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Electronic and topological properties of the van der Waals layered superconductor PtTe

Michael A. McGuire,” Yun-Yi Pai, Matthew Brahlek, Satoshi Okamoto, and R. G. Moore
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@ (Received 1 March 2022; accepted 11 May 2022; published XXXXXXXXXX)

We report the crystal growth and structural and electronic properties of superconducting, van der Waals layered
PtTe. Easily cleavable crystals with a platelike morphology consistent with the layered structure were grown from
a platinum-rich flux. A consistent determination of 7, = 0.57 K is made from the onset of diamagnetism, the
zero of resistivity, and the midpoint of the heat-capacity jump. The observed behavior is consistent with type-II
superconductivity, with upper critical field at 7 = 0 estimated using the Werthamer-Helfand-Hohenberg theory
to be 143 and 65 Oe for fields out of and in the plane, respectively. The heat-capacity discontinuity is close to the
weak-coupling BCS value. Density-functional theory calculations and analysis of the electronic structure finds
that PtTe is a topological semimetal with numerous surface states but suggests that the superconducting state
itself may be topologically trivial. Angle-resolved photoemission spectroscopy reveals a normal-state Fermi
surface in remarkable agreement with theory and confirms the overall topological nature of the material by
experimental identification of the surface bands. Together, these findings identify PtTe as an interesting example

of a cleavable, topological, and superconducting material.

DOI: 10.1103/PhysRevB.00.004500

I. INTRODUCTION

Pseudo-two-dimensional materials comprising layers that
are weakly bound together by van der Waals forces play
important roles in many active areas of condensed matter
physics. This includes magnetism, topology, optoelectronics,
and spintronics [1-3]. Monohalides with the ZrCl structure
type have been rediscovered as interesting examples of such
materials [4-6]. These compounds have a double layer of
metal cations in a highly reduced formal oxidation state. The
double layer is bonded to halide anions above and below,
producing slabs that stack together by van der Waals bonding
to form a rhombohedral crystal structure. Materials with this
structure have recently attracted attention as electrides [4],
where electrons confined between the metal layers act as
anions and as two-dimensional (2D) magnets when the cations
are rare-earth metals [5,6]. It is also noteworthy that the rare-
earth containing ZrCl-type materials may be stabilized by
interstitial hydrogen [7]. The van der Waals layered structures
of these compounds and their metallic nature make this an
interesting class of materials.

PtTe is the only nonhalide reported to adopt the ZrCl
structure type [8] (though it was originally reported with
a lower symmetry cell [9]). The strong spin-orbit cou-
pling and pseudo-2D nature identify it as a potentially
interesting topological material. Indeed, the Topological
Materials Database [10-12] identifies several nonzero topo-
logical indices for this compound. Almost 60 years ago,
in Ref. [13], the single phrase “PtTe is supercondcuting
at 0.59 K” is printed about this compound. The com-
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pound was noted to be orthorhombic there, but likely
it refers to ZrCl-type PtTe and the full symmetry had
simply not been identified at the time. Little if any additional
information appears to have been reported in the meantime,
although thin films have recently been grown [14]. Thus PtTe
provides potential to study combined topological and super-
conducting behaviors in a cleavable material, a combination
of properties that have ignited interest in other materials like
WTe, and MoTe, [15-19]. Interesting electronic properties
have been reported in materials chemically related to PtTe
(note that direct structural analogs of PtTe are limited to the
halides mentioned above). PdTe, adopting the NiAs structure
type, is a superconductor below 4.5 K [20], and the CdI,-type
palladium compound PdTe; is superconducting with 7. near
1.7 K and hosts type-II Dirac fermions [21,22] while CdI,-
type PtTe; is also a Dirac semimetal [23] and is converted to a
relatively high-temperature ferromagnet when doped heavily
with chromium [24].

Here we report a thorough experimental and theoretical
study of the electronic properties of superconducting PtTe.
Crystals grown from a platinum-rich flux have a platelike
morphology consistent with the layered structure. We find a
consistent determination of 7, = 0.57 K from the onset of
diamagnetism, the zero of resistivity, and the midpoint of the
heat-capacity jump. The observed behavior is consistent with
type-1II superconductivity, with relatively low critical fields.
Density-functional theory (DFT) calculations of the electronic
structure and analysis of the associated topological proper-
ties find that PtTe is a topological semimetal with numerous
surface bands, but the superconducting state is expected to
be topologically trivial. Angle-resolved photoemission spec-
troscopy reveals a normal-state Fermi surface in remarkable
agreement with the band-structure calculations and confirm
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the topological nature of the material by experimental identi-
fication of surface bands.

