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Topological Weyl semimetal (WSM) is a solid-state realization of chiral Weyl fermions, whose phonon
behaviors provide in-depth knowledge of their electronic properties. In this work, anisotropic Fano resonance
is observed in a type-II WSM candidate LaAlSi by polarized Raman spectroscopy. The asymmetric line shape
occurs for the B? phonon mode of LaAlSi only for 488- and 532-nm laser excitations but not for 364-, 633-,
and 785-nm excitations, suggesting the excitation selectivity. The asymmetry, frequency, and linewidth of the B2
phonon mode, along with the spectral background, all show fourfold rotational symmetry as a function of the
polarization angle in the polarized Raman spectra. While the shift of Raman frequency in a metal or semimetal
is typically attributed to Kohn anomaly, here we show that the anisotropic frequency shift in LaAlSi cannot
be explained by the effect of Kohn anomaly, but potentially by the anisotropic scattering background of Fano
resonance. Origins of the excitation-energy dependence and anisotropic behavior of the Fano resonance are
discussed by the first-principles calculated electronic band structure and phonon dispersion.
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I. INTRODUCTION

Fano resonance describes the asymmetric line shape in
optical spectra that originates from the interference between
the scattering amplitudes of discrete and continuous states [1].
In the context of Raman spectra, the states involved in Fano
resonance correspond to a discrete phonon spectrum and a
continuum. When the scattering amplitudes of a phonon and
the continuous spectrum are calculated for a given initial state,
the Raman intensity is given by taking the modulus square of
the total scattering amplitudes, in which the cross term of the
scattering amplitudes gives the Fano interference effect. Fano
resonance is characterized by an asymmetric Breit-Wigner-
Fano (BWF) line shape as [1]

Hw) = 1 LT @ = @0)/alF
1+ [(@ — wo)/TT

where I' and w, represent, respectively, the linewidth and
phonon frequency, and 1/q represents the strength of inter-
ference, in which a large |1/g| implies a strong interference.
In the limit of |1/g| — 0, the spectrum reduces to a Lorentz
line shape.

Fano resonance has been reported in a number of artificial
structures, including photonic crystals [2,3], nanostructured
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plasmonics [4,5], and metamaterials [6], as well as nu-
clear and solid-state systems. Recently, this phenomenon
is reported in the phonon behaviors of topological Weyl
semimetals (WSMs) [7,8]. WSM is a quantum material where
the energetically low-lying excitations are described by the
Weyl equation [9-11]. The bulk Weyl fermions and surface
Fermi arcs in WSMs give rise to a plethora of novel phenom-
ena, such as negative magnetoresistance [12—14], nonlocal
transport [15], and linear and nonlinear optical phenom-
ena [16-22], that distinguish them from topologically trivial
semimetals. An example of WSM is the noncentrosymmetric
TaAs family, including TaAs, NbAs, TaP, and NbP. For TaAs,
a Fano resonance for the A; phonon is observed in the in-
frared reflectance measurement, in which the Fano resonance
arises from the temperature-dependent Weyl-fermion-like ex-
citations [7]. In contrast, the asymmetric Fano resonance of
the B; Raman-active phonon in NbAs stemmed from phonon
self-energy correction is observed to be temperature indepen-
dent [8]. In TaP, on the other hand, the anisotropy of the B
phonon is strongly affected by electron-phonon coupling as a
result of nondegenerate energy bands [23].

