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Abstract

Real-world topological semimetals typically exhibit Dirac and Weyl nodes that coexist
with trivial Fermi pockets. This tends to mask the physics of the relativistic quasiparti-
cles. Using the example of ZrTes;, we show that strain provides a powerful tool for in-situ
tuning of the band structure such that all trivial pockets are pushed far away from the
Fermi energy, but only for a certain range of Van der Waals gaps. Our results naturally
reconcile contradicting reports on the presence or absence of additional pockets in ZrTes,
and provide a clear map of where to find a pure three-dimensional Dirac semimetallic
phase in the structural parameter space of the material.
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1 Introduction

Dirac cones are formed by states that have a linear dispersion relation close to a band touching
point. These electronic states have large velocities, long wavelengths, and are robust against
backscattering. Materials displaying pure Dirac physics, meaning that there are no additional
pockets at the Fermi level, are thus promising candidates for various technological applications.

The age of Dirac semimetals started with graphene, which provides a concrete, pure Dirac
system in two dimensions (2D). Even though the bands of graphene are actually gapped due
to spin-orbit coupling, the smallness of this gap when compared to temperature and the linear
nature of the bands renders graphene physics “Dirac-like.”

While graphene is well-known and experimentally available, finding materials that show
pure Dirac physics in in three dimensions (3D) has proven to be a challenge. Various mecha-
nisms to accomplish a Dirac cone in 3D have been identified, all of them bringing associated
challenges [1]. One natural approach is to stack weakly-coupled 2D systems known to yield
2D Dirac cones [2]. This approach has recently been found successful, e.g., in Kagome met-
als [3,4], which, however, often present massive Dirac cones not necessarily close to the Fermi
energy. A second approach relies on looking for symmetry-enforced crossings between four
bands. While this mechanism is arguably the most desirable, as it yields stable Dirac cones,
it is often the case that other trivial pockets are also present at relevant energies [2]. A dif-
ferent route is based on the band inversion mechanism. This is predicted to be the root cause
in the perhaps most established 3D Dirac semimetal families, A;B where A =(Na, K, Rb) and
B=(As, Sb, Bi) [5,6]; and Cd;As, [7-10]. In these cases, while the Dirac cones are not enforced
by symmetry, the crystal symmetry still plays a role by avoiding the emergence of a mass term
that would yield an insulating phase. Last, also rooted in the band inversion, Dirac cones can
be stabilized at Z, topological phase transitions in centrosymmetric compounds [11,12]. This
class does require fine tuning to reach a precisely gapless Dirac semimetal, but it is of interest
since there exist materials which are naturally close to such a transition. Then, similar to the
case of the slightly gapped graphene, there would exist a range in parameter space around the
gap closing point where interesting Dirac physics is within reach of experiments, for instance
because the chemical potential is in the linear band regime.

The latter is believed to be the case of ZrTes, a 3D material with a structural lattice layered
along the crystallographic b- and c-directions. Its electronic structure is close to a transition
from a weak topological insulator (WTI) to a strong topological insulator (STI) phase occurring
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via the formation of a bulk Dirac node [13-27]. The low-energy band structure of ZrTeg
can therefore be approximated by a (weakly) gapped Dirac Hamiltonian [25]. Experimental
evidence suggests that most samples might be in the WTI regime [28-31,31-34], but that the
sign of the Dirac gap is in general sample-dependent [35]. Additionally, the chemical potential
is typically larger than the bulk gap, and ZrTes; samples are therefore often metals with low
carrier densities.

The position of the chemical potential shifts with temperature [36], and a Lifshitz transition
between electron and hole bands has been reported [24, 30, 37-39]. Furthermore, different
quantum oscillation measurements as well as different ab-initio studies lead to conflicting con-
clusions on the presence or absence of additional pockets [30,40-42]. Metallic ZrTe; samples
typically show rich (magneto-) transport properties, including a large negative magnetoresis-
tance [ 16], exotic thermoelectric responses [ 39,43-45], a large magnetochiral anisotropy [46],
a nontrivial field dependence of ultrasound [47], and an unusual Hall response [21,48,49]
that may or may not indicate the formation of a charge density wave [24, 38,50-54]. In ad-
dition, measurements of ZrTes and its sister compound, HfTes, suggest that electron-electron
interactions may favor the formation of more exotic states at large magnetic fields [38,55,56],
and that external pressure can drive superconducting instabilities [57].

