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We report on the microscopic superconducting properties of the Dirac semimetal PdTe2. In this study,
we have focused on mosaic crystals of PdTe2, and used detailed zero-field and transverse-field muon-spin
relaxation/rotation (μSR), ac-magnetic susceptibility, and resistivity measurements to investigate their su-
perconducting properties. The magnetic susceptibility measurements reveal two superconducting transition
temperatures at 1.8 and 1.6 K, respectively, in agreement with earlier reports. In contrary to these reports, we find
that these mosaic PdTe2 crystals are not type-I, but rather type-II superconductors. In fact, we observe the clear
manifestation of a flux-line lattice through a clear diamagnetic shift and Gaussian broadening of the Fourier
spectra in the superconducting state. This behavior is likely caused by the disorder in the mosaic crystals of
PdTe2 studied here. Our analysis of the superconducting order parameter by the means of temperature-dependent
magnetic penetration depth λ(T ) reveals a fully gapped superconducting state that can be well-fitted using an
s-wave symmetric gap. We find that PdTe2 is a promising model system for the investigation and interplay of
nontrivial topology, surface superconductivity, and type-II bulk superconductivity in a van der Waals material.
Moreover, our results indicate that the superconductivity in this material can be easily modified from type-I to
type-II by disorder in the system.

DOI: 10.1103/PhysRevB.109.134507

I. INTRODUCTION

Two-dimensional transition-metal dichalcogenides
(TMDs) with general formula MX2 (M being a transition
metal and X is a chalcogen atom) attracted heaps of attention
in the past few years because of their fascinating electronic
and optical properties. A vast variety of intriguing, intertwined
phenomena such as topological nontrivial electronic band
structure, Dirac-like dispersion, charge-density wave,
superconductivity (SC), and many more have been observed
in TMDs [1–3]. TMDs have been found to especially offer
a unique opportunity to explore the unconventional nature
of SC. Recent progress in this topic, include the observation
of possible chiral SC in 4Hb-TaS2 [4], the unconventional
scaling of the superfluid density with the critical temperature
in NbSe2 [5], or the nontrivial topological band structure with
SC at 0.1 K in Td-MoTe2 [6].

In this context, the type-II Dirac semimetal PdTe2 is a
material of particular interest as it has been reported to be
a potential type-I SC below 1.6 K at ambient pressure [7].
The type-II Dirac points appear at the contact point of the
electron and hole pockets with tilted Dirac cones (tilt pa-
rameter k > 1 for PdTe2) and are different from the standard
type-I Dirac points with pointlike Fermi surfaces [8,9]. The
possibility of nearly flat bands near the Fermi surface due
to tilted Dirac cones and SC below 1.6 K puts PdTe2 as a
potential candidate to look for the correlated electronic states,
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and potentially topological SC. Moreover, evidence of type-II
Dirac semimetal in PdTe2 comes via the ab init io electronic
structure calculation and angle-resolved photoemission spec-
troscopy measurements [10].

The type of SC in PdTe2 in presence of a magnetic field is
still a matter of debate. The observation of differential param-
agnetic effect (DPE) in an applied field (1-N )Hc < Ha < Hc,
where Hc is the thermodynamic critical field and N is the
demagnetization factor, provides strong evidence of interme-
diate state intimating type-I SC in PdTe2 [7]. The signature of
an intermediate state has also been observed in recent muon-
spin relaxation/rotation (μSR) studies on single-crystalline
PdTe2 [11]. This is further supported by the low value of
Ginzburg-Landau parameter κ = λ/ξ = 0.09–0.34, where λ is
magnetic penetration depth and ξ is coherence length [7,12].
Moreover, coexistence of type-I and type-II SC has been sug-
gested with a range of spatially distributed critical fields by
means of scanning-tunneling spectroscopy (STS) [13,14] and
point-contact spectroscopy [15]. Observation of a vortex core
in another STS experiment point towards the type-II nature of
SC [8].

There are also some evidences in support of type-II/I SC
in PdTe2, such as observation of pronounced diamagnetic
screening signal in ac susceptibility with applied fields Hc <

Ha, and appearance of SC even after applying fields of the
order of 0.3 T that are much higher than the thermodynamic
critical field (34.9 mT) [7]. The contradiction in determining
the nature of SC through various measurements on different
batches of PdTe2 indicates that disorder might play a crucial
role in the SC in this material. Indeed, it is well known
that the nature of SC is decided through a dimensionless
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FIG. 1. (a) Powder x-ray pattern of crushed mosaic crystals measured in transmission mode with Cu Kα radiation. (b) Scanning-electron
microscopy image showing the grain boundaries. Inset: Optical image of the magnification on a mosaic crystal on millimeter paper.
(c) Resistivity on a crystal showing the RRR value of 47. Inset: magnified resistivity around the superconducting transition. (d) Normalized ac
susceptibility response as a function of temperature showing two transitions.

