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Investigating the magnetoelastic properties in FeSn and Fe;Sn, flat band metals
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Topological quantum magnets FeSn and Fe;Sn, were studied using neutron scattering and first-principles
calculations. Both materials are metallic but host dispersionless flat bands with Dirac nodes at the K point in
reciprocal space. The local structure determined from the pair density function analysis of the neutron-diffraction
data provided no evidence for electron localization in both compounds, consistent with their metallic nature. At
the same time, in FeSn, an anomalous suppression in the c-axis lattice constant coupled with changes in the
phonon spectra were observed across Ty indicating the presence of magnetoelastic coupling and spin-phonon
interactions. In addition, it was observed that spin waves persisted well above Ty, suggesting that the in-plane
ferromagnetic spin correlations survive at high temperatures. In contrast, no lattice anomaly was observed in
Fe;Sn,. The inelastic signal could be mostly accounted for by phonons, determined from density-functional

theory, showing typical softening on warming.

DOLI: 10.1103/PhysRevB.107.174407

I. INTRODUCTION

Quantum materials are at the forefront of materials
research because of their fascinating properties and function-
alities that may be harnessed for future applications [1,2]. The
underlying quantum effects, governed by strong interactions
and entanglement, give rise to exotic quasiparticles and un-
conventional states. For example, the competition between the
tendency for strong localization via lattice deformations and
itinerant behavior manifests itself in textures such as static
stripes and polaronic distortions or dynamic charge- and spin-
density wave (CDW and SDW) instabilities, that are prevalent
in a wide class of quantum systems [3-5]. In topological
materials, the quantum state can be entangled to an extent
where its emergent quasiparticles exhibit exotic behaviors
that are unique and cannot be reproduced in conventional
solids [6]. Moreover, these exotic properties are topologically
protected as they are robust against symmetry-preserving
perturbations [6-8].

One particular feature that has garnered attention recently
is the presence of dispersionless flat bands, predicted to play
arole in hosting emergent phenomena such as unconventional
magnetism and superconductivity [9—-12]. A flat band is a
macroscopically degenerate manifold of single-particle states
with a vanishing electronic bandwidth and quenching of elec-
tron kinetic energy. Flat bands have zero curvature resulting
to an infinite effective mass and separate electron-like from
hole-like bands [13]. Material candidates with flat bands are
twisted graphene, kagome lattices and heavy fermion com-
pounds [14-17].

The kagome lattice consists of a corner-share trian-
gular network of transition-metal ions. Due to quantum
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destructive interference, electrons on kagome nets are local-
ized around the hexagons [18,19]. Dispersionless electronic
flat bands have been observed in the metallic kagome lattice
materials of FeSn, Fe;Sn, and Cos;Sn,S,, determined from
angle-resolved photoemission spectroscopy (ARPES) mea-
surements [16,18,20]. Some kagome lattice materials also
have nontrivial topologically protected bands. Recent exam-
ples include FeSn, Fe;Sn,, and YMngSng, where Dirac points
have been observed [18,21,22], and Co3Sn,S,, a ferromag-
netic (FM) Weyl semimetal with a giant anomalous Hall effect
[20]. Kagome lattice materials are also an ideal platform to ex-
plore geometrically frustrated magnetism. In herbertsmithite,
the kagome nets lead to frustration of the long-range anti-
ferromagnetic (AFM) order and result in a spin-liquid state
[23]. Other properties observed in kagome lattice materi-
als include CDW and superconductivity reported in AV3Sbs
(A =Rb, Cs) [24].

In this work, the kagome lattice materials FeSn (space
group P6/mmm) and Fe3Sn, (space group R3m) were stud-
ied. Both systems were reported to exhibit flat bands and
Dirac points in their electronic band structures [16,18,21].
Their crystal structure consists of kagome layers of Fe;Sn
stacked along the ¢ axis with layers of pure Sn in between,
as shown in Figs. 1(a) and 1(b). The difference between the
two compounds is that in FeSn, layers of Fe;Sn alternate
with Sn layers, and all the Fe-Fe bonds in the kagome nets
have the same bond length, but in Fe;Sn,, bilayers of Fe;Sn
alternate with Sn layers, and two types of Fe-Fe bonds are
found in a single kagome layer [bond 1 and bond 2 as shown in
Fig. 1(c)] [25].

