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Abstract 

The layered WHM - type (W=Zr/Hf/La, H=Si/Ge/Sn/Sb, M=S/Se/Te) materials 

represent a large family of topological semimetals, which provides an excellent platform 

to study the evolution of topological semimetal state with the fine tuning of spin-orbit 

coupling and structural dimensionality for various combinations of W, H and M elements. 

In this work, through high field de Haas–van Alphen (dHvA) quantum oscillation studies, 

we have found evidence for the predicted topological non-trivial bands in ZrSnTe. 

Furthermore, from the angular dependence of quantum oscillation frequency, we have 

revealed the three-dimensional Fermi surface topologies of this layered material owing to 

strong interlayer coupling.  
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Three-dimensional (3D) topological Dirac and Weyl semimetals possess 

symmetry protected linear crossings near the Fermi level, harboring relativistic Dirac or 

Weyl fermions with exotic properties, such as extremely high quantum mobility [1-7], 

large magnetoresistance [1-7] and potential topological superconductivity [8]. In Dirac 

(e.g., Na3Bi [9,10] and Cd3As2 [11-14]) and Weyl semimetals (e.g., transition metal 

monopnictides (Ta/Nb)(As/P) [15-22] and (W/Mo)Te2 [23-32]), the linear energy bands 

cross at scattered points in momentum space, forming Dirac or Weyl nodes protected by 

crystal symmetry. In addition to these topological semimetals with discrete Dirac/Weyl 

nodes, another type of topological semimetal - the topological  nodal line semimetal 

featuring Dirac bands crossing along a one-dimensional line/loop, has also been predicted 

[33-39] and experimentally observed in several material systems such as (Pb/Tl)TaSe2 

[40,41], WHM (W=Zr, Hf; H=Si, Ge, Sb; M=S, Se, Te) [42-50], PtSn4 [51], and InBi 

[52]. 

 

Recently, there has been growing interests in relativistic fermions hosted by two-

dimensional (2D) square or nearly square net in layered materials, such as AMn(Bi/Sb)2 

(A = Ca, Sr, Ba, or rare earth element) [53-67] and WHM-type [42-48] materials. In these 

materials, the 2D/quasi-2D relativistic fermions are harbored by the 2D square nets 

formed by the  group VI or V elements including Bi, Sb, Si, and Ge, and exhibit distinct 

properties such as half-integer quantum Hall effect in EuMnBi2 [60], interlayer quantum 

tunneling from the zeroth Landau level in YbMnBi2 [65], 2D nonsymmorphic Dirac state 

in Zr(Si/Ge)M (M = S, Se, Te) [42,45], and tunable Weyl and Dirac states in CeSbTe [68]. 

These results imply that the layered topological semimetals provide a unique platform to 

explore novel topological fermion physics. 



 

In addition to Bi, Sb, Si, and Ge layers mentioned above, a Sn square net is also 

expected to harbor relativistic fermions, as has been revealed in ZrSnTe [69]. As a 

member of the WHM material family, ZrSnTe also possesses tetragonal layered structure, 

with the Sn square plane sandwiched by the Zr-Te layers, forming the Te-Zr-Sn-Zr-Te 

slabs [Fig. 1(a), inset]. ZrSnTe has been predicted to be a weak topological insulator 

[38,70], or a nodal-line semimetal in the bulk form [38,45] but a 2D topological insulator 

in the monolayer form [38]. Signatures of topological bands on the top layer of bulk 

ZrSnTe has been probed by ARPES measurements [69]. However, the topological nature 

of bulk bands is yet to be experimentally clarified. In this work, we report de Haas–van 

Alphen (dHvA) quantum oscillation studies on ZrSnTe single crystals and show the 

features consistent with the predicted bulk topological fermions. 

 

Unlike other WHM materials whose single crystals were usually synthesized  

using a chemical vapor transport method [42,44,45,47,49,71-75], single crystals of 

ZrSnTe [Fig. 1(b), inset] can be grown only using a flux method [69,71]. The ZrSnTe 

single crystals used in this work were grown using Sn flux. The starting materials of Zr, 