II. EXPERIMENTAL DETAILS AND METHODS

A. Crystal growth

PtTe is the most Pt-rich binary compound on the Pt-Te
phase diagram. It is reported to be a line compound that
decomposes at a peritectic reaction near 935 °C into a liquid
and Pt;Tes. The eutectic between Pt and PtTe is at about
870 °C which presents a suitable temperature window for
a PtTe crystal growth via flux method using a Pt-rich melt.
Crystals studied here were grown from a melt of composition
PtgoTeyo contained using alumina Canfield crucible sets [25],
comprising a “growth” crucible into which the reactants are
loaded, an alumina frit designed to separate crystals from
melt, and a “catch” crucible inverted on top of the frit. The
loaded crucibles were sealed inside evacuated silica ampoules,
heated to 1000 °C, and held for 24 h before cooling to 920 °C
at 1-2 °C/h. At this temperature the ampoules were inverted
into a centrifuge to remove the molten flux from the crys-
tals. We note that cooling the melt to 900 °C resulted in
freezing of the flux in the growth crucible before it could
be decanted, and that using a melt of composition PtssTess
produced a mixture of crystals containing primarily PtTe with
some Pt3;Te,. When using a PtgoTeyo mixture and decanting at
920 °C as described above, the growth crucibles were found
to contain many PtTe crystals with platelike morphologies,
with lateral dimensions up to 8 mm and typical thicknesses
of 0.1 — 0.3 mm [Fig. 1(c)]. The crystals can be mechanically
cleaved into thinner plates relatively easily and are exfoliable
using tape. X-ray diffraction from the as-grown and cleaved
facets gives reflections consistent with the layer spacing along
the thombohedral ¢ axis (hexagonal setting) in the reported
crystal structure. Semiquantitative energy dispersive X-ray
spectroscopy analysis indicated a Pt/Te ratio of 0.96(3), con-
sistent with the composition PtTe within expected accuracy.
Selected PtTe crystals were annealed at 400 °C for several
days to see how this might affect the superconducting transi-
tion temperature. No change in 7, was detected in resistivity
measurements.

B. Structure and physical property measurements

Powder x-ray diffraction was performed using a PANa-
lytical X’Pert Pro MPD diffractometer with monochromatic
Cu-K,; radiation and analyzed using Fullprof [26]. Single-
crystal x-ray diffraction was measured using Mo K, with a
Bruker D8 Quest diffractometer with the sample held at 200 K
in a nitrogen cold stream. Semiempirical absorption correc-
tions were applied using SADABS and structural refinements
were performed using ShelX [27]. Commercial cryostats from
Quantum Design (PPMS, Dyancool, MPMS-XL, MPMS-3)
were used for heat capacity, electrical transport, and mag-
netization measurements, with their associated He-3 options
for measurements below 1.8 K. Lower temperature resistivity
measurements were carried out in an Oxford Triton dilution
refrigerator with Stanford Research SR860 lock-in amplifiers
using a small current (50 or 100 A) to minimize heating.

(a) PtTe (b)

o o

(o

1

o

~—
T
. |

FIG. 1. The crystal structure of PtTe. (a) A view down the [110]
direction in the hexagonal setting emphasizing the layered nature of
the crystal structure. (b) A view showing the octahedral coordination
of the Pt atoms (blue) by three other Pt atoms and three Te atoms
(yellow) with refined, nearly spherical, atomic displacement param-
eters reflected in the shape of the atoms (95%). (c) A typical crystal
obtained from flux growth cleaved in two perpendicular to the ¢ axis,
showing an as-grown surface on the left and the cleaved surface on
the right.

C. Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy (ARPES)
measurements were performed on cleaved bulk crystal sam-
ples. Measurements were performed in a laboratory-based
system using a Scienta DA30L hemispherical analyzer with
a base pressure of P = 5 x 10~!! Torr and a base temperature
of T ~ 7 K. Samples were mounted to sample holder using
silver paste with a ceramic post glued to the top of the crystal.
The samples were cleaved in vacuum and at base temperature
by knocking off the post. Samples were illuminated with lin-
early horizontal polarized light using an Oxide hv = 11 eV
laser system with nominal 60 um spot diameter [28]. The
intensity of the laser allowed for an analyzer configuration
with pass energy of 2 eV and 0.2 mm slit resulting in a
total energy resolution ~2 meV and momentum resolution
~0.007 A~" while still yielding sufficient electron counts for
efficient measurement times. The analyzer deflection mode
was used to map out sections of the electronic structure within
a £12° deflection angle while partial maps centered at steeper
angles were combined to construct the entire Fermi surface in
the first Brillouin zone (BZ).

