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Kagome metals possess peculiar optical spectra consisting of contributions from free charge carriers in a
Drude-type response, localized carriers seen as a strongly temperature-dependent localization peak, and, in
some cases, phonons displaying strong anomalies. The rare-earth kagome metal series, RMngSng, provides
a marvelous playground to study the electronic properties of kagome metals in the presence of variable
magnetic order. Here, we report temperature-dependent reflectivity studies on two members of the RMngSng
family, GdAMn¢Sng (in-plane ferrimagnet) and TbMngSng (out-of-plane ferrimagnet), in a broad energy range
(50-18 000 cm™!, equivalent to 6.2 meV-2.23 eV) down to 10 K. At high temperatures, a phonon mode at ap-
proximately 160 cm™! is observed, which becomes screened out in TbMngSng below ~150 K as the localization
peak linearly passes through the mode. In GdMn¢Sng, the disappearance of the phonon is accompanied by the
onset of saturation of the peak position, suggesting an unusual interplay between the two features.
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Proposed by Syozi in 1951, the kagome lattice quickly
became popular among both theoretical and experimental
physicists due to its unique magnetic and electronic proper-
ties [1,2]. Consisting of spatially separated metallic kagome
planes, kagome metals are model compounds for studying
strong electronic correlations, magnetism, and topologically
nontrivial states [3]. Here, the itinerant carriers give rise to the
peculiar kagome electronic band structure hosting dispersion-
less flat bands, saddle points, as well as linearly dispersing
Dirac bands [4-9].

The ternary rare-earth series, RMngSng (R = Sc, Y,
Gd-Lu), opens new ways to investigate the influence of
magnetism on the electronic properties of kagome metals,
and hence distinguish between magnetic-driven and kagome
layer-driven properties. While these compounds have been
studied extensively over the last three decades regarding their
unusual magnetic structure, they recently gained attention in
the framework of kagome metals [10—12]. These compounds
crystallize in the P6/mmm space group featuring spatially
decoupled magnetic Mn-kagome planes stacked along the ¢
axis, which are stabilized by Snl atoms. Within one unit cell,
the kagome layers are separated by nonmagnetic Sn2 atoms
forming a honeycomb lattice, while RSn3 layers separate the
kagome planes from one unit cell to another, as sketched
in Figs. 1(a) and 1(b). The underlying magnetic structure
strongly depends on the rare-earth element separating the

“maxim.wenzel @pil.physik.uni-stuttgart.de

2469-9950/2022/106(24)/L.241108(7)

1.241108-1

layers, resulting in a large variety of ferrimagnetic (R = Gd,
Tb, Dy, Ho) and antiferromagnetic (R = Sc, Y, Er, Tm, Yb,
Lu) ground states across the series [10,13].

Angle-resolved photoemission spectroscopy (ARPES) and
Landau level measurements reveal the signatures of the
kagome lattice, including topologically nontrivial Dirac bands
and flat bands in these materials [7,9,12,14]. Comprising
spin-polarized Mn 3d states with a strong intrinsic spin-orbit
coupling, these two-dimensional kagome bands exhibit non-
trivial Chern numbers [6,7,15] giving rise to an intrinsic
anomalous Hall effect [16-21]. While the different magnetic
structures do not seem to affect the main band dispersions
near the Fermi energy Ef, significantly, a gap at the Dirac
points has been proposed only for the ferrimagnetic systems
[12,22-24]. Moreover, this Chern gap, as well as the energy of
the Dirac points Ep, can be tuned with the rare-earth element
[22]. Here, the number of unpaired 4 f electrons of the rare-
earth element plays an important role as a coupling between
the 4f and the 3d electrons is observed.

