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ABSTRACT: By intercalation of alkaline earth metal Sr in
Bi,Se;, superconductivity with large shielding volume
fraction (~91.5% at 0.5 K) has been achieved in
Sryo6sBiSe;. Analysis of the Shubnikov—de Hass oscil-
lations confirms the half-shift expected from a Dirac
spectrum, giving transport evidence of the existence of
surface states. Importantly, Sr,Bi,Sessuperconductor is
stable under air, making Sr,Bi,Se; an ideal material base
for investigating topological superconductivity.

he theoretical prediction and successful experimental

realizations of topological insulators have opened an
exciting research topic in physics and materials fields."~* These
and related materials have attracted much interest not only in
investigating their exotic topological properties but also in the
search for new topological phases. A particularly exciting new
phase is topological superconductivity,”® which features the
existence of gapless surface states at the surfaces of a fully
gapped superconductor. Because of the unique electronic
structure, topological superconductors are believed to have
great potential applications in fault-tolerant topological
quantum computing.

Despite the importance to both materials science and
potential applications, experimental realizations of topological
superconductors have been greatly limited. One way to realize
possible topological superconductivity is based on the
proximity effects at the interface of topological insulator thin
films grown on superconducting substrates.””” Besides
proximity-induced superconductivity, the realization of possible
topological superconductivity in bulk material could be very
important, especially in real application. By intercalation of Cu
in Bi,Se; topological insulator, bulk superconductivity can be
achieved in single crystals.'”'" Recently, tremendous exper-
imental and theoretical efforts have been directed toward this
material both to improve the sample quality and to clarify
whether or not this and related compounds are really
topological superconductors.'>™** However, no consensus has
yet been reached. The divergence is mainly due to the relatively
low superconducting volume fraction (~50%) of the Cu,Bi,Se;
samples.'”'"*" At present, the experimental realization of bulk
topological superconductors remains a big challenge. The
answer to this problem greatly relies on the fabrication of an

-4 ACS Publications  © 2015 American Chemical Society

appropriate material with large superconducting volume
fraction and the identification of its surface states.

Here we show that intercalation of Sr in the well-known
topological insulator Bi,Se; could lead to a superconducting
state below ~2.5 K. Bulk superconductivity has been confirmed
by the large shielding volume fraction (91.5%). The quantum
oscillations data measured with magnetic fields up to 35 T give
the —'/, intercept in the limit 1/B — 0, providing transport
evidence of the existence of surface states. Moreover, Sr,Bi,Se;
samples are stable in air, which is important in real application.

We have grown a series of Sr,Bi,Se; samples with nominal Sr
content of 0—0.3. The typical dimensions of the obtained single
crystals are about 3 X 3 X 0.5 mm?®. The resultant crystals are
easily cleaved along the basal plane, leaving a silvery shining-
mirror-like surface. To determine the chemical compositions of
the obtained samples, we perform energy-dispersive X-ray
spectroscopy (EDX) analysis of Sr,Bi,Se; samples. The EDX
spectrum shown in Figure la confirms the existence of Sr, Bi,
and Se. However, we find that for each sample the real Sr
content is less than the nominal content (Table S1). In
particular, the real Sr content can be only about 0.065 when the
nominal Sr content is x = 0.19. For Bi,_,Sr,Se; and the actual
Sr contents are comparable to the nominal compositions.

Figure 1b shows the powder X-ray diffraction (XRD)
patterns of Bi,Ses;, SryosBiSe;, and BijgsSry sSe; samples.
Detailed refinements of XRD patterns suggest that the lattice
parameters of Sr,Bi,Se; are a = 4.1369 A and ¢ = 28.598 A,
which are larger than those of undoped Bi,Se; (a = 4.1328 A
and ¢ = 28.573 A), and the lattice constants of Bi; 4;SrsSe;
sample are determined to be a = 4.146 A and ¢ = 28.559 A. It is
found that the c-axis lattice constant of Bi,_,Sr,Se; decreases
with increasing Sr-doping content. Thus, the slight increase in
the c-axis constant in Sry(s,Bi,Se; supports the idea that Sr
atoms are intercalated in the Bi,Se; lattice.