Sn, and Te with the molar ratio of 1:10:1 were sealed into a quartz tube under high 

vacuum. The reagents were heated to 1000 °C, kept at this temperature for 24 hours, and 

slowly cooled down to 400 °C. Plate-like ZrSnTe single crystals can be obtained after 

removing the excess Sn flux by centrifugation, as shown in the inset of Fig. 1(b). The 

compositions of the synthesized crystals were analyzed using energy dispersive 

spectroscopy (EDS). The excellent crystallinity is demonstrated by the sharp x-ray 



diffraction peaks as shown in Fig. 1(b), which can be indexed as the (00L) reflections 

according to the tetragonal structure with space group of P4/nmm for ZrSnTe. The 

detailed crystal structure information and chemical stoichiometry have been determined 

by systematic single crystal x-ray diffraction experiments, as listed in Tables I – III. In 

WHM compounds for which the square net is formed by  the group 14 elements H (H=Si, 

Ge, Sn) [38] [Fig. 1(a), inset], increasing the ionic radius of H from Si to Ge and to Sn 

lengthens the H-H bonding distances and subsequently elongates the lattice constant a (a 

= b), with an accompanied increase of Te-Te distance [71]. This further reduces of the 

steric crowding of Te and allows Te to move toward Zr in the neighboring slab, resulting 

in enhanced interlayer coupling and 3D electronic structure for ZrSnTe [71]. Therefore, 

the interlay binding energy for ZrSnTe is the highest among WHM compounds with 

W=Zr/Hf, H=Si/Ge/Sn and M=S/Se/Te [38]. This is further supported by the resistivity 

measurements of ZrSnTe. As shown in Fig. 1, both the in-plane (ρab) and out-of-plane (ρc) 

resistivity display metallic temperature dependence. The anisotropic ratio defined as 

ρab/ρc is found to be small: ~3.5 at T = 300K and ~4.1 at T = 5K. These observations 

clearly indicate weak anisotropy for ZrSnTe, consistent with its strong interlayer coupling. 

 

Signatures of topological Dirac states in ZrSnTe, including light effective mass, 

high mobility, and nontrivial Berry phase, have been revealed in our dHvA quantum 

oscillation studies using the 31T resistive magnet in NHMFL, Tallahassee. We have 

observed clear oscillations in magnetic torque measurements performed with a 

piezoresistive cantilever. Given the torque signal is expected to vanish when magnetic 

field is perfectly aligned along the out-of-plane (B // c) and in-plane (B // ab) directions, 



we performed the measurements with the fields nearly along the out-of-plane and in-

plane directions (denoted by c′ and ab′ respectively). In Figs. 2(a) and 2(b), we have 

presented the field dependences of magnetic torque at different temperatures for ZrSnTe 

for B//c′ and B//ab′, respectively. For both field orientations, strong dHvA oscillations 

occur for B > 10T at T = 1.8K, and remain visible until the temperature is increased to T 

= 20K. The presence of quantum oscillations for both field orientations indicates a 3D 

Fermi surface in ZrSnTe despite its layered crystal structure, in agreement with the strong 

interlayer binding [38,71] of this material. Signature of Zeeman splitting, which has been 

probed for some WHM compounds including ZrSiS [74,76], ZrGeS [47], and ZrGeSe 

[47], is not clearly observed in ZrSnTe up to 31T for both field orientations. 

 

From the oscillatory torque τosc for (c) B//c′ and (d) B//ab′ obtained by subtracting 

the smooth background [Figs. 2(c) and 2(d)], one can find oscillation patterns for both 

B//c′ and B//ab′ contain multiple frequency components. This can be clearly seen in the 

fast Fourier transform (FFT) analyses as shown in the insets of Figs. 2(c) and 2(d). For 

both field orientations, three major frequencies can be resolved: Fα = 28T, Fβ = 238T, Fγ 

= 350T for B//c′; and Fα′ = 17 T, Fε = 78 T, Fη = 125 T for B//ab′. Although there has 

been no report on the calculated Fermi surface for ZrSnTe,  the first principle calculations 

[38,45] have revealed that the energy bands crossing near the Fermi level in ZrSnTe are 

all Dirac bands. Therefore, the probed oscillation frequencies should arise from 

topological non-trivial bands. The large oscillation frequency up to a few hundred teslas 

is rarely seen for Dirac and Weyl semimetals due to their point-like Fermi surface, but is 



a generic feature of WHM materials [44,47,72-74,76-79] due to the fact the nodal line is 

enclosed by a large Fermi surface.  

