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Abstract

®

CrossMark

Topological materials which are also superconducting are of great current interest, since they
may exhibit a non-trivial topologically-mediated superconducting phase. Although there

have been many reports of pressure-tuned or chemical-doping-induced superconductivity in a
variety of topological materials, there have been few examples of intrinsic, ambient pressure
superconductivity in a topological system having a stoichiometric composition. Here, we
report that the pure intermetallic CaSn3 not only exhibits topological fermion properties,

but also has a superconducting phase at ~1.178 K under ambient pressure. The topological
fermion properties, including the nearly zero quasi-particle mass and the non-trivial Berry
phase accumulated in cyclotron motions, were revealed from the de Haas—van Alphen (dHvA)
quantum oscillation studies of this material. Although CaSns was previously reported to be
superconducting with 7, = 4.2 K, our studies show that the 7. = 4.2 K superconductivity is
extrinsic and caused by Sn on the degraded surface, whereas its intrinsic bulk superconducting
transition occurs at 1.178 K. These findings make CaSns a promising candidate for

exploring new exotic states arising from the interplay between non-trivial band topology and

superconductivity, e.g. topological superconductivity (TSC).
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1. Introduction

Topological superconductivity (TSC) has attracted extensive
interest due to its strong connection with Majorana fermions.
Majorana fermions follow the Dirac equation and are par-
ticles which are their own antiparticles. The collective exci-
tations on the surfaces of topological superconductors are
believed to satisfy these conditions: the Dirac-like dispersion
is guaranteed by the topological surface states (TSSs) and the

1361-648X/19/245703+8$33.00

particle-hole symmetry in the superconducting state results
in indistinguishable electron and hole excitations. Therefore,
the gapless surface states of a topological superconductor
host Majorana fermions [1, 2]. TSC can be realized via the
superconducting proximity effect in a superconductor-topo-
logical insulator [3-6] or superconductor-semiconductor
hybrid structure [7-9]. Signatures of Majorana fermions
have indeed been reported in such heterostructures [9-13].
In particular, half-integer quantized conductance plateaus

© 2019 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0002-6692-1406
mailto:jinhu@uark.edu
mailto:zmao@tulane.edu
https://doi.org/10.1088/1361-648X/ab0f0d
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/ab0f0d&domain=pdf&date_stamp=2019-04-04
publisher-id
doi
https://doi.org/10.1088/1361-648X/ab0f0d

J. Phys.: Condens. Matter 31 (2019) 245703

Y L Zhu et al

were recently observed in the quantum anomalous Hall
insulator-superconductor hybrid system, suggesting 1D
chiral Majorana fermion modes [13].

In addition to the proximity effect-induced TSC, several
other strategies have been utilized to achieve TSC in bulk
materials. One is to use chemical doping in topological insu-
lators. This has produced signatures of TSC in some systems,
e.g. CuyBiySe; [14-16]. Point contact, which is generally
used for tunneling measurements, has also been found to
generate possible TSC in the topological semimetal CdsAs,
[17, 18]. Another approach is to induce superconductivity in
topological semimetals or insulators by applying high pres-
sure [19-25]. However, it remains elusive whether such pres-
sure-induced superconductivity is connected with TSC, since
probing the Majorana surface modes of topological supercon-
ductors under pressure is a challenging task. In some cases,
pressure is also likely to change the structure, thus resulting
in trivial band topology [21]. These problems may be avoided
by finding materials which display both non-trivial TSSs
and intrinsic superconductivity at ambient pressure. Some
materials have been found to show such properties, such as
(Y/Lu)PtBi [26, 27], PbTaSe, [28-30], FeTeys5Segp4s5 [31],
and (3-PdBi, [32]. These materials not only have clear advan-
tages for probing Majorana surface modes [30, 31], but also
offer opportunities to observe new superconducting phe-
nomena, such as unconventional superconductivity with spin-
3/2 pairing in YPtBi [33]. These exciting advances underscore
the importance of searching for other systems having a non-
trivial band topology in conjunction with a bulk supercon-
ducting phase.

