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A Raman probe of phonons 
and electron–phonon interactions 
in the Weyl semimetal  NbIrTe4
Iraj Abbasian Shojaei1, Seyyedesadaf Pournia1, Congcong Le2,3, Brenden R. Ortiz4,5, 
Giriraj Jnawali1, Fu‑Chun Zhang2, Stephen D. Wilson4,5, Howard E. Jackson1 & 
Leigh M. Smith1*

There is tremendous interest in measuring the strong electron–phonon interactions seen in 
topological Weyl semimetals. The semimetal  NbIrTe4 has been proposed to be a Type‑II Weyl 
semimetal with 8 pairs of opposite Chirality Weyl nodes which are very close to the Fermi energy. 
We show using polarized angular‑resolved micro‑Raman scattering at two excitation energies that 
we can extract the phonon mode dependence of the Raman tensor elements from the shape of the 
scattering efficiency versus angle. This van der Waals semimetal with broken inversion symmetry and 
24 atoms per unit cell has 69 possible phonon modes of which we measure 19 modes with frequencies 
and symmetries consistent with Density Functional Theory calculations. We show that these tensor 
elements vary substantially in a small energy range which reflects a strong variation of the electron–
phonon coupling for these modes.

Three dimensional topological semimetals have attracted intense interest in recent  years1–5. These materials are 
enabled by broken spatial or time inversion symmetries, and the large spin orbit interactions which collapses the 
conduction and valence bands within a limited section of the Brillouin zone where the conduction and valence 
bands cross and invert. Dirac, Weyl, nodal-line, and nested fermion semimetals have all been predicted theoreti-
cally and observed  experimentally6–11. Weyl semimetals are particularly interesting since pairs of Weyl nodes with 
opposite chirality appear as monopole sources and sinks of Berry  curvature12,13. This results in unusual transport 
properties such as the anomalous Hall effect, extremely large and non-saturating magneto-resistance, the chiral 
anomaly and negative longitudinal magneto-resistance14–19. In addition, extremely large nonlinear optical effects 
such as sum and difference frequency generation, nonlinear DC shift currents (electromagnetic rectification), and 
photoinduced anomalous Hall effect have been predicted and  observed20–25. The Weyl semimetals are classified 
in two flavors: Type-I, which approximately maintain Lorentz invariance, and Type-II where the linear crossings 
are tilted as to result in electron and hole pockets in the Fermi surface at the Weyl  point26–28.

Recently, both theoretical and experimental evidence demonstrate that the electron–phonon interactions in 
Weyl semimetals can provide insights into the electronic structure of these unusual materials. For example, cal-
culations show that one can use magnetic field effects on phonons in Weyl semimetals in both  enantiomorphic29 
and mirror-symmetric30 materials as a direct result of the chiral anomaly. Phonon-mediated changes in hydro-
dynamic flow in WTe2 have also very recently been  measured31. Changes in the phonon dispersion, optical 
reflectivity and Raman scattering are  expected29,30,32,33. Evidence for the strong coupling between phonons and 
Weyl Fermions is seen by Fano resonances observed in temperature tuned TaAs (IR reflectivity)34, temperature-
dependent Raman measurements in NbAs, TaAs and  WP235,36, and also in Resonant Raman Scattering in  TaP37. 
The chiral anomaly in NbAs was seen in phonon measurements using magnetic field-dependent IR reflectivity 
 measurements38. In this paper we use polarized angular-resolved Raman scattering in  NbIrTe4, a possible Type 
II Weyl semimetal, to show that one can extract the Raman tensor elements for each phonon mode from the 
shape of the scattering efficiency versus angle. Thus the electron–phonon coupling for individual phonon modes 
can be measured for different excitation energies.

Weyl semimetals are only possible for materials which break either spatial inversion symmetry or time 
inversion symmetry, or  both3. The two-dimensional  NbIrTe4 material is a ternary alloy which is analogous to 
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the known Type-II Weyl semimetal  WTe2, so it is expected to break inversion symmetry. Several ab initio cal-
culations including spin–orbit coupling indicate that  NbIrTe4 is a type-II Weyl semimetal with 16 Weyl points 
which contains 8 pairs of opposite chirality located at energies very close to the Fermi  energy39. With 24 atoms 
per unit cell, 69 phonon modes are possible in this  structure40. While several magneto-transport measurements 
in late 2019 have shown non saturating magneto-resistance at low temperature, and quantum  oscillations41,42 
which are consistent with a complex Fermi surface, there are no angle-resolved photoemission spectroscopy 
(ARPES) measurements to investigate the expected surface Fermi arcs or band crossings expected in this material.

