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Abstract

We study the crystal symmetry of few-layer 1T′ MoTe2 using the polarization dependence of the 

second harmonic generation (SHG) and Raman scattering. Bulk 1T′ MoTe2 is known to be 

inversion symmetric; however, we find that the inversion symmetry is broken for finite crystals 

with even numbers of layers, resulting in strong SHG comparable to other transition-metal 

dichalcogenides. Group theory analysis of the polarization dependence of the Raman signals 

allows for the definitive assignment of all the Raman modes in 1T′ MoTe2 and clears up a 

discrepancy in the literature. The Raman results were also compared with density functional 

theory simulations and are in excellent agreement with the layer-dependent variations of the 

Raman modes. The experimental measurements also determine the relationship between the 

crystal axes and the polarization dependence of the SHG and Raman scattering, which now allows 

the anisotropy of polarized SHG or Raman signal to independently determine the crystal 

orientation.
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The experimental realization of two-dimensional crystals has led to a new era of low-

dimensional materials research. In conjunction with graphene and boron nitride, transition-

metal dichalcogenides (TMDs) are actively being pursued for applications such as 

photovoltaics, flexible electronics, and chemical sensors.1 While most of the research on 

TMDs has emphasized crystals with semiconducting behavior,2 semimetallic TMDs have 

been shown to have large magnetoresistances3 and superconductivity4 as well as promising 

quantum spin Hall and Weyl semimetal properties.5–8 One such example is molybdenum 

ditelluride (MoTe2), which can be converted between semiconducting hexagonal phase (2H 

or α-MoTe2) and semimetallic monoclinic phase (1T′ or β-MoTe2) polymorphs. MoTe2 

exhibits large spin–orbit coupling and a near-infrared bandgap for 2H phase and strong 

magnetic properties for 1T′ phase.9–11 Additionally at temperatures below ≈250 K, 1T′ 
converts to a semimetallic orthorhombic phase known as Td

12–14 that shows promise as a 

Weyl semimetal,8 which has been experimentally demonstrated in MoTe2, WTe2, 

MoWTe2.15–24 Studying the crystal phase 1T′ is relevant for a broader range of materials, 

such as ReS2 and ReSe2, which exhibit semiconductor properties with weak interlayer 

coupling.25,26

The unique properties of 1T′ MoTe2 derive from the underlying crystal symmetry. Optical 

techniques, such as second harmonic generation (SHG)27–33 and Raman scattering,34–36 

provide nondestructive means to probe the symmetries of two-dimensional materials. Due to 

the sensitivity of nonlinear optical processes to crystal symmetry, SHG allows for optical 

determination of the crystal orientation and symmetry of a crystal on a substrate. Since 1T′ 
is symmetric under inversion, no SHG is expected. However, as has been shown for other 

TMDs, the crystal symmetry can change for odd compared to even numbers of layers.27–29 

Similarly, the active Raman modes also depend on the crystal symmetry.26,37–41 While the 

Raman properties of the 2H phase have been extensively studied,10,42,43 the 1T′ phase has 

not been fully characterized, and there is significant discrepancy in the literature on the 

Raman modes assignment as well as the number of modes observed.13,44–50

We investigate the crystal symmetry of 1T′ MoTe2 by measuring the polarization 

dependence of the SHG and Raman scattering. The bulk material is known to be monoclinic, 

belonging to the nonsymmorphic space group P21/m ( C2h
2  in Schönflies notation, or #11 in 

the International Tables for Crystallography, Vol. A51).12,52 However, the dependence of the 
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crystal symmetry on the number of layers (N) has not been studied for 1T′ MoTe2. We find 

that the inversion symmetry is broken for even numbers of layers, leading to a strong SHG 

signal. The polarization dependence shows that samples with even layers are still monoclinic 

as expected for the 1T′ phase, but with symmetry defined by the symmorphic space group 

Pm ( Cs
1, #6).51 Similar behavior is expected for other crystals with 1T′ phase, such as ReS2 

and ReSe2.26 The wavelength and layer dependence of nonlinear susceptibility was 

measured, and the magnitude is comparable to other TMDs. We further characterized the 

optical properties of few-layer crystals with even and odd layers by assigning each Raman 

mode based on the polarization dependence. In addition, the imaginary parts of the complex 

components of the Raman tensors are required to explain the polarization dependence, 

which indicates that optical absorption in this material is significant. The polarization 

dependence also revealed that the totally symmetric Raman mode at ≈260 cm−1 is 

comprised of at least two peaks, although some simulations predict additional peaks.44,49 

These measurements help to clarify a discrepancy in the literature concerning the Raman 

scattering from 1T′ MoTe2 as well as illustrate the changes in the crystal symmetry with 

layer parity. Finally, we demonstrate the relationship between the crystal axes and Raman 

polarization dependence, thereby enabling the identification of crystal orientation from 

Raman measurements alone.

RESULTS AND DISCUSSION

Bulk 1T′ MoTe2 belongs to the C2h
2  (P21/m, #11) non-symmorphic monoclinic space group.

