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Utilizing infrared spectroscopy, we study the charge dynamics of the topological superconductor candidate Sr,Bi;Ses.
The frequency-dependent reflectivity R(w) demonstrates metallic feature and the scattering rate of the free carriers de-
creases with temperature decreasing. The plasma edge shows a slight blue shift upon cooling, similar to the behavior of
Cu,BiySes. As the carrier concentration n obtained by Hall resistivity increases slightly with the decreasing temperature,
the effective mass is proved to increase as well, which is in contrast with that of Cu,BipSes. We also perform the ultra-
fast pump-probe study on the SryBi;Se; compounds. Resembling its parent compound Bi;Ses, three distinct relaxation
processes are found to contribute to the transient reflectivity. However, the deduced relaxation times are quite different. In

addition, the electron-optical-phonon coupling constant is identified to be A = 0.88.

Keywords: topological superconductor, infrared spectroscopy, ultrafast spectroscopy

PACS: 74.70.-b, 78.30.j, 78.47 .jg

1. Introduction

In recent years, topological superconductors (TSCs) have
attracted a great deal of attention due to their great signifi-
cance in both fundamental research and potential application
in quantum computing.l'="1 A TSC can have a full gapped
superconducting bulk state together with a topologically pro-
tected gapless surface state. Majorana quasiparticles, which
is crucial to the future fault-tolerant quantum computer, are
believed to exist in the surface state of TSCs.[1% Up to date,
searching for TSC materials is still an important task since
there are only a few candidates discovered.

In 2010, Hor et al.!'!! found that superconductivity could
be realized in the layered topological insulator Bi;Ses by Cu
intercalation. The obtained Cu,Bi;Ses was soon proposed to
be a topological superconductor with a full gap and an odd-
parity paring symmetry by theoretical calculation.>!?! Exper-
imentally, a zero-bias conductance peak expected for a topo-
logical superconductor was observed by point-contact spec-
troscopy, possibly due to Majarona fermions.!'3! Although
a scanning tunneling microscope measurement suggests that
Cu,Bi,Se; is a conventional s-wave superconductor,[14] fur-
ther investigations demonstrate that it is more likely to be
caused by an odd-parity superconductivity with a cylindrical
Fermi surface.!'>] More importantly, a twofold symmetry of
the superconductivity is broadly identified by a large number
of angle-resolved experiments in spite of its threefold symmet-
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ric lattice, which provides strong bulk evidence on the topolog-
ical superconductivity.!'®!”) Similar behaviors are revealed in
the Srl'8-231 and Npl3-24-20] doped Bi;Ses; as well, and this
spontaneous rotational-symmetry breaking or nematicity was
found to persist even above the superconducting transition
temperature in Sr,BiySes, inferring the underlying connection
between nematicity and unconventional superconductivity.

So far, there are still a lot of controversial issues in un-
derstanding the superconductivity in M,Bi,Se; (M = Cu, Sr,
and Nb). Among them, Cu,Bi;Ses is very sensitive to air
and intrinsically inhomogeneous, so it has a rather low su-
perconducting volume fraction (~ 56%).1>”1 In contrast, the
Sr,Bi>Se; compound exhibits excellent stability in air®>® and
has a much larger shielding volume fraction (~ 91.5% at
0.5 K),?1 therefore it is more extensively studied. Addition-
ally, although Sr,BiySes; hosts the lowest carrier density (~
10! em™3), its superconducting phase transition temperature
(~2.9 K)[?8:3% j5 very close to that of Cu,Bi,Ses (~ 3.8 K)[!]
and Nb,Bi;Se; (~ 3 K). In this paper, we use infrared spec-
troscopy and ultrafast pump-probe technique to study the op-
tical responses of Sr,BiySe; in both equilibrium and non-
equilibrium state. We find a very slight blue shift of the plasma
edge, which is associated with the simultaneous variation of
the concentration and effective mass of the itinerate carriers.
In addition, the electron-phonon coupling strength is yielded
by our time resolved measurements.
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2. Experimental

Single crystals of Sr,BirSes; for nominal concentrations
x = 0.20 were synthesized by the flux method.”®! The ob-
tained crystals were easily cleaved with a silvery shining
mirror-like surface. The typical dimensions of the obtained
single crystals are about 3 x 2.5 x 0.5 mm?>, as shown in the
inset of Fig. 1(a). The x-ray diffraction (XRD) measurements
were conducted along the basal plane and the results are shown
in Fig. 1(a), which indicate the samples are of high purity and
the surface is along the (00/) plane.

