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ABSTRACT-ZrTe2 is a candidate of topological materials from the layered two-

dimensional transition-metal dichalcogenides family, and thus the material may show 

exotic electrical transport properties and be promising for quantum device applications. In 

this work, we report the successful growth of layered ZrTe2 thin film by pulsed-laser 

deposition and the experimental results of its magnetotransport properties. In the presence 

of a perpendicular magnetic field, the 60 nm-thick ZrTe2 film shows a large 

magnetoresistance of 3000% at 2 K and 9 T. A robust linear magnetoresistance is observed 

under an in-plane magnetic field, and negative magnetoresistance appears in the film when 

the magnetic field is parallel to the current direction. Furthermore, the Hall results reveal 

that the ZrTe2 thin film has a high electron mobility of about 1.8×104 cm2V-1s-1 at 2 K. 

These findings provide insights into further investigations and potential applications of this 

layered topological material system.   
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Layered transition-metal dichalcogenides (TMDs) have been one of the most extensively 

studied class of materials in recent years. The TMDs possess X-M-X layers with the 

transition metal atom M (Mo, W, Ta, Zr, Hf, etc.) sandwiched between two chalcogen 

atoms (X=S, Se or Te) and the layers are separated by the van der Waals gap, which offer 

new promising platforms beyond graphene for exploring striking phenomena and device 

applications.1 In particular, with the development of topological materials, the TMDs with 

nontrivial topology have attracted great interests in the past decades because of their 

fascinating physical properties related to the Dirac cone in electronic band structures. The 

MoTe2 and WTe2 systems were theoretically considered to be type-II topological Weyl 

semimetals (WSM), in which the Weyl cones are titled and the Weyl fermion manifests 

Lorentz-violating behavior.2,3 Later, the type-II WSM feature of MoTe2 was confirmed by 

spectroscopic evidence from the angle-resolved photoemission spectroscopy (ARPES) 

results.4-9 Furthermore, by electrical transport measurements, the MoTe2 was found to be 

superconducting and nontrivial superconducting signatures were observed in the 

topological S-doped MoTe2.
10-13 The semimetal WTe2 possessing quite large 

magnetoresistance (MR) was also studied by using ARPES and spectroscopic evidences 

for the type-II WSM trait were provided.14-16 Moreover, interesting magnetotransport effect 

associated with Weyl fermions, the significant anisotropic chiral anomaly, was also 

reported in WTe2.
17,18 Besides, the PtTe2 was identified to be a type-II Dirac semimetal 

(DSM) with titled Dirac nodes by the combination of ARPES measurements and first-

principles calculations.19 

Lately, increasing research interests have been paid to the zirconium-based 

chalcogenides, especially the topological zirconium telluride compounds with exotic 

physical properties. ZrTe5 was initially studied for its resistivity anomaly, thermoelectric 

performance and quantum oscillations.20-23 The recent theoretical prediction of its 

topological nature has further ignited intensive research work, which shows that ZrTe5 is 

extremely sensitive to the cell volume and can manifest as a DSM, a strong topological 

insulator (TI) or a weak TI under variant crystal volumes.24-36 The compound shows many 

interesting transport phenomena, in which some are quite alluring due to the association 

with massless Dirac fermions, such as the chiral magnetic effect,25 nontrivial Berry 

phase,27,28 and discrete scale invariance featured with log-periodic quantum oscillations.29 
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Theoretical calculations indicate that ZrTe possesses the three-fold fermionic 

quasiparticles, which come from the three-fold degenerate crossing points formed by the 

crossing of a double-degeneracy band and a non-degeneracy band.37-39 The 

magnetotransport measurements of ZrTe single crystals reveal features such as high carrier 

mobility and light cyclotron effective mass.40 Very recently, the TMD material ZrTe2 was 

studied by ARPES showing features of massless Dirac fermions.41 As a topological 

material candidate from the layered TMD family,42-44 the ZrTe2 may show attractive 

electrical transport phenomena and promising prospect for quantum devices applications. 

