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Abstract:
High quality single crystals are critical for experimental materials science research. ZrSnTe represents

such an example. This material belongs to the ZrSiS-type topological material family, which is so far the only
one in this material family possessing Fermi surface formed by Dirac bands generated by a Sn-square net.
Experimental study on ZrSnTe is limited due to the difficulty in single crystal growth. In this work, we report
the single crystal growth for ZrSnTe using a solid-state reaction method with Sn as a flux. The roles of various
growth parameters such as the molar ratio of starting materials, growth temperature and cooling rate in obtaining
sizeable single crystals were investigated. The quality of the obtained single crystals was checked by elemental,
structural and electronic characterizations. Our study on the growth method for ZrSnTe would enable the future

study on this less explored topological semimetal.
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1. Introduction

Topological insulators (TIs) have attracted extensive interests from the scientific community [1]. The
study of topological materials has not only been limited to 2D and 3D TlIs, but has been extended to the
topological semimetals (TSMs) such as Dirac semimetals [2,3] and Weyl semimetals [4,5]. TSMs host
relativistic fermions with linear energy-momentum dispersions that are analogous to Dirac and Weyl fermions
in high energy physics [2,6]. Such Dirac and Weyl states are protected by certain symmetries, and display
numerous exotic properties such as large magnetoresistance [7], high mobility [7], chiral anomaly [8-11], and
surface Fermi arcs [12—16]. Unlike Dirac and Weyl semimetals showing linearly dispersed band crossings at
discrete points in the momentum space, another category of TSMs known as the nodal-line semimetals (NLSMs)

exhibit linear band crossings along a one-dimensional loops or lines.

A family of NLSMs, represented by the chemical formula WHM (W = Zr/Hf/rare -earth,
H = Si/Ge/Sn/Sb, M = O/S/Se/Te) [17-28] have attracted intensive attention in recent years. WHM materials
mainly possess a similar tetragonal structure with the space group P4/nmm, except some exhibiting orthorhombic
distortions. Those materials crystallize in layered structures, with the square or nearly square lattice layers of H
atoms sandwiched by W-M layers. Some WHM compounds, such as ZrSiSe and ZrSiTe, show rather weak inter-
layer coupling, thus enabling mechanical exfoliation to obtain atomically thin flakes [22,29]. Two types of Dirac
states have been discovered in WHMs, including the gapless Dirac point states protected by non-symmorphic
symmetry, and the slightly gapped Dirac nodal-line states generated by the glide mirror symmetry [19,21].
Interesting properties such as the surface floating bands [29,30], enhanced electronic correlations [31-33], and
pressure-induced topological phase transitions [34,35] have been discovered in WHM compounds. Furthermore,
magnetism can also be induced into this system by magnetic rare earth elements. The isostructural or structurally
similar LnSbTe (Ln = lanthanides) compounds represents magnetic version of WHM materials [25,26,36—47]
which also exhibit topological electronic states [25,26,36,46,47]. The composition non-stoichiometry and 4f-

magnetism greatly enrich these LnSbTe materials with various quantum phenomena such as the interplay



between topological states with charge density waves [38,40,41] and enhanced electronic correlations

[36,43,46].

Among various WHM topological materials, ZrSnTe is so far the only one that is characterized by the
Sn square lattice in its crystal structure. Band structure calculations have revealed that the Fermi surface for
ZrSnTe is formed only by Dirac bands in a scenario similar to ZrSiS [19,48], which is not widely seen in
topological materials and make this material a good platform to study the behavior of pure Dirac electrons
without any interference from conventional non-relativistic electrons. Despite those unique properties and the
fact that ZrSnTe is among the first few predicted WHM-type topological materials [19,48], the experimental
studies on this material are rather rare [18,49,50]. This could be attributed to the difficulty in obtaining high
quality large single crystals for ZrSnTe. Distinct from other WHM materials whose single crystals are
synthesized by using chemical vapor transport (CVT) methods, single crystals for ZrSnTe are reported to be
grown by flux methods using Te [18] or Sn [49,50] flux. However, the much less studies on ZrSnTe compared

to other WHMs imply the crystal growth could be the major challenge.

In this work, we focus on investigating the single crystal growth for ZrSnTe, with a goal of obtaining
reproducible method to grow sizable single crystals for ZrSnTe and clarify the important parameters that affect
the crystal growth. Our work demonstrates Sn is an effective flux for ZrSnTe growth, and the temperature
ramping rate plays a vital role for the crystal growth. This discovery paves a way for future studies on fairly

under-explored ZrSnTe topological material.