D. First-principles electronic structure calculations

DFT calculations used the projector augmented wave
method [29] with the generalized gradient approximation in
the parametrization of Perdew, Burke, and Enzerhof [30] for
exchange correlation as implemented in the Vienna ab initio
simulation package (VASP) [31]. For both Pt and Te stan-
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TABLE I. Crystal structure refinement results for PtTe (space
group R3m, hexagonal setting) using single-crystal x-ray diffraction
data collected at 200 K and powder x-ray diffraction data collected
at room temperature.

Single crystal Powder
a(A) 3.95340(14) 3.9575(6)
c(A) 19.7938(18) 19.819(3)
Pt-z 0.3696(1) 0.3685(2)
Te-z 0.0984(1) 0.0986(3)
Pt-U(eq) (A?) 0.0069(2) —
Te-U(eq) (A?) 0.0077(2) —
R values R1=0.034 Rp=125

wR2 = 0.085 RwP = 16.1

dard pseudopotentials were used (Pt and Te in the VASP
distribution). In most cases, we used a 12 x 12 x 12 k-point
grid and an energy cutoff of 500 eV. The spin-orbit coupling
was included to enable better comparison with ARPES data,
but the +U correction was not included because PtTe is an
itinerant nonmagnetic system.

III. RESULTS AND DISCUSSION

A. Crystal structure

Our single-crystal and powder x-ray diffraction measure-
ments confirm the rhombohedral structure of PtTe reported
in Ref. [8]. The structure contains four-atom-thick slabs
separated by a relatively large gap [Fig. 1(a)], suggesting
van der Waals interactions between the slabs and consis-
tent with the platelike morphology and cleavability of the
crystals [Fig. 1(c)]. Each slab contains a double layer of
Pt capped above and below by Te layers. All of the layers
are close packed in the plane. The Pt atoms are in octa-
hedral coordination bonded to three Te atoms and three Pt
atoms [Fig. 1(b)]. Lattice parameters, atomic coordinates,
and equivalent isotropic displacement parameters are listed
in Table I. Including vacancies or mixed occupancy on ei-
ther of the atomic positions in the structure did not improve
the refinement results, indicating that the compound is close
to stoichiometric, consistent with semiquantitative energy
dispersive spectroscopy measurement results. Powder x-ray
diffraction confirmed the large crystals were single phase
PtTe; however, significant strain and texture were induced
by grinding this layered material. An attempt to minimize
this was made by annealing the ground powder for 3 days at
400 °C. Results of Rietveld refinement of the data collected
at room temperature are compared with the single-crystal
diffraction results (200 K) in Table I and show reasonable
agreement. For comparison, the lattice parameters reported in
Ref. [8] are a = 3.963 A and ¢ = 19.98 A. Further details of
our diffraction measurements and results are included in the
Supplemental Material [32].

As noted above, PtTe crystals cleave easily in the plane
of the structural layers. Mechanical cleavage/exfoliation was
accomplished with a blade as done for the crystal in Fig. 1(c),
and samples are also easily cleaved using tape. This suggests
that monolayer or few-layer specimens of PtTe may be ob-

tainable. The shortest interlayer distance between Te atoms
spanning the van der Waals gap in PtTe is 3.54 A. The most
familiar 2D tellurium compounds that have been exfoliated
down to a few or one layer tend to have somewhat larger
Te-Te distances across their van der Waals gaps. The 2D
valleytronic and superconducting material MoTe, [19,33] and
the 2D topological insulator WTe; [18] have interlayer Te-Te
distances of 3.9 A [34]. In ferromagnetic CrGeTes [35], the
interlayer distance is 4.0 A [36]. Finally, the ferromagnets
Fe;GeTe, and FesGeTe, [37,38] have the shortest interlayer
Te-Te distances of 3.7 and 3.8 A, respectively [39—41]. While
the interlayer Te-Te distance in PtTe is shorter than these
examples, it is comparable to the interchain distance in the
1D van der Waals structure of elemental Te, which has
been mechanically exfoliated to produce few-nanometer-thick
wires [42]. In the trigonal structure of Te, the atoms within a
chain are separated by 2.83 A and the closest van der Waals
contact between chains is 3.49 A [43]. Few layer specimens
of Bi,Tes, which has an interlayer distance of 3.65 A [44],
have also been reported [45,46]. It is interesting to compare
these distances with tellurium’s reported van der Waals radius
of 2.1 A [47,48], corresponding to a Te — Te van der Waals
distance of 4.2 A. The ditellurides of Mo and W and CrGeTes
come somewhat close to this value.

