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We investigate the electronic structure, anisotropic magnetoresistance (MR) and topological 

properties of nodal-line semimetal ZrGeTe using first-principles calculations. The band structure 

reveals a nodal line predominantly derived from the d orbitals of Zr and the 𝑝 orbitals of Te and 

Ge. Surface state calculations confirm the topological signature through pronounced drumhead 

surface states, which exhibit a clear spin splitting after including spin-orbit coupling. The aniso-

tropic MR is analyzed based on the calculated Fermi surface geometry. With current along the 

c-axis and magnetic field rotating in the a-b plane, the MR reflects the 
4z

C  symmetry of the 

Fermi surface, reaching a maximum at φ = 0 and a minimum at φ = π∕4. With current along the a 

or b axis and field rotating in the a-c plane, a butterfly-shaped MR pattern emerges, consistent 

with the twofold Fermi surface symmetry. Our results demonstrate that the complex Fermi surface 

geometry profoundly shapes the anisotropic MR of ZrGeTe. 
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I.INTRODUCTION 

Topological semimetals (TSMs) have attracted intense interest owing to their distinctive 

electronic structures and unconventional transport properties
[1-6]

. Unlike conventional metals or 

insulators, TSMs host topologically protected band crossings near the Fermi level, leading to 



phenomena such as ultrahigh mobility
[7, 8]

, giant magnetoresistance
[7]

, and nonsaturating magne-

toresistance
[9]

. Depending on the dimensionality of these crossings, TSMs are classified into Dirac 

semimetals
[10-12]

, Weyl semimetals (chiral point nodes)
[13-15]

, and nodal-line semimetals 

(one-dimensional line nodes)
[16-23]

.  

Among nodal-line semimetals, the one-dimensional band crossings form continuous closed 

loops in momentum space and are often protected by symmetries. This unique structure provides 

an ideal platform for studying low-energy excitations
[24]

 and holds promise for applications in 

spintronics
[25]

 and quantum computing
[26]

.  

Nodal-line semimetals have been predicted and experimentally confirmed in various material 

systems, including the ZrSiS family
[27-32]

, PbTaSe₂
[33-35]

, and Ca₃P₂
[36, 37]

. Among them, the ZrSiS 

family has emerged as a model system owing to its simple tetragonal structure and well-defined 

nodal rings protected by nonsymmorphic symmetries near the Fermi level, as extensively verified 

by angle-resolved photoemission spectroscopy (ARPES) and transport measurements. 

Current research has primarily focused on ZrSiS and its isostructural counterparts, such as 

ZrSiSe and HfSiS
[38-40]

. In contrast, ZrGeTe has been only partially studied
[41-43]

, and its magneto-

transport properties remain unexplored. Although ZrGeTe also exhibits nodal-line semimetal fea-

tures, systematic studies on its topological electronic structure, nodal-line configuration, and 

transport properties are still lacking. Moreover, the substitution of Te for S introduces stronger 

spin-orbit coupling (SOC), which may significantly affect the stability and topology of the nodal 

lines. 

Against this background, we systematically investigate the topological electronic structure and 

physical properties of ZrGeTe, a nodal-line semimetal. Using first-principles calculations, we map 



the band structure near the Fermi level, determine the spatial distribution and topological nature of 

the nodal lines, and examine the effect of spin-orbit coupling (SOC) on these features. We further 

study the magnetotransport properties of ZrGeTe to clarify their relation to the nodal-line elec-

tronic structure. 

Our results show that, without SOC, ZrGeTe is a typical nodal-line semimetal with nodal 

lines located in high-symmetry planes of the Brillouin zone. A well-defined drumhead surface 

state, which has not been reported previously, is obtained from our calculations. When SOC is 

included, the nodal lines are almost fully gapped, leaving only two Dirac points along the Γ–Z 

direction that are protected by symmetry. This indicates that ZrGeTe transforms from a nodal-line 

semimetal into a Dirac semimetal under SOC. The calculated Fermi surface geometry further 

suggests the existence of anisotropic magnetoresistance (AMR) in ZrGeTe. These findings not 

only deepen the understanding of topological semimetals in the ZrSiS family, but also provide 

theoretical insights into the effects of heavy-element substitution on nodal-line states, potentially 

advancing the exploration of nodal-line semimetals for low-power electronic applications. 