In this article, we report on the discovery of a new topo-
logical semimetal showing intrinsic superconductivity at
ambient pressure, i.e. CaSns. This material possesses the
AuCu;-type cubic crystal structure with the space group Pm3
m. Recent first-principles calculations predicted a topologi-
cally non-trivial electronic state for this material [34]; without
considering spin-orbital coupling (SOC), its electronic band
structure is found to host a 3D topological nodal line state
with a unique drumhead like TSSs protected by time reversal
and mirror symmetries. When SOC is taken into account, each
nodal line is predicted to evolve into two Weyl nodes [34].
This claim appears to conflict with a requirement for a Weyl
state, i.e. either time reversal symmetry breaking or inversion
symmetry breaking, since CaSns does not satisfies either of
these two requirements. Although this prediction needs to be
further scrutinized, we have performed systematic quantum
oscillation studies on this material through magnetic torque
measurements, from which we indeed observed relativistic
fermion behavior, suggesting CaSn; should possess non-
trivial band topology. Furthermore, we find that this material
shows intrinsic bulk superconductivity around 1.178 K, while
the previously reported non-bulk superconducting transition
at 4.2K for this material [35] is extrinsic and caused by Sn
present on its degraded surface. The presence of intrinsic
superconductivity in a topologically non-trivial state makes
CaSnj; a promising new platform for the study of the intercon-
nection between TSSs and superconductivity.

2. Experimental methods

CaSnj single crystals were synthesized using a self-flux
method. The Ca pieces and Sn lumps were loaded into a baked
Al,O3 crucible with the molar ratio of Ca/Sn = 1/4 and sealed
in a quartz tube under high vacuum. The reagents were heated
to 900 °C, kept at this temperature for 24 h and then slowly
cooled down to 400 °C at arate of 4 °C h~!. The single crystals
can be obtained after removing the unreacted Sn flux through
centrifugation; the inset of figure 1(a) shows an optical image
of a typical CaSnj crystal. The cubic shape of the obtained
crystals is consistent with the face-centered cubic structure for
CaSn; (figure 1(a)) [35], which is further confirmed by x-ray
diffraction measurements (XRD) (see supplementary figure
S1 (stacks.iop.org/JPhysCM/31/245703/mmedia)). Moreover,
we also found CaSnj; single crystals are air sensitive, con-
sistent with the previous report [35]. When a sample is left
in air for more than 30min, the surface color changes dra-
matically. XRD measurements suggest that the degraded sur-
face layer contains Sn as shown in supplementary figures S1
and 1(b) in [35], which causes the observation of the trace
of superconductivity at 4.2K, as will be discussed later. We
have conducted magnetic torque measurements on CaSnj;
single crystals in a 31 T resistive magnet at the National High
Magnetic Field Laboratory (NHMFL) in Tallahassee using a
cantilever torque magnetometer. The specific heat of CaSn;
single crystals was measured using the adiabatic thermal
relaxation technique in the Physical Property Measurement
System (Quantum Design).

3. Results

3.1. Relativistic fermion behavior in CaSnz

We have observed strong dHVA oscillations in CaSnj single
crystals in the magnetic torque measurements. In figure 1(b),
we present the dHVA oscillation data for field nearly along the
[100] direction (denoted as B//[100]). We chose such a field
orientation for measurements, because the torque signal van-
ishes when the field is perfectly aligned normal or parallel to
the surface of the cantilever tip where the sample is mounted.
The dHVA oscillations start to appear from a field as low as 2T
at 7T = 1.6 K (see the inset to figure 1(b)), and remain visible at
temperatures up to 80K (figure 1(b)). Figure 1(c) presents the
dHvA oscillation patterns after subtracting the non-oscillating
background. Strong quantum oscillations at low fields and
high temperatures generally imply high quantum mobility,
which is verified by the quantitative analyses of the dHVA
data as shown below. Furthermore, given the cubic crystal
symmetry of CaSnj, one can expect identical oscillation pat-
terns for B//[100] and B//[010], which is indeed observed in
our measurements, as shown in supplementary figure S2.

