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Cu,BizSes is a superconductor that is a potential candidate of topological superconductor. We
report our laser-based angle-resolved photoemission measurement on the electronic structure of the
Cu,BizSes superconductor, and a detailed magneto-resistance measurement in both normal and
superconducting states. We found that the topological surface state of the pristine Bi2Ses topological
insulator remains robust after the Cu-intercalation but the Dirac cone location moves downward
due to electron doping. Detailed measurements on the magnetic field-dependence of the resistance
in the superconducting state establishes an irreversibility line and gives a value of the upper critical
field at zero temperature of ~4000 Oe for the Cug 3Biz2Ses superconductor with a middle point T.
of 1.9 K. The relation between the upper critical field Heo(T) and temperature is different from the
usual scaling relation found in cuprates and other kinds of superconductors. Small positive magneto-
resistance is observed in Cug.3Bi2Ses superconductor up to room temperature. These observations
provide useful information for further study of this possible candidate of topological superconductor.

PACS numbers:

Topological insulators are a new quantum state of
matter with protected edge or surface states that origi-
nates from its unique bulk band topology[l, 2]. Recently,
the topological classification of band structures has been
extended from spin-orbit-coupled band structures with
time-reversal symmetry[3] to other distinct symmetry
classes such as crystal point group symmetry[4], magnetic
translation symmetry[5] and particle-hole symmetry[6],
which leads to new families of topological phases such as
topological crystalline insulators[7—10], topological mag-
netic insulators[11] and topological superconductors[12],
respectively. These topological materials not only
have potential applications in spintronics and quantum
computing[13, 14], but also provide a promising platform
for realizing exotic quantum phenomena[l15-22] includ-
ing revelation of Majorana fermions[23, 24], whose anti-
particles are themselves, that have attracted great in-
terest in condensed matter physics recently because of
their exotic non-Abelian quantum statistics[25]. There
are several potential systems which have been proposed
to host Majorana fermions[26-29]. Topological supercon-
ductors have attracted particular attention because they
have a full pairing gap in the bulk and gapless surface
states consisting of Majorana fermions[1, 2].

It was discovered that, when a prototypical three-
dimensional topological insulator BisSe3[30, 31] is in-
tercalated with Cu, it can become superconducting in
Cu,BisSes with the Cu concentration of 0.1 < z <
0.6 and an optimal critical temperature To ~ 3.8
K[32-38]. It is thus interesting to investigate whether
superconducting Cu,BisSe3[32] can be a topological

superconductor[39].  The observation of a zero-bias
conductance peak in recent point-contact spectroscopy
measurements[35, 38, 40, 41] has supported the possi-
bility of unconventional pairing symmetry in Cu,BisSes
superconductor and was interpreted as a signature of
the topological surface states associated with nontrivial
topological superconductivity. On the other hand, the
measurement of scanning tunneling spectroscopy (STS)
indicates an s-wave pairing symmetry in superconduct-
ing Cu,BipSe3[42]. Further work remains to be done to
clarify the pairing symmetry and the nature of super-
conductivity in this material. In this letter, we present
our angle-resolved photoemission (ARPES) measuremen-
t on the electronic structure of the Cu,BisSes super-
conductor, and a detailed magneto-resistance measure-
ment in both normal and superconducting states. We
found that the topological surface state of the pristine
BisSes topological insulator remains robust after the Cu-
intercalation, although its Dirac point position changes.
The temperature-dependence of the magnetoresistance of
superconducting Cug 3BisSes gives a value of the upper
critical field at zero temperature of ~4000 Oe for the
Cuyg 3BisSes superconductor with a middle point T, of
1.9 K. The relation between the H.o(T) and tempera-
ture is different from that usually found in cuprates and
other kinds of superconductors. We observed small pos-
itive magneto-resistance in Cug.3BisSes superconductor
up to room temperature. Its small magnitude compared
to pristine nanoplate form of BisSes may be due to en-
hanced electron scattering from large sample inhomo-
geneity and Cu-intercalation.



<
3
S
E
© 2

2672 C
w — BiSes
o

— CugBiSe;

Intensity
Raman Intensity (A.U.)