II. METHOD 

To investigate the electronic structure and topological properties, first-principles calculations 

were performed using density functional theory (DFT) as implemented in the Vienna Ab initio 

Simulation Package (VASP)
[44]

. The exchange-correlation functional was treated using the gener-

alized gradient approximation (GGA) in the form of the Perdew–Burke–Ernzerhof (PBE) func-

tional
[45]

. The projector augmented wave (PAW) method was employed to describe the electron–

ion interactions
[46]

. A plane-wave cutoff energy of 600 eV was used, and the Brillouin zone was 

sampled with a Γ-centered k-mesh of 25 × 25 × 11. The total energy convergence criterion was set 



to 10−9 eV. The maximally localized Wannier functions were constructed using the Wannier90 

code
[47-49]

. The nodal line distribution, surface states, and anisotropic magnetoresistance were cal-

culated using the Wannier Tools package
[50]

. In addition, the Irvsp code was used to obtain the 

irreducible representations of the band structure for symmetry analysis
[51]

.  

III. RESULTS AND DISCUSSIONS 

A. CRYSTAL AND BAND STRUCTURE OF ZrGeTe 

 

FIG. 1. (a) The primitive cell of ZrGeTe. (b) Brillouin zone of ZrGeTe and projections of (001), 

(010), and (110) surfaces. 

 

There are 2 Zr, 2 Ge and 2 Te atoms in the primitive cell of ZrGeTe as illustrated in Fig. 1(a). 

Its space group is tetragonal P4/nmm(No.129) which is comprised of inversion symmetry, four 

mirror reflections, glide mirror reflection, three twofold screw rotations, two twofold rotations, 

fourfold rotation and two fourfold rotoinversions. The optimized lattice constants are a = b = 

3.866020 Å and c = 8.599050 Å, agreeing well with experimental data (a = b = 3.866Å and c = 

8.599Å)
[41]

. The Brillouin zone (BZ) of ZrGeTe and its projections are exhibited in Fig. 1(b). We 

first performed first-principles calculations of the electronic band structure of ZrGeTe. Figs. 2(a) 

show the bulk band structures without SOC. The band gap between the 22nd and 23rd bands is 



filled with colored shading because a unit cell contains 22 valence electrons. From the band struc-

ture shown in Fig. 2(a), it can be observed that there are six nodes located at Γ-X, M-Γ, M-Γ, Γ-Z, 

Z-R and A-Z, respectively. Due to the existence of PT symmetry in this system, these six Dirac 

points strongly suggest the possible existence of the nodal line near the Fermi level. 

 

FIG. 2. (a) Band structure of ZrGeTe calculated without SOC. The gap between 𝑁𝑜𝑐𝑐  and 𝑁𝑜𝑐𝑐+1 

bands is filled with green shading. Black arrows mark the band crossings. (b) Schematic of the bulk 

Brillouin zone showing four paths (red lines), which are defined as: Path1 from (0, 0, 0) to (0.3, 0.5, 0); 

Path2 from (0, 0, 0.03) to (0.5, 0.5, 0.03); Path3 from (0, 0, 0.5) to (0.3, 0.5, 0.5); Path4 from (0, 0, 0.03) 

to (0, 0.5, 0.03). (c) Calculated band dispersions along the four generic paths Path1 to Path4. The black 

arrows mark the band crossings. (d) Side view of the nodal line in the Brillouin zone. (e) Perspective 

view of the nodal line. (f) Top view of the nodal line. Colors represent the energy relative to the Fermi 

level (𝐸𝐹). (Red: above 𝐸𝐹; blue: below 𝐸𝐹 .). 

 

To further confirm this, a nodal-line search was performed in the whole Brillouin zone by 

identifying all k-points with an energy gap below the threshold of 0.0001 eV between these two 



bands. The nodal-line structure is shown in Figs. 2(d), 2(e) and 2(f), from which it can be ob-

served that several nodal lines form a complex nodal-net. In the 
zk 0  plane, there exists a sin-

gle nodal line with an approximately diamond-shaped geometry. In the 
zk c/  plane, a nodal 

line forms a concave, diamond-like loop. In each of these two planes  110
m  and  110

m , two 

small nodal loops are present. These loops touch each other at two crossing points lying on the 
zk

