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a b s t r a c t
Bulk ˇ-PdBi2 layered material exhibits advanced properties and is supposed to be probable topological
superconductor. We present a method based on molecular beam epitaxy that allows us to grow ˇ-PdBi2
ﬁlms from a single ˇ-PdBi2 triple layer up to the dozens of triple layers, using Bi(111) ﬁlm on Si(111) as a
template. The grown ﬁlms demonstrate structural, electronic and superconducting properties similar to
those of bulk ˇ-PdBi2 crystals. Ability to grow the ˇ-PdBi2 ﬁlms of desired thickness opens the promising
possibilities to explore fascinating properties of this advanced material.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Layered materials (LMs) are built of neutral, single or several
atom-thick layers of atoms featuring covalent or ionic connections
within each layer without dangling bonds, whereas the layers are
held together via van der Waals bonding along the third axis. Such
materials were actively studied in the second half of the last century
and were shown to exhibit a wide range of interesting properties
including superconductivity and charge density waves [1,2]. Lately,
discovery of graphene [3], topological nontrivial states in Bi2 Se3
and Bi2 Te3 [4,5] and general interest to low-dimensional materials
lead to resurgence of interest in LMs. Due to their unique atomic
structure some LMs could form stable isolated mono or multilayer
sheets which was proven by exfoliation of one layer of MoS2 [6] and
other layered crystals. Moreover, studies of MoS2 ﬂakes of variable
thickness showed that electronic properties change from indirect
semiconductor in ﬁve or more layers to direct semiconductor in one
layer of MoS2 [7]. Such behavior was attributed to the weak van der
Waals interlayer interaction affecting the band structure of this LM
[8]. Dependence of properties on the number of layers was also
detected in other layered crystals such as NbSe2 [9], TaSe2 [10], etc.
As modulation of properties of LMs by changing number of layers
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is rather universal for these materials, LMs could provide endless
variety of building blocks with ﬁnely tuned properties for novel
electronic devices [11,12] and van der Waals heterostructures [13].
Unfortunately, despite some recent success in creation of LM ﬁlms
by chemical vapor deposition [14], molecular beam epitaxy (MBE)
[15] and other methods [16] controllable growth for most of the LM
ﬁlms remains complex and poorly explored matter and exfoliation
of bulk crystals remains the main method for obtaining LM ﬁlms.
ˇ-PdBi2 is a superconductor LM which transition temperature equals 5.4 K [17–19]. In addition, ˇ-PdBi2 has recently been
found to display nontrivial topological properties [20] and has been
proposed to be probable topological superconductor. All the experimental data reported to date have been obtained with bulk crystals
of ˇ-PdBi2 grown by “melt-growth” method at temperatures of
about 900 ◦ C. This method produces high-quality single crystals but
is not viable for growth of ﬁlms of controlled thickness. Molecular
beam epitaxy (MBE) could provide a principal possibility to reach
this goal. Bearing in mind also abilities for fabrication of various
heterostructures or for exploring proximity effects using various
substrates, one can consider MBE as the technique which provides
an additional degree of freedom both for researches and applications.
To our knowledge, successful MBE growth of ˇ-PdBi2 thin
ﬁlms has been reported only in a very recent work by Lv et al.
[21]. The authors used SrTiO3 (001) crystal as a substrate and
characterized structure and superconducting properties using
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scanning tunneling microscopy (STM) and low-temperature scanning tunneling spectroscopy (STS), respectively. Superconducting
transition temperature was estimated to be 6.1 ± 0.4 K. The results
of STS measurements were interpreted as providing an evidence for time-reversal symmetry protected nontrivial nature of
topological superconductivity and occurrence of Majorana zero
modes [21].