The stacking order is responsible for the complex magnetic
behavior arising from competing magnetic interactions and
geometrical frustration. FeSn exhibits long-range AFM order
below Ty = 365 K, where spins align ferromagnetically in-
plane but antiferromagnetically out-of-plane [26-28]. Fe;Sn;
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FIG. 1. Crystal structures of kagome metals FeSn and Fe;Sn,.
The layer stacking orders along the ¢ axis for FeSn and Fe;Sn, are
shown in panels (a) and (b), respectively. The in-plane geometry of a
single kagome layer of Fe;Sn is shown in panel (c). Solid black lines
indicate the size of the unit cell. For FeSn, bond 1 length = bond 2
length ~2.65 A. For Fe;Sn,, bond 1 length ~2.55 A, bond 2 length
~2.78 A.

has a FM structure with a 7o & 660 K and the spins aligned in
the ¢ direction. It has been suggested that a spin reorientation
transition (SRT) occurs at around 100 K, where the spins flip
to in-plane [29-31]. In addition, studies on low-energy spin
waves in Fe3Sn, using small-angle inelastic neutron scattering
indicate that Fe;Sn, is an isotropic ferromagnet to at least
480 K [32].

Flat bands can enable a transition to a topological phase
that contains two Weyl nodes in three-dimensional (3D) sys-
tems [33]. This occurs by applying spin-orbit coupling (SOC)
and time-reversal symmetry (TRS) breaking. Traditionally,
the mechanism by which Weyl nodes are formed requires
either breaking TRS or inversion symmetry of a Dirac point.
However, in 3D systems with flat bands, under strong SOC,
the dispersionless bands separate from the dispersive bands.
When further band splitting is induced by magnetization, a
much larger gap than the SOC gap of the intermediate phase
occurs [34]. Thus in the presence of both SOC and Zeeman
splitting, a 3D flat band system becomes a Weyl semimetal
while breaking the macroscopic degeneracy. If magnetization
is stronger than SOC, at a minimum, one would expect a
single pair of Weyl nodes.

Although the electronic band structures of FeSn and
Fe;Sn, have been extensively investigated, little is known of
the phonon and magnetic dynamics. Structural distortions are
often seen in kagome lattice materials. For example, the CDW
state of CsV3Sbs is associated with a static lattice distortion
that results in a 2 x 2 x 2 superlattice structure below the
transition temperature of 94 K, which is also accompanied
by a sudden hardening of a longitudinal optical phonon mode
[35]. Since a flat band dispersion in reciprocal space is due
to strong electron localization in real space, it is expected to
introduce distortions in the lattice due to localization.

Moreover, it was recently shown in FeSn that a large
electron-magnon interaction is present at 5 K, which results
in strong damping of the high-energy magnon spectra, due to
interactions with the Stoner continuum [36,37]. The reported
magnon results emphasize the role of itinerant carriers on
the topological spin excitations of metallic kagome magnets.
Furthermore, a change in the magnetism might have direct
consequences on its phonon dynamics. In Fe;Sn,, Raman
spectroscopy showed an anomaly in the linewidth for one

of the A, modes at 100 K, which might be due to the SRT
[38]. On the other hand, no phonon measurements have been
carried out on FeSn. Examples of other kagome lattice mate-
rials that have changes in lattice constants and phonons which
accompany changes in spin correlations include Na,TizClg
and Dy;Ru, Al [39,40].

To explore the interplay between spin and lattice degrees
of freedom and the associated phonon behavior in FeSn and
FesSn,, neutron-scattering measurements were performed. In
FeSn, an unusual c-axis lattice constant anomaly was ob-
served between 300 and 500 K, across its Néel temperature,
indicating magnetoelastic coupling is likely to present. No
evidence of local structure distortions was observed in FeSn
and Fe3;Sn; due to the strong electron localization that results
in the flat bands. Despite the AFM transition, spin waves in
FeSn persist on warming to at least 450 K, suggesting in-plane
FM ordering that forms well above Ty. In addition, changes
in the phonon softening behavior were observed in FeSn
across Ty but not in Fe3Sn,, indicating spin-phonon coupling
in FeSn.

