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ABSTRACT

Topological semimetals, being characterized by symmetry-protected band crossings, represent a fascinating class of materials with

extraordinary electronic properties. Type-II Dirac semimetals, featuring highly tilted Dirac cones, offer unique opportunities for
both fundamental research and technological advancements. Platinum ditelluride (PtTe,) has emerged as a promising candidate
for a type-II Dirac semimetal, exhibiting relevant properties for future spintronic and optoelectronic devices. While the existence

of type-II Dirac cones in PtTe, has been confirmed by cryogenic temperature angle-resolved photoemission spectroscopy

(ARPES), practical applications necessitate their stability at ambient conditions. Here, we present a melt growth method for

the synthesis of high-quality PtTe, crystals and we perform ARPES characterization both at cryogenic and at room temperature,

providing compelling evidence for the robust nature of its topological electronic structure under realistic operating conditions.
This demonstration paves the way for the development of PtTe,-based devices leveraging its distinctive topological properties in

practical settings.

1 | Introduction

Topological materials represent a rapidly expanding frontier in
condensed matter physics, being distinguished by unique elec-
tronic properties that originate from the nontrivial topology of
their electronic band structure, which makes them robust to per-
turbations [1, 2]. This field emerged from the discovery of the
quantum Hall effect and has thus far expanded to encompass
a diverse range of materials, including topological insulators,
topological superconductors, and topological semimetals [3-6].

In particular, topological semimetals stand out due to their fasci-
nating electronic band crossings at or near the Fermi level. Unlike
conventional metals, where the Fermi surface is well-defined, in
topological semimetals the conduction and valence bands touch at
discrete points or lines in the Brillouin zone. These touching points

are protected by crystal symmetry and/or time-reversal symmetry,
giving rise to unique electronic phenomena such as extremely large
magnetoresistance, high carrier mobility, and anomalous Hall
effects [7-9]. The linearly dispersed band crossings in topological
semimetals electronic structure straightly resemble graphene-like
electronic structure, hosting extremely low energy transitions with
relevant implications in far-IR, THz, and sub-THz communication
technologies [10, 11].

Depending on the dimensionality and dispersion of the band
touching points, topological semimetals can be categorized into
Weyl semimetals, Dirac semimetals, and nodal-line semimetals
[12-14]. Weyl semimetals feature isolated band touching points
(Weyl nodes) with linear dispersion in all three momentum
directions, acting as sources or sinks of Berry curvature [12].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2025 The Author(s). physica status solidi (RRL) Rapid Research Letters published by Wiley-VCH GmbH.

physica status solidi (RRL) - Rapid Research Letters, 2026; 20:€202500395
https://doi.org/10.1002/pssr.202500395

1of 6


https://orcid.org/0000-0003-4050-4409
https://orcid.org/0000-0002-4011-1181
https://orcid.org/0000-0003-2061-2963
https://orcid.org/0000-0002-3785-8823
https://orcid.org/0000-0002-3805-3517
https://orcid.org/0000-0002-1391-4448
https://orcid.org/0000-0003-3923-750X
https://orcid.org/0000-0002-4231-1638
https://orcid.org/0000-0002-7771-8737
https://orcid.org/0000-0002-3860-4120
mailto:matteo.gardella@mdm.imm.cnr.it
mailto:alessandro.molle@cnr.it
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/pssr.202500395
https://doi.org/10.1002/pssr.202500395
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssr.202500395&domain=pdf&date_stamp=2026-01-05

Conversely, Dirac semimetals are characterized by four-fold
degenerate band crossings (Dirac nodes) in the bulk, which can
be viewed as two superposed Weyl nodes [13]. Topological semi-
metals can be further classified into type-I or type-II based on the
tilt of the Dirac/Weyl cones: type-I semimetals possess upright
cones resembling relativistic Dirac fermions, whereas type-II semi-
metals exhibit significantly tilted cones.

The ongoing quest for new topological materials has particularly
focused on 2D systems, largely due to their potential for minia-
turization and integration into next-generation electronic and
spintronic devices [15-17]. Transition metal dichalcogenides
(TMDs), with their inherent layered structure and tunable elec-
tronic properties, have emerged as a highly promising platform
for realizing various topological phases [18]. The weak van der
Waals forces between layers allow for facile exfoliation down to
monolayer or few-layer forms, enabling exploration of quantum
phenomena in reduced dimensions. The rich interplay of spin-
orbit coupling, crystal symmetry, and electron correlations in
TMDs offers a fertile ground for discovering and engineering
topological states.

Among the vast family of TMDs, platinum ditelluride (PtTe,) has
garnered significant attention as a prime candidate for a type-II
Dirac semimetal [19]. Theoretical predictions and subsequent
experimental observations, primarily through angle-resolved
photoemission spectroscopy (ARPES) at cryogenic temperatures,
have confirmed the presence of highly tilted Dirac cones in the
electronic band structure of PtTe, [20-23].

