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ABSTRACT: Metallic transition metal dichalcogenides, such as tantalum diselenide (TaSe2), 

display quantum correlated phenomena of superconductivity and charge density waves (CDW) at 

low temperatures. Here, the photophysics of 2H-TaSe2 during CDW transitions is revealed by 

combining temperature-dependent, low-frequency Raman spectroscopy and density functional 

theory (DFT). The spectra contain amplitude, phase, and zone-folded modes that are assigned to 

specific phonons and lattice restructuring predicted by DFT calculations with superb agreement. 

The non-invasive and efficient optical methodology detailed here demonstrates an essential link 

between atomic-scale and microscopic quantum phenomena.  
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I. INTRODUCTION 

A charge density wave (CDW) is a quantum phenomenon in correlated systems [1-8], and in 

addition to being of enormous theoretical interest, CDW states show promise as a switchable 

state for tuning electrical properties in device applications [1]. The CDW state is a periodic 

distortion of the atomic position and a corresponding modulation of the electron density that 

occurs below a critical transition temperature [2]. CDW periodicity may be an integer multiple of 

the undistorted lattice constant (commensurate) or an unrelated periodicity (incommensurate). 

Accompanying this change in lattice periodicity is a localized band splitting at the Fermi level 

that lowers the overall energy of the system. At low temperature, many metallic TMDs also 

display superconductivity, which competes with CDW states [4, 5]. CDW formation in metallic 

TMDs has been theorized to emerge from several co-existing mechanisms such as Fermi surface 

nesting [9], saddle point singularities [10], and electron-phonon interactions [3, 11-14]. 

However, knowledge of the cause of CDW formation does not provide information regarding the 

structural transition as the CDW forms.  In particular, the details of the evolution of atomic 

structure associated with the lattice distortion and its effects on the phonon modes have not been 

correlated.   

A prototype for studying CDW formation is 2H tantalum diselenide (TaSe2), whose atomic 

layered structure is shown in Fig. 1 (inset). Bulk 2H-TaSe2 exhibits an incommensurate CDW 

phase below 122 K and a commensurate CDW phase below 90 K [15, 16]. CDW formation in 

2H-TaSe2 is one of the most studied, yet debated, topics for this material [7, 15-23]. There is 

much disagreement as to the assignment of the four, low-frequency (LF) Raman modes [7], 

given that, in a one-dimensional chain model, the CDW is expected to have only one Raman-

active amplitude mode [2]. Holy et al. argued that the three-fold degeneracy of the phase and 
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amplitude modes, expected for a 3D material, should be lifted due to symmetry [17]. It then 

follows that two of the peaks would emerge as phase modes and the other two as amplitude 

modes. Alternatively, the additional features could arise due to carriers coupling to multiple 

phonon bands [6], or they could result from multiple or coupled order parameters in the free 

energy of the CDW state [16]. A consensus regarding the assignment of the LF peaks and the 

microscopic detail of the atomic structures associated with these modes has not been reached. 

Furthermore, no discussion of the other mid-frequency peaks that are only observed in the CDW 

state has occurred. Given the promising properties of TaSe2, such as predicted strain-induced 

ferromagnetism in monolayers and demonstrated functionality in switches and logic circuits [24, 

25], and the technological applications of CDW states more broadly, it is crucial to correlate the 

atomic displacements with a non-invasive, facile optical method. 

Low temperature and LF Raman spectroscopy are combined with density functional theory 

(DFT) to unveil lattice distortion and vibrations associated with CDW states, which are 

accompanied by a small localized band splitting at the Fermi level on the order of 5 meV. 

Specifically, we identify how the modes change as a function of temperature as the transition to 

the CDW states occurs. These Raman experiments greatly improve and expand upon the 

information presented in early works [6-8], and some enhancements, such as higher spectral 

resolution and more refined temperature steps, allow us to distinguish the unique behavior of the 

LF CDW modes, mid-frequency CDW modes, and Raman phonon modes seen in both the 

undistorted and distorted states. Using similar temperature increments for our DFT calculations, 

in the form of an electronic temperature, we model the behavior of all of the aforementioned 

Raman modes. With this thorough comparison of DFT to experiment, definitive assignments of 
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the origin of the experimental modes are made to corresponding lattice restructuring and 

vibrations observable optically. 

