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Two-gap superconductivity and topological surface states in TaOsSi
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The occurrence of superconductivity in topological materials is considered as a promising route for realizing
topological superconductors, a platform able to host the long-sought Majorana fermions in condensed matter. In
this work, by using electrical transport and heat-capacity measurements, as well as first-principles band-structure
calculations, we investigate the physical properties of TaOsSi, a superconductor with 7. &~ 5.8 K. The behavior of
both its upper critical field and low-temperature heat-capacity suggest the existence of two superconducting gaps.
More strikingly, first-principles calculations reveal gapless topological surface states in the present material. The

evolution of the electrical resistivity with pressure (up to 50 GPa) was also investigated, and a “V-shaped”
diagram of 7, vs P was found. Overall, our data suggest that TaOsSi is a new system where multiband
superconductivity and topological surface states coexist and, hence, it may serve as a possible candidate in

the search for topological superconductivity.

DOI: 10.1103/PhysRevB.100.134503

I. INTRODUCTION

Unlike the common Dirac fermions, Majorana fermions
are exotic particles which represent their own antiparticle.
Originally investigated within the scope of particle physics,
due to possible uses in quantum computation [1-6], they have
been facing an increasing interest also by condensed-matter
physicists. In condensed matter, Majorana fermions may exist
as emergent collective excitations of electrons, typically ob-
served at the boundaries of topological superconductors or in
some spin-liquid systems [1]. Two key conditions should be
satisfied in order to realize Majorana fermions from collective
excitations [1]: (1) compliance with the Dirac equation, and
(2) self-conjugation. Topological superconductors, hosting
not only a fully gapped superconducting bulk state, but also
a gapless surface state, are natural systems for observing
the Majorana bound states. Indeed, here the particle-hole
symmetry, resulting from the superposition of electron and
hole excitations in a superconductor, jointly with the topolog-
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ical gapless boundary excitations, make such systems ideal
candidates [1,3].

Currently, two possible realizations of topological super-
conductors are envisioned, including either the spin-triplet
(i.e., odd-parity) pairing superconductors, or the supercon-
ducting topological surface states induced by the proximity ef-
fect from an s-wave superconductor [1,3,7-9]. As for the first
proposal, if one excludes the controversial Sr,RuO4 [10-13],
the doped topological insulator Cu,Bi,Ses [14-16], and some
noncentrosymmetric superconductors [17,18], the currently
known spin-triplet superconductors are rather scarce. As for
the second proposal, the inhomogeneity induced by doping
usually hinders the realization of Majorana bound states at
the vortex cores. Currently, due to the burgeoning discovery
of topological semimetals, researchers have been gradually
shifting their attention to topological systems that simultane-
ously exhibit also intrinsic superconductivity. Such peculiar
compounds include, e.g., PbTaSe, [19,20], 8-PdBi, [21,22],
and RPtBi (R = rare earth) [23-25].

Recently, two new superconductors, TaOsSi (7, ~ 5.5 K)
and NbOsSi (7. ~ 3.5 K), have been discovered [26]. Due to
the presence of heavy transition-metal elements, such as Ta
and Os, and the ensuing spin-orbit coupling (SOC) effects on
the band structure, TaOsSi represents a potentially interesting
material. Since to date its superconducting properties have
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never been studied, here we attempt a detailed investigation
of its electronic properties, upper critical field, and super-
conducting gap, via electrical transport and heat-capacity
measurements, as well as via first-principles band-structure
calculations. Surprisingly, the experimental results indicate
that TaOsSi is a two-gap superconductor, while calculations
suggest the occurrence of topological surface states. The
simultaneous presence of superconductivity and topological
effects makes TaOsSi a possible candidate in the search for
topological superconductivity and Majorana fermions.

