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Abstract

Although the Cu doped Bi,Se; topological insulator was discovered and intensively studied for
almost a decade, its electrical and magnetic properties in normal state, and the mechanism of
‘high-T.” superconductivity regarding the relatively low-carrier density are still not addressed yet.
In this work, we report a systematic investigation of magnetic susceptibility, critical fields, and
electrical transport on the nominal Cuy,Bi,Se; single crystals with T?™" = 4.18 K, the highest so
far. The composition analysis yields the Cu stoichiometry of x = 0.09(1). The magnetic
susceptibility shows considerable anisotropy and an obvious kink at around 96 K was observed in
the magnetic susceptibility for H || ¢, which indicates a charge density anomaly. The electrical
transport measurements indicate the two-dimensional (2D) Fermi liquid behavior at low
temperatures with a high Kadowaki—Woods ratio, A/~? = 30.3a,. The lower critical field at 0 K
limit was extracted to be 6.0 Oe for H || ab. In the clean limit, the ratio of energy gap to T, was
determined to be Ay /kpT. = 2.029 + 0.124 exceeding the standard BCS value 1.764, suggesting
Cuyg 09Bi,Ses is a strong-coupling superconductor. The in-plane penetration depth at 0 K was
calculated to be 1541.57 nm, resulting in an unprecedented high ratio of T./A~%(0) 22 9.86.
Moreover, the ratio of T, to Fermi temperature is estimated to be T./ TP = 0.034. Both ratios fall
into the region of unconventional superconductivity according to Uemura’s regime, supporting
the unconventional superconducting mechanism in Cu,Bi,Ses. Finally, the enhanced T value
higher than 4 K is proposed to arise from the increased density of states at Fermi energy and strong
electron—phonon interaction induced by the charge density instability.

1. Introduction

The superconducting critical temperature (T¢.) up to 3.8 K in doped superconducting topological insulators
such as Cu,Bi,Se; are unexpectedly ‘high’ for a low carrier density semiconductor [1]. According to the
quantum oscillations results [2], the Fermi wave number kg in Cu,Bi,Se; is increased from 0.69 nm~! to
0.97 nm~! by Cu doping. Such value lies within the range of 0.1-1 nm~! for typical densities in a classical
two-band single valley semiconductor [3], in which the density of states (DOS) is only about one-tenth of
that of a metal. Actually, the superconductivity was also observed in some semiconductors with T, far below
1 K, such as SrTiO; (T¢ ~ 0.05-0.29 K, 1. = 0.65 to 42.4 x 10 cm™?) [3, 4], GeTe (T, ~ 0.07-0.3 K, n. =
8.6 t0 15.2 x 10% cm ™) [5], and SnTe (T, ~ 0.034-0.214 K, n, = 7.5 t0 20.0 x 10*° cm™) [6]. To
compare with these systems, the T, value of Cu,Bi,Se; is relatively ‘high’ given it is a highly doped narrow
semiconductor with lower carrier density. However, the mechanism of such anomalous enhanced T,
phenomenon remains unclear despite nearly a decade of extensive research.

© 2020 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft


https://doi.org/10.1088/1367-2630/ab7fca
https://creativecommons.org/licenses/by/4.0
https://orcid.org/0000-0001-5702-9005
https://orcid.org/0000-0003-1388-3861
https://orcid.org/0000-0003-1594-8008
mailto:mingtaoli04@gmail.com

10P Publishing

New J. Phys. 22 (2020) 053026 Y Fang et al

The emergence and enhancement of superconductivity may occur in various cases by tailoring the
ground states of quantum materials. For example, suppression of charge density wave (CDW) by chemical
doping or pressure is observed in many systems [7—10], including low dimensional layered Cu,TiSe, and
three dimensional (3D) alloys Lu(Pt;_,Pd,),In and (Sr, Ca);IrsSn;3, 3D oxides Ba;_,K,BiOs. Similarly, the
magnetic ordering or spin density wave (SDW) have also been suppressed in strongly correlated heavy
fermions materials, high-T. cuprates and iron-based superconductors [11—-13]. Lastly, the value of T can be
significantly suppressed by introducing disorders [14], leading to metal—insulator transition. Note that such
mechanism may be also relevant to superconducting semiconductors, since a large number of
disorders are expected inside.

In this work, we revisit the superconducting Cu,Bi,Se; system, which is widely studied in the past but
rarely emphasizing on the magnetic susceptibility and electrical transport properties in the normal state.
Interestingly, we observed T, = 4.18 K in Cuy 9Bi,Se; for our sample, the highest value to date. In addition,
for the first time, we reveal a charge density anomaly at around 96 K in the Cug9BiSe; crystal from the
magnetic susceptibility in the normal state, which is reminiscent of unconventional superconductivity
proximity to CDW. We show the Cug 9Bi,Ses displays the 2D Fermi liquid behavior at low temperature
with a high Kadowaki—Woods ratio, A/v* = 30.3a,, as may be enhanced by proximity to charge density
instability and/or strong electronic anisotropy. Furthermore, we obtain the upper and lower critical fields
from the measurement of temperature dependent magnetic susceptibility under different fields. We find the
Cug09Bi,Se; is a strong-coupling superconductor with Ag/kg T, = 2.029 4 0.124 exceeding the standard
BCS value 1.764. Finally, we discuss the possible underlying mechanisms for the enhanced T. higher than 4
K and the unconventional superconducting features. Importantly, we demonstrate the Cug ¢9Bi,Se; belongs
to one of unconventional superconducting families according to Uemura’s plot, with unprecedented high
ratios of T, /A\*(0) = 9.86 and T,/ T2P = 0.034 among superconducting semiconductors.

2. Experimental details

The samples were prepared using high purity (99.999%) elements in the nominal composition Cu,Bi,Se;

(x = 0.20), as reported elsewhere [15, 16]. We find some crystals cleaved from the large batch are
superconducting at 4.18 K (denoted as CBS418), which is higher than previous report [1]. The phase purity
of obtained single crystals was examined by x-ray diffraction (XRD) measurements with Cu K radiation.
To check the homogeneity, we performed the measurements of the energy-dispersive spectrum on the
sample with T = 4.18 K. In addition, we also present the measurements of pure Bi,Se; (denoted as BS)
and nominal Cug,0Bi,Se; with T?™* = 3.79 K (denoted as CBS379). The in-plane resistivity measurements
were carried out on a physical property measurement system (PPMS-9, quantum design) using the standard
four probes with silver paste as the contacts. The DC magnetic susceptibility and initial magnetizations
curves were measured with a SQUID-VSM magnetometer (quantum design) at different magnetic

fields and temperatures.