II. EXPERIMENTAL AND CALCULATION DETAILS

FeSn and Fes;Sn, powders were prepared using a solid-
state reaction. For FeSn, elemental powders of Fe and Sn in
a mole ratio of 1 : 1 were thoroughly mixed and pressed into
a pellet. The pellet was then sealed into an evacuated silica
ampoule and heated at 670 °C for one to two days. For Fe;Sn,
a stoichiometric ratio of Fe and Sn powders was used, and the
sintering was done in an evacuated quartz silica ampoule at
770 °C for approximately a week, followed by quenching in
water.

The neutron-scattering experiments were carried out on
FeSn and Fe;Sn, powders on the time-of-flight spectrome-
ter VISION and diffractometer NOMAD at the Spallation
Neutron Source (SNS) of Oak Ridge National Laboratory
(ORNL). For the measurements on VISION, 10 g each of
FeSn and Fe;Sn, powders were used and elastic and inelastic
data were collected simultaneously. The inelastic neutron-
scattering intensity was measured along two narrow paths in
(0, E) space, which are labeled as the low-Q and high-Q tra-
jectories. These trajectories are determined by the fixed final
neutron energy of 3.5 meV and the scattering angles of 45°
and 135°. Background from an empty vanadium can scan was
subtracted from all data. For the measurements on NOMAD,
2 g each of FeSn and Fe;Sn; were sealed into vanadium cans
and measured at 92 and 290 K for 3 hours per scan. The
pair distribution function (PDF) analysis was performed us-
ing the NOMAD neutron-diffraction data. Neutron-diffraction
measurements on NOMAD allow acquisition of the total scat-
tering function S(Q) at very high momentum transfers. The
real-space atomic pair distribution function G(r) can then be
obtained by Fourier transforming the S(Q) data. PDF analysis
provides quantitative insight into the local structure of mate-
rials where the structural correlations extend only over a few
angstroms.

Spin-polarized density-functional theory (DFT) calcula-
tions of FeSn and Fe;Sn, were performed using the Vienna
Ab initio simulation package (VASP) [41]. The calculation used
projector augmented wave (PAW) method [42,43] to describe
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FIG. 2. Elastic neutron-scattering intensity measured on (a) pow-
der FeSn and (b) powder Fe;Sn, as a function of temperature on
warming from 5 to 450 K. a and c lattice constants for (c), (d) FeSn
and (e), (f) Fe3Sn, as a function of temperature from VISION
neutron-scattering (NS) data. a and c¢ lattice constants for (g), (h)
FeSn and (i), (j) Fe;Sn;, as a function of temperature from XRD data.
Vertical dashed lines in panels (c), (d), (g), (h) indicate Ty.

the effects of core electrons, and Perdew-Burke-Ernzerhof
(PBE) [44] implementation of the generalized gradient ap-
proximation (GGA) for the exchange-correlation functional.
The energy cutoff was 600 eV for the plane-wave basis of the
valence electrons. The reported lattice parameters and atomic
coordinates were used as the initial input for the structure
[45,46], and were fully relaxed to minimize the potential
energy. The electronic structure of the magnetic primitive cell
was calculated on a I'-centered mesh (9 x 9 x 5 for FeSn
and 15 x 15 x 15 for Fe;Sn;). The total-energy tolerance for
electronic energy minimization was 10~ eV, and for struc-
ture optimization was 10~7 eV. The maximum interatomic
force after relaxation was below 0.001 eV/A. A supercell
(3 x 3 x 1 for FeSn and 2 x 2 x 2 for Fe3Sn;) was created
for phonon calculations. The interatomic force constants were
calculated by density-functional perturbation theory (DFPT),
and the vibrational eigenfrequencies and modes as well as
the (partial) phonon density of states (DOS) were then cal-
culated using PHONOPY [47]. The OCLIMAX software [48] was
used to convert the DFT-calculated phonon results to the sim-
ulated VISION spectra (phonon contribution).

