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The discovery of a new type-Il Dirac semimetal in Ir;_,Pt,Te, with optimized
band structure is described. Pt dopants protect the crystal structure holding
the Dirac cones and tune the Fermi level close to the Dirac point. The type-II
Dirac dispersion in Ir,_,Pt,Te, is confirmed by angle-resolved photoemis-
sion spectroscopy and first-principles calculations. Superconductivity is also
observed and persists when the Fermi level aligns with the Dirac points.
Ir,_,Pt,Te, is an ideal platform for further studies on the exotic properties
and potential applications of type-1l DSMs, and opens up a new route for
the investigation of the possible topological superconductivity and Majorana

physics.
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Recent levels of interest in topological
semimetals (TSMs) have stimulated a
fruitful avenue of research in materials
science. Multiple topological nontrivial
TSMs have been studied, including Dirac
semimetals (DSMs),l™ Weyl semimetals
(WSMs),b nodal-line semimetals,['%11]
and Lorentz invariance-breaking type-
IT WSMs.l'>5] The concept of broken
Lorentz invariance also results in a new
system termed type-II DSM, in which
the Dirac cones are tilted significantly
along specific momentum directions,16-23]
leading to a modulated effective mass and
the potential for new applications.?*?"] In
particular, intrinsic topological supercon-
ductivity (TSC)8-331 could be induced in type-1I DSMs due to
a finite density of states around the Dirac points, potentially
hosting Majorana modes!?*-37] with possible applications in top-
ological quantum computations.3

Materials made of type-Il DSMs have been recently discov-
ered in the 1T-PtSe, family, i.e., PtSe,, PtTe,, and PdTe,.'618-21]
These materials are group-10 transition-metal dichalcogenides
(TMDC), with crystal structures belonging to the P3ml space
group, offering similar electronic structures consisting of type-
11 Dirac dispersions protected by Cj, symmetry.'o7] However,
these materials are limited by the problem that the Dirac points
are far below the Fermi level, and there are several trivial bands
crossing the Fermi surface,'2! which constrains the use of
these materials in transport studies and for future applications.
Because the Dirac dispersion in the PtSe, family is protected
by crystal symmetry and the two bands forming the Dirac cone
are mainly determined by the p-orbitals of chalcogen,%17! sub-
stitution of group-9 transition metals, e.g., iridium, for Pt/Pd
and forming 1T-IrTe,, may maintain the Dirac dispersion while
pulling the Dirac points closer to the Fermi surface. However,
as is the case for some TMDCs, 1T-IrTe, is metastable and a
charge density wave (CDW) transition to a monoclinic structure
occurs at low temperatures.***! Consequently, the Dirac dis-
persion does not survive in IrTe,.

Here, we report that Pt doping in IrTe, not only stabilizes the
metastable 1T-phase but also tunes the Fermi level to the Dirac
points. As demonstrated by angle-resolved photoemission spec-
troscopy (ARPES) and first-principle calculations, appropri-
ately tuning the Pt doping concentration can cause the type-II
Dirac points to approach the Fermi level. In addition, all the
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Figure 1. The strategy of platinum doping in 1T-IrTe, and the characterization of crystals. a) A sketch showing our strategy of platinum doping in
1T-IrTe,. The left-hand panel displays the trigonal crystal structure of 1T- IrTe,. When Pt doping is low, a CDW transition occurs (displayed in gray
shade). The right-hand panel in purple shade displays the Fermi surface evolution for various Pt doping of IrTe,, the corresponding Fermi level is
indicated by colored dashed line in Figure 2f. b,c) The crystal structure and the Brillouin zone of 1T-IrTe,, respectively. d,e) The band calculation of
1T-IrTe,. f) A zoomed-in view of the tilted Dirac cone along I'-A. g) The powder XRD pattern of Iry Pty 4Te,. The blue curve shows the deviation curve.
Green rods display the Bragg-peak positions. The inset is the R—T curve of the corresponding sample. h) The EDS spectrum of IrygPtq;Te,. The inset

shows the part of the EDS spectra for samples with x = 0.1-0.4.

irrelevant bands are far from the Fermi surface. Interestingly,
superconductivity is observed in samples where the Fermi
level varies across the Dirac points. This offers an opportunity
to investigate phase transitions between topological and trivial
superconductors in the presence of time-reversal symmetry,
along with the associated Majorana physics.