In the present paper, we report on the MBE growth of ˇ-PdBi2
thin ﬁlms with a thickness control from one to dozens layers
using deposition of Pd and Bi onto the Bi(111) ﬁlm grown on
Si(111). Structural analysis of the grown ˇ-PdBi2 ﬁlm was conducted using low energy electron diffraction (LEED) and scanning
tunneling microscopy. Electronic properties were examined by
angular-resolved photoemission spectroscopy (ARPES). Transport
properties were measured ex situ using van der Pauw method with
cooling the sample to liquid-He temperatures. The obtained results
demonstrate that the grown ﬁlms exhibit the structure and electronic properties that coincide with the known data for the bulk
ˇ-PdBi2 crystals. The ﬁlms occur in three domain orientations and
demonstrate a superconducting transition at 3.1 K.

2. Experiment
Growth of the ﬁlms followed by STM and LEED observations
were carried out in the Omicron STM Compact Lab system operated in an ultrahigh vacuum (∼7 ×10−11 Torr). All STM images were
acquired in a constant-current mode at room temperature. ARPES
experiments were performed with an Omicron MULTIPROBE ARPES
system operated in an ultrahigh vacuum (10−10 Torr). To transfer
the samples to the ARPES system we used evacuated transfer unit.
The ARPES measurements were conducted using a hemispherical
electron analyzer VG Scienta R3000. The light source was a highﬂux monochromatized He discharge lamp with a photon energy
of 21.2 eV. The low-temperature transport measurements of the
grown PdBi2 ﬁlms were conducted in the Oxford Instruments TeslatronPT system.
Atomically-clean Si(111)7 × 7 surfaces were prepared in situ by
ﬂashing samples to 1280 ◦ C after they were outgassed at ∼600 ◦ C for
several hours. Bi(111) surface was prepared by growing 20 bi-layers
of Bi on Si(111)7 × 7 surface [22]. Bismuth was deposited from a
commercial√HTEZ40
√ cell, deposition rate of Bi being calibrated using
Si(111)ˇ − 3 × 3-Bi surface as a reference [23]. Palladium was
deposited from a ﬁlament evaporation unit at a rate of 0.2 ML/min.
(where 1 ML (monolayer) = 8.98 × 1014 atoms/cm2 for 3.34 Å square
√
Deposition rate of Pd was calibrated using the Si(111) 3 ×
lattice).
√
3-Pd surface reconstruction [24] as a reference.
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3. Results and discussion
Remind that the ˇ-PdBi2 is layered material with tetragonal
structure, I4/mmm space group. Electrically neutral layers consist
of atomic layer of Pd sandwiched between two atomic layers of Bi,
such a structure is deﬁned as a triple layer (TL). The TLs are packed
alternately and form the body centered tetragonal unit cell with
parameters a = b = 3.36 Å and c = 12.98 Å, as shown in Fig. 1(a). The
spacing between the TLs is rather large, with interlayer Bi–Bi distance being ∼3.8 Å, indicating that the TLs are bonded to each other
by weak van der Waals forces.
Adsorption of Pd onto Bi(111) at RT results in the formation of
a single TL of ˇ-PdBi2 , which structure and composition were veriﬁed using LEED and STM observations. In the LEED pattern obtained
after deposition of Pd onto Bi(111) [Fig. 1(b) and (c)] one can see
superposition of the spots from Bi(111)1 × 1 surface having hexagonal symmetry (indicated by open black circles in Fig. 1(c)) and
those from three domains having square symmetry (indicated by
red, yellow and green open circles in Fig. 1(c)) rotated by 15◦ relative to the Bi(111) main directions and 120◦ relative to each other.