The oscillatory toque shown in figure 1(c) clearly displays
multi-frequency components, as revealed by the fast Fourier
transformation (FFT) analysis. As shown in figure 2(a), five
majorfrequencies,i.e. Fo = 49T, Fg = 59T, F, = 347T,
F. = 463T and F,, = 678T, can be resolved by the FFT
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Figure 1. (a) Crystal structure of CaSns. Inset: an optical image of a CaSnj single crystal. (b) The field dependence of magnetic torque 7
for CaSnj at different temperatures from 1.6 K to 80 K, which shows strong dHvA oscillations. The magnetic field is applied nearly along
the [100] direction (B//[100]). Inset: enlarged low field oscillations. (c) The oscillatory components A7 at different temperatures for B/

[100].

analyses, implying a complex Fermi surface for CaSn;. From
further analysis of dHVA oscillations, we have found evidence
for relativistic fermions in CaSnj;. In general, the oscillations
of magnetization AM in a 3D topological semimetal can
be described by the Lifshitz—Kosevich (LK) formula with a
Berry phase being taken into account [36]:

AM ~ —B %RTRDRssin[ZW(g +v—0)] (1)

where Rt = aTu/Bsinh(aTu/B), Rp = exp(—aTpu/B) and
Rs = cos(mgu/2). Here = m*/myg is the ratio of effective
cyclotron mass m” to free electron mass my. Tp is the Dingle
temperature, and o = (27w°kgmo)/(he). The oscillations are

described by the sine term with a phase factor v — §, where
v = % — ;’—7‘? and ¢p is the Berry phase. The phase shift ¢ is
determined by the dimensionality of the Fermi surface and
takes a value of 0 for 2D or £1/8 for 3D cases.

From the LK formula, the effective mass m* can be
obtained from the fit of the temperature dependence of the
oscillation amplitude by the thermal damping factor Rr.
Because the FFT amplitude is used for the fit, the inverse field
1/B in Ry is taken as the average inverse field 1/B, defined
as 1/B = (1/Buax + 1/Bmin)/2, Where By and By, define
the magnetic field range used for the FFT. We have extracted
nearly zero effective masses from the FFT analyses in the 5-31

T field range, ie. (0.024 & 0.001)mp, (0.022 == 0.001)my,

(0.041 4 0.001)mg, and (0.051 £ 0.0008)m, for the a, S,
~ and ¢ bands respectively, which fall into the range of the
known topological semimetals [37]. For the 1 band with the
highest frequency, a reliable fit is not possible, since the n-FFT
amplitude damps out quickly with increasing temperature and
there are only limited data points (see figure 2(a)). Moreover,
there are another two additional frequencies near 400 T. Since
their FFT amplitudes are also quickly damped with increasing
temperature, we did not include them in our detailed analyses.

It is worthy to point out that the estimated values of effec-
tive mass from the FFT analyses are dependent on the field
range to some extent. For instance, if we shrink the field range
to 20 T-31 T where we can do FFT analyses only for the v and
e oscillation components, but not for the o and 3 components
which exhibit only a half oscillation peak, the fitted effective
mass increases, up to ~0.28-0.30my. Although the variation
of the extracted effective mass with the field range in the FFT
analyses brings in an uncertainty for the fitted effective mass,
it is only the approach to estimate effective mass when mul-
tiple oscillations frequencies are close to each other (which
is the case for CaSnjs). Since clear oscillation peaks with the
~ and ¢ frequencies extend to 5 T, we think the FFT analyses
covering a wider field range (down to 5 T) give more accurate
effective masses. For the quantum oscillations with single fre-
quency, the effective mass can generally be obtained simply
by fitting the temperature dependence of one oscillation peak
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Figure 2. (a) The FFT of the oscillatory magnetic torque A7 for B//[100]. (b) The temperature dependences of the FFT amplitudes for
the four major frequencies; the solid lines represent the fits to the LK formula. (c) Low frequency (F, and F) oscillatory components
of magnetic torque obtained after filtering the high-frequency components. (d) High frequency (F, and F.) oscillatory components of
magnetic torque obtained after filtering the low-frequency components. The solid curves in (c) and (d) represent the fits of the 7= 1.6 K

oscillation patterns by the two-band LK formula.

height at a finite field. However, such a method is not appli-
cable for CaSnj3, since it shows multiple oscillation frequen-
cies, with y and ¢ (or a and [3) being too close.