3. Results and discussion

3.1. Crystal structure and composition

Figures 1(a) and (b) show the crystal structure and XRD patterns as collected on Cug,Bi,Se; single crystal.
The parent Bi,Se; compound crystallizes to the rhombohedral structure with space group R3m (no. 166)
[17]. As suggested by the previous report [1], the intercalated Cu atoms were in the van der Waals gap
between Bi,Se; layers, which partially occupy the octahedrally coordinated 3b (0, 0, 1/2) sites, as indicated
in figure 1(a). Only a series of (00]) reflections were observed and the background is clean, indicating

the phase purity. This is consistent with those expected from the rhombohedral space group

of Bi28e3 [ 17] .

To investigate the sample homogeneity, we performed composition analysis on the sample with the
onset superconducting transition temperature TO™" = 4.18 K by energy dispersive x-ray spectroscopy
(EDS). A total of 30 random EDS spectra locating at different regions were measured, as indicated by yellow
frames in the inset of figure 2(a). The atomic ratios were plotted in figure 2(b). We observed that there are
three measured regions with higher Cu content than others, where the Cu content is between 0.15 and 0.25.
In these regions, all the element ratios of Bi and Se are very close to their stoichiometric composition,
indicating the Bi and Se elements are generally homogeneous on a large scale. The remaining measured EDS
spectrum yields an averaged composition Cug gg(1)Biz.02(2)Se€2.08(2) (referred as Cugg9Bi,Ses), in which the Cu
content ratio still fluctuates within 23% compared to the averaged value. This demonstrates the melt-grown
crystal is quite inhomogeneous on a micrometer scale. It is reported that the distribution of Cu
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Figure 1. (a) Crystal structure. (b) Experimental XRD patterns for nominal CuyBi,Se; single crystal.
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Figure 2. (a) Energy-dispersive spectrum of CBS418 crystal. Inset shows the morphology of the crystal. (b) Derived atomic
ratios of 30 measured regions indicated in inset of (a).

content in the electrochemical synthesized samples shows a ~19% variation [18], which is slightly smaller
than that in our melt-grown crystals. According to phase diagram reported by Kriener et al [18], the higher
T. phase is deemed to have a lower Cu doping level.

3.2. Magnetic susceptibility

Figure 3 shows the temperature dependence of volume susceptibility x(7T) measured under H = 3 Oe on
one crystal with dimensions of ~5.83 x 4.67 x 0.59 mm®. We observe T?™ occurs at 4.18 K, which is the
highest in doped Bi,Se; to our knowledge. The apparent difference between zero-field cooling (ZFC) and
field cooling (FC) is caused by the vortex pinning, which has been investigated in detail for Cu,Bi,Se; [15,
16]. Interestingly, the peak effect, a feature of anomalous vortex pinning phenomenon, is observed in the
high quality clean Cu,Bi,Se; crystals [15, 16]. To estimate the volume shielding fraction, we take

the demagnetization factor N into account, which can be calculated by [19]

3¢ a\]!
N={1+4a(1+b)] , (1)

where g, b, ¢ are dimensions (2a x 2b x 2¢) of the experimental specimen with rectangular cuboid shape.
According to equation (1), we obtain N, = 0.107 for H || ab and N. = 0.854 for H || ¢. The intrinsic
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Figure 3. Volume susceptibility versus temperature x(T) under 3 Oe for H || ¢ in ZFC and FC modes. Inset shows the detailed
region at the onset superconducting transition.
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Figure 4. Temperature dependence of magnetic susceptibility under 0.3 T for (a) H || ¢, (b) H || ab. The insets is the
Curie—Weiss fit.

volume susceptibility yiy is given by
Xint = Xexp/(l - NXexp): (2)

where Xy is the experimental measured susceptibility. As seen in figure 3, a 17% superconducting shielding
fraction was estimated, which is consistent with other reports 1, 20-22].

To investigate the magnetic properties in normal state, we measured x(T) under 0.3 T, as is plotted in
figure 4. The magnetic susceptibility y = M/H for both H || cand H || ab shows a small negative
background, essentially presenting a weak temperature dependence at high temperatures (T > 96 K). This
indicates that the Larmor or Langevin diamagnetic and Landau diamagnetic contributions are larger than
the sum of the spin Pauli paramagnetic susceptibility. With decreasing the temperature, the magnitude of x
firstly shows a quasilinear increase up to 96 K, below which a kink occurs. The drop of x across the kink
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temperature (Ty) implies a decrease of electronic DOS at Fermi energy (Er). The quasilinear behavior of x
above the Ty and its weak temperature dependence have been widely observed in some CDW materials like
Cu,TiSe; [7], Lu(Pt;_,Pd,),In [8], and (Sr, Ca)3IrsSny; [9]. In Cug goBi,Ses, the superconductivity is
induced only by Cu intercalation, which is in favor of Cu'* non-magnetic state (as is in the case of
interstitial site, see reference [23]). While the Cu has a possibility to substitute the Bi [23], which can create
two holes and act as carrier acceptors to depress the carrier density. Therefore, almost all the ions in
Cu,Bi,Se; are fully shelled, so a magnetic ordering seems to be highly impossible. The observed kink in
X(T) is likely to be attributed to the charge density anomaly, or possibly the CDW transition, below which
the Fermi surface (FS) is partially or fully gapped resulting in the reduction of DOS at Eg. For this reason,
the resistivity will sometimes display an upturn feature when the temperature crosses the Ty [7-9].
However, other factors, like changes in the effective carrier mass and the scattering rate [9], shall also be
taken into account to interpret this upturn. Moreover, the weaker kink feature in x*(T) implies that the
measured sample has a prominent anisotropic bulk FS since it holds a layered crystal structure and the
Bi-Se quintuple layers are weakly bonded by van der Waals force.

Using the electron diffraction measurements at room temperature, the existence of CDW was reported
in other Cu intercalated Bi,Ses-based topological insulators [24, 25]. However, the evidence of forming
superlattice spots or diffusive order was given only in higher Cu doping content, e.g., >10 atom% for
zero-valent intercalated Cu,Bi,Ses [24] and 5.6 atom% for Cu'T intercalated Bi, Te,Se [25]. Thus, the
observed charge density anomaly in our crystal (~2 atom% for Cu'" intercalation) is surprising, the
content of which is close to the optimal level [1]. According to theoretical calculations [26, 27] and
angle-resolved photoemission electron spectroscopy (ARPES) experiments [28, 29], the conduction bands
are dominated by Bi-p, orbitals and would be accumulated by the electron carriers through Cu doping,
leading to the lift of Fermi level. Further, since the electron doping (x ~ 0.12) can induce large phonon
singular electron—phonon interaction behavior and strong FS nesting in the Brillouin zone [27], it is likely
that the charge density anomaly is related to the Bi,Ses; quintuple layers for nearly optimal electron-doped
CuxBiZSeg.