Our strategy is depicted in Figure 1a. When the doping ratio
is low, a CDW phase transition occurs at low temperature. The
trigonal crystal changes to a monoclinic structure, and the
Brillouin zone (BZ) also changes (gray shaded zone). The alter-
ation of the crystal structure also kills the Dirac dispersions.
The purple shaded zone indicates the suppression of CDW,
and the 1T phase is stabilized when the Pt doping strength
increases. Additionally, substituted Pt dopants can introduce
carriers and modulate the Fermi level to approach the Dirac
point in Ir;_,Pt,Te,, because there is one more valence electron
in platinum than in iridium (shown in the right-hand panel of
Figure 1a). Pt doping is thus a way to ‘kill two birds with one
stone’, resulting in an ideal type-II DSM in Ir;_,Pt,Te,.

To validate our strategy, we first calculated the band struc-
ture of pristine 1T-IrTe, using first-principle calculations. The
crystal structure and BZ are displayed in Figure 1b,c. Figure 1d,e
shows the dispersions along the A-T-A and T-D-S directions.
Two bands cross the Fermi level, forming a band-crossing
feature along the I'-A direction (shown by the red arrows).
These two bands belong to different representations (G4 and
Gs ¢ respectively); the spin-orbital coupling (SOC) cannot open
a gap at the crossing point, and instead a gapless Dirac cone
with linear dispersion is formed. This is determined by the
C;3, symmetry in the system with time-reversal and inversion

symmetry.'1¢1740] Tt is clear from Figure 1d,e that the Dirac
cone is untilted in the k,~k, plane (T-D-S), but tilts strongly
along k, (A-T-A), which is a characteristic of type-II Dirac fer-
mions. Figure 1f shows a magnified view of the tilted Dirac
cone. According to our calculations, the Dirac point in 1T-IrTe,
is 200 meV higher than the Fermi level (black dashed line),
and much closer to it than for PtSe, family.l'”) The Fermi level
can be further adjusted by Pt doping, and the Dirac point
will be aligned with the Fermi level in samples for a specific
doping strength. Fermi surface evolution through adjustment
of the Pt doping is demonstrated in the right-hand panel in
Figure 1a (the colored dashed lines indicate the corresponding
Fermi level in Figure 1f). The crimson dashed line indicates
the Fermi pockets when the Fermi level aligns with the Dirac
point. Characteristically for type-II Dirac dispersion, a pair
of hole-like and electron-like pockets is formed. The hole-
like pocket (in red) is located at the center of the BZ, and the
shape of the electron-like pocket is complex and divided into
two parts by the boundary of the BZ. The outer part is lantern-
shaped and traverses the BZ along the k, direction, while the
inner part is ellipse-shaped and touches the hole-like pocket at
the Dirac points (indicated by the black arrows). For samples
with a higher Pt doping, the Fermi level is beyond the Dirac
point and the pair of hole/electron-like pockets separates from
the Dirac points. The hole-like pocket shrinks and finally van-
ishes with increasing Fermi level, and the two parts of the elec-
tron-like pocket combine to form one single pocket in the BZ,
as displayed in the top of the right-hand panels in Figure 1a.
We note that for the wide range of Fermi-level shifting dis-
cussed here (0-1.1 eV), all the pockets are formed by the bands
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Figure 2. ARPES results for samples with various amounts of doping. a—d) The band dispersions along K-I'-M of Ir;_Pt,Te, with x = 0.1-0.4.
The black dashed lines show the band calculation of IrTe, (the Fermi energy is shifted to match the experiment). e) Constant energy mappings of the
x=0.2 sample measured from E — E = 0 eV to —1 eV. f) Corresponding theoretical calculation (after Fermi energy shifting).

discussed above, and all other irrelevant bands are far from the
Fermi surface.

The theoretical analysis described above provides a blueprint
for our experiments. The control of the Pt doping strength is
crucial not only for the stability of the 1T phase but also for
the energy distance from the Dirac point to the Fermi level. We
focus on those samples enclosed by the red square in Figure 1la
in the following experiments. Single crystals of Ir;_,Pt,Te, were
grown using the self-flux method. Figure 1g shows the powder
X-ray diffraction (XRD) data of one typical Ir;_,Pt,Te, sample.
(Figure Sla,b in the Supporting Information displays the XRD
results for the other samples.) A crystal model with the P3ml
space group is used to fit to the experimental data. The fitting
curve (black line) is consistent with the experimental data (red
dots), indicating the pure 1T phase of our samples at room
temperature. As discussed above, a CDW phase transition can
occur when the temperature decreases. It is therefore necessary
to check whether the 1T phase survives at low temperature.
The inset in Figure 1g shows resistance against temperature
for the corresponding sample. The cooling and heating curves
perfectly overlap with no sudden jumps, indicating the absence
of any crystal phase transition. Similar results were achieved
in other samples with x = 0.1-0.4 (Figure Slc, Supporting

Information). Combined with XRD, the stability of the 1T-phase
in our samples is confirmed. Figure 1h shows the energy dis-
persive spectrum (EDS) of one typical sample, and the inset
shows part of the spectra corresponding to the La peaks of Ir
and Pt from samples with different x. The height of the peaks
is normalized using the peaks from Te at around 4 keV. The
ratio of the two elements evolves clearly, indicating the suc-
cessful control of the substituting Pt doping in Ir;_,Pt,Te,. The
actual atomic ratios of these samples are detected by electron
probe microanalyzer and the detailed result can be seen in the
Supporting Information.

