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Fully gapped type-II superconductivity in Pt-doped IrTe, near critical doping
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The Dirac point in Pt-doped IrTe, is known to be tuned by controlling the doping concentration. For 10%
Pt, it is seen that the Dirac point exists close to the Fermi energy of the system. This leads to the expectation
that, for such doping, the system might host unconventional (topological) superconductivity. Here, we present
a detailed microscopic and spectroscopic investigation of Pt-IrTe, under an ultrahigh vacuum, low-temperature
scanning tunneling microscope. We find that, for the crystals of Iry.9Pty.;Te,, the surface shows patches of
atomic scale over which defects are seen to be randomly distributed. Tunneling spectroscopy reveals that
Iry.9Pty.1 Te, condenses into a fully gapped Bardeen-Cooper-Schrieffer-like (BCS) s-wave superconducting state.
The superconducting gap was measured to be 460 eV at 310 mK. The value of 2A/kpT,. ~ 6 is consistent with
a conventional BCS superconductor in the strong-coupling limit. The conventional behavior is surprising, given

the topological band structure of the material.

DOLI: 10.1103/PhysRevB.105.094509

I. INTRODUCTION

Among the chalcogenides, IrTe, is especially interesting
from the structural point of view and for the presence of large
spin-orbit coupling. Despite being a layered structure, the lay-
ers are bonded to each other by significant Te-Te interaction
rather than weak van der Waals force [1]. The system shows
a structural phase transition from a high-temperature trigonal
to a low-temperature triclinic phase at around 270 K [2-5],
where anomalies of resistivity and magnetic susceptibility
were observed [6]. Several different mechanisms such as a
charge or orbital density wave [7], an orbital-induced Peierls
instability [8,9], crystal field of Te p orbital [3,10,11], the
disappearance of a van Hove singularity close to the Fermi
level [11], or an anionic depolymerization transition [12] were
suggested to be the origin of the structural transition in IrTe,.
First-principles calculations showed that it was a consequence
of the competition between Te-Ir, covalent/ionic, and Te-Te-
covalent p-electron bonding [13]. However, it was also shown
that the charge-transfer energy in IrTe; is close to zero and that
the Te 5p states are also important for the low-energy physics
by photoemission and optical studies [8,10,11].

Like many other two-dimensional (2D) materials, IrTe,
has also been investigated in the context of superconductivity.
The superconducting behavior of IrTe, is still a matter of
debate. Initially, it was believed that pure IrTe, would not
superconduct down to 0.32 K [14]. Recently, it was shown
that pristine IrTe, superconducts below 2.5 K [10,15,16]
where the superconductivity observed was thought to origi-
nate either at the surface or in filamentary form [17]. This
was attributed to the Ir vacancies or excess Te in the sam-
ples [10,18]. It was also suggested that high carrier density
might be required for the stabilization of superconductivity in
IrTe, [16]. Studies have also shown that structural phase tran-

* . . .
goutam @iisermohali.ac.in

2469-9950/2022/105(9)/094509(6)

094509-1

sition and superconductivity might be correlated in pure IrTe,
[7,10,19-21]. This was because, in most previous experi-
ments, it was found that upon substitution with transition
metals such as Pd, Pt, Rh [7,8,19,20] or intercalation with
Cu [21], the structural transition was suppressed and bulk
superconductivity emerged with T, ~ 3 K. The appearance of
bulk superconductivity upon Pt substitution in such a large
spin-orbit-coupled material may give rise to exotic states of
matter such as topological superconductivity [22,23].

Recently, several transition metal dichalcogenides
PtTe, [24], PdTe, [25,26], and PtSe, [27] were reported
to host type-II Dirac fermions. The Dirac points in these
transition-metal dichalcogenides (TMDs) lie far below Ep
due to which the Dirac fermions have little contribution to
the low-energy excitations near Er. Angle-resolved photo
emission spectroscopy (ARPES) experiments revealed that
IrTe, is also a Dirac semimetal [28]. Due to the similar
electronic structure of IrTe, and PtTe,, in which the Dirac
points lie above and below Fermi level (Er), respectively, the
Dirac point in IrTe, can be tuned to Er by doping Pt at Ir
sites while preserving the crystal structure holding the Dirac
points. Doping with 10% Pt successfully tunes the Fermi level
(EF) to the Dirac point of the system. For this doping, as per
ARPES experiments, two linearly dispersive bands cross each
other at the Fermi level (Er) thereby leading to a point-like
Fermi surface (FS) at the Brillouin zone (BZ) center [29].
From band-structure calculations, it was argued that the
Dirac point in Ir;_,Pt, Te, would fall at Er for x = 0.3 [30].
This discrepancy between the ARPES experiment and the
calculations was attributed to an inaccuracy in the calculations
where the Dirac point energy was thought to be overestimated.
The similar kind of inconsistency was also reported in PtTe,
with a discrepancy of ~ 0.1 eV between experiments and
calculations [24].