However, related investigations have not been presented yet. Thus, it is desirable to explore 

the magnetotransport properties of ZrTe2.  

In this work, we report the magnetotransport characterization of ZrTe2 thin film, which 

shows highly anisotropic MR behavior. The ZrTe2 thin film was grown by using a pulsed-

laser deposition (PLD) system and structurally characterized by X-ray diffraction (XRD) 

measurements and transmission electron microscopy (TEM). Firstly, the two-dimensional 

(2D) nature of the magnetotransport in ZrTe2 film was clearly revealed. In a perpendicular 

magnetic field, the film shows a large MR of about 3000% at 2 K and 9 T. The violation 

of the Kohler’s law and the nonlinear Hall traces indicate the existence of more than one 

type of carriers in ZrTe2. By using two-carrier model analysis, we find the electron mobility 

can be as large as 1.8×104 cm2V-1s-1 at low temperature 2 K. Furthermore, a robust linear 

MR was observed in the film when the magnetic field is in-plane and negative MR appears 

when the magnetic field is parallel to the current direction. This work systematically 

reveals the magnetotransport properties of the layered topological material ZrTe2, which 

may shed light on the further study of the system. 

RESULTS AND DISCUSSIONS  

Synthesis of ZrTe2 Thin Films The investigated ZrTe2 thin films in this work were 

grown on the (110) SrTiO3 (STO) substrate by PLD technique. The Coherent Excimer 

Laser used in this experiment is krypton fluoride laser with wavelength equals to 248 nm. 

The target is the zirconium telluride compound with the ratio of Zr:Te = 1:5 and the base 

pressure for film deposition is 5.0x10-5 Pa. It is found that the ZrTe2 thin films are 
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extremely unstable under ambient atmosphere, so aluminum nitride (AlN) capping layer 

was used to protect the thin films from the moisture and air. The AlN was deposited in-situ 

at 250 °C with a thickness of about 60 nm using PLD. Under this condition, the AlN is 

polycrystalline with grain size of a few nanometers. With this cap layer's protection, the 

properties of the ZrTe2 thin films show nearly no change after exposing in air for one week, 

and even show no change after storing in vacuum with pressure of about 2 Pa for months. 

Structural Characterization by XRD and TEM The ZrTe2 adopts a stable 1T (trigonal) 

phase with octahedral coordination of metal atoms (space group P-3m1 (D3d)), as shown 

in Fig. 1A. Figure 1B shows the XRD results of the thin films grown at selected 

temperatures ranging from 450 °C to 550 °C. The comparison of XRD pattern with 

standard data (JCPDS card 54-560) reveals that the relatively intense peaks correspond to 

(0001), (0002), (0003) and (0004) planes of ZrTe2, respectively, indicating that the ZrTe2 

thin film on the (110) STO substrate has a preferred orientation along its c-axis. Besides, 

two weaker peaks can be observed at ~29.3 ° and ~60.4 ° corresponding to (011̅1) and 

(022̅2) planes of ZrTe2, respectively. They reveal a secondary growth orientation of the 

ZrTe2 thin film, which was confirmed by the following TEM examination. We find that 

the intensity ratio of ZrTe2 (0001) to STO (110) is lower when the growth temperature is 

below 550 °C, and the (0004) peak becomes almost invisible for the thin film grown at 

450 °C. This suggests the lower crystallinity for samples grown at lower growth 

temperatures. On the other hand, the peaks related to the c-axis oriented ZrTe2 are absent 

in the XRD pattern for samples grown at temperatures higher than 550 °C. These results 

indicate that the temperature window for growing good crystallinity of ZrTe2 phase is 

around 550 °C. Thus, our further study was focused on the ZrTe2 film grown at 550 °C.  