LaAlSi has a crystal structure similar to the Lorentz-
violating type-I. WSM LaAlGe, and has been speculated
as a promising WSM candidate [24]. Thus, uncovering the
optical and electronic properties of LaAlSi is essential to
comprehend its potential as a WSM. In this work, we study
the polarized Raman spectroscopy of LaAlSi under differ-
ent excitation laser wavelengths. The observed Raman-active
modes show the resonant Raman intensity as a function of
the excitation wavelength ranging from near-infrared to ul-
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FIG. 1. Crystal structure and Hall measurement of LaAlSi. (a) The powder x-ray diffraction of LaAlSi and the Rietveld refinement. The
experimental data can be well fitted with the LaPtGe-type structure. Inset is the crystal structure of LaAlSi. (b) The Hall resistivity p,, as a
function of magnetic field at different temperatures. (c) The Hall coefficients Ry (upper panel) and resistivity p,, (lower panel) as a function

of temperature.

traviolet regions. For the B% mode, we observed the Fano
resonance (1/g = —0.1) only for 488- and 532-nm laser exci-
tations. Upon increasing the polarization angle from 0° to 45°
measured from the a crystal axis, the asymmetric Fano line
shape reduces to the symmetric Lorentz line shape with min-
imum intensity. Such anisotropic phonon behavior is unique
in solid-state materials. Additionally, the polarization angle
dependence of the Fano resonance is accompanied by the
changes of Raman frequency and linewidth as a function of
the polarization angle. Such anisotropic frequency-shift of the
asymmetric phonon mode in LaAlSi cannot be explained by
the Kohn anomaly effect, which is generally the reason for
phonon softening in a metal as a result of electron-phonon
interaction. Instead, the origin of the excitation-energy de-
pendence and anisotropic behavior of the Fano resonance is
found to be the angle-dependent scattering background ob-
served at 0—400 cm ™! which is investigated by first-principles
calculations of electronic band structure and phonon disper-
sion relation. Our work provides valuable insights into the
microscopic scattering pathways and transport properties of
the WSM candidate LaAlSi, and the methods used can be
broadly applied to other quantum materials.

II. RESULTS AND DISCUSSION

Single-crystal LaAlSi is synthesized by the flux method.
The unit-cell parameters obtained from x-ray diffraction
[Fig. 1(a)] are a =4.3082 A and c=14.6617A. The
magnetic-field dependence of Hall resistivity oy, of LaAlSi
shows a linear/sublinear behavior at all temperatures as shown
in Fig. 1(b), which indicates a single-band/quasi-single-band
domination in the electronic structure, whereas the positive
slopes represent the hole-type nature of the dominant carri-
ers. With linear-fittings to the Hall resistivity data, the Hall
coefficients Ry at different temperatures can be extracted
[Fig. 1(c)]. The carrier density n and carrier mobility w are
obtained by Ry = 1/ne and p,, = 1/nen. Here n donates
the carrier density, e the electron charge, and p the carrier
mobility. The semimetallic nature of LaAlSi is confirmed
by the temperature-dependent carrier density obtained from
the Hall measurement. The hole-type-carrier density varies

from n =3.04 x 102°cm™3 to 2.49 x 10?°cm™3 when the
measuring temperature decreases from 300 to 2 K (Fig. S1)
[25]. The magnitude of the carrier density is two orders
smaller than those of conventional metals. For a metal or
semimetal, the conductivity decreases with increasing tem-
perature due to enhanced phonon scattering. We observe a
monotonic increase of resistivity in LaAlSi with increas-
ing temperature [Fig. 1(c)], which is consistent with the
temperature-dependent carrier mobility in Fig. S2 and a previ-
ous comparative study on magnetic PrAlSi and nonmagnetic
LaAlSi [26].

In the Raman measurement, we adopt a backscattering
geometry, Z(XX)Z, in which the incident and scattered lights
propagate along the Z and —Z directions (i.e., along the ¢
axis of LaAlSi), respectively, and select the same polariza-
tion angles of the incident and scattered beams. LaAlSi has
a body-centered tetragonal structure [Fig. 1(a), inset] that
belongs to the space group /4ymd (point group Cy,). Group
theory predicts that LaAlSi has 15 optical phonon modes
including degeneracy, whose irreducible representations are
[2A, + 3B + 5E]. In the Z(XX)Z geometry, only the 2A4,
(x*> 4+ y?) and 3B; (x> —y?) Raman-active modes are observ-
able, whereas the E modes (xz, yz) are absent.

