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Two-dimensional superconductivity and topological states in PdTe, thin films
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We report on a bottom-up approach via molecular-beam epitaxy to grow high-quality crystalline two-
dimensional films of PdTe, on SrTiO5(001), and investigation on the electronic and superconducting properties
therein by using scanning tunneling microscopy and transport experiments in combination with first-principles
calculations. We observed a transition from the narrow-gap semiconducting phase in the monolayer to the metallic
phase in the multilayer films. Importantly, all the multilayer films exhibited robust superconductivity, whose
transition temperatures in the ultrathin limit were obviously higher than expected from the empirical inverse-
of-thickness dependence and could be further enhanced through magnesium intercalation. Our first-principles
studies revealed thickness-tuned band topology caused by the significant orbital-dependent interlayer coupling,
which explained the experimentally observed thickness-dependent behaviors of atomic and electronic properties.
Combined with the prediction of topologically nontrivial states introduced by honeycomb lattice of p orbitals,
PdTe, thin films are promising material candidates for exploring the interplay between superconductivity and

topology in the two-dimensional limit.
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I. INTRODUCTION

Two-dimensional (2D) superconductors with truly atomic
scale thickness, high crystallinity, and sharp interfaces have
attracted intense research interest, which provides great op-
portunities for exploring interface enhanced high-temperature
superconductivity [1-3] and interesting quantum physics like
Griffiths singularity [4], quantum metallic phase [5], and Ising
superconductivity [6,7]. The discovery of 2D topological ma-
terials, like quantum spin Hall [8,9] and quantum anomalous
Hall insulators [10], shed light on this field, as the interplay
of superconductivity and topology results in emerging physics
of topological superconductivity along with exotic elementary
excitations of Majorana fermions that are non-Abelian anyons
useful for fault-tolerant quantum computation [11-13]. It was
proposed that topological superconductivity can be induced in
topological boundary states by using superconducting proxim-
ity effects [11-13]. However, the effects depend critically on
interface conditions, making the experiment quite challenging.
Alternatively, a superior proposal is to achieve topological su-
perconductivity by realizing superconductivity and topological
electronic states within the same material [14—17]. While many
2D superconductors have been recently discovered [18], very
few can simultaneously display topological electronic states
[17,19]. In this context, akey experimental object is to fabricate
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new 2D materials with the coexistence of superconductivity
and nontrivial band topology.

Recently, symmetry-protected type-II Dirac semimetals as
new states of quantum matter were theoretically proposed and
experimentally discovered in transition-metal dichalcogenides
(TMDCs) [20-26], like PtSe,, PtTe,, PdTe,, etc. In particular,
PdTe; is an intermetallic compound that becomes supercon-
ducting below a critical temperature 7. = 1.7 K [25,27,28],
making it a promising material candidate to explore the inter-
play between superconducting quasiparticles and topological
Dirac fermions. The PdTe, bulk has been intensively studied
by recent experiments, which a revealed type-II Dirac cone
at 0.5 eV below Fermi level [24] together with some possible
evidences of conventional type-I superconductivity [28-31].
In contrast, the 2D phase (i.e., thin films of PdTe,), in which
more novel phenomena might emerge, remains unexplored.

In this work, we successfully fabricated high-quality
PdTe, thin films with thicknesses varying from monolayer
(ML) to 20 MLs on SrTiO3(001) by using molecular beam
epitaxy (MBE), and further investigated the electronic and
superconducting properties through in sifu scanning tunneling
microscopy/spectroscopy (STM/STS) and ex situ transport
measurements in comparison with first-principles calculations.
We found that PdTe, was a narrow-gap semiconductor in the
monolayer and transited into a metallic phase at a critical
thickness of 2 MLs, implying an unusually strong coupling
between van der Waals layers. Importantly, we observed
a superconducting transition in films down to 2 MLs and
thus discovered a new series of 2D superconductors. We
also introduced magnesium intercalation into the thin film
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and demonstrated an enhancement of 7¢.. Our first-principles
calculations revealed thickness-tuned band topology caused by
the significant orbital-dependent interlayer coupling, which
explained the thickness-dependent features we observed
experimentally. Furthermore, the calculations demonstrated
the existence of topologically nontrivial states introduced
by honeycomb lattice of p orbitals, suggesting that thin
films of PdTe, (and other similar TMDCs) are candidate
materials showing the coexistence of 2D superconductivity
and topological states, which hold promise for future research
of topological superconductivity and other 2D properties.