Figure lc gives the temperature dependence of in-plane
resistivity (p,, vs T curve) of SryosBi,Se; and Bij ¢Sro;5Sey
samples. Resistivity of Srgo,Bi,Se; sample exhibits metallic-like
behavior at high temperature. Below ~50 K, the p,, vs T curve
is very flat, giving the residual resistivity p,, = 0.24 mQ cm.
The onset of superconducting transition occurs at T, & 2.57 K,
and zero resistivity is achieved at T & 2.39 K. For Bi, 4;Sr, ;sSe;
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Figure 1. (a) Representative energy-dispersive X-ray spectroscopy
pattern showing the existence of Sr, Bi, and Se. (b) Powder X-ray
diffraction patterns of Bi,Ses, SrgosBi,Ses, Bijg5Sre 5Se; samples. (c)
Temperature dependence of resistivity of Sryo,Bi,Se; sample and
Bi, g5S115Se; sample. (d) Magnetic field dependence of transverse
resistivity of Sryo,Bi,Se; sample measured at different temperatures.

sample, no superconducting transition has been observed down
to 1.9 K, suggesting that Sr-doped Bi,Se; samples are not
superconducting. (We have confirmed that all Bi,_,Sr,Se,
samples are not superconducting within x < 0.25, Figure S6.)
To determine the type and density of charge carriers in
Sry06:Bi;Se; sample, we perform the measurement of Hall
resistivity. Figure 1d shows that the Hall resistivity p,, is almost
proportional to the applied magnetic field B, suggesting the
dominance of only one type of bulk carrier. The negative slope
of the p,, vs B curve means that the dominant charge carriers in
Sryo6:Bi;Se; are electrons. The Hall coefficient Ry slightly
decreases with decreasing temperature, and the carrier
concentration (n,) is found to increase from 2.02 X 10%
cm™ at 300 K to 2.65 X 10" cm™ below 10 K (Figure 2a).
This carrier density is about six times smaller than that of
Cu,Bi,Se;, " suggesting that the Fermi level is closer to the
Dirac point in the present sample and the carrier mobility in
Sty o6:Bi,Se sample is moderate (1(3 K) = 1/n0,.,(3 K) e ~
870 cm?/(V s)).

Figure 2b gives the temperature dependence of magnetic
susceptibility for SrygsgBiSe;, SrggsBiSe;, and SrgssBiSes
samples. The applied magnetic field is 2 Oe with B || ab. In the
B || ab case, we ignore the effect of the demagnetization factor
because the dimensions of the samples satisfy a &~ b > . For
Sry058BiySes, diamagnetic signal appears below 2.2 K, indicating
the occurrence of bulk superconductivity. The shielding volume
fraction of Sry(ssBi,Se; sample is about 34% at 0.5 K. For
Sro06:Bi,Se; and  SrggsBiSe; samples, diamagnetic signal
appears at ~2.35 K. In these samples, a large shielding fraction
has been obtained. For example, the shielding fraction at 0.5 K
can reach up to 88% in SryBi,Se;. For SryesBi,Se;, the
shielding fraction can be as high as 91.5% below 1 K. Figure 2c
plots the superconducting transition temperature as well as the
shielding fraction (at 0.5 K) for Sr,Bi,Se; samples. Both the
transition temperature and the shielding fraction increase with
increasing Sr content when x < 0.065. We have placed
Sr,Bi,Se; samples under air for 4 months and found that the
superconducting volume fraction does not decrease (Figure 2d)
suggesting that the samples are stable. This is in sharp contrast
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Figure 2. (a) Hall coefficient Ry and charge carrier density n, as
estimated from Figure 1d. (b) Temperature dependence of magnetic
susceptibility for Sr,Bi,Se; samples. (c) Plot of the onset transition
temperature (T°™), zero-resistivity temperature (T°), and the
shielding fraction at 0.5 K at different Sr content. (d) Comparison
between the temperature dependence of magnetic susceptibility of the
freshly obtained Sr¢sBi,Se; sample and that exposed under air for 4
months (the same piece).

to the behavior of Cu,Bi,Se; samples, where the super-
conductivity is damaged over exposure under air for several
hours.

To determine whether or not there is a surface state in
Sr,Bi,Se; system, we performed quantum oscillation measure-
ments on Sry,Bi,Se; sample. Figure 3a,c givea the magnetic
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Figure 3. (a) Magnetic field dependence of in-plane resistivity at

different temperatures with magnetic field perpendicular to the ab

plane. (b) Converted in-plane conductance at 0.35 K. (c) Magnetic

field dependence of Hall resistivity. (d) Converted Hall conductance at

0.35 K.

field dependence of in-plane resistivity (p,,) and Hall resistivity
(Pyy) of SrggsBi Se; sample measured with B L ab,
respectively. At 0.35 K, the pronounced Shubnikov—de Haas
(SdH) oscillation can be observed when the magnetic field is
larger than 10 T in both the p,, vs B curve and the p,, vs B
curve. With increasing temperature, the amplitude of the SdH
oscillation decreases. When T > 40 K, the magnitudes of the
SdH oscillations are greatly weakened. From the p,, vs B curves
in Figure 3¢, it is estimated that the electron carrier
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=3, consistent with

concentration is about 1, & 2.6 X 10" cm
that given in Figure 2a.