B. Normal-state properties

Results of electrical transport and magnetization measure-
ments of PtTe crystals between 2 and 300 K are summarized in
Fig. 2. The temperature dependence of the electrical resistivity
[Fig. 2(a)] shows typical metallic behavior. On cooling, a
crossover from a linear temperature dependence at high tem-
perature to a stronger power law is seen near 40 K (about 30%
of the Debye temperature as determined by heat capacity, see
below), consistent with electron-phonon scattering. Between
about 8 and 40 K the data can be described by po(T) = po +
AT", with a fitted value of 1.87(3) for the exponent n. The
resistivity has a very weak temperature dependence between
2 and 8 K. The residual resistivity ratio p(300K)/p(2K) in
zero field is 6.4. The Hall coefficient is shown in the inset of
Fig. 2. It is positive over the entire temperature range studied
here, indicating transport dominated by holes. Interpretation
of the Hall effect data can be complicated by the presence of
many bands at the Fermi level in this material. However, the
electronic structure calculations presented below indicate the
bands crossing the Fermi level are hole bands, in agreement
with the Hall effect data. The measured Hall voltage was
linear with applied field from —80 to 80 kOe at all of the
measurement temperatures.

The transverse magnetoresistance (MR) measured with the
field along the ¢ axis (normal to the cleavage plane) and the
current in the ab plane is shown in Fig. 2(b). The MR is
positive and reaches a maximum value of 13% at 2 K and
80 kOe. The MR is linear in field above about 30 kOe for
temperatures up to at least 100 K. Approximately quadratic
field dependence is seen at lower fields, typical of metals.
However, the linear behavior above 30 kOe persists up to
80 kOe, and the expected saturation at high field is not seen in
the temperature and field ranges studied here. Measurements
to higher magnetic fields may be desirable to understand the
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FIG. 2. Normal-state properties of PtTe. (a) Electrical resistivity
measured in zero magnetic field and in 80 kOe, with the Hall coeffi-
cient shown in the inset. (b) Transverse magnetoresistance measured
with the applied field out of the plane (along the ¢ axis) and the
current in the plane (perpendicular to the ¢ axis). (c) Magnetic sus-
ceptibility measured with a field of 10 kOe in the plane and out of the
plane. The measured data are shown along with data that have been
corrected for core diamagnetic contribution of —40 x 10~¢ cm? /mol
and —70 x 10~ cm?/mol for Pt?* and Te?~, respectively [49]. The
sample holder background contribution to the magnetization mea-
surements was minimized by mounting the crystal on a fused silica
rod using a small amount of GE varnish. The estimated diamagnetic
contribution from the varnish is less than 2% of the total measured
moment and is neglected here. (d) Low-temperature heat capacity
showing a y T + BT? temperature dependence, with open and closed
symbols representing data from two separate measurements.

origin of this linear, nonsaturating MR. Several sources of MR
behavior similar to this have been proposed, including high
mobilities, linear band crossings, and fluctuations [50-54].
Figures 2(c) and 2(d) show the results of magnetization
measurements on PtTe crystals. The material is diamagnetic
from 2 to 300 K. The plots also show data corrected for the
core diamagnetism, giving the Pauli paramagentic behavior
expected for this metallic compound. Isothermal magnetiza-
tion curves measured at 2 K are included in the Supplemental
Material [32]. The measurements show a small amount of
anisotropy, and the susceptibility is nearly temperature in-
dependent. A small Curie tail is seen below 25 K. Fitting
this upturn with a modified Curie Weiss law gives a Curie
constant of 1 x 10~* cm?K/mol, corresponding to less than
3 x 107* spin-1/2 centers per formula unit. The magnetiza-
tion is nearly linear in field at 2 K, as expected for a Pauli
paramagnet. The small amount of curvature seen in isothermal
magnetization curves (see Ref. [32]) may be attributed to the
minute concentration of local moments indicated by the Curie

tail. Taking the average of the two orientations and neglecting
the low-temperature upturns, the Pauli susceptibility of PtTe
can be estimated to be o = 7.0 x 107 cm?/mol.

As expected based on the magnetization and resistivity
behaviors, the heat capacity of PtTe shows no anomalies
between 2 and 300 K. These data, along with heat-capacity
data collected down to 0.63 K in a 3He cryostat, are plotted
for low temperatures as cp/T vs T2 in Fig. 2(d). A linear
fit from 0.63 to 2.3 K gives a Sommerfeld coefficient (in-
tercept) of ¥ = 3.0 x1073 J/mol-FU/K? and a slope of
6.9 x 10~*J/mol-FU/K* corresponding to a Debye temper-
ature of 140 K.