In addition to light effective mass, high quantum mobility
and 7 Berry phase are also important characteristics of rela-
tivistic fermions. For the multi-frequency oscillations seen in
CaSnj3, these parameters cannot be directly obtained through
the conventional approaches (i.e. the Dingle plot and the
Landau level fan diagram) but can be extracted through a fit
of the oscillation pattern to the multiband LK formula, which
is generalized from the single band LK model (equation (1)).
This method has been shown to be efficient for the analyses
of multi-frequency quantum oscillations in several topological
semimetal systems [37—40]. With the effective masses and
oscillation frequencies being the known parameters, we can
fit the dHVA oscillation patterns at 1.6 K by the multiband LK
formula. In order to achieve more accurate fits, we have sepa-
rated the low frequency oscillation components (F, and Fjp)
from the high frequency components (F, and F) and fit them
individually. The highest frequency (F,) component, however,
has been filtered out since an accurate effective mass cannot be
obtained as stated above. As shown in figures 2(c) and (d), the
two-band LK-formula fits both the low- and high-frequency
oscillation patterns very well, yielding Dingle temperature T
of 25, 60, 67, and 75K for the «, (3, v and € bands, respec-
tively. From Tp, we can further derive quantum relaxation
time 7, = 7ii/(2mkgTp) and quantum mobility i, = er/m*. The
obtained values of j, are 4278, 1188, 779, and 528 cm? V!
s~! for a, 3, v and ¢ bands, respectively. From these multi-
band LK-fits, we have also determined the phase factor -y-6
as well as the Berry phase ¢p for each band. Owing to the

3D characteristic of these bands as shown below, the phase
shift ¢ takes value of £1/8 as mentioned above. With this
consideration, the Berry phases derived from our analyses
are (1.07 £ 0.25)m, (0.28 £ 0.25)m, (—0.58 £ 0.25)7 and
(1.58 £ 0.25)7 for the «, 3, v and € bands, respectively (the
errors of the fitted Berry phases for «, (3, v and € bands are all
in the range of 0.02-0.04m). The Berry phases for the o and ¢
bands are close to the ideal value of 7. This result, combined
with the nearly zero cyclotron mass derived from the temper-
ature dependence of oscillation amplitude, implies relativistic
nature of the electrons hosted by these bands.

We have further measured the angular dependences of the
quantum oscillations to reveal the Fermi surface morphology
of CaSnz. As shown in figure 3(a), the oscillation patterns
display a clear evolution with the change of field orientation
angle from the [100] (defined as 0 = 0°) to [010] (6 = 90°)
direction (see the inset of figure 3(a) for the measurement
setup). Figure 3(b) summarizes the angular dependence of
the major frequencies, obtained from the FFT analyses of the
oscillation patterns shown in figure 3(a). All of the five major
frequencies, F,, Fg, F,, F. and F,, have been probed for all
field orientations. Additionally, we have probed two frequency
components F and F,, when the field is not aligned close to
the [100] and [0 10] directions. The angular dependences of
all these frequencies display nearly symmetric patterns with
respect to [1 10] (0 = 45°) [i.e. F(0) ~ F (90° — 0)], in agree-
ment with the cubic symmetry of CaSns. These results clearly
indicate a 3D Fermi surface for CaSns.

