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Abstract

Pressure-induced superconductivity has been widely explored and observed in Bi,Ses-based
topological materials to hunt for topological superconductors. Although their triggered
superconductivity has a close connection to their pressure-induced structural phase transitions,
the quest for the electron pairing mechanism of these superconducting semiconductors in both
their initial rhombohedral and high-pressure phases remains unknown. In this work, we present a
systematic study of the pressure effect on superconducting properties and lattice dynamics using a
combination of electrical transport, Raman-scattering, and synchrotron x-ray diffraction
measurements using diamond anvil cells. One key finding is our observation of a cooperative
connection between the strength of the electron—phonon interaction (EPI) generated by optical
branches and the pressure-tunable superconductivity in rhombohedral Sr,Bi,Se; crystal. The
underlying suppression mechanism of the T, by pressure is ascribed to the weakening of the
electrons’ interaction with the optical phonon modes in the rhombohedral phase. In the
intermediate monoclinic phase, the T, value underwent a sharp increase with carrier density
accumulation accompanying the concurrent enhanced EPI. This is intuitively unusual since it is
expected that the EPI shall be weakened by inducing more conducting carriers in a normal metal.
In the tetragonal phase, the superconductivity is interpreted within BCS theory, since it is fully
metallized and obeys the adiabatic Born—Oppenheimer approximation well. Our findings are
important to fully understand unconventional superconductivity and the unusual pairing
mechanism in the layered rhombohedral Bi,Se;-based superconductors.

1. Introduction

The electron—phonon interaction (EPI) is practically and fundamentally important to understand the
underlying mechanism of condensed matters [1-3], such as thermoelectricity [4], superconductivity [5-7]
and charge-density wave [8, 9]. In conventional BCS superconductors, the EPI is responsible for the
formation of Cooper pairs [10], i.e. the bosonic bound states of electrons that are realized by the exchange
of longitudinal acoustic phonons. Nevertheless, the observation of superconductivity in doped
semiconductors and semimetals challenges the classical BCS pairing regime. The main underlying difficulty
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is that the charge-carrier density in these materials is commonly low, thus, involving a low Fermi energy Ef,
which is comparable or even smaller than the characteristic phonon frequency (wp) [11-14]. This causes
the so-called antiadiabatic limit of EPI (wp/Eg > 1), namely, the energy and momentum relaxation of
electrons is slow relative to wp. The dominant electron—phonon scattering mechanisms will involve
long-wavelength phonons (g — 0) as expected [1], given that the carriers in semiconductors or semimetals
are typically confined within a narrow energy range near Er. However, it was recently argued that the
electronic states away from the Fermi surface (FS) could dominantly contribute to superconductivity
pairing in some low-carrier density superconductors [12]. Thus, the pairing mechanism of low-carrier
density superconductors remains a challenging and debated issue [11-14].

Pressure is an effective and clean tool to tune the structural and physical properties in various matters
[15, 16], providing helpful insights to unravel the nature of emergent quantum states. Recently,
pressure-induced superconductivity has been explored and observed in amounts of tetradymite topological
materials, including Bi,Se;-based [17-19], Bi, Tes-based [20-24], Sb,Te; [25], and other alloyed materials
[26-28] during the search for topological superconductors [29, 30]. In addition, the pressure effect on the
T. and superconductivity was also reported in topological superconductor candidates M,Bi,Se; (M = Cu,
Nb, Sr) [31-34]. Basically, one common feature is that the occurrence of superconductivity involves the
pressure-induced structural phase transitions (SPTs). However, the pairing mechanism is rarely discussed
despite the unconventional feature of pressure-induced superconducting phases being proposed [17, 21]. In
this context, the polar p-wave pairing state is suggested for the ambient phase and high-pressure phase in
Bi,Ses-based superconductors, as depicted by the unusually large upper critical field and its quasi-linear
temperature dependence [17, 31, 33]. This is difficult to interpret by single-band orbital-limited
Werthamer—Helfand—Hohenberg (WHH) theory [35]. The polar p-wave superconductivity seems to be
able to capture the main feature of the upper critical field versus temperature for Bi,Se;-based
superconductors [17, 19, 28, 33, 36]. However, according to our recent reports in Nb,Bi,Se; [37], we cannot
ignore multiband superconductivity scenario to explain the unusually large value of the normalized upper
critical field. At ambient conditions, a multiband gap in the superconducting state was recently observed in
the Sr,Bi,Se; and Nb,Bi,Se; superconductors [38, 39]. Using angle-resolved photoemission spectroscopy
(ARPES) [40], Han et al showed that the Sr,Bi,Se; superconductor is a weakly electron-doped
semiconductor by Sr dopants. For instance, the carrier density of Sr,Bi,Se; is only in an order of
~10' cm™ but the T, is as high as 3 K [41, 42], which classifies it as one of the low carrier-density
superconductors. The resultant low Fermi energy makes the conventional BCS theory inappropriate for
interpreting the pairing mechanism in rhombohedral M,Bi,Se; superconductors [11, 43].

While the pressure suppresses the T, values in Sr,Bi;Ses [32, 33], interestingly, Zhou et al reported the
pressure-induced reemergence of 3.6 K superconductivity at around 6 GPa [33]. The reemergence of
superconductivity was ascribed to the SPT from the low-pressure rhombohedral (R3) to high-pressure
monoclinic (C2/m) phase from the XRD patterns [33]. Nevertheless, the pressure-induced reemergence of
superconductivity is not confirmed in another study [44]. To the best of our knowledge, the reemergence of
superconductivity is not unique, and has been observed in other multiband FeSe-based superconductors
[45—47]. While ruling out the appearance of a SPT in pressurized (Li,_.Fe,)OHFe,_,Se [47], it was
reported that the reemergence of the second high T, superconducting phase is concomitant with the
enhancement of electron-carrier density, indicating an electronic origin, e.g. the pressure-induced FS
reconstruction.

