentum governed by the Kondo physics in
Fes_,GeTe,.

FMKH model and spin-flip scattering mechanism

Notably, the temperature at which this damping minimum occurs
(Fig. 2e, f and Fig. 3h) is close to the incoherent-coherent crossover
observed in the resistivity curve (Fig. 1d). Below the intermediate

In-plane Out-of-plane
120 a 180 f d 120 g
v % T=90 K 0 o® T=90 K
c (h, h,2) c (0,0, 2-))
> 80 o h=003 { = 120} o0 s o /=1.80 N Out-of-plane
£ ° 8 2 ok B N
& e o h=-0.05 8 Y 4 s =170 <
—~ A h=-0.06 ~ ¥ A |=165 >
W o w | o 70
. 40 Q, A . 60 (] (S
;q' /é - °o 5 ;q’ a -
= e >
0
0 1 2 3 4
E (meV) 20
3.6 b 0 50 100 150
— |~ T (K)
> /Q/$ % 120y 12
£ 20 3
o o \ € )
w ¢ 90K w \\ In-plane ]
04 A 130K % ['l]\ ’ '
4.6 2.2 = \\ / ,I
_ | y=nq s NN o °
> < & \ . ’,
0] [ \ ~ 1,
£ 25 2 & ‘e Lk -7
£ . ,
© ¢ 90K © S~ @7 —>
A 130K ¢ 90K Out-of-plane
0.4 0.2 A 130K 50
0.10 0.15 ) 0.20 0.05 0.10 0.15 0 50 100 150
g A" g A" T(K)

Fig. 3 | Momentum dependence of magnon damping. a Bose-factor-corrected
energy scans at different Qs at 90 K along the in-plane direction (h, h, 2). Solid lines
are fits using the DHO formula convoluted with the instrumental resolution.

b, c Extracted Eq and y for the in-plane direction as a function of the reduced
wavevector g at 90 K and other temperatures. d-f Same as in (a-c) but for the out-
of-plane direction (0, 0, 2-)). Lines in (b, e) are fits using quadratic functions. Lines in

(c, f) are obtained with quasi-quadratic and linear fittings, respectively. g, h In-plane
and out-of-plane spin-wave stiffness and damping coefficient as a function of
temperature. The solid curve in (g) is a fit with a simple power-law function, and the
dashed line is a guide to the eye. Dashed curves in (h) are guides to the eye with the
form of Eq. (1). D denotes the spin-wave stiffness, and 7 is the coefficient of
damping indicated in (c, f).
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temperature, the localized electronic state hybridizes with the itin-
erant electronic state, enlarging the Fermi surface volume and
effective electron mass®. Consequently, from the perspective of
conduction electrons, the slope of resistivity changes (Fig. 1d), con-
sistent with other experimental observations®**, manifesting
heavy-fermion behavior. On the other hand, from the perspective of
spin waves, these processes provide additional decay channels for
magnons, resulting in a significant damping of magnons at low
temperatures.

To understand the anomalous magnon damping behavior
microscopically, we develop an FMKH model, considering the domi-
nant role of direct ferromagnetic (FM) exchange interactions between
localized d moments and their competition with Kondo coupling in
Fe;_,GeTe, (Methods). The strong direct exchange interactions arise
from the spatially extended nature of the outermost 3d orbitals, whose
significant overlap stabilizes robust long-range FM order and a rela-
tively high Tc. This stands in sharp contrast to conventional f-electron
Kondo-lattice systems, where the highly localized f orbitals are effec-
tively screened by conduction electrons and the local f moments
couple primarily via weaker, indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactions, which often favor antiferromagnetic order and
yield lower ordering temperatures® %>, In Fes_,GeTe,, the localized d
moments are only partially screened by itinerant electrons (Fig. 1b).
Within this framework, magnons as collective modes of local moments
are interacting with conduction electrons via Kondo coupling®**?,
giving rise to the Kondo effect” ., To characterize such an effect, we
employ tensor-network methods to compute the dynamical properties
of a minimal 1D FMKH system at finite temperature, represented by a
two-leg ladder: one leg as a chain of local moments and the other as
itinerant electrons (Fig. 4a) (see Methods for details). The calculated
damping rate for the FM phase of the FMKH model (Jx/| J4|=1) is shown
in Fig. 4c. A clear damping minimum at T is observed, contrasting
with the monotonic behavior in the pure Heisenberg model (/i/
|Jul = 0). Notably, our simulations also reveal a logarithmic scaling
W(T) ~ In(Ty/T) below Ty. This damping minimum and logarithmic
scaling behavior can be observed in various momenta and for different
Kondo couplings in the FM phase (Supplementary Fig. 2), indicating
that it is a universal feature arising from the scattering between mag-
nons and itinerant electrons.