With the normal-state data presented here, the Wilson ratio
can be calculated and provides a measure of correlated be-
havior, comparing the density of states inferred from the Pauli
susceptibility with that inferred from the electronic heat ca-
pacity in the free-electron model. The Wilson ratio is given by
Rw = xo/y .- For PtTe, in CGS units, y = 2.6 x 10* erg/mol-
FU/K? and o = 7.0 x 107> emu/mol-FU/G, giving Ry =
2.7 x 107°K?/G?. This is about twice the free-electron value
of EZLE’% = 1.4 x 107°K?/G>. Such enhancement of the Wil-

son ratio can be a signature for correlations. However, the
Sommerfeld coefficient calculated from the density of states
at the Fermi level given by DFT (2.0 x 10~ J/mol-FU/K?,
see below) is close to the experimental value of 3.0 x
1073 J/mol-FU/K?. This suggests no significant mass en-
hancement in PtTe.

C. Superconducting properties

The behavior of PtTe at lower temperatures was investi-
gated using a 3He cryostat and revealed superconductivity
with T, = 0.57 K. Unambiguous evidence for bulk super-
conductivity is presented in Fig. 3. A consistent transition
temperature of 0.57 K in zero field is determined by the point
at which the resistivity is zero, the onset of diamagnetism in
magnetic susceptibility, and the midpoint of the heat-capacity
jump on cooling through 7.

The resistive transition is sharp [Fig. 3(a)] and the resis-
tance reaches zero within the resolution of our measurement.
The width of the transition is about 0.03 K, or 5% of the
value of T.. Data from three separate crystals measured in zero
magnetic field are shown in the figure.

A clear heat-capacity anomaly is observed at T, as shown
in Fig. 3(b). The heat-capacity jump Acp is measured to be
0.0020 J mol-FU'K~!. Using the Sommerfeld coefficient
determined in Fig. 2, Acp/yT = 1.18. This is close to the
weak-coupling BCS value of 1.43. The current data extend
only to about 0.7 T,, and measurements at lower temperatures
would be needed for further analysis of the entropy and gap
structure.

The ac magnetic susceptibility data [Fig. 3(c)] show strong
diamagnetism in the real part and a peak below 7. in the
imaginary part. The data in the figure were measured in zero
applied dc field, with an ac drive frequency of 103 Hz and
an amplitude of 5 Oe. The diamagnetic susceptibility reaches
(and slightly exceeds) the expected value of 1/47 in the su-
perconducting state. The dc magnetic susceptibility in a 5 Oe
field from both field-cooled (FC) and zero-field-cooled (ZFC)
measurements are also shown in the figure and demonstrate
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FIG. 3. Evidence for superconductivity below 0.57 K in PtTe.
(a) The electrical resistance of three PtTe crystals normalized their
values at 0.7 K. (b) The specific heat capacity. (c) The real (Re)
and imaginary (Im) parts of the ac magnetic susceptibility measured
in zero applied dc field and the dc magnetic susceptibility from
zero-field-cooled (ZFC) and field-cooled (FC) measurements in a
5 Oe applied field. (d) A magnetic hysteresis loop measured at 0.4 K
with the field in the ab plane.

strong diamagnetism below 7. The divergence of FC and
ZFC data in the superconducting state suggests PtTe to be a
type-1II superconductor. This is also supported by the magnetic
hysteresis loop shown in Fig. 3(d). The position of the mini-
mum on increasing the field (or maximum on decreasing the
field) and the approach to zero at higher fields define the lower
critical-field H,| and the upper critical-field H,,, respectively.
Values of H.; = 15 Oe and H,, = 55 Oe are estimated from
the data.

The superconducting phase diagram of PtTe was further
studied by temperature-dependent measurements of the elec-
trical resistance, magnetization, and heat capacity in applied
magnetic fields. The results are summarized in Fig. 4. As
noted above, 7, is defined here by the point at which the
resistance is zero, the onset of diamagnetism, and the midpoint
of the heat-capacity jump. Note that demagnetization effects
in these platelike crystals may be significant when the field
is directed out of the plane but only when the diamagnetic
susceptibility is large, that is, below 7. Thus this should not
affect the determination of 7, values since demagnetization
effects are weak at the onset of diamagnetism. However, these
effects would need to be considered in any analysis of the
temperature or field dependence below 7. for H out of the
plane.

Electrical resistance measurements in fields up to 60 Oe
(current in the plane, magnetic field out of the plane) are
shown in Fig. 4(a). The T, is suppressed below 0.4 K by fields
larger than about 30 Oe. The transition is seen to broaden in

a b
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FIG. 4. Effects of a magnetic field on the superconductivity in
PtTe. (a) The electrical resistance in a field applied out of the plane
(along the c axis). (b) The heat capacity plotted as cp/T measured
with the field out of the plane. (c) The dc magnetic susceptibility
with the field applied in the plane. (d) Superconducting phase dia-
gram constructed from measurements on PtTe crystals, showing the
temperature dependence of the upper critical field. The lines are fits
using the phenomenological form H.(T') = H.(0)[1 — (%)2] and the
data determined from the magnetic susceptibility.

applied fields, consistent with expectations for type-II super-
conductivity; however, this is complicated by the presence of
a knee in the resistance curves apparent at fields above 10 Oe.
These data suggest some vestigial superconductivity, perhaps
filamentary or surface, with a higher critical field that coexists
with the bulk superconductivity in PtTe in applied fields.