As a topological superconductor candidate, the origin of the reemergence of superconductivity and the
nature of the high-pressure superconducting phase in Sr,Bi,Se; remains elusive. In this work, we aim to
clarify the underlying mechanism of the pressure effect on the T, and explore the possible ‘glue-boson’ for
the superconducting pairing electrons in pressurized Sr,Bi,Ses crystal. For instance, which type of phonon
correlates the superconducting state. Utilizing electrical transport and Hall effect measurements, we
confirmed the reemergence of superconductivity with an electronic rather than structural origin. Further,
we extracted the physical parameters for the high-pressure phases. Based on these results, we discuss the
nature of the superconductivity for the high-pressure phases. BCS theory can explain the superconducting
properties of the monoclinic and tetragonal phases. However, this is not the case in rhombohedral phase,
which violates the adiabatic limit due to its low-carrier density. Using Raman-scattering, we found
compelling evidence of the strong correlation between the strength of the electrons coupled with optical
phonons and the superconducting transition temperature. Our results indicate that the pairing is probably
mediated by optical phonons, which agrees with the theoretical regimes for the low-carrier density
superconductors proposed by Kozii et al [11].
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2. Experimental methods

A single crystal of nominal Srj1,Bi,Se; was grown by melt method. The source materials with a
stoichiometric composition of high-purity metals Sr (2N), Bi (5N) and Se (5N) lumps were loaded into an
evacuated ampoule. All the operations were completed in an Ar-filled glovebox with an oxygen and water
level below 0.1 ppm. The growth was carried out by slowly cooling the mixture from 1148 K to 900 K at a
rate of 2.5 Kh™! in a box furnace. After growth, the crystals were annealed at 900 K for more than 24 h and
then quenched.

High-pressure electrical transport measurements were carried out using the standard four probes
method under van der Pauw configuration in a commercial DynaCool PPMS (QD) [48]. A nonmagnetic
BeCu diamond anvil cell (DAC) was used to generate high-pressure conditions. The thin crystals were
loaded into a BeCu-DAC with a diamond culet of 300 m (sample size of ~80 x 80 x 20 um?). Four pieces
of thin platinum foil were utilized as the contacts. Nonmagnetic BeCu alloys with a thickness of 250 ym
were used as a gasket, and the pre-indented hole was covered by cubic boron nitride (C-BN) as an
insulating layer. The samples were put onto the soft NaCl pressure transmitting medium (PTM) with a
small ruby ball sitting inside.

The high-pressure synchrotron angle-dispersive XRD of the Srj1,Bi,Se; powder was measured at
16BM-D station (photon energy 30 keV), High Pressure Collaborative Access Team, advanced photon
source. A symmetrical Mao-Bell DAC was used to generate high pressure. Mineral oil was used as a PTM.
The raw two-dimensional (2D) XRD images were integrated into 1D reflections versus two-theta angles
using DIOPTAS [49]. The distance between the sample and detector, and its set-up parameters was
calibrated using standard CeO,. The XRD patterns were further analyzed by Rietveld refinement using the
GASA program package with the user interface EXPGUI [50, 51].

The high-pressure Raman-scattering spectra were measured in a Raman microscope spectrometer
(Renishaw, UK) with 633 nm He—Ne laser excitation. A symmetrical Mao-Bell DAC was used to generate
high-pressure and mineral oil was used as the PTM. The pressure in all measurements in this work was
determined from the standard ruby fluorescence at room temperature [52].

3. Results and discussions

3.1. Reemergent superconductivity and superconducting properties
As shown in figures 1(a) and (b), the as-grown Sr,Bi,Ses crystal has a superconducting transition at around
2.8 K, which is consistent with other reports [41, 42]. However, for the exfoliated thin flake for DAC
measurements, the superconducting transition becomes lower (T ~ 2.5 K) and the resistance also shows
only a very small drop at 0.28 GPa (not shown). Moreover, the resistivity increases significantly compared to
bulk crystal. We attribute it to the decrease of the mobility of thin flake Sr,Bi,Ses. For the bulk crystal, the
extracted values of the Hall coefficient and mobility at 300 K (20 K) under the ambient pressure were —0.37
(—0.25) cm3/C and 1284.5 (1057.9) cm? V! s71. As seen in figure 2(b), the Hall mobility has around a
one order of magnitude decrease for the thin flake. Similar behavior has been observed in the exfoliated thin
flakes of Bi,Se; [53] and Nb,Bi,Se; [37]. With applied pressure, the in-plane resistance, R,(T'), of the
Sro.12Bi,Ses crystal shows a pronounced increase below 4.8 GPa under different temperatures. One
interesting behavior is the appearance of a hump in R,,(T') curves in the pressure range of 0—17.1 GPa with
decreasing temperature, as shown in figure 1(a). The hump temperature tends to shift toward high
temperature as loading pressure, as indicated by arrows in figure 1(a). This hump might be related to the
synergetic contribution of the topological metallic surface state and bulk insulating state to the
conductance, as demonstrated in other tetradymite topological insulators [27, 54, 55]. Nevertheless, given
the fact that Srg 1,Bi,Se; sample is a heavily doped semiconductor, the normal state electrical conduction
should be largely dominated by the bulk state and the sizable surface contribution is thus not expected.
Another feature is the occurrence of a resistivity minimum at low temperature, which is widely observed in
tetradymite topological insulators [27, 33, 54, 56], but no consensus has been reached on the origin of this
minimum. Unlike Cu,Bi,Se; [57-59] and Nb,Bi,Se; [37], we found the Ry (T) in Sry 1,Bi;Se; bulk crystal
shows an unusual nonlinear concave increase down to 10 K at ambient pressure, in good agreement with
previous reports [41, 42], implying that conductivity is involved in complicated multi-relaxation rates. This
may indicate a multiple electronic band structure [60, 61], reminiscent of the case in Nb-doped Bi,Se; bulk
crystals [37, 60].