We emphasize that the key mechanism underlying the anomalous
magnon decay is spin-flip scattering between conduction electrons
and magnons induced by the Kondo coupling. In these processes, a
magnon decays into a fermionic particle-hole pair, providing an
additional channel for damping (Fig. 4a). In the weak-coupling limit
(/k < |Ju) relevant to Fes_,GeTe, (Fig. 1e), the magnon self-energy is
given diagrammatically in Fig. 4b, where the renormalized vertex plays
a critical role in enabling anomalous magnon decay®. In sharp contrast
to the usual vertex correction due to electron-phonon coupling—
which is negligible due to Migdal theorem®*—here the vertex correc-
tion of Jx in Fig. 4b is crucial at low temperatures. By applying the
renormalization of the Kondo coupling, formally similar to the single-
impurity Kondo problem but here used to describe the momentum-
dependent renormalization and damping of magnons, a log(1/T)-like
temperature dependence of the magnon self-energy can be obtained.
Furthermore, as the kinematically allowed phase space for magnon-
electron scattering increases with increasing magnon momentum Q
(See Supplementary Fig. 4), the magnon damping becomes stronger
with Q at low temperatures, in agreement with the experimental
observations in Fig. 3.

Discussion

Our study here uncovers a magnon damping minimum with logarith-
mic scaling at low temperatures and an increase in damping with
momentum in Fe;_,GeTe,. Logarithmic scaling as a function of tem-
perature is a hallmark of the Kondo coupling, previously manifested in
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Fig. 4 | Damping rate in the FMKH chain obtained from tensor-network cal-
culations. a Schematic illustration of the FMKH model, where the spins are coupled
via Heisenberg interaction (/;; < 0), and the spin-flip can dissipate into the itinerant
electron host through the Kondo coupling Jx. b Feynman diagram of magnon self-
energy due to electron-magnon scattering with the renormalized vertex (the gray
area) responsible for the anomalous decay of magnon, where the double-dashed
lines represent the full electron propagator and the thick solid line is the magnon
propagator. ¢ Calculated damping rate for FMKH model in the FM phase with Ji/
/ul=1, as compared to that in the pure Heisenberg model. Results for the FMKH
model are obtained with different retained bond dimensions D, while the results for
the pure Heisenberg model are obtained by exact diagonalization.

the thermodynamic and transport measurements' ™", as well as in the
evolution of electronic structures near the Fermi level”™’, and now
extended to magnon damping rates. It is worth noting that a non-
monotonic temperature dependence of spin relaxation rates, sharing a
similar form, has been reported in certain Ce-based heavy-fermion
compounds™®., However, those studies addressed momentum-
independent single 4fmoment fluctuations in paramagnetic or
weakly ordered states, probed by quasielastic neutron scattering or
nuclear magnetic resonance. The extracted relaxation rates of the local
moment were interpreted within the framework of the single-impurity
Kondo model’* .,

In sharp contrast, our work presents, to the best of our knowl-
edge, the first momentum-resolved INS measurement of a magnon
damping phenomenon for the collective excitations of local moments
(as opposed to single spins) in a magnetically ordered 3d-electron
Kondo lattice. Here, the damping rates reflect the lifetime of magnons,
highlighting more complex many-body effects that necessarily involve
both the collective spin excitations and itinerant electrons. Building
upon this distinction, our results extend the logarithmic scaling for the
damping rates of collective spin excitations. The Kondo coupling,
while exhibiting moderate strength and consequently giving rise to a
moderate Kondo effect in their electronic properties, strongly influ-
ences the magnetic excitations of local moments in Fe;_GeTe,.
Importantly, this work demonstrates that magnon damping can serve
as a very sensitive indicator of the Kondo coupling. Our findings pave
the way for exploring Kondo physics, particularly that related to spin
dynamics, within metallic quantum ferromagnets and other spin-
ordered systems.
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As we demonstrate in Fig. 4c, experimental observations can be
successfully reproduced with a 1D FMKH chain using tensor-network
methods. Extending tensor-network calculations of spin dynamics to
the 2D FMKH model remains challenging, with convergence issues in
the real-time evolution of the dynamics calculations yet to be
resolved®’. Nevertheless, field-theoretical analysis shows that the same
scenario may also hold independent of dimensionality®>. Therefore, we
believe the 1D FMKH model serves as a minimal model that captures
the essential damping mechanism of an FM Kondo lattice—the com-
petition between FM exchange and Kondo coupling. It is worth men-
tioning that enhancing the Kondo coupling by applying pressure on
Fes;_,GeTe, has been proposed as a means to suppress the Curie
temperature T¢ by approaching a quantum critical point®?, as illu-
strated in Fig. le. Future theoretical and experimental studies, parti-
cularly high-pressure experiments, will be essential to explore these
possibilities. Finally, an interesting open question raised by this study
is whether logarithmic scaling and the minimum in magnon damping
are a universal feature of Kondo systems or not. Systematically inves-
tigating the role of Kondo coupling in the spin-wave excitations within
the magnetically ordered regime of the Doniach-type phase diagram in
both d- and f-electron systems”'®?*! should help elucidate the uni-
versality of this phenomenon.