Recent work showed that strain [22, 58, 59], and even phonons [60], can drive ZrTes
from an STI to a WTI phase (coherent infrared phonons can also induce a Weyl semimetal
phase [61]). However, as we discuss below, in the case of the recently studied uniaxial strain
along the a-direction [22, 58, 59], this transition can be masked by additional, trivial, pock-
ets that lower their energy as strain is applied, yielding an overall semimetallic phase at large
strain. Our calculations indicate that whether this scenario or the more conventional insulator-
to-insulator transition takes place is determined by a crystal structure parameter largely un-
affected by strain: the Van der Waals gap of the crystal along the c-direction. Combining
synchrotron x-ray diffraction data with ab-initio calculations, we show that (i) a pure Dirac
system can be achieved by uniaxial strain, but that (ii) the experimental observability of pure
Dirac physics strongly depends on the size of the Van der Waals gaps in the crystal structure.

The remainder of the manuscript is organized as follows. Section 2 reports on synchrotron
diffraction data that allows us to identify the microscopic atomic positions within the unit cells
of our ZrTe; samples. In Sec. 3, we present ab-inito simulations that suggest the electronic band
structure to rather sensitively depend on atomic positions, as well as on applied strain. These
numerical findings are given a physical interpretation in Sec. 4, where we identify a specific
structural Van der Waals gap in the crystal as the key player in determining the material’s band
structure. Based on our microscopic understanding of how atomic positions impact the band
structure, we predict when a pure Dirac phase occurs in ZrTeg as a function of strain and of
the Van der Waals gap in Sec. 5. Our conclusions are finally summarized in Sec. 6.

2 Diffraction data

Our starting point is a detailed analysis of the structural properties of unstrained ZrTe; crystals.
To that end, crystal synchrotron x-ray diffraction measurements were performed at the broad
band diffraction beam-line P21.1 at PETRA IIl in DESY (Germany) on a ZrTe5 crystal previously
characterized in Ref. [24]. Three-dimensional maps of the reciprocal space were collected with
an angular step width of Aw = 0.1° at 10 K. The data reduction and unit cell determination
were carried out with the software CrysAlis™™ [62]. Figure 1 shows the reciprocal lattice plane
(h 01) at a temperature of 10 K with the overlapped reciprocal lattice grid obtained from the
calculated unit cell a = 3.94827(11) A, b = 14.3523(8) A, ¢ = 13.5610(5) A.

As shown in Fig. 1, this unit cell is able to correctly index the Bragg reflections in the
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Figure 1: Reconstructed reciprocal space plane (h 0 1) at 10 K. The reciprocal lattice
grid extracted from the calculated unit cell provides a correct indexing of the mea-
sured Bragg peaks.

Figure 2: (a,b) Refined crystal structure of ZrTes: b —c plane and a — b plane views,
respectively. (c) Polyhedral representation of the ZrTes atomic structure. The 1D
chains along the a-axis and 2D planes stacked along the b-axis are clearly visible.
Dashed lines indicate the position of reflection symmetry planes.

dataset. The crystal system was determined to be orthorhombic, with space group Cmcm (63)
in standard setting. The atomic positions were refined with the software Olex/Shelx [63]. The
Zr atoms fully occupy the 4c crystallographic site while the Te, atoms occupy the 4c and 8f
sites. The resulting low-temperature crystal structure is shown in Fig. 2. Our samples exhibit
ZrTeg edge-sharing polyhedra forming one-dimensional (1D) chains along the a-axis, which in
turn combine into planes stacked along the b-axis. Table 1 presents the lattice parameters and
atomic coordinates as obtained from our own refinement at 10 K (structure A). The reliability
of our refinement is underlined by the low values of the agreement R factors which is equal
to 6.85%. In the following, the lattice parameters and atomic coordinates we obtained will be
compared to the ones reported in Ref. [64] (structure B), which for convenience are repeated
in Tab. 1.
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Table 1: Crystal structural parameters (Space Group Cmcm (63)). Lattice parameters
and Van der Waals gaps are written in units of A.