III. RESULTS AND DISCUSSION

A. Static structures

Shown in Figs. 2(a) and 2(b) are the elastic neutron-
scattering intensity measured on FeSn and Fe;Sn, as a
function of temperature between 5 and 450 K. The data were
plotted in d spacing. No structural transition is observed and
the diffraction patterns at all temperatures can be fit using
the crystal symmetry. The @ and c lattice constants of FeSn

—e-- FeSn data at 290K

121 (a) . | (b) —— average model

—— average model

G(r) (A72)

—o-+ Fe3Sn, data at 290K

124 —o-+ Fe3Sn, data at 92K 1
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G(r) (A72)
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FIG. 3. (a), (b) The PDF of the local structure of FeSn at 92 and
290 K (dashed blue lines), compared with the average model (solid
red lines). (c), (d) The PDF of the local structure of Fe3Sn, at 92
and 290 K (dashed blue lines), compared with the average model
(solid red lines).

and Fe;Sn,, obtained from the Rietveld refinement on the
neutron-scattering data shown in Figs. 2(a) and 2(b) are plot-
ted in Figs. 2(c)-2(f) as a function of temperature. In FeSn,
an anomalous reduction of the c lattice constant is observed
on warming between 300 and 400 K [Fig. 2(d)], whereas the
a lattice constant shows a usual thermal expansion [Fig. 2(c)].
In contrast, Fe;Sn, shows a uniform expansion in both the a
and c lattice constants on warming from 5 to 450 K, which is
below its Curie temperature.

The c-axis anomaly observed in FeSn was also observed
in the x-ray diffraction (XRD) measurements performed be-
tween 150 and 650 K. The lattice parameters determined from
the Rietveld refinement are plotted in Figs. 2(g)-2(j). From
Fig. 2(h), it is observed that the c lattice constant of FeSn first
increases upon warming at low temperatures, and it plateaus
between 300 and 450 K. Upon further warming, the lattice
constant increases roughly linearly with temperature again.
The anomaly in FeSn occurs across the Néel temperature
of 365 K, suggesting that the interplane atomic correlations
might be coupled with the magnetism, due to magnetoelastic
coupling.

Shown in Fig. 3 are the G(r) up to 10 A for FeSn and
Fes;Sn, at 92 and 290 K. The PDF data (blue symbols)
agrees well with a model G(r) (red curves) calculated using
the refined atomic coordinates and unit-cell dimensions ob-
tained from Rietveld refinement on the NOMAD S(Q) data,
with the proposed P6/mmm symmetry for FeSn, and R3m
symmetry for Fe;Sn,. No deviations of the local structure
is observed from the average symmetry that would indicate
electron-lattice coupling. Given the metallic nature of both
systems, electron-lattice interactions in FeSn and Fe;Sn, are
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FIG. 4. (a) Elastic neutron-scattering intensity tracking the
(101); AFM Bragg peak of FeSn as a function of temperature.
(b) Ordered magnetic moment of the Fe atoms as a function of tem-
perature, obtained from Rietveld refinement of the VISION elastic
data, showing the Néel transition at around 365 K. Inset shows AFM
structure of FeSn, with spins ferromagnetically aligned in-plane and
antiferromagnetically coupled along the c axis. (c), (d) FM structures
of Fe;Sn,. A SRT occurs at =100 K on cooling where the spins
reorient from panel (c) to panel (d). (e), (f) Partial PDFs from the
NOMAD data that show only the Fe-Fe correlations in FeSn and
Fe;Sny upto 5 A.

most likely weak, which can also be understood from the fact
that the electronic bands are flat in only a limited region in
reciprocal space (along I'-K-M below the Fermi level at about
—0.2 eV for both materials [16,18] and the energy of the flat
bands is too high and does not couple with the lattice.

Two AFM Bragg peaks, (003)y, and (101),, were ob-
served in FeSn from Fig. 2(a). Shown in Fig. 4(a) is the
temperature dependence of the (101),; AFM Bragg peak in
FeSn zoomed in from Fig. 2(a). The ordered magnetic mo-
ment of the Fe atoms as a function of temperature is shown in
Fig. 4(b), obtained from magnetic structure refinement with
the VISION neutron powder diffraction data. The decrease of
the magnetic peak intensity on warming leads to a continuous
increase in the background as seen in the figure. The (101)y,
peak disappears at Ty. For the FM Fe;Sn,, although the po-
sitions of the magnetic Bragg peaks overlap with those of the
nuclear Bragg peaks, a decrease of the Bragg-peak intensity
upon warming, due to an increase in spin fluctuations, can still
be seen in Fig. 2(b).

