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Synthesis, physical properties, and band structure of the layered bismuthide PtBi,
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We report details of single-crystal growth of stoichiometric bismuthide PtBi, whose structure consists of
alternate stacking of a Pt layer and Bi bilayer along the ¢ axis. The compound crystallizes in space group P3 with
a hexagonal unit cell of @ = b = 6.553 A c=6.165A.Its T-dependent resistivity is typical of a metal whereas
a large anisotropy was observed for the in-plane and interplane electrical transport. The magnetization data show
opposite sign for fields parallel and perpendicular to the Pt layers, respectively. The magnetic field response of this
material shows clearly two types of charge carriers, consistent with the multiple Fermi surfaces revealed in our
band structure calculations. The hydrostatic pressure is shown to suppress the resistivity at high 7' systematically
but has little bearing on its low-T transport. Through calorimetric measurements, the density of states at the
Fermi level and the Debye temperature are determined to be 0.94 eV~! per molecule and 145 K, respectively. In
addition, the electronic structures and parity analyses are also presented. We find a minimum value of 0.05 eV
gap opening at around 2 eV under the Fermi level by invoking spin-orbit interaction. A slab calculation further
indicates a surface Dirac cone appearing in the gap of bulk states. We discuss the possibility of PtBi, being a
candidate for a bulk topological metal, in analogy to the recently proposed topological superconductor S-PdBi,.
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I. INTRODUCTION

Binary bismuthide 5-PdBi, has attracted much interest re-
cently as a promising candidate for topological superconductor
(TS) [1-7]. Topological superconductivity is a new state of
matter possessing symmetry-protected surface states while the
bulk states are fully gapped by superconducting pairing [8—11].
The Majorana fermions are believed to exist on the surface or
vortex core in such TSs, which may not only be of scientific
importance, but also can lead to wide-ranging applications
in microelectronic devices and quantum computing. The
centrosymmetric stoichiometric B-PdBi, (7, ~ 5 K) was
recently claimed to be topologically nontrivial in view of the
observation of the topologically protected surface modes by
spin- and angle-resolved ARPES [4]. However, no Andreev
bound states associated with Majorana fermions are detectable
through point-contact spectroscopy [7], in sharp contrast to the
cases in Cu-intercalated Bi,Se; [12,13] and In-doped SnTe
[14]. On the other hand, it becomes the common wisdom that
spin-orbit interaction (SOI) in heavy elements is crucial for
the topological states. It is therefore heuristic to ask what if we
replace Pd in PdBi, with a heavier Pt element to enhance SOI.

In this study, we substituted Pt for Pd in PdBi, and
found that this new material actually crystallizes in a distinct
structure. Unlike B-PdBi,, which has the tetragonal structure in
an I4/mmm space group, PtBi, crystallizes in space group P3
with a hexagonal unit cell of a = b = 6.553 A c=6.165A
[15], as shown in Fig. 1. It is also different from its homologue
PtBi superconductor (7. = 1 K) with a monoclinic unit cell

*Corresponding author: xiaofeng.xu@hznu.edu.cn
fCorresponding author: libin@njupt.edu.cn

2469-9950/2016/94(16)/165119(8)

165119-1

[16]. The T-dependent resistivity of PtBi, shows metallic
behaviors down to 2 K, and displays a large anisotropy for the
in-plane and interplane transport. The intraplane and interplane
magnetization exhibits extreme anisotropy, being diamagnetic
with the field aligned along the basal plane and paramagnetic
when the field is normal to the plane. The magnetoresistance
(MR) and Hall resistivity measured on the same sample
both show two types of carriers and the former one scales
well to the one form of semiclassical Kohler’s rule [17,18],
ie., % =F (%). The heat capacity and the pressure effects
on resistivity have also been investigated. Additionally, our
first-principles calculations reveal multiple bands crossing the
Fermi level and the prominent effects of SOI on its band
structure. Importantly, a sizable gap is opening at around 2 eV
under the Fermi level by including the SOI, similar to what was
seen in B-PdBi,. The parity analyses indicate this gap opening
has a nontrivial consequence for the surface states, which was
further confirmed by our slab calculations.