Now we note that the Pt dopants not only make type-II
Dirac fermions approach Ep, but also induce bulk supercon-
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ductivity in the system. Certain experiments also showed that
the Dirac point is relatively closer to the Fermi level in crystals
displaying superconductivity [30]. In such cases, there is a
possibility that the Dirac fermions take part in forming the
superconducting condensate, thereby leading to topological
superconductivity. It has been shown from ARPES experi-
ments that there are mainly two bands « and § contributing
to the FS which originate from the Te p, orbital and the Te
(px + py) orbitals, respectively [31]. For the parent compound
IrTe,, it is shown that the structural transition is associated
with a type-II van Hove singularity appearing in the § band.
The B band dispersion preserves the corresponding saddle
point below Ef in the systems with lower Pt doping samples,
which show superconductivity [11]. To note, Yao and Yang
proposed that a spin-triplet pairing instability may occur in 2D
electron systems when the band filling is near a particular type
of van Hove singularity (VHS), namely the type-1I VHS [32].
In that context, the system under study may, in principle, also
host p-wave superconductivity [33].

From the structural point of view, IrTe;, exhibits an ordered
state below the structural transition 7; and the existence of
supermodulation (SM) with the wave vector ¢ = 27 /5a,, (a;,
is the lattice constant in a monoclinic phase) was reported
by scanning tunneling microscopy (STM) [34] and diffraction
studies [3-5,7,12]. The STM studies at 80 K also revealed the
coexistence of various incommensurate phases on the surface
of IrTe,. It was suggested that a partially opened pseudogap
state associated with the coexisting structures gives rise to
temperature- and energy-dependent electronic roughness on
the surface. As the temperature is lowered, the system under-
goes a structural phase transition from such incommensurate
phases to the ground state with commensurate 1/6 structural
modulation [13]. Whether the structural transition is related
to a charge density wave (CDW) transition or not is still a
matter of debate [7,13]. The emergence of superconductivity
in doped IrTe; is related to disappearance of the ordered state.
The evolution of SM with Pt doping and its effect on the
structure and electronic states has been investigated in the
past. Such studies on Ir;_,Pt,Te, by scanning tunneling mi-
croscopy and spectroscopy (STM/S) at 4.2 K have shown that
low Pt concentration samples, which show the structural tran-
sition, exhibit SM with a fixed wave vector as in IrTe, while
optimal Pt doping samples that exhibit superconductivity dis-
play a patchwork structure [35]. However, the correlation
between the appearance of the patchwork structure and the
nature of superconductivity still remains an open question.
Therefore, it is necessary to investigate the superconducting
phase of Pt-IrTe, in detail, particularly near a critical dop-
ing (10%) for which the Dirac point is expected near the
Er [29,31].

II. RESULTS AND DISCUSSION

In this paper, we report STM/S results on 10% Pt-doped
IrTe,. For the scanning tunneling microscopic and scanning
tunneling spectroscopic measurements presented in this paper,
we used high-quality single crystals of Pt-doped IrTe, with
10% Pt in the crystals. The single crystals of 10% Pt-doped
IrTe, were grown by the self-flux method. The starting el-
ements Ir powder (99.99%, Alfa Aesar), Pt powder (99.9%,
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FIG. 1. (a) TEM image (30 nm x 30 nm) of the cleaved
Pty 1IrgoTe, surface. (b) Atomic resolution image under a trans-
mission electron microscope (TEM) Inset: A selected area electron
diffraction (SAED) pattern of the image shown in (b). (c¢) Mag-
netic moment versus temperature curve at different magnetic fields.
(d) Magnetic moment as a function of applied field for IryoPtyTe,
at 300 mK.

Alfa Aesar), and Te shots (99.9999%, Alfa Aesar) were taken
in the atomic ratio of 0.18(1 — x) : 0.18x : 0.82 and placed
in an alumina crucible. Then the crucible was sealed in an
evacuated quartz tube. In the first step, the quartz tube was
heated to 950° C in 15 h and kept at this temperature for 10 h.
The temperature was then increased to 1160° C in 20 h and
maintained for 24 h. The melt was then slowly cooled down
to 890° C at a rate of 2° C/h. At this temperature, excess Te
was removed by a centrifuge.