-axis. Moreover, two pairs of nodal lines extend along the 
zk  direction, connecting the dia-

mond-like loop at 
zk 0  and the concave diamond-like loop at 

zk c/ .  In addition, simi-

lar connecting nodal lines are also present in the 
xk 0  and 

yk 0  planes, forming a 

three-dimensional cage-like nodal-line network in the bulk Brillouin zone. In contrast to ZrSiS
[52]

, 

the nodal-line structure of ZrGeTe contains two extra small nodal rings encircling the Γ point. To 

investigate the formation mechanism of these band crossing points, orbital-character analysis was 

performed. As shown in the Figs. 3, N1 is dominated by Zr-𝑑𝑥𝑧, Ge-𝑝𝑥, Ge-𝑝𝑦, and Te-𝑝𝑧 orbitals; 

N2 is dominated by Zr-𝑑𝑥2−𝑦2 , Zr-𝑑𝑦𝑧  and Ge-𝑝𝑦  orbitals; N3 and N4 are dominated by 

Zr-𝑑𝑥2−𝑦2, Ge-s, Ge-𝑝𝑧, and Te-𝑝𝑧 orbitals; N5 is dominated by Zr-𝑑𝑥𝑧, Zr-𝑑𝑥2−𝑦2, Ge-𝑝𝑥, Ge-𝑝𝑦 

and Te-𝑝𝑧 orbitals; N6 is dominated by Zr-𝑑𝑧2, Zr-𝑑𝑥2−𝑦2, Ge-𝑝𝑦, and Te-𝑝𝑦 orbitals, respective-

ly.  The foregoing analysis demonstrates that the nodal line is predominantly derived from the 𝑑 

orbitals of Zr and the 𝑝 orbitals of Te and Ge. 

 
FIG. 3. Fatband analysis of ZrGeTe with the spectral weight projected onto: (a) Zr, (b) Ge, 

and (c) Te. 

B. Topological Properties and Surface States 



Next, we examine whether the nodal line is topologically trivial. Therefore, a loop encircling 

for every nodal line is selected to compute the Berry phase. The Berry phase accumulated along 

the encircling path is π
[18, 19]

, which confirms the nontrivial topological nature of the nodal line. In 

addition, the theory of band representations (BR)
[53]

, which is the basis of topological quantum 

chemistry (TQC)
[54-57]

, provides a more general symmetry-based method to determine whether the 

system is topologically trivial or nontrivial. we further verified the topological feature of the nodal 

line by analyzing the irreducible representations of the energy bands. Both the N1 and N2 points 

belong to the nodal line located on the 
zk 0  plane, which are protected by the glide mirror 

symmetry  001
| 1 2 1 2 0m , , . To further validate the symmetry protection mechanism of the nodal 

lines, we analyzed the band crossings along a more generic path (Path1) in momentum space. We 

find that node N7 is similarly protected by the glide mirror symmetry. Since nodes N3, N4, and 

N8 all belong to the same nodal ring residing on this mirror plane  110
|0  0  0m ， ， , they share the 

same mirror symmetry protection. Consequently, the entire nodal ring is protected by the mirror 

symmetry. Likewise, the nodal line containing both N2 and N9 is also protected by the mirror 

symmetry  110
|0  0  0m ， ， . Nodes N5, N6, and N10 belong to the same nodal loop lying in the 

zk c/  plane and are protected by the glide mirror symmetry  001
| 1 2 1 2 0m , , . Finally, nodes 

N1 and N11 are located on the nodal line within the 
xk 0  plane, whose degeneracy is protected 

by the mirror symmetry  100
|1/2  0  0m ， ， . This comprehensive classification demonstrates that the 

observed band degeneracies are not accidental but are strictly enforced by the of space-group 

symmetries. 



 

FIG. 4. (a) Surface spectrum of the (010) surface without SOC. Red indicates higher surface state 

density. (b) Surface spectrum of the (010) surface with SOC. 