12,52 The symmetry operations associated with this group are the identity E, a two-fold 

C2y(0,1/2,0) screw axis along the y direction (as defined in Figure 1a), a horizontal mirror 

σxz, and the inversion i. These symmetry elements are illustrated in Figure 1a, showing the 

top view of the crystal structure of monolayer 1T′ MoTe2. The same symmetry operations 

hold for any sample with an odd number of layers, N, monolayer included. As such, they 

also belong to the C2h
2  space group. However, the inversion symmetry is broken for 1T′ 

MoTe2 with even layers, and the two-fold screw rotation is also no longer applicable. Since 

the reflection operation is still preserved, all samples with even layers fit into the Cs
1 (Pm, 

#6) space group. The breakdown of inversion symmetry for an even number of layers is seen 

from the side view of the crystal structure depicted in Figure 1b.

As discussed above, SHG is an excellent tool to characterize the presence or absence of 

inversion symmetry. Furthermore, crystal symmetry plays an important role in Raman 

spectroscopy. To study the symmetry properties of 1T′ MoTe2 using these techniques, 

crystalline platelets were grown using an iodine-assisted chemical vapor transport (CVT) 

method and subsequently exfoliated onto an SiO2/Si substrate. Figure 1c shows a light 

microscope image of the MoTe2 sample with the various number of layers labeled, which 

were determined by atomic force microscopy (AFM). The direction (white dashed line) and 

rotation angle (θ) of the polarization relative to the x-axis are also indicated. The crystal 

axes, determined by electron backscatter diffraction (EBSD) and confirmed with SHG 

(Figure 1d), are also indicated. The phase and stoichiometry of the bulk material were 

confirmed with Raman spectroscopy, X-ray diffraction (XRD), X-ray photoelectron 
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spectroscopy (XPS), and high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM). While the exfoliation process removed the surface oxides, 

some oxides were detected using XPS in the unexfoliated regions of the bulk material. 

Figure 1e shows the HAADF-STEM image of the 1T′ MoTe2 with the crystal diagram 

overlaid.

Topographic images acquired by an AFM of the N = 3, 4, and 12 regions of the sample are 

shown in Figures 2a,b, respectively. Thickness of the N = 3 and 4 regions was also 

confirmed using the relative amplitude of the strongest Raman peak (see Supporting 

Information). The SHG images of these two regions are shown in Figures 2c,d, respectively. 

The white lines in c and d represent the topographic outlines of the crystal (solid) and step 

edges (dashed). The SHG images were acquired using a 75 fs Ti:sapphire laser centered at 

992 nm. The excitation wavelength was chosen to maximize the SHG signal and is nearly 

resonant with the electronic band structure at the Γ point.48 While the signal may be stronger 

further into the infrared region, the wavelength was chosen to be at the far end of the 

Ti:sapphire gain curve. This image demonstrates that the trilayer (N = 3) and bulk (>25 

layers) regions of the sample have no SHG signal. In contrast, the N = 4 region has a strong 

SHG signal, indicating broken inversion symmetry. In addition to the N = 4 region, a weaker 

SHG signal, by a factor 6, was observed from the N = 12 region in Figure 2d. The 

information contained in these images show that while bulk and N = 3 1T′ MoTe2 are 

symmetric under inversion (as expected for any 1T′ MoTe2 sample with odd number of 

layers), the inversion symmetry is broken for even numbers of layers, as described in Figure 

1.

To characterize the crystal symmetry and orientation of the sample, we measured the 

polarization dependence of the SHG signal. The SHG polarization dependence for the N = 4 

region (black square in Figure 2c) and the N = 12 region (white circle in Figure 2d) with the 

excitation polarization and analyzer parallel (black) and crossed (red) are shown in Figure 

2e,f, respectively. Each plot was normalized by the maximum signal from the parallel data 

set, and the zero angle is relative to the incident polarization (white arrow in Figure 2b). 

There are several important contrasts to materials with a 2H phase TMDs that have 

previously been measured. First, the signal is significantly stronger when the polarizer and 

analyzer are parallel. This means that the orientation of the crystal with respect to the 

excitation polarization is critical to maximize the SHG intensity even in the absence of an 

analyzer, unlike 2H materials where the summed parallel and crossed SHG signal intensity 

is independent of excitation polarization.27–29 Second, the parity of the layer dependence is 

opposite of 2H materials, which are noninversion symmetric for monolayer and bulk.

Figures 3 and 4 show measurements from additional flakes to further explore the layer 

dependence of the SHG signal. Figure 3a,b shows the topography and SHG images with the 

AFM cross sections shown in the inset. The polarization dependence of the N = 4 and 6 

regions with the excitation polarization and analyzer parallel (black) and crossed (red) are 

shown in Figure 3c,d, respectively. As in Figure 2, each plot was normalized by the 

maximum signal from the parallel data set, and the zero angle is relative to the incident 

polarization (white arrow in Figure 3b). The correlation between the topography and the 

SHG image as well as the similarity in the polarization dependence with the results shown in 
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Figure 2 provide additional evidence for layer-dependent inversion symmetry breaking. 

