PHYSICAL REVIEW B 106, 125124 (2022)

Observation of anisotropic Dirac cones in the topological material Ti,Te,P
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Anisotropic bulk Dirac (or Weyl) cones in three-dimensional systems have recently gained intense research
interest as they are examples of materials with tilted Dirac (or Weyl) cones indicating the violation of Lorentz
invariance. In contrast, the studies on anisotropic surface Dirac cones in topological materials which contribute
to anisotropic carrier mobility have been limited. By employing angle-resolved photoemission spectroscopy
and first-principles calculations, we reveal the anisotropic surface Dirac dispersion in a tetradymite material
Ti, Te,P on the (001) plane of the Brillouin zone. We observe quasielliptical Fermi pockets at the M point of
the Brillouin zone forming the anisotropic surface Dirac cones. Our calculations of the Z, indices confirm that
the system is topologically nontrivial with multiple topological phases in the same material. In addition, the
observed nodal-line-like feature formed by bulk bands makes this system topologically rich.
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I. INTRODUCTION

The experimental discovery of a three-dimensional (3D)
topological insulator (TI) in tetradymite Bi,Se; brought about
an unprecedented surge of research interests in exotic states of
matter [1-8]. This discovery motivated investigations of other
novel phases such as the Dirac semimetals, Weyl semimet-
als, nodal-line semimetals, topological crystalline insulators,
Kondo insulators, etc. [9—18]. Not only have the discoveries
of these novel states provided new classifications of materials,
but a series of compounds with similar electronic behaviors
have also been identified. Recently, a great deal of interest
has been directed at a series of bismuth- and antimony-based
tetradymite crystals as they host a topological surface state
while simultaneously possessing a wide bulk band gap, as
such a single 2D Dirac cone in the Brillouin zone (BZ) is
present [6,7,19-27]. Similarly, angle-resolved photoemission
spectroscopy (ARPES) studies of the 221-type compounds
isostructural to the tetradymite family such as Zr,Te,P and
Hf,Te,P [28-30] reveal the presence of topological surface
states along with multiple fermionic states in the BZ. In
Zr,Te,P, multiple Dirac cones are reported, among which
two Dirac cones reside within the pseudogap. Additionally,
it contains a surface-state anisotropic Dirac cone at the M
point [28]. Another compound of this family, Hf,Te, P, pos-
sesses multiple topological states, hosting strong TI and weak
TI states in a single material. Furthermore, it consists of a
one-dimensional Dirac-node arc along a high-symmetry di-
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rection which makes this family even more fascinating [30].
Interestingly, the band inversion takes place between the d and
p bands in these compounds in contrast to other tetradymite
families which host band inversion between s and p bands or
between p bands [27-31].

Most of the well-studied TIs and topological semimetals
(TSMs) have isotropic Dirac cones which are dubbed as type-
I fermions. Bi;Se;, Cd3As;y, and TaAs are prime examples
of materials hosting type-I fermions in TI, Dirac, and Weyl
semimetallic states, respectively [6,10,13]. However, very re-
cently topological states with tilted Dirac cones have gained
significant attention. Subsequently, type-II Weyl semimet-
als [32] and type-II Dirac semimetals [33—35] have been
discovered in three-dimensional systems. These anisotropic
Dirac cones are formed by bulk bands. Type-II fermions have
tilted Dirac cones as a result of broken Lorentz invariance,
and Dirac or Weyl nodes exist at the contact of electron and
hole energy pockets [32]. In a similar fashion, anisotropic
Dirac cones have been reported in two-dimensional systems
in which Fermi velocities vary along high-symmetry direc-
tions [36-38]. The anisotropy of the Dirac cone might provide
anisotropic carrier mobility, thus leading to the realization of
direction-dependent transport for quantum devices [36,38].
A few materials harboring anisotropic surface Dirac cones
have been reported [28,39-43]. However, examples of 2D
anisotropic Dirac cones are limited in 3D materials.