As seen in figure 4, the x(T) shows an upward behavior below 50 K, which can be attributed to a tiny
amount of paramagnetic defects in non-magnetic or weakly-correlated magnetic systems [8, 30]. Such
upturn in x(7) is also observed in other non-magnetic materials, for instance, Lu(Pt;_,Pd,),In [8] and
LaPtGes (T, = 1.2 K) superconductors [31]. Furthermore, we find the x(T) curve between 5 K and 50 K
could be well fitted by a modified Curie—Weiss law [32—34], reading

X =Xo+ 3)

T— @cw ’

where C is Curie constant, O, is Weiss temperature, Xy is an isotropic temperature-independent term
given by xo = Xdia + Xpara = Xcore T XLandau + Xvanvelck & XPauli> il Which Xcore is the diamagnetic (orbital)
contribution from the atomic core electrons, Y1andau is the diamagnetic (orbital) Landau susceptibility of
the conduction electrons, Xvyanvelck 1 the paramagnetic (orbital) van Vleck susceptibility, and xpayy is the
paramagnetic (spin) Pauli susceptibility of conduction electrons. The fitted values for H || c and H || ab are
(@) = —89.3 x 107¢ (=159 x 107%) cm® mol !, C°(C™) = —2.42 x 107* (—1.80 x 10*) cm® K
mol~ !, and O, (©%) = —1.25 (—0.73) K. The Curie constant per mole of spins is given by [35]

o= Nag’S(S+ Dy _ NAugffulzs’ @
3kg 3kg

where Ny is Avogadro’s number, g is the Landé g-factor, pp is the Bohr magneton, kg is Boltzmann’s

constant, and per = g/ S(S+ 1) = i—ka% is the effective moment of a spin in unit of pp (the orbital
AHMB

quantum number L = 0, ] = §). Taking the Gaussian—CGS values of the fundamental constants, Ny =
6.022 x 1072 mol ™!, kg = 1.381 x 10" erg K1, and pup = 9.274 x 107'€ erg K™, jufr is given as

Heft = V/7.99684C. The fitted Curie constants yield an effective moment of il = 0.044 p15 and p = 0.038
up for H || cand H || ab, respectively. On one hand, assuming the g-factor ¢ = 2.25 typically found for
Cu*" cations [36], the net moment of Cu?* ion is estimated to be 1.95 g, which is much larger than
experimental value of the effective moment. On the other hand, according to the Cu—Se binary diagram
[37], the possible precipitated Cu,Se phase is more favorable than the CuSe, so the paramagnetism arising
from Cu?* is also not promising from this point. For these reasons, we ascribe the observed anomaly at 96
K to charge density anomaly rather than the onset of magnetic ordering. The negative values of ©° and ©*
indicate there exists weak antiferromagnetic exchange interactions, likely originating from the defects since
the Cu'" is non-magnetic with S = 0.
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Table 1. Magnetic parameters obtained by fitting and calculation for CBS418 crystal.

Properties Units Values

X5 cm’ mol ! —89.3 x 10°¢
X cm?® mol~! —159 x 1076
C cm?® K mol™! —2.42x107*
c cm?® K mol™! —1.80 x 10°*
4y K —-1.25
CH K ~0.73

g 1B 0.044

Il i 0.038
XPauli cm’ mol ! 47.4 x 107°
XLandau cm?® mol ! —419.8 x 107°
lonie cm?® mol ™! —195.1 x 10
tomic cm® mol ™! —215.1 x 107°
Xee em® mol™! —56.8 x 107
gromic cm?® mol ™! —58.8 x 107°
Xp cm® mol™! 47.9 x 107>

Furthermore, one can estimate the xp,u; at T = 0 K using the relation [38]

gZ
XPauli — Z/JIZSN(EF)> (5)

where N(Ey) is the DOS at the Eg. Inserting ¢ = 2 into equation (5) gives Xpau; = (3.233 X 107°)N(Eg),
with Xpaui is in unit of cm® mol~! and N (Eg) is in unit of states/eV f.u. for both spins directions (f.u.
means formula unit) with N(Eg) = Nyand (Er) (1 + Aep). The band DOS Nyana (Er) is given by an exact
band-structure calculation. In the absence of electron—phonon (e—p) coupling, the bare

Sommerfeld coefficient 7y is given by

w2k
Yo = TNband (EF) = 2.359Nband (EF) ! (6)

Here, 7y, is in unit of mJ mol~! K2, Taking the e—p coupling into account, the Sommerfeld coefficient is
given by v = vo(1 + A¢p) with A¢p is the e—p coupling constant. Combining equations (5) and (6), the Xpauii
can be rewritten as

3 -5
Xpauli = —5757 = (1.370 x 1077). (7)
T2k,

Using the estimated value s = 3.46 mJ mol~! K~2 (see the discussion section for details), we obtain Ypu; is
47.4 x 107% cm® mol ™. In a normal metal or a highly doped extinct semiconductor [39], the X1andau i
approximately given by

1 /me\2
XLandau =— — 7 (_*) XPauli> (8)
3\m
where m, and m* are the electron mass and the effective electron mass. Adopting m* = 0.194m, [2], we
estimate Xandaw = —419.8 X 107° cm® mol !, showing a considerable enhancement compared to the

counterpart of a normal metal. Moreover, similar to parent Bi,Ses [26, 40], the Cug oBi,Ses is assumed to
be strongly covalent bonding in quintuple-layers with only a small ionic contribution. Since the Cu atoms
are intercalated into van der Waals gap between quintuple layers, the ionic bonding is supposed to be
dominant. To calculate the total core contribution, the Ycor values of Cu'™, Bi**, Se?~ ions are taken from
the tabulated data in reference [41], Xcore (Cu'") = —12 x 107 cm® mol™!, Xcore(Bi*T) = =25 x 107°
cm® mol ™!, Xcore (Se?7) = —48 x 107¢ cm® mol ™', yielding the core susceptibility per mole of CugoBi>Ses
as ylonc — —195.1 x 107° cm® mol . If making use of the values of atomic core diamagnetic susceptibility
calculated by the relativistic Hartree—Fock method [42] (see table 2.1 in reference [42]), Xcore(Bi) = —58.9
x 107° cm® mol ™!, Ycore (Se) = —32.4 x 107® cm® mol~!, we obtain Xammic = —215.1 x 107° cm® mol~!.