II. EXPERIMENTAL AND THEORETICAL METHODS 

Mechanically exfoliated, single crystals of 2H-TaSe2 on Si/SiO2 substrates (300 nm oxide 

layer) are shown in the optical micrograph in Fig. 1-SM of the Supplemental Material [26]. 

Temperature-dependent Raman spectra were collected from 5 K to 300 K using both 633 nm and 

515 nm laser excitation [26] while the sample is in a cryostat. The inelastically scattered light 

was collected through a triple-grating spectrometer to enable LF (down to approximately 10 cm-

1) Raman measurements. DFT calculations were completed using the open source QUANTUM 

ESPRESSO (QE) package [27]. While the DFT calculations were performed at 0 K, the 

temperature effects behind the formation of the CDW states were modeled by tuning the 

smearing factor, σ, which describes the Fermi-Dirac distribution [26].  

III. EXPERIMENTAL AND THEORETICAL RESULTS 

A. Temperature Dependent Mode Behavior 

In Fig. 1 Raman spectra at 5 K and 300 K are shown for 2H-TaSe2 with the DFT-calculated 

Raman modes. The experimental spectra were collected from a diffraction-limited spot using 0.5 

mW of 515 nm excitation. The DFT modes were calculated using a (3×3×1) superlattice at two 

different electronic temperatures, 10 K and 300 K. Three Raman modes are experimentally 

observed in bulk 2H-TaSe2 at room temperature (300 K): a two-phonon mode, E2g
1 , and A1g. The 

broad two-phonon mode around 150 cm-1 is a second-order scattering of two modes associated 

with the Kohn anomaly with opposite wave vectors and depends on the interband phonon 
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resonance of d-electrons [6, 28, 29]. This two-phonon mode is closely related to the size and 

shape of the phonon anomaly and, in some simpler cases like this one, the two quantities can be 

approximated as being indirectly proportional to one another. The E2g
1  is an in-plane vibration of 

the selenium and tantalum atoms in opposite directions, whereas the A1g is an out-of-plane 

vibration of the selenium atoms. Notably, the DFT results agree within 6 cm-1 of the 

experimental values (at 300 K) with predicted frequencies for the two-phonon, E2g
1 , and A1g, 

modes at 151 cm-1, 211.9 cm-1, and 240.7 cm-1, respectively.  

 

 

FIG. 1. (Color online) (Top) 300 K (blue curve) and 5 K (red curve) Raman spectrum of TaSe2 

(λ = 515 nm). The 300 K spectrum (multiplied by a factor of three for clarity) consists of three 

modes: the two-phonon mode at 151 cm-1, the E��
� 	 mode at 212 cm-1, and the A1g mode at 241 

cm-1. The vibrations are shown schematically from a side view of the lattice. The 5 K spectrum 

consists of the E��
�  and A1g mode, as well as additional modes due to the CDW, most notably the 

intense peaks below 100 cm-1. (Bottom) DFT-calculated Raman mode frequencies for electronic 
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temperatures of 10 K (red lines) and 300 K (blue lines). The grey arrows indicate that the 10 K 

and 300 K lines are the same mode.  

 

The CDW phase is accompanied by an emergence of new, optically-active Raman modes, 

which are known as amplitude or phase modes depending on their dispersion characteristics [2]. 

The experimental observation of amplitude modes in Raman spectroscopy enables us to 

understand the formation and stability of the CDW phase [6-8]. Changes in the Raman spectrum 

in Fig. 1 due to the CDW transition can be characterized into four categories. (1) Changes to the 

frequency, full width at half maximum (FWHM), and intensity of the E2g
1  and A1g Raman phonon 

modes. (2) Strong, LF CDW modes appear at 42 cm-1, 49 cm-1, 64 cm-1, and 82 cm-1. (3) New 

peaks emerge in two clusters between 175 cm-1 and 200 cm-1. (4) The two-phonon mode 

undergoes a significant change between the metallic (300 K) and the CDW phase (5 K), 

indicating that it is sensitive to atomic displacements, specifically to the Ta-Ta in-plane 

rearrangements that constitute the core of the CDW structure. To explain the evolution of the 

lattice and resulting Raman spectra in the CDW phase, all mentioned categories will be detailed 

below, with particular care taken to assign the origin of the CDW state modes.  