In this paper, we investigate the electronic band struc-
tures of the (001) surface of Ti,Te,P using high-resolution
vacuum ultraviolet ARPES and first-principles calculations.
Our measurements reveal the presence of anisotropic surface
Dirac cones at the M point and nodal-line-like features along
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FIG. 1. Crystal structure and band-structure calculations of
Ti,Te,P: (a) Crystal structure of Ti, Te,P stacked in hexagonal lay-
ers, in which blue, brown, and pink balls identify Te, Ti, and P
atoms, respectively. The dotted rectangles enclose quintuple layers.
(b) 3D bulk Brillouin zone (BZ) of single crystals and its projected
hexagonal surface where the high-symmetry points are labeled.
(c) First-principles calculation of the bulk bands with inclusion of
spin-orbit coupling.

the T-M direction. The experimental results are in excel-
lent agreement with the first-principles calculations. Parity
calculations reveal the band inversions at the I" and the F
point, indicating that the system is topologically rich. The
anisotropic Dirac cones have the potential to be used in tech-
nological applications due to the different mobilities in a Dirac
cone.

II. METHODS

Single crystals of Ti, Te,P were grown by the chemical va-
por transport method as described in Refs. [44,45], and details
of sample characterizations are described in the Supplemental
Material (SM) note 1 [46].

Synchrotron-based ARPES measurements were performed
at the Advanced Light Source (ALS) beamline 10.0.1
equipped with Scienta R4000, ALS beamline 4.0.3 equipped
with R8000 hemispherical electron analyzers, and at the SIS-
HRPES end-station at the Swiss Light Source (SLS) equipped
with Scienta R4000. Similarly, helium-lamp-based ARPES
measurements were performed at the Laboratory for Ad-
vanced Spectroscopic Characterization of Quantum Materials
(LASCQM) with a R3000 hemispherical analyzer at the Uni-
versity of Central Florida. The angular and energy resolutions
were set to be better than 0.2° and 20 meV, respectively.
The electronic structure calculations and structural optimiza-
tion were carried out within the density-functional formalism,
which are described in SM note 2 [46-51].

II1. RESULTS AND ANALYSIS

We begin our discussion by presenting the crystal structure
of Ti,Te,P in Fig. 1(a). It is isostructural to Bi,Te,Se, and
crystallizes in a rhombohedral crystal structure with lattice
parameters a = 3.6387(2) A, ¢ =28.486(2) A, and space
group R3m (No. 166), each unit cell consisting of three quin-
tuple atomic layers separated by van der Waals gaps [44].
The phosphorus and tellurium atoms are arranged in hexag-
onal layers stacked along the hexagonal ¢ axis in a sequence
with two layers of tellurium followed by a single layer of
phosphorus, and the gap is filled by titanium as shown in

Fig. 1(a). The (001) plane is the natural cleaving plane in
this compound due to the atomic layers along the c¢ axis.
A three-dimensional BZ and its projection to 2D along the
[001] direction are presented in Fig. 1(b), which illustrates
the hexagonal symmetry of the (001) surface BZ. Figure 1(c)
shows the bulk band calculation of Ti,Te,P [with spin-orbit
coupling (SOC)] along the high-symmetry directions which
includes four time-reversal invariant momenta (TRIM) points.
It shows a holelike band around the I" point. A band is seen
crossing the chemical potential at the I point indicating the
semimetallic behavior, which is flat in the vicinity of the
Fermi level at the I point. Our detailed electronic structure
calculations show the occurrence of bulk band inversion both
at the I and the F point. These band inversions are between
Ti p and Te d states and involve different sets of bands (see
SM [46]). A bulk band inversion at the F point takes place
between Ti p and Te d bands around 750 meV below the
Fermi level, which agrees well with both the calculated and
observed Dirac surface state at the M point. This surface state
is of the strong TI type, since our calculated Z, indices for
this case are (1;000) (see SM [46]). Unlike the other sister
compounds of this family (Zr,Te,P, Hf,Te,P), Ti, Te,P does
not possess band inversion above the chemical potential at the
zone center. The parity analysis of this system shows that a
strong TI state exists at the I point and at the M point (see
SM for the parity calculation [46]). Our calculations indicate
that the band inversion between different bulk bands at the I"
point also leads to strong TI topology with Z, again (1;000).
Remarkably, this band inversion takes place near a similar
binding energy as the one responsible for the Dirac surface
state at the M point (see SM [46]).