II. EXPERIMENT

PtBi, single crystals were fabricated via a melt-growth
method. The starting materials of high-purity Bi powder
(4N) and Pt powder (4N) were mixed thoroughly in the
prescribed molar ratio of Bi:Pt = 2:1 (2 g in total weight).
All these preparations were performed in a glove box filled
with protective argon gas (both H,O and O, contents were
limited below 0.1 ppm). The mixtures were loaded and sealed
in an evacuated quartz tube. This quartz tube was then heated
to 700°C quickly in a sintering furnace and kept at this
temperature for 48 h, before being slowly cooled down to
450°C(3°C/h), and finally being quenched into cold water.
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FIG. 1. Crystal lattice of PtBi,. (a) The primitive unit cell for
hexagonal PtBi,. The coordinates of Pt(1) and Pt(2) are (£, %",0.92c)
and (%“,%,0.0SC), respectively. (b) The structure as seen from a
perspective along the ¢ axis.

Large pieces of dark gray platelike PtBi, single crystals of
typical 7-8 mm in length were harvested.

Energy dispersive x-ray (EDX) spectrometry confirms the
stoichiometric ratio of the chemical composition (32.8: 67.2 &+
1.0% in molar percentage for Pt:Bi). A typical EDX spectrum
is given in the Supplemental Material (SM) [19]. The structure
of crystals was characterized by x-ray diffraction (XRD) at
room temperature using a Rigaku diffractometer with Cu K«
radiation and a graphite monochromator. Lattice parameters
were obtained by Rietveld refinements. The magnetization was
measured by vibrating sample magnetometry using a Quantum
Design MPMS-5 system. Measurements of MR and Hall effect
were performed on the same sample by changing the field
polarities. The even signal in field was defined as MR and
the odd component was calculated as Hall resistivity. For the
hydrostatic pressure measurements, a commercial piston-type
cell from Quantum Design was used, and Daphne 7373 oil was
applied as the pressure transmission media. The same electrical
contacts were used throughout the measurements such that
the geometric errors in the contact size were identical for
all pressures. The specific heat measurement was performed
on a large piece of single crystal of weight 3.5 mg. The
thermometer on the calorimeter puck was well calibrated prior
to the measurements and the addenda was determined in a
separate run.

Based on our experimental crystal structure, we carry out
first-principles calculations for the band structures and topo-
logical invariant. The electronic structure calculations with
high accuracy are performed using the full-potential linearized
augmented plane wave (FP-LAPW) method implemented in
the WIEN2K code [20]. The generalized gradient approximation
(GGA) [21] is applied to the exchange-correlation potential
calculation. The muffin-tin radii are chosen to be 2.5 a.u.
for both Pt and Bi. The plane-wave cutoff is defined by
RKmax = 7.0, where R is the minimum LAPW sphere radius
and K, is the plane-wave vector cutoff.

III. RESULTS

A. Crystal structure

The schematic view of the crystal structure of PtBi, is
shown in Fig. 1. It crystallizes in a hexagonal structure
with the space group P3 (No. 147). Its structure consists
of alternate stacking of two-dimensional (2D) Pt layers and
bismuth bilayers along the ¢ axis. In one primitive unit cell,
there are three Pt atoms, one being located at the corner of
the polyhedron and the other two being labeled as Pt(1) and
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FIG. 2. (a) and (b) represent the powder XRD patterns and single-
crystal XRD diffraction peaks, respectively. The asterisks in (a) mark
the impurity phase that is possibly a-PtBij,.

Pt(2) in Fig. 1. The Bi atoms are trigonally coordinated. The
XRD patterns of PtBi, crystal are presented in Fig. 2. A small
trace of impurity phase, marked by the asterisks in Fig. 2(a),
is detectable in the powder x-ray pattern but is absent in the
single-crystal XRD. Only (00¢) diffraction peaks are observed
in the single-crystal x ray, indicating good c-axis orientation
of the as-grown samples. The calculated lattice parameters are
a=b=06.553 A, c=6.165 10\, in consistence with previous
reported results [15]. Note here that the other polymorphs of
PtBi,, namely «-PtBi, (orthorhombic), B-PtBi, (cubic), and
8-PtBi, (orthorhombic), can be precluded as the main phases
of our sample, based on our powder x-ray pattern [22].