In the first section, we describe angle-resolved polarized micro-Raman scattering measurements on a nano-
flake of  NbIrTe4 to investigate the symmetry and frequency of the Stokes scattered Raman modes. We show that 
the observed modes and symmetries are consistent with ab-initio density functional theoretical (DFT) calcula-
tions and extract the normal modes of atomic vibrations for these modes.

Then we consider whether there is evidence of variable electron phonon interactions for different laser exci-
tations. We compare in detail the symmetries and intensities of the observed Raman active modes in  NbIrTe4, 
which are excited at 633 nm (red) and at 514 nm (green) wavelengths. We observe enhanced intensity for most 
Raman modes for 633 nm excitation, and also a notable variation between the two excitation wavelengths for 
different rotational symmetries of the modes which identify changes in the electron–phonon interaction. These 
changes with excitation wavelength vary substantially from mode to mode. We conclude with a discussion which 
shows that we can extract detailed information about each of the Raman tensor elements (electron–phonon 
coupling constants) for 13 phonon modes ranging from 45 to 260  cm−1 (5–32 meV).

Sample morphology and experimental setup
A single crystal ternary  NbIrTe4 alloy was grown by the flux method (see Methods). The orthorhombic primitive 
cell of this structure (Fig. 1a) includes 24 atoms with four formula  units43. Chains of Nb and Ir atoms alternatively 
follow a zigzag pattern along the ‘a’ axis, and hybridize with each other long the ‘b’ axis to form a conducting 
plane. Te atoms bond on top and bottom of the ‘ab’ planes to form layers which are van der Waals bonded along 
the ‘c’  direction43.

A transmission electron microscopy (TEM) image and electron diffraction pattern of  NbIrTe4 sample taken 
along the ‘c’ direction is illustrated at Fig. 1b. The TEM diffraction pattern is taken with the electron beam aligned 
with the central part of a  NbIrTe4 exfoliated flake dispersed onto a holey carbon grid. The TEM image exhibits 
the uniformity of the exfoliated flake, while the diffraction pattern confirms the symmetry of the orthorhombic 
structure of this material with the a and b directions of the diffraction pattern corresponding to the ‘a’ and ‘b’ 
axes of the flake.

X-ray diffraction measurements (XRD) from a  NbIrTe4 single crystal grown in the same way determined lat-
tice constants of 3.79(03), 12.52(07) and 13.14(35) Angstroms for the ‘a’, ‘b’ and ‘c’ lattice constants, respectively. 
These lattice constants are very close to the calculated values in the  literature43 and are used as inputs to our 
DFT calculation (see Methods) in order to obtain appropriate interatomic potentials for this crystal. Details of 
the DFT calculations are in the supplementary document (S1).

The nanoflakes were exfoliated from a  NbIrTe4 single crystal by using NITTO blue tape, and then mechani-
cally transferred on a Si/SiO2 substrate for angle-resolved polarized micro-Raman spectroscopy (see optical 
image in Fig. 1c).

Figure 1.  (a) Schematic side perspective of crystal structure of  NbIrTe4. (b) TEM image and TEM diffraction 
pattern of  NbIrTe4 along c-axis. (c) The optical image of the  NbIrTe4 sample including ‘a’ and ‘b’ crystal line 
axes and the polarization direction of the incident light. (d) The schematic diagram of polarized Raman 
measurement with rotational stage.
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Figure 1d illustrates a schematic diagram of our polarized micro-Raman experiment system (see Methods). A 
linearly polarized 632.9 nm or 514.5 nm laser is focused to a ~ 1.5 µm spot onto the nanoflake with the optic axis 
aligned parallel to the ‘c’ axis of the nanoflake. The substrate with the nanoflake is rotated keeping the laser spot 
fixed so that the polarization is at an angle θ relative to the ‘a’ axis (Fig. 1c). The double-sided black arrow in the 
image shows the polarization direction of the incident light relative to the ‘a’ and ‘b’ axes of the nanoflake marked 
by white arrows. A polarization analyzer is set so that the polarization of the scattered light  (es) is either parallel 
 (ei ||  es) or perpendicular ( ei ⊥ es ) to the incident laser polarization  (ei). Data for both configurations is col-
lected with a 10 minute exposure time with the sample rotated through 360 degrees with 10-degree increments.