Although [35] has reported the calculated Fermi surface
of CaSnjz and found it is extremely complex and consists of
a number of pockets, no quantitative information on the sizes
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Figure 3. (a) dHVA oscillations of CaSnj at 7= 1.6 K under different magnetic field orientations. Inset: the experimental setup. The data
of different 6 have been shifted for clarity. (b) The angular dependence of oscillation frequencies for CaSns. The vertical dashed lines mark
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Figure 4. (a) Temperature dependence of specific heat C(T)/T for two CaSnj single crystal samples. Sample 2 is fresher than sample 1
since it was exposed to air only for a very short period of time. We also measured sample 2 under a magnetic field of 300 Oe (applied
along the [100] direction) Inset: C(T)/T versus T at low temperatures for sample 2 measured under the field of 300 Oe. The red line
shows the linear fit to C(T)/T = ~, + BT7, from which the normal-state Sommerfeld coefficient v, is estimated to be 3.36 mJ (mol K?)~!.
(b) Electronic specific heat C.(T)/T as a function of temperature after subtracting v,. The red solid curve represents the fit to single-band
isotropic s-wave BCS model; the entropy balance between superconducting and normal state at 7, is maintained for this fit.

of the pockets is given. Therefore, we are unable to make
quantitative comparison between our experimental results and
the calculated Fermi surfaces. But, qualitatively, the quantum
oscillation frequencies probed in our experiments are con-
sistent with the calculated Fermi surface. Specifically, those
lower oscillation frequencies (i.e. F, Fg, F); and F) are likely
to correspond to those small/point-like Fermi surfaces shown
in figures 4(c) and (e) in [35], while those higher frequencies
(i.e. F,, F. and F;) might correspond to those larger Fermi
pockets centered around the Brillouin zone center and bound-
aries (figures 4(a) and (d) in [35]).

3.2. Intrinsic superconductivity at 1.178 K in CaSnjz

In addition to topological fermion properties, CaSn; also
exhibits intrinsic superconductivity below 1.178 K. As shown
in figure 4, we observed a significant superconducting trans-
ition peak near 1.2K in specific heat. CaSns was previously
reported to be superconducting with 70" ~ 4.2 K [35], which

appears to contradict our result. However, our detailed studies
show that the 7™ ~ 4.2K superconductivity, which is also
clearly seen in our specific data for one of the measured sam-
ples (i.e. a small specific heat peak at 3.72K in sample 1, as
denoted an arrow in figure 4(a)), is not an intrinsic property of
CaSnj3, but results from an impurity phase of Sn present on the
sample surface, as has been clearly demonstrated in supple-
mentary material. Such surface Sn impurities should be attrib-
uted to the surface decomposition of the air sensitive CaSn;
and is responsible for the superconducting transition near
3.72K in specific heat. When we measured a fresh sample
which was exposed to air for a very short period of time (i.e.
sample 2 in figure 4), we found that the specific heat anomaly
near 3.72K due to the superconductivity of Sn on the sample
surface became very weak. From the susceptibility data shown
in supplementary figure S3(a), the superconducting volume
fraction of Sn is estimated to be ~2.4%. Additionally, we also
conducted specific heat measurements under a magnetic field
of 300 Oe for sample 2 and found its superconductivity at
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1.178 K is fully suppressed by this magnetic field, suggesting
it its upper critical field is less than 300 Oe.