While the existence of type-II Dirac cones in PtTe, at low temper-
atures is well-established, an ARPES observation of the topologi-
cal character in PtTe, at room temperature is still lacking. It is
known, for instance, that MoTe,, a parent compound belonging
to the same TMDs family, only features type-II Weyl cones below
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~260 K [24]. Straightforwardly, preserving topological features
even at room temperature would consent their exploitation in
PtTe,-based devices without the need for cryogenic cooling.

In this work, we synthesize high-quality PtTe, crystal via melt
growth method and we demonstrate its topological nature by
means of ARPES. The cryogenic temperature results are explained
on the basis of the already existing literature. Additionally, we pro-
vide room temperature evidence of type-II Dirac cones even at
room temperature, demonstrating the possibility for developing
novel electronic components, such as high-speed transistors,
low-power spintronic devices, and highly efficient thermoelectric
materials, leveraging the unique transport properties associated
with type-1I Dirac fermions in PtTe, [25-27].

2 | Experimental Results

Platinum ditelluride (PtTe,) crystals were synthesized via a melt
growth method from elemental platinum and tellurium in a
vacuum-sealed quartz ampoule. High-purity platinum powder
(sponge, 99.99%, SurePure, USA) and tellurium granules
(99.9999%, 1-6 mm, Wuhan Xinrong New Materials Co., China)
were mixed in a stoichiometric ratio with a 2 at% excess of tellu-
rium to compensate for potential volatilization. A total of 3 g of the
mixture was loaded into quartz ampoule and sealed under vacuum
(1 x 107 Pa) using an oxygen-hydrogen torch. The sealed ampoule
was placed in a muffle furnace and heated to 1200°C at a rate of
1°C/min. After dwelling at 1200°C for 2 h to ensure complete reac-
tion, the system was slowly cooled to 1100°C at a rate of 5°C/h to
promote crystal growth and then it was further cooled to room tem-
perature at a rate of 1°C/min. The corresponding temperature pro-
file is presented in Figure 1a. At the end of the process, the ampoule
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FIGURE 1 | (a) Temperature profile for the growth of PtTe, crystals. (b) PtTe, XRD pattern. (c) PtTe, bulk Brillouin zone (above) and surface
projection (below) highlighting high-symmetry points. (d) PtTe, XPS spectrum showing the Te-3d and Pt-4f core levels.
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was opened in an argon-filled glovebox to avoid oxidation of the
synthesized material.

The X-ray diffraction (XRD) pattern acquired from ground pow-
ders of the synthesized PtTe, crystal is reported in Figure 1b and
shows a series of sharp and well-defined peaks, indicating that
the sample is highly crystalline. The overall pattern agrees with
the ICDD card number (04-003-4550) and shows the most intense
peak at 20 =30.9°, which corresponds to the (011) crystal plane.
This evidence suggests a hexagonal crystal structure with the
space group of P3ml, confirming successful synthesis of the
1T-phase without major impurities. The full width at half
maximum (FWHM) of the three main peaks (001), (011), and
(012) read 0.12° 0.16°, and 0.24° respectively, pointing towards
a high-quality level of our crystal.

A Raman spectrum acquired from the crystal is reported in
Supporting Information section S1, featuring the two peaks
related to the in-plane (E,, located at 111.1cm™') and out-of-
plane (Ag, located at 157.2 cm™!) vibrational modes characteristic
of the PtTe, 1T-phase.

The trigonal crystal symmetry of PtTe, is reflected in a hexagonal
bulk Brillouin zone and its related surface Brillouin zone, as
shown in Figure 1c. The high-symmetry points needed to
describe the electronic band structure of PtTe, are highlighted
in the sketch.

We further characterized the material by means of synchrotron-
based X-ray photoemission spectroscopy (XPS) at photon energy
750 eV. The acquired XPS spectrum after in situ cleavage of the
bulk crystal is reported in Figure 1d, focusing on the Te-3d (blue
curve) and Pt-4f (red curve) core levels. Both elements show a sin-
gle component peak that can be ascribed to Pt-Te bonding, with
no evidence of oxidation in the core levels. Pt peaks are located ata
binding energy of 72.7 and 76.0 eV, while Te peaks are located at
573.3 and 583.7 eV, in good agreement with existing literature and
thus confirming the synthesized material quality [28].

We analyzed the electronic structure of PtTe, by synchrotron-
based ARPES. We initially performed a photon energy scan from
22 to 50eV at cryogenic temperature (~20K), as reported in
Supporting Information section S2. We identified the photon
energy of 22 eV, corresponding to k,=0.35 c* (being ¢ =2x/c*
the out-of-plane crystalline axis), to be the best to highlight
the topological features of PtTe,. In Figure 2a,b the electronic
band dispersion along the ' — K and T — M directions is reported.
As already observed and explained through use of ab initio cal-
culations by Yan et al. in ref. [20], we can clearly distinguish the
more relevant features in the ARPES spectra. In both directions,
two different conical dispersions can be identified at the T" point.
The first one, identified by the black arrow, is located at an
energy of about 1 eV from the Fermi level (taken as a reference),
is qualified by a V-shaped dispersion touching a flatter A-shaped
dispersion and corresponds to bulk states. According to ref. [20]
and ref. [23], this band touching corresponds to the type-II Dirac
cone. The second one instead, indicated by the blue arrow, is
located at about 2.2 eV and is conversely associated with surface
states with a nontrivial topological character [20]. Additionally,
along the T' — M direction a gapped conical dispersion related to
bulk states is found at k;, ~ 0.6 A™* in proximity of the Fermi
energy, as highlighted by the red box. From calculated disper-
sions, sharp surface states are expected to connect the gapped
cone [20].
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FIGURE 2 | ARPES spectra acquired using photon energy 22eV.
(a,b) Electronic band dispersions at cryogenic temperature along I'—K
and T'—M directions, respectively. (c,d) Electronic band dispersions at

room temperature along I'— K and I'— M directions, respectively.