2. Methods and results

During the investigation of the single crystals for ZrSnTe, in order to identify the optimize the growth
method and eliminate any extrinsic factors, we have been carefully to use the same source material, mixing
procedure, etc. Single crystals of ZrSiS family are typically synthesized by a CVT method using halides as a
transport agent [51]. We have also adopted a similar method to grow single crystals for ZrSnTe but have never
been able to obtain ZrSnTe crystals. So, we switched to the flux method where individual materials melt at high

temperatures, and during cooling nucleation takes places which leads to crystallization of the desired phase. In
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order to minimize the impurities brought in by the flux, here we focus on a self-flux method which utilizes the
constitute elements of the target compound as the flux. For ZrSnTe, both Sn and Te are potential flux due to
their low melting points (Sn: ~232 °C, Te: ~450 °C). In fact, both Te [18] and Sn [49,50] fluxes have been
reported. In this work, we explored both fluxes and found that Te-flux never resulted in ZrSnTe crystals for any
amount of flux. For example, using an atomic ratio of Zr:Sn:Te =1:1:10 or 1:1:20 only led to ZrTe>. In contrast,
our initial trial using Sn flux successfully produced some ZrSnTe single crystals. Therefore, we focus on

optimizing Sn-flux growth for ZrSnTe.

The flux method for single crystal growth has been well-established. In this work, we adopted the
standard method [51,52] for the metal Sn flux growth for ZrSnTe. During the metal flux growth for single
crystals, the source materials are mixed with the flux and loaded in an alumina crucible, which is covered by a
catch crucible on top of it to collect the excess flux in the subsequent centrifuge process. A spacer with hole(s)
is placed in between the crucibles to catch the crystals during centrifuge. The crucibles are sealed in an evacuated
quartz tube as shown in Fig. 1(a). At an appropriate reaction temperature, the flux melts and the source materials
react and dissolve in the flux. Up on cooling, single crystals start to precipitate from the melts, which can be
separated from the molten flux by decanting and centrifuge. During this process, the quartz tube is inverted and
placed in a centrifuge. Single crystals are caught by the spacer and the excess flux is captured by the catch

crucible, as illustrated in Fig. 1(a).

For flux growth for single crystals, several parameters play important roles, such as the reaction
temperature 7T:, the centrifuge temperature T¢, cooling rate, and the amount of flux. 7; must be sufficiently high
to melt and dissolve source materials in flux but should not be too high to avoid the softening of the quartz tube.
T. must be above the melting point of the flux to separate the obtained crystals from the flux but should not be
too high to allow sufficient precipitate and nucleation of the target crystals. The amount of flux should be
adequate to efficiently dissolve source materials or precursors at a reasonable temperature, though it is limited
by the size of a crucible. It is worth noting that all growth parameters are not independent from each other. For

example, 7: might be lowered when flux amount is increased, which could be helpful to avoid the formation of
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some unwanted phases at certain temperature regions. For the ternary compound ZrSnTe, the growth is even

more challenging, due to the complication of the unwanted binary byproducts which can be easily formed.
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Figure 1: (a) Schematic diagram of single crystal growth using a flux method. (b) Heating profile for the growth
of ZrSnTe crystals. Optical microscope images of as-obtained single crystals of (c) ZrTe,, (d) ZrSiTe, (¢) SnTe
and (f) ZrSnTe. Scale bar: 1 mm.

To grow ZrSnTe using Sn-flux, we chose the highest growth temperature 7; = 1000°C and the centrifuge
temperature 7. = 550°C. We found that slight deviation of 7 by 50°C or so did not affect the growth. For the
centrifuge temperature, we adopted a temperature much higher than the melting point of Sn flux (~ 232 °C),
because the quartz tube cools quickly during the transfer from the furnace to the centrifuge. In addition, higher

T. might also be helpful to reduce the formation of the unwanted SnTe phase (melting point ~790 °C).

With the determined 7: and 7t, we have performed multiple growths with various flux amount and
cooling rates. In Table 1 we summarized the 24 representative growths with varying the ratio of source material
Zr:Sn:Te = 1:4:1, 1:5:1, 1:6:1 and 1:10:1, and the cooling rate 10, 20, 30, 40, 50, and 60°C/hour. The phase of
the obtained crystals is characterized by Energy dispersive x-ray spectroscopy (EDS) and x-ray diffraction