 

We can obtain further information about the nodal-line fermions in ZrSnTe from 

the analyses of dHvA oscillations. The dHvA oscillations for a 3D system can be 

described by the 3D Lifshitz-Kosevich (LK) formula [80,81] with a Berry phase being 

taken into account for a topological system [82]:  

1/2 sin[2π( )]T D S
FB R R R
B

τ γ δΔ ∝ − + −                (1) 

where RT = αTμ/Bsinh(αTμ/B), RD = exp(-αTDμ/B), and RS = cos(πgμ/2). μ = m*/m0
 is the 

ratio of effective cyclotron mass m* to free electron mass m0. TD is Dingle temperature, 

and α =(2π2kBm0)/(he). The oscillation is described by the sine term with a phase factor

γ δ− , in which 
1
2 2

Bφγ
π

= −  and φB is Berry phase. The phase shift δ  is determined by 

the dimensionality of the Fermi surface and has a value of ±1/8 for 3D cases, with the 

sign depending on whether the probed extreme cross-section area of the FS is maximal (-) 

or minimal (+) [80]. From the LK formula, the effective mass m* can be obtained through 

the fit of the temperature dependence of the oscillation amplitude by the thermal damping 

factor RT. In the case of multi-frequency oscillations, the oscillation amplitude for each 

frequency can be represented by the amplitude of FFT peak (FFTA), and the parameter 

1/B in RT should be the average inverse field 1/ B , defined as max min1/ (1/ 1/ ) / 2B B B= + , 

where Bmax and Bmin define the magnetic field range used for FFT. As shown in the insets 

of Figs. 3a and 3b, for all probed oscillation frequencies, the obtained effective masses 



are in the range of 0.16 - 0.21 m0 (see Table IV), which are slightly larger than or 

comparable with those of other WHM materials obtained from dHvA oscillations 

[44,47,73,74] and agrees well with the nature of massless relativistic fermions. 

 

High quantum mobility and π Berry phase are also important characteristics of 

topological fermions. For the multi-frequency oscillations in ZnSnTe, these parameters 

cannot be directly obtained through the conventional approaches, i.e., the Dingle plot and 

the Landau Level fan diagram, but can be extracted through the fit of the oscillation 

pattern to the generalized multiband LK formula [83]. This method has been shown to be 

efficient for the analyses of the multi-frequency quantum oscillations in many WHM 

compounds [44,47,74]. For dHvA oscillations under nearly out-of-plane field (B//c′), the 

LK-fit was not very successful with all three major frequency components being included. 

Nevertheless, a better fitting result was obtained when the lower frequency (Fα) 

component is filtered out, as shown in Fig. 3(c). It is not surprising to obtain a better fit 

when the lowest frequency is filtered out. The possible reason is that the low-frequency 

component exhibits too few oscillation peaks (less than 2) within the measured filed 

range. Moreover, the Zeeman, if it exists, could greatly affect the LK-fitting, but it is 

hardly discernable when the oscillations exhibit only 1-2 peaks. We found that the fitting 

quality is affected by how the Fα component is removed. The best fit [Fig. 3(c)] was 

achieved when Fα is removed by applying a FFT filter. With the effective mass and 

frequency as the known parameters, the multiband LK model reproduces the oscillation 

pattern well, yielding Dingle temperatures TD of 34.6 K and 48.1 K for the β and γ bands, 

respectively (Table IV). The quantum relaxation time τq [= ħ/(2πkBTD)] corresponding to 



these values of Dingle temperature are 3.5×10-14 and 2.5×10-14 s, from which the 

quantum mobility μq (= eτ/m*) are estimated to be 384 and 209 cm2V-1s-1, respectively, 

for the β and γ bands (Table IV). The obtained quantum mobility values for ZrSnTe are 

remarkably smaller than those of ZrSiM [44,74] and HfSiS [73] obtained from dHvA 

oscillations, but close to those of the ZrGeM compounds [47]. Generally, the mobility of 

a material is greatly affected by the crystal quality, particularly for the crystals that are 

obtained by the flux method. On the other hand, given that high mobility is the generic 

feature of topological relativistic fermions [1], the low quantum mobility seen in ZrSnTe 

might also be associated with the greater spin-orbit coupling (SOC)-induced gap, as will 

be discussed later.  

 

The relativistic nature of carriers is generally manifested by the non-trivial Berry 

phases in quantum oscillations. The multiband LK-fit provides an effective approach for 

the determination of Berry phase, which is particularly useful for the multi-frequency 

oscillations [44,47,74,83]. From the LK-fit, we have obtained the phase factors (γ δ− ) 

for the β and γ bands, from which the Berry phase is determined to be (0.94±0.25)π and 

(1.01±0.25)π, respectively (Table IV). As mentioned above, the ± sign depends on 

whether the probed extreme cross-section area of the FS is maximal (-) or minimal (+) 

[80]. Despite of that, such non-trivial Berry phase factors are consistent with the 

theoretically predicted topological Dirac states in all WHM systems [38].  