II. EXPERIMENTAL AND THEORETICAL METHODS

The Nb-doped SrTiO3(001) was chosen as substrates. The
TiO,-terminaed surface with in-plane lattice constants of 3.9 A
was obtained after heating to 1100°C. the PdTe, films were
grown by coevaporating Pd (99.995%) and Te (99.9999%)
from Knudsen cells with a flux ratio of 1:2 on SrTiO5 substrate
kept at 120 °C. The growth rate is approximately 0.07 ML/min.
Mg intercalation was achieved with separate evaporation at
170 °C between the growth intervals of adjacent PdTe; layers.

A polycrystalline Ptlr tip was used throughout the experi-
ments. STM topographic images were acquired in a constant
current mode, with the bias voltage (V) applied to the sample.
Tunneling spectra were measured by disabling the feedback
circuit, sweeping the sample voltage Vs, and then extracting
the differential conductance dI/dV using a standard lock-in
technique with a small bias modulation (~1% of the sweeping
range) at 937 Hz. The transport experiments were performed
directly on PdTe, films. Freshly cut indium cubes were cold
pressed onto the sample as contacts. Standard lock-in tech-
niques were employed to determine the sample resistance in
a four-terminal configuration with a typical excitation current
of 100 nA at 13 Hz. The V(I') characteristics were measured
with dc source meters.

First-principles calculations were performed by using den-
sity functional theory (DFT) as implemented in the Vienna ab
initio simulation package [32]. The projector-augmented-wave
potential [33], the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [34], and the plane-wave basis with an
energy cutoff of 350 eV were employed. The Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional [35], which is more reliable
than PBE in predicting band gaps, was applied to check the
band-gap value of monolayer PdTe,. PdTe, thin films were
modeled by the periodic slab approach with a vacuum layer
of 15 A. 24 x 24 x 1 and 24 x 24 x 16 Monkhorst-Pack [36]
k-point grids were applied in thin-film and bulk calculations,
respectively. The spin-orbit coupling was included in self-
consistent electronic structure calculations. The maximally
localized Wannier functions were constructed from DFT by
the WANNIER90 code [37] and then used to calculate the
Wannier charge center [38], the Z, topological invariant, and
edge states. Lattice dynamics and electron-phonon coupling
(EPC) calculations were performed by using density functional
perturbation theory [39] as implemented in the Quantum
ESPRESSO package [40], which employed the ultrasoft pseu-
dopotential, the plane-wave basis with an energy cutoff of 40
Ry, and a sampling of electronic (vibrational) Brillouin zones
by 32 x 32 x 1(8 x 8 x 1) meshes. The superconducting

transition temperature was evaluated by using the Allen-Dynes
modified McMillan formula [41] with a typical Coulomb
pseudopotential u* = 0.1.

III. EXPERIMENTAL RESULTS

The bulk PdTe, has a 17-CdI, type layered crystal struc-
ture with the P3m1 space group [42]. It is composed of
inversion symmetric Te-Pd-Te layers that show AA stacking
along the (0001) direction [Fig. 1(a)]. The in-plane and out-
of-plane lattice constants are a = 4.04A and ¢ =5.13 A,
respectively [42]. Despite lattice mismatch with the tetragonal
SrTiO3(001) surface, we successfully grew atomically flat
crystalline PdTe,(0001) thin films using MBE, as consistently
evidenced by x-ray-diffraction and STM measurements. As
shown in Fig. 1(b), a normal w-26 scan curve of 10-ML films
displays three peaks from PdTe, (0001), (0002), and (0003) and
two peaks from SrTiO3(001) and (002). Displayed in Fig. 1(d)
[Fig. 1(e)] is the STM topographic image of PdTe, films with
nominal coverages of 1.1 MLs (2.3 MLs) showing uniform
atomically flat films with some additional PdTe, patches. The
bright line-shaped features in Fig. 1(e) correspond to domain
walls, around which the lattice is rotated by 15° [Fig. 1(f)].