The Raman spectra for five excitation wavelengths of
364, 488, 532, 633, and 785 nm in the Z(XX)Z geometry
are shown in Fig. 2 with the air signals subtracted (Fig.
S3), in which the incident and scattered light polarizations
are along the a axis of LaAlSi. We observe five peaks at
120, 195, 296, 378, and 422 cm™' that are assigned to the
Bl, A}, B3, B3, and A7 modes by density-functional theory
(DFT) calculations, respectively. The calculated frequencies
of the Raman modes are 124.6, 195.8, 303.7, 383.2, and
434.9 cm~! (Table S1), which well reproduce the experi-
mental results. The observed Raman intensities of the five
peaks distinctly depend on the laser wavelength as shown
in Fig. 2(b). For example, the lower-frequency modes, B}
(120 cm™") and A] (195 cm™!), have stronger intensities for
the longer wavelengths (633 and 785 nm), while they al-
most disappear for the 364- and 488-nm excitations. On the
other hand, the three higher-frequency Raman modes, B2,
B3, and A2, have higher intensities for the 364-, 488-, and
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FIG. 2. Raman-active phonon modes of LaAlSi. (a) Illustration of the Lorentz (1/g = 0) and Fano line shapes (1/g = —0.2 and —1).
Other parameters in Eq. (1) are taken as Iy = 1, wgwr = 0, I' = 4. (b) Raman spectra for the 364-, 488-, 532-, 633-, and 785-nm excitations.
It is noted that the air signals due to high laser power are subtracted from the figure. (c) The enlarged spectra of the B2 mode at 488 nm (top)

and 532 nm (bottom) with the BWF fittings (black lines).

532-nm excitations. The excitation-wavelength dependence of
Raman intensity suggests that the scattering-resonant effect
is phonon-mode dependent, which is analogous to the res-
onant Raman spectra of the WSM TaP [23]. In the present
case of LaAlSi, the 532-nm excitation is unique in the sense
that all the Raman peaks are observed with relatively strong
intensities.

For the 532- and 488-nm excitations, we observe the
anisotropic Fano resonance of the B} mode at around
296 cm~!, which corresponds to the bond stretching motions
of Si atoms that are coupled with the rotation of Al atoms
in the ab plane. This Raman mode for both wavelengths can
be fitted nicely by the BWF function with 1/g = —0.1 (black
lines) as shown in Fig. 2(c), which offers a better %> than
the Lorentz functions in our statistical analysis (Fig. S4 and
Supplemental Material, Note 1). The observation of BWF line
shape suggests that the B} mode at 296 cm ™' contributes to the
discrete state in the Fano resonance. On the other hand, the
continuous spectrum in Fano resonance is typically provided
by electronic scattering events known as the electronic Raman
scattering (ERS), in which a photoexcited electron excites
an electron-hole pair near the Fermi energy by the Coulomb
interaction [27-29]. Thus, the appearance of the BWF line
shape in Raman spectra is typically evidence that the observed
material is a metal or a semimetal. For example, the BWF
line shape of the G band at 1580 cm™! is used to distinguish
between metallic and semiconducting single-wall carbon nan-
otubes [27,30] and to evaluate the Fermi energy in graphene
[31,32]. However, in the present LaAlSi, another origin of the
continuous spectrum, is also expected from the two-phonon
scattering, which will be discussed later.

Symmetry assignment of the Raman modes is confirmed
by angle-resolved polarized Raman spectroscopy in which
LaAlSi crystal is rotated in-plane by the angle 6 between a
axis (8 = 0°) and polarization direction. According to Raman
tensor theory, Raman intensity of the A; mode is isotropic
as a function of 6, while the intensity of the B; mode gives
the fourfold symmetry by |cos26|? for Z(XX)Z geometry.
Detailed analysis of the polarization dependence of Raman

intensity using Raman tensor is given in Table S2. In Fig. 3,
we show the measured Raman intensity maps for five different
laser wavelengths with a polarization-angle interval of 15°.
Raman intensity for the B!, B%, B? modes show the fourfold
symmetry with respect to 6, whereas those for the A} and A?
modes are constant as a function of 6 for all excitations (see
Raman spectra and intensity polar plots in Figs. S5 and S6),
consistent with the Raman tensor analysis. DFT calculations
of the Raman spectra at different polarization angles repro-
duce the polarization dependences of the B; and A; phonon
intensities (Fig. S7).