Figures 4a,b show white light images of additional larger crystals with the corresponding 

SHG images shown in Figures 4c,d. The insets show AFM linecuts along the black and blue 

dashed lines. In Figure 4c, the absence of any SHG signal combined with the bright 6L 

region provide an excellent illustration of the layer-dependent symmetry breaking. The 

polarization dependences of the 6L (black square) and 3L (red circle) regions were acquired 

in the parallel configuration and are shown in Figure 4e in black and red, respectively. These 

measurements determine the crystal orientation and verify the absence of SHG from the 3L 

region for all polarization directions. Figure 4f shows the polarization dependence acquired 

at three different locations in Figure 4d and an additional region in close proximity (see 

Supporting Information). The polarization dependence shows that the crystal orientation is 

the same for all regions. It is important to note that the polarization map shows that the SHG 

signals from the two 6L regions have similar maximum intensities despite the smaller 

sample (blue triangle) being brighter in Figure 4d. This intensity difference is due to the 

alignment of the excitation polarization with the crystal axis. Therefore, SHG intensity 

images cannot be used to estimate crystal thickness without aligning the incident 

polarization to the crystal axis. It is also important to note the change in the shape of the 

polarization maps for the different regions. While in the parallel configuration all the 

samples have a defined two-lobe pattern and zero signal along the zigzag direction, the 

shape varies from circular to a butterfly pattern. The butterfly pattern appears on smaller 

flakes and is likely caused by strain effects from the substrate or the influence of the edges. 

Both patterns are consistent with a Cs crystal as will be discussed.

The polarization dependence of the SHG signal extracted from regions with even layers is 

understood by considering the nonlinear properties of the Cs point group. The incident 

electric field, êω2 = [Ex
2 Ey

2 Ez
2 2EyEz 2ExEz 2ExEy] = [cos2θ sin2θ0 0 0 2cos θ sin θ], 

generates a second harmonic signal along the ê2ω = [cos θ sin θ 0] and ê2ω = [−sin θ cos θ 
0] directions for parallel and crossed polarizations, respectively. The intensity of the SHG 

signal, ISHG can be expressed as

ISHG = ∣ e2ω · d eω
2 ∣

2
(1)

where d↔ is the second-order susceptibility tensor, χ(2), in contracted notation.53 For the 

Cs point group

d =

d11 d12 d13 0 d15 0

0 0 0 d24 0 d26
d31 d32 d33 0 d35 0

(2)

Substituting eq 2 into eq 1 leads to
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ICs
‖ = ∣ d11cos3 θ + (d12 + 2d26)cos θsin2 θ ∣2 (3)

ICs
⊥ = ∣ d12sin3 θ + (d11 − 2d26)cos2 θsin θ ∣2 (4)

where ICs
‖  and ICs

⊥  are the parallel and crossed polarized signals, respectively (see Methods 

section). Eqs 3 and 4 are used to fit the SHG polarization dependence (solid lines in Figures 

2e,f, 3c,d, and 4e,f) and confirm that even-layer 1T′ MoTe2 belongs to the Cs point group. 

Unlike 2H materials, the various tensor elements do not have to be equal. According to eq 3, 

the SHG signal is minimized along the zigzag direction (y-axis in Figure 1) for the parallel 

polarization configuration, which is −43.2° and −42.4° in Figure 2c,d, respectively, as shown 

in Figure 1d. This slight difference in crystal axis is not surprising given that the two sample 

regions are not connected. For Figure 3, the SHG polar maps give a crystal orientation for 

the zigzag direction of −41.4° and −47.1° for the N = 4 and 6 regions, respectively, relative 

to the input polarization. In Figure 4e,f, the crystal orientations are −36.3° and −41.1° with 

respect to horizontal incident polarization, respectively.

These equations also help to explain the variations in the polarization maps. For example, 

due to the negative sign in the cross-polarized configuration, slight variations in tensor 

elements strongly affect the cross-polarized signal, as seen comparing the cross-polarized 

data between the N = 4 and 12 regions. In addition these equations explain the change 

between the two-lobe circular and butterfly polarization patterns. The polarization pattern is 

butterfly shaped when d11 ≤ d26 and a two-lobe circular pattern when d11 > d26. Averaging 

the normalized coeffcients from the polarization maps in Figures 2 and 3 gives d11 = 0.65, 

d12 = 0.5, and d26 = 0.78, while averaging the circular patterns in Figure 4 gives d11 = 0.96, 

d12 = 0.44, and d26 = 0.36. Note that d12 remains approximately constant. The change in the 

polarization pattern can be thought of as a change in d26, which originates from an incident 

field along the x and y axes, such as at 45°, and the SHG signal is along the y axis. While 

these two patterns do not correlate with the thickness of the crystal, smaller crystals do 

exhibit the butterfly pattern, which suggests that d26 is sensitive to strain from the substrate 

or edge effects. Based on these measurements, the polarization-dependent SHG signal 

provides a straightforward optical method for determining the crystallographic orientation 

for 1T′ MoTe2.