The lattice mismatch between PdTe,(0001) and
SrTiO3(001) could lead to thickness-dependent lattice
constants of PdTe, films. Indeed, x-ray-diffraction results
demonstrated thickness-tuned out-of-plane lattice constants.
As shown in Fig. 1(c), the PdTe, (0001) peak is centered
at 17.107° for 10-ML films and 17.221° for 20-ML films,
compared to 17.477° for bulk PdTe, (JCPDS card number:
29-0970). The corresponding calculations give an out-of-plane
lattice expansion of 2.1% for 10 MLs and 1.5% for 20 MLs
compared to the bulk value. On the other hand, the atomically
resolved STM topography images give consistent in-plane
lattice constants within experimental uncertainty, despite film
thickness. Displayed in Figs. 2(a)-2(d) are the atomically
resolved topography images of 2- and 15-ML films and
the corresponding fast Fourier transform (FFT) images,
which consistently indicate hexagonal lattices with in-plane
lattice constant of 4.0 £ 0.1 A. We speculate that the in-plane
lattice constant variation could be within the lateral resolution
of STM, therefore it is unresolvable.

It is worth noting that signature of stripe charge order
emerged in ultrathin films and decayed with increasing film
thickness. As displayed in Fig. 2(a), the atomically resolved
image of 2-ML films taken at 100 meV shows stripe order
along the [1100] direction with a period of ~7 A. The stripe
order is further identified from the corresponding FFT image
inserted in Fig. 2(a), which shows a pair of spots marked
by yellow circles in addition to the 1 x 1 Bragg points. In
contrast, the topographic image taken at —100 meV and the
corresponding FFT image show the same hexagonal lattice
structure without signature of stripe order [Fig. 2(b)]. In the
case of 15 MLs, the features of stripe order are only discernable
from the FFT image but not directly on the topography image
[Fig. 2(c)]. The stripe order, which is bias and thickness
dependent and directed along the high-symmetry direction of
the PdTe;, lattice, bears resemblance to the charge density wave
in other TMDC materials [43], rather than the sample-bias
insensitive Moiré€ pattern.
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FIG. 1. Structure and morphology of PdTe, films on SrTiO5(001). (a) Lattice structure schematic of PdTe,. A buckled honeycomb lattice
is formed by Te atoms, as denoted by blue lines. (b) X-ray-diffraction pattern of 10-ML PdTe, films on SrTiO3(001) substrate. (c) The (0001)
XRD peaks of 10 and 20-ML PdTe, films. The solid lines are the Gaussian fits and the extracted peak positions are marked by dashed lines.
The black dashed line marks the (0001) peak position of bulk PdTe,. (d),(e) STM topographic images of PdTe, films with nominal coverage
of 1.1 MLs (V; = 2V, I = 50pA) and 2.3 MLs (V, = 2V, I = 40pA), respectively. (f) Topographic images taken on adjacent domains
(Vs = 50mV, I = 500pA) of 4-ML films. The yellow arrows indicate the lattice orientations.

Differential tunneling conductance (dl/dV) spectra, where
the density of states (DOS) around the Fermi level were mea-
sured, show a transition from the narrow-gap semiconducting
phase in the monolayer to the metallic phase in the multilayers.
Figure 2(e) summarizes the typical tunneling spectra of 1-, 2-,
3-, and 15-ML films taken at 4.8 K. For monolayer PdTe,,
the tunneling conductance was close to zero around the Fermi
level and rose up quickly with increasing energy, indicative
of a narrow-gap semiconducting behavior. In contrast, all
multilayer films showed much higher tunneling conductance
with peaks near the Fermi level, indicating a metallic nature.
This significant band-structure evolution can be interpreted as
a result of interlayer p, orbital coupling, as shown later.

To investigate the superconductivity and its evolution with
thickness, we performed systematic ex situ transport measure-
ments directly on PdTe, films with thickness d between 2.5 and
20 MLs. Figures 3(a) and 3(b) summarize the resistance as a
function of temperature for 2.5-, 4-, 10-, and 20-ML films,
normalized by the resistance at 273 and 3 K, respectively.
Clearly, sharp resistance drops occurred and moved to higher
temperature with increasing thickness, and zero resistance was
reached for films thicker than 4 MLs [Fig. 3(b)]. We defined T,
as the temperature where the resistance drops to half of that of
the normal state and showed its relationship with inverse of film
thickness d in Fig. 3(f). T; increased from 0.30 K for 2.5-ML
films to 0.68 K for 4-ML films and then continued increasing

gradually. Drawing a line between the points of 10 and 20
MLs and then extrapolating to infinite thickness yielded a T
of 1.8 K, which agrees well with the bulk T; of PdTe, samples
[25,27,28]. This suggests that the 7. of films thicker than 10
ML scales linearly with 1/d, following the empirical formula