II. EXPERIMENTAL DETAILS

Polycrystalline TaOsSi specimens were synthesized via the
arc-melting method. Tantalum pellets, osmium ingots, and
silicon pieces, all 99.99% pure (from Alfa Aesar) were used
as starting materials. Once preparedina 1 : 1 : 1 molar ratio,
the reagents were inserted into an arc furnace, which was
purged multiple times and eventually filled with pure argon.
To ensure phase homogeneity, the as-cast ingot was remelted
more than ten times. The final ingot was sealed under vacuum
in a quartz tube and then annealed at 1273 K for about nine
days. The room-temperature structure was determined via
x-ray diffraction (XRD) by using a Rigaku diffractometer with
Cu Ko radiation and a graphite monochromator. The heat
capacity and electrical resistivity were measured by means of
a physical property measurement system (PPMS-9T), while
the magnetization was measured by using a magnetic prop-
erty measurement system (MPMS-7T), both from Quantum
Design. To determine the electrical resistivity under applied-
pressure conditions, we employed a diamond-anvil cell. Here,
pressures up to 50 GPa could be achieved by using anvils
300 um in diameter and sodium chloride as a pressure-
transmitting medium. The pressure value at room temperature
was measured by monitoring the shift of the fluorescence line
of a ruby sphere.

The electronic band structures were computed by using the
full-potential linearized augmented plane wave (FP-LAPW)
method, as implemented in the WIEN2K code [27]. Relativistic
and spin-orbit coupling (SOC) effects were included in all the
calculations. The generalized gradient approximation (GGA)
[28] was used to calculate the exchange-correlation potential.
A muffin-tin potential with a radius of 2.5 a.u. was chosen
for the Ta and Os atoms, and of 1.87 a.u. for the Si atoms.
The plane-wave cutoff was defined by the condition rkp,x =
7.0, with r being the minimum LAPW sphere radius and
kmax being the plane-wave-vector cutoff. The self-consistent
band-structure calculation was performed over a mesh of
10 x 10 x 9k points. To obtain the Fermi-surface properties,
a tight-binding model based on maximally localized Wannier
functions [29,30] was constructed. This could reproduce the
band structure of the bulk, including the spin-orbit coupling
with the Tad, Os s and d, and Si p orbitals. The band structure
and the Fermi surface were calculated on a dense mesh of
24 x 39 x 20 k points in the first Brillouin zone.

II1. RESULTS

TaOsSi crystallizes in the TiNiSi orthorhombic structure
with space group Pnma (No. 62, centrosymmetric). As shown
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FIG. 1. Powder XRD pattern and Rietveld refinement for
TaOsSi. The blue line at the bottom indicates the residuals. The inset
shows the orthorhombic crystal structure of TaOsSi.

in Fig. 1, powder x-ray diffraction measurements followed
by Rietveld refinements allowed us to determine the TaOsSi
lattice parameters: a = 6.26(5) A, b=3.893) A, and ¢ =
7.25(9) A. The almost-zero residuals indicate a good sample
quality and the lack of spurious phases.

The temperature-dependent resistivity p(7"), magnetic sus-
ceptibility x (7T'), and heat capacity C/T of TaOsSi are shown
in Fig. 2. Starting from 300 K, the sample is first metallic then,
once cooled below T, ~ 5.8 K, it enters the superconducting
phase. The residual-resistivity ratio RRR (p300k/pok) is circa
5.9. As shown in the inset of Fig. 2(a), the low-temperature
resistivity can be nicely fit with a power-law function p =
oo +AT?, with A = 9.66 x 10™* 1 Q cm K~2. The quadratic
temperature dependence reflects the scattering of electrons off
each other in the presence of a crystal lattice and ultimately
suggests a Fermi-liquid behavior [31].