In bulk Bi,Se,-type samples, the surface conductance (G°) is
usually small comparing to the bulk conductance (G°).”**
When the surface conduction channel coexists with the bulk
conduction channel, the observed conductance matrix is the
sum G, = G, + G, and G,y =G, + GP. In this case, the
experimentally measured resistivity and Hall effect are
contributed to by both the surface conductance (G, and
chy) and the bulk conductance (G2, and Ggy). Thus, simply
from the measured p,, vs B curves and the p,, vs B curves one
cannot determme the Landau index. As has been suggested by
Xiong et al.,” it is expedlent to convert the p,, and pxy into the
conductance Gxx pxx/ [pxx + pxy :] and ny pxy/[pxx + pxy ]
In Figure 3b,d, we plot the converted G,, vs B curve and the
G,y vs B curve at 0.35 K, respectively. Here we show only the
data at 0.35 K because the G,, vs B curves and the G,, vs B
curves at other temperatures exhibit the same oscillatory period
with the curves at 0.35 K.

Figure 4a shows the SdH oscillation of AG,, against 1/B
after subtracting the background. The simple oscillatory pattern
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Figure 4. (a) Oscillatory component of the in-plane conductance at
0.35 K plotted against 1/B. The Landau level indices (n) = 4, S, 6, ...
are indicated for the minima of AG,,. (b) n vs 1/B, where n and n +
!/, correspond to the minima and maxima of AG,,, respectively. (c)
Oscillatory component of the Hall conductance at 0.35 K plotted
against 1/B. (d) n vs 1/B derived from c, where 1/B is plotted against
n+ 1 4+ The 1 4 shift anses because the minima in dAG, / dB align
with the minima in AG,,.

is the result of the single frequency F = 146 T. This frequency is
slightly larger than (or comparable to) that of Bi,Se;, """’
whereas it is smaller than that of Cu,Bi,Se;.'®"” Figure 4b plots
the minima of AG,, (solid circles) and the maxima of AG,,
(red squares), which are shifted by '/,. From Figure 4b, one
can see that the best-fit straight line intercepts the n axis at the
value y = —0.39 + 0.05. The same analysis is applied to the Hall
conductance (Figure 4c). The frequency determined from the
AG,, vs 1/B curve is F = 144.8 T, in agreement with that
determined from the AG,, vs 1/B curve. Figure 4d shows the
plot based on the minima and maxima of the Hall conductance
AG,,. The minima in AG, correspond to n + '/, because the
derlvatlve dAG,,/dB has mlmma at n.”> The intercept of the
fitted line occurs at y = —0.48 + 0.04. It is found that these
intercepts are quite close to the ideal Dirac case y = —'/, rather
than the Schrodinger case where y = 0. The slight deviation of y

value from —'/, could be probably due to an additional phase
shift resulting from the curvature of the Fermi surface in the
third direction, which changes from 0 for a quasi-2D cylindrical
Fermi surface to +'/ for a corrugated 3D Fermi surface (—0.39
+ 0.05 = —(0.515—1/8) + 0.05).”® Thus, the high-field SdH
oscillation results clearly reveal the existence of a nontrival 7
Berry’s phase (y = '/,) and thus provide strong evidence of the
existence of Dirac Fermions in Sr.Bi,Se;. In topological
insulators Bi,Se; and Bi,Te;, the gapless Dirac Fermions are
accompanied by the surface states. The present SdH oscillation
data may provide transport evidence for the existence of surface
states in Sr,Bi,Sejsamples. The existence of topological
properties in Sr,Bi,Se; superconductors could be further
confirmed by angle-resolved photoemission spectroscopy and
scanning tunneling spectroscopy as well as other experiments.

In conclusion, we have successfully grown a series of high-
quality Sr,Bi,Se; single-crystal superconductors. The samples
exhibit very high shielding volume fraction (91.5%). From the
high-field SdH oscillations, we find the transport evidence of
the existence of the surface states, probably suggesting that
Sr,Bi,Se; compounds are topological superconductors. More
importantly, Sr,Bi,Se; samples are completely insensitive to air.
The stability of Sr,Bi,Se; samples is very helpful both in future
fundamental investigation and in possible electronic applica-
tions.
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