The surface second-order susceptibility, ds, of 1T′ MoTe2 can be quantified by measuring 

reference samples under the same conditions. In this case, we measured monolayer MoS2 

prepared on the same substrate (see Supporting Information) and a 100 nm thick beta-

barium borate (BBO) crystal. Using the wavelength dependence of ds for MoS2
28 gives a 

surface second-order susceptibility of ds = 1.0 × 105 pm2/V at 992 nm for the N = 4 region 

in Figure 2. As a comparison, we also calibrated ds of MoTe2 using a 100 nm thick BBO 

crystal. Relative to the bulk crystal, ds can be expressed as27
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ds = λ
2π

1
[n(ω) + n(2ω)]

Is
IBBO

d22 (5)

where Is and IBBO are the surface and reference BBO SHG intensities, respectively, and n(ω) 

and n(2ω) are the refractive indices of the reference material at the fundamental and second 

harmonic frequencies, respectively. This approach leads to ds = 9 × 104 pm2/V for the 4L 

region, which is in good agreement with the calibration using monolayer MoS2. Since the 

excitation wavelengths used are far off the resonance for BBO, the wavelength dependence 

of d22 for BBO can be calculated using the Miller rule,53 which indicates that d22 for BBO is 

nearly wavelength independent since the refractive index is approximately constant. While 

our samples were prepared on SiO2/Si, the cavity effect from this substrate has been shown 

to result in a small correction to the SHG signal.30,54 The impact of this effect was also 

verified by comparing SHG measurements of monolayer MoS2 on a glass and an Si/SiO2 

substrate (see Supporting Information). Figure 5a shows the wavelength dependence of ds 

for 1T′ MoTe2 (blue circles) and monolayer MoS2 (black squares). The MoS2 

measurements are in excellent agreement with refs 27 and 28, which provides support for 

our ds 1T′ MoTe2 values. It is important to note that the ds values reported in refs 29, 30, 

and 32 are an order of magnitude larger compared to refs 27 and 28 because different 

calibration procedures were used. Unlike the resonance for MoS2, 1T′ MoTe2 shows ds 

increases as the excitation wavelength increases as expected given the electronic states at ≈1 

eV at the Γ point.48 The absolute tensor elements, di j
abs, of 1T′ MoTe2 are obtained using 

di j
abs = ds di j, where dij is the normalized value discussed earlier. The layer dependence of ds 

is shown in Figure 5b. The data were empirically fit using ds(N) = 1.8 × 106 N−2 pm2/V. Our 

measurements show that the peak ds for 1T′ MoTe2 is of the same order of magnitude as 

MoS2.

The crystal symmetry also determines the vibrational modes that are Raman active. 

Correctly assigning the Raman modes is particularly important for 1T′ MoTe2, because 

there is a large amount of discrepancy in the literature on symmetry and the number of 

modes.13,44–50 While density functional theory (DFT) has been used to attempt to assign the 

modes, the large number of active modes makes this task challenging, and the published 

results are inconsistent.44,45,50 As discussed above, the 1T′ MoTe2 with odd and even layers 

belong to the C2h
2  and Cs

1 space groups, respectively. The Raman character tables are listed in 

the Supporting Information. Table 1 summarizes the symmetry of the vibrational modes for 

C2h
2  and Cs

1 space groups. From group theory analysis, we expect 6N Raman modes with Ag 

symmetry and 3N Raman modes with Bg symmetry for 1T′ MoTe2 with odd layers. For 

even layers, there should be 6N Raman modes with A′ and 3N Raman modes with A″ 
symmetry. In both cases (even and odd layers), 9N Raman modes are expected. While the 

symmetry change for even and odd numbers of layers drastically affects the SHG signal, the 

point groups C2h and Cs have the same Raman tensors, and no significant changes are 

expected in the Raman spectra. This means that, for any value of N, we should observe 9 
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Raman modes, each one with N-degeneracy. Experimentally, these Raman modes can be 

assigned by measuring the polarization dependence of the Raman signal.

Figure 6 a,b shows the polarization dependence of Raman scattering for the N = 12 region in 

Figure 1 d for parallel and crossed polarized configurations, respectively. The data were 

acquired in a backscattering geometry using a 532 nm laser that was focused onto the 

sample using a 0.75 NA objective with the laser power at 350 μW. For higher laser powers, 

we observed long exposure laser damage on thicker regions (N > 10). However, at this laser 

power, we still observed laser-induced damage for the N = 3 and 4 regions, but it does not 

impact the presented results (Supporting Information). The polarization measurements 

allowed for all the modes in 1T′ MoTe2 to be assigned, as indicated. These measurements 

resolve the discrepancy in the literature in identifying these modes and definitively assign 

the modes at ≈163 and ≈190 cm−1 as Ag and Bg, respectively. Our assignments agree with 

the ones presented in ref 50.