B. Anisotropic transport and susceptibility

Zero-field resistivity is plotted in Fig. 3. Both the in-plane
[Fig. 3(a)] and interplane [Fig. 3(b)] resistivity are metallic
down to the lowest temperature measured (2 K). The residual
resistivity ratio (RRR) is approximately 50 (22) for in-plane
(interplane) transport. As a comparison, RRR in g-PdBi,
ranges from 3-10 in the literature. The resistivity anisotropic
ratio (p./pap) increases from ~70 at room temperature to
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FIG. 3. (a) In-plane and (b) interplane zero-field resistivity curves down to 2 K. The low-T resistivity fits to p = py + AT? very well below
~35 K (see the insets to each panel). (c) and (d) show the in-plane and inter-plane susceptibility under a field of 0.5 Tesla, respectively.

~150 at 2 K. Despite this large resistivity anisotropy, the
interplane transport remains coherent at low temperatures,
evidenced by a Fermi-liquid 7% scaling below ~30 K in both
cases. We estimated the electron mean-free path /p of this
sample from its in-plane residual resistivity (oo = 2.5uS2cm)
and the Drude formula o = ”f;’ , where n = 4.26 x 10%°/m?
from the band structure calculations (see below). [y has an
order of ~1um at 2 K, two orders of magnitude larger than
that in 8-PdBi, [3]. The sample was further characterized by
the susceptibility measurements thereafter. Remarkably, the
magnetization of the sample shows extreme anisotropy with
respect to the field orientations. As illustrated in Fig. 3, the
in-plane magnetization x,, is diamagnetic and varies little
with T down to 20 K, below which it displays a significant
upturn, whereas the interplane y. is paramagnetic instead
and increases monotonically with decreasing 7', followed
by a downward trend below 20 K. The origin of these
contrasting magnetization behaviors is not clear at this stage.
Given the rather small susceptibility in our sample and the
diverse contributions at this 7 range, e.g., Pauli and Landau
susceptibilities, it may be not so unusual to have the opposite
signs for the different field orientations.

C. Magnetoresistance and Hall effect

The magnetoresistive and Hall response of a material can
open an avenue for exploring the dispersion and dynamics
of the charge carriers. We performed the MR and Hall
measurements with the same electrical contacts on a sample
with RRR = 65 as shown in Fig. 4. First, in PtBi,, it is noted
that the absolute value of the MR, defined as %, is rather
large, reaching > 400% at 2 K in a magnetic field of 9 T.

This large MR implies a rather large electron mean-free path,
hence along relaxation time. However, this MR is damped very
fast with increasing T, as seen from the top panels of Fig. 4.
Second, in single-band metals, the MR at small fields is usually
quadratic and the Hall resistivity varies linearly with field.
However, in the two-band Drude model, on the assumption
of the field-independent carrier density and relaxation time,
%(B) and p,,(B) can be written as [23-26]

AIO _ U/zae(alth - UeRe)232 (1)
P (on+0.)?+0202(R, + R,)?B?
o?R, + O'ngg + azaethRe(Rh + R,)B?
Pry(B) = 1 - B, (2)

(0 + 00)* + 070 2(Ry + R,)*B2

where o,(h) and R,.(h) are electrical conductivity and Hall
coefficient for electron (hole) band, respectively. The MR and
the Hall signal for PtBi, samples are exemplified in Fig. 4 at
some selected temperatures. Although the individual curves
can be fitted with the above two-band equations reasonably
well, plotted as the red solid line in each panel, we failed
to model these two transport coefficients simultaneously with
the same set of four parameters. These difficulties may arise
from the simple assumption of the field-independent charge
carrier density and scattering, or from the complex FS more
than just two bands. In cuprate Pr,_,Ce,CuOy_;, similarly, it
was unlikely to fit the MR and Hall resistivity simultaneously
with the same set of fitting parameters, but can only be fitted
separately [23]. Nevertheless, given the quality of our fitting
and the strong nonlinearity of the Hall resistivity, we believe
that the transport properties of this compound are governed by
multiband charge carriers, consistent with the multiple electron
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FIG. 4. The magnetoresistance (top panel) and Hall resistivity (bottom panel), both measured on the same crystal with the same electrical
contacts, at several selected temperatures. The red solid curves delineate the fits to the two-band carrier model.