Besides the anisotropic Raman intensity of the B; modes,
angle-resolved polarized Raman scattering shows another un-
expected observation of the Fano resonance. The asymmetry
of the B} mode shows the fourfold rotational symmetry as a
function of 6 (Fig. 4). Similar to the polarization-dependent
Raman intensity, the absolute value of 1/g, |1/q| takes a
maximum value of 0.1 at & = 0°/90° for the 532- and 488-nm
excitations [Figs. 4(b) and 4(e)]. On the contrary, the value
of |1/q| for 6 = 45°/135° approaches zero as the Raman
spectra become symmetric. Additionally, Raman frequency
wo and linewidth I" of the B% mode are also sensitive to the
polarization angle € in which the maxima wy = 299 cm~! and
I' =12cm™! occur at 8 = 45°/135° for both the 532- and
488-nm excitations [Figs. 4(c) and 4(f)]. Similarly, for the
quantum spin liquid «-RuCl;3, Mai et al. also showed that the
Fano-shaped Aé mode exhibits modulations of frequency and
asymmetry as a function of 6, in which the phonon frequency
changes by 2.5 cm™! between the minimum and the maximum
[1/g| at 6 = 90° and 6 = 0° [33]. The origin of such Fano
resonance for a«-RuCl; has been attributed to the continuum
originated from the Kitaev magnetic interactions that survive
up to room temperature [34,35].

The continuous spectrum from 0 to 400 cm™' that con-
tributes to the Fano resonance also exhibits modulations as
a function of 6 only for 532-nm excitation [Fig. 5(a)]. The
intensity of the background decreases with increasing 6 from
6 =0° to 45° and then increases again from 6 = 45° to
90° for 532 nm as shown by the arrows in Fig. 5(a). Color
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FIG. 3. Color maps of Raman intensity for five excitations. The lower limit of the spectrometer for the 364-nm laser is around 140 cm
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The background spectra and air signals are subtracted from the Raman intensity.

maps of the background fitted using a linear function of the
Raman shift in Fig. 5(b) clearly illustrate the fourfold peri-
odicity of the scattering background. In the Fano resonance,

= % where (¢|T'|i) is the transition matrix of the
modified discrete states and (g |T |i) is the transition matrix
of the continuous states, V; describes the electron-phonon
coupling strength, which gives the linewidth I' = 7 |Vz|? [1].
When we rotate 6 from 0° to 45°, both |g| and linewidth
increase with increasing 6 (Fig. 4). If the anisotropy of ¢
is solely determined by V;, they should have been inversely
proportional to each other according to the definition of
q. This suggests that the anisotropy of either (Yg|T|i) or
(¢IT|i) plays a more dominant role than that of V; in de-
termining the anisotropy of ¢g. Since the amplitude of the
scattering background has a similar polarization dependence
to that of 1/g, we suspect that the term (yz|T|i) related to
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the scattering background dominates the observed anisotropy,
and that the background has a considerable contribution to
the coherent continuous spectrum of the Fano resonance.
Similarly, for «-RuCls, the intensity of the background spec-
trum increases with increasing |1/¢g| of the Aé mode and
disappears with decreasing |1/¢g|. As mentioned above, the
coherent origin of spectral background for graphene can be
understood by ERS due to the Coulomb interaction [36,37],
whose strength is related to the carrier concentration and
thus can be tuned by doping. We expect the ERS in LaAlSi
to some extent; however, it is challenging to confirm it by
changing the doping concentration in a three-dimensional
semimetal. Another possible origin of the spectral back-
ground in LaAlSi is the double-resonance Raman scattering
of two-phonon emission since phonon dispersion relations
of some optical phonon modes show flatband nature from
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FIG. 4. Fano resonance of LaAlSi. (a) Raman spectra and color maps of the B2 mode from 6 = 45° to 135° for 532 nm. Background
spectra are subtracted using a linear function of the Raman shift for a better view of the mode intensity. (b) |1/¢| of the B2 mode for 532 nm.
The polar plot is fitted using a sinusoidal function. (c) Polarization dependence of Raman frequency wy (left) and linewidth I (right) of the B?