Experimental and theoretical results
The orthorhombic primitive cell of  NbIrTe4 structure belongs to the space group  Pmn21 or point group  C2v 
including 4 irreducible representations,  A1,2 and  B1,2. From the character table, the  NbIrTe4 unit cell includes 24 
atoms so that 72 phonon modes are possible with 69 Raman-active modes: 23  A1 + 12  A2 + 11  B1 + 23  B2. Detect-
ing modes with different irreducible representations can be achieved by selecting the laser excitation direction 
along with the polarization configuration of the experiment.

The incoming and backscattered beams are along the ‘c’ axis of  NbIrTe4 lattice (see Fig. 1d), and perpendicular 
to the nanoflake. We align the ‘x’, ‘y’ and ‘z’ directions of lab coordinate system with the ‘a’, ‘b’ and ‘c’ crystallo-
graphic axes of the structure, respectively. The angle θ is thus between the polarization direction of the incident 
beam and the ‘x’ axis. The Raman experiments are taken either in the parallel configuration  (ei ||  es) or in the 
perpendicular configuration ( ei ⊥ es).

We recall that the scattered intensity in Raman experiments is proportional to the excitation frequency and 
polarization direction of the incident and scattered  light44:

where A provides the scaling with incident laser power, ωi and ωs are the frequencies of the incident and scat-
tered photons, R is the Raman tensor reflecting selection rules and containing the electron–phonon coupling 
parameters, ei and es are the incident and scattered polarization vectors.  EL is the incident laser energy,  Eα and  Eβ 
are the energies of the intermediate electronic states |α > and |β >, ωv is the phonon frequency,  Ei is the energy 
of the initial electronic state.  Heo and  Hep are the electron-photon and electron–phonon operators. Thus the 
denominator describes resonance conditions for the incoming and outgoing  photons44. After removing the ωs

4 
dependence, the normalized scattered intensities at two different excitation wavelengths provide a view into the 
Raman tensor dependence on crystal orientation and excitation energy and geometry for each mode and thus 
connect that to the electron–phonon interactions in this material. The Raman tensors corresponding to the  A1, 
 A2,  B1 and  B2 irreducible representations are given  by45,46

where d, f, g, h, k and l are complex tensor elements of R which depend on the derivatives of the complex dielec-
tric response and are connected to the electron–phonon coupling between electronic and lattice  states47. Each 
complex element includes a phase term in the form of the x = |x|eiϕx.

According to Porto’s notation, we see from Eq. (2) that the Z(XX)Z and Z(YY)Z measurements (θ = 0° and 
θ = 90° when  ei ||  es) reveal  A1 modes and, Z(XY)Z and Z(YX)Z measurements (θ = 0° and θ = 90° when ei ⊥ es ) 
reveal  A2 modes. Also, because the incident and scattered light propagates along ‘c’ (z) axis direction (the elec-
tric fields are parallel to the xy plane for any θ), Raman experiments do not probe the  B1 or  B2 phonon modes.

For the incident laser polarization at an angle of θ relative to the a axis, the elements of ei and es are (cos(θ), 
sin(θ), 0) for the  ei ||  es a measurement, while for the  ei ┴  es measurement es has (− sin(θ), cos(θ), 0) elements. 
Thus, at a fixed excitation frequency, by using ei and es in Eq. (1), the intensity of Raman modes as a function of 
rotation angle will take the form:

where ϕdf = ϕd − ϕf  is the relative complex phase factor between the d and f tensor elements. From this result 
we see that the angular dependence of the  A1 intensity when measured in the parallel configuration depends 
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strongly on the d and f elements, which reflect the electron–phonon coupling. For all other measurements, the 
angular dependence only depends on geometry. The |d|/|f| ratio and φdf, thus have an important role in the 
angular behavior of the  A1 Raman modes which is discussed in supplementary documents (S2, S3)47.

As noted previously, [Eqs. (3)–(6)], one can distinguish that for Z(XX)Z and Z(YY)Z measurements only  A1 
modes can be seen while for Z(XY)Z and Z(YX)Z measurements only the  A2 modes are observed. Figure 2a, b 
show Raman spectra for ( Z(XX)Z , Z(YY)Z ) and ( Z(XY)Z , Z(YX)Z ) respectively, with a Lorentz fit to all spec-
tral lines observed for 633 nm (red curve) and 514 nm (blue curve) excitations. 13  A1 and 6  A2 Raman modes are 