Refinement for structure A (own data at 10K)
a b c a I§; Y
3.94827(11) 14.3523(8) | 13.5610(5) 90 90 90
ry 1.9505 re 1.7426
Atomic position b'e y Z Occupancy | Site
Zr 0 0.31560(2) 0.25 1 4c
Te, 0 0.66324(2) 0.25 1 4c
Te, 0 0.93205(2) | 0.14945(2) 1 8f
Tes 0 0.20976(2) | 0.43574(2) 1 8f
Refinement for structure B (from Ref. [64])
a b c a B Y
3.9875 14.53 13.724 90 90 90
ry 1.9470 re 1.8115
Atomic position b'e y Z Occupancy | Site
Zr 0 0.316 0.25 1 4c
Te, 0 0.663 0.25 1 4c
Te, 0 0.933 0.151 1 8f
Tes 0 0.209 0.434 1 8f

3 Sensitivity of the band structure to atomic positions and strain

To determine how lattice parameters and atomic positions influence the low-energy band
structure of ZrTes, we feed both experimentally determined crystal structures A and B into
an ab-initio calculation. We perform density-functional theory (DFT) calculations using the
FPLO code, v.21 [65], using the generalized gradient approximation (GGA) [66], and include
the spin-orbit coupling using the four component formalism and the standard basis set imple-
mented in FPLO. Brillouin zone integrations were performed with a tetrahedron method using
a mesh with 36 x 36 x 10 subdivisions. The density of states (DoS) was computed starting
with a fully converged electronic density and using a mesh with 96 x 96 x 26 subdivisions in a
single DFT step. Exemplary input files for calculations of models A and B can be found in the
repository [67].

Figure 3(a) shows the band structure and DoS for the structural models A and B. Both
yield an insulating ground state with time-reversal polarization invariants Z, =[1;110], and
thus place ZrTes in an STI phase. We have also computed the mirror Chern numbers C, and
C, associated with the reflection symmetries M, and M,, respectively (Fig. 2). These take the
values C, = 1 and C, = —1, with definitions as in Ref. [68]. The main difference between
models A and B lies in the number of low-energy electron pockets: while structure A exhibits
only one pocket, structure B has several pockets. Yet, even the band structure of structure A
deviates from a plain vanilla massive Dirac model since our ab-initio calculations predict an
indirect gap.

It has been argued that uniaxial strain applied along the a-axis can tune the system through
the topological phase transition [22]. However, neither the band structure associated with
structure A nor B is of a simple gapped Dirac type, since the gap is either indirect, or there
are additional pockets. To thoroughly analyze the impact of strain on both structures, we
supplement our model with a deformation §, = a — a, along the a-axis. The strain-induced
changes of b and ¢ are taken into account via the Poisson coefficients y,, = 7, = —0.25,
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Figure 3: (a) Band structure and density of states (DoS) for structural models A and
B. (b) Bands and DoS close to the topological phase transition induced by uniaxial
strain. The apparent different size of the electron and hole Fermi surface pockets
visible close to the transition in model B is compensated by the larger number of
electron pockets and their larger elongation along the direction G,. (c) Brillouin
zone.

extracted from the theoretical results in Ref. [22]. We find that for both A and B structures,
strain closes and reopens the gap at I', thereby changing the invariants to Z, = [0;110] and
C, = C, = 0. The critical strains are 6, = 1.7% for A and 0.6% for B. This difference can be
attributed to the different values of a.

In both cases, an electron pocket along the E; — T line of the Brillouin zone lowers its
energy towards the Fermi level. This is more pronounced in model B, for which the bottom of
this additional band is already below zero energy at the critical strain 6;'. The band structure
then is that of a semimetal with compensated electron and hole pockets. This is shown in
Fig. 3(b), which compares the band structures at critical strain.

4 Microscopic origin of band structure variations

The discrepancy in how close the two structural models A and B are to a pure Dirac regime can
be traced back to the crystal structure. More precisely, we find that the Dirac purity mainly
depends on the different spacing between the ZrTeg polyhedra along the c-direction in the two
models, i.e., on the Van der Waals gap r. (see also Fig. 2a).

The lattice parameters in structure A are approximately one percent smaller than in struc-
ture B, but we have checked that the change of volume by itself does not change the band
structures qualitatively (Appendix A). Also, the Van der Waals gap along the b-direction (r})
is rather consistent between both structures and only differs by ~ 0.2%. In stark contrast, the
Van der Waals gap along the c-direction (r.) is 4% smaller in A than in B, which is the largest
relative difference between the two structures.