mode for 532 nm. (d)—(f) The same as (a)—(c) for 488 nm.

235162-4



ANISOTROPIC FANO RESONANCE IN THE WEYL ...

PHYSICAL REVIEW B 102, 235162 (2020)

(a) °| (b)

90

200

150

100 +

50
200+

Polarization angle 6 (deg)
(‘n"e) Aysuayu|

Raman intensity (a.u.)

150

L

270
Raman shift (cm™)

250 300 350

200

Raman shift (cm™)

300 330

FIG. 5. The continuous spectra for 532-nm excitation. (a) Raman
spectra of LaAlSi from 6 = 0° to 90°. The arrows show the evolution
of the scattering background. (b) Polarization dependence of the
scattering background.

our first-principles calculations, which will also be discussed
later.

To understand the laser- and angle- dependent Raman
spectra, we calculate the resonant Raman intensity of LaAlSi
based on the DFT calculations. First-order resonant Raman
intensity is given by the following formula [38,39]

-y y ML M oM (k)
a ( (Ep — E™i(k) — iy)(EL — E"(k) — ho, —iy)|

k,v mm
(2)

where the summation on the wave vector k is taken over
the Brillouin zone [Fig. 6(a)], and the labels i, f, m, and m’
denote the initial, final, and the two intermediate states of the
photoexcited electron, respectively. Here we assume that the

final state is the same as the initial state. Mg;? / (k) and M(’,'l'jt k)
are the electron-photon matrix elements and M (k) is the

electron-phonon matrix element, which is calculated by the
plane-wave expansion of the wave function [39]. w, is the
phonon frequency of the vth phonon mode at the I" point in
the Brillouin zone. E™ (k) [or E™ (k)] is the energy difference
between the initial state i and the intermediate state m (or
m') at k. E; denotes the energy of the incident light. The

constant broadening factor y in the resonant Raman process
is set to be 0.1 eV in the Raman intensity calculations. The
calculated Raman spectra for different excitation wavelengths
and polarization angles are shown in Fig. S7.

The unique dependence of Raman intensity on the ex-
citation wavelength can be understood by the calculated
electronic band structure and density of states (DOS) of
LaAlSi [Fig. 6(b)]. The electronic DOS shows a large peak
around 2.3 eV (close to 532 nm) above the Fermi energy with
many flat energy bands at the same energy in the left panel.
The large DOS in this region provides the unoccupied energy
bands for photoexcited electrons to relax to the intermediate
states, either by emitting a phonon with wave vector ¢ = 0
in the first-order Raman process or by exciting an electron-
hole pair near the Fermi energy. This enables the resonant
scattering process when the electrons at the Fermi level are ex-
cited by the 532-nm excitation (green arrows) compared with
488-nm excitation (blue arrows) and other excitation energies,
which is the reason why the 532-nm excitation gives relatively
large Raman intensity for all phonon modes. This is also
consistent with the experimental results that the background
spectrum is relatively strong for the 532-nm excitation. Since
the optical absorption for 532 nm occurs at particular points
in the Brillouin zone, the k value of the photoexcited electrons
depends on the polarization direction of the electric field in
the xy plane [23,40,41], which is a possible reason for the
polarization-dependent background spectrum and the Fano
effect.