 

Features of topological fermions are also extracted from the dHvA oscillations 

under the nearly in-plane field (B//ab′). For the three major bands α′, ε, and η, we have 



also obtained light effective masses of 0.17 m0, 0.17 m0, and 0.23 m0, respectively, from 

the fits of the temperature dependence of FFT amplitude [Fig. 3(b)]. From the multiband 

LK-fits [Fig. 3(d)], we have also estimated the quantum mobility and non-trivial Berry 

phase for all three frequency components, as listed in Table IV. 

 

From the above analyses, we have revealed evidences of topological fermions in 

ZrSnTe which are consistent with the theoretically predicted topological nodal-line state 

in WHM-type compounds [38]. In WHM compounds, their overall electronic structures 

are predicted to be similar [38,45], except for small discrepancies caused by the 

variations of SOC strength and structural dimensionality. As stated above, the interlay 

coupling in ZrSnTe is expected to be strong due to steric-electronic balance, which 

should result in strong 3D character. This has been confirmed by the 3D Fermi surface 

morphology revealed in our angular dependence of the quantum oscillation 

measurements.  

 

Using the measurement setup shown in the inset of Fig. 4(b), we have collected 

dHvA oscillation data for ZrSnTe under different magnetic field orientations. The 

presence of dHvA oscillations in the whole angle range from θ=0° to 90° indicates 3D 

Fermi surface for ZrSnTe. After the background subtraction, the oscillation pattern 

displays a clear evolution with the rotation of the magnetic field, as shown in Fig. 4(a). In 

Fig. 4(c), we summarized the angular dependences of the major fundamental frequencies 

obtained from the FFT analyses. The continuous evolution of all probed oscillation 

frequencies in the whole angle range indicates that the observed quantum oscillations 



should be due to the bulk bands. The lowest frequency components probed under nearly 

out-of-plane and in-plane field (i.e., Fα and Fα′) should arise from the same Fermi surface 

sheet, which appears to be less anisotropic given the weak angular dependence of the 

frequency. In contrast, the high frequencies display much stronger angular dependence. 

The difference of the probed two major high frequencies Fβ and Fγ seen for B//c′ and the 

difference of Fε and Fη seen for B//ab′ varies remarkably with angle, reaching zero at 

certain angles, which is suggestive of corrugated cylindrical Fermi surface sheets. The 

observed angular dependence of oscillation frequencies of ZrSnTe look similar to that of 

ZrGeS [47], implying that these two compounds possess similar 3D-like Fermi surface. 

Such a similarity in their band structures is consistent with the fact that they share similar 

crystallographic c/a ratio (i.e., 2.148 for ZrSnTe and 2.212 for ZrGeS) [71] and interlayer 

binding energy (i.e., 0.6861 eV for ZrSnTe and 0.6044 eV for ZrGeS) [38].  

 

In addition to the structure dimensionality, SOC strength can also be fine-tuned in 

the WHM compounds with the different combinations of W, H and M elements. Unlike 

other ideal topological semimetals such as Na3Bi [9,10], Cd3As2 [11-14], and 

(Ta/Nb)(As/P) [15-22] which possess symmetry-protected gapless Dirac and Weyl cones, 

the C2v symmetry that leads to Dirac nodal-line in WHM allows for SOC gap [42], which 

results in massive Dirac fermions with reduced mobility. In ZrSiS, the exceptional 

properties including the very small effective mass and very high quantum mobility [44] is 

known to be associated with the tiny SOC gap (~20 meV [42]) since element Si is light 

and gives rise to weak SOC. With increased SOC strength in other WHM compounds 

composed of heavier elements such as ZrSiSe/Te[44], ZrGeM [47], and HfSiS [73], 



heavier effective mass and reduced mobility have been observed in quantum oscillations. 

Given the larger total atomic number for ZrSnTe, it is not surprising to probe even 

heavier effective mass and much lower quantum mobility in our dHvA oscillation studies.  