The heat capacity measured in out-of-plane magnetic fields
up to 40 Oe is shown in Fig. 4(b) (plotted as cp/T). A clear
anomaly can be seen for fields of 30 Oe and below. Higher
fields suppress the transition below the lower limit of these
measurements. There is also a weak anomaly in the heat
capacity around 0.5 K even in fields at which the bulk T is
suppressed below 0.4 K. This can be seen as a broad hump
in the 40 Oe data in Fig. 4(b). This is likely related to the
vestigial superconductivity noted in the resistance data (see
Supplemental Material [32] for additional data).

The effect of fields applied in the plane is shown in the
magnetic susceptibility shown in Fig. 4(c). Higher critical
fields are apparent in this orientation. Susceptibility mea-
surements with the field out of the plane showed behavior
consistent the heat capacity and resistance results in that same
orientation.

Based on the temperature- and field-dependent measure-
ments, the superconducting phase diagram can be constructed.
Figure 4(d) shows H, vs T for H in the plane (suscepti-
bility data) and out of the plane (susceptibility, resistance,
and heat-capacity data). The solid curves on the plot are fits
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using the phenomenological form H.(T) = H.(0)[1 — (%)2]
and the data determined from the magnetic susceptibility.
The Werthamer-Helfand-Hohenberg (WHH) theory gives an
estimate of H»(0) = —0.697.(dH»/dT )|r=r, for the critical
field at zero temperature based on the slope near 7, in low
fields. Applying this WHH approximation gives estimates of
H.(0) of 143 and 65 Oe for fields in the plane and out of the
plane, respectively. As a preliminary investigation of the be-
havior below 0.4 K, resistance measurements were carried out
in a dilution refrigerator down to 0.1 K (see data in Ref. [32]).
Results from those measurements are included on the phase
diagram [Fig. 4(d)] and generally agree with the other results
and the WHH critical-field estimate.

D. Electronic structure

We examined the electronic properties of PtTe using DFT
calculations. For these calculations the primitive unit cell in
the rhombohedral setting was used. We note that our results
are qualitatively consistent with the previous reports [55]
and [10]. We start from the structural optimization including
the SOC. The optimized parameters are a = 7.2405 A and
o = 32.1506° (in the hexagonal setting the relaxed structure
is described by a = 4.0095 A and ¢ = 20.5800 A with Pt-z =
0.3691 and Te-z = 0.0963). Our relaxed lattice constant a is
somewhat larger and our angle « is slightly smaller than both
the literature value of a = 7.042 A and o = 32.685° [8] and
our experimental values of 6.982 A and 32.894°. However,
our optimized parameters are very close to the ones reported
in Ref. [55]. A slight difference may be ascribed to the SOC
included in this work.

The total and partial density of states from the DFT
calculation shows that Pt d states and Te p states mainly
contribute to the electronic states around the Fermi level, as
expected. The density of states are shown in the Supplemen-
tal Material [32], and the electronic dispersions are shown
in Fig. 5. Here high-symmetry points are identified using
SeekK-Path [56,57]. One notices that four holelike bands
cross the Fermi level. These bands form one small hole
pocket centered at the I' point, two cylindrical FSs, and one
large open FS (see Ref. [32]). These results show a good
agreement with the one reported in Ref. [55] despite the
difference in the inclusion of SOC. The results presented in
Ref. [10] show a slight upward offset in the Fermi level by
~1 eV. The calculated DOS at the Fermi level is close to
2 eV~ !cell™!. With two formula units per cell, this corre-
sponds to ¥ = 2.0 x 1073 J/mol-FU/K? in the free-electron
theory. As noted above, this is similar to the measured value
of 3.0 x 1073 J/mol-FU/K?2.