Figure 2 illustrates the detailed electronic structures of
experimentally measured Ti, Te,P by using synchrotron-based
high-resolution ARPES. In Fig. 2(a), the Fermi-surface map
is presented which has a sixfold flower petal shape as a
consequence of the presence of threefold rotational and in-
version symmetry. At the " point, a circular-shaped energy
pocket can be seen due to the holelike band that crosses the
chemical potential. Furthermore, a constructed BZ is pre-
sented in which the high-symmetry points are labeled. The
photoemission spectra obtained from ARPES measurements
suggest that petal-shaped Fermi pockets are surface originated
as they do not disperse significantly with photon energies
(see SM [46]). The impacts of the matrix element effects are
noticeable, leading to nonuniform spectral intensities. Fur-
thermore, petal-like features coming from the secondary BZ
can be observed at the edges. The ARPES measured Fermi
surface of Ti,Te,P is similar to the Fermi surface of Zr,Te,P
and Hf,Te,P [28-30]. The energy contours delineate how the
band dispersions evolve with the binding energies. The en-
ergy pockets at the T' point grow bigger with binding energy,
indicating the hole nature of the bands at the I’ point. This
hexagonal BZ has six M points at the center of the elliptical
Fermi pockets. The diameters of the elliptical petal diminish
with binding energies. At the binding energy of 750 meV, the
elliptical features collapse into lines. Furthermore, the linelike
feature seen along the I'-M direction forms nodal-line-like
states as it is the crossing point of bulk Dirac dispersions
(see SM [46]). Interestingly, there are an even number of
topological nontrivial surface states at the T' point and one
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FIG. 2. Fermi-surface map and electronic band dispersions of Ti,Te,P: (a) Fermi-surface map and constant energy contours at different
binding energies measured at a photon energy of 100 eV. The white-colored hexagonal shape is a constructed BZ in order to identify the
high-symmetry points. Band dispersion along the (b) K-['-K, (c) M-T'-M, and (d) K-M-K directions. (e¢) Calculated band dispersion map
along the K-M-K direction. In the energy axis, the Dirac point is set as zero. All the measured data were collected at ALS beamline 4.0.3 at a

temperature of 16 K.

at the M point, which provide the condition for Dirac-node
arcs [30]. However, we do not observe gapped bulk Dirac
cones in the vicinity of the T' as seen in Hf,Te,P, probably
due to weaker spin-orbit coupling, or due to energy resolution
limitations obscuring the gap in the photoemission intensity
plot. The node arc feature is protected by in-plane time-
reversal invariance similar to its sister compound Hf,Te,P. In
order to study the dispersion maps along the high-symmetry
axes, we present ARPES measurements of energy dispersion
along the high-symmetry directions. Figure 2(b) shows band
structures along the K-I"-K direction. Holelike bands are seen
in the vicinity of the Fermi level. Another band exists almost
750 meV below the Fermi level, which can be seen in the bulk
band calculations. Figure 2(c) displays the dispersion map
along the M-T"-M, in which holelike bands can be seen. The
slab calculations (see SM [46]) suggest that most of the bands
are bulk originated, whereas a pair of surface-originated bands
are buried within the bulk bands.

In Fig. 2(d), we present the dispersion map along the
K-M-K direction in which we observe a Dirac state at the
binding energy of 750 meV. Our photon energy-dependent
measurements suggest a surface-originated Dirac cone, how-
ever, the slab calculations [see Fig. 2(e)] suggest the presence
of bulk bands. The bulk bands and surface bands, however,
cannot be resolved in the present resolution.

To show the anisotropic Dirac cones at the M points, we
have taken dispersion maps along different directions at the
M point which have different Fermi velocities. Figure 3(a)

shows the Fermi-surface map in which one M point is chosen
as a reference point to demonstrate the anisotropy of the
Dirac state at the M point. The Dirac cones are formed by
the elliptical-shaped petals at the Fermi surface. In Fig. 3(b),
dispersion maps along the different directions are presented,
which make angles of 0°-80° at an interval of 20°. The
dispersion maps delineate the presence of anisotropic Dirac
cones.