Raman spectra, without a polarization analyzer, of several regions in Figure 1c with different 

number of layers are shown in Figure 6c. Despite the changes in the symmetry type, the 

Raman spectra are similar throughout as expected. However, we observe several spectral 

differences for thinner regions of the sample. The Raman modes are wider for the N = 4 

region, which is likely due to tellurium evaporation.55,56 In addition, the higher energy mode 

in the doublet at ≈260 cm−1 blue shifts, which was previously observed.44 The spectral 

separation for the doublet at ≈107 and ≈111 cm−1 increases, and the mode at ≈78 cm−1 blue 

shifts. These shifts are likely due to differences in the interlayer interactions of the various 

modes. Figure 6d shows two example spectra for the N = 4 and 12 regions in a parallel 

configuration and shows that the peak at ≈260 cm−1 is a doublet. Notably these two modes 

are both totally symmetric (A′ for even layers, and Ag for odd layers), but are out of phase, 

as shown in polarization maps (Figure 6 a,b). While other works have shown this doublet, 

the polarization dependence has not been previously characterized.13,14,50

To gain a more detailed understanding of the Raman behavior of 1T′ MoTe2, the 

polarization dependence needs to be fit using the Raman tensors. Using the coordinate 

system defined in Figure 1, the Raman tensors are

RAg
= RA′ =

a 0 d
0 b 0
d 0 c

(6)

RBg
= RA″ =

0 f 0
f 0 g
0 g 0

(7)

Often the components of the Raman tensors are treated as real values, because the imaginary 

part of the Raman susceptibility is negligible for transparent materials. However, for 
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materials with significant absorption, the components can be complex as was recently shown 

for black phosphorus and WTe2.57,58 In this case, tensor elements are defined as Rij = |Rij|

eiϕRij. Similar to the SHG analysis, the Raman signal is calculated using S = |ês·R↔êi|2, 

where the incident beam is êi = [cos θ sin θ 0] and the scattered field is expressed as ês = 

[cos θ sin θ 0] and ês = [−sin θ cos θ 0] for parallel and cross-polarizations, respectively. 

Combining these expressions with eqs 6 and 7 leads to

SAg
‖ = SA′

‖ = ∣ a ∣2cos4 θ + ∣ b ∣2sin4 θ + ∣ a ∣ ∣ b ∣
2 cos ϕabsin2 2θ (8)

SAg
⊥ = SA′

⊥ = 1
4( ∣ a ∣2 + ∣ b ∣2 − 2 ∣ a ∣ ∣ b ∣ cos ϕab)sin2 2θ (9)

SBg
‖ = SA″

‖ = ∣ f ∣2sin2 2θ (10)

SBg
⊥ = SA″

⊥ = ∣ f ∣2cos2 2θ (11)

for the parallel and crossed polarized Raman signal for the two modes (see Methods 

section). ϕab is the complex phase, and in the case of a real valued Raman tensor ϕab = 0. 

Notice that the complex phase cancels for the Bg and A″ modes.

The Raman spectra in Figures 6a,b were fit using Lorentzians, and the resulting amplitudes 

are plotted in Figure 7. The polarization dependence for the parallel (black) and crossed 

(red) polarized configurations was normalized by the maximum amplitude from the parallel 

configuration. Figure 7 plots 10 modes, where the first 9 are the modes pointed out in Figure 

6. The last peak was used to fit the high-energy shoulder on the peak at ≈260 cm−1, which 

means for the N = 12 sample, the peaks from 250 to 260 cm−1 were treated as a triplet. This 

was not necessary for the N = 4 and 3 regions, which could indicate that there is an 

additional peak for thicker samples. The polarization dependence of the amplitudes was 

subsequently fit with eqs 8–11, shown as solid lines in Figure 7. While the real valued tensor 

overall fits the data, there are significant deviations, such as the secondary peaks and strong 

crossed polarized signal shown in Figure 7d and to a lesser extent in Figures 7f,i,j. This 

behavior shows that there is significant absorption in 1T′ MoTe2 and the complex nature of 

the Raman susceptibility is important. While this is an unusual behavior for transparent 

crystals, it is not altogether surprising given the metallic nature of 1T′ MoTe2. The 

polarization measurements also show that all the Ag (A′) modes are maximized for incident 

polarization along the zigzag direction (y axis), except the Ag (A′) mode at ≈260 cm−1. 

Similar plots for the N = 4 and 3 regions in Figure 1d are shown in Figures 8a,b, 
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respectively. The peak shifts between the N = 4 and 3 regions agree with the trends shown in 

Figures 6c,d. The fits for the peak at ≈94 cm−1 were omitted due to the low signal level. 

These polarization measurements directly demonstrate that the symmetry change from C2h
2

(N = 3) to Cs
1 (N = 4) does not change the symmetry of the Raman modes. Additional 

Raman measurements from the sample in Figure 3 are in the Supporting Information. The 

Raman modes for the N = 12 region are summarized in Figure 9, and the red or blue shift 

with the number of layers is indicated.

In agreement with the experiments, DFT simulations of N-layer (N = 1–4 and ∞) 1T′ 
MoTe2 show that Raman spectra are similar despite the change in symmetry between odd 

and even number of layers, as shown in Figure 10. The DFT computed results also show that 

the N-layer 1T′ MoTe2 has a characteristic blue shift in the higher energy modes (around ≈ 
260 cm−1) and a spectral separation of the Bg and Ag modes at ≈105 and ≈110 cm−1, 

respectively, as the number of layers decreases. Figure 10 shows that the blue shift in the 

higher energy modes is apparent when a comparison is made between 1-layer and bulk 

structure. In the 3-layer and 4-layer 1T′ MoTe2, the majority of the higher energy modes 

follow the same trend. A few outlying modes toward higher frequencies are predicted by our 

DFT calculations, which could either be the experimentally observed peak shoulders or 

modes with low Raman intensities. Note that the simulated normal-mode frequencies agree 

extremely well with the experimentally measured frequencies; for instance, the peak doublet 

at 259 cm−1 is computed to be within 3% of the experimentally measured value, see Figure 

9.