By subtracting the specific data taken at 300 Oe from the
zero-field data, we have obtained the intrinsic superconducting
electronic specific heat C.s of CaSnj; for sample 2. The obtained
data are presented in figure 4(b), which plots the temperature
dependence of C/T — ~,, where 7, = 3.36 mJ (mol K*)~! is
the Sommerfeld coefficient of CaSns, obtained from the linear
fit shown in the inset of figure 4(a) (note that Co/T — -, slightly
deviates from zero above T, (=1.178 K) due to the suppres-
sion of the superconductivity of impurity Sn on the sample
surface by the magnetic field and we have offset it to zero
for the BCS fit shown below). From an entropy-conserving
construction (see the black dashed line in figure 4(b)), the
midpoint transition temperature TMd was estimated to be
1.178 K and the specific heat jump AC/T™4 = 4.03 mJ (mol
K?)~L. Using these parameters, AC/y,T™ is estimated to be
1.20, close to the expected value of 1.43 for weak-coupling
BCS superconductors, indicating CaSn; falls into this classi-
fication. Furthermore, the superconducting electronic specific
heat of CaSnj; can be well-fitted by the single-band isotropic
s-wave BCS model (see the red fitted curve in figure 4(b)).
The reduced gap magnitude 2A/kgT, obtained from the fit is
3.40, close to the value of 3.53 expected for weak coupling
BCS superconductors. The fitted Sommerfeld coefficient ~;
is 3.15 mJ (mol K*)~!. Given that the ~n Value obtained from
the linear fit in the inset of figure 4(a) is 3.36 mJ (mol K>,
the superconducting volume fraction of CaSnjs is estimated to
be v, /vn = 94%. Since 7, (=3.36 mJ (mol K» Y is slightly
overestimated due to the existence of tiny amount of Sn on the
sample surface, the actual superconducting volume fraction
should be above 94%.

4. Discussion

In general, the realization of TSC requires the presence of
spin-polarized TSSs, i.e. Dirac-cone type surface states with
helical spin polarization. The other requirement is a fully
opened bulk superconducting gap. When these requirements
are met, the TSC is manifested by a complex surface super-
conducting order parameter consisting of both spin-singlet
and spin-triplet components. The spin-triplet component
hosts Majorana fermions. From the above discussions, CaSn;
appears to meet these requirements. As discussed above, our
dHvA quantum oscillation studies clearly demonstrate the
existence of relativistic fermions in this material, indicating
the presence of non-trivial band topology in CaSnz and pos-
sible TSSs. Moreover, if its topological states are proven to be
true, its polarized spins on surface should be aligned along the
in-plane direction due to its centrosymmetric crystal structure
[32], which should make the surface superconducting order
parameter relatively simple. Additionally, the stoichiometric
composition of CaSnj guarantees homogeneous supercon-
ductivity, which is a desired condition for probing Majorana

surface modes. With these advantages, CaSn; might be an
interesting candidate for a topological superconductor.

Although our specific heat data analyses for CaSn; suggest
its bulk superconductivity can be fitted with s-wave pairing,
it does not conflict with possible existence of TSC. In gen-
eral, when SOC is strong, TSC can be generated from s-wave
superconductors under certain situations. One well-known
example is the TSC created in hybrid s-wave superconductor
-semiconductor nanowire devices where the superconducting
proximity effect plays a critical role as noted above [9-11].
The other recently established example is the TSC observed
on the surface of an iron chalcogenide superconductor
FeTepssSeoqs [31]. While its bulk superconductivity is topo-
logically trivial and can be described as a two-band, extended
s-wave superconductor [41], its TSC is generated by the spin-
helical surface states.

Finally, we would like to point out that CaSnj; belongs to a
large family of materials with AuCus-type structure, most of
which are superconducting, such as Lasln (7. =10.4K) [42],
Sri_Na,Bi; (Tc. = 9K) [43], and YSn; (7. = 7K) [44]. The
highest 7. among these compounds is about 10K. Since the
non-trivial band topology is determined by crystal symmetry,
compounds isostructural to CaSn; may have similar band
structure. We expect our work on CaSnj can inspire band struc-
ture studies on other AuCus-type compounds. If they are also
proven to possess non-trivial band topology, they may become
candidates of topological superconductors with higher 7.

5. Conclusion

In summary, from dHVA quantum oscillation studies on
CaSnj single crystal samples, we have found evidence for rel-
ativistic fermions in this material. Furthermore, we discovered
that this material exhibits intrinsic superconductivity with 7, ~
1.178 K. These findings suggest CaSn3 can be used a platform
to explore possible TSC. Further, our finding could also moti-
vate the search for TSC in other members in the large material
family with the AuCus-type structure and superconductivity.
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