Te(d) = Teo(1 — de/d), ey

where T is the critical temperature of the bulk, and d, is the
thickness threshold for the superconductivity. This empirical
phenomenon can be explained by adding a surface-energy term
in the Ginzburg-Landau free energy of a superconductor [44],
since the surface-to-volume ratio is dominant in thin films.
According to Eq. (1), the d. here was estimated to be 4
MLs, suggesting that films thinner than 4 MLs should not be
superconducting. In reality, both 4- and 2.5-ML films exhibited
superconducting transitions. Considering the contrast of local
density of states around Fermi level between 1-ML films
and multilayer films revealed by STS [Fig. 2(e)], we suspect
that the charge transfer from the substrate, if it exists, might
play a minor role here, since it should have been stronger in
monolayer films than in multilayers [2,3]. Instead, the robust
superconductivity in the thinner films could be due to intrinsic
two-dimensional electronic properties or strain effect due to
lattice mismatch with the SrTiO; substrate. Moreover, the
superconductivity was further enhanced with Mg intercalation,
which could be originated from electron doping as in the
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FIG. 2. Electronic characteristics of PdTe, films on SrTiO3(001). (a),(b) and (c),(d) Topographic images taken on 2-ML films [(a) V; =
100mV, I = 2nA; (b) V; = —100mV, I = 2nA] and 15-ML films [(c) V; = 100mV, I = 140pA; (d) V, =200mV, I = 140pA],
respectively, with the insets representing the corresponding FFT images. The yellow dashed arrows and circles in (a) and (c) mark the features
from stripe order. (e) Typical tunneling spectra taken on PdTe; films at4.8 K: 1 ML (V; =1V, I =500pA),2MLs (V, = 1.5V, I = 500pA),
3MLs (V, =15V, I =500pA), and 15 MLs (V, = 1.5V, I = 600 pA). The spectra are shifted along the vertical axis. The horizontal bars

with the same color mark the zero conductance for each curve.

case of copper intercalated PdTe, [45] or interlayer coupling
modulation as molecule-intercalated TaS, [46]. As shown in
Fig. 3(b), T; increased to 1.0 K and zero resistance was reached
at 0.9 K after Mg intercalation for 4-ML PdTe, films.

The temperature dependence of resistance in a normal
state nicely illustrated the evolution from insulatinglike to
metallic behavior as d was increased from 2.5 to 20 MLs
[Fig. 3(a)]. The parabola fittings for 10- and 20-ML films
prior to the onset of superconductivity, marked by light green
curves, indicated Fermi-liquid behavior. The 10- and 20-ML
films showed standard metallic behavior and the 2.5-ML films
were found to be insulatinglike, and the 4-ML films straddled
the boundary between the insulatinglike and metallic states.
Both domain walls and surface adsorption (during the short
period when the samples were in ambient environment being
prepared for transport measurements) can induce disorder and
electron localization and then facilitate insulatinglike transport
behaviors in ultrathin films. However, robust superconducting
transitions were clearly demonstrated by such macroscopic
transport measurements for all multilayer films, which makes
PdTe, a good platform for investigating 2D properties.

Besides T, the upper critical filed H,, was also thickness
tuned. We measured the resistance as a function of temperature
in various perpendicular magnetic fields for 4-, 10-, and 20-
ML PdTe, films [see Supplemental Material Figs. S1(a)-S1(c)

[47]], applied a criterion of 50% normal resistance recovery to
the R(T, H) curves to define the upper critical field H,(T),
and displayed its relation with normalized temperature 7'/ T,
in Fig. 3(c). Fittings based on the Ginzburg-Landau formula
(48]

@ T
woH(T) = F&Z 1- T (2)