CONCLUSION

We have measured the polarization dependence of the SHG and Raman signal, from 1T′ 
MoTe2. These measurements experimentally demonstrate the layer parity dependence of the 

inversion symmetry of 1T′ MoTe2 and resolve the discrepancy in the literature on the 

assignment of the Raman modes. The SHG analysis shows symmetry changing from odd 

(non-symmorphic monoclinic space group C2h
2 ) to even (symmorphic monoclinic space 

group Cs
1) numbers of layers. The breakdown in the inversion symmetry for even numbers of 

layers allows for the crystal symmetry and orientation to be determined by means of 

polarization-dependent SHG measurements. Furthermore, the crystal orientation can also be 

independently determined using the anisotropic polarized Raman response. Despite the 

difference in the crystal symmetry for even and odd numbers of layers, all Raman modes can 

be explained by only two symmetry types. Finally, the 1T′ phase is known to be a precursor 

to the Td phase in MoTe2, which shows promise as a Weyl semimetal, and thus SHG will 

also be an excellent tool for probing this transition.

METHODS

1T′ MoTe2 Growth

MoTe2 crystals were produced using CVT with iodine as the transport agent. MoTe2 powder 

was synthesized by annealing molybdenum (99.999%) and tellurium (99.9%) powders 
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mixed in a stoichiometric proportion at 750 °C for 72 h in an evacuated and sealed quartz 

ampule. Single crystals of MoTe2 were created by sealing approximately 2 g of 

polycrystalline MoTe2 powder and a small amount of iodine (99.8%, 4 mg/cm3) in 

evacuated 17 cm long quartz ampules. The ampules were placed in a furnace with a 

temperature gradient such that the MoTe2 charge was kept at 1000 °C and temperature at the 

opposite end of the ampule was about 950 °C. Finally the ampule was quenched in ice water 

after 7 days of growth to retain the 1T′ phase.

X-ray Diffraction

According to the θ–2θ XRD scans, single crystals produced by the post-quenching method 

have crystallized in the 1T′ structure (point group C2h) with strong (0001) texture. The 

lattice parameters a = 6.339(3)Å, b = 3.466(4)Å, c = 13.844(3)Å, and β = 93.84(5)° were 

obtained by the cell refinement method using MDI-JADE 6.5 software (Jade 6.5, Materials 

Data, Inc. Livermore, CA., 2015).59

X-ray Photoelectron Spectroscopy

XPS was carried out using a monochromated Al Kα source operated at 104 W and a 

hemispherical analyzer. Spectra were acquired at an analyzer pass energy of 10 eV, and the 

analysis area was approximately 0.1 mm × 0.1 mm. Spectra were calibrated against C 1s (C–

H, 284.8 eV) assigned to adventitious carbon.

MoTe2 crystalline platelets were mounted on carbon tape and exfoliated immediately prior 

to loading into the vacuum chamber. The atomic composition of the surface was 29.3 ± 5.1% 

C, 22.0 ± 1.9% Mo, 3.2 ± 1.8% O, and 45.6 ± 3.4% Te. Errors reported are estimates of 

uncertainties associated with peak fitting and were calculated using a Monte Carlo analysis 

implemented in the CasaXPS software. One doublet in the Te region corresponding to 3d5/2 

and 3d3/2 spin–orbit peaks was found at 572.5 and 582.9 eV (Δ = 10.4 eV). Mo 3d5/2 and 

3d3/2 components were found at 227.9 and 231.1 eV (Δ = 3.2 eV). Peaks associated with 

TeO2 were notably absent in the Te 3p and 3d spectra, but a small shoulder in the Mo 3d 

region ascribed to MoOx was detectable. A small quantity of Te or Mo suboxide cannot be 

excluded based on the amount of oxygen measured on the surface.

Electron Backscatter Diffraction

Morphology of the samples was examined in a JEOL JSM-7100F field emission scanning 

electron microscope (FESEM). The identification of phases and crystallographic orientations 

of the flakes was performed by EBSD using an Oxford Instruments HKL Nordlys EBSD 

detector and NanoAnalysis AZtec 3.1 software.

Scanning Transmission Electron Microscopy

HAADF-STEM images were recorded on an aberration-corrected FEI Titan 80–300 

operated at 300 kV, using a camera length of 100 mrad corresponding to inner and outer 

collection angles of 70.6 and 399.5 mrad, respectively. The sample has been crushed in 

ethanol, and a drop of solution was placed on a 400-mesh TEM grid (Agar Inc.). Here, the 

observed HAADF-STEM intensity is proportional to the atomic number Z (I ≈ Zα), where α 
is a proportionality factor between 1.5 and 2.60 Given the di3erences between the atomic 
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number of Mo (ZMo = 42) and Te (ZTe = 52), the intensity variations can be attributed to the 

presence of two elements in the observed single crystals.