All the experiments presented in this paper were done
using the ultrahigh vacuum cryostat working down to 310 mK
(Unisoku system with RHK R9 controller). The shiny sin-
gle crystals were first mounted in an ultrahigh vacuum
(UHV) cleaving stage and the crystals were then cleaved
at 80 K using an in situ cleaver. The contamination of
the sample surface was minimized with this process. Af-
ter cleaving, the crystals were immediately transferred to
the STM head by a UHV manipulator which goes down to
310 mK using a He3-based cryostat. The sample is placed
at the center of a solenoidal superconducting magnet with
a maximum field strength of 11 Tesla. All the STM/S mea-
surements were done with sharp metallic tips of tungsten
(W). STM images were obtained in constant-current mode.
The tips were fabricated by electrochemical etching and were
cleaned by electron-beam bombardment under UHV in a
preparation chamber attached to the STM prior to the low-
temperature experiments. The high quality of single crystals
was confirmed by STM as well as by transmission electron
microscopy (TEM). Figure 1(a) shows the low-magnification
TEM image of Pt-IrTe,, which reveals the layered arrange-
ment along the crystallographic c-axis. The atomic resolution
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FIG. 2. (a) STM image (40 nm x 40 nm) of the cleaved Pt-IrTe,
surface. (b) Zoomed image of the image in (a). (c) Fast Fourier
transform (FFT) of the image shown in the main panel. (d) A rep-
resentative scanning tunneling spectrum with the best theoretical fit
at 310 mK (bias voltage = 3.6 mV; tunneling current (/) = 0.63 nA;
lock in voltage = 0.1 mV).

imaging under a high-resolution transmission electron micro-
scope (HRTEM) depicting the hexagonal atomic arrangement
of Te atoms and the corresponding selected area electron
diffraction (SAED) pattern is shown in Fig. 1(b) and the
inset of Fig. 1(b), respectively. The bulk magnetization data
show strong diamagnetism, indicating that our sample is
superconducting with a critical temperature 7, of about 1.8 K
at Hey = 20 Oe. The superconducting transition temperature
(T.) decreases monotonically with the applied magnetic field,
as shown in Fig. 1(c). In Fig. 1(d), we show the magnetic
moment as a function of the applied field H, at 300 mK. The
M (H,) curve follow the typical behavior of a type-II super-
conductor, which is consistent with the STM data discussed
later.

In Fig. 2(a) we show the STM image of the Iry.9Pty.; Te;
surface captured at 320 mK. In this 40 nm x 40 nm area we
can clearly see patches of few nm? area are formed. The size
and direction of the patches is random. This peculiar struc-
ture was termed as a “patchwork structure (PS)” by Fujisawa
et al. [35]. In addition to the patches, some bright clusters
are also observed on the surface. These bright objects are the
defect states possibly of Pt with which the system has been
doped. They are randomly distributed all over the surface. If
we look at the zoomed view [Fig. 2(b) of the image shown
in Fig. 2(a), we observe several dark spots along with the
patches on the surface of Iry.9Pty.; Te, as shown in Fig. 2(b).
Such dark spots are the defects that might be due to the Te
vacancies in the crystals. The origin of the PS is not clear.
It was argued that the PS might be related to the reduction
of structural stress due to the Pt dopant. The inhomogeneity
can be seen in the STM images [Figs. 1(a) and 1(b)], and due

to this background inhomogeneity, the amplitude of the gap
and the corresponding critical temperature was also seen to
vary at different points on the surface. A number of spectra
obtained at randomly chosen points on the surface are shown
in the Supplemental Materials (Fig. S3) [36]. We did not find
any direct correlation between the amplitude of the gap with
any special topographic feature. Figure 2(c) shows the fast
Fourier transform (FFT) of the STM image shown in Fig. 2(b).
We performed TEM imaging to understand the patchwork-
like structure seen in the STM images. It is to be noted that
the patchwork structure seen in the STM topography is not
observed in the TEM images.

After confirming the pristine nature of the surface through
atomic resolution imaging, we performed local scanning tun-
neling spectroscopy on the surface of Pt-IrTe,. Figure 2(d)
shows a representative scanning tunneling spectrum where co-
herence peaks symmetric about V = 0 can be clearly seen. A
slight asymmetry was seen in the STM spectra. The presented
data in this paper were symmetrized and smoothed by five
point adjacent averaging to compare with the theoretically
generated spectra. The position of these peaks provides an
estimate of the superconducting energy gap (A) of a supercon-
ductor. At zero bias, the conductance is approximately zero.
This spectrum is nicely fitted by the Dyne’s equation given

by Ny(E) = Re(\/%), where Ny(E) is the density of

states at energy E, A is the superconducting energy gap, and I'
is an effective broadening parameter incorporated to take care
of the slight broadening of the Bardeen-Cooper-Schrieffer
(BCS) density of states possibly due to a finite quasiparticle
lifetime [37]. For the spectra shown in Fig. 2(d), the extracted
value of A is 460 eV at 310 mK.