The temperature-dependent resistivity p(7') and magneti-
zation M were measured in a Quantum Design physical prop-
erty measurement system (PPMS), as shown in Figs. 1(b) and
1(c). The resistivity p(T') decreases with temperature decreas-
ing in the normal state. It begins to drop dramatically at around
2.85 K and approaches zero at around 2.6 K, remarking the
superconducting phase transition. A diamagnetic signal was
observed in the magnetic susceptibility at the same time. The
large residual resistivity value of ~ 110 and the narrow su-
perconducting transition width both indicate the high quality
of our single crystalline samples. Hall effect measurements
were also performed in the PPMS with the temperature rang-
ing from 300 K to 2 K in perpendicular magnetic fields up to
+9 T. In the case that the orientation of the Hall electrode is
not applied strictly perpendicular to the direction of the cur-

rent in the basal plane of Sry;BiySes single crystals, the Hall
resistivity is defined as py, = [pxy(+B) — pxy(—B)]/2, where
Pxy(+B) and p,,(—B) are the Hall resistance measured by in-
creasing and decreasing the magnetic fields, respectively.

Infrared spectroscopic studies were performed on the as-
grown shinny surfaces of Srg,BiySes single crystals with a
Bruker IFS 80V in the frequency range from 30 to 25000 cm ™!
and as a function of temperature. In the measurement of
frequency-dependent reflectivity R(w), either gold or alu-
minum coating techniques are adopted in order to eliminate
the impact of microscopic surface textures of the single crys-
talline compound. The real part of the optical conductivity
o1() is derived through the Kramers—Kronig transformation
of the reflectivity R(®), which is extrapolated by a Hagen—
Rubens relation to zero at the low frequency end, and x-ray
scattering functions®!! for the high energy extrapolations.

Ultrafast optical pump-probe spectroscopy of SrgBirSes
was performed between 4 and 150 K. In this study, we used a
femtosecond Ti:sapphire amplifier as the light source for probe
beam, which can produce an 800 nm pulsed laser at 1 kHz rep-
etition. The pump beam with a wavelength of 400 nm is ob-
tained through the ultraviolet frequency doubling BBO crystal.
The 100 fs time duration of the laser pulses enables ultrashort
time-resolved measurement. The pump intensity was set to be
~ 2 wJ/cm? and the probe intensity was 10 times lower.
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Fig. 1. (a) XRD pattern of Srg2Bi,Ses single crystal. The inset is a photo of the single crystal. (b) The resistivity p(T') as a function of
temperature in the range of 1.8-3.4 K. The inset shows the resistivity p(7T') as a function of temperature in the 0-300 K range. (c) Magnetization

M as a function of temperature in the 0-20 K range.

3. Results and discussion

The frequency-dependent reflectivity R(®) is displayed
in Fig. 2(a). It can be seen that R(®) approaches unit at low
frequencies and increases with decreasing temperature in the
far infrared region, showing a typical metallic response. As the
frequency increases, R(®) drops rapidly and reaches a min-
imum around 790 cm~! at 300 K, which is usually called a
“screened” plasma edge. The sharpness of the plasma edge
indicates a good metallic property while the small edge min-
imum corresponds to a low carrier density. According to a
previous report,3?! the reflectivity of Bi>Se; and Cu,Bi>Se;
displays plasma edges as well. Their edge minima locate at

around 550 cm~! and 1150 cm™!, respectively. The inter-

mediate value for Srg,Bi;Se; obtained in our measurements
demonstrates that the Sr intercalation has indeed introduced
free carriers into the parent compound Bi;Ses, but not as much
as Cu doping.