Figure 2.  Polarized Raman spectra of  NbIrTe4 nano-flake as a function of rotation angle. (a, b) Raman spectra 
for two selected angles (0°, 90°) between polarization direction of the incident beam and a-axis of the sample, 
respectively, for parallel and cross configurations. Red and blue lines are Lorentz fittings of the Raman spectra 
measured with 633 nm and 514 nm laser excitation, respectively. Dark red triangles and green circles illustrate 
the calculated Raman frequencies of the detected modes by Density Functional Theory belonging to the  A1 
and  A2 irreducible representations, respectively. (c, d) Simulated normal modes of given frequencies calculated 
by the Density Function Theory at two perspectives for a one selected  A1 mode at 85.42  cm−1 and one selected 
 A2 mode at 125.17  cm−1, respectively. The direction of arrows shows the direction of the atoms vibration and 
magnitude of arrows represent relative amplitude of atoms vibration.
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observed. These measurements have been calibrated utilizing a helium gas discharge near 514 and 633 nm which 
provide a spectral resolution and linewidth of around 1  cm−1 (see S4). The linewidths of the detected Raman 
modes are around 1  cm−1 (limited by our instrument resolution) except 2 modes at 224.1 and 261.2  cm−1 which 
show a 3.5  cm−1 linewidth. This confirms the high crystal purity of our samples. Comparison to DFT calculations 
for both  A1 and  A2 modes is exhibited by dark red triangles and green circles, respectively. Except for 3  A1 modes 
(42.84  cm−1, 52.52  cm−1, 71.35  cm−1) and 2  A2 modes ( 26.55  cm−1, 71.59  cm−1) which are within 7% of the DFT 
frequencies, the remaining 14 detected mode frequencies agree within 2% or less of the DFT frequencies. The 
exact values of our measurements for  A1 and  A2 Raman frequencies and DFT calculations are listed in Table 1. 
In this table all 35  A1,2 modes predicted by DFT calculations are listed. The predicted values of the  B1,2 modes 
can be found in the in the supplementary documents (S5). The details of the DFT calculations which provide 
both the frequency and symmetry of active Raman modes are provided in the supplementary documents (S1). 

Figure 2c, d show spectra and fits to a representative  A1 and  A2 mode at both red (633 nm) and green (514 nm) 
excitations. The frequencies extracted from these fits are 88.4  cm−1 for the  A1 mode and 126.7  cm−1 for the  A2 
mode. For comparison, the frequency of the DFT calculated mode is shown as symbols: 85.42  cm−1 for the  A1 
mode (3% error) and 125.17  cm−1 for the  A2 mode (1% error). The atomic vibrations for these two modes are 
shown with two different perspectives, namely viewed along either the ‘a’ or ‘b’ axis. Note that the motion of atoms 
for the  A1 modes is restricted to the ‘cb’ crystal plane, while the atoms for the  A2 modes can only vibrate parallel 

Table 1.  Calculated  A1 and  A2 Raman modes of the  NbIrTe4 nano-flake by using density functional theory 
(DFT) and experimentally extracted values in parallel and cross configurations using 633 nm and 514 nm 
excitation. The last four columns express the parameters d/f and ϕdf determined from the angular dependence 
for each experimentally detected  A1 modes.

Mode Type in 
 Pmn21

DFT 
Calculation 
 (cm−1)

ei ║  es 633 nm 
 (cm−1)

ei ║  es 514 nm 
 (cm−1)

ei ⊥ es 
633 nm  (cm−1)

ei ⊥ es 
514 nm  (cm−1) ei ║  es  I633/I514 |d|/|f| 633 nm |d|/|f| 514 nm ϕdf (°) 633 nm