To more systematically test the impact of r., we studied two auxiliary structural models.
The model dubbed A’ has all structural parameters as in A, except for those defining r., which
are taken as in model B. These parameters are the lattice parameter ¢ and the internal coor-
dinate z of the Te; atoms. The second auxiliary model, B, is constructed in the opposite way:
B’ has all parameters as in B except for ¢ and z of Tes, which are taken as in A. Figure 4(a)
shows the density of states D(¢) for models A, B, A" and B’. We find that is it mostly r, that
determines whether or not D(¢) increases rapidly above the gap, which in turn indicates the
presence of additional electron pockets. This is further illustrated in Fig. 4(b), which shows
the density of states at the Fermi energy as a function of r, for an electron carrier density
of 1 x 10'%electrons/cm?.
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The dependence of the electron pocket position on the Van der Waals gap can also be con-
firmed analyzing the effective hoppings between the Te atoms across the Van der Waals gaps.
With this aim, we obtained tight-binding models by constructing Wannier functions associated
with Te-5p and Zn-4d orbitals using the projective scheme implemented in FPLO [69]. In these
tight-binding models, we replace the hoppings between the nearest-neighbor Te atoms across
the Van der Waals gaps, i.e., we use these Te-Te hoppings from model A in the tight-binding
model B, and vice versa. We find that this replacement alone produces an energy shift of the
electron pockets, which is even slightly larger than that shown in Fig. 3(a). This is detailed
in Appendix B and it further confirms the Van der Waals gap r. as the key player bringing the
low-energy band structure into, or out of, a pure Dirac regime.
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Figure 4: Panel (a): Density of states as a function of energy for the four models, A,
B,A’, and B’. Panel (b): Density of states at the Fermi energy as a function of the Van
der Waals gap r., for a doping of 1x10'° electrons/cm? in all models. Models A and B
correspond to our own crystal refinement at 50 K and to Ref. [64], respectively. Model
A’ is obtained from model A by using the lattice parameter ¢ and the z coordinate of
Te; atoms as in model B. Analogously, model B’ is obtained from model B by using
the lattice parameter ¢ and the z coordinate of Te; atoms as in model A.

5 Dirac semimetal map

Having identified the Van der Waals gap r. as the most important parameter determining how
close the low-energy band structure is to a pure Dirac regime, we now systematically map
the phase space of the Van der Waals gap r. and uniaxial strain 6, for the structural model A
describing our own samples. While a Dirac-like gap closing is guaranteed at the topological
phase transition, we here aim at identifying an extended parameter regime without unwanted
additional pockets close-by in energy, and in which there is a direct gap close to the I'-point in
reciprocal space.

To that end, we study two key quantities: the fundamental band gap A, i.e., the gap in the
DoS, and the difference between the gap at T' (denoted as Ar) and A. Figure 5(a) shows the
fundamental band gap in the phase space of the Van der Waals gap r. and uniaxial strain 6,.
At small Van der Waals gaps r, the gap closes and reopens as a function of applied strain §,.
This indicates that in this parameter regime there are no unwanted additional pockets within
the energy gap present at I'. The transition is therefore solely described by a pure Dirac gap
closing. At large r., however, the system remains gapless after the gap closing, which in turn
indicates the presence of additional electron and hole pockets.
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Figure 5: Left: Fundamental band gap in the phase space of the Van der Waals gap r.
and uniaxial strain (6,). Dashed curves are isocontours of A while the continuous
curve indicates Ar = 0. Right: Difference between the fundamental gap and the gap
at T'. Dashed lines correspond to isocontours.

Figure 5(b) shows A — A, which serves as an indicator of the energy dispersion near T'.
This difference should vanish in an ideal (massless or massive) Dirac Hamiltonian. We observe
that this only happens for small r,, and in the presence of moderate uniaxial strain. At larger
Van der Waals gaps r., a finite Ar—A instead indicates an indirect gap, and therefore deviations
from a pure Dirac regime. Depending on the parameter regime, this indirect gap can either
result from additional pockets, or from the pocket close to I being strongly deformed and
having its minimum not exactly at T', see Fig. 3.

Overall, our calculations prove that ZrTes can indeed be tuned to a pure Dirac semimetal
regime by strain, albeit only for relatively small Van der Waals gaps r.. At larger r., Dirac
physics is instead masked by additional bands away from the I'-point, but also by non-Dirac
terms in the Hamiltonian deforming the pocket close to I'. Still, our analysis shows that our
own samples are located very well within the parameter range that allows to reach a pure
Dirac regime by strain (see Fig. 3). This means that strain-tuning ZrTes towards pure Dirac
physics is not only possible, but also experimentally realistic.

6 Conclusion

We have analyzed the band structure of ZrTes; as a function of the microscopic atomic posi-
tions, showing that this material either exhibits a pure Dirac regime in which the low-energy
band structure is solely described by a (weakly gapped) pure Dirac Hamiltonian, or a mixed
regime in which additional trivial bands generally exist. This conclusion is obtained by com-
bining original synchrotron measurements, extensive ab-initio calculations using DFT, and a
comparison to existing literature.