and a two-band model [47,49] are displayed as dashed and solid
lines, respectively. In Eq. (2), ;1o He, is the upper critical field, &
is the in-plane coherent length at zero temperature, ®y = h/2e
is the flux quantum, and T, is the superconducting transition
temperature at zero field. The H.,-T relation agrees better with
the two-band model than the Ginzburg-Landau formula, in par-
ticular for 4-ML films [Fig. 3(c)]. As summarized in Fig. 3(f),
the two fittings gave H»(0) values with a small discrepancy.
They are Hc2,4ML(O) ~ 050T(052T), HC2’10ML(0) ~
0.17T (0.13T), and Hez, 20m(0) =~ 0.10T (0.08 T) from the
Ginzburg-Landau fitting (two-band model fitting). In contrast
to the decrease of T, with decreasing thickness, the H.,
was strongly enhanced in thinner films. We further derived
the in-plane coherent length & from Eq. (2) with H.(0)
deduced from linear fitting, and obtained &4\ ~ 26 nm,
EomL ~ 44nm, and &ovp ~ 57nm. These thickness-
dependent results agree with Pippard’s theory: the effective
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FIG. 3. Transport characterization of PdTe, films on SrTiO3(001). (a),(b) Temperature dependence of the resistance of PdTe, films with
various thickness. The insets of (a) and (b) are schematic for four-probe transport measurements and the sketch of 4-ML Mg PdTe,, respectively.
(c) Out-of-plane upper critical field vs normalized temperature 7/7. plot fitted with the linear Ginzburg-Landau (GL) formula (dashed lines)
and two-band model (solid lines). (d) The variation of exponent « as a function of temperature, extracting from the inset power-law fittings
(gray dashed lines) in V-1 characteristics, for 4-ML films. (e) Temperature dependence of J. (blue dots) and X (red dots) derived from Eq. (3) for

10-ML films. The solid curves are the BCS fittings. (f) 7. and H, (T

= 0) evolution as a function of the inverse of film thickness. The squares

and circles represent the H.,(0) derived from the GL formula and two-band model, respectively.

coherent length & decreases with decreasing mean free path
[50]. The latter decreases with thickness, most likely resulting
from stronger disorder in thinner films as indicated by the
normal-state R-T behaviors shown in Fig. 3(a).

The V-I characteristics demonstrated signatures of
Berezinski-Kosterlitz-Thouless (BKT) transition and type-II
superconductivity, which verifies the 2D superconductivity na-
ture of PdTe, thin films. We exemplified the V-I characteristics
for 4 MLs and the derived J.-T relation for 10-ML films
in Figs. 3(d) and 3(e), respectively. As clearly shown in the
inset of Fig. 3(d), the V-I characteristics exhibit a power-law
dependence: V o I*. A detailed evolution of the exponent «
as a function of temperature is summarized in the main panel
of Fig. 3(d). The exponent o increased systematically with
decreasing temperature as expected for the BKT transition and
approached 3 at 0.67 K, which was identified as Tggt [51]. The
Tsxr value agrees well with the 7, = 0.68 K deduced from the
R - T curve. As demonstrated by the derived J, - T relation
for 10 MLs in Fig. 3(e) [47], with decreasing temperature, J,
increased and got saturated to J.(0) ~ 37kA/cm?. Assuming
type-II superconductivity as normally occurs in thin films,
J. correlates with the London penetration depth A and the
Ginsburg-Landau parameter xk = 1 /£:

@ In(k)+0.5
4y ANT)

J(T) = 3

where 1o is the magnetic permeability of free space [52].
By adopting £ = 44nm, we derived A(0) =~ 1.1 um and
k A2 25 > 1/+/2, agreeing with the assumption of type-II

superconductivity. Furthermore, the J.(T) and A(T) could be
nicely fitted with BSC expressions for A(7") and superconduct-
ing gap A(T) [47,52], and A(O) was estimated to be 0.22 meV
[Fig. 3(e)]. It is worth noting that the calculation with the
formula assumed for type-I superconductors also gave « >
1/+/2,in contradiction to the assumption [47]. Thus, our results
indicate a transition to type-II thin-film superconductivity from
type-1 bulk superconductivity. The critical thickness for such
transition is beyond 10 MLs.