The AFM structure of FeSn is shown in the inset of
Fig. 4(b). The high- and low-temperature FM structures of
FesSn; are shown in Figs. 4(c) and 4(d), where a SRT occurs
at ~100 K. The difference in magnetism between the two
compounds is related to the different magnetic exchange in-
teractions between the Fe interplanes. Of the five intermetallic
Fe-Sn materials that have been studied so far (FeSn,, FeSn,
Fe3Sn,, FesSns, and Fe;Sn), when the mole ratio of Fe to Sn
is smaller or equal to 1, such as in FeSn and FeSn, [49], the
spin ordering is AFM. In Fe;Sn,, FesSnj; [50] and Fe;Sn [51],
the magnetic coupling is FM. In the AFM compounds, a Sn
layer separates neighboring Fe layers. In the FM compounds,
the Fe layers are much closer; Fe;Sn consists only of Fe;Sn
kagome layers stacked along c, and FesSnj has pure Fe layers
and Fe-Sn layers (not kagome) alternate along the ¢ axis [52].

The Sn layers that modulate the magnetic structures of
FeSn and Fe;Sn, change the bond distances between the
interplane Fe atoms and it can be understood from the PDF
data. Shown in Figs. 4(e) and 4(f) are the partial PDFs from
the NOMAD data corresponding to Fe-Fe pair correlations
in FeSn and Fe3Sn, up to 5 A, which were obtained from
the total PDF shown in Fig. 3, since the total PDF is a
superposition of partial PDFs corresponding to correlations
between all the atoms in the sample. For FeSn, the first peak
is due to the nearest Fe—Fe neighbor in-plane [bond 1 and
bond 2 at ~2.6 A as shown in Fig. 1(c)] and the second peak
comes from the second nearest Fe-Fe pairs in-plane [bond
3 at ~4.6 A as shown in Fig. 1(c)] and the nearest Fe-Fe
pairs interplane [~4.5 A as shown in Fig. 4(b)]. In contrast,
three partial PDF peaks are present in FesSn, up to 5 A.
The first peak is from the nearest Fe-Fe neighbor in-plane
[bond 1 and bond 2 as shown in Fig. 1(c), at 2.6 A and
~2.8 A] and the nearest Fe-Fe neighbor interplane [~2.6 A
as shown in Fig. 4(d)]. The second peak comes from the
second nearest Fe-Fe pairs interplane [~3.6 A and ~3.8 A
as shown in Fig. 4(d)], and the third peak is from the second
nearest Fe-Fe pairs in-plane (bond 3 at ~4.6 A) and additional
interplane Fe-Fe bonds [~4.5 A and ~4.6 A as shown in
Figs. 4(c) and 4(d)]. Therefore, more short-range interplane
magnetic exchange interactions are expected for Fe;Sn, than
FeSn. Given Fe atoms tend to align ferromagnetically (e.g.,
a-Fe is FM below 770 °C), it would cost the Fe3Sn, system
too much energy to align antiferromagnetically given that the
Fe pairs are too close together.

