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1. Introduction

Materials with novel properties and func-
tionalities have intriguing scientific and
applied perspectives. In particular magnets
with exotic ground states continue to attract
attention because the properties may be tai-
lored via the lattice and/or the electronic
band structure. Fe3Sn2 is a layered
Kagome ferromagnet with a very high
Curie temperature TC ¼ 670K. The Fe–
Sn bilayers are separated by Sn mono-
layers,[1–4] as shown in Figure 1a. Due to
its out-of-plane anisotropy[2,3] with the
magnetic easy axis perpendicular to the
Kagome layers, magnetic stripes and a
variety of magnetic bubbles have been
observed in thin lamellae using Lorentz
transmission electron microscopy.[5–8]

Because the material possesses inversion
symmetry, these mesoscale magnetic textures do not form
due to the antisymmetric part of the exchange coupling tensor,
i.e., the Dzyaloshinskii–Moriya interaction, but due to a compe-
tition between the out-of-plane anisotropy and the magnetic
dipole–dipole interaction. The magnetic anisotropy of the system
is also linked to the reconstruction of its band structure in a mag-
netic field: a strong shift of bands close to the Fermi energy was
found to be dependent not only on the magnitude but also on the
orientation of the magnetic field.[9] Moreover, indications of a
temperature-driven spin reorientation, from out-of-plane at high
temperatures toward in-plane at low temperatures, have been
found earlier in Mössbauer,[2,3] X-ray,[4] and transport studies.[10]

Optical absorption experiments[11] reveal an additional feature in
the 10meV range below 150 K and associate it with this spin
reorientation. Similarly, transport and magnetization experi-
ments (performed on our own samples and plotted in
Figure 1b,c) show a crossover temperature close to 100 K and will
be discussed in detail in Section 2.1.

There are various other effects in a planar hexagonal lattice,
such as massless Dirac fermions. As opposed to graphene,
the tips of the cones typically intersect below the Fermi energy
EF and may become massive in the presence of spin–orbit cou-
pling (SOC).[9,12] Recently, the existence of flat bands at
�200meV below EF in confined regions of the Brillouin zone
was associated with magnetic ordering in Fe3Sn2.

[13] These
observations and suggestions are among the main motivations
for this work, focusing on spin reorientation and band recon-
struction phenomena in Fe3Sn2 and its consequences for the
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Polarization- and temperature-dependent Raman data along with theoretical
simulations are presented for the Kagome ferromagnet Fe3Sn2. Eight out of nine
expected phonon modes are identified. The experimental energies compare well
with those from the simulations. The analysis of the line widths indicates rel-
atively strong phonon–phonon coupling in the range 0.1–1. The temperature-
dependent frequencies of three A1g modes show weak anomalies at �100 K. In

contrast, the linewidths of all phonon modes follow the conventional exponential
broadening up to room temperature except for the softest A1g mode, whose width

exhibits a kink close to 100 K and becomes nearly constant for T > 100 K. These
features are indicative of a spin reorientation taking place in the temperature
range above 100 K, which might arise from spin–phonon coupling. The low-
energy part of the electronic continuum in Eg symmetry depends strongly on

temperature. The possible reasons include particle–hole excitation tracking the
resistivity, a spin-dependent gap, or spin fluctuations.
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lattice dynamics and charge response, both probed by Raman
spectroscopy.

Spin textures usually entail a huge anomalous Hall effect (AHE)
being associated with the Berry phase the electrons pick up upon
moving across a magnetic background.[14] Thus Fe3Sn2 has
similarities with, e.g., MnSi[15] and various other compounds.
The origin, however, of the rather complex itinerant ferromagne-
tism with a high TC and a spin reorientation at some 100 K is elu-
sive. The most popular approaches are based on the Hubbard
model and either favor flat-band ferromagnetism[16–18] or a
trade-off between potential and kinetic energy.[13,19,20] The latter
case is reminiscent of themagnetism in Fe(Se,Te), where itinerant
and nearly localized spins seem to cooperate as well.[21–23]

It is unlikely that the magnetism in Fe3Sn2 can be observed
directly in a similar fashion as in FeSe because the two-magnon
excitations typical for antiferromagnets[24] do not exist here.
However, indirect signatures of spin order, the spin reorienta-
tion, or the interaction between spin, lattice, and electrons
may be expected, in particular gaps between flatbands such as
in the optical experiments[11] or phonon renormalization effects
as in MnSi.[25] In this, to our knowledge first, Raman study of the
topological material Fe3Sn2, we start with analyzing the phonons.