and hole Fermi pockets revealed by our band calculations
(see below). Indeed, as shown in the SM, the three-band
model significantly improves the overall fitting quality below
40 K. We also note that our transport data have marked
difference from those reported in Ref. [27], where the linear
MR arises from the sample inhomogeneity due to sufficient Bi
vacancies [28], in contrast with the chemical stoichiometry in
our samples.

In standard metals, the MR Ap/p at a certain temperature
under a field H has a general form known as the Kohler’s
rule [17,18]: Ap/p = f(Bt). This rule adopts a simplified
form Ap/p = F(B/p) on the assumption of T-independent
carrier density n and a constant effective mass m*. From this
rule, Ap/p is literally independent of T such that the plots
of Ap/pp as a function of B/p at distinct temperatures will
collapse onto a single curve. Interestingly, this rule, despite
its semiclassical origin, was found to be well obeyed in a
large number of metals from conventional metals to some
quantum matters. These involve the metals with two types of
carriers [ 18], the pseudogap phase of the underdoped cuprates
[29], quasi-one-dimensional metals [30,31] as well as some
topological semimetals [32]. We examined this simplified
Kohler’s rule in PtBi, (Fig. 5) and found that it is well obeyed
in this material, over a wide field range (up to 9 T) and a
broad 7 window (2-100 K. Above 100 K, the MR tends to

be negligible). Moreover, the longitudinal MR in PtBi, (B
|| T]l ab) also shows two types of charge carriers and the
validity of the simplified Kohler’s rule (see SM). As pointed
out in Ref. [18], however, care needs to be taken in using
this simplified form of Kohler’s rule as n and m* may be

5 T T T T T
-
41 B/ c ;‘ .
2K
5L .J' 10K
g% 40K
I 2t .
80K
100K
1k 4
o 1 1 1 1 1 1
0 1000 2000 3000 4000 5000
B/p [T/mQ cm]

FIG. 5. The Kohler’s plot for the MR data from Fig. 4.
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FIG. 6. (a) The resistivity p(T') profiles under different pressures. (b) and (c) zoom in the high-7" and low-T regimes, respectively. (d) The
pressure dependence of resistivity at some temperatures. Ap is measured with respect to the value at 2.5 Gpa.

T dependent. With these caveats in mind, it could not be
concluded if the Kohler’s rule is really obeyed or violated
in PtBi,, unless the full knowledge of its n(7T) and m*(T')
becomes available.

D. Pressure dependence of resistivity

Figure 6 depicts the zero-field resistivity p(7T") curves
under various pressures for a crystal that has slightly larger
resistivity value (pg = 4.5 uQcm at 2 K) and a lower RRR
(33). As seen, the pressure suppresses the resistivity at high
T progressively [Fig. 6(b)] and this pressure effect fades
with decreasing temperatures [Fig. 6(c)], becoming negligibly
small below ~15 K. It is noted that pressure suppresses the
resistivity in a linear fashion, plotted in Fig. 6(d) with Ap
defined as the resistivity difference from the value under
2.5 Gpa at each temperature. It is noteworthy that this pressure
effect resembles what was observed in B-PdBi, where the
normal state resistivity diminishes systematically as pressure
increases [2].

E. Specific heat

As shown in Fig. 7(a), the heat capacity C(T) down to 0.5 K
decreases smoothly with 7 and shows no clear features at this
temperature regime. The heat capacity at low T comprises the
electronic contribution 7 and the phononic term BT3. The
fitting below ~3 K [Fig. 7(b)] yields y = 2.2 mJ/mol K>
and B = 1.94 mJ/mol K*, corresponding to the density of
state (DOS) at the Fermi level 0.94 eV~! per molecule and
the Debye temperature ®p = 145 K. As a comparison, y
in B-PdBi, is a factor of 6 higher than here and the Debye
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FIG. 7. (a) Heat capacity of PtBi, between 0.5 K and 10 K. (b)
The plot of C/ T vs T? at low temperatures to separate the electronic
and phonon contributions. The red line is the fitto C/T = y + BT>.
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FIG. 8. Three-dimensional Fermi surfaces of PtBi, in the first Brillouin zone: (a) scalar-relativistic case (without SOI), (b) relativistic case
(with SOI). Each panel shows five FS sheets in scalar-relativistic and relativistic cases, respectively.

temperature is comparable (136 K) [1,5]. The reproducibility
of the data presented here has been confirmed on different
crystals.