As shown in figure 1(a), the R.(T) starts to decline dramatically above 4.8 GPa and decreases until the
pressure reaches 40.6 GPa. At 7.7 GPa, a small resistance dip at around 2.57 K is observed, signaling the
appearance of superconductivity. At 10.4 GPa, the resistance drop percentage increases for the growing
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Figure 1. (a) Temperature dependence of in-plane resistance R, (1) under different pressures. (b) Selected R(T) curves at low
temperature. Note that bulk crystal was used for ambient measurements while cleaved thin flake for high pressure measurements.
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Figure 2. (a) Hall resistance as a function of applied magnetic field at 300 K under different pressures for Srj ,Bi,Se; thin flake.
Inset shows the enlarged view of the negative slope of Ry, (B) up to 40.6 GPa. (b) Pressure dependence of Hall coefficient and
mobility at 300 K and 20 K.

superconducting region. Thus, our results confirm the reemergence of superconductivity in Sr,Bi,Ses
reported by Zhou et al [33]. At 17.1 GPa and above, the resistance drops sharply to zero, suggesting a bulk
superconducting state was achieved.

To probe the underlying changes in the electronic band structure, we measured the Hall effect at
different pressures under van der Pauw configuration. As shown in figure 2(a), the Hall resistance (Ry,)
versus the applied field (B) at 300 K shows a linear field dependence with negative slopes. This indicates the
dominant electron-type (n-type) carriers up to 40.6 GPa. The symmetrized R,, (B) was obtained by the
subtraction of the difference in Hall resistance at positive and negative fields to eliminate the longitudinal
contribution [37, 48], and the Hall mobility 14y was determined accordingly. Figure 2(b) shows the Ry and
g as a function of pressure at 300 K and 20 K. On one hand, the Ry;(P) shows a similar increase to the
loading pressure below around 6.4 GPa (300 K), like Bi,Ses [17, 56]. On the other hand, the curvature of
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Ry (P) between the Sr-doped and pure Bi,Se; seems to be different, i.e. concave and convex for the two
systems, respectively. This reflects the contrasting electronic band structure of Sr,Bi,Se; induced by Sr
dopants. However, a sharp decrease occurs above 6.4 GPa, reaching a minimum at around 7.7 GPa, above
which it increases quickly and attains saturation when P > 30.8 GPa. In contrast, a decrease of Ry (P) is
reported in transition metal-doped Cug30Biy1Se; up to 2.31 GPa [31] and Nbg;Bi,Se; up to 7.6 GPa [37].
Meanwhile, the ji;;(P) below 7.7 GPa at 300 K shows a clear V-shape character with a valley at around

6.4 GPa, above which a dramatic increase occurs. This signals an abrupt change of the FS topology.
According to our previous investigations on Nby ,5Bi;Se; [37], the observed electronic anomaly in
Sro.12Bi;Ses at around 6.4 GPa is likely attributed to the pressure-induced FS reconstruction. Here, we must
emphasize that the electronic anomaly observed in pure Bi,Ses at around 8 GPa originates from the SPT
supported by the appearance of new reflections in XRD patterns [56]. However, it is attributed to the
isostructural electronic anomaly in Srg1,Bi,Ses. As discussed later in sections 3 and 4, our synchrotron XRD
and Raman-scattering measurements rule out any SPTs below 11 GPa. Benefiting from the slight increase of
electron-carrier density induced by Sr doping, the Fermi level is demonstrated to be lifted up compared to
pure Bi;Se; [40]. This potentially causes more than one electronic bands cross the Fermi level, thus making
Sr,Bi,Ses possess a multiple band feature. The unusual nonlinear convex increase of Ry (T') further supports
that multiple bands are at play in Sr,Bi,Se; bulk crystals, which is also shown in references [41] and [42].

The upper critical field versus temperature B,(T') has been reported in previous reports both at ambient
pressure [42, 62—64] and at high pressures on Sr,Bi;Se; bulk crystals [32, 33]. A clear upward feature in
B (T) for B || ¢ can be seen in previous reports [32, 42, 62—64], yet it is not well addressed. In our sample,
we also observed a similar upward inflection at ambient in B, (T) for B || c. Nikitin reported the B, (T')
data for B || ab below 2.15 GPa under hydrostatic pressure, and the inflection is still observable but weakly
suppressed by pressure [32]. Zhou et al also investigated the B, (T) behavior of Srg o5 BizSes crystal at
19.5 GPa [33], and found quasilinear B.,(T) when approaching to T. This behavior observed in
Bi,Se;-based superconductors is described in terms of polar p-wave superconductivity [17, 19, 28, 33, 36].
As the FS approaches the Brillouin zone boundary [65], the b*(0) is also found to be much enhanced over
the value for the isotropic FS. Here, the b* (¢) is defined by (B, /T.)/|dBe/ dT\TC. This also accompanies a
significant upward curvature near the T.. Recently, using ARPES and quantum oscillation techniques, the
bulk FS of Sr,Bi,Se; is proposed to be a quasi-2D cylinder at I' point with increasing carrier density [66]. As
for its counterpart Cu,Bi,Ses, it is also reported that the FS evolves from the ellipsoidal FS at low carrier
density (~10' cm™?) to 2D-like cylindrical FS at high carrier density (~10%° cm~?) [67]. This potentially
provides the possibility of the inflection in B, (T) and enhanced b*(0) originating from the anisotropic FS
regime. However, recent STM measurements indicate there are two superconducting gaps in the Sr,Bi,Se;
superconductor at ambient conditions [38]. Consequently, the multiband superconductivity seems likely to
be responsible for the inflection in B,(T) and the enhanced b*(0) for Sr,Bi,Ses.