To investigate the superconducting phase in Pt-IrTe;, we
carried out the temperature dependence of the dI/dV spec-
trum. The position of the coherence peaks do not show a
significant change at low temperatures, indicating the gap
is constant at low temperatures. The coherence peaks close
smoothly with increasing temperature and all the spectral fea-
tures disappear at a critical temperature of 1.75 K [Fig. 3(a)].
As shown by the dots in Fig. 3(b), A decreases smoothly
to zero following A(T) ~ (1 — £)"? near T. ~ 1.75 K, as
expected for a conventional BCS superconductor. The crit-
ical temperature thus measured is consistent with the value
measured from transport data [30]. From the measured val-
ues of Ag and T, A¢/KpT, is found to be ~ 3, which falls
well within the limit of the strong coupling superconductor.
While the IrTe, and lower Pt doping samples were found to
lie in the BCS weak coupling limit [16,19,38], Irg.9Ptg.; Te,
falls in the strong coupling limit. Hence, at some point, there
must be a crossover from weak coupling to strong coupling
limit as the doping is increased. This might be associated
with the enhancement in the density of states at the Fermi
level with increasing doping concentration. It should be noted
that, apart from the coherence peaks and smooth decay of
the spectrum at higher temperatures, no other special spectral
features are observed. This further indicates the absence of
any unconventional component in the superconducting order
parameter of Pt-IrTe,, which is consistent with the previous
reports [39-41]. The temperature dependence at two other
different points is shown in Fig. S1 [36]. In both cases, the
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FIG. 3. (a) Normalized STS spectra at different temperatures
from 310 mK to 1.75 K. Colored lines represent the experimental
data points and solid lines show theoretical fits within BCS theory.
(b) A versus T plot. Black dots show the values of A extracted from
(a) while the red line shows the temperature dependence within BCS
theory.

critical temperature was observed to be different from that in
Fig. 3 presented above. As we mentioned earlier, the varia-
tion might be related to the inhomogeneity seen in the STM
topographic images. As it is seen in Fig. S1(b), we obtain one
spectrum where the features differ from all other spectra and
could not be described by Dyne’s formula [36]. The origin of
this is not understood, but the rarity of such features indicate
that it might be related to some extrinsic factors (e.g., a strong
local disorder).

Now we focus on the behavior of the superconducting
phase as a function of increasing magnetic field (H). In
Fig. 4(a), we show the evolution of the tunneling spectrum
with magnetic field along with their Dyne’s fit at 310 mK. The
field is applied perpendicular to the ab plane of the crystal.
The spectral features were seen to disappear continuously
with increasing field, eventually vanishing at a field of 1.2 T.
From this information, the coherence length was calculated to
be 16 nm. The variation of A and I' with increasing magnetic
field is shown in Fig. 4(b) where a smooth disappearance of
the gap is clearly visible. Another point to be noted here is a
sudden change in the value of A at H = 500 G. At this field,
A decreases to almost 50% of the zero-field value. In type-1I
superconductors, such a sudden change in A is attributed to
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FIG. 4. (a) Normalized STS spectra at different magnetic fields
from O kG to 12 kG at 310 mK. Colored lines represent the ex-
perimental data points and solid lines show theoretical fits within
BCS theory. (b) A and I" versus H plot. Black and blue dots show
the values of A and I' extracted from (a), respectively. (c) Spectra
recorded in the presence of magnetic field showing zero bias peak at
10 kG.

the formation of vortices near the STM tip. At the same time,
I' gets almost doubled of its value at zero field. I represents
a pair-breaking mechanism due to a finite lifetime, which is
consistent with the field-induced pair breaking, possibly due
to the formation of a vortex core. In our measurements, we
also find spectra with a zero bias conductance peak when a
magnetic field is applied [Fig. 4(c)]. This can be understood
as the sudden appearance of a vortex under the STM tip.
The magnetic field dependence at another point is shown in
Fig. S2 where the smooth evolution of the superconducting
energy gap upto 11 kG can be seen [36]. All these establish
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Irg.9Pty.1 Te, as a type-II superconductor. The variation in the
detail of the features could be attributed to the relative distance
of the points of measurements from the vortex cores possibly
appearing on the surface [42,43].

III. CONCLUSION

In conclusion, we performed comprehensive studies on the
superconducting phase of Pt-doped IrTe, at different temper-
atures and magnetic fields. Through our detailed scanning
tunneling microscopic and spectroscopic measurements, we
showed that Irg 9Pty ;Te, is a conventional BCS-like s-wave
superconductor. Based on the calculated value of Ay/KpT,,
our results show that Irg 9Pty 1 Te; is a strongly coupled super-
conductor. Magnetic field-dependent studies also confirm that
IrgoPto. Te, is a type-II superconductor that can be clearly
seen in the M-H data presented in Fig. 1(d). Here, we re-
call that a similar conventional superconducting phase was

reported in the type-II Dirac semimetal PdTe, [44,45]. All
such measurements collectively indicate that the mere co-
existence of Dirac physics and superconductivity does not
guarantee unconventional or topological superconductivity in
solids.
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