To study the microstructure of the ZrTe2 thin film, TEM characterization was carried out 

with the TEM samples prepared using focused ion beam. Figure 2A shows the low-

magnification cross-sectional view of the ZrTe2 film grown on (110) STO substrate at 

550 °C and the corresponding high-resolution image is shown in Fig. 2B. The uniform 

contrast within the 60 nm-thick film suggests layered growth mechanism along the c-axis 

of ZrTe2, yet micro-domains with size of about 30 nm and with different orientations can 

be identified which are responsible for the surface roughness. It can also be observed that 
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there is a 5 nm-thick interfacial layer presenting a different growth orientation. We propose 

the mechanism that, at the earlier stage of growth, the film tends to grow with (011̅1) 

parallel to the STO (110) surface (tetragonal-on-tetragonal lattices); but after a critical 

thickness of about 5 nm, low-energy (0001) plane of ZrTe2 supersedes (011̅1) plane as the 

main growth direction, so the film becomes layered growth mode. This can be clearly seen 

in the diffraction pattern shown in Fig. 2C, where one can see that the dominant 

crystallographic orientation relationship is (0001)ZrTe2//(110)STO; the ring type spray 

diffraction spots suggest that the in-plane orientation is not unique. We also perform 

energy-dispersive X-ray (EDX) measurements on the TEM sample and the EDX spectrum 

(Fig. 2D) indicates a Zr:Te ratio of about 1:2. 

Two-Dimensional Nature of Magnetotransport Properties The sheet resistance of the 

ZrTe2 thin film as a function of temperature (2-300 K) is shown in Fig. 3A, where the upper 

inset is schematic structure for the magnetotransport measurements. One can see that the 

film exhibits a typical metallic behavior, i.e., the resistance decreases when the temperature 

is decreased. The film shows a very large residual-resistance ratio (RRR=R(300 K)/R(2 

K)=2756), which indicates high quality of the sample. Figure 3B shows the angular-

dependence of MR at 2 K and 9 T when the sample is tilted in a way as shown in the inset. 

The orange curve is a |cos| fitting, where  is the angle between the magnetic field and 

the c-axis of the ZrTe2 film. The theoretical fitting matches with the experimental data (the 

green curve), revealing a 2D transport feature. When  is close to 90°/270° (B//E), there 

exists apparent deviation between the measured MR and the theory. This indicates the 

existence of other underlying effect in this material when the magnetic and electrical fields 

are parallel (details are in the following discussions on the negative MR at B//E). Figure 

3C shows the MR of the thin film at selected values for the angle . Based on the measured 

data in Fig. 3C, the MR behavior as a function of the perpendicular magnetic field 

component B┴ is shown in Fig. 3D. It is apparent that the MR at different angles can be 

perfectly collapsed onto one single curve. These results demonstrate the 2D nature of the 

magnetotransport properties.45  

Large MR effect, Violation of Kohler’s Rule and Nonlinear Hall Traces Figure 4A 

shows the MR of the ZrTe2 thin film at selected temperatures when the external magnetic 
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field is perpendicular to the film plane (B//c-axis). One can see a very large and non- 

saturating MR=(R(H)-R(0))/R(0)≈3000% when the sample is at 2 K and 9 T. As the 

temperature is increased to 10 K above, the MR sharply decreases. For a conventional 

metallic material, the MR at a certain temperature under a magnetic field obeys a general 

function known as Kohler’s rule:46  

∆𝜌(𝑇,𝐵)

𝜌(𝑇,0)
= 𝐹(

𝐵

𝜌(𝑇,0)
)  ,                                                            (1) 

where T denotes temperature, B denotes magnetic field and (T,0) denotes the zero-field 

resistivity. If the number of charge carriers is a constant and the scattering time is not 

significantly dependent on the location along the Fermi surface, the Kohler’s rule can be 

hold and the MR measured at different temperatures is expected to collapse into a single 

temperature-independent curve. Figure 4B illustrates the Kohler plots of the measured MR 

of ZrTe2 thin film in the perpendicular fields. Here we assume the function 

F(B/ρ(T,0))=A(T)(B/ρ(T,0))2 with parameter A(T) due to the MR’s parabolic dependence 

on the magnetic field. It is apparent that the Kohler’s law does not hold for any range of 

temperatures or fields. The violation of such a rule means that the MR behavior in the 