To quantitatively determine the anisotropy of the Dirac
cone in Ti, Te, P, we have performed a detailed analysis along
both cut 1, i.e., along the K-M-K high-symmetry direction,
and cut 6 which is rotated 60° with respect to the K-M-K
direction [see Figs. 4(a)-4(c)]. Figures 4(a) and 4(b) show
the momentum distribution curves (MDCs) (red open circles)
which are extracted from the ARPES dispersions. In order
to fit the obtained MDCs, Gaussian-Lorentzian (GL) product
functions have been used. The Gaussian part represents pri-
marily the energy resolution of the instrument and the lifetime
broadening of the photoelectrons, whereas the core holes are
captured by the Lorentzian width [52,53]. The fitted MDCs as
shown in Figs. 4(a) and 4(b) show accurate fits up to around
750 meV, i.e., near the Dirac point. From the obtained results
one can see that along cut 1, the dispersion of the topological
surface states (TSSs) follows a linear behavior whereas along
cut 4 the dispersion of the TSSs deviated quite strongly from
the linear behavior [see Fig. 4(d)]. The different behavior
of the dispersion of the TSSs along the different directions
thus clearly shows the anisotropic dispersion of the TSSs.
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FIG. 3. Experimental observation of anisotropic Dirac cone: (a) Fermi-surface map in which white-colored lines are drawn via the M point
to show angles of dispersion maps with respect to the K-M-K direction. (b) Dispersion maps along different orientations; angles with respect
to the K-M-K direction are noted on the top of the plots. All data were collected at ALS beamline 4.0.3 at a photon energy of 100 eV.

The magnitude of the Fermi velocity associated with cut 1 is
almost double that of cut 4. Figure 4(e) displays the change in
the k; vector as a function of the rotation angle where the ro-
tation has been performed with respect to the high-symmetry
direction K-M-K; it clearly shows a significant increase of the
k) wave vector above 40° rotation.
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FIG. 4. Demonstration of anisotropy in a Dirac cone: (a) Exper-
imental momentum distribution curves (MDCs) (red open circles)
integrated within 4 meV of the corresponding binding energy and
fitted (black solid lines) to the experimental MDCs along cut 1 as
shown in (c). (b) Same as (a) but along cut 4, i.e., rotated by 60° with
respect to the K-M-K direction. (c) Zoomed-in view of the Fermi
surface where the yellow lines 1-6 indicate cut directions in the
interval of 20°. (d) The k; dispersions as a function of binding energy.
The coordinates are obtained from the MDC plots from (a) and (b).
(e) The k values as a function of rotation angles with respect to the
K-M-K direction.

IV. DISCUSSION

The anisotropic surface Dirac cone in a 3D system has
been overlooked despite substantial work done on the tilted
bulk Dirac cones in semimetallic systems. The anisotropic
Dirac cone at the M point of Ti,Te,P is a consequence of the
petal-shaped energy pocket at the M point in the BZ, due to
which the Fermi velocities vary along the directions of the
dispersion maps. Furthermore, the warping of the Dirac cone
can be seen along the direction of the I" potentially due to bulk
bands which exist along the T'-M direction. The anisotropy
of TSSs in some materials has been observed [7,41,43,54—
56], which is attributed to the spin-dependent scattering
giving rise to anisotropic scattering rates of the surface-state
electrons, however, the role of spin-dependent scattering in
Ti,Te,P is yet to be revealed. Importantly, materials with
anisotropic surface Dirac cones could be a platform that
provide a direction-dependent transport. It requires further
explorations in such materials.

V. CONCLUSION

In conclusion, we observe anisotropic Dirac cones at the
M points in Ti,Te,P material. Our Z, calculations identify
this system as topologically nontrivial. The presence of nodal-
line-like features along the I"-M direction in addition to the
anisotropic Dirac cones makes this system topologically rich.
Our study provides an archetype system for the understanding
of the 221-tetradymite system and we anticipate that it will
stimulate further research interests in this class of material.
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