core
One finds that there is no significant difference between x%¢ and x 2190, The van Vleck susceptibility is

core ore
ignored due to the absence of any ion with a shell that is one electron short of being half filled (J = |S + L]
with J = 0, the ground state is non-degernerate). Finally, one gets the sum Y™ 2 —56.8 x 10> cm?®
mol~! and 3°™Mc 2 —58.8 x 10> cm® mol~!, which is almost four times smaller than the experimental
observed value x;* = —15.6 x 107> cm® mol ™! at 300 K. This may be mainly caused by two reasons. One
possibility is that the absolute value of X1andau is calculated based on the reported value of . /mx* in higher
Cu doping sample [2], which somehow results in uncertainty. Especially, the heat capacity measurement
shows the m™* in Cug,9Bi,Ses; was as large as m* = 2.6m, [43], strongly reducing the diamagnetic

Landau contribution if this is the case. However, according to the quantum oscillation [2, 29, 44] and
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Figure 5. Temperature dependence of normalized magnetization curves under various magnetic fields. (a) H || ¢, (b) H || ab.
The field interval is 0.1 T between 0.1 T and 1.5 T. Inset of (a) shows the first-order derivative of M(T) at 0.05 T and the criterion
of the determination of T.

optical spectroscopic studies [44, 45], the large electronic mass enhancement (m*/m,. = 0.14-0.3) in
Cu,Bi,Se; is not observed and thus the discrepancy from the Landau diamagnetic term seems unfavorable.
The other possibility is there might be some contributions from other kinds of paramagnetic defects [30],
like the Se vacancies, as proposed in CulnSe, compound. An exact dominant factor to explain the
discrepancy between the experimental observed value and the calculated value of x( needs further
explorations. Regardless of the origin of the discrepancy, the total paramagnetic susceptibility could be
calculated in terms of xp = Ypaui + (X5 T — X3°™) = 47.9 x 107 cm® mol~!. The magnetic parameters
are summarized in table 1.

3.3. Upper critical field

To investigate the effect of applied fields on the T¢, we measured the M(T) curves under various magnetic
fields. Figures 5(a) and (b) show a series of normalized M(T) curves, Mpom, with a parallel shift of the
curves for clarity. The T, was determined by the intersection point between the extrapolation lines below
and above the superconducting transition, as indicated in the inset of figure 5(a). We plot the upper critical
field poHS, (0) and y1oH% (0) for H || c and H || ab in figure 6. The early reports on Bi,Se; and Cu,Bi,Ses
(T, =2 3.5 K) under high pressure indicates the absence of Pauli limiting effect and an enhancement of
poHS® (T) at zero-temperature limit [46, 47]. The estimated electron mean free path [ is larger than the
coherence length &, suggesting the superconductivity in Cu,Bi,Se; crystals grown by melt method are in the
clean limit [15, 47]. We further fit the experimental quantities 1oHS, (T) and poH? (T) by the
orbital-limited formula of Werthamer—Helfand—Hohenberg (WHH) theory [48] and the data above 1.8 K
agree well with the WHH prediction, as is shown in figure 6. At 0 K, it yields poHS, (0) = 2.22 T and

woH? (0) = 3.60 T. Moreover, we have plotted the normalized upper critical field,

h*(t) = (uoch/Tc)/|duoHC2/dT|TC, both for H || cand H || ab. The two poHe, (T) curves collapse onto a
single universal function h*(t), as is similar to that reported by Bay et al [47]. Using the Ginzburg—Landau
(GL) relations, we extract the £,;(0) = 12.18 nm and £.(0) = 7.51 nm at 0 K. This manifests the anisotropy
ratio I' = £,,/&. = 1.62, which is smaller than the value determined by magnetotransport measurements
[15, 43]. The anisotropy may result from the in-plane nematic superconducting state (about 0.5 difference
in T from j10H% (0) along x and y axis) evidenced from the high-resolution heat capacity measurements of
Cu,BirSes (T, = 3.2 K) [49].

3.4. Lower critical field
To determine the lower critical field 119H,, the demagnetization effect due to the sample shape shall be
taken into account. To this end, the 10H is obtained by [50]

,UOHcl (T) - ,UOHp (T) /(1 + N - Xint)) (9)

where pioH,, (T) is the first penetration field as can be determined by the initial magnetization versus the
magnetic field M(H). xint = —1 for a homogeneous bulk superconductor at most temperatures below T-.
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Figure7. Initial magnetization versus temperature for H || ab and H || ¢ directions. The temperature interval A(T) is 0.1 K. The
dash line is a linear fit.

Given the non-bulk superconductivity in Cuy20Bi,Ses, we mainly focus on the poyH,; (T) for H || ab due to
the small effect of demagnetization. Figures 7(a) and (b) show the initial M(H) curves for H || aband H || c.
The extending tails of diamagnetic signals above the minimum indicates a typical feature of the
type-II superconductors.

To extract the p19H¢1, one common used criterion is assigning the deviation from the linear behavior of
initial M(H) as the uoHII), designated as criterion I. Figures 8(a) and (b) show the plots of
AM = Mey, — Mg, versus field, where the Mg = s - 1oH with s being the slope of the initial magnetization.
Due to the small ;10H,, the boundary of deviation from linear behavior is not well defined, especially for
H || c. This would bring much noise in the directly extracted 110H,. Here, we also use an alternative
criterion, designated as criterion II, i.e., the intersection point as ﬂoHII,I from the linear fitting of AM
slightly above the field where AM £ 0, as seen in figure 8(c). From these two criterions, we obtain the
toHe1 as shown in figures 9(a) and (b). The experimental data points follow on a parabolic line, which is
fitted by a GL phenomenological model as given by

poHer (T) = pioHey (0) [1 — (T/T.)°. (10)

We thus obtain the p10H% (0) = 10.6(1) Oe and poHY, (0) = 6.82(6) Oe. The smaller value of oH¢, than
poH? is attributed to the non-bulk superconductivity. If one assumes iy = — 1, this will yield poH? (0) =
11.86 Oe and poH¢, (0) = 41.50 Oe, respectively. To calculate the GL parameter x, we adopt a relation by
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Figure9. Lower critical field versus temperature for CBS418 determined by two criterions of (a) criterion II, (b) criterion I. The
solids lines represent fitting curves by equation (10).

taking into account the vortex core energy given by [51, 52]

foHE (T) = (®o/4m A ) (In kg, +0.5), (11)

toH® (T) /poH® (T) = 2k%,/(In kg + 0.5). (12)

The & is only weakly dependent on the temperature and the doping [52], as is the same case of I