ZrTe2 thin film cannot be described in terms of semi-classical transport on a single Fermi 

surface with a single scattering time.47,48  

To obtain detailed carrier information in the ZrTe2 thin film, we also measured its Hall 

traces at different temperatures, and the results are shown in Fig. 4C. The nonlinear feature 

of the Hall behavior is obvious at low temperatures below 20 K and becomes weak at 

relatively higher temperatures. The nonlinear dependence of Hall behavior on the magnetic 

field clearly reveals the existence of more than one type of carriers in the sample, which is 

in agreement with the fact of violation of Kohler’s law. We use a two-carrier model to 

analyze the carriers in the ZrTe2 thin film with the following equation:49 

𝜎𝑥𝑦 = eB(
𝑛1𝜇1

2

1+𝜇1
2𝐵2

+
𝑛2𝜇2

2

1+𝜇2
2𝐵2

)                                                    (2),  

where the Hall conductivities xy can be obtained with the measured xx and yx. Figure 4D 

shows the estimated carrier density and mobility as a function of temperature. The results 
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indicate that holes and electrons coexist in the film at low temperatures. As the temperature 

is increased, the density of hole carriers decreases and then two types of electrons 

contribute to the electrical transport above 30 K. The electrons show a high mobility of 

about 1.8×104 cm2V-1s-1 at 2 K, suggesting the potential for promising electronic 

applications. Despite of the high mobility, quantum oscillations were not observed in this 

sample within the measured regime of magnetic field and temperature due to the quite large 

carrier concentration. 

Linear MR Behavior at Parallel Magnetic Fields Figures 5A and 5B show the MR 

behavior when the in-plane magnetic field is perpendicular to the excitation current 

direction, where a non-saturating linear MR is apparent. At 2 K, the perfect linear MR even 

persists in the full magnetic field regime of 0-±9 T and the MR at ±9T is as large as 220%. 

When the temperature is increased, the MR behavior around the zero-field evolves to the 

classical parabolic dependence on the magnetic field; the linear MR survives at the large 

magnetic field regime without saturation. To understand the exotic linear MR, we further 

measured the angular dependence of the MR. As shown in Fig. 5C, the linear MR remains 

at quite a large angular () regime, meaning that the linear behavior is not sensitive to the 

perpendicular configuration of the in-plane magnetic field and the current. When  is close 

to 90° (B//E), other underlying effect appears and may be responsible for the shape change 

of the MR curves (details are in the following discussions on the negative MR at B//E). 

The results reveal that there is a robust linear MR in the ZrTe2 thin film, which remains in 

a wide range of temperatures and angles. 

Negative MR at Parallel Magnetic and Electrical Fields As shown in Fig. 5C, negative 

MR behavior can be observed in the ZrTe2 thin film when the magnetic and electrical fields 

are nearly parallel. Detailed angular dependence of the negative MR is shown in Fig. 6A. 