2. Experimental Section

2.1. Samples

Fe3Sn2 single crystals were grown by the chemical transport reac-
tion method. As starting material, a presynthesized polycrystal-
line powder prepared by solid state reaction from the high-purity
elements Fe (99.99%) and Sn (99.995%) was used. Iodine was
used as the transport agent. The growth was performed in
SiO2 ampoules in two-zone furnaces at temperatures between
730 and 680 K. After 4–6 weeks of transport, the single crystals,
having a plate-like form with a thickness in the range 20–40 μm
along the c-axis and 3–5mm in the ab-plane (see inset of
Figure 1b), were found in the hot part of ampoule.

The sample used for the experiments had a residual resistance
ratio of RRR ¼ 29.3 (Figure 1b), indicating high crystalline qual-
ity. The derivative of the resistivity, dρðTÞ=dT (green graph),
indicated a qualitative change of the slope at �100 K where all

spins were expected to be finally parallel to the ab plane.
Figure 1c shows the temperature dependences of the in-plane
and out-of-plane magnetic susceptibilities, χab and χc , respec-
tively. For the analysis of the out-of-plane susceptibility, demag-
netization effects had to be taken into account because of the
thin-slab geometry of the sample. At high temperatures, χc is
more than three times larger than χab. Toward 100 K this differ-
ence diminishes. Below 100 K χc starts to decrease and χab satu-
rates. Consequently, at low temperatures the c-axis becomes
harder than the in-plane direction with χab=χc � 1.2 at 2 K.
In the same temperature range, where χab and χc cross each other,
the resistivity shows a kink, as best seen in its temperature
derivative in Figure 1b. After witnessing the spin reorientation in
magnetic and transport properties, the Raman spectroscopic study
of Fe3Sn2, which is the main subject of this work, is turned to.

2.2. Light Scattering

Polarized inelastic light scattering experiments were performed
at an excitation wavelength of 575 nm (Coherent GENESIS
MX-SLM577-500). The samples were attached to the cold finger
of a 4He flow cryostat. Polarized photons hit the sample at an angle
of incidence of 66�, yielding a spot size of � 50� 100 μm2. The
polarized scattered photons were collected along the surface
normal of the sample and focused on the entrance slit of a double
monochromator. The resolution of the spectrometer was set at
2.8 cm�1. Polarized photons having the selected energy
were recorded with a CCD detector. The number of photons
per second is proportional to the Van-Hove function
Sðq � 0,ΩÞ ¼ ℏ=πf1þ nðΩ,TÞgχ’’ðΩ,TÞ,where nðΩ,TÞ is the
Bose factor and χ’’ is the imaginary part of the Raman response
function. The factor R is the constant of proportionality which
absorbs all experimental factors.