To identify the topological signature of the nodal line, we calculated the (010) surface states 

of ZrGeTe with and without SOC, as shown in Figs. 4(a) and 4(b). The nontrivial topology of the 

nodal line implies the existence of drumhead surface states within the projected nodal ring. The 

(010) surface was selected for the surface state calculations for two reasons. First, the nodal lines 

project onto the (010) surface Brillouin zone without overlapping, allowing the drumhead surface 

states to be clearly identified. Second, as noted in previous studies, the (001) surface states are 

difficult to reproduce in slab calculations because the small bulk SOC gap leads to a long penetra-

tion depth, and the resulting hybridization between the top and bottom surface states in a finite 

slab can strongly modulate the surface state dispersion
[58]

. The (010) surface does not suffer from 

this complication and is therefore better suited for identifying the intrinsic topological surface 

states. The surface states were calculated for different terminations of the (010) surface. Since the 

resulting drumhead surface states are essentially identical for all the terminations considered, only 

one termination is presented in the following discussion. As shown in Fig. 4(a), prominent drum-

head surface states are observed inside the projection of the nodal ring. After the inclusion of SOC, 

the surface states display a clear spin splitting in the Fig. 4(b).  



 

FIG. 5. (a) Band structure of ZrGeTe with spin–orbit coupling (SOC). Magnified views of the 

band structures including SOC along high-symmetry directions. (b) Γ-X. (c) M-Γ. (d) Γ-Z. (e) Z-R. (f) 

A-Z. The positions of the nodal points in the absence of SOC are highlighted with ellipses, showing 

where the band degeneracies are lifted by SOC. 

We further performed a nodal-line search with SOC included using an energy threshold of 0.0001 

eV. The search shows that only two nodal points remain, both located on the C₄ rotation axis. These 

surviving degeneracies are protected by the C₄ rotational symmetry, since the crossing bands have op-

posite C₄ eigenvalues and cannot be hybridized by SOC. The SOC band structure presented in Figs. 5 

further confirms this result: among all the original nodal points, only N4 remains gapless, whereas all 

the other crossings are gapped out by SOC. This indicates that ZrGeTe transforms from a nodal-line 

semimetal into a Dirac semimetal under SOC. To quantitatively compare the SOC effect among the 

ZrSiS-family compounds, we selected the nodal point N1 located along the Γ–X direction as a repre-

sentative crossing. The SOC-induced gaps at N1 are calculated to be 20 meV for ZrSiS
[27]

, 50 meV for 

ZrSiSe 
[59]

, and 80 meV for ZrGeTe, respectively. Clearly, ZrGeTe exhibits the strongest SOC among 

the three compounds. 

C. Anisotropic Magnetoresistance 



Magnetoresistance in ZrSiX (X= S, Se, Te) nodal-line semimetals has been reported previ-

ously
[60]

, the anisotropic MR of ZrGeTe remains unexplored. The nodal-line structure of ZrGeTe 

gives rise to a diamond-shaped Fermi surface. Fig. 6(a) shows the Fermi surface, and Figs. 6(b)–

6(d) display its projections onto different planes. The structure of the Fermi surface strongly indi-

cates that it is likely responsible for the observed anisotropic MR
[61]

. We therefore calculated the 

anisotropic MR, and the results are presented in Figs. 7. 

 

FIG. 6. (a) Fermi surface of ZrGeTe. (b) the projection of the (001) Fermi surface through (0, 0, 

0.5). (c) the projection of the (110) Fermi surface through (0.4π/a, 0.4π/a, 0). (d) the projection of the 

(100) Fermi surface through (0.73π/a, 0, 0).  

 

In the semiclassical framework, the electron velocity is proportional to the gradient of the 

band dispersion in k-space, written as  

 
1

( ) ( ),n n kv k k  (1) 



Where k  is the wave vector in the Brillouin zone, n  is the band index. The conductivity tensor 

σ  is computed from the Boltzmann equation under the relaxation-time approximation, with an 

external magnetic field included in the transport calculation 

 
2

( )

3
( )

( .( ) ) ( )
4

n

n
n n n

e f
d

 


 

 
  

 
k

σ B k v k v k  (2) 

Here e  is the electron charge, n  is the relaxation time, f  is the Fermi–Dirac distribution 

function, and ( )nv k  is the weighted average of velocity over the past history of the charge carrier 
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The orbital motion of charge carriers in applied magnetic field causes the time evolution of 

( )n tk  , written as 
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n
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In the semiclassical picture, the Lorentz force is perpendicular to the electron velocity 

( )nv k  , and therefore the energy ( )n k  remains constant as the wave vector k  evolves in time. 