The bulk superconductivity of TaOsSi was confirmed by a
perfect diamagnetic response and a large specific-heat jump
at T, as shown in Figs. 2(b) and 2(c). The normal-state heat
capacity was fit by C/T =y, + BT> + 8T*, the first term
being related to electronic contributions and the other two to
phononic contributions. The fit yields a Sommerfeld constant
Yo = 8.52 mJ mol~' K72, 8 =0.027 mJ mol~" K~*, and
8 =0.0015 mJ mol~! K~%. From 8 we determine a Debye
temperature of 595 K, 25% higher than the calculated one
reported in Ref. [32]. The Kadowaki-Woods ratio (KWR) is
A/y? ~ 13.3 uQ cm (mol~' K~1J)2, a value very close to
those found in strongly correlated electron systems, such as
heavy fermions [33], or in some recently discovered topo-
logical semimetals [34]. This suggests that electron-electron
correlation effects may not be neglected in TaOsSi.

The temperature-dependent resistivity measurements at
different applied fields are shown in Fig. 3(a). As the field
increases, the superconducting transition is gradually sup-
pressed to lower temperatures. By locating the points where
p drops to 90% (or 50%) of its normal-state value p, just
above T, we can determine the temperature dependence of the
upper critical field H,,, shown in Fig. 3(b). Apparently, both
H(T) curves, extracted using the 90% or the 50% criterion,
exhibit an upward curvature. A similar H,-T diagram has

134503-2



TWO-GAP SUPERCONDUCTIVITY AND TOPOLOGICAL ...

PHYSICAL REVIEW B 100, 134503 (2019)

30
25f (@)
€ 20t S
o E G 0RO
C} 15 | o 4 ............ WO
= 0 C::L J o+ AT?
Q Q ©
5 —
0 5 10 15
R T (K)
0 50 100 150 200 250 300
T (K)
0.0 Jeeseesesscesesoessecsesseat
8
(b) o FC &
decccecceccecsecececescsoey
-0.3} S
H=1mT
§ -0.6 9
v [
(9)
-0.9} o ZFC §
125 AT K 6 10
30 ' ( ) .
—~ (c)
N! 251 o Experimental data
. —y+ BT2+ 6T
O 20}
£ o
=S 15¢
g 10| y = 8.52 mJ/mol K2
': B =0.027 mJ/mol K4
O s¢ 5 =0.0015 mJ/mol K8
% 20 80 100

40 60
T2 (K?)
FIG. 2. (a) Temperature dependence of resistivity. Inset: At low
temperature (above 7.), o(T) is proportional to T2, a behavior
compatible with Fermi-liquid theory. (b) Temperature dependence
of magnetic susceptibility for a zero-field cooling (ZFC) and a field
cooling (FC) process. (c) Temperature dependence of heat capacity,

plotted as C/T versus T2. The red solid line is a fit based on
C/T =y, + BT?+ 8T

also been observed in MgB, [35] and in some unconventional
superconductors [36-38], and most likely suggest a two-band
superconductivity in TaOsSi. The two-band model for H,, can
be expressed as [39]

I =ap[lnt + UR)][Int + U(nh)]

1
+a[Int + U] + ax[Int + U(nh)], W

where ay, a;, a, are determined by the matrix
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FIG. 3. (a) Temperature dependence of resistivity in different
applied magnetic fields. (b) Temperature dependence of the upper
critical field, as obtained by the 90% and the 50% criteria (see main
text). Solid lines represent fits based on a two-band model.

h=15300 0 = Bx and U(x) = yr(x + §) — ¥(3), with ¥ (x)
being the digamma function. Here, the diagonal (off-diagonal)
A terms express the intraband (interband) coupling constants,
while Dy, D, denote the diffusivity of each band. As seen in
Fig. 3(b), the two-band theory can fit the experimental data
overall within the error bars, and the resultant parameters are
given in the figure. The best fits of the experimental H.,(T')
data give n = 0.088 when employing the 90% criterion and
n = 0.098 with the threshold set at 50%. Apparently, H:,(0)
does not exceed the Pauli paramagnetic limit (woHpai =
1.85T, ~ 10.7 T), the field where the magnetization polariza-
tion energy equals the condensation energy of the supercon-
ducting state (with fields above Hp,,; breaking the Cooper-
pair singlets).