After confirming the crystal structure and elemental compo-
sition, we performed ARPES measurements to detect the band
dispersions in the Ir;_ Pt Te,. Figure 2a—-d shows the disper-
sions along the K-I'-M direction of Ir; ,Pt,Te, for x = 0.1-0.4.
The black dashed lines show the band calculations for IrTe,.
The Fermi energy obtained by calculation is shifted in each
panel and the calculations are qualitatively consistent with the
experimental data. The offset of the Fermi level in the different
samples is clear. For the samples with x = 0.1 and x = 0.2, the
Dirac point is a little higher than the Fermi level (=0.08 eV for
x = 0.1; =0.05 eV for x = 0.2). For the sample with x = 0.3, the
Dirac point is aligned with the Fermi level. For the sample with
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Figure 3. Type-Il Dirac property in Ir;_,Pt,Te,. a) A sketch of type-l and type-Il Dirac cones. b—g) Dispersions of IrysPt;,Te, measured at photon ener-
gies from 18.5 to 23.5 eV. The red dashed lines show the calculation of the valence band forming Dirac cone. The red dots mark the top position of
the valence band at T point and the evolution of the top position under various photon energies is indicated by the green dashed lines. The arrow in

panel d marks the position of the Dirac point (DP).

x = 0.4, the Dirac point is about 0.2 eV lower than the Fermi
level, and the upper part of the Dirac cone can be detected by
ARPES. We also measured the constant energy contours of
our samples. Figure 2e shows the constant energy mappings
of the sample for x = 0.2, measured from the Fermi level to
1 eV less than the Fermi energy. The corresponding theoretical
calculations of IrTe, after the Fermi energy shift are displayed
in Figure 2f and are in good agreement with the experimental
results. The constant energy mappings of other samples were
also obtained as shown in Figure S2 in the Supporting Informa-
tion. Clear k, projection can be found in dispersions detected
along I'-K as the bands forming the Dirac cone show significant
changes along this direction under various photon energies.
In Figure 2b, a cross-like feature can be seen, marked by the
yellow dotted lines (also in Figure 2a, ¢ and d but obscured).
We believe this to be a surface Dirac cone state, consistent with
previous reports.!1647]

To reveal the bulk properties of the Dirac cone in Ir;_,Pt,Te,,
we used various photon energies to collect the k, dispersions.
Figure 3b—g show the dispersions along the G-K direction of
the sample with x = 0.2 measured at photon energies from
18.5 to 23.5 eV. The band calculations at the corresponding
k, momentum are also plotted, as shown by the black and red
dashed lines. The k, values are calculated with an inner poten-
tial of 13 eV. The evolution of the Dirac cone dispersion can
clearly be seen, revealing its bulk properties, while the surface
Dirac cone dispersions (indicated by the yellow dotted lines)
remain constant except for the changing intensity. In addition,
the type-II properties of the Dirac cone can also be revealed,
and a sketch showing the type-I and type-II Dirac cones is
shown in Figure 3a. The top positions of the valence band (the
I point in our case) under different momentum (k, in our
case) are indicated by the red dots. For a type-I Dirac cone, the
top position is highest at the Dirac point. However, for a tilted
type-II Dirac cone, the top position changes monotonically
when the momentum sweeps over the region of the cone. As
seen in our data, the valence band forming the Dirac cone is
marked by the red dashed lines, and the position at the I" point
is marked by the red dot in each panel. It is clear that when the
photon energy is low (18.5 and 19.5 eV), the top position of the
valence band is somewhat higher than the Fermi level. When

increasing the photon energy, i.e., increasing k,, the position at
the T" point gradually reduces as shown by the green dashed
line in Figure 3b-g, which fits well with the type-II case.