B. Phonon and magnon dynamics

The inelastic neutron-scattering data collected at VISION
provide both phonon and magnon DOS information. Shown in
Fig. 5(a) is the dynamic susceptibility (Bose-factor-corrected
inelastic neutron-scattering intensity), x”(Q, E), for FeSn
along the low-Q trajectory. It is plotted as a function of tem-
perature, with the data shifted along the y axis for clarity.
Several changes are observed in x”(Q, E) that may indicate
changes in phonon and magnon modes. Figure 5(c) is a plot
of the spin waves at 5 K calculated using spinW [53]. Lin-
ear spin-wave theory (LSWT) with the Hamiltonian, H =
Ju Zw) S;-S;— D, Zi(Sf)z, was used. The reported Heisen-
berg magnetic coupling exchange constants were obtained
from Ref. [36] that consider up to the fourth-nearest-neighbor
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FIG. 5. (a) Dynamic susceptibility x”(Q, E) for FeSn collected
along the low-Q trajectory as a function of temperature. (b) Position
and integrated intensity of the magnon peak at 70 meV. (c) Simu-
lated powder averaged spin waves for FeSn. Red lines indicate the
low-Q and high-Q trajectories. The Dirac point is at 120 meV.
(d) Simulated magnon DOS for FeSn along the low-Q and high-Q
trajectories. (¢) DFT calculation of the phonon dispersions for FeSn.
(f) Calculated phonon DOS for FeSn and partial phonon DOS from
Fe, Sn in the kagome layer and Sn in the Sn layer. (g) Calculated
magnon DOS and phonon DOS along the low-Q trajectory, compared
with the FeSn data at 5 K along the low-Q trajectory.

in-plane coupling and the second-nearest-neighbor interplane
coupling. Previous single-crystal neutron-scattering measure-
ments showed that spin waves in FeSn extend to well above
200 meV and the Dirac magnons are reported to appear at
~120meV [36,37]. Both features were reproduced in the
simulation. Also shown in Fig. 5(c) are the two trajectories
across which data are collected on VISION. Only low-energy
magnons are sampled along the low- and high-Q trajectories.
The calculated powder averaged spin-wave intensity was in-
tegrated along the two trajectories and convoluted with the
instrument resolution function. The calculated magnon DOS

along the two trajectories are shown in Fig. 5(d). The magnon
DOS along the high-Q trajectory is much weaker than the one
along the low-Q trajectory due to the magnetic form factor
of Fe.

From the calculated magnon DOS, it is observed that a
~70meV peak observed in the data is magnetic in nature. In
Fig. 5(b), the integrated intensity of this peak is plotted as a
function of temperature. Even though the intensity decreases
on warming, it does not go to zero. Instead it persists well
above Ty. At the same time, the position of the peak remains
essentially unchanged with increasing temperature through
Ty . One possible explanation why the magnons persist above
Ty might be due to residual short-range magnetic ordering
related to geometrical frustration in the kagome antiferro-
magnet. Similarly, in the frustrated triangular antiferromagnet
YMnO3, magnetic excitations have also been observed above
the Néel temperature from inelastic neutron-scattering mea-
surements [54].

Based on the spin-wave simulations, there should be a
magnon peak at ~5meV, however, no such peak is seen in
the data. This discrepancy could be due to peak broadening
from the Q-dependent resolution of the instrument that was
not taken into account in the model. During the calculation
for magnon DOS, only an energy-dependent resolution func-
tion for the VISION instrument was implemented, which is
approximately described by a quadratic equation reported in
Ref. [48]. The resolution along Q would further smooth out
the ~5 meV peak, thus better reproducing the data.

DFT calculations were also carried out to obtain the
phonon dispersions for FeSn as seen in Fig. 5(e). Figure 5(f)
is a plot of the calculated phonon DOS and partial phonon
DOS for Fe, Sn in the kagome layer, and Sn in the Sn layer.
The calculated phonon DOS is consistent with that reported in
Ref. [55]. The DFT calculations suggest that phonon modes
in FeSn are present between 0 and ~30 meV [55]. Thus, the
inelastic peak at 70 meV in Fig. 5(a) is clearly from spin
waves.

Figure 5(g) is a comparison of the total magnon + phonon
DOS with x”(Q, E). The calculated magnon DOS was first
scaled using the 70 meV magnon peak, and the calculated
phonon DOS was then adjusted accordingly to match the over-
all intensity. Note that the intensity of the calculated phonon
DOS in Fig. 5(g) is different from that in Fig. 5(f) due to
an intensity correction in order to simulate the VISION spec-
tra. The calculated total inelastic neutron-scattering intensity
overall agrees with the data at 5 K along the low-Q trajectory.
In addition to the 70 meV magnon peak, the inelastic peak at
~35meV is also likely from spin waves. The inelastic peak at
~20 meV mainly comes from spin waves as well, with a small
contribution from phonons. The magnetic origin of this peak
is also evident from the intensity along the low-Q trajectory,
which is larger than that along the high-Q trajectory, which is
what one would expect from the Q dependence of the mag-
netic form factor. Meanwhile, phonons contribute to inelastic
peaks at around 8, 12, 17, 25, and 30 meV.