The key implications of these topological features lie in
unusual transport properties that crucially rely on charge car-
riers and their dynamics [12,27-29]. Especially, the effect
of magnetism is one of the central issues [30]. Therefore,
here, we study these dynamics and their dependence on
the magnetic order with temperature-dependent broadband
Fourier transform infrared spectroscopy studies on RMngSng
systems, namely on GdMngSng and TbMngSng. While both
systems possess an almost identical crystal structure and a
ferrimagnetic ground state below room temperature, in the
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FIG. 1. (a) and (b) Crystal and magnetic structure below 300 K of GdMngSng and TbMngSng, respectively [13,25]. (c) and (d) Magnetic
susceptibility and dc resistivity curves measured in the ab plane. The Curie temperature of both systems lies above the measured temperature
range; however, a spin reorientation from the basal plane near to the ¢ axis around 7; ~ 310 K is visible for TbMn¢Sne. For GdMngSng, no
anomalies are observed in the measured temperature range. Open circles are the dc resistivity values obtained from the Hagen-Rubens fits of
the optical measurements as explained in the Supplemental Material [26]. (e) and (f) Temperature-dependent in-plane optical conductivity with
the dotted lines being the Hagen-Rubens extrapolation to low energies.

former one, the spins are aligned within the kagome plane,
whereas in the Tb compound, a perpendicular alignment to
the kagome layers is reported [10,13,31-33]. This was con-
firmed prior to our optical study by dc transport and magnetic
susceptibility measurements shown in Figs. 1(c) and 1(d). We
further performed density functional theory plus Hubbard U
(DFT+U) calculations to evaluate the electronic structures,
revealing the correlated character of the RMngSng series. Due
to localization effects, the optical response of the charge car-
riers splits into the conventional Drude part and a prominent
low-energy peak. This peak shows a clear dependence on the
magnetic order and underlies the magnetic tunability of this
compound family.

Figures 1(e) and 1(f) display the temperature-dependent
real part of the in-plane optical conductivity of GdMngSng
and TbMneSng, respectively. At first glance, the spectra are
remarkably similar and resemble the spectrum of the ferro-
magnetic Fes;Sn, [34,35]. Consistent with the metallic nature
of these compounds, a very narrow Drude component is ob-
served at low energies, which becomes even sharper upon
cooling. For GdMngSng, only the tail of this feature is vis-
ible even at 300 K. Two steplike absorption features can be
identified in the otherwise relatively flat conductivity at high
energies. Very similar steps were interpreted as the signature
of two-dimensional Dirac fermions in Fe3Sn;. In addition
to the sharp Drude component and interband transitions, a
phonon mode around 160 cm~! is observed. Furthermore, we
have realized that the low-energy dynamics cannot be repro-
duced only with a single Drude component, but an additional

peaklike absorption feature is required as shown in Figs. 2(a)
and 2(b) for the data at 300 K. With this peak showing a strong
redshift upon cooling, it puts the RMngSng series on common
ground with other kagome metals and clearly separates this
feature from other low-energy transitions, which are interband
in nature [34,36-38].

A closer look at the low-energy regime reveals substan-
tial differences between the two ferrimagnetic compounds.
Figures 2(b) and 2(d) show the temperature evolution of this
so-called localization peak in GAMngSng and TbMneSng after
subtracting the fitted Drude, phonon, and interband contribu-
tions from the experimental optical conductivity. Not only is
the localization peak more pronounced in the in-plane ferri-
magnetic system GdMngSng, but the peak position saturates
at low temperatures, as shown in Fig. 2(a). In contrast, a
linear redshift over the whole temperature range is observed
in TbMngSng [see Fig. 2(c)]. Hence, the peak moves out of
the measured range at low temperatures, and its position has
to be estimated from its high-frequency tail, as well as by con-
sidering the linear behavior of the shift at higher temperatures,
leading to increasing error bars of the fits.

Visually, the temperature evolution of the peak position in
GdMngSng looks strikingly similar to the behavior in Fe;Snj.
For the latter, a possible coupling between the localization
peak and the underlying magnetic structure is discussed since
the linear scaling breaks down after a reorientation of the Fe
spins at 120 K [34,39]. Additionally, the shape of the peak
transforms into a sharp Fano resonance. The saturation as
observed in GdMngSng was also reported in the nonmagnetic
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FIG. 2. (a) and (b) Decomposed optical conductivity at 300 K, consisting of a Drude component (purple), a localization peak (blue), a
phonon mode (green), and several interband transitions (orange). The insets show the total fit to the measured reflectivity. Details on the fitting
process as well as the decomposed spectra at lower temperatures can be found in the Supplemental Material [26]. (c) and (d) Temperature
dependence of the localization peak position. The red dashed line marks the phonon mode, while the red arrow indicates the temperature
where the mode disappears. (e) and (f) Temperature evolution of the localization peak, obtained by subtracting the fitted Drude, phonon mode,
and interband contributions from the spectra. The solid lines are the Fratini model fits to the total experimental conductivity as described in the

Supplemental Material [26].