ϕdf (°) 
514 nm

A1 42.84 46.4 45.6 46.2 45.9 8.3 2.5 1.2 94 64

A1 52.52 – – 56.3 – – 1 – 90 –

A1 71.35 75.4 75.2 75.4 75.6 4.6 3.1 1.5 105 96

A1 81.45 – – – – – – – – –

A1 85.42 88.4 88.0 88.4 88.0 1.7 1 2.1 90 84

A1 102.16 102.3 102.1 102.3 – 1.3 1 1.8 90 12

A1 107.51 – – – – – – – – –

A1 119.86 121.7 – 121.7 – ∞ 1.2 – 47 –

A1 134.01 – – – – – – – – –

A1 135.31 135.9 – 135.9 – ∞ 1.4 – 130 –

A1 139.86 – – – – – – – – –

A1 152.11 152.5 153.2 152.5 153.3 2.5 0.8 0.6 120 112

A1 162.47 – – – – – – – – –

A1 163.97 164.0 164.0 – – 3 1 0.8 20 47

A1 171.64 172.4 173.4 172.4 – 7.1 1.5 2.3 50 72

A1 187.48 – – – – – – – – –

A1 192.10 – – – – – – – – –

A1 195.31 194.4 195.0 194.4 – 3.7 1.6 1.9 54 44

A1 220.88 – – – – – – – – –

A1 224.53 224.1 225.2 224.1 – 2.5 1.4 1 51 32

A1 259.45 261.2 260.7 261.2 – 6.5 1.2 1.2 94 10

A1 266.05 – – – – – – – – –

A2 26.55 – – 30.3 – –

A2 50.23 – – 52.6 – –

A2 56.60 – – – – –

A2 71.59 77.0 – 77.0 – –

A2 99.57 – – – – –

A2 103.68 – – – – –

A2 124.54 – – – – –

A2 125.17 126.7 126.8 126.7 126.8 2.5

A2 159.87 – – – – –

A2 166.94 – – 165.0 – –

A2 182.00 – – – – –

A2 183.83 184.5 185.3 184.35 185.3 2.8
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to the ‘a’ axis of the crystal. This is true for all modes with these symmetries. For the  A1 mode at 85.42  cm−1 all 
Nb, Ir and Te atoms are seen to move, while for the  A2 mode at 125.17  cm−1 only some of the tellurium atoms 
move. The details about the atomic vibrations for other modes are in the supplementary documents (S6).

Comparing the Raman spectra in Fig. 2 obtained for green (514 nm) or red (633 nm) laser excitation, one 
can immediately see that generally the scattering efficiencies for most modes increase strongly for red excitation. 
From Eq. (1) the scattering efficiency usually is dominated by the ω4 term which thus would increase the intensi-
ties for green excitation. In order to see clearly the change in the matrix elements, the spectra in this paper are 
normalized to the measured integrated intensity of the well-known 520  cm−1 silicon (optical phonon) Raman 
line. This removes both the ω4 term and any dependence of the measurement from the Raman instrument and 
detector. By comparison with reflectivity measurements in the closely related materials  TaIrTe4

48 and  WTe2
49 we 

do not expect any large change in the dielectric response (real or imaginary parts) with laser excitation energy 
which might also impact the Raman measurements. The penetration depth is also substantially less than the 
nanoflake thickness. The normalized intensity ratios  (I633/I514) for each mode are recorded in Table 1. While 
two modes at 85.42  cm−1 and 102.16  cm−1 do not show significant change, the two modes at 119.86  cm−1 and 
135.31  cm−1 are not detected for 514 nm excitation at all. There are no modes which show a weaker response for 
red laser excitation, and most show an enhancement of the matrix element by a factor of 2–8. As we shall now 
discuss, there are also strong changes in the angular dependence of  A1 modes measured for  ei ||  es for different 
excitation energies.

The Raman tensor, Raman intensities and variation of electron phonon interaction
As captured by Eqs. 1–7, the intensity of the Raman scattering for different modes depends on both the values 
of |d|, |f|, and |h| as well as the geometry as reflected in the angle θ. We will see that presentation of the data in 
polar plots reflects this variation and note that, as well, the response can be significantly different for the two 
different excitation wavelengths.

Figure 3a illustrates a segment of our Z(XX)Z  and Z(YY)Z  Raman measurements where two 121.7 and 
135.9  cm−1 modes are only observed with 633 nm excitation (red dots and line); no response of these modes is 
observed for 514 nm excitation measurements (blue dots and line). Thus, these two modes clearly demonstrate a 
strong dependency on excitation energy suggesting that the coupling between electronic states and lattice states 
is very weak for 514 nm excitation. Fitting spectra of our angle-resolved measurements with the  ei ||  es configura-
tion for these two modes is obtained by fixing the frequency and varying only the linewidth and intensity for all 
fits. The results of the intensity versus angle are fit to Eq. (3), as shown with solid lines in Fig. 3b, c. As detailed 
in the supplementary information (S2), these plots allow us to extract the relative value of ‘|d|’ and ‘|f|’ for each 
mode. For instance, for the mode at 121.7  cm−1, |d| and |f| are nearly equal. For the mode at 135.9  cm−1 |d| is 
about 40% larger than |f|.