As shown in Fig. 2(b), the real part of the optical con-
ductivity o] shows a Drude component at the low energy
The

zero-frequency conductivity increases upon cooling, consis-

range, reflecting the metallic nature of Srg,BisSes.

tent with the behavior of the resistivity p(7'). Moreover, the
Drude component becomes more sharp as temperature de-
creases, indicating the reduction of the scattering rate of free
carriers. To qualitatively study the evolution of the physical

properties, we decompose the real part of the optical conduc-
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tivity o7 according to the Drude—Lorentz model:
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where @, and Y are the plasma frequency and scattering rate
of the itinerate carriers, while @;, ¥; and S; are the resonant
frequency, damping and strength of the jth Lorentz oscillators,
respectively. The first term on the right-hand side of Eq. (1) is
the Drude component modeling intraband transitions of free
electrons while the second Lorentz term describes interband

A representative example of the fitting results of o} (®)
at 10 K is plotted in the inset of Fig. 2(b), where one Durde
and four Lorentz terms are employed. The four interband
transitions, centered at 5300 cm~!, 8000 cm™!, 12640 cm ™!,
and 23920 cm™!, are basically temperature independent. It is
worth noting that these four Lorentz peaks located very closely
to that of Cu,Bi;Ses, which suggests that the band structure of
the parent compound BiySes is quite stable against doping,
providing a solid platform to realize topological superconduc-
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Fig. 2. (a) Reflectivity of Srp,Bi,Ses single crystals in the frequency range of 0-1500 cm~! at different temperatures. The inset shows
the reflectivity in the frequency range of 0-25000 cm™!. (b) The real part of the optical conductivity ¢; and (c) the energy loss function
Im[—1/€(®)] of the Srp,BiySes single crystal. The inset of (b) shows the real part of the optical conductivity o in the frequency range of

0-25000 cm ™! at different temperatures.

Among the fitting parameters, the plasma frequency ®,
is related to the itinerate carrier density n and effective mass
m* by @ = 4xne? /m*. A value of 1674 cm™! was obtained
by our Drude—Lorentz fitting, which is almost temperature in-
dependent within the error margin. Note that this value is an
order of magnitude smaller than most of the conventional met-
als, indicating a much lower carrier density. In order to cap-
ture the variation of the plasma frequency with temperature
more precisely, we calculate the frequency-dependent energy
loss function Im[—1/&(®)], as shown in Fig. 2(c). The peak
position of the energy loss function can reflect the screened
plasma frequency a)l’p = Wp/ /€, wWhich shifts from 640 cm™!
at 300 K to 670 cm~! at 10 K.

Shifts of plasma frequency were also observed in the
Bi,Se; and Cu,BipSe; materials. BirSe; shows a red shift
and Cu,Bi,Se; exhibits a blue shift with temperature decreas-
ing. The redshift of Bi;Se; was ascribed to the decreasing
carrier density, which is caused by the reduction of thermal
excitations. However, Hall experiments reveal that the carrier
density of Cu,Bi;Se; remains unchanged with temperature
decreasing,®! so Tao and coauthors attributed its blueshift to
the reduction of effective mass, induced by the shift of Fermi
level relative to the band structure. In order to verify whether
the blueshift of Sr,BiySe; shares a similar underling mecha-
nism with Cu,BiySes, we performed the Hall resistivity mea-

surement on Sr,BirSes.
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Fig. 3. The carrier concentration and Hall coefficient versus tempera-
ture. The upper inset is a photograph of the sample and the lower inset
shows its Hall resistivity versus applied magnetic field at different tem-
peratures.