KV;3Sbs, suggesting that the origin of this effect may be
other than magnetic. Additionally, no change of the in-plane
ferrimagnetic structure of GdMngSng is reported below room
temperature; hence, the primary cause for the observed satu-
ration must be something else. Nevertheless, a commonality
between the two magnetic systems is the in-plane direction
of the magnetic moments in both Fe;Sn, below its spin-
reorientation transition and GdMngSng.

One plausible explanation for the observed saturation
uniting magnetic and nonmagnetic kagome metals is the in-
volvement of a phonon mode. Indeed, phonons and their
importance for the electronic structure of kagome metals have
been studied in multiple compounds. In the AV3;Sbs fam-
ily, phonons are discussed to be the driving force behind
the charge-density-wave formation and the low-temperature
superconductivity [40,41]. Optical measurements revealed
strong phonon anomalies associated with a coupling of the
phonon modes to the electronic background in KV;Sbs and
RbV;Sbs [36,37]. Furthermore, a strong interplay between
phonons and fermionic degrees of freedom was revealed by
scanning tunneling microscopy (STM) studies of paramag-
netic CoSn [42].

DFT calculations, shown in the Supplemental Material
[26], reveal a total number of nine IR-active phonon modes
in each compound. Four of these modes have the Ay, sym-
metry involving out-of-plane atomic displacements and hence

cannot be detected by our in-plane measurements. While in
highly metallic systems phonon modes are often too weak to
be detected and/or screened by the free carriers, our measure-
ments were able to capture a prominent £, mode around 160
cm~! at room temperature. At low temperatures, this mode
disappears in both compounds. At first glance, this anomalous
behavior might be explained by a structural distortion; how-
ever, low-temperature XRD studies report almost no changes
in the crystal structure of RMngSng down to 2 K [13,25].
Hence, an interplay between the phonon mode and the local-
ization peak has to be considered as a possible scenario, not
least because both features are located around the same energy
range.

For a further comparison of the two features, the posi-
tion of the phonon mode is marked with the red dashed line
in Figs. 2(a) and 2(c), while the red arrow points at the
temperature at which the phonon mode disappears in each
compound. In TbMneSng, the phonon mode disappears as
soon as the localization peak passes through it, suggesting
that the localization peak screens out the phonon mode. On
the other hand, a more complex relationship between the two
features is observed in GdMneSng. Here, the phonon mode
shows an enhancement and a slight broadening as the local-
ization peak passes through it, and is retained even below
the crossing over a narrow temperature range. Eventually, the
mode disappears around the temperature where the position of
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the localization peak saturates. This behavior suggests an un-
usual coupling between the phonon mode and the localization
peak in GdMngSne. Based on the observation that the strong
localization peak anomalies appear in the in-plane fer-
romagnetic system, one plausible explanation would be
a magnetoelastic coupling to the in-plane infrared-active
phonon mode. Additionally, the rare-earth element could di-
rectly influence the phonon mode and hence its interplay with
the localization peak.

Ultimately, an interplay with some other bosonic excita-
tions such as magnons, for instance, could as well lead to
the distinct behavior of the localization peak in GdMngSng
compared to TbMngSng. Indeed, magnon bands extending
to energies up to ~100 meV have been reported in several
members of the RMngSng family [43,44].