(T' = A/ Aw) in Cu,Bi,Se; [15, 53]. Thus the relation uonlb (T) o< 1/AapAc o< 1/)2, is a good
approximation. For anisotropic superconductors, the & is defined as ko = /A Ac/ (Eanéc) = Aap/Ec and
Ke = Aap/Eap- Using equations (11) and (12) with ,uOHC”f”I(O) = 6.0(3) Oe and ,uOHc”lb’H(O) =9.7(3) Oe
obtained in the clean limit (see next section), we obtain x!, = 126.58 and %, = 97.05, respectively. The
value of k!, is very close to the early report (~128) [43]. Hereafter, we mainly use this value to derive the
related physical parameters as following. The penetration depth at 0 K are A!, = 1541.57 nm and A =
2499.84 nm, yielding the averaged value AL, = (A\3,\)!/> = 1811.12 nm. Matano et al reported \,, = 1038
nm and A, = 1612 nm at 0.5 K in Cug3Bi,Ses [54]. Using muon spin rotation (uSR) spectroscopy, Krieger
et al obtained the effective penetration depth A ~ 1600 nm [55]. The penetration depth at 0 K we gain is
in good line with the reported results. The thermodynamic critical field is further determined by
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Figure 10. Temperature dependence of the superfluid density, n, = A2(T) / A72(0) for (a) in dirty limit, (b) in clean limit. Inset
shows the lower critical field versus temperature for CBS418 for H || ab. The solids lines represent fitting curves by equations (16)

Table 2. Physical parameters derived from the analysis of the superconducting transitions in M(T) under magnetic

field and initial M(H).
Sample Properties Units Values Remarks
CBS418 T. K 4.18
unglb L Oe 10.6(1) GL empirical formula, fitted by equation (10)
poHS! Oe 6.82(6)
Lo HEP! Oe 10.2(4) In dirty limit, fitted by equation (16)
o H! Oe 6.1(3)
ungf‘“ Oe 9.7(3) In clean limit, fitted by equation (14)
o H™! Oe 6.0(3)
alh 1.26(10) In dirty limit, equation (16)
al, 1.7(2)
alh 1.759 In clean limit, equation (14)
al, 2.029
Al meV 0.61(7) In dirty limit, equation (16)
Al meV 0.73 In clean limit, equation (14)
poH™® T 3.60
1oHS, T 222
dpH% /AT TK™'  1.20(4)
duoHS /AT TK™'  0.73(3)
JoH, Qe 211.23
r 1.62
Ea(0) nm 12.18
£.(0) nm 9.56
kY 97.05
KL, 126.58
AL nm 1541.57
Cu,Bi,Se; et nm ~1600 [55]
poH®% T 3.02
iz T 1.71
CuO‘ZgBist3 /Lng{) Oe 4.5 [43]
JoH, Oe ~167
Rab ~128
A} meV 0.52
al, 1.9
r 1.77

,uOHc -

Oe in Cu,Bi,Se; prepared by an electrochemical technique [43].

3.5. Superfluid density

\/ poH® 11oHP' / In k1, which yields 211.23 Oe at 0 K. This value is close to the reported value 167

To study the temperature dependence of the superfluid density #, (T), we have analyzed the poHi (T)

extracted in criterion I. The n, (T) is related to the A as well as equivalently the yioH.1, which is

10
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given by [56, 57]
N2T)  poHa (T)
A72(0)  poHa(0)

ne (T) = (13)

For an isotropic BCS superconductor in the clean limit, the n, (T') is given by [58]

> 3f(E)> E
J(T)=1-2[ dE( - , 14
() /A ( OE B2 — AX(T) (e

where f(E) = (1 4 e®/®T)~1 is Fermi distribution function, A(T) is the superconducting gap function, and
. . . _ E . . .
the quasiparticle DOS is N(E) = W In a good approximation, the gap function versus the

temperature can be expressed as [58]
A(T) = A, tanh{l.SZ[l.OlS(Tc/T— 1)]0‘51}, (15)

where A is the energy gap at zero temperature. According to the v model [59], the quantity o = A /kg T
is treated as an adjustable parameter in equation (15), and the BCS value in weak coupling limit is apcs =
1.764 [60]. In the dirty limit [43, 57], the n (T) is given by

A A
ns (T) = A(f) tanh ( 2ki?> . (16)

To find the difference of fitting parameters between the directly determined ,uOHC”f’ (T) (criterion 1) and
extrapolated uonlb’II(T) (criterion II), we plot the pyH 1 (T) for H || ab in figure 10. The fitted 10Hci (T)
curves by equations (14) and (16) are presented in insets of figure 10. The n, (T) is obtained by normalizing
1oHe1 (T). We find that while the values of pigH; for criterion II in the dirty limit are slightly larger than
those obtained by criterion I in the clean limit, the difference between the values of « derived from two
criterions is more than 20%. Independent of the fitting strategy, the obtained ! is always smaller than o/,
indicating the criterion for determination of poH,, has strong influence on the magnitude of Ay, i.e., the
paring strength. Here, we use the criterion I to evaluate the superconducting critical parameters. Moreover,
the previous reports on Cug 19Bi,Ses indicates the superconducting state is in the clean limit [15], which
also holds here. We obtain a! = 2.029 + 0.124, suggesting Cug 9Bi,Ses is a strong-coupling superconductor.
Our result from lower critical field measurements is in line with the conclusion as inferred from the specific
heat experiment in Cug,9Bi,Ses (o = 1.9) [43]. The physical parameters obtained in this work and
from literatures are summarized in table 2.

3.6. Electrical transport properties in superconducting and normal states
To reduce the effect of inhomogeneity, we have measured a smaller piece cleaved from the bigger one used
for the magnetic susceptibility measurement. Figure 11(a) shows the temperature dependence of the
in-plane resistivity p.(T) under zero field. Different magnitudes of excitations were applied to examine
whether the superconductivity is robust or filamentary. As seen in figure 11(a), we clearly observe there are
two superconducting transitions with the higher one (T!!) and the lower one (T%), similar to the magnetic
susceptibility measurements. This double T, phenomenon is reminiscent of the well-known intercalated
iron—selenides superconductor M,Fe,_,Se, (M = K, Rb, Tl) [61-63]. Actually, two systems share additional
common features such as the non-bulk superconducting phase and the intercalation induced
superconductivity. Interestingly, by applying high pressure [64], Sun et al discovered the reemergence of
superconducting phase with a higher T. up to 48 K in MFe,_,Se,. This high-pressure phase might be the
minority phase as observed in early reports at ambient condition [61-63]. In this context, it is worth
exploring whether the reemergent superconductivity with a higher T, exists in Cu,Bi,Se;. Recently, Zhou et
al reported the pressure-induced reemergent superconductivity with T, = 3.6 K at 6 GPa in its cousin
material Srgoe5Bi;Se; [65]. As seen in figure 11(a), by applying different excitations, T!! is still observable up
to 5 mA, indicating the robust superconductivity. In figure 11(b), we plot the current dependence of the
two T, values. By extrapolation to zero current limit, we identify two superconducting transitions occur at
around 4.2 K and 3.6 K, which are in consistent with the magnetic susceptibility measurements.
Furthermore, we evaluate the [ of CBS418 sample, which is critical to discern whether the specimen is in
the clean or the dirty limit. To evaluate this issue, we employ the slopes of upper critical field dpgH., /dT
near T, [47, 66], Sommerfeld coefficient ~, residual resistivity py. The relation between ~ and the poH, can
be found in the discussion section. In the dirty limit [66], the initial slope dugHce/ dT\Tc at T, is given by

dpoHe /dT|y, = —4.48 X 10*7p, (17)