The clarity of these features at low temperature underscores the
intrinsic quality of our PtTe, single crystal and the emergence of
well-defined topological Dirac cones, and eventually provides a
baseline for further analysis at higher temperature where the
topological features can be affected by band broadening.

We thus repeated analogous ARPES measurements at room tem-
perature (300 K) on the same sample. Figure 2c,d report the
electronic band dispersion along the ' =K and T'— M directions,
respectively. Strikingly, the room-temperature ARPES investiga-
tion reveals a general band dispersion that is largely preserved
compared to the cryogenic data. Specifically, the previously
described conical distributions located at the T' point remain
clearly discernible, with the type-II Dirac cone still observable
at ~1 eV (black arrow) and the nontrivial topological surface states
at ~2.2eV (blue arrow) below Fermi level. Similarly, also the
gapped cone close to Fermi level in the T—M direction at
k,, ~ 0.6 A™" is preserved, as highlighted by the red box.

To confirm the robust persistence of PtTe, topological states, we
performed a deeper analysis of our =M ARPES data by com-
paring the momentum distribution curves (MDCs) in correspon-
dence with the two Dirac cones at cryogenic temperature and at
room temperature, as reported in Figure 3. The insets show a
zoom of the ARPES spectra with the indication (dashed red
boxes) of the regions used for the MDCs calculations and of
the bulk and surface topological states of interest (black and blue
arrows as in Figure 2). Figure 3a,b shows the MDCs related
to bulk and surface cones at low temperature, while
Figure 3c,d shows the equivalent curves at room temperature.
The direct comparison between low temperature and room tem-
perature results reveals qualitatively similar curves, except for the
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FIGURE 3 | MDC curves extracted from I' — M ARPES spectra in correspondence with the bulk and surface cones for (a,b) the low temperature

and (c,d) room temperature cases, respectively. The spectra are reported in inset.

lower counts as expected due to increased thermal noise at room
temperature. Remarkably, for both cases a peak at k=0A™"
(I point) is always present, as highlighted by the arrows. The
same MDCs analysis performed on the I' — K ARPES spectra gave
a comparable result, as reported in Figure SI3. This evidence
clearly demonstrates the persistence of PtTe, topological proper-
ties even at room temperature.

While some thermal broadening is expected at higher tempera-
tures, the fundamental band topology and the signature of the
Dirac node are robustly maintained. The so-reported ARPES
study denotes the persistent topological semimetal nature of
PtTe,, demonstrating that the topological protection of these
electronic states is not inherently susceptible to thermal fluctua-
tions up to room temperature. By overcoming the limitations of
cryogenic requirements, PtTe, thus holds a striking potential for
exploiting its topological characteristics in practical applications,
such as room-temperature spintronics, optoelectronics and pho-
todetection, and neuromorphic computing [25-27].

3 | Conclusion

We used a melt growth method to synthesize high-quality PtTe,
bulk single crystal, as assessed by XRD and XPS. The ARPES char-
acterization performed at cryogenic temperature revealed the
topological nature of the material, presenting three different coni-
cal features along the ' —K and T — M directions. On the basis of
existing literature, these features are related to a type-II Dirac
cone and to nontrivial topological surface states. Remarkably,

we demonstrated that these topological features are preserved also
at room temperature, paving the way to technological exploitation
of PtTe, in devices working under real-world conditions. In per-
spective, this experimental evidence could convey theoretical
efforts to the investigation of the effects of lattice parameters ther-
mal expansion on the topological features of the material.

4 | Experimental Section/Methods
4.1 | XRD Characterization

X-ray diffraction measurements were performed using a Bruker
D8 Discover diffractometer (Bruker, Germany) equipped with a
Cu Ka radiation source (4 =0.15418 nm) operating at 40 kV and
30 mA. Diffraction patterns were recorded over the 26 range of
10°-60° with a step size of 0.02° and a counting time of 0.5 s per
step. Phase analysis and identification of crystalline structures
were carried out using HighScore Plus software.

4.2 | XPS and ARPES Characterization

Photoelectron spectroscopy measurements were carried out at
the VUV-Photoemission beamline of the Elettra synchrotron
(Trieste, Italy) with horizontally polarized light. The experimen-
tal end-station is equipped with a Scienta R-4000 electron spec-
trometer located at 45° with respect to the photon beam. XPS and
ARPES data were collected on in situ cleaved PtTe, samples at
photon energy 750 and 22-50 eV, respectively.
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