The other observed 10  A1 modes can be classified into two categories. In one category, regardless the effect 
of φdf on rotational symmetry of the modes (S3), the |d|/|f| ratio stays either larger than or smaller than one as 
the excitation energy is changed. Figure 4 shows polar plots of 6 modes at two 633 nm (red curves) and 514 nm 
(blue curves) excitations for a  ei ||  es configuration. This figure displays 5 modes at 46.4, 75.4, 172.4, 194.4 and 
261.2  cm−1 where the maximum for both excitation wavelengths is along ‘x’ direction with the ratio of |d|/|f| 
larger than 1 (S2) for both excitations. We see that the maximum of plot at 152.5  cm−1 is along ‘y’ direction which 
means |d|/|f| is smaller than 1 for both excitations.

For each of these 10 modes, we note that the integrated intensity with 633 nm excitation is larger than for the 
comparable 514 nm measurements. The blue numbers within each plot show the factor by which the of 514 nm 
measurements are multiplied to have equal intensity with 633 nm measurements. As noted in Table 1, this fac-
tor is different for each mode, with the largest value of 8.3 for the mode at 46.4  cm−1 and the smallest value of 
1.3 for 102.2  cm−1.

In the second category, which includes 4 (different) modes, the |d|/|f| ratio equals one for one excitation and 
is distinctly different from one for another excitation. Figure 5 shows polar plots of 4 modes at both excitation 

Figure 3.  (a) Raman spectra for two peaks at angles of 0°, 90° for the parallel polarization configuration 
with 633 nm excitation (red lines) and 514 nm (blue lines) excitation. Dark red triangles mark the calculated 
modes utilizing Density Function Theory. (b, c) Polar plots of the Raman modes at 121.7  cm−1 and 135.9  cm−1 
respectively using 633 nm excitation.
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wavelengths for the  ei ||  es configuration. One can see that the |d|/|f| ratio equals 1 for the 633 nm measurements 
for modes at 88.4, 102.3, and 164  cm−1 modes; in contrast, for 514 nm excitation |d|/|f| is larger than 1 at 88.4 
(|d|/|f|= 2.1) and 102.3  cm−1 (|d|/|f|= 1.8) and is smaller than 1 at 164  cm−1 (|d|/|f|= 0.8) for 514 nm excitation. 
For mode at 224.1, |d|/|f| ratio equals 1 for the 514 nm measurements while for 633 excitation |d|/|f| equals 1.5. 
Clearly coupling between electron and lattice states strongly depends on excitation energy for these modes.

Figure 4.  Intensity polar plots (a–f) of six observed Raman modes of  NbIrTe4 with a |d|/|f| ratio of larger 
or smaller than 1 for both excitation wavelengths. In (c) the ratio of |d|/|f| is smaller than 1 and all others are 
larger than 1. Red (blue) curves illustrate theoretical fitting of measurements for 633 nm (514 nm) excitation. 
To facilitate comparison, a magnification is applied for each Raman mode measured at 514 nm excitation (blue 
number within plot).

Figure 5.  Intensity polar plot of four observed Raman modes of  NbIrTe4 with |d|/|f| ratio equals 1 for one of the 
excitation energies. Plots (a–c) show modes where just for measurement of the 633 nm excitation the ration of 
|d|/|f| equals 1, and plot (d) shows the mode where just for measurement of the 514 nm excitation the ration of 
|d|/|f| equals 1. Red (blue) curves illustrate theoretical fitting of measurement by 633 nm (514 nm) laser beam. 
The factor of magnification for each Raman mode measured by 514 nm laser is declared by blue number at each 
plot.
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Discussion
In the experiments described above, we have explored Raman scattering from 13  A1 modes and 6  A2 modes 
which are excited using both green (514 nm) and red (633 nm) laser excitation. We have shown that we can 
extract |d|/|f| and ϕdf for every  A1 mode by fitting the shape of the angular dependence of the Raman spectra for 
 (ei||es) using Eq. (3). It is straightforward to show that by combining this data with the intensity ratios,  I633/I514, 
one can extract directly the excitation energy dependence of |d| and |f| directly (S7). Specifically, for  A1 modes 
which exhibit a maximum intensity for θ = 0°, we find:

If the maximum intensity for the mode is at θ = 90° then:

From this we can extract the ratio for the d Raman tensor element:

For the  A2 modes where we can measure the intensity ratios  I633/I514 which is directly related to the h Raman 
tensor element:

In Table 2 we show all of the results from these experiments. 
While all the  A1 phonon modes essentially have the same symmetries, the modes show a wide range of 

responses in both intensity and changes in the relative electron–phonon coupling parameters, |d| and |f|. Most 
modes show a substantial increase in Raman scattering efficiency in the red which range from factors of 2–8 (see 
Tables 1, 2 or Fig. 6), while two  A1 modes are not seen at all in the green, and two modes do not show any intensity 
enhancement. Such differing behavior from mode to mode is not what is usually seen in resonant Raman experi-
ments. In most cases, all Raman modes are seen to increase in intensity substantially when a virtual intermediate 
electronic state is created and destroyed in the Raman scattering process because the energy denominator in the 
Raman tensor element tends towards zero for all modes (see denominator of Eq. 1). One concludes that the 
variation in the intensity and also in |d/|f| must result from differences in the matrix elements in the numerator. 
An incoming photon creates a real or virtual electronic state which creates a phonon through electron–phonon 
coupling by scattering to an intermediate electronic state before the electron and hole recombine emitting a 
photon at a lower energy. To show the wide variation in the energy variation of the Raman tensor elements, we 
use Eqs. 8–11 to extract |d633|/|d514|, |f633|/|f514| and |h633|/|h514|. These values are recorded in Table 2. In Fig. 6 we 
display  I633/I514, |d633|/|d514|, and |f633|/|f514| as a function of phonon energy for the  A1 phonon modes. One can 
clearly see strong increases in the Raman scattering efficiencies for red (633 nm) excitation in many of the Raman 
modes. However, the behavior of |d| and |f| are different. For example, maximum intensity enhancements are seen 

(8)
|f633|

|f514|
=

√

I633

I514

(|d514|/|f514|)

(|d633|/|f633|)

(9)
|f633|

|f514|
=

√

I633

I514

(10)
|d633|

|d514|
=

(

|f633|

|f514|

)

(|d633|/|f633|)

(|d514|/|f514|)

(11)
|h633|

|h514|
=

√

I633

I514

Table 2.  Enhancements factors (|d633|/|d514| and |f633|/|f514|) for Raman tensor elements |d|, |f| and |h| as 
determined from  I633/I514 for both  A1 and  A2 modes and |d|/|f| values for  A1 modes taken from angular 
resolved polarized Raman measurements at 633 nm and 514 nm listed in Table 1.

Symmetry f  (cm−1) I633/I514 |d633|/|d514| |f633|/|f514|

A1 46.4 8.35 2.9 1.39

A1 75.4 4.66 2.15 1.04

A1 88.4 1.7 1.3 2.74

A1 102.2 1.3 1.14 2.05

A1 152.5 2.51 2.11 1.58

A1 164 3.0 2.16 1.73

A1 172.5 7.12 2.67 4.09

A1 194.4 3.74 1.94 2.3

A1 223.8 2.5 1.58 1.13

A1 261.5 6.48 2.54 2.54

Symmetry f  (cm−1) I633/I514 |h633|/|h514|

A2 125 2.5 1.58

A2 184 2.8 1.67
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for the phonon frequencies at 46.4, 172.4 and 261.2  cm−1. The 46.4  cm−1 mode shows that the enhancement for 
the |d| tensor element is larger than for |f|. However, the 172.4  cm−1 mode shows that the enhancement for the |f| 
tensor element is larger than for |d|, while the 261.2  cm−1 phonon shows the same enhancement for |d| and for 
|f|. More interestingly, there is a peak enhancement in the |f| tensor element where the intensity enhancement 
is a minimum. It is the variation of the electron–phonon coupling which results in the creation and scattering 
of phonons which results in such a wide variation in intensities and angular polarization response moving from 
green to red excitation. A number of theoretical works have shown that the coupling of phonons to the chiral 
Fermions in these topological Weyl semimetals is quite  complex29,30,32,33 Substantial changes (even Fano reso-
nances) have been observed as a function of temperature for both Raman scattering and also infrared absorption, 
and also most recently in a magnetic  field34–38,40. The results here shows that substantial changes can also occur 
in the electron–phonon coupling during the creation of virtual intermediate states in resonant Raman scattering.