Methods

Crystal growth and INS experiments

High-quality single crystals of Fe;_,GeTe, were grown using the self-
flux method, as described in Refs. 31,63. This growth method naturally
introduces Fe vacancies, which reduce both the Curie temperature and
the saturation magnetization. To make sure that different pieces of
single crystals had the same amount of Fe vacancies, we measured the
magnetization on four randomly picked single crystals from different
growth batches. As shown in Supplementary Fig. 5, they have nearly
identical susceptibility curves with a single T¢ -~ 160 K, regardless of the
growth batch. This is in good agreement with our prior magnetization
and resistivity measurements, as well as with the temperature evolu-
tion of the magnetic Bragg peak®. These results confirm the homo-
geneity of the crystals used in this study. The INS experiments were
performed on Sika, a cold-neutron triple-axis spectrometer located at
the OPAL facility of ANSTO in Australia®*®. The Fe;_.GeTe, sample
array used in the measurements was the same as that employed in
ref. 31. It was composed of well-coaligned single crystals with a mosaic
of 1. 6° within the a-b plane and 1. 7° along the c axis (Supplementary
Fig. 5), and mounted in the (H, H, L) scattering plane. Measurements
were carried out using a fixed final-energy mode with £¢ = 5.0 meV,
where both incident and final neutron energies were determined by
pyrolytic graphite (002) crystals. Double and vertical focusing modes
were applied for the monochromator and analyzer, respectively. A
cooled Be filter was placed after the sample during the first experi-
mental run (corresponding to Fig. 2) and removed in the subsequent
run, resulting in higher detected neutron intensity (corresponding to
Fig. 3). An open-open-60"-60" collimation was used to strike a fine
balance between neutron flux and experimental resolution. These
settings gave an energy resolution of ~ 0.2 meV at the elastic line. To
ensure sufficient statistics, each inelastic data point was counted for
~ 5 minutes. Throughout the paper, the wavevector Q is expressed
as (H, K, L) in reciprocal lattice unit (r.lu) of
(a*, b*, ¢*)=(4m/~/3a, 4/~/3b, 21 /c) with refined lattice parameters
a=b=3.946 A and c = 16.357 A in a hexagonal structure.

FMKH model and tensor-network calculations
The FMKH model considered in this work reads

H=— tz<cjﬂl,acn,a+ H'C‘) +jHZSn ’ Sn+1+-/KZSn “Spr (2)
n,o n n

where c,T,,,, (cn,) is the creation (annihilation) operator of the con-
duction electron at site n with spin o € {*, ¥}, and S,, (s,,) represents the
spin operator of the local moment (conduction electron). The finite
temperature dynamical properties of this model are calculated by the
tensor-network methods (for 1D chain)*°**, and analyzed by perturba-
tive calculations (also for higher dimensions®?). The tensor-network
calculation process can be divided into two parts: first, obtaining the
equilibrium thermal density matrix, and second, performing real-time
evolution on that density matrix. The equilibrium thermal density
matrix and related thermodynamic properties can be obtained by the
matrix product operator (MPO) based tensor-network methods*®*%
Given the MPO representation of the thermal density matrix, we
generalize the tangent-space approach for real-time evolution”™* to
the mixed states and study the temperature evolution of the spectral
density.

In the calculations, FM coupling strength /= — 1 is taken as the
energy unit, and the hopping energy is set as t/|/J,| = 2 throughout the
calculations. The simulations are restricted within the 2-leg ladder
structure of size N =L x 2 with the length L = 16. This moderate system
size is chosen so as to guarantee converged dynamical data at finite
temperature. One chain comprises local moments, while the other
represents itinerant electrons. These two chains are coupled through
Kondo interactions. The retained bond dimension is D = 1600, which
guarantees accurate results till low temperature 7/|/4| ~ 0.01. Given
the MPO representation of the thermal density matrix p(8) =™ (8=1/
7), the dynamical properties at temperature T can be simulated
through a successive real-time evolution. The spectral function
X'(QE) ~ — [g=dt Im[g(Q, )] SIN(EE) - W (¢/tay) is OF central interest
in studying the dynamical properties at finite temperature, where Wis
the Hanning window function, ¢, is the evolution time, and the
(dynamical) correlation function is g(Q,t)= <AQ(t)Ag) » with

A= %zﬁ,s; €% being the Fourier transformed spin operator. The

time-dependent correlation function g(Q, ¢) can be obtained by the
tangent-space approach**, In the real-time evolution calculations, we
consider a 16 x 2 lattice and evolution time up to ¢, =20/|/,|, with
D =4800 bond states retained. The damping rate y is obtained through
the DHO fitting of numerical results (see more details in Supplemen-
tary Information).

Data availability
Data supporting the findings of this study are available from the cor-
responding author, J.W., upon reasonable request.

Code availability

The codes used for the tensor-network calculations in this study are
available from the corresponding author, JW., upon reasonable
request.
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