— Cug, BiSe;
— Cug3BiSes
L

L 1 1 - 1
60 80 50 100 150 200 250
Raman shift (cm )

20 40
20 (Degree)

FIG. 1: Crystal structure and characterization of Cu,Bi2Ses
single crystals. (a). Crystal structure of Cu,Biz2Ses showing
the quintuple layers and the location of the Van der Waals
gaps. (b). X-ray diffraction patterns measured at room tem-
perature on the Cu;BizSes (x=0, 0.1 and 0.3) crystal surface
that corresponds to the ab plane. The inset plots variation of
the ¢ axis lattice constant with x in Cu,BisSes. (¢). Raman
spectra of BizSes and Cug.3Bi2Ses measured at room tem-
perature. There are two main Raman-active phonon peaks
observed in the measured energy range.

Single crystals of BisSez and Cu,BisSes were synthe-
sized by both the melt-growth method and the travelling
solvent floating zone method[32, 43, 44]. Single crystal
X-ray diffraction (XRD) patterns of Cu,BisSes samples
were examined at room temperature by use of a rotating
anode X-ray diffractometer with Cu K, radiation (A =
1.5418 ;21). Raman scattering spectra were collected at
room temperature by use of a JY HR800 Raman spec-
trometer with A = 532 nm laser. The standard four-probe
technique was used for resistance measurements with the
electric current flowing in the basal plane of the crys-
tals and the magnetic field applied perpendicular to the
basal plane. The measurement was performed by using
a Quantum Design physical properties measurement sys-
tem (PPMS). The magnetic susceptibility was measured
by using a superconducting quantum-interference device
magnetometer (SQUID-MPMS). The ARPES measure-
ments were performed on our Lab photoemission sys-
tem equipped with the Scienta R4000 electron energy
analyzer[44, 45]. A vacuum ultra-violet (VUV) laser with
a photon energy of 6.994 eV[45] was used as the light
source. The overall energy resolution used in this case is
1.5 meV and the angular resolution is ~0.3 degree. The
Fermi level is referenced by measuring the Fermi edge of
a clean polycrystalline gold that is electrically connect-
ed to the sample. The crystals were cleaved in situ and
measured at a temperature of T~20 K in vacuum with a
base pressure better than 5x 10~ Torr .

Figure 1la shows the crystal structure of Cu-
intercalated BisSes which has a layered structure with
a triangle lattice within one layer. The material consists
of five-atomic-layer unit arranged as the Se2-Bi-Sel-Bi-
Se2 sequence along the c-direction known as quintuple
layers, as indicated in Fig. 1la. The coupling within

the quintuple layers is strong but becomes much weak-
er, predominantly of the van der Waals type gap, be-
tween two quintuple layers. The intercalated Cu can en-
ter through the van der Waals gap. Fig. 1b displays
the XRD patterns on the surface of Cu,BisSes (x=0,
0.1 and 0.3) single crystals. The observed peaks can be
well indexed to (0 0 3n) reflections which agree with the
R-3m space group of BizSes. The lattice constant c is
calculated and plotted in the inset of Fig. 1b. With the
increasing x in Cu,BisSes, the lattice constant ¢ increas-
es from 28.645 A for BisSes to 28.720 for Cug 3BisSes. It
is likely that the Cu-intercalation into the two adjacent
quintuple layers expands the lattice in ¢ direction, con-
sistent with the previous report[46]. Two Raman active
phonon modes can be observed in the covered energy
range in Fig. lc. In pure BisSes, the peaks at 131.5
cm~! and 175.5 cm™! can be assigned to the Eg mode
and A%, mode, respectively[47]. With Cu-intercalation,
both of these two peaks shift to lower energy, with an
obvious shift for the A%g mode. Since the A%g mode
corresponds to atom vibrations along the ¢ direction, the
Cu-intercalation will weaken the interactions between the
quintuple layers, thus giving rise to the decrease of the
mode energy|[46].
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FIG. 2: Topological surface state of BiaSes and Cug.3BizSes
measured by laser-based ARPES at 20 K. (a). Fermi surface
of the topological surface state of BizSes. (b). Band structure
of the topological surface state of Bi2Ses along the horizonal
I[-M direction as shown by the red line in (a). (c). Band
structure of the topological surface state of Cug.3BizSes along
the same T'-M cut.
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FIG. 3: Transport and magnetic properties of Cug.3BizSes. (a). Temperature dependence of resistance of Cug.3BizSes at
zero magnetic field. The inset shows the resistance measured over wide temperature range. (b). Temperature dependence
of magnetic susceptibility of Cug.3Bi2Ses. The magnetic field used is 1 Oe. Blue line is zero-field-cooled curve while the
black line is field-cooled curve. Note that the measurements of (a) and (b) were from two different pieces of the Cug.3Bi2Ses
samples. Different T. comes from sample inhomogeneity. (c¢). Magnetic field dependence of resistance of Cug.3Bi2Ses at various
temperatures. (d). Critical field Hco determined at different temperatures using the criterion of 10%, 50% and 90% drop of
normal state resistance. The red line represents a WHH fitting of the measured 50% drop result. The upper-right inset shows