The temperature dependence of the E2g
1  (blue) and A1g (purple) modes is summarized in Fig. 

2(a) and shows the Raman spectrum from 7 K to 300 K excited using 1 mW of 632.8 nm laser 

light. Both the E2g
1  and the A1g modes blueshift as temperature decreases, but the modality of the 

frequency shift is different between the two: the A1g frequency increases (hardens), as expected 

by lattice anharmonic effects, by approximately 5 cm-1 monotonically, saturating at low 

temperatures, while the E2g
1  mode exhibits a sudden, discontinuous frequency increase at the 

incommensurate (ICM) CDW transition temperature. DFT results show qualitative agreement for 
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both modes, as shown in Fig. 2(b), and even quantitative agreement can be seen for E2g
1
. More 

information on these data can be found in the SM [26]. 

   

FIG. 2. (Color online) (a) Normal Raman phonon spectra of TaSe2 using 633 nm excitation. 

Transition temperatures to the incommensurate (ICM) at 122 K and commensurate (CM) at 90 K 

CDW states are indicated in the legend by blue and red text, respectively. (b) In the top (bottom) 

plot, the change in the experimental and DFT calculated frequency of the A1g (E��
1 ) mode is 

plotted as a function of temperature through the CDW transitions. Transition temperatures for the 

ICM-(CM-) CDW are indicated by a dark (light) grey dashed line. The A1g and E��
�  DFT-

calculated frequencies are plotted (gray spheres) as a function of electronic temperature using the 

same temperature axis. (c) DFT calculated E��
1  vibrations as viewed from above for 300 K and 

10 K electronic temperatures. At both temperatures, all the selenium and tantalum atoms vibrate 

parallel to one another in the plane, but the direction of those vibrations at 10 K occurs 30º 

relative to the vibrations at 300 K yet remains in the plane. 

 

The discontinuity of the E2g
1  frequency highlights that the in-plane Raman mode is sensitive to 

the distortion of the atomic positions in the CDW phase, which follows from the quasi-two-

dimensional, in-plane nature of the CDW phase, as we will discuss. Furthermore, the sudden 

change in the frequency of the E2g
1  mode offers an experimental method to monitor the transition 

to the CDW state. DFT calculations show that the direction of the E2g
1  mode vibration rotates 

abruptly in-plane at 100 K, which is near the ICM-CDW transition. At 300 K, this vibration is 
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parallel to the a-axis. However, below 100 K, the E2g
1  still vibrates in-plane, but at an angle of 

30° with respect to the horizontal, as seen in Fig. 2(c). This rotation can be attributed to the 

structural changes experienced by the system as it adopts a striped formation. More details on 

this structural evolution will be provided in the next section. 

Overall, the experimental temperature-dependent behavior of the A1g mode was expected and, 

furthermore, compares well with the behavior predicted by DFT. Very minor differences arose 

due to the changes in the a-lattice and c-lattice parameter by 1.1 % and 2.3 %, respectively, at an 

electronic temperature of 10 K in the DFT calculations. A previous experimental X-ray 

diffraction study reported changes in the a-lattice of 1.5 % and the c-lattice of 4.1 % [30]. 

Therefore, we expect that our DFT calculations regarding the out-of-plane vibrations will be less 

accurate due to discrepancies in the temperature dependence of the c-lattice parameter.  

The differences observed in the 5 K and 300 K spectrum warranted a more in-depth analysis of 

the temperature dependence of the two-phonon mode and its origin. The momentum needed for 

this two-phonon process comes from transitions between a quasi-acoustic (QA) mode and a 

transverse optical (TO) mode [31-34]. The phonon band structure was computed for seven 

electronic (smearing) temperatures. For maximum interpretability, the bands were computed 

using a unit cell (UC, having six atoms and resulting in 18 bands) instead of the usual 3 × 3 × 1 

supercell. Results for a smearing temperature of 90 K are shown in Fig. 3 [29, 35-38], and the 

results allow us to identify the location of the Kohn anomaly as near the Brillouin zone (BZ) 

boundary at the M-point. Due to van der Waals interactions between the two TaSe2 layers, the 

frequency at the anomaly point decreases as the temperature decreases (Fig. 3(b)), with its 

momentum staying constant. At temperatures below the CDW transition, the UC does not take 

on the correct structure due to the limited UC size. This inability to form is evident in Fig. 3(a), 
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where two acoustic phonon branches are negative over a large range of momentum space, 

indicating structural instability.  