Similar analysis was performed on the low-Q trajectory
inelastic neutron-scattering data collected on Fe3Sn; to study
its spin-wave and phonon behavior. Shown in Fig. 6(a) is the
dynamic susceptibility x”(Q, E) along the low-Q trajectory as
a function of temperature, plotted with the data shifted along
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FIG. 6. (a) Dynamic susceptibility x”(Q, E) for Fe;Sn, col-
lected along the low-Q trajectory as a function of temperature.
(b) Energy and integrated intensity of the magnon peak at ~70 meV.
(c) DFT calculation of the phonon DOS for Fe;Sn, compared with
the 5 K data along the low-Q trajectory. (d) Simulated powder aver-
aged spin waves for Fe;Sn, using a simple planer FM model. Red
lines indicate the low-Q and high-Q trajectories.

the y axis for clarity. Just like in FeSn, an inelastic peak is ob-
served at 70 meV that persists through all the temperatures
up to 450 K. The temperature dependence of the integrated
intensity and position of this peak are shown in Fig. 6(b).
The 70 meV peak is due to spin waves and all measurements
were carried out below the Curie temperature 660 K. More-
over, DFT calculations were performed on the FM phase to
obtain the phonon DOS, and the result is shown in Fig. 6(c).
Phonons in Fe3Sn; extend to ~33 meV, which suggests that
inelastic neutron-scattering intensity above 33 meV is likely
from the magnetic spectra. Unlike in FeSn, little is known of
the magnetic interactions in Fe3;Sn, and, due to the difficulty
in finding enough magnon peaks that are isolated from the
phonon peaks from the powder data, the magnon DOS could
not be accurately simulated. Nevertheless, by comparing only
the calculated phonon DOS with the 5 K data in Fig. 6(c), a
qualitative agreement between the two can be seen in certain
regions, such as at 8 meV and between 20 and 25 meV. Thus
the first two inelastic peaks at &3 and 5 meV are probably
from the magnon, and that the spin waves in Fe;Sn, might be
relatively weak where it overlaps with the phonons.

In-plane FM interactions might be responsible for the
70 meV magnon peak in both FeSn and Fe;Sn,. For FeSn,
from Fig. 4(a), the intensity of the magnetic Bragg peaks
decreases on warming and disappears by Ty, indicating the
disappearance of the AFM spin order. On the other hand,
the 70 meV magnon peak persists well above Ty up to at
least 450 K, suggesting the existence of nonparamagnetic
spin correlations. One possible explanation for this seemingly
contradictory magnetic behavior in FeSn is that the 70 meV
magnon peak is due to remaining in-plane FM interactions,
since ferromagnetism in Fe3Sn; also produces a magnon peak
at a similar position.
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FIG. 7. (a) Dynamic susceptibility x”(Q, E) for FeSn collected
along the high-Q trajectory as a function of temperature. (b), (c) En-
ergies of two FeSn phonon peaks [indicated with the black arrows
in panel (a)] as a function of temperature, showing changes of the
softening behavior across Ty. (d) Dynamic susceptibility x”(Q, E)
for Fe;Sn, collected along the high-Q trajectory as a function of
temperature. (e), (f) Energies of two Fe;Sn, phonon peaks [indicated
with the black arrows in panel (d)] as a function of temperature,
showing usual softening.

To support this assumption, additional spin-wave simula-
tions were performed for Fe;Sn,. Shown in Fig. 6(d) is the
calculated powder averaged spin waves using the FM struc-
ture of Fe3Sn, at low temperature [Fig. 4(d)], but with the
reported in-plane magnetic exchange coupling constants for
FeSn. This is because both compounds share a very similar
in-plane kagome lattice geometry. No interplane magnetic
couplings was added. Although the simulation is not an ac-
curate representation of the actual magnetic interactions in
FesSny, this simple planar FM structure does produce a spin
wave intensity at ~70 meV where the low-Q trajectory cuts
through [indicated by the white arrow in Fig. 6(d)]. Hence,
the 70 meV magnon peak is likely to be FM in origin.