Conclusion
A total of 19 Raman active modes, 13  A1 and 6  A2 from  NbIrTe4 have been detected through angle-resolved polar-
ized micro-Raman scattering for 633 nm and 514 nm excitations. The frequency and symmetry of the detected 
modes is consistent with expectations from DFT calculations. The DFT calculations also provide the normal 
modes for each mode in which  A1 modes have out-of-plane motions while  A2 modes have in-plane motions. 
Utilizing the symmetry of the  A1 modes, we are able to explore the relative change of the scattering efficiency and 
|d|/|f| electron–phonon constants as a function of excitation energy for each phonon mode. We observe efficiency 
increases for the majority of modes for red excitation rather than green, but these increases vary substantially 
from mode to mode. For example, some modes are unexpectedly absent for green excitation while others are 
seen to be unchanged for both red and green excitation. Thus, some modes clearly show increases or decreases of 
the |d|/|f| electron–phonon coupling parameters, while others do not change. Through analysis of these results, 
we are able to extract the quantitative enhancements of the electron–phonon tensor elements |d|, |f| and |h| for 
10  A1 phonons and 2  A2 phonons ranging from 5 to 32 meV (45 to 260  cm−1). We conclude that these changes 
cannot be related to common excitations of the same intermediate electronic states, but rather result from the 
complex coupling of the phonons with the complex electronic states (possibly the Chiral Fermion states) which 
have been seen in a number of other  systems34–38.

Methods
NbIrTe4 sample preparation. Single crystals of  NbIrTe4 were synthesized via the self-flux method. Nb 
powder (Alfa, 99.99%), Ir powder (Alfa, 99.95%), and Te shot (99.999%) were sealed in a fused silica ampoule 
under  10−6 Torr of vacuum. The reagents were mixed to yield a solution of 5 at.%  NbIrTe4 in Te. The samples 
were heated to 1000 C at a rate of 200 C/h, soaked at 1000 C for 24 h, and subsequently cooled to 500 C at 2C/h. 
Molten Te was centrifuged at 500 C to isolate crystals. Crystals present as thin, silver flakes with a metallic luster. 
Dimensions of 1 mm × 2 mm × 0.1 mm can be achieved under these conditions.

Sample characterization. Lattice parameters of  NbIrTe4 were obtained at 300 K using single crystal X-ray 
diffraction (SCXRD). Data was collected using a Bruker Kappa Apex II single-crystal diffractometer with Mo Ka 
radiation and a TRIUMPH monochromator.

Figure 6.  Plot of  I633/I514 (black sqares), |d633|/|d514| (red circles), and |f633|/|f514| (blue triangles) as a function of 
phonon energy for  A1 modes. Vertical arrows show modes which are only seen for 633 nm excitation.
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Angular‑dependent Raman scattering measurements. Figure 1d illustrates a schematic diagram of 
our polarized micro-Raman experiment system. For excitation we have used a polarized 632.8 nm wavelength of 
a He/Ne laser and a polarized 514.5 nm wavelength of an Argon-ion laser. The laser beam is focused to a ~ 1.5 µm 
spot size onto the nanoflake by using a 100 × objective. The laser power at 633 and 514 nm measurements is 
limited to less than 200 µW on the sample. The incoming and backscattered laser beams are along the ‘c’ axis of 
the flake and the linear polarization of the incident beam is fixed during experiment. By rotating the measure-
ment stage which carries  NbIrTe4 flake on a Si/SiO2 substrate, it is possible to align the incident laser polarization 
along the ‘a’ or ‘b’ axes of the crystal, or any arbitrary angle in between while keeping the laser spot constant on 
the nanoflake. The backscattered light passes through a polarizer which is fixed to provide the maximum effi-
ciency through a Dilor triple-spectrometer with two 1800  mm−1 gratings used in the subtractive mode to remove 
the scattered laser light followed by a dispersive spectrograph with a 1800  mm−1 grating. The signal is detected 
by a LN2 cooled CCD camera. A half-wave plate before the polarizer is allows us to select the polarization of the 
scattered light  (es) to be either parallel  (ei ||  es) or perpendicular ( ei ⊥ es ) to the incident laser polarization  (ei).

DFT calculations of phonon modes. Our calculations are performed using density functional theory 
(DFT) as implemented in the Vienna ab initio simulation package (VASP)  code50–52. The Perdew–Burke–Ernz-
erhof (PBE) exchange–correlation functional and the projector-augmented-wave (PAW) approach are used. 
Throughout the work, the cutoff energy is set to be 550 eV for expanding the wave functions into plane-wave 
basis, and the number of k points was set to 4 × 4 × 4 for a 3 × 1 × 1 supercell. The real-space force constants of the 
supercells were calculated in the density-functional perturbation theory (DFPT)53 and the phonon frequencies 
were calculated from the force constants using the PHONOPY  code54. In our calculations, we adopt the experi-
mental structural parameters (a = 3.7903 Å, b = 12.5207 Å, and c = 13.1435 Å).

Received: 28 December 2020; Accepted: 25 March 2021
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