F. Band structures

Our band structure calculations show that there are five
bands crossing Ep. Figure 8 shows the corresponding FSs
drawn using XCRYSDEN [33]. In order to get the electronic
FS of high resolution, we used a 35 x 35 x 32 k mesh with
about 40000 k points to calculate the eigenenergies, which
are accurate enough to evaluate the results. For each case, we
present the five FSs with top view (projected along the I'-A
direction) and standard orientation view. The FSs show clearly
hexagonal symmetry in the first Brillouin zone. When SOI was
taken into account, all FSs shrink noticeably due to the change
of the band structure. The FS analysis has been performed
to determine the band type using SKEAF (Supercell K-space
Extremal Area Finder) [34]. Without SOI, band I and II are
100% holelike. Band III is mixed with 62.2% electronlike and
37.8% holelike types. Band IV is 90.4% electronlike and 9.6%
holelike, and band V is 100% electronlike. In relativistic case
(with SOI), the types of band I, II, and V are the same as in
the scalar relativistic case. Band Il is 61.5% electronlike and
38.5% holelike, while band IV is 93.4% electronlike and 6.6%
holelike.

From the calculations, the values of DOS at Ey are
N(Ep) = 1.53 and 1.71 states/eV per formula unit for the

scalar relativistic (without SOI) and relativistic (with SOI) cal-
culations, respectively. The corresponding electronic specific
heat coefficienty [y = nzN(EF)k%/?:] are 3.6 and 4.0 mJ/mol
K2, respectively. Note this y is almost twice the value obtained
from heat capacity measurements. Usually, the experimental
y is (1 4+ A) times of the value obtained from the calculations
due to the renormalization effects from the electron-phonon
and/or electron-electron interactions, where A is the coupling
constant. The smaller value of y from the experiment in PtBi,
is somewhat strange and deserves further investigations.

Our results on the bulk band structures with and without
SOI are shown in Figs. 9(a) and 9(b), respectively. The bands
are numbered from first to eighth by the energy at the A point
on the right side of the graphs. Note that, without SOI, band
4 and 5, band 6 and 7 are degenerate. That means they have
the same energy and symmetry (see Table I). According to the
orbital-colored characteristics of the fat bands, hybridized Bi
6p and Pt 5d bands distribute around the Fermi level. While
below —2.0 eV, Pt 5d orbitals dominate the band structure.
By comparing Figs. 9(a), 9(b), we found a continuous gap
[shaded by pink in Fig. 9(b)] throughout the Brillouin zone,
with a minimum value of 0.05 eV gap opening. The first and
second bands that lie below and above the gap are completely
separated from each other. The gap opening by SOI is crucial
for the possible topological property of PtBi,.

To evaluate the possible topologically nontrivial surface
states, we use the method proposed by M. Sakano et al. [4]
to compute the Z, invariants. With P3 symmetry of PtBiy,
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FIG. 9. First-principles band structures (a) without and (b) with
spin-orbit interaction. The green and red lines indicates the Bi-p and
Pt-d orbital contributions, respectively. The band numbers are listed
on the right side. The pink-shaded area in (b) denotes the gap induced
by SOL. (c) Surface band dispersions along K—I"—M obtained by slab
calculation of three (PtBi,); layers. The blue rectangle indicates the
region where the surface state appears.