the relation between the normalized Hez/He2(0) and (1-T/T.) in a logarithmic scale.

Figure 2 compares the electronic structure of BisSes
and Cug 3BisSes measured at a temperature of 20 K by
our VUV laser-based ARPES. Fig. 2a shows the Fer-
mi surface of the topological surface state in BisSes.
Figs. 2b and 2c¢ show the band structure measured a-
long the horizontal T-M momentum cut (red line in
Fig. 2a) for BisSes and Cug 3BisSes, respectively. The
topological Dirac cone structure is well protected in the
Cu-intercalated Cug 3BizSes superconductor (Fig. 2c),
consistent with the previous report[33]. But the Cu-
intercalation into BisSes results in the shift of the Dirac
point (DP), from -0.328 eV for the pure BisSes (Fig.
2b) to -0.380 eV for Cug3BizSes (Fig. 2c). This in-
dicates the Cu-intercalation causes electron-doping into
the Cu,BisSes system. The clear observation of topo-
logical surface state in our laser-ARPES measurements
paves a way for the superconducting gap measurements
in the near future when the sample can be cooled into
the superconducting state.

Figure 3 shows transport and magnetic measurement
results of Cug3BisSes. The resistance shows a metal-
lic behavior below 150 K and becomes superconducting
with an onset temperature of 2.2 K, midpoint tempera-
ture of ~1.9 K, and a zero resistance temperature of 1.7 K
(Fig. 3a). Magnetization measurement on another piece
of Cug 3BizSes sample (Fig. 3b) shows a superconducting
transition at ~3 K for both field-cooled and zero-field-
cooled measurement modes. The magnetization signal is
strong enough to indicate that the measured signal origi-

nates from the bulk superconductivity of the sample. We
note that different T, may come from the inhomogeneity
that is usually found in Cu-intercalated BisSes samples.

Figure 3c shows detailed magnetic field dependence of
the resistance for the superconducting Cug 3BisSes sam-
ple measured at different temperatures, giving an overall
R(H,T) curves. Taking the resistance curve at 0.4 K
for an example (black curve in Fig. 3c), the resistance
keeps at zero at low magnetic field (below ~1700 Oe),
then it increases with the increasing magnetic field, and
gets saturated near +8000 Oe. This is a typical resis-
tive behavior of a superconductor under a magnetic field;
when the magnetic field exceeds the upper critical field
H.o, the sample recovers to its normal state. With in-
creasing temperature, the central zero resistance region
gets narrower, and the rising curves on both plus and
negative side moves closer to the central line. Around
1.6 K, the central zero resistance region becomes nearly
a point. Around 2.2 K, the resistance basically recov-
ers to its normal state at all magnetic field. Fig. 3d
shows the upper critical field H.o determined at different
temperatures using the criterion of 10%, 50% and 90%
drop of the normal state resistance. In superconductors
like high T, cuprates, H.o is usually taken to be at the
temperature where R(T,H) drops to 50% of its extrapo-
lated normal-state value[48]. The 50% data in Fig. 3d
is fitted by the Werthamer-Helfand-Hohenberg (WHH)
formalism[49]. The upper critical field at zero tempera-
ture obtained is 42840e. It is interesting to note that,