Because of the spatial inversion symmetry and the time-
reversal symmetry, analyzing the topological nature of PtTe
can be achieved by examining the parity eigenvalue of elec-
tronic bands at time-reversal invariant momentums [58,59].
Strong and weak topological insulators are distinguished by
Z, topological indexes, which are described and tabulated in
the Supplemental Material [32]. Topological gaps are indi-
cated in Fig. 5, where band gaps showing strong and weak TI
characters are indicated by S and W, respectively. Since the
Fermi level crosses multiple topological gaps, a topological

DFT
- - - Wannier interpolation

£
}

E - Eq (V)

7/_
/
Q
=
z

N

RS

FIG. 5. DFT band structure calculated using the primitive rhom-
bohedral cell. First BZ and high-symmetry points are shown on the
right. Due to the spatial inversion symmetry and the time-reversal
symmetry, each band is twofold degenerate. Dispersion relations by
Wannier interpolation are shown as red broken lines, showing an
excellent agreement with DFT dispersions. Shaded areas distinguish
topological gaps from trivial gaps based on the parity eigenvalue
analysis, where S (W) stand for strong (weak) TI characterized by
odd (even) number of surface Dirac bands.

semimetallic state is realized in PtTe rather than a topological
insulating state.

To further understand the topology of PtTe, we derived
maximally localized Wannier functions projected onto Pt
d and Te p states [60,61]. As shown in Fig. 5, Wannier-
interpolated band dispersion and the DFT dispersions show
excellent agreement. Using a Wannier tight-binding model,
we compute the spectral functions using a finite thickness
slab, where 20 unit-cells are stacked along the [111] direc-
tion [62]. Figures 6 and 7 show the slab spectral functions
as functions of surface momentum and energy and those
as functions of 2D surface momentum at the Fermi level,
respectively. In each figure, plot (a) shows the bulk contri-
bution to the slab spectral function, and plot (b) shows the
surface contribution. Because of the highly dispersive bands,

log A log A

E-E(eV)

FIG. 6. Slab spectral functions. (a) Bulk contribution and (b) sur-
face contribution. Spectral intensity is given in the log scale. The
bottom figure shows the bulk and surface BZs.
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log A ()15 i _ log A

ke (A1)

FIG. 7. Slab spectral functions on the Fermi surface. (a) Bulk
contribution and (b) surface contribution. Spectral intensity is given
in the log scale. The boundary of the surface BZ is indicated by gray
lines.

surface bands and the bulk continuum overlap near the Fermi
level. This makes the analysis of the topological nature of
the superconductivity challenging. However, one notices a
characteristic feature: dispersive surface bands come down
above the Fermi level, creating Dirac band crossing below the
Fermi level, and come up above the Fermi level. This feature
may be most visible in a surface band that starts from the T’
point at E — Er ~ 1 eV and creates a Dirac crossing at the
M point at E — Ep ~ —1.5 eV. Thus this surface band crosses
the Fermi level an even number of times. This is also seen
in the surface spectral function at the Fermi level, Fig. 7(b),
where surface bands form double rings around the " and the
K points. From this observation, the superconducting state in
PtTe would have the trivial nature.

We also investigated the electronic structure experimen-
tally using ARPES. The Fermi surface and electronic structure
along the high-symmetry K — I' — K direction for PtTe are
shown in Fig. 8. A small section of the Fermi surface centered
about I" obtained by steering the electrons across the analyzer
slit within a £12° window using the analyzer deflection mode
is shown in Fig. 8(a). For ARPES, the maximum kinetic
energy and the parallel momentum of photoemitted electrons
are set by the photon energy [63]. With such a low photon
energy fixed at 11 eV, this translates into a measurement
window with k;; 0.3 A~! centered at T" along the analyzer
deflection direction (k). Even with a small window, we can
clearly see two circular pockets centered at I as well as many
other spectral features at the Fermi level. To reach higher k),
momenta for mapping out the entire BZ, we mechanically
rotate the sample to a higher angle and again measure a small
k; window using the analyzer deflection mode. These indi-
vidual map sections are combined together and symmetrized
based on the observed hexagonal symmetry to create a more
complete Fermi surface map shown in Fig. 8(b). The mea-
sured Fermi surface is in remarkable agreement with the
calculated Fermi surface and confirms the metallic electronic
structure with numerous bands crossing the Fermi level.

When looking at the electronic structure along the K —
I' — K high-symmetry direction as shown in Fig. 8(c), we
see hole pockets centered at I', consistent with both theory
and Hall effect data. The overall agreement with theoretical
calculations including SOC is quite remarkable with minimal
offset and band renormalization observed (see also Ref. [32]).
This is also consistent with the lack of mass enhancement
noted above. On closer inspection there is weak intensity just

0.0
R

s

Normalized Intensity (a.u.)