(XRD) analyses. Generally, lower cooling rate not only favors better crystallinity, but also increased domain size



due to reduced nucleation centers. However, we found that a cooling rate of 40 °C/hour and below cannot yield
ZrSnTe. Instead, secondary phases such as ZrTe, and SnTe were obtained for various flux amounts, as
summarized in Table 1, and shown in Figs. 1(c-¢). In addition, we also obtained ZrSiTe crystals in some growths,
for which the Si might come from the quartz wools which were used to secure the position of the crucibles inside
the quartz tube. Their compositions were determined by EDS as shown in Fig. 2(a). Among those secondary
phases, the formation of ZrSiTe might be attributed to the partial reaction of the source material and quartz wool
used for flux growth. To eliminate certain phases such as SnTe with a higher melting point of ~790 °C, we tried
to centrifuge at higher temperature when SnTe is not expected to precipitate. However, such an attempt did not

yield ZrSnTe crystals either.
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Figure 2: (a) EDS spectra of ZrSnTe single crystal.(b) Crystal structure of a ZrSnTe single crystal

(c) Raman spectra of ZrSnTe single crystal.



In contrast, single crystals for ZrSnTe were successfully obtained with increasing cooling rate to 50
°C/hour. The stoichiometric composition of the obtained ZrSnTe single crystals were confirmed by using EDS,
which yielded a composition of Zri 007Sno.99sTe1.005. Although the formation of ZrSiTe with very low cooling rate
raises concerns of Si incorporation, we did not observe clearly signature of Si in ZrSnTe obtained with fast
cooling, as shown in the EDS spectra in Fig. 2(a). One possible reason is that the lower cooling rates may favor
the reaction of source material and the quartz wool which consumes Zr and Te sources, which hinders the
formation of ZrSnTe. It is worth noting that cooling too fast is not favorable for ZrSnTe growth as well. In fact,
we found that increasing the cooling rate by another 10°C/hour did not yield visible crystals, which is
understandable because it needs a certain period for nucleation and condensation to form crystals of reasonable

sizes, and a 10 °C increase means increasing the rate by 20%.

Compared to the cooling rate, the amount of flux, i.e., the ratio of source materials and the Sn flux, seems
not to significantly affect the formation of the desired ZrSnTe phase, as summarized in Table 1. At a lower
cooling rate (such as 5 °C/hour), varying the Zr:Sn:Te ratio form 1:4:1 to 1:10:1 only leads to various secondary
phase. At a cooling rate of 50 °C/hour when we obtained the ZrSnTe crystals, low flux amount leads to few
crystals while too much flux (such as Zr:Sn:Te = 1:10:1) causes significant Sn flux residual after centrifuge. We
found that a ratio of Zr:Sn:Te = 1:6:1 is the most appropriate to grow ZrSnTe single crystals. An image of such
a crystal is shown in Fig. 1f.

These results suggest that the crystal growth mechanism of ZrSnTe is complicated. The two important
parameters, reactant/flux ratio and cooling rate are coupled together. Since slow cooling always resulted in
impurity phases (see Table 1). Hence, the target ZrSnTe phase might be a metastable phase, which favors fast
cooling. The best synthetic condition would be loading Zr/Sn/Te=1:6:1 with a cooling rate of 50 °C/hr with
cooling down from 1000 °C to 550 °C. Based on Sn-Te phase diagram [53], the thermodynamically stable SnTe
forms from 670 °C to 550 °C when the molar ratio of Sn/Te=6:1. SnTe was also observed during our experiments
(Table 1). Based on Sn-Zr phase diagram [53], the thermodynamic stable ZrSn, forms from 1000 °C to 550 °C

when the molar ratio of Sn/Zr=6:1. Hence, during the cooling down process, all these thermodynamically stable



compounds such as SnTe and ZrSn, competed with the target ZrSnTe phase, which might explain why slow
cooling does not work in our study. A faster cooling rate (60 °C/hr), however, may result in too fast spontaneous
nucleation, which would lead to numerous small crystals [54] of various phases. To better clarify the mechanism,

additional study such as crystal growth aided by in situ powder x-ray diffraction is necessary [55].

Table 1: Summary of various Sn-flux growth with varying flux amount and cooling rate. The grow temperature

T; and the centrifuge temperature 7¢ are fixed to 1000 °C and 550 °C, respectively.

Zr:Sn:Te
1:4:1 1:5:1 1:6:1 1:10:1
Cooling
rate
5 °C/hr ZrSiTe, ZrTe, ZrSiTe ZrSiTe, SnTe SnTe
10 °C/hr no crystal no crystal no crystal no crystal
20 °C/hr no crystal no crystal no crystal no crystal
40 °C/hr no crystal no crystal no crystal no crystal
50 °C/hr few small crystals few small crystals large crystals large crystals with
Y ry ge ey Sn on surface
60 °C/hr no crystal no crystal no crystal no crystal

To verify the crystal structure, we performed single crystals XRD. The refined crystal structure
confirmed the desired tetragonal layered structure of our ZrSnTe, as shown in Fig. 2(b). The structure parameters
are shown in Table 2 and in the supplementary materials. Furthermore, we have performed Raman spectroscopy
study [Fig. 2(c)], from which three major vibrational modes centered around 119, 138, and 193.2 cm™! are
observed. The observed Raman spectrum for ZrSnTe is very different from other WHM compounds such as
ZrSiS [56], ZrSiSe [57], ZrSiTe [58], suggesting the variation from Si- to Sn-square net may significantly affect

the lattice vibration modes in WHM compounds

Table 2: Crystallographic data for tetragonal ZrSnTe obtained from single crystal XRD refinement.