FIG. 4: Normal state magnetoresistance of Cug.3Bi2Ses su-
perconductor. Variation of resistance of Cug.3BizSes as a
function of magnetic field measured at different temperatures.
The measured data (black empty circles) are fitted by using a
function with a linear term and a 2nd order term. For clarity,
the curves are offset 0.05 sequentially along the vertical axis.

for Cu,BisSes with a midpoint critical temperature of 3.2
K, the measured upper critical field reaches 30000 Oe[35].
In comparison, the zero-temperature H.o value (4284 Oe)
of our Cu,;BisSez sample with a midpoint Tc~1.9 K is
much reduced.

It is now well-established that both high T. and low
T, superconductors may exhibit a vortex solid to liquid
phase transition[48, 50-52] where the transition line can
be fitted by a relation H ~ (1 —T*/T,)" with n being
a characteristic exponent. In (Ba,K)BiO3 superconduc-
tor, such a scaling is observed for the entire curve[52]. In
high-T, cuprates, the irreversibility line H(T*) obeys a s-
caling relationship with n = 3/2 near T, with a crossover
to a more rapid temperature dependence below about
T/T. =0.6[48]. It is interesting to examine whether such
a scaling behavior is present in Cu,BisSes superconduc-
tor. Fig. 3d inset shows the irreversibility line relation-
ship of Cug.3BizSes determined by midpoint resistance.
It shows nearly a linear relation with 1-T/T. between
0.4 and 1 followed by a rapid decrease when 1-T/T, is
below 0.4. Such a behavior is obviously different from
the high-T. cuprates[48]. More work needs to be done
to understand the flux behavior in Cu,BisSes supercon-

ductor.

It has been found that the nanoplate form of BisSes
exhibits large magnetoresistance at low temperature (up
to 400%) and room temperature (up to 75%)[53]. Here
we study the magnetoresistive behavior of Cu,BisSes su-
perconductor in its normal state. Fig. 4 shows the mag-
netic field dependence of the resistance of Cug 3BisSes
at different temperatures up to room temperature. The
magnetic field is applied perpendicular to the basal ab
plane. As seen in Fig. 4, the resistance increases with
increasing magnetic field indicating a positive magneto-
resistive behavior. Also, the magneto-resistive behavior
gets weaker with increasing temperature. However, the
overall magnitude of magnetoresistance of Cu,BisSes is
much smaller than that in nano-plate BisSes. It has
been found that the magnetoresistance is closely related
to electron mobility[53]. The smaller magneto-resistance
in Cu,;BisSes can be due to enhanced electron scatter-
ing from impurities and disorder introduced by both the
large sample volume (compared with the nanoplate) and
the Cu intercalation.

In summary, we have presented investigations of struc-
tural characterization, electronic structure and magneto-
transport properties of the Cu-intercalated Cu,BizSes
superconductor. Our laser-ARPES study indicated that,
upon Cu-intercalation, the topological surface states are
robust in Cu,BisSes but the Dirac cone location is al-
tered due to electron doping. This lays a foundation for
further study on the superconducting gap symmetry by
ARPES when it is possible to cool down the sample in
the superconducting state. Our detailed measurements
on the magnetic field-dependent superconducting tran-
sition at different temperatures establish an irreversibil-
ity line and give a value of the upper critical field at
zero temperature of ~4000 Oe for the Cug 3BisSes su-
perconductor with a mid-point T, of 1.9 K. The rela-
tion between the Ho(T) and temperature is different
from the scaling relationship usually found in cuprates
and other kinds of superconductors. We observed small
positive magneto-resistance in Cug 3BisSes superconduc-
tor up to room temperature. Its small magnitude com-
pared to pristine nanoplate form of BisSes may be due
to enhanced electron scattering from large sample inho-
mogeneity and Cu-intercalation. These observations pro-
vide useful information for further study of this possible
candidate of topological superconductor.
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