To investigate the magnetic field effects on superconductivity more quantitatively, we measured the
suppression of superconductivity by external fields at high pressures. Figures 3(a) and (b) show two
representatives at 21.3 GPa and 40.6 GPa. Here, the T, value under magnetic field is defined as the cross
point of the linear extrapolation of data points in normal state and superconducting transition, as seen in
figure 3(a). The B (T') can be determined plotting the T'. dependent magnetic field, as shown in
figure 4(a). The sharp superconducting transition at 0 T indicates the homogeneous high-pressure phase
and the external fields suppress the superconducting transition gradually to lower temperatures. We plot the
B (T) and the normalized b* (¢) curves in figure 3(b), which also include the ambient B, (T') data from
other reports for comparison [62—64]. To obtain B, (T) at 0 K, we fitted the B, (T) data with the modified
Ginzburg-Landau (GL) relation [37], B&" (T) = B&-(0)[(1 — ) /(1 + tz)]nGL, where n¢; is a constant. All
B (T) data can be well fitted, and the yielded parameters are plotted in the inset of figure 4(a). The fitted
BSE(0) is close to the experimental data at the lowest temperature, indicating the modified GL formula is a
good approximation for extracting the B.,(0) values. Two key features are revealed in figures 4(a) and (b).
Firstly, an upward inflection behavior is consistently observable in the ambient B,,(T') data for all the data
points, which is indicative of multiband superconductivity. The upward inflection in B, (T") manifests in
various layered multiband superconductors, such as NbSe, [68], MgB, [69], and FeSe [70]. Note that the
multiband feature is also supported by the observation of an unusual nonlinear concave increase in Ry (7T')
for the Srg1,Bi;Se; bulk crystal. Recently, we also observed multiband superconductivity in pressurized
Nby.25Bi;Se; crystals [37]. Secondly, all the normalized b* (t) values exceed the b* (t) = 0.693(0.727) given
by the orbital-limited WHH formula in the dirty (clean) limit [35, 71].

Actually, the electron mean free path [ under pressures was evaluated to verify the pressurized crystal is
in the dirty limit. Assuming a spherical FS, the mean free path can be estimated by | = %, which is in
the range of 0.31-1.12 nm. These values are much smaller than the coherence length (§ = 9.01-9.77 nm),
supporting the dirty limit situation. Unlike in Nby ,5Bi,Ses crystals [37], no clear multiple band feature
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characterized by non-linear Ry, (B) or a switch of charge-carrier type is observed in the Hall effect
measurements for pressurized Sr1,Bi,Ses crystals. Therefore, we cannot totally rule out other sources of
enhancing b*(0) like the anisotropic FS [65]. Overall, given the polar p-wave model or WHH model in
single band regime do not yield the upward inflection feature of the b*(#) for an isotropic FS, multiband
superconductivity is a plausible explanation for the unusually large values of b*(0) in Bi,Ses-based
superconductors. The results of two-band fitting on B.,(T) at ambient pressure, 26.0 GPa and 36.3 GPa
were given in the supplementary materials (https://stacks.iop.org/NJP/23/083011/mmedia), which further
supports the multiband superconductivity scenario.

We now turn to discuss the B, (0) and the slope [dB,/dT/|;, versus pressure to get more qualitative
insights into the superconducting properties. To start with, it is noted the Bc, (0) o< T2 /v holds for the
isotropic gap single-band superconductor [71]. By including the orbital limited WHH formula,

B2 (0) = 0.693T|dB,/dT|r. in the dirty limit [35], or B2 (0) = 0.727T|dB,/dT| . in the clean limit
[71], one easily finds the relation § = |dBe, /dT|;_/Tc o< 1/vf for a single-band superconductor [71], where
v is Fermi velocity. For isotropic FS [71], the Fermi velocity is given by vp = [2E} /7*h*N(0)] o3 .
As shown in the insets of figure 4, a dramatic drop is observed in B, (0) and an apparent jump in
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|dBc;/dT|;_ /Tc near the Tc above 30.4 GPa. Also, the second slope above the inflection field further
supports the occurrence of a jump, and the criterion for determining the second slope can be found in
reference [37]. This strongly signifies the reconstruction of FS, which has the origin of a first-order
structure phase transition as demonstrated in section 3. More quantitative analysis on the superconducting
parameters can be found in supplementary materials, which has discussed the pressure evolution of the

lower critical field B.;(0), thermodynamic critical field B.(0), electronic specific-heat coefficient ~,, density
of states N(Er) for Srg 1,Bi>Ses.

3.2. Normal state properties

In previous studies [17, 19, 26-28, 32, 33], the normal state properties of the high-pressure phases are
rarely explored in Bi,Se;-based topological materials. However, the study of the normal state properties can
also provide useful information to fully understand the unusual superconducting mechanism at high
pressures. Since we have already discussed the ambient and low-pressure phases, we mainly focus here on
the high-pressure phases with bulk superconducting state between 17.1 GPa and 40.6 GPa.

We began by checking the electrical transport behavior above but not far from the superconducting
transition, namely, below 50 K. Representative in-plane resistivity py (T) curves are plotted in
figures 5(a)—(f). To unveil the possible non-Fermi liquid behavior, which widely exists in unconventional
superconductors [47], we fitted the p (T) data at low temperature using p (T) = po + A - T" between 10 K
and 30 K, where 7 is the exponent. For Fermi liquid, #n = 2 is expected. The fitting results indicate that the n
values range from 1.97-2.43, evidencing the dominant Fermi liquid behavior.