For the measurements shown here, only two polarization con-
figurations were used, RR and RL, where R ¼ 2�1=2ðx þ iyÞ and
L ¼ 2�1=2ðx � iyÞ for the incoming light (first symbol) inside the
sample. An absorbed laser power of Pabs ¼ 4.0 mW independent
of the polarization was used. Pabs induced a heating in the spot
region of �1–2 KmW�1. Here only the holder temperature is
indicated. Because (near) backscattering configurations are used,
both signs change for the scattered light (second symbol).
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Figure 1. Properties of Fe3Sn2. a) Crystal structure (left). The crystals consist of hexagonal Sn layers sandwiched between Kagome Fe3Sn double layers
(right). b) Resistivity ρðTÞ of Fe3Sn2. ρðTÞ (blue) was measured on a crystal from the same batch as the sample used here. dρðTÞ=dT (green, right axis) is
nearly constant above 100 K, indicating a linear temperature dependence of ρðTÞ. Below a rather well-defined kink at 100 K, the slope changes rapidly.
c) Anisotropic susceptibility χ iðTÞ for field orientations as indicated. The sample was cooled in an applied field of μ0H ¼ 0.01 T. χabðTÞ increases monoto-
nously and almost saturates below 50 K. χcðTÞ has a maximum between 50 and 100 K.
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The details of the Raman selection rules are discussed later. Due
to the symmetric shape of the observed phonon modes and the
narrow line width (FWHM), ΓLðTÞ � ω0ðTÞ, where ω0 is the res-
onance energy of the respective mode, their line shapes may be
described by temperature-dependent Lorentz functions.

2.3. Selection Rules and Simulations

The Raman-active phonon energies and eigenvectors at the Γ
point of the Brillouin zone were derived on the basis of the crystal
structure using density functional theory (DFT). The symmetry
selection rules may be determined from the point group and the
atomic positions in the crystal. The space group of Fe3Sn2 is R3m
(No. 166) and belongs to the D3dð3mÞ point group. The corre-
sponding Raman tensors read

A1g ¼
0
@a 0 0
0 a 0
0 0 b

1
A, (1)

Eð1Þ
g ¼

0
@c 0 0
0 �c d
0 d 0

1
A, and (2)

Eð2Þ
g ¼

0
@0 �c �d
�c 0 0
�d 0 0

1
A: (3)

According to the Wyckoff positions of the Fe (18h) and Sn
atoms (6c) in Fe3Sn2, there are 4A1g and 5Eg Raman-active pho-
nons. On the basis of the Raman tensors (Equation (1)–(3)) the
A1g and Eg phonons may be projected separately in the RR and
RL channel, respectively.

Electronic structure calculations were conducted using DFT
and the projector augmented wave (PAW) method as imple-
mented in VASP.[26–29] The generalized gradient approximation
as parameterized in the Perdew–Burke–Ernzerhof (PBE) func-
tional[30] was used to treat exchange and correlation effects.
The cutoff for the plane-wave basis was chosen as 680 eV, and
the Brillouin zone was sampled with a 10� 10� 10 Γ-centered
Monkhorst–Pack grid. The Fe3Sn2 crystal structure reported in
Fenner et al.[4] was fully relaxed until the forces on all atoms were
below 0.001 eVÅ�1. Γ-point phonon calculations were per-
formed using density functional perturbation theory as imple-
mented in VASP. For the symmetry analysis of all phonon
modes the Phonopy package[31] was used, allowing for an

unambiguous assignment to the experimental frequencies, as
compiled in Table 1. The eigenvectors characterizing the atomic
displacement coordinates are listed in the Supporting
Information A.

3. Results and Discussion

The main focus of the article is placed on the analysis of the pho-
non modes in the temperature range of the reorientation of the
Fe spins. Briefly, we will also discuss the electronic continuum.

3.1. Phonons

Figure 2a,b shows, respectively, the A1g and Eg Raman spectra at
temperatures ranging from 4.2 to 320 K. We can identify four A1g

phonons and four out of the expected five Eg phonons. These
phonons harden continuously with decreasing temperature.
The absent fifth Eg phonon might be too weak in intensity to
be detected.