Since these inaccuracies persist in the UC computations, Fig. 3(c) displays the two-phonon 

mode frequencies obtained from both the supercell calculations (in blue) and the UC calculations 

(in black), with both calculations being compared with our experimental findings (in red). All 

three curves show similar trends in the stable metallic range and freeze below the CM-CDW 

transition (additionally, in the supercell case, there is complete stripe formation at below 60 K). 

Lastly, excellent agreement is found in the frequency change, or mode position, of all three 

aforementioned cases over the full temperature range accessed experimentally. The change in 

slope between the metallic and the CDW phase indicates that the two-phonon mode is very 

sensitive to atomic displacements, specifically to the Ta-Ta in-plane rearrangements that 

constitute the core of the CDW structure. From the discussion above, one may conclude that the 

frequency shift of the two-phonon mode as a function of smearing temperature is a good 

indicator to identify the ICM-CDW and CM-CDW phase of TaSe2, even if one only uses UC 

calculations.  
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FIG. 3. (Color online) (a) The calculated phonon dispersion at 90 K. Green dotted lines represent 

optical branches, whereas acoustic and QA modes are in black (with the exception of the single 

QA mode involved in the two-phonon mode that is in red). (b) Calculated evolution of two-

phonon band as a function of smearing temperature for the unit cell of 2H-TaSe2. (c) UC, 

supercell and experimental results for the frequency shift as a function of temperature.  

 

B. Lattice Evolution Below the CDW Transition 

The excellent agreement between our DFT calculations and experiment supports the validity of 

the calculated structure. In Fig. 4(a), the evolution of the atomic rearrangement of TaSe2 is 

shown as it enters the CDW state. The electronic structure is calculated as a function of 

electronic temperature (and smearing factor σ) in steps of 10 K. These DFT calculations reveal 
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that the structure begins to change at a critical electronic temperature of approximately 122 K. At 

90 K, the Ta atoms of the superlattice structure form a triangular structure, and Ta-rich stripes 

form as the temperature decreases to 30 K. Experimental indications of stripe formation were not 

observed in our polarization-dependent or sample-orientation-dependent measurements due to 

our 1 µm laser spot measuring multiple nanometer-scale domains of different stripe orientations, 

thereby averaging out the stripe alignment. However, the stripes have been measured in similar 

systems using scanning tunneling microscopy [39-41]. In Fig. 4(b), the change in Se-Se 

intralayer and Se-Ta-Se interlayer distances are shown using a radial distribution function in the 

DFT calculations. Below the CM-CDW transition temperature, Se-Se intralayer distances start to 

decrease, with the shortest spacing of 3.2 Å found for Se atoms residing between the Ta stripes.  

 

FIG. 4. (Color online) (a) DFT-calculated atomic rearrangement driven by the formation of the 

CDW phase, viewed from above. Ta-Ta bonds (blue lines) are drawn for Ta atom separation less 

than 0.340 nm. The breaking of hexagonal symmetry is visible for T = 122 K and T = 90 K. The 

final configuration (T = 10 K) shows the clear formation of a 1D stripe structure for the Ta 

atoms. (b) Side views at select temperatures showing the gradual formation of out-of-plane Se-Se 
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bonding within the layer; bonds are drawn for atom separation < 0.325 nm. At T = 122 K, no Se-

Se bonds are observed. However, at T = 90 K, Se-Se bonds begin to form at random locations 

within the layer.  Finally, at T = 10 K, there are Se-Se bonds for all Se atoms between the Ta 

stripes and no other Se atoms. 