To study the change of coefficient A as a function of pressure, we refitted the p,, (T) data by fixing
n = 2. The results are summarized in figure 5(g). While the residual resistivity drops smoothly, a sharp
drop is observed in A between 26 GPa and 30.8 GPa. For heavy fermion compounds, doped
insulators/semiconductors, and semimetals [72, 73], the A coefficient is connected to the effective mass m*
by A oc (m*)*. The drop of A implies the dramatic decline of the effective mass. Since the Hall coefficient,
equivalently the carrier density, simultaneously increases across the pressure from 30.8 GPa to 40.6 GPa, this
will cause a decrease in the product of S o 1/12 oc (m* /n'/)2. However, this is apparently contrary to the
experimental result, which shows a clear increase of Vi};, as displayed in the inset of figure 4(b). Therefore,
the simple single band scenario is inadequate to interpret the superconducting properties in the pressurized
Sro.12Bi,Ses crystal, hinting the multiband superconductivity.

Moreover, by fitting the normal state p., (T) with broader temperature range using the
electron—phonon scattering Umklapp processes model and the Bloch—Griineisen model (see supplementary
materials), the pressure dependence of resistivity determined Debye temperature was obtained. This enables
us to evaluate the electron—phonon coupling constant A using McMillan’s formula [74],

A= (173"2;;’)” Iﬂl(r(’a(f/”l/' i;lTSji)Lo 1> with a typical value of 1" = 0.13. The results show A < 1, indicating an

intermediate coupling strength for the Srg1,Bi,Se; at ambient and high pressures.
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Figure 6. (a) Selected angle-dispersive XRD patterns at high pressures at room temperature. Symbols of * and # marks the new
reflections. (b) Representative Rietveld refinement profiles for Srj,Bi,Ses at (a) P = 0.8 GPa, (b) P = 18.6 GPa, and (c) P =
48.4 GPa.

3.3. Synchrotron x-ray diffraction
It is known that the Sr,Bi,Se; crystal crystallizes into a rhombohedral structure (R3m, No. 166, CN = 6)
like parent Bi,Se; [41]. To understand the pressure-induced superconductivity, a series of synchrotron XRD
patterns were measured, as displayed in figure 6(a). We observed two SPTs occurring at around 11 GPa and
20 GPa. According to the previous studies on Bi,Ses [75], SrBi,Se; [33] and Nb,Bi,Se; [37], we further
confirm that two high-pressure phases of Sro 1,Bi,Ses can be identified as monoclinic (space group: C2/m,
No. 12, CN = 7) and tetragonal (space group: I4/mmm, No. 139, CN = 8) phases. Using the GASA
program package with a user interface EXPGUI [50, 51], we refined the XRD patterns for Srq1,Bi,Se;
powder and the representative Rietveld refinement profiles at P = 0.8 GPa, P = 18.6 GPa, and P =
48.4 GPa, which are plotted in figures 6(b)—(d). Hereafter, we designate the rhombohedral, monoclinic, and
tetragonal phases as the R, M, and T phases, respectively. A series of XRD patterns, refined lattice
parameters, the lattice parameter ratio of ¢/a for R phase, and the volume V/Z versus pressure are plotted
in figures 7(a)—(c). The ratio of ¢/a reaches a broad minimum between 4.6 GPa and 7.6 GPa, above which a
jump appears. This contrasts with Nb,Bi,Se; [37], where the ¢/a undergoes an abrupt drop between 4.9
and 5.4 GPa.

To compare the compressibility with the R phase, we plotted the V/Z versus pressure for the R, M, and
T phases in figure 7(c). The P — V/Z data was fitted using the second-order Birch—-Murnaghan equation of
state (Eos) [76]. The best fitting yielded bulk modulus K}, = 61.0(2.9) GPa, its first derivative K;" = 4(fixed)
and volume V} = 142.6(6) A® at ambient pressure for the R phase; K" = 74.7(16.4) GPa, K, = 4(fixed)
and V{" = 131.3(3.8) A3 for the M phase; and K} = 76.6(4.0) GPa, K; = 4(fixed) and V} = 126.3(1.2) A>
for T phase. The volume collapse at the two SPTs is estimated to be 6.42% and 4.62%. In layered materials,
the minimum of ¢/a is commonly attributed to the electronic topological transition (ETT) [75, 77-79].
Recently, we reported the evidence of pressured-induced ETT in the R phase of Nb,Bi,Se; crystal [37],
where the hybridization of Nb—4d orbital states and Bi/Se—p orbital states near E is at play [39, 60, 80].
According to the first-principle calculations [37], the minimum of ¢/a can be ascribed to the reconstruction
of FS at around 5 GPa benefiting from the lifted Fermi level. We believe a similar transition exists in the
Sr,Bi,Ses crystal, where the Fermi level is also lifted due to electron doping by Sr dopants [40]. With
increasing pressure around 4.6 GPa, the FS reconstructs. Our results indicate the minimum of ¢/a may
signal an ETT when the Bi,Ses crystal becomes an electron-doped semiconductor by Sr or Nb doping. With
applied pressure, the superconductivity is proposed to be associated with the electronic transition at around
7.7 GPa and the SPTs of R — M and M — T above 12 GPa.

3.4. Raman-scattering
Raman-scattering is a powerful tool to investigate the lattice dynamics of the Raman-active optical phonons
at the I point [79, 81-88]. Unlike other quantum materials involving magnetic ordering transitions and/or
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Figure7. (a) Pressure dependence of lattice parameters for the R phase, M phase, and T phase. (b) Ratio of ¢/a versus pressure
for R phase. (c) Volume per formula unit V/Z versus pressure with the EoS fitting indicated by lines.