11
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Figure 11. (a) Temperature dependence of in-plane resistivity under zero field with various excitations. The upper inset shows
the criterion for determining the T and T and the lower inset shows the enlarged view at low temperature region. (b) Two
superconducting transitions versus excitations with the dash line as guides to eyes.

where the dMOHCz/dT\TC is in unit of Oe K™!, 7 is in unit of erg cm™— K2 and py is in unit of 2 cm. Our
calculation shows duoH,/ dT|TC =0.25 T K™}, much smaller than the experimental values dgoH. ff / dT| T

= 1.20 TK " and duoHS,/dT|; = 0.73 T K~'. This suggests that the sample is not in the dirty limit.
In the clean limit [66], the ] can be calculated by the following relation:

1277}
9.55 x 102472TC>

—_— 18
| d,U/()ch/dT‘ Te ’ ( )

[=1.27 x 10* p()(

where [ is in unit of cm. For H || ab and H || ¢, we obtain I,,(l.) = 39.86(31.09) nm, which are larger than
the £,,(0) and £.(0), indicating our CBS418 sample is in the clean limit. Taking the &t = 0.97 nm™' [2], we
further estimate kg/ = 39, which is used as the quantity for parametrizing disorders [14, 53]. The value of
kgl is close to the lower critical Cu doping level for inducing superconductivity as prepared by
electrochemical synthesis route [18], implying the CBS418 sample is weakly disordered. This may be
important for observing a higher T since the strong disorders can suppress the T [14, 53].

3.7. Discussion

To find the behind reason why T, increases to 4.18 K in the CBS418 crystal, it will be helpful to estimate the
DOS from the poHc, and the 149H.. Due to the difficulty of measuring the heat capacity jump in non-bulk

superconducting Cu,Bi,Ses, we here indirectly estimate the electronic coefficient and the DOS at Eg by the
relation [67]

1
v = poHZ (0) /27T = g7r2k§N(EF), (19)

where s is the electronic Sommerfield coefficient. Using the parameters determined before, we obtain v, =
3.46 mJ] mol~! K2 and N(Eg) = 3.76 states/eV atoms spin~! per f.u., much larger than those of ambient
Cug,9Bi,Se; obtained from the specific heat measurement [43]. We infer the enhancement of e—p
interactions can account for the large DOS.

Before applying the BCS theory to further discuss the unusual ‘high T.” for Cug 9Bi,Ses, we have
examined if the adiabatic limit satisfies or not in Cu,Bi,Se;. The BCS solution is only a good description for
the systems in the adiabatic limit [68, 69], which requires the phonon energy /v must be much smaller
than the carrier relaxation rate /i/7, namely, wT < 1. To make such an estimation, taking the highest
phonon frequency Afg mode 175.4 cm™! at 3 K for Bi,Se; [70] and the scattering time 7 = 5.2 x 107! s for
Cuyg,5Bi,Se; [2], we obtain wT = 0.27 as an upper bound. This indicates the Cu,Bi,Se; is close to violate the
adiabatic limit for optical branch but is satisfied for acoustic branches due to its lower frequency in the
long-wavelength limit. A brief discussion on the enhancement of T, within BCS theory can be found in
supplementary material stacks.iop.org/NJP/22/053026/mmedia. Nevertheless, according to our calculation
of Er for Cu,Bi,Se; in the following, the Debye frequency (wp) [43] is actually comparable with the order
of the Ep, suggesting the antiadiabatic effect needs to be considered. If the optical phonons are at play in
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Figure 12. In-plane electrical resistivity versus temperature under zero field at low temperatures for CBS418. The solid line is a
fitof p(T) = py + A - T%

mediating superconductivity in Cu,Bi,Ses, the standard BCS theory has to be modified by including the
antiadiabatic effect [68, 71, 72]. Theoretically, Wan and Savrasov showed the phonon dispersions of
electron-doped Bi,Se; has an unusual large linewidth for both highest optical and acoustic phonons along
I'-Z direction [27]. In the antiadiabatic limit, the enhanced e—p interaction by optical phonons may be
crucial generating the unusual ‘high T, for Cug 09Bi,Se; although the acoustic phonon-mediated exotic
superconductivity cannot be fully ruled out [73]. In this context, further experimental and theoretical
efforts shall be made to clarify the unusual ‘high T, for Bi,Ses-based superconductors.

According to the discussion in supplementary material, the electron—electron (e—e) scattering dominates
over the e—p scattering at low temperatures for Cu,Bi,Se;. Actually, the evaluated values of
kpl > 1/27 ~ 0.16 for various Cu doping range (0.11 < x < 0.50) and k! > 0.16 in CBS418 sample
assures the Fermi-liquid description is appropriate [53, 74]. To further estimate the Kadowaki—Woods
(KW) ratio [75], A/~?, being a measure of the magnitude of the e—e correlation, we fit the p (T) data using
the simple formula, p (T) = po + A - T, to extract the e—e scattering contribution. As shown in figure 12,
the fitting yields po = 133.41(1) €2 cm and A = 0.003 63(7) €2 cm K2, For many heavy-fermion
compounds [75], the KW ratio is found to follow a universal value, A/v* = ay ~ 1.0 x 107>
182 cm mol? K? mJ~2, while for a lot of transition metals [76], A/7? ~ 4.0 x 1077 €2 cm mol? K2 m] 2 =
0.04a. Using the values of v, = 3.46 mJ mol~! K™%, we obtain A/y* = 30.3a,. At higher Cu doping region,
a larger KW ratio would be expected according to Kriener et al’s electrical transport and specific heat results
of Cup9Bi,Se; (a rough estimation yields A/+? ~ 180a,) [43]. We plot the KW ratios for various
compounds in figure 13. In a single-band quai-2D metal [77, 78], the coefficient A is given by

3,12 2

A (87r2ackB> <m3 ) . (20)

e?h’ ki

Taking the values of a = 4.143 A and ¢ = 28.636 A for Bi,Se; [17], m* = 0.194m, and ki (k&) = 0.97(1.26)
nm~! [2], we obtain A¥(A%) = 0.006 38(0.00290) 1€2 cm K2, which is consistent with the fitted value. This
indicates the quai-2D conduction feature in Cu,Bi,Ses, as is expected from its layered crystal structure.
Thus the 2D Fermi liquid dominates at low temperatures. From the analysis mentioned above, we infer that
the large KW ratio may either result from the anisotropy as proposed in Sr,RuQO, [79] or the proximity to
the charge density instability [7].