Below the ICM-CDW transition temperature of 122 K, previously unanalyzed Raman modes 

emerge and are shown in Fig. 5(a). Two modes observed at 196 cm-1 and 172 cm-1 gradually 

appear as the temperature is reduced. Data acquired at even smaller temperature increments (∆T 

= 2 K increments), but a limited temperature window, are shown in Fig. 5-SM [26]. In the CM-

CDW, a mode at 181 cm-1 and a band of modes centered around 196 cm-1 emerge. The 

observation of these peaks only below the CDW transition temperature implies that they are due 

to the CM-CDW. Additionally, these peaks do not have significant temperature dependence 

experimentally [see Fig. 5(b)], or for DFT calculations, due to the expected asymptotic behavior 

exhibited by phonons as they gradually freeze out with decreasing temperature. These additional 

mid-frequency CDW peaks in TaSe2 arise from Raman bands being folded to the zone-center 

due to the new lattice periodicity, i.e., zone-folding. Raman modes are predicted at 175.7 cm-1, 

176.6 cm-1, 181.9 cm-1, 194.9 cm-1, and 196.4 cm-1. Only the mode at 194.9 cm-1 appears in the 

ICM-CDW state, while the rest emerge in the CM-CDW state. The nature of the modes 

appearing in CM-CDW state [Fig. 5(d) and 5(e)] are different than the mode which appears in 

the ICM-CDW state [Fig. 5(c)]. The 194.9 cm-1 mode consists of in-plane vibrations of Ta atoms 

in one direction and anti-parallel vibrations of the Se atoms. In Fig. 5(d) and 5(e), we show the 

176.6 cm-1 mode as a representative of the behavior common to all the CM-CDW modes (see 

SM [26]). From our findings, we conclude that circular phonon modes are a signature of the CM-

CDW phase.  
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FIG. 5. (Color online) (a) Raman spectra at 515 nm excitation show the emergence of new 

modes located at 175 cm-1, 181 cm-1, and a band of modes centered around 196 cm-1. The 

transition temperature for the ICM (CM) phase is indicated in the legend by blue (red) text. (b) 

Comparison of experimental (solid lines) and DFT calculated (dotted lines) frequencies in the 

170 cm-1 to 200 cm-1 range as a function of temperature. (c) Top view of the DFT calculated 

vibrations for the mode at 194.9 cm-1, which emerges in the ICM-CDW phase. (d) Top view of 

the DFT-calculated vibrations of the Ta and (e) Se atoms for the mode at 176.6 cm-1, which 

emerges in the CM-CDW phase. Interestingly, both Ta and Se vibrations are in-plane and 

circular with opposite helicities.  

With decreasing temperature, four new, LF modes emerge experimentally: one in the ICM 

phase and three only in the CM phase. All emerging modes in the CM-CDW phase consist of 

circular vibrations of the Ta and Se atoms in opposite directions according to the DFT 

calculations. These in-plane and circular atomic motions indicate the broken inversion symmetry 

of the lattice, which was recently mentioned in the context of electron-phonon coupling in 

phonon-driven topological states and energy-efficient information processors [42]. The Raman 

spectra, shown for a range of temperatures below 130 K in Fig. 6(a), were measured using 515 

nm excitation. The modes labeled as Amp 1 and Amp 2, at 49 cm-1 and 82 cm-1 in the 5 K 
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spectrum, respectively, become narrower and increase in both frequency and intensity as the 

temperature decreases, as seen in Fig. 6(b). DFT-calculated frequencies for these same modes are 

52.5 cm-1 and 87.5 cm-1, at an electronic temperature (and smearing factor σ) of 10 K, which are 

surprisingly again within 6 cm-1 of the experimental data. The other two modes (P1 and P2) are 

the last to emerge with decreasing temperature, appearing only for temperatures lower than 70 K 

(or the CM-CDW state). Their frequency and intensities do not change significantly with 

temperature compared to Amp 1 and Amp 2 modes. 

Lee et al. predicted the appearance of two different modes in a 1D metal in a CDW state: an 

amplitude mode (amplitudon) and a phase mode (phason) [43]. The phase mode is a vibration 

representing the electron density wave in an atomic lattice which has been rearranged (as 

opposed to a phonon which concerns the translation of atomic positions), while the amplitude 

mode is a vibration of the ions resulting in an oscillation of the intensity of the 

maximum/minimum charge density and the magnitude of the CDW gap. The amplitude and 

phase modes are identified by their frequency shift, intensity, and damping rates. The narrowing 

and intensifying of Amp 1 and Amp 2 with decreasing temperature assigns them as amplitude 