E-Ef (eV)

K (1/A)

K, (1/A)

FIG. 8. ARPES Fermi surface and band structure at I. (a) Fermi
surface centered at T' using Scienta analyzer deflection mode. Cut
A indicates cut direction for band structure in (c) and (d). (b) Sym-
metrized Fermi surface across first BZ by combining several several
deflection mode maps. BZ boundary and high-symmetry points an-
notated on the map. Cut B indicates cut direction for band structure
in Fig. 9(c). Band structure along the high-symmetry K — ' — K
direction. (d) Same data as in (c) but with adjusted intensity contrast
to highlight weaker features near Er. Different colormaps are chosen
to help emphasize weaker features.

below the Fermi level that is not accounted for in the bulk
band calculations. However, the calculated spectral weight for
the surface shows a band with a dispersion maximum just
below the Fermi level and the observed intensity could be
associated with this surface band. Due to the limitations of
the experimental base temperature of ~7 K compared with
the superconducting 7. = 0.57 K, only the normal-state elec-
tronic structure is measured. As noted above, the enhanced
Wilson ratio could be taken as a signature of correlations
in PtTe. In ARPES data, strong correlations are often re-
vealed by renormalized bands with interaction-induced mass
enhancements and a reduced spectral weight plus increases in
dispersion linewidths below the Fermi level due to finite life-
time [63—65]. However, dispersing bands remain sharp away
from Er and as noted above, minimal band renormalization is
observed when compared with theoretical calculations. Such
observations show that PtTe is likely far away from a strongly
correlated regime.

From our theoretical investigation into the topological na-
ture of PtTe we find the system is a topological semimetal
with numerous surface bands. To investigate the topological
states, we focus on the M point where several topological
bands should be observed. The electronic structure along the
K — M — K direction is shown in Fig. 9. When comparing
the theoretical spectral weight plots for the bulk and surface
contributions to the Fermi surface, when progressing along the
BZ boundary from M to K, we should expect to see a single
Fermi level crossing from bulk bands as well as two band
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(a) (b)

E-Ef (eV)
E-E (eV)

'

K, (1/A)

K (1/A)

FIG. 9. ARPES band structure at M point. (a) Electronic struc-
ture along the K — M — K direction. Location in BZ is indicated by
cut B in Fig. 8(b). (b) Curvature analysis of data in (a). Red arrows
highlight weak intensity bands crossing the Fermi level. Green arrow
highlights surface bands crossing. See also Ref. [32].

crossings from the surface bands. In the ARPES data shown in
Fig. 9(a) a clear holelike pocket centered at M is observed with
weaker spectral features observed further from the M point. To
better visualize the weaker spectral features, a plot of the data
using a curvature analysis is shown in Fig. 9(b) [66]. From the
curvature plot, two additional bands are observed crossing the
Fermi level between the M and K-points as highlighted with
red arrows in Fig. 9(b). From the theoretical spectral weight
plots, one of the surface band crossings occurs at the same
location along the high-symmetry M — K line as the bulk
band crossings; however, we can resolve three crossings in
the experimental data. In addition to the band crossings at the
Fermi level, the curvature analysis shows two bands crossing
at the M point near E — Ep ~ —1.4 eV that is highlighted
by the green arrow, which is again consistent with theoretical
calculations (see also Ref. [32]). This combination of the-
ory and ARPES confirms the topological nature of the PtTe
system.

The intensity of these additional bands, attributed to sur-
face bands, is very weak and while observed in the raw data
is more clear in the curvature plot. The spectral feature just
below the T point, which may be attributed to a surface band,
is also very weak. The ARPES data from many topological
materials as Bi,Te; [67,68], Bi;Se; [69], and Bi;_,Sb, [70]
clearly resolve the topological surface states with intensity
comparable with bulk bands. However, it has been shown that
the topological surface band intensity varies dramatically with
photon energy and polarization [71,72]. Further synchrotron
investigations with different photon energies and polarizations
may help highlight the surface bands in this material.

IV. SUMMARY AND CONCLUSIONS

PtTe is a van der Waals layered compound that is rela-
tively easily grown as platelike single crystals using the flux
technique. The crystals are easily cleaved and exfoliated. It is
superconducting, with a critical temperature of 0.57 K and rel-
atively low critical fields. The behavior in a magnetic field is
consistent with type-II superconductivity. Electronic structure
calculations and angle-resolved photoemission spectroscopy
reveal topological surface states in PtTe; however, the super-
conducting state is expected to be topologically trivial.

In considering future work based on this study, we note that
chemical tuning through alloying or doping often provides a
route to enhanced or new functionality. Often this starts with
exploring alloys that combine components of isostructural
compounds. In the case of PtTe, the only isostructural phases
are halides, and while these are structurally analogous the
chemistry is not particularly similar. Still it may be interesting
to study the effects of partially replacing Pt with other
transition metals, particularly with Pd or Ni, to see how
the superconductivity might be affected, or with more
strongly magnetic transition metals in an effort to induce
magnetic order.
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