The square lattice constant deduced from the LEED pattern equals
3.4 Å which value matches properly the unit cell parameter of ˇPdBi2 (001)1 × 1 surface [Fig. 1(a)]. STM observations demonstrate
that after depositing 1.0 ML Pd up to 85% of the surface area is occupied by the square-lattice structure [Fig. 1(d)] indicating that this
is plausibly a single TL of ˇ-PdBi2 . Occurrence of three rotational ˇPdBi2 domains is a natural sequence of the threefold symmetry of
the underlying Bi(111) surface. Another consequence of superposing of the ﬁlm on a substrate of a different symmetry is developing
of the Moiré pattern of meandering bright and dim rows in the
[110] direction of the ˇ-PdBi2 lattice. It is worth noting that the
Moiré pattern is absent in the next ˇ-PdBi2 layers [see the inset in
Fig. 2(a)].
Pd adsorption beyond 1 ML leads to the growth of threedimensional Pd islands on the ˇ-PdBi2 TL surface. Thus, one can
conclude that single ˇ-PdBi2 TL acts as a blocking layer which prevents reaction of excessive Pd with Bi. In order to grow ˇ-PdBi2
ﬁlms beyond the ﬁrst TL, one has to use co-deposition of Pd and Bi
with a stoichiometric ratio of 1:2, the growth temperature being
still kept at RT and the growth rate was ∼0.2 TL/min. Growth of the
ˇ-PdBi2 ﬁlms up to dozens of TLs proceeds almost in a layer-bylayer fashion. As an example, Fig. 2 presents the LEED and STM data
for the 10-TL ˇ-PdBi2 ﬁlm. In particular, the LEED pattern [Fig. 2(b)]
demonstrates that that there are no surface structures other than
those of the ˇ-PdBi2 ﬁlm in three domain orientations. STM observations [Fig. 2(a) and (c)] demonstrates the layer-by-layer growth
with the step height being ∼6.5 Å, that coincides with the thickness

Fig. 1. (a) Schematic crystal structure of ˇ-PdBi2 . (b) LEED pattern (Ep = 70 eV) of the incomplete 1-TL-thick ˇ-PdBi2 ﬁlm grown on Bi(111). (c) Interpretation of the LEED
pattern shown in (b) where Bi(111) spots are indicated by open black circles and spots of the three ˇ-PdBi2 domains by green, yellow and red open circles. The structure unit
cells are outlined by the solid lines of corresponding color. (d) 120 × 120 nm2 STM image of the incomplete 1-TL-thick ˇ-PdBi2 ﬁlm on Bi(111) where dark patches correspond
to the bare Bi(111) surface. Inset in (d) presents an enlarged 5×5 nm2 fragment of the ˇ-PdBi2 ﬁlm to show the Moiré pattern developed at the surface. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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Fig. 2. (a) 150 × 150 nm2 STM image and (b) corresponding LEED pattern (Ep = 70 eV) from the 10-TL ˇ-PdBi2 ﬁlm. Inset in (a) shows the enlarges 5 × 5 nm2 fragment of the
surface. (c) STM line proﬁle along the white line in (a).

Fig. 3. (a) Experimental ARPES spectrum recorded along the X̄–¯ and ¯ –M̄ directions from the 10-TL ˇ-PdBi2 ﬁlm. (b) Momentum distribution curves in the spectral region
outlined in (a) by a yellow frame. (c) Calculated surface band dispersions for the bulk ˇ-PdBi2 taken from Ref. [20] for the same spectral region. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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of the single ˇ-PdBi2 TL. Note that this differs from the ˇ-PdBi2
growth on SrTiO3 (001) substrate where the growth proceeds via
Volmer–Weber mode [21].
Angle-resolved photoemission spectrum acquired from the 10TL ˇ-PdBi2 ﬁlm and corresponding momentum distribution curves
of its fragment within a yellow frame are shown in Fig. 3(a) and (b),
respectively. One can see that they are in a good agreement with
spectrum calculated for the bulk ˇ-PdBi2 crystal in [20]. Unfortunately, due to the three-domain occurrence of the ˇ-PdBi2 ﬁlm in
our experiment, comparison is viable only for electron states near
the ¯ point, as the states near the M̄ and X̄ points are mixed. Nevertheless, all the bulk bands and the band attributed to nontrivial
topology of ˇ-PdBi2 [20] are clearly seen, indicating that the ﬁlm
has a similar electron band structure as the bulk crystals.