For a quantitative analysis the phonon peaks were fitted
using a Voigt function, which is a convolution of the
Lorentzian shape of the phonons and a Gaussian for the spectral
resolution of the setup. In the narrow spectral range displayed in
Figure 2 and the laser line used, the resolution is constant and
was set at 2.8 cm�1. Thus the widths indicated directly corre-
spond to those of the phonons. The reasonable quality of the fits
(see Figure S1, Supporting Information) indicates that the
Lorentzian widths ΓLðTÞ result from the finite life time of
the phonons, determined by phonon–phonon decay into two
modes having the same energy ω0=2 and opposite wave vectors
k and �k.[32]

The peak energies and line widths (FWHM) derived in this
way are shown in Figure 3 and 4, and labeled consecutively from
low to high. Their respective values at 4.2 K are listed in Table 1
and found to be in good agreement with the simulation. All pho-
non modes become harder and narrower upon cooling. The
usual changes in width and energy are related to the unharmonic
decay[32] and the lattice contraction.[33] However, as opposed to
the Eg modes some of the A1g modes show weak but significant
deviations from the expected behavior in the temperature range
around 100 K. In particular, kinks are observed in the energies of
modes 1, 3, and 4 (see hatched range in Figure 3a,c). After remea-
suring the A1g spectra (open symbols in Figure 3a–d) the kinks
can still be observed but are shifted slightly. The origin of this
shift is not entirely clear but may be related to the first-order

Table 1. Phonon energies and widths (FWHM) of Fe3Sn2 at 4.2 K. Fe3Sn2 has four fully symmetric and five Eg phonon modes, four of which were
observed experimentally. In addition to the theoretical and experimental energies ω0 and Lorentzian widths ΓLðTÞ the table displays also the
phonon–phonon coupling parameters λi,ph�ph as derived from the approximative harmonic fits to the temperature-dependent line widths. The two
values of λ1,ph�ph for A1g(1) correspond to temperatures below and above 100 K, as shown in Figure 3a by dashed–dotted and dotted lines, respectively.

Phonon A1g (1) A1g (2) A1g (3) A1g (4) Eg (1) Eg (2) Eg (3) Eg (4) Eg (5)

Energy (cm�1) Simulation 83.9 140.1 232.1 241.8 92.7 138.2 147.1 196.7 278.3

Experiment 86.6 146.8 237.7 251.6 94.3 133.8 147.0 199.8 –

FWHM (cm�1) 4.5 4.1 4.7 4.9 3.6 3.1 3.8 4.1 –

λi,ph�ph 0.20; 0.05 0.14 0.68 0.74 0.11 1.11 0.29 0.42 –
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nature of the reorientation transition and the then expected
hysteresis.[34] In fact, the open points were obtained upon heat-
ing from low to high temperature in an uninterrupted series,
whereas the black points were measured upon cooling as indi-
cated in the figure caption. More experiments are required to
finally clarify this issue.

The conventional reduction of the phonon widths with
decreasing temperature can be understood in terms of the anhar-
monic decay described earlier[32] and may be represented by

ΓLðTÞ ¼ ΓL,0 1þ 2λph�ph

expð ℏω0
2kBT

Þ � 1

 !
: (4)

ΓL,0ðTÞ and ω0 in Equation (4) can be extrapolated to zero
from the experimental points below 50 K, leaving only the pho-
non–phonon coupling λi,ph�ph as a free parameter. The
corresponding curves are displayed in red in Figure 3, 4, and
the resulting values for λph�ph are compiled in Table 1. As
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opposed to the line width, the phonon energy depends on the
occupation and the thermal expansion, where the latter is approx-
imately larger by two orders of magnitude and depends crucially
on the variation of the interatomic potential with distance.[33] The
temperature dependences of the phonon width and energy are
related by the usual Kramers–Kronig transformation and was
determined for constant volume by Balkanski and co-workers.[35]

In an experiment the pressure rather than the volume is con-
stant, and this approach is not applicable (see, e.g., Eiter
et al.[25]). Thus, the analysis of the phonon energy requires
the thermal expansion and the Grüneisen parameters, which
are currently not available.