As plotted in the inset of Fig. 3, the Hall resistivity is
proportional to the applied magnetic field B in the range from
—9 T to 9T at all selective temperatures. The negative slope
indicates that electrons are the only type of dominated car-
riers. As temperature decreases, the Hall coefficient Ry de-
creases monotonically. According to Ryy = —1/ne, the carrier
concentration 7 increases from 1.74 x 10" cm™3 at 300 K to
3.07 x 10" cm~3 at 2 K. It is well known that the chemical po-

2 kgT
-

where Ef is the Fermi energy and kg is the Boltzmann con-

tential is related to temperature by (7)) = Eg]

stant. When EF. is relatively low, which works for Sr,Bi,Se;
due to its small carrier density, the increase of temperature
could lead to a downward shift of the chemical potential. Since
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the carriers are mainly electrons, the lowering of chemical po-
tential at higher temperatures may give rise to a reduction of
the carrier density.

Now that we know the values of carrier concentration n
and the screened plasma frequency a)l’,, the evolution of effec-
tive mass m* with temperature could be obtained. The ratio of
m™ from 300 K to 10 K is estimated to be about 0.625, which
indicates an increase of m* upon cooling. By comparison, the
effective mass of Cu,BiySes was reported to decrease from
m* = 0.4215m, at 300 K to m* = 0.3888m, at 10 K, which
was ascribed to the change of dispersion near Er. Adopting
a plasma frequency @, = 1674 cm~! and a carrier density
n=3.03 x 10! cm™3, the effective mass of Srp.»BiySes at
10 K is calculated to be 0.970m., which is much larger than
the value of Cu,Bi;Se;. As the carrier density of Srp,BizSes
is very close to that of Bi;Se3 and much smaller than that of
Cu,Bi;Ses, the Fermi level of Sr,BiySes is supposed to be
much closer to that of Bi;Ses. Especially, the effective mass
of Srg,BiySe; nearly approached the static electron mass m,
at4 K, suggesting that the Fermi level locates near a parabolic
band. Considering that there are multiple conduction and va-

lence bands near the Fermi level located at different momen-
tum positions in the Brillouin zone, there may be a thermal re-
distribution between bands with different effective masses, as
proposed by Park et al. 331 The differences between Sr,BisSes
and Cu,Bi)Ses reveal the complexity of the band structure
near the Fermi level.

In order to get more information about the bulk band
structure of Srp;BipSes, we also performed ultrafast pump-
probe measurements. Figure 4(a) shows the photoinduced
reflectivity AR/R in long (main panel) and short (inset)
timescales at room temperature. Its overall profile highly re-
sembles that of the parent compound BisSes.?*3] First of all,
two strong oscillations could be resolved. The slow one with
a frequency lower than 0.1 THz is almost temperature inde-
pendent and most likely resulted from the coherent longitu-
dinal acoustic phonons. The second fast oscillation located at
Wyt = 2.17 THz at room temperature, which is slightly higher
than that observed in BiySes (2.15 THz), inferring the struc-
ture modulation caused by the Sr intercalation. Furthermore,
a very gentle softening of wy,s With temperature increasing is
illustrated in Fig. 4(c), owing to the thermal effect.
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Fig. 4. (a) The transient reflectivity AR/R of Srg>BisSes at room temperature over long (main panel) and short (inset) timescales. (b) The
fitting results of AR/R at 4 K. The black and red solid line represent the experimental and fitting data, respectively. The three dotted lines are
the three exponential functions used for fitting. The red arrow marks the kink shown in the rising edge. (c) The frequency of the fast oscillation

as a function of temperature.

The transient reflectivity AR/R displays a sharp rise per-
sisting until 0.5 ps, which is much longer than most conven-
tional semiconductors and metals (~ 300 fs).3) According to
the two-temperature model, this process is usually governed
by the thermalization of carriers through electron—electron

37,38

interactions. [37-38) Especially, a kink can be resolved at around

0.3 ps, indicating more than one relaxation channels. Follow-
ing the procedure used to deal with the parent compound, >4
we find that the non-oscillating part of our data can be well
reproduced by three-exponential decay as well. The fitting re-
sults at 4 K are shown in Fig. 4(b).

