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Abstract 

Transition metal dichalcogenides with superperiodic lattice distortions have been 

widely investigated as the platform of ultrafast structural phase manipulations. Here we 

performed ultrafast electron diffraction on room-temperature TaTe2, which exhibits 

peculiar double zigzag chain pattern of Ta atoms. From the time-dependent electron 

diffraction pattern, we revealed a photoinduced change in the crystal structure occurring 

within <0.5 ps, though there is no corresponding high-temperature equilibrium phase. We 

further clarified the slower response (~1.5 ps) reflecting the lattice thermalization. Our 

result suggests the unusual ultrafast crystal structure dynamics specific to the non-

equilibrium transient process in TaTe2.  
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        Transition metal dichalcogenide (TMD) MX2 (M: transition metal, X: chalcogen) has 

been extensively studied from the viewpoint of fascinating photoinduced responses in 

ultrafast timescale. TMD consists of layered structures with weak stacking interaction. 

One well-known polytype is so-called 1T structure of 𝑃3̅𝑚1 space group [1], in which 

each layer consisting of the edge-sharing MX6 octahedra forms a regular trigonal lattice. 

Depending on M and X, 1T-MX2 shows various physical properties [2]. In particular, the 

formation of charge density wave (CDW) and corresponding superlattice distortion 

results in the divergence of electron-lattice coupled phenomena, including Mott transition, 

superconductivity, etc. [3,4]. Such CDW and superstructures in MX2 are flexible to 

external triggers in many cases and regarded as one of the promising keys for ultrafast 

optical phase controls. For example, photoinduced phase transition in Mott insulator 

TaS2 [5], topological switching in Weyl semimetal WTe2 [6], and anomalous shear wave 

generation in VTe2 [7,8] have been reported recently.  

     Among TMD, TaX2 are representative systems that show characteristic superstructures 

and related photoinduced dynamics. It is known that TaS2 shows multiple CDW states 

accompanying the so-called Stars of David type lattice distortions, as shown in Fig. 

1(a) [9,10]. Recent development of ultrafast electron diffraction/microscopy enabled to 

visualize cooperative atomic motions occurring in the optical suppression process of 

CDW [5,11]. Also in TaSe2, similar CDW [12] and photoinduced structural 

dynamics [13] were observed. In contrast, TaTe2 shows a completely different lattice 

distortion as compared to TaS2 and TaSe2. At room temperature, TaTe2 has a monoclinic 

crystal structure (space group C2/m, so-called 1T”-phase) as shown in Fig. 1(b), which 

is strongly distorted from 1T trigonal phase by forming the double zigzag chain of Ta 

running along the b-axis [14]. Such peculiar superstructure appears only in MTe2 (M = V, 



3 
 

Nb, Ta), and has been discussed based on the Fermi surface nesting scenario [15] and/or 

molecular-like trimerized bonding of M d-orbitals [16,17]. Whereas VTe2 shows a 

structural phase transition from 1T” to the trigonal 1T-phase at 480 K [18,19], the 

undistorted 1T-phase in TaTe2 has never been reported to the highest temperature. 

Nonetheless, TaTe2 shows a structural phase transition to the low-temperature (LT) phase 

at 170 K where further clustering of Ta atoms into heptamer-pattern emerges [20]. In 

addition, a recent x-ray diffraction study has reported the anomalously large anisotropic 

displacement of Ta at the double zigzag chain center already at the room-temperature [21]. 

These indicate a characteristic structural instability inherent in 1T”-TaTe2, and unique 

photoinduced crystal structure dynamics can be expected. Although photoinduced 

dynamics in the LT phase has been reported recently [22,23], the room temperature 1T’’-

TaTe2 has not been investigated so far.  

In this study, we perform ultrafast electron diffraction (UED) [24,25] on room 

temperature TaTe2 to investigate the photoinduced structural dynamics in the 1T”-phase. 

We successfully observed the ultrafast increase of some diffraction peak intensities, 

which indicates the change of crystal structure occurring within < 0.5 ps, though there are 

no corresponding higher temperature phases in equilibrium. We further investigate the 

transient structural dynamics in 1T”-TaTe2 by focusing on the time dependence profile.  