To classify the unconventional and conventional superconductors, Uemura et al plotted the T, versus the
effective Fermi temperature T% [80, 81]. For the heavy-fermion, high-T, cuprates, organics, doped fullerene
and other unconventional superconductors, the ratio T,/ T falls within the range of 0.01 < T./T¢ < 0.1.
Recently, it is reported that the ratios T,/ T for iron-based superconductors also lie in the similar range
[82-86]. For the 3D superconducting systems in the clean limit [80, 81], the Ty can be calculated by using
the equation

2 2 2/3
PR L)

2 m* 1)

While in the 2D case, one can convert the volume carrier density # into an areal density on the conducting
planes, n*° = n - d;y, where diy is the average inter-plane distance. Therefore, one can obtain the relation
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Experimental data beyond Cu,Bi,Se; was obtained from other literatures, including CDW materials [100, 101], oxides [79,
102-107], A-15 superconductors [104], heavy fermions [75, 107, 108], transition metals [76].

using the formula of non-interacting 2D electron gas

2D

ks T2 = (W) — (22)

Using our previously reported value of n and m* [2, 15], we calculate the T2 = 122.89 K, resulting in
T./T?P = 0.034, falling into the range of 0.01 < T./Ty < 0.1 for unconventional superconductors. We plot
T, versus T for various superconducting families in figure 14. This indicates the unconventional
superconductivity in Cu,Bi,Ses.

To further address the unconventional superconductivity in Cu,Bi,Ses, we also plot the T versus
A2(0), another alternative type of Uemura plot [80, 81], which is directly proportional to the ng/msx.
Before calculating the ratio, it is meaningful to mention another powerful technique, i.e., 4SR spectroscopy,
which is widely used to determine the A value [87]. The muon spin relaxation rate o is proportional to AB,
which is the inhomogeneous width of local fields. In general, the A is a function of the s, the m*, the £, and

the [, such as [80, 81]
1 47ne? 1

AB . 23
e ¥ 2 W 3)
In the clean limit, £ /I < 1, the relation becomes o o )\lz o -+ In detail, A(T) is related to the relaxation
rate by [87]

7(T) _ 4 06091
o A2( T)

(24)

where 7, = 27 x 135.5 MHz T~! is the gyromagnetic ratio of muon. Some of ratios in figure 15 for other
superconductors are obtained from equation (24). Taking the calculated A,;(0), an unprecedented value of
T./ A72(0) 22 9.86 is obtained for Cug goBi,Ses, again signifying the unconventional superconductivity. The
electronic parameters obtained in this work and from the literature are summarized in table 3. We note that
the ratio T./\%(0) has an apparent dependence on the magnitude of the disorders in superconductors like
NbN thin films [14]. In NbN, the phase fluctuations are proposed to be important for forming a pseudogap
state [14]. For Cu,Bi,Ses, we also find a similar trend according to the results reported by Kriener
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transition metal dichalcogenides NbSe, [80], layered cobalt oxide Nay 35C00,-1.3H,0O [82], quasi-skutteridite cubic
superconductors Ca;IrySn;; and Sr3IrySnys [110, 111], heavy fermions superconductors [80—82, 112], A-15 superconductor V3Si
[80], doped fullerene superconductor K;Cg [80], Chevrel-phase superconductors LaMogSg, LaMosSeg and PbMoSg [80, 81],
organic superconductors (BEDT-TTF), Cu(NCS), (BEDT) and (TMTSF),ClO, (TMTSEF) [80, 81], bismuthates superconductors
Ba;_K,BiOs [80, 81], high-T. cuprates [80, 81, 112], high-T. iron-based superconductors [82—86], noncentrosymmetric
superconductors [56, 57, 113, 114], conventional metal superconductors [81, 113], and *He [82].

et al [53]. With increasing kgl, although the T value increases, the ratio T,/ A72(0) tends to decrease but is
still larger than those of high-T. cuprates and iron-based superconductors. The large ratio T,/ *(0) was
also observed in LaMogSes [81] and in one-dimensional molybdenum cluster compounds Tl,MogSes and
In,MogSes [88], which may arise from the considerable anisotropy or the proximity to CDW instability.
Also, the Ba;_,K,BiO3 with maximum 7. = 34 K (x = 0.35) derives from a diamagnetic semiconductor
BaBiO; with the CDW [10], and the superconductivity occurs by suppressing the CDW through doping
and accompanying a cubic—tetragonal structural phase transition. The large ratio T./A™*(0) was also

reported in Ba; _,K,BiO5 [89-92].

Another factor to enhance the T./\7%(0) is the chemical doping, as demonstrated in SnTe. Before In
doping, SnTe is a superconducting narrow-band semiconductor with a low carrier density (1, up to 2 x

10! cm ™3, T. = 0.21 K) and the T./A"2(0) value is 0.03—0.15 [93]. However, the T, can be greatly

improved to 4.5 K by In doping despite the decrease of A(0) compared to SnTe [94]. Interestingly, the
T./ A2(0) for Sn;_,In, Te is enhanced to the range of 1.12—-1.60, implying the unconventional
superconductivity. Lastly, it is meaningful to compare with other unusual superconducting semiconductors
such as SrTiOs [93] and LasSey [95]. The latter one has a relatively high T largely depending on the
electron carrier density (. = 1.2 to 3.67 x 10*! cm 3, T, = 2.60-6.86 K). Both materials undergo a lattice
instability at low temperatures. For instance, La;Se, has a lattice instability at 60 K, where a structure
distortion from cubic to tetragonal occurs [96], while the same crystallographic change takes place at 110 K
in SrTiO; [93]. It implies the higher T, and larger T./\~2 (0) shall be relevant to this lattice distortion.
Altogether, the route of tuning the disorders or the chemical doping in semiconductors can be adopted to
search more exotic superconductors.
Experimentally, the small negative susceptibility in Cugg9Bi,Se; indicates the very weak magnetic
correlations. One can further estimate the decrease of DOS from the x(T) by the following relation:

Ay = Ax - (mks)’/ (topds) -

(25)

15



10P Publishing

New J. Phys. 22 (2020) 053026

Y Fang et al

102

T.(K)

10"t

,
i ’

) Cu,,Bi,Se > ﬁ o=l , ’

c-axis =

| 00 ¢

Jlc-axis

D e X Em D0 = 0 @R

[ V]

>

>

Cu,Bi,Se,

Cu, ,,Bi,Se, (PW)
a-Bi,Pd

Bi,Pd

SnTe

Sn,_InTe

1x x
GeTe
La,Se,
SrTio,
NbSe,
MoTe,
Cu,TiSe,
IrO.QSPtO 05Te2
Na, ,,C00, 1.3H,0
(CalSr),Ir,Sn,,

13

Ce,,Yb,Coln, (0<x<0.5)
LaMoS,

LaMo Se,

PbMo,Se,

TI,Mo Se,

T By | R A ‘
- c-axis
m® caxis .\%63,' B8 | ?}/ @ -
P et
\0§ ! P> , ’

e R .