SPT at low temperature [86, 88], the present studied Sr,Bi,Ses topological material shows no magnetic
ordering or SPT with a function of temperature at ambient pressure [41, 42]. This makes it an ideal system
to perform an investigation of the pressure effect on the EPI by Raman-scattering, which is definitely
helpful for understanding the pairing mechanism in Bi,Ses-based superconductors. For this reason, we
carried out the Raman-scattering measurements of the bulk superconducting Sr,Bi,Ses crystal to probe the
lattice dynamics at high pressure.

Figures 8(a) and (b) are the pressure dependencies of selected Raman spectrum and the Raman shift
(w(P)). The Raman frequencies are extracted by fitting the spectra using the Lorentzian function. A
representative at 6 GPa can be found in figure 9(a). In the R phase, according to group theory analysis
[37, 79, 89, 90], there are four Raman-active modes (2A,4 + 2E;). Experimentally, three of the Raman
modes, A%g, Eé, and A2, were clearly assigned above 50 cm ™', as shown in figure 8(a). Bottom insets of

1g>

figure 8(a) sketch the corresponding atomic vibration for A{g, Eé, and A%g modes. Briefly, the A, and E,

modes denote the out-of-plane and in-plane phonon vibrations. The Eé and A%g modes are characterized by
the in-phase vibrating for Bi—Se; pairs while the opposite-phase is the Eé and A%g modes. Further, one can

estimate the Griineisen parameter using relation vg = —j %‘;3 = —% d;}‘)“ , yielding v = 2.16, 1.79, 0.95
for the Aj,, E;, and A7, modes, respectively.

Similar to BiSes [79], we observed a slope change at around 5 GPa of the three Raman modes in the R
phase for Sr,Bi,Ses, as indicated by the arrows in figure 8(b). According to our previous investigation in
Nb,Bi,Ses [37], the origin could be totally different due to the additional electrons doped by Sr. Under
pressure [37], the Fermi level shifts down, which may potentially cause an ETT. We will further address this
issue in the discussion section. To uncover the pressure-induced electronic anomaly in R phase [37, 91], we
also plotted the full width at half maximum (FWHM) versus pressure in figure 8(c). Overall, the FWHM of
the three phonon modes shows a decrease tendency below 6 GPa. For the A%g mode, an apparent minimum
occurs at around 6 GPa while the minimum is not well defined for E; and Aj, modes (see also the second
run in supplementary materials). The compression rate change of Raman shift and the reached minimum
of FWHM agree with the structural anomalies assigned by XRD, where the ratio of ¢/a arrives at a broad
minimum between 4.6 GPa and 7.6 GPa.

Above 11.0 GPa, additional types of phonon frequencies occur, signifying an SPT from the R to M
phase. This type of pressure-induced change in the Raman phonon modes is commonly observed in
Bi,Se;-based materials [37, 79]. Details of the group analysis and assigning the Raman modes can be found
in previous reports [37, 79]. As shown in figure 9(b), all the Raman-active modes are observed with a clear
blueshift at high pressure above 11 GPa. The four lowest phonon frequencies with symmetry of By, A,, B;,
and A? are not detected, and their response to pressure remains unknown. The Raman line shape fit was
done using the Lorentzian function.
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Lorentzian function.

With further increasing pressure, the Raman peaks broadened and weakened more. Above 30 GPa, the
phonon frequencies could be fitted by four main frequencies, as shown in figure 9(c), indicating that the
second SPT of the M — T phase had completed. The Raman peaks of the T phase were still observable at
39 GPa in Sr,Bi,Se; but barely detected in Nb,Bi,Se; [37]. This is reasonable since the carrier density at
around 40 GPa for Nby »5Bi,Se; is more than two times higher than that of Sr,Bi,Se; at room temperature,
which makes its electrostatic-screening more complete. According to the group theory analysis, a total of 15
lattice dynamical modes at I' point (g = 0) are classified, including three acoustic modes composed of one
A, mode and a twofold-degenerated E, mode. The left are composed of 12 optical modes with irreducible
representations expressed by I' = 2A;, + 2A,, + 2E, + 2E,, in which the E-symmetry modes are
twofold-degenerated. This indicates there are four Raman-active modes (244 4 2E;) with even-parity and
four infrared-active modes (2A4,, + 2E,) with odd-parity. As shown in figure 9(c), the four Raman modes
are clearly assigned by fitting the spectrum using the Lorentzian function.

3.5. Discussions and implications on the pairing mechanism

As seen in figure 10, we summarized the pressure dependence of the T, and Hall carrier density ny
including previously reported results [32, 33]. The reemergence of superconductivity is confirmed in the R
phase. However, the T, increases quickly to its maximum rather than with a sudden jump, as observed
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before [33]. Above 11 GPa, the ny; tends to increase up to 40.6 GPa, and the fast increase between 26.0 and
30.8 GPa signals the SPT of the M — T phase. Interestingly, below 11 GPa, an anomalously small dip in ny
at 300 K seems to occur between 6.4 and 7.7 GPa, which coincides with the broad minimum of ¢/a, as seen
in figure 7(b). This decrease seems to correlate to the reemergence of superconductivity in the R phase.
Both our synchrotron XRD and Raman scattering rule out any SPTs below 11 GPa, so the reemergence of
superconductivity has its own origin but not the SPT of the R — M phase. The abrupt pressure-induced
change of ny at around 6.4 GPa indicates an FS reconstruction, probably an ETT, as observed in the
pressurized Nb,Bi,Se; crystal [37]. According to the order of nyy and pup; during Srg 1,Bi,Ses crystal
compression, we infer that the M phase and T phase are more like a semimetal and metal, respectively. This
speculation is supported by our transverse magnetoresistance (MR) measurement, shown figure S5 in the
supplementary materials. In an ordinary metal, the relation of low-field orbital MR is given by

Ap/p(0,T) = [p (B, T) — p(0, T)] /p(0, T)  (weT)?, where w. = eB/m" is the cyclotron frequency, m* is
the effective mass of the charge carriers, e is the electrical charge, and 7 is the scattering time. Since

7 = m*/npye* and . = et /m*, then the MR is expected to have a quadratic dependence on the product of
uB, namely, Ap/p(0, T) o< (uB)*. The Sr,Bi,Se; crystal is actually an electron-doped degenerated
semiconductor [40], which has metallic behavior with decreasing temperature. The magnitude of MR in a
low magnetic field is sensitive to the order of carrier mobility at a constant field, so the relation of

MRT < MRM < MRR is expected for the T, M, and R phases. This is verified by the transverse MR data
shown in figure S5, which is consistent with the Hall mobility data in figure 2(b). By establishing the
distinguished electronic features for the three phases, their possible superconducting mechanism can be
discussed in more detail.