Ginzburg-Landau parameter κ which is the ratio of penetra-
tion depth λ and coherence length ξ , i.e., κ = λ/ξ . κ < 1/

√
2

for type-I and 1/
√

2 < κ for type-II superconductors. Re-
cently, Tian et al. have shown that reduced mean-free path
l can result in increased value of κ and hence the system
can be tuned towards type-II SC [15]. This may provide an
excellent opportunity to search for Majorana zero modes,
similar to the case of iron-based superconductors, where Ma-
jorana zero modes were claimed for surface states with fully
gapped SC [16,17]. Moreover, it has been shown through Pd
doping in Pd1−xPtxTe2 that with increasing disorder, type-II
SC can be induced in parent type-I PdTe2 [18]. Therefore,
through a careful growth mechanism, we have here synthe-
sized and characterized mosaic crystals of PdTe2 with low
value of residual resistivity ratio which ultimately resulted
into reduced mean-free path l . Hence, the system could be
tuned towards type-II SC by the reduction of the mean-free
path. Through μSR experiments, we were able to determine
the characteristic length-scale magnetic penetration depth (λ),
the analysis of which reveals a fully gapped superconducting
state in PdTe2

II. METHODS SECTION

The mosaic crystals were prepared using the slow cooling
method. Palladium (powder, Merck, 99.995%) and tellurium
(shot, Sigma Aldrich, 99.999%), 2 g in total, were mixed
in a stoichiometric ratio, thoroughly grounded to a homo-
geneous mixture and sealed under 1/3 atm of argon in a
quartz tube (length = 10.5 cm). The sample was then heated
with 180 ◦C h−1 to the temperature of 950 ◦C, kept at this
temperature for 24 h, and cooled at a rate of 5 ◦C h−1 to
600 ◦C and quenched in air, which resulted in mosaic crystals
with metallic luster with dimensions around 6 × 6 × 2 mm3

[Fig. 1(b), upper inset]. The phase purity of the samples was
checked by means of x-ray diffraction at room temperature on
a Panalytical Empyrean diffractometer in capillary mode (Cu
Kα radiation and Pixcel linear detector). The chemical compo-
sition of the crystals was measured by energy-dispersive x-ray
spectroscopy (EDX) in a Jeol JSM7600F scanning electron
microscope with an EDX detector. The homogeneity of the
composition was confirmed over the whole surface of the crys-
tals by multiple point-and-shoot quantitative analyses. The
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resistance was measured using the four-point probe method
on a cryogenic magnet system (Teslatron PT Cryogen Free,
Oxford Instrument) in the temperature range between T = 1.7
and 298 K using 10 mA as a current.

The μSR experiments in zero-field (ZF) and transverse-
field (TF) configurations were carried out at the DOLLY
spectrometer at πE1 beamline, Paul Scherrer Institute,
Switzerland. For such experiments, 100% spin-polarized
muon beam with their spin perpendicular to the magnetic field
for TF configuration were used. The ZF-μSR measurements
were done in true zero field maintained by an active compen-
sation system. Few crystals of PdTe2 were mounted on the
sample holder and sandwiched between two copper foils to
provide good thermal contact to the sample. He-4 cryostat
with a He-3 insert was used to lower the temperature down
to 270 mK. The DOLLY spectrometer is fully equipped with
a standard veto setup, which gives a low background μSR
signal. TF and ZF μSR spectra were then analyzed using the
free software package MUSRFIT [19].

III. RESULTS AND DISCUSSION

A. Mosaic crystal characterization

PdTe2 crystals were synthesized with the slow cooling
method as described in the methods section and resulted in
mosaic crystals. Powder x-ray diffraction (PXRD) on a pow-
derized crystal confirmed that the correct CdI2 structure type
(space group P3m1, no. 164) was obtained, as well as the
phase purity of the samples. The PXRD pattern along with
a LeBail fit is presented in Fig. 1(a). No apparent impurities
or unreacted starting materials can be detected in the PXRD
pattern. The high background towards low angles is a result
of the high absorption of the material. In Fig. 1(b), the micro-
and macrostructure of the mosaic crystals is shown. In the
scanning-electron microscopy (SEM) image, the actual sur-
face of the crystals with grain boundaries with a notably short
length of approximately 100 µm is shown. The small grain
sizes of the individual facets are also observable in the optical
image shown in the inset of Fig. 1(b). Upon magnification of
an as-grown crystal, the apparent grain boundaries are clearly
visible.