Space group: P4/nmm. Lattice parameters: a = 4.0598(3) A, b = 4.0598(3) A, c= 8.7049(9) A. Data
collection temperature: 296(2)K. Radiation wavelength: 1.54178 A. R;=0.0538, WR,=0.1209.

Element Wyckoff X y z Uey(A?) Occupancy
Zr 2c 0.2500 0.2500 0.7349 0.0133(17) |1

Sn 2a -0.2500 0.2500 1.0000 0.0133(16) |1

Te 2¢ 0.2500 0.2500 0.3807 0.0117(17) |1

To characterize the quality of the obtained ZrSnTe crystals, we have measured their electronic transport
properties. The in-plane resistivity measurements yield a metallic transport behavior with a residual resistivity
of 4.5 pQ cm [Fig. 3(a), Left Panel]. The resistivity value is a few times lower than the previous report [49].
Such difference can be attributed to many reasons, such as the error in estimation of the same size as well as the
variation of sample quality. From the measurements on multiple pieces of crystals, we found that crystals grown
with large amounts of flux usually exhibit a superconducting transition around 3.9 K. One example (sample S1)
is shown in Fig. 3a. Such superconducting transition should be attributed to the residual Sn flux present on the
surface of ZrSnTe crystals, because sample grown with less amount of Sn flux and with Sn flux carefully
removed do not show superconductivity down to 2K (e.g., sample S2 in Fig. 3a). The magneto-transport revealed
a normalized magnetoresistance MR = [p(B)- p(B=0 T)]/p(B=0 T) of ~ 18% at 7=2 K and B =9 T, which is
suppressed with increasing temperature, reaching 2% at 300 K at 9T. Such MR values are much smaller than

that for ZrSiS [22,59,60] and ZrSiSe [20,61] but comparable to ZrSiTe [20].

The Hall effect measurements reveal a linear field dependence for Hall resistivity py,, as shown in Fig.
4(a). Such linear Hall resistivity persist down to 7= 2 K, which is in sharp contrast to ZrSiS [20,61] , ZrSiSe
[20,22,59], and ZrSiTe [22] that display non-linear field dependence at low temperatures. The positive slope of
po(B) indicates that the transport is dominated by holes, from which the hole densities at various temperatures
can be extracted. As shown in Fig. 4(b), the carrier density is in the order of 10*' cm™, which is an order of
magnitude greater than ZrSiS, ZrSiSe, and ZrSiTe [22] and consistent with the nodal-line band structure for
ZrSnTe. From magnetotransport, the carrier mobility at 2 K is found to be 165 cm?/Vs [Fig. 4(b)], which is lower

than ZrSi(S,Se,Te). Therefore, it is not surprising that the Shubnikov—de Haas effect is not observed up to 9 T



in our magnetotransport study. This is also consistent with the previous discovery of de Haas-van Alphen

quantum oscillation above 10 T in magnetic torque measurements [49].
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Figure 3: (a) Left panel: Temperature dependence of the electrical resistivity of ZrSnTe single crystals with (S1)
and without (S2) Sn surface residual. Right panel: Low temperature resistivity showing superconducting
transition at 7= 3.9K due to Sn flux residual on the surface of the ZrSnTe crystal. (b) Magnetoresistance of

ZrSnTe (S2 sample) at different temperatures ranging from 2 K to 300 K.
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Figure 4: (2) Field dependence of Hall resistivity py, at various temperatures from 2 K to 300 K for ZrSnTe (S2
sample). (b) Evolution of carrier concentration n and mobility x4 from 2 K to 300 K.
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3. Conclusion

In conclusion, we investigated the single crystal growth for ZnSnTe. Unlike other related materials that
are generally grown by using a chemical vapor transport method, ZrSnTe single crystals were successfully
obtained by a flux method with Sn as the flux. We also found that rapid cooling is critical to minimize the
secondary phases and yield the desired ZrSnTe phase. Our study on crystal growth for ZrSnTe would pave a
way for the future investigation on this less-explored topological material which is the only one that is

characterized by the Sn square lattice in WHM family.
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