Supplementry Information for “Emergence of flat bands via orbital-selective electron correlations
in Mn-based kagome metal"'

I. EXPERIMENTAL DETAILS
A. Sample growth, transport and magnetic characterizations

Single crystals of SMAS were grown by a self-flux method.
The Sc, Mn, Al, and Si elements with a molar ratio 3:3:30:5
were ground and loaded into an alumina crucible. Then, the
crucible was inserted inside a quartz tube and sealed under
high-purity argon. The tube was heated to 1150 °C, kept at
that temperature for 24 h, and subsequently cooled to 750
°C for 200 h. The single crystals were isolated by centrifu-
gation. The magnetic susceptibility and magnetization were
measured with a superconducting quantum interference de-
vice vibrating sample magnetometer (SQUID VSM) (Quan-
tum Design, USA) in the temperature range of 1.8-300 K and
the field range of puoH = 0-7 T. Electrical resistivity measure-
ments were carried out with a conventional four-point schema
using a Quantum Design physical property measurement sys-
tem (PPMS).

B. Nuclear magnetic resonance measurement

27 Al (gyromagnetic ratio yn = 11.0943 MHz/T) NMR ex-
periments were conducted using a home-made NMR spec-
trometer (MagRes) and an Oxford Teslatron PT superconduct-
ing magnet in the temperature range of 2-150 K. To record
125 A1 NMR spectra, we adopted a standard Hahn-echo (spin-
echo) sequence with a 7r/2 pulse length of 2 us. In the process
of tracking all peaks, we varied a resonance frequency at a
fixed magnetic field of ygH = 6 T. The spin-lattice (1/7})
and spin-spin relaxation rates (1/7,) were measured with the
standard saturation recovery and the Hahn echo method with
twenty saturation pulse train.

C. Optical spectroscopy

We measured the reflectance of SMAS in a wide spectral
range from 40 to 35000 cm™" at various selected temperatures
between 8 and 300 K using a commercial spectrometer Vertex
80v (Bruker, Germany) and a continuous liquid helium flow
cryostat. To obtain accurate reflectance spectra, we used an
in-situ metal evaporation method [1]. In this metal evapora-
tion method, Au is used for far and mid-infrared regions, and
Al is used for near-infrared and visible regions. The mea-
sured reflectance spectra at various temperatures are shown in
Fig. 1. We observed that the overall level of the reflectance is
quite high above 40% up to 35000 cm™! and a sharp plasma
edge is located near 1500 cm™!. In the inset, we display the
reflectance at 100 cm™' as a function of temperature, where
we observe non-monotonic temperature-dependent behavior.

There is a broad peak near 30 K, which is similar temperature-
dependent behavior of the measured DC resistivity.

II. COMPUTATIONAL DETAILS
A. Density functional theory

First principles electronic structure calculations were car-
ried out, employing more accurate full potential-based
WIEN2k code [2]. A non-shifted 10x10x8 k-grid was cho-
sen to sample the hexagonal Brillouin zone. The muffin-tin
radii of Sc, Mn, Al, and Si were set to 2.5, 2.5, 1.94, and 2.21
a.u., respectively. The LAPW basis included 3d, 4s for Sc
and Mn; 3s, 3p for Al and Si elements. For self-consistent
electronic cycles, the planewave cutoff was taken to 9, yield-
ing 5162 for each k-point. Additionally, DFT+U calculations
were performed using rotationally invariant Dudarev approach
[3] with effective Coulomb repulsion parameter U (U.g=4, 8
eV).

B. Dynamical mean field theory

LDA+DMFT calculations were performed employing em-
bedded DMFT code [4, 5], interfaced with the full po-
tential based WIEN2k package [2]. A similar size of k-
grid 10x10x8, as used in DFT calculations, was employed
and RKp,x was set to 9. The quantum impurity problem
was solved in the correlated subspace of Mn d-orbitals, us-
ing hybridization-expansion continuous-time quantum Monte
Carlo (CT-HYB) method [6, 7]. For each charge self-
consistent DMFT iteration, 192x10° Monte Carlo steps were
performed. The DMFT calculations were carried out for a
wide range of temperature 116-2000 K. For each tempera-
ture, 50 DMFT charge cycles were run. The calculations were
performed using both Ising as well as rotationally invariant
full Coulomb interactions. Four different values of on-site
Coulomb (U= 4, 6, 8, 10 eV) and two different choices of
Hund’s (Jg = 0.8, 1.0 eV) parameters were taken in the calcu-
lations. Most of the calculations results were obtained using
(U, Ju)=(8, 0.8) eV with full Coulomb interaction.