The calculated phonon dispersion provides another po-
tential origin of the scattering background observed in the
measurements other than ERS. In Fig. 6(c), we plot the cal-
culated phonon dispersion (left) and phonon DOS (right) of
LaAlSi. The phonon frequencies at the I point (g = 0) con-
nect to the first-order Raman modes. In the region between
100-120 cm~! and 160-200 cm™! highlighted by red, there
are flat phonon dispersion bands related mainly to the rota-
tions of Si (200cm™') or Al (120cm™") atoms around the
¢ axis accompanied by the bond-bending vibration (see Sup-
plemental Material, Video 1 and 2, respectively). The reason
for the flatband dispersions is that those phonon modes corre-
spond to the rotation of the Si or Al atoms in the unit cell in
which only the phase of the rotation changes by changing the
wave vector g. These flat phonon bands may contribute to the
background spectrum since we expect the so-called double-
resonance Raman scattering in which two phonons with g #
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FIG. 6. Electronic band structure and phonon dispersion of LaAlSi. (a) Brillouin zone of LaAlSi. (b) Electronic band structure and density
of states of LaAlSi. The green and blue arrows represent the excitation using laser energies of 532- and 488 nm, respectively. (c) Phonon
dispersion and density of states of LaAlSi. Flatbands around 100-120 and 160-200 cm~! are highlighted.
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0 are emitted and a broad spectrum with an energy width up
to 400 cm ™! can arise. It should be pointed out that we cannot
precisely pinpoint the origins of the background spectrum
to double-resonance Raman scattering or ERS although both
origins can be coherent scattering events with the same initial
state.

Lastly, we comment on the # dependence of the B} Raman
frequency of LaAlSi for the 532-nm excitation, in which the
frequency o for the B% mode as a function of 6 is shifted
by 3 cm™! from 296 to 299 cm~! when the angle increases
from 0° to 45°. It is noted that the phonon in LaAlSi can
couple to free carriers by electron-phonon interaction, but the
electron-phonon interaction known as the Kohn anomaly does
not give rise to the angle dependence of phonon frequency.
Kohn anomaly is the origin of the frequency modulation
of a metal or semimetal, in which the phonon frequency
is renormalized by excitation of an electron-hole pair near
the Fermi energy by the electron-phonon interaction [42,43].
Since the electronic structure of LaAlSi can potentially host
Weyl-nodes-like features near the Fermi energy, the Kohn
anomaly effect is possible to occur at phonon wave vector
q ~ 0. However, we rule out the Kohn anomaly effect as the
origin of the polarization-dependent Raman frequency, since
there is no dependence of light polarization in the phonon
softening effect. Thus, further investigation is needed to fully
understand the reason for the anisotropic frequency of LaAlSi.

For a phonon mode represented by a symmetric Lorentz
function, the mode frequency wy is the same as the peak
frequency at the maximum intensity w,. This is in sharp
contrast with the asymmetric phonon mode described by a
BWF function in which the phonon behavior is modified
by Fano resonance. The peak frequency w, is related to the
mode frequency wy as @, = % + wq derived from 5—5) lw, =0
for I(w) in Eq. (1). If the 1/g is negative as in the present
case, the frequency of the maximum intensity @, (1/g # 0)
will be on the lower side than that of the symmetric mode
wp = wo(1/qg = 0) as shown in Fig. 2(a). Similarly, the peak
frequency w, can also be adjusted by the change of mode
linewidth I.

III. CONCLUSIONS

The present work investigates the angle-resolved polarized
Raman spectra of a WSM candidate LaAlSi for multiple exci-
tation wavelengths ranging from near-infrared to ultraviolet
region. The Raman-active modes show a unique excitation
wavelength dependence, as well as anisotropic Raman in-
tensity and frequency as functions of the polarization angle.
In particular, we have observed a Fano line shape in the
B% mode for two excitation wavelengths, 488 and 532 nm,
which is interpreted as a result of Fano resonance between
the B} phonon and the scattering background. By fitting the
asymmetric Raman spectra using the BWF line shape, we
found that the asymmetric parameter |1/g| of the B} phonon
mode also shows fourfold rotational dependence on the po-
larization angle. In order to understand these phenomena,
we have calculated resonant Raman intensity by DFT-based
first-principles calculations. The origin of the excitation wave-
length dependence of the Raman spectra is attributed to the
high electron DOS at 2.3 eV above the Fermi level in the