Our UED system consists of a femtosecond pulsed laser (Light Conversion 

PHAROS) and an ultra-high-vacuum electron diffraction system with a photocathode 

(APCO ARH-30), as described in Ref. [26]. The diameters of the pump laser and probe 

electron beams are set to 300 and 120 µm at the sample, respectively, which ensure the 

homogeneous photoexcitation in the probing area. The time resolution of the 

measurements is set to 1 ps. All measurements for 1T’’-TaTe2 are performed at room 
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temperature (300 K), with a repetition rate of 10 kHz. The sample is photoexcited by a 

1030 nm infrared optical pulse with 190 fs pulse duration. The pump fluence is set to 2.4 

mJ/cm2 unless otherwise noted. The maximum lattice temperature jump is estimated to 

be ~130 K from the specific heat capacity assuming the Dulong-Petit law and the optical 

absorption rate (44 %) of 60 nm TaTe2 flake in Ref. [22]). The acceleration voltage of the 

electron diffraction system is set to 60 kV. Obtained 3-dimensional data (time-dependent 

diffraction pattern) is analyzed and visualized by lys software [27].  

High-quality 1T’’-TaTe2 single-crystals were grown by the chemical vapor 

transport method [28]. Thin flakes of 1T’’-TaTe2 were prepared by ultramicrotome, 

where the target value of the thickness was 60 nm. The thin flakes were placed on a copper 

grid for UED measurements. In this study, the incident electron beam was fixed 

perpendicular to the TaTe2 layer, i.e., perpendicular to both a and b (Fig. 1(c)). We use 

same orientation for the lattice vectors, a, b, and c as the literature [29], to describe the 

Miller indices of the diffraction spots. 

Diffraction simulation of 1T’’-TaTe2 was performed based on kinematic 

diffraction theory, by using the crystal structure in literature [20]. To consider the 

inhomogeneous bending of the flake sample with in the probing area, we introduce 

Gaussian-type broadening of the diffraction angle with a standard deviation of 3 ° 

following Ref. [7], by which the simulation pattern becomes similar to the experiment 

pattern. 

Figure 2(a) shows the diffraction pattern of 1T’’-TaTe2 before photoexcitation. 

The 2-fold symmetric diffraction pattern reflects the monoclinic space group (C2/m) of 

1T’’-TaTe2. We compared this pattern with the simulation in Fig. 2(b) (see method for 

detail), and confirmed the sufficient agreement. Figures 2(c-f) show the images of the 
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diffraction patterns at time t = -1.2 ps, 0.3 ps, 0.6 ps, 3.6 ps, subtracted by the one recorded 

at t < 0. In the lower-left inset of each panel, the magnification of the area depicted by the 

dashed rectangle is also shown. At t = 0.3 and 0.6 ps [Fig. 2(d,e)], several diffraction 

peaks increase in intensity, which can be clearly seen in the inset. However, at 3.6 ps [Fig. 

2(f)], diffraction intensities of all Miller indices decrease as compared to t < 0. At the 

same time, we observe the increase in the background intensity at 3.6 ps. Thus, we can 

find at least two different t-dependent behaviors in those diffraction patterns.  

In the kinematic diffraction theory, a change in the diffraction intensity can be 

described either by the change of (1) lattice constants through the shape factor, (2) atomic 

coordinates through the structure factor, or (3) lattice temperature (Debye-Waller factor). 

Heating of the lattice temperature always decreases the Bragg diffraction intensities and 

increases the background intensity as the counterpart. Hence, the increase (decrease) of 

the background (diffraction) intensity observed at 3.6 ps can be interpreted as a 

consequence of the optically induced lattice thermalization. On the other hand, the 

increase of the diffraction peaks at t = 0.3 ~ 0.6 ps cannot be explained by the photo-

thermalization of lattice, thus raising the possibilities of the change in the shape factor 

and/or structure factor. In the present case of the 60 nm-thick flake sample, the 

characteristic time scale of the whole lattice constant modification (i.e. global lattice 

deformation) can be estimated by the sound velocity and the thickness, which should be 

in the order of tens of picoseconds [8,30–32]. This is significantly slow as compared to 

the observed t-dependent diffraction intensity increase. Thus, the present result indicates 

that the ultrafast photoinduced change in <1 ps should be reflecting the structure factor 

i.e. atomic coordinates. 