 

In conclusion, we have synthesized the single crystals of ZrSnTe and performed 

dHvA quantum oscillation studies. The analyses of dHvA quantum oscillation reveal 

properties consistent with the theoretically predicted bulk topological semimetal state for 

the first time. Our results not only provide complementary bulk characterization to the 

surface state probed by ARPES experiments, but also demonstrates that topological 

fermions can also be harbored by the Sn network. Owing to the strong interlayer 

coupling, the Dirac bands of ZrSnTe exhibit clear 3D nature despite its layered structure. 

The heavier effective mass and reduced quantum mobility seen in our analyses also sheds 

light on the effect of SOC on the Dirac bands in the WHM-type materials. 
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Table I. Crystallographic data for ZrSnTe at 300(2) K obtained from single crystal 
refinement. 

Refined Formula ZrSnTe 
F.W. (g/mol) 337.51 

Space group; Z P4/nmm; 2 
a(Å) 4.061 (5) 
c(Å) 8.705 (11) 

V (Å3) 143.5 (4) 
Extinction Coefficient 0.044 (3) 



θ range (deg) 2.340-33.361 
No. reflections; Rint 

No. independent reflections 
No. parameters 

1318; 0.0323 
203 
10 

R1: ωR2 (I>2σ(I)) 0.0221; 0.0481 
Goodness of fit 0.989 

Diffraction peak and hole (e-/ Å3) 2.429; -1.334 

 

Table II. Atomic coordinates and equivalent isotropic displacement parameters of 
ZrSnTe system. (Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 
(Å2)) 

Atom Wyck. Occ. x y z Ueq 

Zr1 2c 1 ¼ ¼ 0.2650(1) 0.0059(2) 
Sn2 2a 1 ¾ ¼ 0 0.0067(2) 
Te3 2c 1 ¼ ¼ 0.6195(1) 0.0064(2) 

 

Table III. Anisotropic thermal displacements of ZrSnTe 

Atom U11 U22 U33 U23 U13 U12
Zr1 0.0063(3) 0.0063(3) 0.0051(4) 0 0 0 

Sn2 

Te3 

0.0065(3) 

0.0069(3) 

0.0065(3) 

0.0069(3) 

0.0071(3) 

0.0054(3)

0 

0 

0 

0 

0 

0 

 

 

Table IV. Parameters derived from the analyses of dHvA oscillations for ZrSnTe. F, 

oscillation frequency; TD, Dingle temperature; m*, effective mass; τ, quantum relaxation 

time; μq, quantum mobility; φB, Berry phase.  

 

 F (T) m*/m0 TD (K) τ (ps) μ (cm2V-1s-1) φB 

28 0.18 - - - - 



B//c′ 238 0.16 34.6 0.035 384 (0. 94±0.25)π 

350 0.21 48.1 0.025 209 (1.01±0.25)π 

B//ab′ 

17 0.17 15.2 0.080 828 (-0.49±0.25)π 

78 0.17 25.1 0.048 496 (-0.48±0.25)π 
125 0.23 21.3 0.057 436 (0.70±0.25)π 

 

 

Figures  

 

FIG. 1. (a) Temperature dependence of in-plane (ρab) and out-of-plane (ρc) resistivity for 

ZrSnTe. Inset: Crystal structure of ZrSnTe. (b) Single crystal x-ray diffraction patterns 

for ZrSnTe, showing the (00L) reflections. Inset: an image of a ZrSnTe single crystal. 

 



 

FIG. 2. (a) and (b): The field dependence of magnetic torque τ for ZrSnTe at different 

temperatures, for the magnetic field along the (a) nearly out-of-plane direction (B//c′) and 

(b) nearly in-plane direction (B//ab′). (c) and (d): The oscillatory component τosc for (c) 

B//c′ and (d) B//ab′. Inset: FFT for τosc for (c) B//c′ and (d) B//ab′. 



 

FIG. 3. (a) and (b) The temperature dependence of the FFT amplitude (FFTA) of the 

major fundamental frequencies for (a) B//c′ and (b) B//ab′. The fits to the LK formula 

(solid lines) yield effective mass. (c) The fit of the oscillation pattern for B//c′ at T=1.8K 

to the multi-band LK formula. The lower-frequency (Fα) component has been filtered out 

via FFT filter. (d) The fit of the oscillation pattern for B// ab′ at T=1.8K to the multi-band 

LK formula.  

 



 

FIG. 4. (a) dHvA oscillations of ZrSnTe at T=1.8K under different magnetic field 

orientations. (b) Schematic of measurement setup. (c) The angular dependence of 

oscillation frequencies for ZrSnTe.  

 

 