The temperature-dependent resistivity of PdTe2 is shown
in Fig. 1(c). The beginning of the resistivity drop is observ-
able at ≈ 1.8 K. The residual resistivity ratio here defined
as RRR = R(298K)/R(2K) was determined to be RRR =
47. This value is in contrast to otherwise high RRRs of >

200 for PdTe2 (compare, e.g., Ref. [20]). Hence, in our mo-
saic crystals, the electrons have a much shorter mean-free
path l.

In Fig. 1(d), the ac susceptibility of the mosaic PdTe2

crystals carried out in a pressure cell with small pressure of
0.12 GPa is depicted. We observe two superconducting transi-
tions at Tc = 1.8 and 1.6 K. The former transition temperature
is most probably related to the surface SC and the latter is re-
lated to the bulk superconducting transition. Similar two-step
behavior was also observed in the comprehensive transport
and magnetization measurements performed at ambient as
well as under applied pressure [7,21].

B. ZF μSR experiments

μSR experiments in true zero field were carried out
in order to look for spontaneous magnetic fields which
might emerge due to time-reversal symmetry breaking in the
superconducting ground state. Figure 2(a) presents two repre-
sentative spectra collected above Tc, i.e., at T = 10 K and
inside the superconducting state, i.e., at T = 0.27 K. The
spectra were fitted using a Gaussian Kubo-Toyabe function
times the Lorentzian function

PZF(t ) = GKTexp(−λt ). (1)

This equation reflects the muon-spin depolarization rate
associated with the nuclear magnetic moments, with the fol-
lowing functional form:

GKT(t ) = 1

3
+ 2

3

(
1 − σ 2

ZFt2)exp

(
− σ 2

ZFt2

2

)
. (2)

Here σZF represents the width of the nuclear dipolar field
distribution experienced by the muon-spin ensemble. The
Lorentzian term accounts for the electronic relaxation in the
system. It can be seen that two spectra fall on top of each
other with no additional relaxation in the superconducting
state. This observation states that time-reversal symmetry is
preserved in the Dirac semimetal PdTe2 across the supercon-
ducting transition.

C. TF μSR experiments

We next focus on the TF μSR experiment in the super-
conducting state of PdTe2. Figure 2(b) shows the TF μSR
spectra accumulated in the superconducting state with an
applied field of μ0H = 10 mT perpendicular to the initial
spin polarization of the muons. Figure 2(c) shows the fast
Fourier transform (FFT) of the asymmetry-time spectra shown
in Fig. 2(b). The FFT spectra show typical behavior expected
in case of type-II SC rather than type-I SC, where the latter
in the intermediate state must show three peaks: a peak at
zero field related to part of the sample being in the Meissner
state, at applied field related to background (if any), and at
the critical field for the part of the sample in the normal
state [22,23]. The observation of type-II nature of SC in our
samples grown using a solid-state method with slow-cooling
approach is different from what was observed in the case
of the crystals grown using modified Bridgman technique
[11]. It is well established that different growth techniques
induce various type of disorder in the system. Nucleation is
typically reduced in Bridgman growth processes as only a
limited section of the liquid is initially subjected to the tem-
perature where nucleation can happen. This approach leads
to a substantial mass of single domain which differs from the
growth method we employed. In our crystals, the slow cooling
method and subsequent quenching at 600 ◦C results in PdTe2

with very slight variation in stoichiometry, leading to a disor-
dered phase. This can be seen from the Pd-Te phase diagram,
where the single-phase region is still large at this temperature.
These variations in stoichiometry are leading to many defects
that are not visible neither in PXRD, nor in EDX analysis,
but impact the mean-free path and the superconducting prop-
erties of the material. We have identified intrinsic disorder,
characterized by multiple domains, each typically sized at 100
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FIG. 2. (a) Asymmetry-time μSR spectra in zero applied field collected much above (10 K) and below (0.27 K) the superconducting
transition. Solid lines through the data points are the fits using Eq. (1). (b) Asymmetry-time μSR spectra collected on single crystals of PdTe2

with an applied magnetic field μ0H = 10 mT in the superconducting state. (c) Fast Fourier transform signal of the corresponding μSR spectra
shown in (b). The solid lines through the data points in (b) and (c) are the fits using Eq. (3). (d) Temperature-dependent Gaussian relaxation
rate associated to the superconducting state under various mentioned magnetic fields.