modes of the CDW [6-8]. This assignment also agrees surprisingly well with the calculated band 

gap of 5 meV (40 cm-1).   The other two LF peaks, at 42 cm-1 (P1) and 64 cm-1 (P2) for T = 5 K, 

have had much debate about their assignment (see summary in Ref. [7]). As the temperature 

decreases, the intensity of these two modes increases more rapidly than the intensity of the 

amplitude modes, but otherwise the frequencies and FWHM do not vary significantly with 

temperature. This observation assigns these peaks as phase modes.  Experimentally, the phase 

modes are observed only in the CM-CDW state because they have acoustic (not optical) 

dispersions in the ICM state and are therefore not Raman-active. Upon entering the CM state, the 
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lattice periodicity becomes three times that of the undistorted lattice, reducing the first Brillouin 

zone to one-third of its previous size. Therefore, the band for the acoustic Kohn anomaly folds 

twice, creating a new optical phase mode at the zone-center (see illustration in Fig. 5-SM(c)) 

[26]. Two optical phase modes exist because the two-fold degeneracy in the Kohn anomaly band 

is lifted when entering the CDW state.  

 

FIG. 6. (Color online) (a) LF Raman spectra using 515 nm excitation. Four new modes emerge at 

low temperatures: Amp 1, Amp 2, P1, and P2. Amp 1 and Amp 2, indicated by red and blue 

arrows, respectively, are the CDW amplitude modes, and P1 and P2 are the phase modes. The 

transition temperature for the ICM (CM) phase is indicated in the legend by blue (red) star. (b) 

Temperature dependence of the frequencies and FWHM of Amp 1, Amp 2, P1, and P2. The DFT 

calculated frequencies are plotted as a function of electronic temperature using the same 

temperature axis. Solid lines guide the eye. The transition temperature for the ICM- (CM-) CDW 
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is indicated by a dark (light) grey dashed line. (c) DFT-calculated vibrations for the phase (side 

view) and amplitude (top view) modes. 

In the right-side panels of Fig. 6(c), we show the atomic vibration of two amplitudes modes at 

an electronic temperature of 10 K. The Ta and Se atoms of Amp 1 vibrate in-plane, in a circular 

motion around three hexagons of the original lattice, with all the vibrations having one helicity 

within a stripe. For Amp 2, Ta atoms oscillate in-plane along the direction of the stripe in two of 

the three rows that form the stripes, whereas the Se atoms vibrate in the out-of-plane direction. 

Note that the apparent lack of vibrations in the third row of Ta is likely a product of the periodic 

boundary conditions, namely that the third row cannot vibrate while maintaining the supercell 

boundary conditions. The vibrations of P1 and P2 are simpler. P2 is an in-plane vibration of all 

atoms in the same direction as, and roughly orthogonal to, the stripe, whereas P1 is an out-of-

plane vibration of all atoms in the same direction. Both of these phase vibrations lead to an 

expected oscillation of the phase of the CDW [2].  

IV. CONCLUSIONS 

In conclusion, temperature-dependent Raman spectra from 2H-TaSe2 were collected at 

temperatures ranging from 5 K to 300 K. An abrupt blueshift of the E2g
1  phonon was observed 

when the material entered the ICM-CDW state upon cooling from the undistorted state, unlike 

the gradual, continuous blueshift of the A1g mode. The E2g
1
	mode couples more strongly to the 

CDW state confirming the CDW is an in-plane distortion. DFT results replicated this behavior, 

revealing that in the CDW state, the E2g
1
	 vibrational direction rotates by 30º in the plane. The 

frequency and FWHM of the LF CDW modes were identified and assigned as amplitude or 

phase modes. Additionally, zone-folded CDW modes emerge due to changes in the lattice 
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periodicity. DFT calculations also indicated that the atomic displacements associated with the 

CDW form a 1D stripe structure, a phenomenon unique to the commensurate CDW phase. With 

these phonon origins illuminated, a template for understanding the relationship between Raman 

spectra and atomic displacement in CDW states of layered materials has been developed. Our 

findings identify Raman spectroscopy as an extremely well-suited technique to investigate 

atomic modifications within a charge density wave when coupled with validated theoretical 

models in layered systems. 
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