We further discuss the origin of the photoinduced change in the crystal structure 
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based on the temporal profile of diffraction intensities. Figure 2(g) shows the time 

dependences of 9 1 3̅  and 11 1 4̅  diffraction [orange arrows in Fig. 2(a)] and the 

background [solid white rectangle in Fig. 2(a)] intensities. Here we take the normalized 

intensity in the form of 𝐼(𝑡)/𝐼(𝑡 < 0), where 𝐼(𝑡) is the obtained intensity at t. The 

background intensity gradually evolves in 0 < t < 2 ps, indicating the process of the lattice 

photo-thermalization. Its time profile can be analyzed by a curve fitting as follows. We 

assume that 𝐼(𝑡)/𝐼(𝑡 < 0) for the background can be described by the single exponential 

function 1 + 𝑓(𝑡;  𝐴, 𝜏) with:  

𝑓(𝑡;  𝐴, 𝜏) = 𝐴 (1 − exp (−
𝑡

𝜏 
)) 𝜃(𝑡), 

where A and 𝜏 are the fitting parameters corresponding to the amplitude of photoinduced 

change and its time constant, respectively, and 𝜃(𝑡) is the Heaviside step function. To 

consider the 1 ps time resolution, we used 𝑓(𝑡) convolved with the Gaussian of 1 ps for 

the fitting. We determined the time constant for the lattice thermalization 𝜏th ~ 1.5 ps by 

fitting the background intensity in Fig. 2(g). Regarding the 9 1 3 diffraction intensity, we 

observe a slight increase at t ~ 0 to ~0.6 ps, consistent with Figs.2(d,e). This suggests that 

the observed structural change occurs within the time resolution. To confirm this scenario, 

we performed a further fitting analysis as follows. We assume that the 9 1 3 diffraction 

intensity is described by two components: slow photo-thermalization of lattice and fast 

change in the crystal structure. Therefore, we use  

1 + 𝑓(𝑡; 𝐴th, 𝜏th) + 𝑓(𝑡; 𝐴st, 𝜏st), 

for the fitting, where 𝐴th, 𝐴st, and 𝜏st are the fitting parameters, whereas we fixed 𝜏th =

 1.5 ps. We again convolve this function with the 1 ps Gaussian function. The solid red 

curve in Fig. 2(g) shows that the 9 1 3 diffraction intensity can be well fitted by this fitting 
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function. We obtain upper limit of 𝜏st < 0.5 ps (𝜏st = 0.1 ps is used in Fig. 2(g)). This 

upper limit indicates that the structural change occurs much faster than the lattice photo-

thermalization. For the 11 1 4 diffraction intensity, it only shows the decreasing behavior 

after the photoexcitation, unlike 9 1 3. Nevertheless, it can be also reproduced by the 

similar fitting function with the same time constants (𝜏th, 𝜏st), as shown in Fig. 2(g). 

 In addition, we investigate the fluence dependence of the photoinduced dynamics. 

Figures 3(b,c) show the fluence-dependent 𝐼(𝑡)/𝐼(𝑡 < 0) curves for the background and 

the 9 1 3 diffraction intensity [the white rectangle and orange arrow in Fig. 3(a)]. The 

solid red curves in Fig. 3(b) are the fitting results with fixed 𝜏th  (= 1.5 ps), which 

reproduce all the experimental data well. This means 𝜏th is independent of pump fluence. 

To estimate the fluence dependent 𝐴th and 𝐴st, we performed the abovementioned fitting 

procedures in 9 1 3 diffraction peak with fixed 𝜏th (= 1.5 ps) and 𝜏st (= 0.1 ps). Figures 

3(d,e) show the resulting fluence dependence of 𝐴th and 𝐴st determine by the fitting. 𝐴th, 

the decrease of the diffraction intensity with 𝜏th ~ 1.5 ps, monotonically evolves as the 

fluence is increased, reflecting the Debye Waller effect induced by photo-thermalization. 

Similarly, 𝐴st also shows a monotonic increase as a function of the fluence in this range. 

Generally in photoinduced phase transitions, it is commonly reported that threshold 

behavior and/or strong nonlinearity appear in the fluence dependence [33,8]. Also in 

VTe2, the threshold behavior was observed at around 0.08 mJ/cm2. However, considering 

that this is much smaller as compared to the lowest fluence of the present experiments 

(0.6 mJ/cm2), it is difficult to rule out the existence of threshold. For further discussion, 

experiments in the lower fluence regime should be performed, though the measurement 

becomes difficult due to the weaker photoinduced response.  
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Finally, we discuss the mechanism of the possible change in the crystal structure 

of 1T’’-TaTe2. In TaTe2, UED [22] and optical spectroscopy measurements [23] at LT 

phase have revealed the photoinduced structural change from low-temperature LT to 

high-temperature 1T’’ structure. In contrast, we note that the present measurements are 

performed at room temperature i.e. 1T”-phase. As mentioned, there are no higher-

temperature equilibrium phase reported so far. We also confirmed by the temperature 

dependent electron diffraction that no higher-temperature structural phase (such as 1T) 

appears in our TaTe2 sample up to 600 K, which is higher than the estimated maximum 

heating of sample (430 K). Therefore, a possible hidden state, which does not exist in 

thermal equilibrium, might be appearing in the strongly excited nonequilibrium process. 