µm [Fig. 1(b)]. Details of SEM image and EDX spectra are
given in Supplemental Material Ref. [24] The μSR spectra
obtained on single crystals grown by Leng et al. [11] were
analyzed employing a three-component muon depolarization
function mentioned above. This observation, characteristic of
the intermediate phase in a type-I superconductor, provides
compelling evidence for type-I behavior in the bulk of the
PdTe2 crystal with minimal intrinsic disorder. The type-II
nature of SC is also in contrast with another μSR study, where
the coexistence of type-I and type-II SC was observed. The
reason for this coexistence is the inhomogeneous mean-free
path l on the surface of the PdTe2 crystals [25]. Thus, obser-
vation of type-II SC in our study is most convincingly because
of the low value of the electron mean-free path introduced
due to the intrinsic disorder in the system. Additionally, using
the Drude model formula l = 3πh

2ρe2k2
F

, we estimated a mean-
free path of 267 nm, which is less than the lower bound of
341 nm predicted by Tian et al. [15] for a type-I superconduc-
tor. Thus, the observed type-II behavior in our crystals aligns
with expectations.

Coming back to the TF μSR experiments, homogeneous
formation of vortex lattice was achieved by collecting the
spectra during warming up after cooling the sample in the
desired field applied above Tc. Spectra collected above Tc

(not shown here) shows weak relaxation because of the ran-
domly distributed field from nuclear magnetic moments. The
enhancement in the relaxation in the superconducting state is
observed because of the inhomogeneous distribution of field
created by the flux-line lattice (FLL) in the Shubnikov phase.
The observed asymmetry-time spectra are well fitted using a
multi-Gaussian fit with three components:

ATF(t ) =
3∑

i=0

Ai e− σ2
i t2

2 cos(γμBit + ϕ), (3)

where Ai, σi, and Bi are, respectively, the asymmetry, the
relaxation rate, and the mean field of the ith component. ϕ

is the initial phase of the muon-spin ensemble and γμ/(2π )
= 135.5342 MHz/T is the muon gyromagnetic ratio. The
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Pd1−xPtxTe2 sample [18]. (d) Uemura plot showing Tc vs λ−2
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−2
eff ratio, respectively, for hole-doped cuprates, electron-doped cuprates [27], and TM dichalcogenides [6]

with values 4, 1, and 0.4 K µm2. The large solid blue sphere represents the data for PdTe2.

mean field and second moment of such field distribution are
given by

〈B〉 =
3∑

i=0

Ai Bi

A1 + A2 + A3
, (4)

〈�B〉2 = σ 2

γ 2
μ

=
3∑

i=0

Ai

A1 + A2 + A3
[(σi/γμ)2 + (Bi − 〈B〉)2].

(5)

The relaxation rate associated with the superconducting state
(σsc) is estimated by subtracting a temperature-independent
nuclear magnetic moment contribution (σnm) using σsc

=√
σ 2 − σ 2

nm. Temperature dependence of σsc(T ) for mag-
netic fields 7.5, 10, 12.5, 15, and 20 mT are shown in
Fig. 2(d). Inverse-squared magnetic penetration depth λ−2(T )
is then extracted by fitting the field dependent σsc(H ) at
each temperature using the following equation developed by

Brandt [26]:

σsc(μs−1) ≈ 4.83 × 104(1 − h)

× [1 + 1.21(1 −
√

h)3]λ−2(nm−2), (6)

where h = H/Hc2 is the reduced critical field. The
temperature-dependent λ−2(T ) obtained by such a procedure
is shown in Fig. 3(a). We have noted two superconduct-
ing transitions at temperatures of 1.8 K and 1.6 K in
the ac-susceptibility measurements as a function of tem-
perature [Fig. 1(d)]. Interestingly, in μSR measurements,
a bulk technique, we did not detect any signature of
a higher transition. This suggests that the transition oc-
curring below 1.8 K is likely associated with surface
superconductivity.

The superconducting gap symmetry is further elucidated
by analyzing λ−2(T ) data using an isotropic s-wave case in
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the dirty limit [28]:

λ−2(T )

λ−2(0)
= �(T )

�(0)
tanh

[
�(T )

kBT

]
, (7)

where the temperature dependence of gap function is [29–34]
�(T ) = �(0) tanh{1.785[(Tc/T − 1)0.51]}. As temperature
dependence of magnetic penetration depth shows clear ten-
dency of saturation at low temperature, we ruled out the
possibility of d-wave scenario. The temperature dependence
of λ−2(T ) can be better described by a nodeless s-wave model
in dirty limit with obtained parameters, shown in the upper
inset of the Fig. 3(a). The gap to Tc ratio �0/kBTc = 1.6,
which is smaller than the Bardeen-Cooper-Schrieffer expected
value of 1.764 and is in fair agreement with that reported pre-
viously through scanning-tunneling spectroscopy [14]. The
fully gapped symmetry with weak electron-phonon coupling
suggests a conventional pairing mechanism in PdTe2.