The temperature dependence of electrical resistivity  for the
10-TL ˇ-PdBi2 ﬁlm is shown in Fig. 4. One can see a clear transition
to the superconducting state at critical temperature Tc = 3.1 K. For
comparison, the critical temperature for a bulk ˇ-PdBi2 crystal was
found in early studies as being 4.25 K [25]. However, it has recently
been reconsidered to be equal to 5.4 K [17–19]. The increase in critical temperature was attributed to a higher quality of the ˇ-PdBi2
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Fig. 4. Temperature dependence of the electrical resistivity  of the 10-TL ˇ-PdBi2
ﬁlm in the temperature range of 0–10 K and 0–300 K (in the inset).
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crystals. Lv et al. [21] reported even higher critical temperature of
6.1 K for ˇ-PdBi2 ﬁlms grown on SrTiO3 (001). The value obtained in
the present work for the ˇ-PdBi2 ﬁlms on Bi(111)/Si(111) is lower
than all these values. There are several possible reasons for lowering the critical temperature. First, it is a general trend that a critical
temperature for thin ﬁlms is often lower than that for the bulk of the
same material. Second, occurring of three domains in the present
ˇ-PdBi2 ﬁlms means reducing crystalline quality which might hamper the superconductivity. A modest crystal quality of the ﬁlm is
reﬂected also in the relatively low residual resistivity ratio [RRR,
(T = 300 K)/(T = Tc )] of ∼1.5. For comparison, for the high-quality
bulk ˇ-PdBi2 crystal RRR is reported to be about 12 [17]. Third, while
exposing the sample to air ambient for the transport measurements
the thin ˇ-PdBi2 ﬁlm might adsorb contaminations that can reduce
the critical temperature. A similar effect was reported for the ˇPdBi2 crystals doped with different species (e.g., Pb and Na) [19].
Fourth, surface stress due the lattice mismatch between ˇ-PdBi2
ﬁlm and Bi(111)/Si(111) substrate might also be the reason, bearing in mind that high pressure is known to suppresses the critical
temperature of ˇ-PdBi2 crystal [19]. We believe that experiments
on exploring superconducting properties of the ˇ-PdBi2 of the various thicknesses conducted without breaking vacuum between ﬁlm
growth and transport measurements could make a proper choice
among the possibilities listed above. In addition, available data set
on ˇ-PdBi2 ﬁlm growth given in [21] and present paper can serve
as a useful base for the prospective investigations of this advanced
layered material.
4. Conclusions
In conclusion, we present here an MBE-related method to grow
ˇ-PdBi2 ﬁlms of the desired thickness starting from a single triple
layer. The Bi(111) ﬁlm grown on Si(111) surface has been found
to be an appropriate template for the ˇ-PdBi2 ﬁlm growth. The
ˇ-PdBi2 ﬁlm grows in layer-by-layer fashion in three domain
orientations which make angle of 15◦ with the main crystallographic directions of Bi(111) and 120◦ between domains. ARPES
measurements reveal that an electron band structure of the ﬁlm
is the same as that of the bulk ˇ-PdBi2 crystals. The 10-TL ˇPdBi2 ﬁlm was found to become a superconductor at the critical
temperature of 3.1 K. Ability of growing ˇ-PdBi2 ﬁlms of any
desirable thickness using MBE adds a new degree of freedom in
exploration of advanced properties of the ˇ-PdBi2 material. In
particular, thickness dependence of electronic band structure and
superconducting characteristics can be studied. Another promising direction of investigations is related to the growth of ˇ-PdBi2
ﬁlms with modulated doping and growth of the heterostructures
incorporating ˇ-PdBi2 and other layered materials. Using various
substrates, proximity effects on superconducting properties can
also be addressed.
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