III. OPTICAL CONDUCTIVITY

The optical conductivity was obtained from the measured
reflectance (see Fig. 1) by using the Kramers-Kronig analy-
sis [8, 9]. To perform the Kramers-Kronig analysis, the re-
flectance spectrum in a finite spectral range must be extrapo-
lated to zero and infinity. For extrapolation to zero frequency,
we used the Hagen-Rubens relation, ie., 1 — R(w) « +vo.
For extrapolation to infinity, we used R(w) o« w™' from the
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FIG. 1. Measured reflectance spectra of SMAS at various selected
temperatures. In the inset, the reflectance at 100 cm~! is shown as a
function of temperature.

highest data point to 10° cm™!, and then above 10® cm™!, we
assumed the free-electron behavior, i.e., R(w) « w™. The op-
tical conductivities at various temperatures obtained using the
Kramers-Kronig analysis are shown in Fig. 7(a) in the main
text. There are many sharp infrared-active phonon absorp-
tion peaks below 500 cm~'. We obtained the DC conductivity
from extrapolation to zero frequency of the optical conduc-
tivity. In the inset, the DC resistivity obtained using the ex-
trapolation and the measured DC one are shown. They are
consistent with each other.

Now, to obtain information on the correlations between
charge carriers, we used the extended Drude model formal-
ism. In the extended Drude model, the complex optical con-
ductivity can be expressed as follows [10, 11].
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where Q, is the plasma frequency of itinerant charge carri-
ers and —25°P(w) is the complex optical self-energy, which
may carry information on the correlations between itinerant
charge carriers. The imaginary part, Im[-22"(w)] is the
same as the optical scattering rate (1/7°P(w)) and the corre-
sponding real part is associated with the optical effective mass
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is the band mass. We obtained the plasma frequency by ex-
cluding the interband transitions above 1500 cm~'. The re-
sulting plasma frequency is 14890 cm™!. Here, we first re-
moved the interband transitions from the optical conductiv-
ity and then obtained the optical scattering rates and effective
masses using the extended Drude formalism. The optical scat-
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FIG. 2. Optical scattering rates and effective masses of SMAS at
various temperatures.

in a range from 2.8 to 3.8. It is worth noting that these values
are dependent on the plasma frequency.

IV. AL NUCLEAR MAGNETIC RESONANCE RESULTS

Fig. 3(a) shows the thermal evolution of 2’ Al NMR spectra
of SMAS. We observe five NMR lines, which stem from the
quadrupole interaction of the I = 5/2 nonspherical nucleus
with its electronic surroundings. Figs. 3(b) plots the Knight
shift K versus y(7) for the central line P;. Here, K(T) is de-
fined by K(Ppm) = (VP3 - VLarmor)/VLarmor, where VLarmor is
the Larmor frequency corresponding to an external field of
uoH = 6 T. Using the Clogston-Jaccarino K-y plot, we es-
timate the hyperfine interaction A = 6.57mT/up between the
27 Al nuclear spins and the Mn electron spins. Figures 3(c) and
(d) exhibit the temperature dependence of the nuclear spin-
spin relaxation rate 1/7, and the nuclear spin-lattice relax-
ation rate 1/T, respectively. As the temperature is lowered
from T = 120 K, 1/T, decreases gradually and then, forms a
minimum at 30 K, and finally shows a steep increase towards
T = 0 K. Noteworthy is that p(T') displays the minimum at the
same temperature, implying that the 1/7, and p(T') anomalies
below 30 K are due to the buildup of ferromagnetic correla-
tions.

The temperature dependence of 1/T follows the so-called
Korringa law in the temperature range investigated with
T\T = 44.8833 +0.24882 s:K for T < 40 K and 7T =
40.1159 + 0.19825 s:K for T > 40 K. Using the value for
the Knight shift and § = (ye/yn)z(h/Snsz) =3.89x107°s.K
for 2’ Al, we evaluate the Korringa ratio R = K*T\T/S =~ 0.05
at T = 2 K, much smaller than the unity. This indicates that
1/T is not dominated by a scattering mechanism with s-type
conduction electrons at the Fermi surface. Further, the small
change of the Korringa ratio through 40 K suggests the alter-
ation of a scattering mechanism.
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FIG. 3. Temperature dependence of 2’ Al NMR spectra of SMAS
measured at uoH = 6 T. (b) Plot of the Knight shift vs the static mag-
netic susceptibility. The solid line is the fit to the Clogston-Jaccarino
relation. Temperature dependence of (c) the nuclear spin-spin relax-
ation rate 1/7, and the spin-lattice relaxation rate 1/7;. The solid
and dashed lines are fits to the Korringa relation 7'} T=constant.