Furthermore, the field dependence of TF-relaxation rate
σsc(H ) collected at 0.27 K [shown in Fig. 3(b)] could be fitted
well with the Eq. (6) developed by Brandt for superconduc-
tors possessing single-gap s-wave symmetry. From the fitting,
the obtained value of upper critical field (μ0Hc2) and effec-
tive penetration depth (λeff ) at lowest measured temperature
(0.27 K) are 22(1) mT and 130(6) nm, respectively. Ginzburg-
Landau coherence length ξ is estimated around 115 nm using
the formula ξ = ( φ0

2πμ0H2
)
1/2

. The value of Ginzburg-Landau
parameter κ = λ/ξ = 1.13, which is a signature of type-II
SC in PdTe2. Figure 3(c) presents the temperature variation of
upper critical field μ0Hc2(T ) obtained by fitting Eq. (6) to the
σsc(T, H ) data shown in Fig. 2(d). For comparison, μ0Hc2(T )
is also presented for a disordered sample showing type-II
SC [18].

Relatively low value of Tc and high value of the superfluid
density ns (ns ∝ λ−2

eff ) are further indicative of conventional
nature of SC in PdTe2. From the obtained value of λ−2

eff ,
we can estimate the superfluid density ns from the relation
λ−2

eff = m∗/(μ0nse2), where m∗ is the effective mass of the
electrons. Effective mass can be estimated via using relation
m∗ = (1 + λe−ph)me, where me is the rest mass of the electron
and λe−ph is the electron-phonon coupling constant found to
be 0.58 from recent helium atom-scattering measurements
on PdTe2 where λe−ph was approximated from the Debye-
Waller attenuation of the He specular peak [35]. We obtained
a value of ns = 2 × 1027 m−3 which is very close to other 2D
transition materials such as 1.67 × 1026 m−3 for Td -MoTe2,
2.8 × 1026 m−3 for 2M-WS2, 1.41 × 1027 m−3 for α-PdBi2

[36]. Hall measurements will be useful to estimate the normal-
state charge carriers density which will ultimately allow one
to compare the carrier density in normal and superconducting
state. This will also be useful in determining the type of charge

carriers responsible for the formation of SC in PdTe2, which
is a topic of debate until now.

Moreover, in Fig. 3(d), we present Tc vs λ−2
eff in so-called

Uemura plot [37,38] for PdTe2 along with other well-known
superconductors such as hole- and electron-doped cuprates,
transition-metal dichalcogenides, and elemental superconduc-
tors. It can be seen that Tc/λ

−2
eff (K/μm−2)≈ 0.0195 for

PdTe2 lies pretty close to that observed for the elemental
superconductors and falls in the range of standard BCS su-
perconductors where the predicted value of Tc/λ

−2
eff (K/μm−2)

should be 0.00025-0.015. All these observations together sug-
gest type-II SC with conventional nature in PdTe2.

IV. CONCLUSION

Microscopic superconducting properties of the Dirac
semimetal PdTe2 have been investigated by means of ac sus-
ceptibility, resistivity, as well as ZF and TF μSR experiments
carried out on mosaic crystals. In contrary to earlier reports,
we found clear evidence, i.e., the formation of a flux-line
lattice and the resulting Shubnikov phase for type-II super-
conductivity with a bulk superconducting transition of Tc =
1.6 K. The absence of any additional ZF μSR relaxation in the
superconducting state compared to its normal-state value con-
firms that time-reversal symmetry is preserved. A fully gapped
superconducting state is observed from our TF μSR experi-
ment, which can be well described in a dirty s-wave scenario.
Interestingly, the low value of Uemura ratio Tc/λ

−2
eff ≈ 0.0195

is pretty close to most of the elemental superconductors. Fur-
thermore, the field dependence of Gaussian relaxation σsc(H )
shows the typical behavior observed in the case of single-gap
s-wave superconductor with ideal triangular vortex lattice.
Thus, our results jointly classify PdTe2 as a time-reversal
invariant with conventional fully gapped superconductor. Our
results show that PdTe2 is a promising model material for
the investigation and interplay of type-I and type-II supercon-
ductivity with topologically nontrivial electronic bands in a
layered van der Waals material.
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