All phonons except for one show essentially conventional
behavior and become exponentially narrower upon cooling.
Only the A1g (1) phonon at 86 cm�1 shows unexpected behavior
directly in the data, and the description of the temperature
dependence according to Equation (4) is similar to the other
modes only for T ≤ 100K (dashed–dotted in Figure 3a)
and yields λ1,ph�ph ¼ 0.2. For T ≥ 100K (dotted) the width is
almost temperature independent, corresponding to an unusually
small coupling of λ1,ph�ph ¼ 0.05. So we conclude that the
symmetric phonon–phonon decay channel is essentially
blocked when the spins point along the c-axis and becomes
accessible only when the spins are rotated into the ab plane.
This hand-waving argument certainly needs further theoretical
analysis but a realistic model of the spin–phonon coupling is
beyond the scope of this article and requires complex, presum-
ably numerical work.

3.2. Eg Continuum at Low Energy

Because Fe3Sn2 is purely metallic and orders at TC � 670K, gaps
or isolated electronic or magnetic modes are not immediately

expected in the temperature range studied. Due to the magnetic
anisotropy one may expect to see a single magnon at finite energy
given by the anisotropy field. However, our microwave experi-
ments show that the energy is presumably too small for the
Raman experiment. In addition, fluctuations as a consequence
of geometric frustration may smear out the energies.

The small variations with temperature of the Eg spectra
below 100 cm�1, as shown in Figure 5, look unspectacular at
first glance. However, the increase at low temperature must
be considered real since a peak at �47 cm�1 can be resolved
at 4.2 K rather than a divergence towards zero energy as in
the case of diffuse scattering of the laser light. The intensity
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increase may either originate from particle–hole excitations
reflecting the temperature dependence of the resistivity
(see Figure 1b) or from interband transitions as suggested by
the optical conductivity[11] or from fluctuations similar to
FeSe.[24] For clarification, larger crystals with flat surfaces are
necessary.

Compared with the Eg spectra, the A1g continuum is essen-
tially temperature-independent (see Supporting Information C).
As in the case of the Eg spectra, the data are reliable above
30 cm�1. Obviously, different excitations or regions of the
Brillouin zone are projected in the two symmetries. Given the
correspondence between transport and low-energy Eg spectra,
the most likely explanation is that the carrier relaxation observed
in the A1g spectra is almost temperature-independent. This inter-
esting anisotropy calls for more studies in optimized samples.

4. Conclusion

We have studied the Kagome ferromagnet Fe3Sn2 using polar-
ized Raman scattering. We identified all but one phonon lines
and compared them to simulations of the lattice dynamics on
the basis of density functional theory. The agreement between
predicted and experimental phonon energies is better than
5 % for all lines. All phonons broaden upon heating. By assum-
ing symmetric decay of the lines at ω0 and jqj � 0 into two lines
at ω0=2 and �k the dimensionless phonon–phonon coupling
λi,ph�ph was extracted and found to be in the range 0.1–1.1 for
all lines and temperatures with one exception: The A1g phonon
with the lowest energy exhibits λ1,ph�ph ¼ 0.2 below 100 K and
λ1,ph�ph ¼ 0.05 above 100 K; thus, it has only very small
phonon–phonon coupling at temperatures with the spins aligned
along the c-axis parallel to the motion of the Sn atoms for the
A1g (1) mode. For this specific eigenvector, the coupling to the
Fe spins parallel to the c-axis is certainly small, and one may spec-
ulate that the relatively large λi,ph�ph values of the other phonons
result from coupling via the spins. As soon as the spins rotate
into the plane also the A1g (1) mode couples to the spins and thus
participates in the anharmonic decay.

Because of the relatively high Curie temperature of
TC ¼ 670K in Fe3Sn2 one does not expect strong changes in
the electronic properties below room temperature. Yet, the Eg

continuum exhibits a substantial variation with temperature at
low energies, which is reminiscent of the strong temperature
dependence of the resistivity ρðTÞ. However, the low-energy peak
in the Eg spectra may also originate from a bandgap induced by
the spin reorientation as suggested by optical measurements,[11]

although the rather different energies in the two experiments
argue against this possibility, or from magnetic fluctuations in
a geometrically frustrated system. There are no indications
of a flat band in the 200meV range. Yet, with the available
equipment we cannot obtain sufficiently high data quality for
a quantitative analysis.
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the author.
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