IV. CALCULATION RESULTS AND DISCUSSION

We performed first-principles density functional theory
(DFT) calculations to pursue a comprehensive understanding
on the atomic, electronic, topological, and superconducting
properties of PdTe, thin films. PdTe, is characterized by
distinct orbital occupations that d orbitals of the transition
metal Pd are fully occupied while p orbitals of the chalcogen
Te are partially unoccupied [see the orbital projection in
Fig. 4(a)]. The key orbital feature results in two important
material properties: (i) Based on the chemically inert nature
of Pd, each monolayer of PdTe, can be effectively viewed
as a buckled honeycomb structure of Te [Fig. 1(a)]. Thus a
honeycomb lattice of p orbitals is realized by this material,
which is intriguing for exploring topological quantum effects
[53]. (ii) Due to the chemically active nature of Te, coupling
between van der Waals layers could be unusually strong in
PdTe,. The interlayer coupling is relatively strong (weak)
between out-of-plane p, orbitals (in-plane p,, orbitals) of Te,
leading to significant orbital-dependent quantum effects. These
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FIG. 4. DFT calculated electronic and topological properties of PdTe, thin films. (a)-(c) DFT-PBE calculated band structures for PdTe,
thin films of 1-, 2-, and 3-ML PdTe, thin films, respectively, along the high-symmetry lines of Brillouin zone depicted in (d). Blue, red, and
green colors highlight the contributions from Te py,, Te p, and Pd d orbitals, respectively. “+, —” labels at the time-reversal invariant points
(I', M, »3) denote parities of Bloch wave functions. “IBG” represents inverted band gap with nontrivial topological invariant Z, = 1, which is
well defined when the direct band gap is nonzero at every k point. DFT-HSE calculated band structure is shown by red solid lines in (a). (e)
Schematic diagram showing the evolution of p,, (blue) and p, (red) levels of Te at the I point from 1, 2, 3 MLs to bulk PdTe,, in which the SOC
effect is excluded. The bonding p, level of 1 ML is far below the Fermi level and thus not shown. Parities of Bloch wave functions are given as
superscripts. For the bulk, band broadening of p,, and p, orbitals along the I"-A direction is represented by blue and red shades, respectively.

essential characteristics form the basis for understanding the
thickness-dependent behaviors of PdTe, thin films.

Atomic structures of PdTe; thin films displayed observable
thickness dependence. The calculated in-plane lattice constant
of PdTe, was @ = 4.028 A for | ML and @ = 4.097 A for bulk,
showing a monotonic increase with increasing film thickness.
An opposite trend was found for the averaged out-of-plane
lattice constant, which decreased from ¢ = 5.263 A for2 MLs
to ¢ = 5.190 A for bulk (see Supplemental Material Table
S1 [47]). The predicted lattice constants agree well with the
experimental values (a = 4.04 A and ¢ =5.13 A for bulk),
considering that DFT-PBE typically overestimates lattice con-
stants slightly. Moreover, the thickness-dependent feature
is consistent with our x-ray-diffraction measurements. Intu-
itively, the intralayer and interlayer Te-Te couplings compete
with each other. As the film thickness increases, the strength
of intralayer (interlayer) Te-Te coupling gradually reduces
(enhances), leading to an expansion (contraction) of a (c). Thus
the interplay between intralayer and interlayer Te-Te couplings
explains the variance of lattice constants with film thickness.

Profound thickness dependence of electronic band struc-
tures was found in PdTe, thin films. Bulk PdTe, is well
established to be a metal (having type-II topological Dirac
points ~0.5 eV below the Fermi level) [23,24]. In contrast,

PdTe; in the monolayer limit was predicted to be a narrow-gap
semiconductor (indirect gap ~0.14 eV) by the advanced hybrid
functional method [Fig. 4(a)], while DFT-PBE, which typically
underestimates band gap due to the self-interaction error, pre-
dicted a semimetal phase with minor overlap between valence
and conduction bands [Fig. 4(a)]. The narrow-gap feature of
monolayer PdTe, is consistent with our STS measurements
[Fig. 2(e)]. The evolution of band structure with varying film
thickness is visualized in Figs. 4(a)-4(c). In bilayer PdTe;, the
interlayer coupling induces significant band splitting, whose
strength is moderate for p,,-orbital bands and considerably
strong for p.-orbital bands. As a result, the p,-orbital valence
bands are pushed far above the Fermi level, leading to metallic
states. Thicker films also give metallic states as in the bulk.
Thus, a semiconductor-to-metal transition happened at the very
thin thickness of 2 MLs, as observed by STS [Fig. 2(e)],
which was driven by the strong interlayer coupling between
p; orbitals.

Moreover, we theoretically investigated superconducting
properties of PdTe, by using a modified McMillan formula
[41,54] within the framework of Bardeen-Cooper-Schrieffer
(BCS) theory. For bulk PdTe,, the predicted 7. of 1.78 K agrees
well with the experimental value of 1.7 K (see Supplemental
Material Table S2 [47]). This good agreement suggests that
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bulk PdTe, is a BCS superconductor, as confirmed by recent
experiments [28,29,31]. For PdTe, thin films, the predicted
T, are 1.42, 1.52, and 0.97 K for 2, 3, and 4 MLs, respec-
tively, which are higher than the experimental values but
display a suppression of 7. compared to the bulk value as
found experimentally. Moreover, distinct from experiment,
theoretical 7. showed a nonmonotonic thickness dependence,
mainly ascribed to the thickness-dependent DOS at the Fermi
level (included by the electron-phonon coupling parameter
presented in Table S2 [47]). These discrepancies might be
caused by the neglect of interface and disorder effects in theory,
or more intriguingly imply the emergence of an unconventional
superconducting phase in PdTe, thin films.