Atomic Force Microscope

The topographic images were acquired on an atomic force microscope operating in tapping 

mode. A mechanically stiff (k = 42 N/m) cantilever with a large driving amplitude and set 

point was used to mitigate the effects of the tip–material interactions and maintain a 

repulsive interaction.61 The thickness measurements were also compared to single layer 

graphene measurements, verified using Raman spectroscopy. To minimize oxidation, the 

samples were stored in a nitrogen environment between measurements.

Second Harmonic Generation and Raman Measurements

The Raman and SHG data were acquired by placing the sample on an x–y piezo scan stage. 

For the SHG measurements, the sample was excited by a femtosecond Ti:sapphire laser 

(≈75 fs, 80 MHz) centered at 992 nm using a microscope objective (0.75 NA). The average 

power was 0.6 mW at the sample. The sample was raster-scanned through the focus to build 

up images, and the resulting signal was collected using the same microscope objective and 

sent to either a single photon counting module with a narrow bandpass filter for rapid 

imaging or a spectrometer and a charge-coupled device (CCD). The Raman setup used 0.35 

mW from a 532 nm laser using a microscope objective (0.75 NA). The spectra were 

acquired using a 500 mm focal length spectrometer with a 2400 lines/mm grating and CCD. 

Due to the low power levels, each spectral acquisition was 2 min. The spectra were 

calibrated using an Ar lamp, and the laser frequency was measured with a wavemeter. No 

signatures of MoO2, MoO3, or TeO2 were measurable in the Raman spectra for the thicker 

samples. However, the small peak at ≈285 cm−1 in the N = 4 sample could be from 

amorphous MoO3 given the spectral location and lack of polarization dependence.

The SHG and Raman polarization dependence was measured by sending the linearly 

polarized excitation beam through a motorized achromatic halfwave plate, and the signal 

was analyzed using a motorized linear polarizer. Finally, the analyzed signal was sent 

through a multimode fiber that scrambled the polarization prior to the spectrometer to 

remove the polarization dependence of grating. We verified the system using a polarimeter 

and by measuring the polarization dependence of monolayer molybdenum disulfide (MoS2) 

on the SHG and Raman instruments. Figure 2 was generated by taking a 10 s spectrum at 

each position; the resulting signal was fit with a Gaussian of fixed position and width. 

Despite low-power levels for the Raman measurements, some laser damage was observed 

for very thin samples (see Supporting Information).

Raman Mode Simulations

All simulations were based on DFT using the projector-augmented wave method as 

implemented in the plane-wave code VASP.62–65 All the simulations were performed using 

the vdW-DF-optB88 exchange–correlation functional.66–68 A k-point mesh of at least 10 × 

18 × 5 for the bulk 1T′-MoTe2 and that of 10 × 18 × 1 for the N-layer (N = 1–4) 1T′-MoTe2 

with a 600 eV energy cutoff resulted in an accuracy of the total energies of 1 meV/unitcell. 

The 5s25p4 and 4d55s electrons were considered as the valence electrons for Te and Mo, 
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respectively. Including the semicore 4s2p6 electrons for Mo had a negligible effect on the 

results, as, for instance, the lattice parameters of bulk 1T′-MoTe2 changed by <0.1%. The n-

layer MoTe2 was simulated using a slab geometry with a vacuum spacing of 18 Å which 

ensures that the interactions between the periodic cells were negligible.

The bilayer, trilayer, and quad-layer of MoTe2 were simulated in the same A-B stacking 

between the layers as in the bulk material. The structures were relaxed until the forces on the 

atoms were <1 meV/Å. The calculations of the phonon frequencies at the Gamma point were 

performed using DFT simulations (DFPT) on the primitive cells of the materials. All the 

measured peak positions of bulk 1T′-MoTe2 were within 6% of the DFT computed values. 

Irreducible representation of normal modes was obtained from the PHONOPY program69 

and the Bilbao Crystallographic Server.70

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Top view of crystal structure of monolayer 1T′ MoTe2. The green and red rectangles 

show two cuts of the unit cell parallel to the layer plane. The red dots indicate the center of 

inversion symmetry, the solid line indicates the C2y(0,1/2,0) screw axis, and the dashed line 

indicates the horizontal mirror plane σxz. (b) Side view of the crystal structure for monolayer 

(N = 1), bilayer (N = 2), and trilayer (N = 3) lattices. The red circles in the center of the N = 

1 and 3 unit cells indicate inversion symmetry centers as well as C2y(0,1/2,0) screw axes 

perpendicular to the figure plane (along the y direction). The green and red lines are the 

projections of the respective rectangles in (a). (c) Light microscope image of MoTe2 sample. 

The crystal orientation and regions with N = 3, 4, and 12 are indicated. The white dashed 

line indicates the polarization direction at an angle, θ, relative to the x-axis. (d) EBSD 

pattern from the flake in (a) with the Kikuchi lines indexed to the 1T′ crystal structure. 