One can see that the negative MR is very sensitive to the relative orientation of the in-plane 

magnetic fields and the excitation current. The negative MR behavior when B//I at selected 

temperatures is shown in Fig. 6B, and we can find that the negative MR disappears at 

temperatures above 30 K. The positive MR behavior at low temperatures and large 

magnetic fields in Fig. 6B may come from the mismatch of the relative orientation of the 

in-plane magnetic field and the current.  
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Discussions of the Results Based on topological materials arsenal, the theoretical 

calculations predict that ZrTe2 is a topological crystalline insulator (TCI) possessing 

metallic surface states protected by crystalline symmetry.42-44 The surface conduction can 

induce a 2D feature in electron transport, just as what we observed in our experimental 

results shown in Figs. 3B and 3D. The 2D behavior alone does not necessarily indicate 

surface states since the origin may also arise from the anisotropic bulk transport in layered 

crystal structure or the band-bending generated two-dimensional electron gas.50,51 However, 

our ZrTe2 film also shows very large MR and high mobility at low temperatures with the 

coexistence of holes and electrons; in the TCI scenario the features may suggest 

contribution from surface states. The large carrier density in the ZrTe2 thin film is hard to 

be understood then. And in addition, its MR (about 3000% at 2 K and 9 T) is at least an 

order of magnitude larger than those results of typical topological insulator.52 The very 

large MR has now been observed in most of the topological semimetals such as Cd3As2, 

TaAs, and WTe2, which usually also show high carrier concentration.14,48,53-55 A recent 

ARPES study indicates that ZrTe2 may be a three-dimensional DSM,41 and this gives an 

alternative scenario to be responsible for our observations. The origin of the large MR 

effect in topological semimetals is still under debate, in which a possible mechanism may 

be from the compensation of the electron and hole pockets.14,54,55 According to Figs. 4A 

and 4D, the large MR is apparent at low temperatures below 20 K when electrons and holes 

in the ZrTe2 are nearly compensated. The MR effect quickly weakens when the temperature 

is further increased, and in this regime the compensation is gone. The consistent 

temperature dependence suggests that the large MR in ZrTe2 thin film may be closely 

related to the compensation of electrons and holes.  

For solid state materials under a magnetic field, linear MR is an unusual phenomenon in 

contrast to the usual semiclassical quadratic MR induced by the Lorentz force. The linear 

MR has been observed in a vast variety of materials including many topological materials, 

in which the reported linear MR was usually obvious in a perpendicular magnetic field.56-

63 Wide debates remain on the origin of linear MR in solids, which was ever suggested to 

be the Abrikosov’s quantum linear MR, the novel linear dispersion, or the carrier 

fluctuation.56-64 In our observation, the evident linear MR is robust under parallel magnetic 

fields surviving within a wide range of temperatures and angles. When the magnetic field 
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is perpendicular to the film plane, i.e., along the stacking direction of layers, the MR shows 

non-saturating trend while the linear feature is not apparent. This suggests that the robust 

linear MR behavior in the ZrTe2 thin film is closely related to the magnetic field applied to 

the 2D Te-Zr-Te layers. We estimate the carrier mobility from the parallel field MR around 

zero magnetic field, and the normalized linear MR and mobility are shown in Fig. 5D. The 

consistent behavior throughout the temperature range from 2 K to 100 K indicates that the 

linear MR is likely attributed to the carrier fluctuation in the ZrTe2 thin film. 63,65  

Finally, there is a negative MR when the magnetic field is along the excitation current 

direction. The negative MR has been intensively studied recently in topological materials, 

which is ignited by the interesting concept called chiral magnetic effect or chiral (Adler-

Bell-Jackiw) anomaly.66,67 This effect arises from a charge pumping process between the 

Weyl nodes, which violates the conservation of chiral charges and leads to an axial charge 

current. This axial current gives rise to a negative MR behavior.25 However, the 

observation of negative MR under E//B itself may not be a compelling signature of the 

chiral anomaly. Some basic explanations like the current jet effect or Berry curvature may 

equally be responsible for negative MR.68-72 For example, similar negative MR at E//B 

without dependence on the crystal orientations was ever reported in TI films,68 which was 

suggested to be attributed to a semi-classical framework considering the Berry curvature 

and orbital moment corrections but without chiral anomaly.72 More related investigations 

would be helpful to clarify the origin of the negative MR behavior in the topological ZrTe2.  