Our results have important implications for future experiments on ZrTes and other low-
density semimetals [70]. If present, additional bands will typically mask the physics associated
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with relativistic nodal quasiparticles. However, not all is lost: we find that external strain
can serve as a powerful in-situ tuning knob for bringing the band structure into a pure Dirac
regime. For ZrTe;, strain along the a axis can push the additional pockets far away from the
Fermi level (i.e. to energies outside the window that is probed in the respective experiments).
Our analysis furthermore uncovers an extended regime in the phase space spanned by the
Van der Waals gap along the c-direction and strain along the a-direction in which pure Dirac
physics is realized, but also shows that too large a Van der Waals gap can prevent a pure Dirac
regime. This identifies the Van der Waals gap along c as the most important factor impacting
the Dirac character of the low-energy band structure in ZrTes.

Our study leaves several open questions for the future theoretical modelling of ZrTes. We
have here limited ourselves to understanding how different structural parameters, within a
range of parameters close to the experimentally-determined crystal structures, affect the low-
energy electronic structure of ZrTes. This is a different question than converging towards
a DFT prediction for the ground state of this compound, also including a better treatment
of electronic correlation effects. One point to bear in mind is that all our DFT results are
based on the GGA approximation for the exchange and correlation functional. In view of its
limitations in the prediction of band gaps and the several suggestions in the literature that
most available samples present properties more consistent with the WTI phase (rather than
the STI predicted by GGA for the experimental crystal structure), it could be of interest to study
the electronic structure of this compound with functionals known to describe more accurately
the fundamental gap in weakly correlated semiconductors [71-73].

Future studies should also analyze how the charge carrier density and Fermi level are im-
pacted by the interplay of crystallographic details and temperature. We have shown that the
position in energy of trivial pockets is largely affected by the van der Waals gap r.. The origin
of the experimental dispersion in the values of r. is yet unclear. The two sets of experimental
data used in this work rely on samples grown with different methods. Thus, performing a
controlled analysis of growth conditions vs r, may be a valuable idea. It may also be fruitful to
theoretically address the impact of defects on r. [74], as well as to consider possible structural
variants of ZrTes e.g., intercalation of alkali metas, where r. may potentially be significantly
changed. Last, the experimental observation that the prominent Lifshitz transition at inter-
mediate temperatures occurs at 90K in structure A [24] while at 150K in structure B [64]
supports the idea of a strong interplay of crystallographic details and fermiology in ZrTes, and
by extension possibly also in other Van der Waals materials.

In summary, our analysis establishes ZrTes as a versatile platform in which strain can be
used for the in-situ tuning of band structures, in particular enabling regimes with a pure Dirac
band structure.
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in model B.
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A Dependence of the low-energy band structure on the unit cell
volume

In Fig. 6, we show the band structures of model A and of a model A” which has all internal
coordinates as in A but the lattice parameters a, b and c as in B. Thus, the volume of the unit
cell of A” is equal to that of B. Nevertheless, the low-energy bands are rather insensitive to this
change. The Van der Waals gap of model A” is r. ~ 1.763A, which is closer to that of model
A than of B (these are given in Table 1). This is consistent with r. being the primary variable
that controls the energies of the trivial electron pockets.

B Dependence of the low-energy band structure on the Van der
Waals gap r,

In Fig. 7, we show how the position of the additional Fermi pockets is influenced by the effective
coupling between the Te atoms across the Van der Waals gap r.. The solid lines denote the
bands of the original two models, labeled A and B, on a section of the path between R and K
in the BZ [compare with Fig. 3(a)]. They have been obtained by diagonalizing the Wannier
Hamiltonians corresponding to these two models, using the kwant code [75]. To obtain the
other two band structures, shown using dashed lines, we have swapped the hopping matrices
connecting the neighboring Te atoms across the Van der Waals gap. Thus, model A" denotes
a Wannier Hamiltonian that is identical to that of A in all respects, except that it contains the
Te;-Te; hoppings taken from model B. Similarly, model B’ contains the hoppings taken from
model A. The relative shift in the energy of the additional Fermi pocket shows that the coupling
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0.2

R momentum — K

Figure 7: Band structures obtained from the Wannier Hamiltonians corresponding
to models A and B, as well as obtained from the modified models, A’ and B’.

between those Te atoms separated by the Van der Waals gap is principally responsible for how
close the system is to a pure Dirac regime.

C Crystal growth

In this study, we have used a high-quality ZrTes single crystal grown with high-purity ele-
ments (99.9 % zirconium and 99.9999 % tellurium) using the tellurium flux method. Further
characteristics of the crystals have been reported in Ref. [24].
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