V. ELECTRONIC STRUCTURE FROM
NON-SPIN-POLARIZED LDA+U CALCULATIONS

Fig. 4 demonstrates the effect of static electron correla-
tion on SMAS within the LDA+U formalism. The spin-
polarized calculation results are shown for two different val-
ues of U.g=4, 8 eV, where both results converge into non-
spin-polarized solutions. Note that, up to Ueg = 10 eV no
magnetic solution is obtained in our LDA+U calculations.
Comparing the PDOS without (see Fig. 3 in the main text)
and with U, we find that inclusion of U on Mn d orbitals
pushes occupied d states downward, affecting the Mn d and
Si p hybridization. In Fig. 4(a), occupied B, and A, peaks in
the PDOS are located around —1 eV. As U is increased from
4 to 8 €V, B, peaks are further pushed downward and are now
located around -3 eV, lying lower in energy than Ag“‘.

VI. GAP OPENING AT DIRAC CONE AND FURTHER
BAND FLATTENING VIA SPIN-ORBIT COUPLING

Despite the strength of SOC at the Mn site is weak, SOC
still can affect electronic properties significantly when bands
are nearly degenerate and bandwidth is small. Fig. 5 summa-
rizes the SOC effect on DMFT spectral function. The results
are obtained for (U, Jy)=(4, 0.8) and (10, 0.8) eV at 116 K us-
ing Ising-type Coulomb interactions. Fig. 5(a) shows the pres-
ence of the dispersive Bg-bands along the K-I" direction with
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FIG. 4. (a), (b) PDOS of SMAS from non-spin-polarized LDA+U
calculations with Mn B, (blue), Ag“‘ (green), Ajg" (red), and Si p (vio-
let) orbitals for U=4, 8 eV, respectively.

a bandwidth of ~ 0.30 eV. Inclusion of SOC induces a small
gap between Dirac point and flat band at K point as shown in
Fig. 5(b). Because of admixture of other states in the presence
of SOC, bandwidth of nodal surface band slightly enhances.

The most striking feature of the spectral function at U =
10 eV is the presence of a nearly flat band just below Ef, ly-
ing along the high symmetry path K-I". Without SOC, such a
flat band state at the k, = 0 plane was present below Ef (see
Fig. 5(c)). Including the SOC removes the Dirac points lo-
cated close to Er at K and opens up a gap of 10 meV, which
makes the almost-flat band even flatter along the K-I" direc-
tion. On the other hand, because of the weak strength of SOC,
the k, = m nodal surface bands are almost unaffected. The
SOC-induced band anticrossings at K may result in signifi-
cant Berry-phase effects like spin-Hall responses.

The correlation-induced flat bands and their topological na-
ture in the presence of SOC might make SMAS a promis-
ing candidate to see a signature of spin Hall or anomalous
Hall conductivity, as reported in other kagome metals CoSn
[12, 13] or YMngSng [14]. Further, we speculate that this
system might exhibit negative magnetoresistance at low tem-
peratures. It has been suggested in the literature that the pres-
ence of flat bands close to the Er induces ferromagnetic fluc-
tuations that increase the scattering probability in a kagome
plane. Indeed, our isothermal magnetization measurement at
2 K confirms this notion. At very low temperatures, an appli-
cation of an external magnetic field might therefore suppress
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FIG. 5. (a)-(b) Close-up view of spectral function without and with
SOC for (U, Ju)=(4, 0.8) eV, and (c)-(d) (10, 0.8) eV at T=116 K
using Ising-type Coulomb interaction, respectively.

low-energy magnetic excitation to give rise to negative mag-

netoresistance [15, 16].

VII. EXACT AND OTHER CHOICE OF NOMINAL
OCCUPANCY IN NOMINAL DOUBLE COUNTING
SCHEME

The choice of double-counting scheme affects DMFT re-
sults and conclusions. In the main text, we presented results
with employing the nominal double-counting scheme [4] with
the nominal charge of n = 5.0. Figs. 6 and 7 summarize the re-
sults with n = 4.5 and 5.5, respectively. Atn = 4.5 the flat band
is pushed up to Er and more strongly renormalized (Fig. 6).
On the other hand, as n is increased to 5.5, the flat band is
pushed downward and overall feature of electron correlations
is significantly weakened (Fig. 7). At n = 5.5, the spectral
function with U = 4 eV is very similar to the band dispersion
calculated from simple DFT (see Fig. 3(a)-(c) in the main text
for comparison).

Because the results critically depend on the choice of nom-
inal charge, the results need to be tested with employing a
parameter-free double-counting scheme. Hence, we checked
our results using an exact double-counting scheme [17]. Fig. 8
shows the spectral function with the exact double-counting
scheme, with the choice of (U, Jy)=(8, 0.8) eV and full
Coulomb interaction at 7 = 300 K. The result looks very sim-
ilar to the one from the nominal double-counting scheme with
n = 5.0 (see Fig. 4(c) in the main text), where the d-orbital
occupancy converges to 5.34.
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FIG. 8. Spectral function of SMAS obtained, using exact dou-
ble scheme and full Coulomb interaction for (U, Jy)=(8, 0.8) eV at
T=300 K.
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