First, we discuss the superconducting mechanism in the T phase of pressurized Sr1,Bi,Ses crystal. As
shown in figure 10, the ny has a gradual increase above 30.8 GPa. Meanwhile, the T.(P) shows a decrease
trend simultaneously. The weak suppression of the T, in the T phase can be naturally explained by BCS
regime. Importantly, the superconductivity of this phase fully satisfied the adiabatic Born—Oppenheimer
approximation (BOA) [92], w/Er < 1, for the theory of acoustic phonon-mediated superconductivity
[10, 11, 82, 93]. To verify this, we calculated the effective mass by the expression m* = 3h*v/ (Vimolkjks)
[59], yielding m* = 0.50, 0.81, and 0.93 m. for 30.8, 36.3, and 40.6 GPa. The Fermi energy Er was
calculated to be 10.16, 7.42, and 7.76 eV, assuming a free electron gas approximation. This results in
w/Ep = 2.66 x 107%,3.71 x 1077, and 3.63 x 10~° by taking the highest frequencies of the A}, mode, and
ensuring the validity of the adiabatic BOA for the T phase. According to BCS theory [3, 10], the T is given
by T. = 1.140p exp [— 1/N (EF) Vo] for a phonon-mediated superconductor in weak coupling limit with
N (Er) Vo = A — u*, where V) is effective electron—electron interaction potential containing an attractive
part from EPI and a repulsive electron—electron contribution. On one hand, by fitting R..(T) curves in
normal state (see supplementary materials), we could evaluate the change of Op with pressure, i.e.
increasing from 143.13 K at 30.8 GPa to 166.13 K at 40.6 GPa. On the other hand, the increase of ny; is
expected to result in a decrease of EPI strength for the more complete electrostatic screening. In principle, a
concurrent decrease of \ is effective enough to rebalance and suppress the T due to the dominant exponent
term for diminishing T, value. Using McMillan’s formula [74], the A was calculated to decline from 1.04 at
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30.8 GPa to 0.93 at 40.6 GPa, indicating intermediate coupling superconductivity. The weak suppression of
the T, was also observed in the T phase of the pressurized Nby,5Bi,Se; crystal [37]. Combining with
McMillan’s formula, the pressure dependence of the T, can be estimated by

din T./dIn V = (—Ky/T.)dT./dP = [—fyG +A-(dlnn/dlnV+ 2’yc;)] [37, 74, 94], where

o = —dIn{w)/dIn V is the Griineisen parameter, A = 1.04\(1 + 0.38u*)/[A — " (1 + 0.62))]?, and

1 = N (Ep) <Iz> the Hopfield parameter [95]. Using the bulk modulus Ky = 76.6 GPa by XRD, dT./dP ~
—0.07(2) K/GPa (30.0 GPa < P < 36.3 GPa) [33], we obtained dIn T./dIn V = (—K,/T.)dT./dP = 0.70.
Adopting dInn/dIn V &~ —1 for the s-electron or p-electron metals [94, 95], and inserting A = 1.04, yields a
Griineisen parameter of 75 = 1.01 for Srg1,Bi;Ses, less than the T phase of pressurized Nby 25Bi;Ses (75 =
2.22) [37] but nearly equal to Bi,Se; (75 = 1) [17]. In comparison with other materials, this value is
smaller than those of the transition metals (y5 ~ 2 for Nb) [95], MgB, (75 = 2.36) [94], and Bi,Te (g =
1.9-4.38) [24], but comparable to graphite v = 1.06 (E%g mode) [96].

Secondly, we discuss the superconducting mechanism in the M phase, which is more like a semimetal.
By fitting R(T) curves in normal state (see supplementary materials), we evaluated the change of ©p with
pressure in the M phase, i.e. decreasing from 173.4 K at 17.1 GPa to 134.4 K at 26.0 GPa. However, the
increase of nyy observed in the M phase hints at the weakening of EPI intuitively [82]. This would result in
severe suppression of the T. with increasing pressure, which is contradictory to our experimental
observation. Therefore, the fast pressure-driven increase of the T, is unusual in the M phase. While loading
pressure from 11.0 to 26.0 GPa, we observed that the N (Ef) increases from 1.70 states/eV-atoms spin per f.
u. at 17.1 GPa to 1.99 states/eV-atoms spin per f. u. at 21.6 GPa, followed by a slight decrease to 1.91
states/eV-atoms spin per f. u. at 26.0 GPa. Further, we calculated w/Er = 3.68 X 1072, 2.57 x 1072, and
1.29 x 102 by taking the high frequencies of the Ag mode, and ensuring the adiabatic BOA was still valid
for the M phase. According to BCS theory [10], the increase of N (Ep) is also effective enough to rebalance
and increase the T, due to the dominant exponent term for improving the T value. Again, using
McMillan’s formula [74], the A was calculated to increase from 0.83 at 17.1 GPa to 1.10 at 26.0 GPa, which
also indicates intermediate coupling superconductivity in the M phase. As discussed below, the unusual
enhancement of EPI is also evidenced by the increase of the asymmetric Fano parameter 1/ |g| versus
pressure.