After verifying the type-II Dirac dispersion and the Fermi
level tunability in Ir;_,Pt/Te,, we then investigated the elec-
trical transport properties. There are several previous reports
of superconductivity in Ir;_,Pt,Te,*434]; in these cases, how-
ever, the Pt doping level was far lower than it was in our sam-
ples. We measured the transport of our samples at ultra-low
temperature using a dilution refrigerator and found that the
superconductivity survived in Ir,_,Pt,Te, for a wide range of x
values. As shown in the curves of resistance versus tempera-
ture shown in Figure 4a, for the sample with x = 0.1, the super-
conducting critical temperature (Tc) is around 1.7 K, which
is consistent with a previous report.*!] When the Pt doping
strength is increased, Tc gradually decreases and T¢ = 0.65 K
for the sample with x = 0.2. When the doping level is further
increased to x = 0.3, the superconductivity remains but T¢
drops to just 0.15 K. The superconductivity finally disappears
in the samples with x = 0.4 in the observable range of tempera-
ture (>50 mK). A phase diagram summarizing our results is
shown in Figure 4b. When x < 0.04, a CDW transition occurs at
low temperature.!] By increasing the Pt doping, the 1T-phase
is stabilized, and there is an emergence of superconductivity.
The critical temperature decreases when the doping level is
further increased from x = 0.1-0.3 and the superconductivity
finally disappears when x = 0.4. By further considering the
relationship between the Dirac point and the Fermi energy for
the corresponding samples obtained by ARPES (as sketched in
Figure 4c), we note that the Dirac points in the samples exhib-
iting superconductivity are close to the Fermi level. Supercon-
ductivity even survives in the sample in which the Fermi level
is aligned with the Dirac point (x = 0.3). It is well known that in
conventional type-I DSMs there is a low bulk density of states
(DOS) near the Dirac point, which prohibits intrinsic super-
conductivity from occurring when the Fermi level approaches
the Dirac points. However, the tilted Dirac dispersions in type-
II DSMs lead to a pair of electron and hole pockets, and a
finite DOS is always present near the Dirac point'>'7! (the
calculated DOS of different Pt-doped Ir,_,Pt,Te, samples can
be seen in Figure S3 in the Supporting Information). Thus
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Figure 4. Superconductivity of Ir;_Pt,Te, samples. a) Resistance versus temperature of samples with x = 0.1-0.3. b) The superconductivity phase
diagram of Ir_,Pt,Te,. The brown data point of x = 0.04 is cited from ref. [41]. The sketch displays the relative relationship between Fermi level (black

dashed line) and Dirac points in the corresponding samples.

superconductivity could be promoted in type-II DSMs. More
interestingly, the coexisting electron and hole bulk Fermi sur-
faces are highly asymmetric with respect to the Dirac point
energy in type-1I DSMs, and if TSC could be induced in such
a system, taking account of the interplay between the bulk
and nontrivial surface states near the Dirac points, an exotic
topological phase transition could occur in the bulk super-
conductors when the Fermi level is tuned across the Dirac
points (a detailed discussion can be found in the Supporting
Information).

In summary, the material Ir; ,Pt/Te,, is an interesting
platform combining the type-II Dirac cone, Fermi level tun-
ability, and superconductivity, enabling further studies on the
exotic transport properties of type-II Dirac semimetals, such
as quantum oscillation with a nontrivial Berry phase, aniso-
tropic magneto-transport, and Klein tunneling in momentum
space.?l In addition, the potential applications of type-II DSMs
such as Dirac materials catalysis!*’l may be expected and inves-
tigated in Ir; Pt Te,. Superconductivity in this material may
also open a new route to the future investigation of possible
TSC and Majorana physics.

Experimental Section

Crystal Growth: Single crystals of Ir,_,Pt,Te, with different x values
were grown using the self-flux method. A set amount of iridium powder
(99.9%, aladdin), platinum sponge (99.98%, Alfa Aesar), and tellurium
shot (99.99%, aladdin) with an atomic ratio of 0.18(1—x):0.18x:0.82
were placed in an alumina crucible. The crucible was vacuum-sealed in
a thick-walled ampoule. The ampoule was heated and kept at 950 °C
for 10 h, then at 1160 °C for 24 h. The melt was then slowly cooled to
880 °C over a week. The Te flux was then separated from the products
by centrifugation.

Angle-Resolved Photoemission Spectroscopy: ARPES measurements
were performed at BL13U of the Hefei National Synchrotron Radiation
Laboratory. The samples were cleaved in situ and measured in the
chamber at a pressure below 107° Torr.

Theoretical Calculations: Electronic structure calculations were carried
out using the full potential linearized augmented plane-wave method
as implemented in the WIEN2K package.*¥l The General Gradient
Approximate for the correlation potential was used. We also used the
second-order variational procedure to include the SOC interaction.
The lattice constants were a = b = 3.93 A and ¢ = 5.39 A taking a space
group of P3ml. The muffin-tin radii for Ir and Te were set to 1.32 and

1.27 A, respectively. The basic functions were expanded to Ry Kmax = 7
(where R, is the smallest of the muffin-tin sphere radii and K., is
the largest reciprocal lattice vector used in the plane-wave expansion).
A 14 x 14 x 9 k-point mesh was used for the Brillouin zone integral.
The self-consistent calculations were considered to converge when the
difference in the total energy of the crystal did not exceed 0.1 mRy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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