To confirm the two-band superconductivity of TaOsSi, we
further analyzed its low-temperature heat capacity. The tem-
perature dependence of AC, shown in Fig. 4(a), was modeled
by means of different gap functions (see, e.g., Refs. [40,41]).
In the BCS theory, the zero-field electronic heat capacity C
in the superconducting state is derived from the entropy S, by
using the relation C,; = T(3S/9T ), where [40]
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FIG. 4. (a) AC versus T. Here AC = C — C,, with C, being the
heat capacity in the normal state. (b) The lower panel shows an

enlarged view of the low-T region, where AC(T') is fit by using
different gap-symmetry functions.

Here, y, is the normal-state Sommerfeld coefficient, f =
1/(1 +expf/%sT) is the Fermi distribution [with E =
[e2 4+ A2(¢)]'/? being the quasiparticle occupation number),
and A(¢) is the angular dependence of the gap function. For
a conventional s-wave superconductor, A(¢) is a constant,
while for a d-wave superconductor A(¢) = o A(T) cos(2¢).
Here, for the temperature dependence of the gap function,
we adopt the well-established o model, ie., A(¢,T) =
aApcs(¢, T) [42], where Apcs(¢, T) is the weak-coupling
BCS gap function. This means that we assume a BCS-like gap
and use the parameter « to evaluate the strength of electron-
phonon coupling. In case of a two-gap fit, two sets of y, and
a values were used.

At a first glance, all models seem to fit the data well.
However, upon magnifying the low-7 region [see Fig. 4(b)],
one observes clear differences. Thus, neither the single s-
wave nor the d-wave model can fit the data satisfactorily.
Conversely, a two-gap s-wave model provides an almost ideal
fit. For all cases, the corresponding fit parameters are listed in
Table I. The resulting AC/y, T for the two-gap model is equal
to 1.3, very close to the weak-coupling BCS value of 1.43. The
resultant « values in the two-gap fit suggest the weak-coupling
nature of the superconductivity herein.

Figure 5 illustrates the DFT-calculated band structure of
TaOsSi. When the SOC is ignored, four bands, arising mainly
from the Ta and Os d orbitals, are found to cross the Fermi

TABLE I. Fit parameters obtained by using different models of
SC pairing symmetry [see Fig. 4(b)].

Pairing T. (K) o ¥, (mJ mol~! K—2)
One s wave 5.95 1 8.5

One d wave 5.85 1.25 9

Two s waves 5.95 (0.3, 1.06) (1.5,7.3)

level Er. These bands remain at least twofold degenerate at
the high-symmetry lines on the Brillouin zone (BZ) boundary.
Interestingly, two distinct hourglass band crossings show up
between T and Y, and at the S point near the Fermi level
Eg. The resulting Dirac points are fourfold degenerate with a
linear energy dispersion along all three principal momentum
directions. When SOC is accounted for, the number of bands
doubles due to the lifting of the degeneracy. Despite the
presence of gapped band crossings at the Dirac points, we find
that the band structure still crosses the Fermi level. This means
that the spin-orbit coupling effects are not strong enough to
change the metallic character of TaOsSi.

The first BZ, including its high-symmetry points and the
full three-dimensional (3D) Fermi surfaces (with color-coded
Fermi velocities) are shown in Figs. 6(a) and 6(b), respec-
tively. To further clarify the band-structure of TaOsSi, we
calculated also its bulk Fermi surfaces at the k, = 0 plane
and the surface-state spectra at a (100) section, as shown in
Figs. 6(c) and 6(d), respectively. In the latter case, we clearly
observe the appearance of extra surface states (bright red
lines), which connect the bulk states. The 3D Fermi surfaces
show complex three-dimensional characteristics.