From Eq. (1), the velocity ( )nv k  is perpendicular to the constant-energy surface, and the time 

derivative of  

k  is perpendicular to the magnetic field. Consequently, the k-space trajectory of an electron is 

given by the Fermi surface cross-section perpendicular to B  . Thus, by analyzing the Fermi sur-

face geometry in momentum space, we can gain insight into the charge transport in real space. 

First, we analyzed the anisotropic MR in Fig. 7(a), with current along the c-axis and magnetic 

field rotating in the a-b plane. The anisotropic MR is observed to be consistent with the 
4zC

symmetry of the Fermi surface in the a-b plane. The MR reaches its maximum when the magnetic 

field is aligned with the a-axis (φ = 0) and then decreases with increasing φ, reaching a minimum 



at φ = π∕4. As can be seen from Figs. 5(c) and 5(d), When the magnetic field is along the a-axis, 

the orbit in momentum space lies in the b–c plane. The Fermi surface cross-section in this plane 

contains open orbits extending along c-axis. Since the real-space velocity is perpendicular to the 

momentum-space orbit, these open orbits lead to the motion of charge carriers predominantly 

along the b-axis in real space. Consequently, the effective conduction along c-axis is strongly sup-

pressed, giving rise to the large magnetoresistance in this configuration. At φ = π∕4, a large number 

of k-space orbits on the Fermi surface cross-section have their normal directions tilted toward 

c-axis. This increases the effective conduction along c-axis and gives rise to the MR minimum. 

 

FIG. 7. Calculated anisotropic magnetoresistance of ZrGeTe for currents along (a) the c, (b) a, and 

(c) b axes, and magnetic field rotating in the a-b, a-c, and a-c planes, respectively. (d) Resistivity 
xx  

as a function of magnetic field orientation. (e) Resistivity yy  as a function of magnetic field orienta-

tion. 

 

Fig. 7(b) shows the polar plot of the anisotropic MR with the current applied along the a-axis 

and the magnetic field rotated within the a-c plane, exhibiting a butterfly-shaped MR pattern. In 



contrast to ZrSiS
[60]

, ZrGeTe shows a more pronounced MR maximum at 𝜃 = 0 and reaches its 

maximum around at 𝜃 = π∕4, then decreases to its minimum at 𝜃 = π∕2. In particular, ZrGeTe ex-

hibits a richer angular dependence with six prominent peaks in the a–c plane. Fig. 7(c) shows the 

polar plot of the anisotropic MR for current along the b-axis and magnetic field rotating in the a-c 

plane. The butterfly-shaped MR pattern is also observed, with the maximum again around 𝜃 = π∕4, 

the smaller minimum at 𝜃 = π∕2, and the larger minimum at 𝜃 = 0. Because of the twofold sym-

metry of the Fermi surface in the a-c plane, the anisotropic MR also exhibits twofold symmetry 

when the magnetic field rotates within this plane. We also calculated the electron and hole contri-

butions to the resistivity, as well as the total resistivity, as shown in Figs. 7(d) and 7(e). As can be 

seen from Figs. 7(d) and 7(e), the electron resistivity is much smaller than the hole resistivity, in-

dicating that the electronic channel dominates the total resistivity. Based on our calculations, it can 

be seen that the complex Fermi surface geometry arising from the nodal line in ZrGeTe signifi-

cantly influences its anisotropic MR.  

IV. Conclusions 

We systematically investigated the electronic structure, topological properties, and aniso-

tropic magnetoresistance (MR) of the nodal-line semimetal ZrGeTe using first-principles calcula-

tions. The nodal line is formed by bands 22 and 23, predominantly derived from the 𝑑 orbitals of 

Zr and the 𝑝 orbitals of Te and Ge. Pronounced drumhead surface states on the (010) surface 

confirm the nontrivial topology, and these states exhibit a clear spin splitting after including 

spin-orbit coupling. The calculated Fermi surface geometry suggests an intrinsic origin for the 

anisotropic MR. With current along the c-axis and field rotating in the a–b plane, the MR reflects 

the 
4z

C symmetry of the Fermi surface, with the maximum at φ = 0 attributed to open orbits along 



the c-axis. With current along the a- or b-axis and field rotating in the a–c plane, a butter-

fly-shaped MR pattern emerges, consistent with the twofold symmetry of the Fermi surface. Our 

results demonstrate that the intricate Fermi surface topology profoundly governs the anisotropic 

MR in ZrGeTe. 
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