Inset: The corresponding unit cell with the crystallographic directions labeled. (e) HAADF-

STEM image of 1T′ MoTe2. The intensity variations are attributed to the atomic number 

difference between Mo (ZMo = 42) and Te (ZTe = 52).
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Figure 2. 
(a) Topography of the N = 3 and 4 regions of the sample. Inset: Linecuts along the blue and 

black lines. (b) Topography of the N = 12 region. (c, d) SHG images of the regions shown in 

(a) and (b), respectively. The crystal and step edges are shown as solid and dashed lines, 

respectively. Color contrast is scaled by ×2 in (d). (e, f) SHG polar maps with the polarizer 

and analyzer parallel (black) and crossed (red) acquired at the black square (N = 4) in (c) 

white circle (N = 12) in (d), respectively. The angle is relative to the initial polarization 

(white double arrow in c and d) and in the direction defined in Figure 1c. Scale bar = 2 μm.
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Figure 3. 
(a) Topography and (b) SHG images of another sample. (c, d) SHG polarization polar maps 

with the polarizer and analyzer parallel (black) and crossed (red) acquired at the black 

square (N = 4) and white circle (N = 6) in (b), respectively. The crystallographic axes are 

shown in (a). The angle in the polar plots is relative to the initial polarization, shown as a 

white double arrow (b). Scale bar = 3 μm.
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Figure 4. 
(a, b) White light images with the layer thicknesses and crystallographic axes labeled. Insets: 

AFM profiles along the black and blue dashed lines. (c, d) SHG images with the excitation 

polarization direction shown as a white arrow. Color contrast is scaled by ×2 in (c) compared 

to (d). (e) SHG polarization polar map with the polarizer and analyzer parallel acquired at 

the black square (N = 6) and red circle (N = 3) in (c) are shown in black and red, 

respectively. (f) SHG polarization polar map with the polarizer and analyzer parallel 

acquired at the blue triangle (N = 6), the black square (N = 6), red circle (N = 8) in (d) and a 

nearby region (N = 8) are shown in blue, black, red, and green, respectively. The angle in the 

polar plots is relative to the horizontal axis in (b and c). Scale bar = 5 μm.
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Figure 5. 
(a) Wavelength-dependent ds of 1T′ MoTe2 (blue circles) and monolayer MoS2 (black 

squares) calibrated using BBO. (b) Layer-dependent surface second-order susceptibility, ds, 

of 1T′MoTe2 calibrated using BBO (blue circles) and monolayer MoS2 (black triangles). 

Solid line is empirically fit using ds(N) = 1.8x106 N−2 pm2/V.
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Figure 6. 
(a, b) Raman polarization dependence with the polarizer and analyzer parallel and crossed 

for the N = 12 region on a logarithmic scale. The Raman modes are labeled according to the 

symmetry. (c) Unpolarized Raman spectra of the bulk (black), N = 12 (blue), and N = 4 

regions (red). (d) Example spectra of the N = 4 and 12 regions in a parallel configuration 

show the doublet at ≈260 cm−1.
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Figure 7. 
Normalized Raman amplitudes for parallel (red) and crossed (black) polarizations for the N 
= 12 region. The solid lines are the fits using the complex Raman tensors. The symmetry and 

frequency for each mode are labeled. The fits give θ0 = −53°. Taking into account the 

difference in mounting angle between the SHG and Raman systems (≈−10°), the crystal 

orientations from the Raman measurements are in excellent agreement with the SHG 

measurements.
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Figure 8. 
Normalized Raman amplitudes for parallel (red) and crossed (black) polarizations for the (a) 

N = 4 and (b) N = 3 regions of the sample in Figure 1. The solid lines are the fits using the 

complex Raman tensors. The symmetry and frequency for each mode are labeled. The fits 

give θ0 = −52.5°. Taking into account the difference in mounting angle between the SHG 

and Raman systems (≈−10°), the crystal orientations from the Raman measurements are in 

excellent agreement with the SHG measurements.
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Figure 9. 
Summary of the Raman modes in N-layer 1T′ MoTe2 with N odd and N even. Modes that 

blue or red shift as the crystals get thinner are indicated with (b) and (r), respectively. 

Reported Raman shifts are for N = 12. Normal mode atomic displacements of bulk 1T′-

MoTe2 are shown as blue and yellow arrows for displacement of Te and Mo atoms, 

respectively. The magnitude of the displacements is proportional to the length of arrows. 

Blue and yellow spheres denote Mo and Te atoms, respectively. The primitive cells of bulk 

1T′-MoTe2 are shown by black boxes.
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Figure 10. 
Raman active modes of N-layer MoTe2 are plotted. Blue, magenta, green, and red symbols 

denote Ag, Bg, A′, and A″ modes, respectively. The Bg and A″ are offset from the Ag and 

A′ modes for clarity. Dashed lines are drawn as guides for comparison of the peak 

frequencies between the five materials.
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Table 1

Summary of Lattice Vibration Representations for N-Layer 1T′ MoTe2 with N Odd and N Even

N odd ( C2h
2 ) N even( Cs

1)

Raman 6N Ag ⊕ 3N Bg 6N A′ ⊕ 3N A″

infrared (3N − 1) Au ⊕ (6N − 2) Bu (6N − 2) A′ ⊕ (3N − 1) A″

acoustic Au ⊕ 2 Bu 2 A′ ⊕ A″
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