Z, can be calculated by considering solely I'(0, 0, O)and
A(0, 0, ) points. The point group for these two points is
C3;, which has six symmetry operations in six classes. We
list the topological invariant Z, and the symmetries of wave
functions for respective bands in Table 1. The calculated
Z, = 1 indicates the topologically nontrivial band state of
PtBi,. This requires a surface state connecting the bands of
the gap. The topological surface state is further evidenced
by the calculated slab band structure in Fig. 9(c). As one
PtBi, crystalline unit cell (Fig. 1) has three formula units as
(PtBiy)3, we cleave a three-(PtBi,)s-layer slab in (001) plane
with 15 A vacuum layer for the calculation. The blue rectangle

PHYSICAL REVIEW B 94, 165119 (2016)

TABLE I. Lists of the topological invariant and the symmetries
of wave functions at I' and A points without and with SOI.

Without SOI With SOI
# T A 7, r A Z
1 A, A, 0 'Eipg +’Eij2¢ 'Eijou +’Erju 1
2 A, A, 1 "E1j2u +*Eij2u 'Eij2¢ +*Eipg 0
3 A, A, 0 'Eipg+Eipe "By By 1
4 B, +'E, *E;+'E; 1 Asppu +Aspu Az +Aszpy 0
5 ?Ey+'E. *Eg+'E, 0 Aspg +Azpg Asppu +Azp, 1
6 ’E;+'E; E.+'E. 1 "E1jou +°Eij2u 'Eijog +°Eipg 0
7 Eg+'By *Eu+'Ex 0 'BEipg +?Eij2e 'Bijou +2Eijan 1
8 ?E,+'E. A, 1 Aspu+ Aspy 'Eijpg +2Eij2e 0

in Fig. 9(c) encircles the region where the surface state appears
in the bulk gap at the energy of —2.24 eV at I, below the
minimum energy detected in recent ARPES measurements
[28]. From Table I, we found that bulk gap between first
and second bands is characterized by Z,(#1) = 1, indicat-
ing its analogy to 3D strong topological insulators. Thus,
the connection represents a topologically protected surface
state.

IV. DISCUSSION AND CONCLUSIONS

In recent work by Sakano et al., several topologically-
protected surface states were observed by spin-resolved
ARPES in the TS candidate B8-PdBi, [4]. These nontrivial
surface bands include one crossing the Fermi level and the
other one forming the Dirac cone state 2 eV below the Fermi
level. It was noted that these topological surface states are all
derived as a consequence of SOI, although their respective
microscopic details may be different. In PtBi,, the SOI plays
a similar role and manifests itself in the band structure as
a gap opening ~2 eV below the Fermi level, in which the
topologically nontrivial surface states may arise. Interestingly,
this material was reported to superconduct below 150 mK
[35], a factor of ~40 lower than 7, in PdBi,. How the possible
nontrivial surface states of PtBi, condense into Cooper pairs
in the superconducting state await more investigations, both
theoretically and experimentally.

In PtBi,, the electrical transport presented here is overall
dominated by its bulk normal electrons and it looks more like
a conventional multiband metal from transport perspective.
Likewise, the transport and thermodynamic signatures from
the surface states in B-PdBi, are also very weak, or lack
thereof. Its superconductivity is characterized by a nodeless,
single s-wave energy gap of strong coupling nature. This
dilemma is partly due to the fact that in both cases, the
surface Dirac cone lies far below the Fermi level therefore
the bulk transport dominates. In order to observe the surface
property from the bulk transport, it may be necessary to push
the Fermi level into the SOI gap by using electrical gating in a
heterostructure geometry.

To summarize, we synthesized the single crystals of stoi-
chiometric bismuthide PtBi, by a solid-state reaction method.
The samples were carefully characterized by the combined
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procedures of XRD, (magneto)transport, susceptibility, heat
capacity, and hydrostatic pressure measurements. MR and Hall
resistivity of this compound show prominent multiband trans-
port behaviors, consistent with the multiple Fermi electron and
hole pockets revealed in our first-principles calculations. The
possible topological surface state of PtBi, is revealed by the
Z, analysis and confirmed in the slab band calculations. Both
band structures and Z, invariant calculations suggest PtBi,
as a possible candidate for a bulk topological metal. Further
experiments, especially ones with more surface sensitivity,
are needed to search for the possible surface states in this
bismuthide.
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