To further confirm the topological nature of TaOsSi, we
calculated the Z, topological indices (vg, viv;v3) normally
used to classify the topological band insulators and semimet-
als [43]. Each of the four invariants takes a value of either O
or 1, thus enumerating 16 phases belonging to three classes.
A nonzero vy indicates that the system is a strong topolog-
ical insulator (STI). When vy = 0, the systems are further
classified according to v;, v, and v3. Systems with v; # 0,
v, # 0, and vz % 0 are called weak topological insulators
(WTTIs), while the (0, 000) system is a normal insulator (NI).
This classification is also appropriate for our case. The Z,
topological number for a 3D bulk system can be obtained by
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FIG. 5. Electronic band-structure calculations for TaOsSi
(a) without accounting for SOC and (b) including SOC.
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FIG. 6. (a) Bulk and surface first Brillouin zone, illustrating the
high-symmetry points. (b) 3D bulk Fermi surfaces and color-coded
Fermi velocities (blue is low velocity). (c) Calculated Fermi surfaces
at the k, = 0O plane. (d) Surface-state spectra at a (100) section; bright
red lines denote surface states.

calculating the Wilson loop for the six time-reversal-invariant
momentum planes: k, =0, w; k, =0, 7; and k; = 0, 7. For
TaOsSi the Z, invariant numbers are 1 for the k, = 73 k, =0,
m; and k, = 7 planes, and O for the other planes. The resulting
topological index is (0, 111), which indicates that TaOsSi
is a weak topological material in all three reciprocal-lattice
directions. Unlike “strong” topological insulators, which in
an ARPES experiment exhibit large gaps at high-symmetry
points, as a “weak” TI, TaOsSi is expected to show additional
topological surface states (TSSs) [44].

Besides investigating TaOsSi in standard conditions, we
studied some of its properties also under applied pressure, the
latter representing a clean way to tune the material properties.
The effects of pressure on topological materials have already
been studied in several cases [45—48]. For instance, the topo-
logical insulator Bi,Ses displays a superconducting and, suc-
cessively, a structural phase transition under applied pressure.
In our case, we studied the pressure effect on the TaOsSi
resistivity. Figure 7(a) shows the temperature dependence of
resistivity at different pressures, from nearly ambient pressure
up to 50 GPa. With increasing pressure, drastic changes
are observed in the normal-state resistivity, especially in the
0-5 GPa range. Also, the superconducting transition changes,
first by gradually decreasing (for p <26 GPa) and then
by increasing slightly, as the pressure continues to increase
[Fig. 7(a), inset]. The pressure-dependent superconducting
transition temperature 7.(p) is shown in Fig. 7(b). The ob-
served “V-shaped” dependence of T, might be due to possible
phase transitions across the investigated pressure range.

IV. CONCLUSION

In summary, we studied the upper critical field, the super-
conducting gap, the band structure, and the pressure effects on
the recently discovered TaOsSi superconductor (7, = 5.8 K).
The upward behavior of its H.» (T ) curve implies a multiband
superconductivity, further confirmed by calorimetric studies,
which indeed indicate the existence of two superconducting
gaps. Both gaps, A} = 0.53kgT. and A, = 1.87kgT,, are
compatible with the weak-coupling BCS limit. More intrigu-
ingly, first-principles DFT calculations indicate the existence
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FIG. 7. (a) Temperature-dependent resistivity for different ap-
plied pressures. The inset is an enlarged view near the supercon-
ducting transition. (b) Pressure dependence of the superconducting
transition temperature. 7, (onset) and 7.(zero) refer to the onset of
SC transition and to the zero-resistivity SC transition temperature,
respectively. The inset shows the resistivity vs pressure, measured at
10 and 300 K.

of Dirac points and topological surface states. These results
suggest that TaOsSi is a system where multiband supercon-
ductivity coexists with topological surface states, which quite
resembles the case in S-doped MoTe, [49]. In MoTe,_,S;,
a clearly larger gap than the bulk superconducting gaps was
observed on the sample surface. Whether the large gap results
from the interaction between the multigap superconductivity
and topological surface states is still a open question. Further
theoretical and experimental studies are needed. Nevertheless,
similar to MoTe,_,S,, TaOsSi may also provide a new plat-
form in the search for topological superconductors or Majo-
rana fermions. Future local-probe experiments are expected
to shed more light on the interesting properties of TaOsSi.
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