To illustrate effects of the spin-orbit coupling (SOC) and
interlayer coupling, we presented the band structure without
the SOC [see Supplemental Material Figs. S2(a)-S2(c) [47]]
and a schematic diagram of band splitting induced by interlayer
coupling [Fig. 4(e)]. Hereafter, electronic states at the I" point
are discussed if not explicitly mentioned. In monolayer PdTe,,
the crystal field induced a band splitting between py, and p,
orbitals of Te, locating p, below p.,. Moreover, these orbitals
respectively formed bonding and antibonding states by the
intralayer Te-Te coupling, with the antibonding p, located
below the bonding p,,. The SOC generated a sizable band
splitting of ~0.4 eV for p,, at the I" point, caused by the heavy
atomic mass of Te. An inverted band gap (IBG) existed just
below the p,-orbital band [Fig. 4(a)]. This is rationalized by the
fact that the material hosts a (buckled) honeycomb lattice of p
orbitals, thus showing nontrivial Z, band topology as in other
graphenelike materials [55,56]. In the bilayer, the interlayer
coupling induced band splitting (excluding the SOC) was 0.4—
0.5 eV for py, but much larger for p, (~1.8 V), which pushed
the upper p.-orbital band higher than some lower p,,-orbital
bands [Fig. 4(e)]. Topological band inversions thus happened
between p_-orbital and p,,-orbital bands of opposite parities,
generating three IBGs near the Fermi level [Fig. 4(b)]. As the
film thickness increased, the upper p,-orbital band moved fur-
ther upwards and finally became higher than most p,-orbital
bands in the bulk limit [Fig. 4(e)], leading to topological phase
transitions and the appearance/disappearance of IBGs. The
nontrivial band topology is further confirmed by calculating
Wannier charge centers (data not shown) [38]. Furthermore, we
computed edge states of thin films and found some edge modes
[see Supplemental Material Figs. S2(d)-S2(f) [47]]. However,
it is difficult to distinguish their topological nature as the edge
states always significantly overlap with the bulk states. This
also explains our STS results that showed no clear signature of
edge states (see Supplemental Material Fig. S3 [47]). Further
low-temperature experiments are needed to prove the existence
of 2D IBGs in PdTe, thin films.

V. CONCLUSIONS

To summarize, the PdTe, films with thicknesses between 1
and 20 MLs exhibited thickness-dependent atomic, electronic,
and superconducting properties, as experimentally presented
by various lattice constant, DOS, T,, and H., which can
be basically attributed to competition between interlayer and
intralayer coupling in the 2D form. All multilayer films showed
robust superconductivity, and the ultrathin ones exhibited
charge order phase as well. The robust 2D superconductiv-
ity observed experimentally, together with the existence of
topologically nontrivial states in PdTe, thin films introduced
by honeycomb lattice of p orbitals as our first-principles
calculations revealed, suggests that ultrathin films of PdTe,
are promising material candidates for exploring topologi-
cal superconductivity and interesting 2D properties. Further
transport studies under low temperatures and spectroscopy
investigations in momentum space on such ultrathin films
are expected to unveil exotic properties including interplay
between superconductivity and topological states in the 2D
limit.

Finally, we would like to comment on the possible impli-
cation from viewpoints of sample preparation and interface
engineering. We provided a bottom-up approach via molecular
beam epitaxial technique and realized the controllable van der
Waals epitaxial growth of compact 2D atomic crystalline films
of PdTe; on SrTiO3(001). This bottom-up approach most likely
works for other type-II symmetry-protected topological Dirac
semimetals, like PtSe,, PtTe,, PdSe;, etc., where topological
states and superconductivity may coexist. Furthermore, such
epitaxial growth provides additional modulation on the lattice
structure by substrate strain (resembling high pressure condi-
tion), introduces interface charge doping, and hence enables
manipulating on superconductivity [14], topological states
[23], charge density wave [57], and hybridization between
them [14]. The synthetic interface effects might induce en-
hanced T, and create emerging quantum phenomena.
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