electronic band structure. Though the frequency shift of the
B% mode cannot be explained by the Kohn anomaly effect,
it possibly stems from the background spectrum that shares
the same polarization dependence with |1/g|. Both ERS and
double-resonance Raman scattering due to the flat phonon
bands, as shown by the calculated phonon dispersion, can
contribute to the formation of the background spectrum. This
study features the unconventional Raman anisotropy of the
topological semimetal candidate LaAlSi, which sheds light on
understanding the elementary excitation of phonon behaviors
in metallic and semimetallic materials.

IV. EXPERIMENTAL SECTION
A. Crystal synthesis

LaAlSi crystals used in this research were grown via
the flux method. Approximately 5 grams of lanthanum in-
gots (>= 99.9%, Alfa Aesar), aluminum beads (>= 99.9%,
Sigma-Aldrich), and silicon powders (>= 99.995%, Bean-
town Chemical) in the mole ratio of 1:10:1 were weighed,
mixed, and placed in a 5-mL alumina crucible. All handling
was performed in a glove box with a protective argon atmo-
sphere (both H,O and O, are limited below 0.1 ppm). Then the
alumina crucible containing the starting materials was flame
sealed in an evacuated quartz ampule. The ampule was heated
to 1000 °C in a box furnace and kept at the temperature for 10
h. Subsequently, a slow-cooling process at the rate of 5 °C/h
was carried out from 1000 to 500 °C, and at 500 °C the excess
aluminum flux was removed by centrifugation. The obtained
crystals are shiny plates with metallic luster and have a typical
dimension of 5 x 5 x 0.5 mm°.

B. Resistivity and Hall effect

Transport measurements including resistivity and Hall
effect were performed on the Quantum Design Physical
Property Measurement System. Resistivity and Hall effect
measurements were simultaneously carried out on a rectangle
crystal using a five-probe geometry [42,43]. The current is
along the a or b axes (a and b are equivalent) and the magnetic
fields were applied along the c axis.

C. Raman spectroscopy

Raman spectroscopy measurements were performed on a
Horiba LabRAM HR Evolution Raman spectrometer. The
Raman measurements were performed at room temperature.
Incident lasers with wavelengths of 364, 488, 532, 633, and
785 nm were focused on the sample using a 50x objective. An
1800-grooves/mm grating and a linear polarization analyzer
were coupled to the spectrometer to collect the scattered light.
Laser power was maintained at around 5 mW to ensure an
ideal signal to noise ratio.

D. DFT calculations

Home-made programs of first-principles calculations were
used to calculate the electron-photon and electron-phonon
interactions to obtain the Raman tensor and Raman intensity
in Eq. (2), respectively [39]. The DFT calculations for elec-
tronic and phonon energy dispersions were performed by the
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QUANTUMESPRESSO package [44]. The ground state of LaAlSi
is calculated by the norm-conserving pseudopotential with
local-density approximation [45] and the cutoff energy is set
to be 180 Ry to achieve the convergence of total energy. The
Monkhorst-Pack k mesh is setto 6 x 6 x 6 and 10 x 10 x 10
for the self-consistent and non-self-consistent field calcula-
tions, respectively. In these calculations, the LaAlSi structure
was optimized to be a = b = 4.24 A, and ¢ = 15.14 A. Then
we obtained the electron-photon matrix combined with the
home-made program [39]. And, with using the electron-
phonon Wannier (EPW) package [46], the electron-phonon
matrix for (g = 0) phonon was obtained. Note that only
phonon at I point (¢ = 0) was considered for the first-order
Raman process in this study.
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