Similar to BiySes, one negative amplitude A, and two
positive amplitudes A; and Az are yielded by fitting. The
first (third) relaxation channel is assigned to be governed by
the couplings between the excited quasiparticles and opti-
cal (acoustic) phonon modes in BiySes, whereas the second
one is suggested to be related to the defect-induced charge

trapping.[**! Here, we believe these three channels work for
Sro2BixSes as well, due to their remarkable similarity. How-
ever, the corresponding relaxation times of Srg,BiySes are
identified to be 7 = 0.095 +0.01 ps, 7, = 0.154+0.02 ps,
and 73 = 0.80 £0.05 ps, which are quite different from the
values for the parent compound (7; = 0.11 £0.02 ps, 7» =
0.32+£0.03 ps, and 73 = 2.3 +0.2 ps). It is worth remark-
ing that the fitting values of the parameters depend partly on
the choices of initial values, and the above results are the best
outcome we could obtain.

In time-resolved ultrafast spectroscopy, it is well
known that the thermal relaxation rate (yr = 1/7) for
the excited quasiparticles returning back to local equilib-
rium state via electron-phonon interaction satisfies yr =
3nA Q%) ks T,1333%1 where A is the electron—phonon cou-
pling constant, and 2 is the phonon frequency, and kg is
the Boltzmann constant, and T¢ is the electron temperature
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after photo-excitation. Since the relaxation times 7; and
73 are mainly determined by the electron-phonon coupling
process, their smaller values compared to the parent com-
pound indicate that both the electron—optical-phonon cou-
pling and electron—acoustic-phonon coupling are enhanced by
the Sr doping, which agrees well with the results of Raman
measurements. [*°] At the same time, Sr doping will introduce
more defects into the system, which may probably lead to de-
crease of 7.

Since the fast oscillation observed in our measurement is
very close to the optical Ay, mode,**#?I we can obtain the
electron-optical phonon coupling constant by adopting Q2| =
2.22 THz at 4 K. The quasiparticle temperature 7. could be
calculated by

2(1—R)F =
T2 — ek 2
L + kvls € 9 ( )

T. =
where R = 0.56 according to our infrared spectroscopy results;
ky = kpy represents the specific heat capacity coefficient per
unit volume with k& = 0.1 mJ/mol/K>!'7! being the heat ca-
pacity coefficient and p, the mole density; I = 2.3 pum!*3
is the penetration depth; and z is the distance from the sam-
ple surface. We obtain 7. = 118.3 K with 7T} = 4 K, us-
ing the lattice constant @ = 4.1369 A and ¢ = 28.598 A.[28]
With the above values of T; and 7; = 0.095 ps, we can derive
M <.le> = 1.71 x 10?° Hz? and the electron—phonon coupling
constant A; = 0.88, which could be useful in determining the
underlying superconducting mechanism.

4. Conclusion

In summary, we have performed infrared spectroscopy
and ultrafast time-resolved optical spectroscopy on the topo-
logical superconductor candidate Srp;BiySes. The equilib-
rium optical response of Srp,BiSes is characterized by a
slight blue shift of the plasma frequency with temperature de-
creasing. As the carrier density is demonstrated to increase
upon cooling by Hall measurements, the effective mass is
proved to show a similar trend, which is different from the
behavior of Cu,BiySes. Since the Fermi level of Srg,Bi;Ses
is lower than that of Cu,BirSe; and closer to the conduc-
tion band minimum, we believe this difference is caused by
the complex band structure near the Fermi level. Our non-
equilibrium measurements reveal three relaxation channels
in Sr,BiySes, similar to the spectra of its parent compound
Bi,Ses. However, the relaxation times are quite different due
to the change of electron-phonon coupling strength and intro-
duction of defected by Sr doping. We also obtain the electron-

optical-phonon coupling constant A = 0.88.
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