The presence of a redshifting localization peak is a com-
mon occurrence in systems with slow electron dynamics,
such as organic conductors, cuprates, and manganites [45,46],
many of them being strongly correlated materials. Hence,
we now turn to analyzing the electronic correlations in the
RMngSng series. Figures 3(a) and 3(b) show the comparison
between the experimental and the calculated optical conduc-
tivities using DFT taking into account the different magnetic
structures. For all calculations, a Hubbard Ur = 10 eV was
added to the rare-earth element with the DFT+U method using
the double-counting correction in the fully localized limit to
treat the strongly correlated 4f electrons [9,47-49]. In the
case of GdMn¢Sng, a good agreement with the experiment is
found, while for TbMngSng, the low-energy spectral weight
cannot be reproduced with this method. The agreement is
improved by adding a Hubbard Uy, = 0.4 eV to the Mn
atoms. Another possibility is shifting the Fermi energy down
by 47 meV; however, this requires removing one electron from
the structure, which is hard to reconcile with the system.

Although with different adjustments, one can bring the cal-
culations to the experiment’s level, in either case, the energy
of the calculated conductivity needs to be rescaled by a factor
of 2.5 in GdMneSng (2 in TbMngSng). A very similar scaling
factor was previously reported for ARPES measurements of
GdMngSng [9]. This suggests that these systems are clearly
beyond DFT, and electronic correlations therein cannot be
fully treated on the mean-field DFT+U level.

We further observed the steplike absorption features, com-
bined with the relatively flat optical conductivity, as the
potential signatures of the Dirac points in these systems. Con-
sidering that there are two Dirac points, one above and one
below the Fermi energy (see Supplemental Material [26]), one
would expect these steplike absorption features to appear [34].
This interpretation becomes even more tempting when the
energies of the steps are compared with the ARPES measure-
ments. However, considering the relatively high energy range
of these features and the significant number of bands crossing
the Fermi energy, the step-like absorption is most likely just a
cumulative effect of different contributions; hence, one should
be careful in its assignment. On the other hand, absorption
features at lower energies (w < 1000 cm™!) can be related
to transitions between bands very close to the Fermi energy,
most probably involving transitions between the saddle points
nearby the M point, as shown in our band-structure calcula-
tions in the Supplemental Material [26].
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FIG. 3. (a) and (b) Experimental interband transitions along with
the DFT+U calculated optical conductivity. For all calculations a
Hubbard Uz = 10 eV was added to the rare-earth element. Further-
more, the energy scale of the calculated conductivity is rescaled for
a better comparison with the experiment. (c) Correlation scaling for
different kagome metals and other topological materials taken from
Ref. [50].

Although the RMngSng series lies beyond the limits of the
DFT+U methods presented here, the calculations can be used
for an initial assessment of the correlation strength. As pro-
posed previously for different compounds, including cuprates,
iron pnictides, and topologically nontrivial Dirac systems
[50,51], the ratio of the spectral weight of the mobile carriers
from the experiment and the DFT calculations can be used
as a gauge of electronic correlations. Here, SWprude /SWhand
is close to 1 for uncorrelated materials, while the ratio be-
comes zero for Mott insulators showing the most correlated
behavior. Figure 3(c) depicts this scaling for the AV;Sbs
series and topological semimetals taken from Refs. [36,50].
From the calculations, we can determine a rough value of
SWhirude/SWhang =~ 0.2, pointing towards much stronger cor-
relations in comparison with the AV3Sbs series and other
kagome metals reported to date. Moreover, no significant
difference between GdMngSng and TbMneSng is observed,
whereas the correlation strength changes drastically between
different members of the AV3Sbs family.

In summary, we establish the correlated nature of ferri-
magnetic kagome metals of the RMngSng family and uncover
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partial localization of charge carriers manifested by the
prominent low-energy peak in the optical conductivity. The
temperature evolution of this peak is sensitive to details of
the magnetic order. While in TbMngSng, the localization peak
redshifts linearly through the whole temperature range upon
cooling and screens out the phonon mode at ~160 cm™',
it displays different characteristics in GdMngSng. Here, the
peak is more pronounced, while its position saturates at low
temperatures. This dissimilar behavior indicates a major dif-
ference in low-energy degrees of freedom that damp electron
dynamics and, consequently, should affect transport proper-
ties at low temperatures. Both compounds display a strongly
correlated character, as a good agreement with the experi-
mental interband transitions is only found after rescaling the
energy of the calculated optical conductivity, and the exper-
imental Drude spectral weight is drastically lower than the
DFT prediction.
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