100+ . A p i

In,Mo,Se,

Ba, KBiO,
BiS,-based system
La-214

Y-123

Bi-2223
Sry.La,,CuO,

097701
(Nd,Pr)-214
(La,Nd,Pr,Ce,Ca)-1111
Li-111
(Ba,K)-122
(Fe,Te,Se)-11
Nb
Pb
Al
Ta
Re,Ta
Nb, .Re, o,

0.18
Mo,P
BeAu
Nb, .Os,
ReZr
NbN

10" a K |
,'~0.008

-
’ ’

10" 10°

10" 102 10°
A(0)? (nm™)

i
°
o
<=
]
[ 1]
~
VYV V70000000t 0@ VvV

Figure 15. Plot of T, versus A72(0). The data of Cug,gBi,Se; were extracted from our magnetization measurement, and other
data points of Cu,Bi,Se; were obtained from magnetization and ;SR measurements in previous reports [53, 55]. The data of
various materials were obtained from other reports, including putative topological superconductors «-Bi,Pd and 3-Bi,Pd [109,
115], doped superconducting topological crystalline insulators Sn;_,In,Te [94], superconducting semiconductors SnTe, GeTe,
SrTiO; [93] and LasSe, [95], bismuthates superconductors Ba;_,K,BiO5 [89-92], layered BiS,-based superconductors of
Bi;O4S; and LaOy 5 FysBiS, [116—118], layered transition metal dichalcogenides NbSe,, MoTe,, Cu, TiSe, and Iry 5 Pty s Te,
[119—-122], layered cobalt oxide Nag 35Co0O,-1.3H,0 [123], quasi-skutteridite cubic superconductors CazIr,Sn;; and Sr3IrsSnis
[110, 124], Chevrel-phase superconductors LaMosSs, LaMogSes and PbMogSg [81], one-dimensional molybdenum cluster
compounds Tl,MosSes and In;MogSe [88], high-T. cuprates [80, 81, 125—-130], high-T. iron-based superconductors [83—-85,
131-142], noncentrosymmetric superconductors Re;Ta [57], Nbg ;sReq s> [143], NbgsOs5 [114], RegZr [144], Mo P [113], and
BeAu [145], thin films of transition-metal nitrides NbN [14, 91], heavy fermions superconductors UPt,, UBe;3 and
Ce;_,Yb,Colns [146—148], and conventional metal superconductors [82, 119].

The change of the x across the charge density anomaly transition can be calculated by the following
relation:

Axpaui = (1.370 x 107°) x 2.359AN (Ep) = (3.23183 x 10 °)AN (Ep), (26)

which yields AN(Eg) = 0.072 99 states per €V f.u. for H || ¢ and 0.006 16 states per eV f.u. for H || ab. This
indicates the strong anisotropy of the FS. The previous results from the ARPES [29] and quantum
oscillations [97] showed that the Cu,Bi,Se; has a 2D cylinder FS with high carrier density. This potentially
brings the FS nesting. As is well known, the FS nesting could be a crucial ingredient for the CDW [98],
which again enhances the e—p interactions. In a previous theoretical work, Wan and Savrasov proposed
there existed a strong FS nesting at small wave vectors q along the I" (000) — Z(mt7t7r) direction in Cu,Bi,Se;
[27], which could greatly enhance the e—p coupling constant A. Actually, with increasing the carrier density,
the FS exhibits a tendency to become a 2D-like one [29]. In principle, the FS nesting can assist the
formation of CDW state [98]. However, the strong spin—orbit coupling and/or the e—p coupling shall also
be considered for the origin of the charge density anomaly in CBS418 [8, 99]. In any case, the nature of the
observed charge density anomaly needs to be further clarified, which is believed to relate to the ‘high-T.
superconductivity in doped topological insulators.
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Table 3. Electronic properties of CBS418 sample in present work (PW).

Properties Units Values  References
m e 0.194 [2]
ks nm™! 0.97 [2]
e / ki 13 2]
Ly nm 39.86 PW
I nm 31.09 PW
kgl ~39 PW, [2]
Acsp. 12 cm K2 0.00363(7) PW
AL uf2 cm K2 0.006 38 PW
Az 1 cm K2 0.002 90 PW
Tz K 122.89 PW, [2]
T./ TP 0.034 PW
Vs mJ mol~! K2 3.46 PW
N(Eg) states/eV atoms spin’1 per fu. 3.76 PW
Vs mJ mol ! K2 1.95 [43]
N(Eg) states/eV atoms spin’1 per fu. 1.34 [43]
T/, (0) K pm—2 9.94 PW
Te/A4(0) K pm2 10.24 [55]

4. Summary and conclusions

To summarize, we report the investigations of the physical properties of Cugg9Bi,Se; single crystal with
To™et = 4.18 K. According to the magnetic susceptibility, a charge density anomaly at 96 K was observed.
This leads to a conjecture of the possible coexistence of charge density wave and superconductivity in Cu
doped Bi,Se; topological insulator. We determined the poHe (T) and pioHe (T) from the magnetization
curves for Cug g9Bi,Se;s. In the clean limit, the pyH(0) was extracted to be 6.0 Oe for H || ab. The
experimental energy gap ratio was Ay /kgT. = 2.029 + 0.124, indicating it is a strong-coupling
superconductor. From electrical transport measurements, the 2D Fermi liquid behavior is found at low
temperature and a high Kadowaki—Woods ratio is determined to be A/~? = 30.3a,. Furthermore, we
revealed an unprecedented high ratio T,/ A72(0) 22 9.86 with A (0) = 1541.57 nm as well as a high ratio of
T./T# = 0.034 as comparable to those of high-T. cuprates and iron-based superconductors. These results
demonstrate the unconventional superconducting mechanism in Cug9Bi,Ses according to Uemura’s
regime. Finally, we propose the enhanced T up to 4.18 K results from the increased density of states at Ep
and the strong electron—phonon interaction induced by the charge density instability. Our results suggest
the higher T in Cu,Bi,Se; could be further achieved by gating-technique or high pressure technique, as
realized in iron—selenides superconductors.
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