For the room temperature 1T’’-TaTe2, we can hypothetically consider the structural 

change from 1T’’ to 1T-phase, which is realized in the case of VTe2  [7,8,18,19,29,34]. 

Nevertheless, we should note that in VTe2, much lower fluence of 0.2 mJ/cm2 can induce 

the structural change as large as > 10 % in diffraction intensity, whereas 𝐴st < 2% at 2.4 

mJ/cm2 for the present case. We can also consider the possibility of yet unknown hidden 

states other than 1T-phase. In a recent high-pressure x-ray study for TaTe2, appearance of 

a superconductivity phase following a change in monoclinic angle was reported at low 

temperature (< 4 K) [4]. In addition, as mentioned above, some structural instability 

inherent to TaTe2 was also reported at room temperature very recently [21]. In general, 

effect of electron multiple scattering and unintended local strain in the sample prevents 

the quantitative analysis of crystal structure from electron diffraction experiments. 

Therefore, development of novel quantitative crystal structure analysis technique in an 

ultrafast nonequilibrium regime overcoming the above problems is crucial for further 

understanding of the unusual crystal structure dynamics in TaTe2.  
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In conclusion, we performed UED measurements for 1T’’-TaTe2 to investigate 

photoinduced structural dynamics. From the observed increase in the diffraction intensity, 

we elucidated the ultrafast crystal structural change occurring within 0.5 ps. By closely 

analyzing the time profile of the diffraction intensity, we found that the timescale of the 

lattice photo-thermalization was 1.5 ps, and could be safely ruled out as the origin of the 

structural change. To discuss the possibility of the hidden phase, quantitative crystal 

structure determination of ultrafast nonequilibrium state should be required for further 

investigation.  
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Fig. 1. In-plane crystal structures of TaS2, TaSe2 (a) and TaTe2 (b). The black arrows in 

(b) denote the a and b axes. (c) Schematic of the experimental setup. We homogeneously 

excite the 1T’’-TaTe2 flake sample by 1030 nm pulsed light, and the electron diffraction 

measurements are performed by using the pulsed electron beam. The electron beam is set 

perpendicular to the a and b axes of 1T’’-TaTe2.   



 
 

   

Fig. 2. (a) Electron diffraction pattern of 1T’’-TaTe2 obtained before photoexcitation. (b) 

Simulated electron diffraction pattern of 1T’’-TaTe2. (c-f) Time-dependent change in 

diffraction pattern recorded at -1.2, 0.3, 0.6, and 3.6 ps, respectively. The diffraction 

pattern before photoexcitation is subtracted to show the increase and decrease in the red-

white-blue color scale. (g) Time-dependent normalized intensity of background and 9 1 

3̅, 11 1 4̅ Bragg diffractions. For the background intensity, we integrate the intensity in 

the solid white rectangle in (a), which is denoted as BG. The solid red curves denote the 

fitting results. 𝑓th  and 𝑓st  denote the curves corresponding to 𝑓(𝑡; 𝐴th, 𝜏th)  and 

𝑓(𝑡; 𝐴st, 𝜏st), respectively. 

  



 
 

  

Fig. 3. (a) Electron diffraction pattern of 1T’’-TaTe2. The white rectangle and orange 

arrow indicates the background intensity and the 9 1 3̅ Bragg diffraction, respectively. 

(b,c) Normalized diffraction intensity of background intensity and 9 1 3̅  Bragg peak 

obtained for 0.6, 1.1, 1.8 and 2.4 mJ/cm2 pump fluences. The solid red curves denote the 

fitting result for respective data. 𝑓th  and 𝑓st  denote 𝑓(𝑡; 𝐴th, 𝜏th)  and 𝑓(𝑡; 𝐴st, 𝜏st) , 

respectively. (d-f) Fluence dependences of 𝐴st  and 𝐴th  obtained by fitting the 

experimental result in (c). 

 