CONCLUSION 

In summary, magnetotransport properties of the topological material candidate ZrTe2 

have been systematically demonstrated. The ZrTe2 indeed shows traits similar to those 

observed in most of typical topological materials, such as the large MR (~3000% at 2 K 

and 9 T) and the high electron mobility (1.8x104 cm2V-1s-1 at 2 K). Furthermore, the ZrTe2 

thin film displays interesting anisotropic MR behavior with 2D nature. In particular, a large 

linear MR is robust in parallel magnetic fields and a negative MR appears closely related 

to the configuration of E//B. The high mobility and robust linear MR shows promise for 
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potential device applications. Our work may stimulate further theoretical and experimental 

studies on this layered topological material.  

METHODS 

A KrF laser (Lambda Physik COMPex 205) with the wavelength of 248 nm was used to 

focus on the zirconium telluride compound target. The energy density was set to be about 

5 J mm-2 with a pulse frequency of 5 Hz. The STO (110) substrate was adjusted to be 6.5 

cm away from the target and heated to 550ºC for ZrTe2 film deposition. Subsequently, a 

capping layer of AlN was coated at 200ºC, and after that, the sample was cooled down to 

room temperature in vacuum naturally. The XRD results were taken using the Rigaku 

SmartLab and the TEM investigations were performed in a JEOL 2100F operating at 200 

kV. The electrical transport measurements of the films were conducted in a 9T-PPMS 

(Physical Property Measurement System) from Quantum Design. For the results shown in 

the work, electrodes are all made by pressing indium with 25 μm diameter Al wires 

connected to the sample stage. The indium electrodes can punch through the cap layer by 

pressing.  
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Figure 1. (A) Top and side views of ZrTe2 crystal structure. The cross section shows the 

octahedral surroundings of the zirconium atom by the telluride atoms. (B) XRD results of the 

zirconium telluride thin films on STO (110) substrate grown at different temperatures.   
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Figure 2. (A) The cross-section TEM image of the ZrTe2 thin film grown on STO (110) at 

550°C. (B) High-resolution TEM image showing the ZrTe2 (0001) lattice indicating layered 

structure. The 5 nm thick interfacial layer suggests the (𝟎𝟏𝟏̅𝟏) plane growth during the early 

stage of ZrTe2 deposition. (C) The superimposed SAED pattern taken from both the film and 

substrate. (D) EDX spectrum showing Zr:Te ratio close to 1:2. 
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Figure 3. (A) Temperature dependence of the sheet resistance in the ZrTe2 thin film. Upper 

inset: A schematic structure for the electrical transport measurements. Lower inset: 

Magnification of the results at low temperatures. (B) MR as a function of the tilted angle 

when the film sample is rotated as in the inset schema at T = 2 K and 9 T. The |cos θ| fitting is 

shown as an orange curve. (C) MR vs. magnetic field at selected angles . (D) MR vs. the 

perpendicular component of magnetic field Bcosθ. The angular dependence results reveal a 

2D nature of the magnetotransport properties in ZrTe2. 
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Figure 4. (A) MR of the ZrTe2 thin film at selected temperatures measured in the 

perpendicular field with B // c axis. (B) Kohler plots for the MR at different temperatures 

from 2 to 100 K. The inset shows an enlargement. (C) Hall traces of the thin film. (D) 

Temperature dependence of the estimated carrier density and mobility in the ZrTe2 thin film.  

  



17 
 

  

Figure 5. (A) and (B) Linear MR behavior in ZrTe2 thin film at different temperatures when 

the in-plane magnetic field is perpendicular to the current direction. (C) Angular dependence 

of the linear MR when the sample is rotated as in the inset schema. (D) MR at 9T and 

estimated mobility from parallel magnetic field MR at different temperatures. 
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Figure 6. (A) Negative MR behavior in ZrTe2 thin film when the magnetic and electric fields 

are nearly parallel. (B) Negative MR at selected temperatures.  
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