Given the reported magnetic exchange constants for FeSn
are highly anisotropic, with the nearest neighbor in-plane
FM coupling constant J; &~ —44meV, and the nearest-
neighbor interplane AFM coupling constant Jj,; & 4.5 meV
[36], there might be a second transition (FM-like transition)
well above the Néel temperature. Upon cooling from the
high-temperature paramagnetic phase, in-plane FM correla-
tions might start to form first. The broad temperature range
where the c-axis anomaly was observed in FeSn might sug-
gest that magnetoelastic coupling arises from an increase in
the in-plane spin order that begins tens of Kelvin above Ty.
Similar magnetoelastic properties have been reported in the
honeycomb lattice AFM material CrCls;, where a negative
thermal expansion in the a axis on cooling from 50 K indicates
FM coupling forming in-plane well above Ty of 14 K [56].

Shown in Fig. 7(a) is the temperature dependence of
the dynamic susceptibility (Bose-factor-corrected inelastic
neutron-scattering intensity), x”(Q, E), for FeSn along the
high-Q trajectory. While the inelastic neutron-scattering
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intensity along the low-Q trajectory has approximately equal
contributions from phonons and magnons, as shown earlier in
Fig. 5(g), the observed intensity along the high-Q trajectory
mainly comes from phonons due to the Q? dependence of the
phonon intensity, with little contribution from the magnon,
the intensity of which decreases with Q. Magnons contribute
mostly at around 20 meV based on the simulations shown in
Fig. 5(d). At 12 meV, there is a clear change of the phonon
peak intensity as a function of temperature. A shoulder de-
velops at ~10.5 meV upon warming, resulting in an overall
change of the peak shape.

In addition, changes in the phonon softening behavior
across the Néel temperature were observed for some phonon
peaks in FeSn, suggesting spin-phonon coupling. Shown in
Figs. 7(b) and 7(c) are the energies of two selected phonon
peaks [marked with the arrows in Fig. 7(a)] as a function
of temperature. Upon warming from low temperatures, both
phonon peaks first show usual softening behavior, as phonon
energy decreases with increasing temperature. However, when
the temperature is above Ty, both phonon energies become
constant.

For comparison, the temperature dependence of the dy-
namic susceptibility, x”(Q, E), for Fe3Sn, is shown in
Fig. 7(d). Little change in the phonon DOS was observed at all
temperatures except for the peak at ~22.5 meV, the intensity
of which decreases slightly on warming from 250 to 300 K.
However, no transition is known to occur in this temperature
range. Note that for the measurements on Fe3;Sn,, the strong
peak at ~12meV contains instrument artifact, and whether
phonon modes at this energy undergo similar changes as those
observed in FeSn remains inconclusive.

For Fe;Sn;, some phonon measurements have been re-
ported. Raman spectroscopy shows an anomaly in the

linewidth for one of the A, modes at 2100 K, which is thought
to be due to the spin reorientation [57]. However, no signs of
the phonon anomaly was observed from the VISION data in
this work. Shown in Figs. 7(e) and 7(f) are the energies of two
selected phonon peaks [marked with the arrows in Fig. 7(d)]
as a function of temperature. The usual softening behavior was
observed across 100 K, suggesting little spin-phonon coupling
in Fe;Sn; up to at least 450 K.

IV. CONCLUSION

In conclusion, the structural and dynamic properties
of the magnetic topological quantum materials FeSn and
Fe;Sn, were investigated by using neutron-scattering and
first-principles calculations. The AFM transition in FeSn is
coupled with an anomaly in the c-axis lattice constant and a
change in the phonon softening behavior, which are explained
via DFT calculations as resulting from magnetoelastic and
spin-phonon coupling. These features were not observed in
Fes;Sn;,, as measurements were performed at temperatures
below T¢, indicating little change in the magnetism. More-
over, no evidence of electron localization was observed from
the local structures of FeSn and Fe;Sn,. In addition, spin
waves were observed in FeSn up to at least 450 K, sug-
gesting a persistence of in-plane FM spin correlations well
above Ty.
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