Before discussing the pressure-induced suppression and reemergence of superconductivity in R phase,
we need to qualitatively evaluate the strength of the EPI as a function of pressure using Raman-scattering
[2]. This can be done by fitting the Raman lines with the standard Fano function [83, 84, 87, 97, 98], which
has been commonly adopted to interpret the asymmetric Raman line shapes in semiconductors and
superconductors. More details on the fitting can be found in references [43, 83, 84, 87, 97, 98]. The
representative fitting profiles by Fano function are shown in figures 11(a)—(e). In our previous study of
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Raman-scattering at low temperature [43], we established that the relation, 1/ |q| = (7VT./T,)p(w), is
satisfied in the low-carrier density Sr,Bi,Se; superconductor at ambient pressure, where g is the
asymmetrical parameter, V is anharmonic coefficient describing the electron—phonon coupling matrix
element, T, and T}, are the Raman matrix elements, and p(w) is the joint density of states of the electronic
continuum. Note that this relation is also satisfied and adopted in FeSe-based superconductors [84], which
have reported the enhancement of EPI by electron correlation and p(w) plays a crucial role in determining
the T.. Unlike the M and T phases, the R phase of Sr,Bi,Ses is an electron-doped semiconductor. Due to the
layered structure and low-carrier density [43], we calculated w/Ep = 2.78 (Tr = 89.45 K in a 2D limit
using effective mass m* = 0.24m,) by taking the high frequencies of the A%g mode at ambient pressure

[42, 43, 99]. In addition, using another criterion for validity of BOA, wT < 1, it is demonstrated that

wT = 0.75 for A%g mode [43]. This indicates the Sr,Bi,Ses system violates or is at least close to violating the
adiabatic BOA, namely, the antiadiabatic limit is potentially at play in the R phase. The similar situation is
also demonstrated in its counterpart, the Cu,Bi,Se; (T. = 4.18 K) superconductor [100]. From this aspect,
the traditional BCS theory may be inappropriate for describing the superconducting pairing mechanism in
the R phase of the Sr,Bi,Se; superconductor. Other schemes need to be considered for electrons pairing
driven by electron—boson coupling, such as the strong interaction of electrons coupled with the optical
phonons [13, 14].

Using Raman-scattering, we demonstrate the optical phonons may indeed play a part in the occurrence
of superconductivity in the R phase. To examine the relation between 1/ |q| and T, we extracted the Fano
asymmetric parameter 1/ |q| as a function of pressure, as plotted in figure 12. Intriguingly, we observed a
‘W’-shaped relation of 1/ |q| versus pressure. The fast suppression of 1/ |g| by pressure implies the joint
density of states declines dramatically, and consequently, the EPI strength decreases. As seen in figure 10, the
suppression of the T to 0 K is extrapolated to around 3.5 GPa by Niktin et al [32], which coincides with the
first minimum of 1/ |g| at around 3.5 GPa. With further increasing pressure, the 1/ |g]| starts to increase and
tends to evolve with pressure distinctively at around 5 GPa between Aig mode and the other two modes,
above which the 1/ |g| value of A}, mode exceeds those of the other two modes. This distinct evolution in
1/ |q| versus pressure evidences the occurrence of ETT, as observed in the electrical transport and
synchrotron XRD data. Above 5 GPa, the 1/ |q| increases again especially for the A}, mode, signaling the
increase of EPI. This might be relevant to the reemergence of superconductivity of 3.6 K at around 6 GPa
observed by Zhou et al [33], and in this work. In our sample, the reemergence of superconductivity is
observed at 7.7 GPa, which is somewhat higher than Zhou’s result [33]. Around 7 GPa, the 1/ |q| begins to
decrease, suggesting the decrease of EPI. Meanwhile, the T, shows ‘V’-shaped behavior between 6.0 and
11.5 GPa. Approaching the R — M phase boundary, the fast increase of 1/ |q| suggests the lattice instability
can enhance the EPL. It should be pointed out that, the overall feature of pressure dependent Raman shift,
FWHM, and 1/ |g| can be well repeated in the second run measurements, as seen in the figures S6 and S7 of
the supplementary materials. Although the high pressure Raman-scattering data were collected at room
temperature, we believe that the behavior of 1/ |q| versus pressure can be a good reference to that of the R
phase at low temperature because there is no SPT down to 10 K for ambient Bi,Se; [101]. Overall, the
behavior of 1/ |g| versus pressure matches the observed T,(P) for the R phase well, supporting the positive

13



10P Publishing

New J. Phys. 23 (2021) 083011 M Lietal

correlation between EPI and superconductivity. Our results show that the pairing glue can be alternatively
mediated by optical phonons, as is theoretically proposed for the low-carrier density superconductors [11].
From a quantitative analysis (see supplementary materials), we demonstrate that the Srj ;,Bi,Se;
superconductor at ambient pressure processes an unexpectedly larger electronic specific-heat coefficient =
than those of high pressure M-phase and T-phase from the upper critical field versus temperature. This is
abnormal for the M-phase and T-phase are more metallic. Although the in-plane nematic
superconductivity exists in Sr,Bi,Ses; and other doped Bi,Se; [62, 102, 103], it may be not relevant to the
obtained ~, value since the B, (0) was derived with the magnetic field normalized to the ab-plane (B || ¢).
According to Wan and Savrasov’s theoretical calculations [104], there are large phonon linewidths for both
the optical and acoustic modes along the I' — Z direction (at small wave vector q) of the Brillouin zone after
electron-doping in Bi,Ses, which originates from the strong EPI. The singular EPI was proposed to arise
from the FS nesting [104]. Recently, a large acoustic phonon linewidth was observed in Sry 19Bi,Ses by
neutron scattering experiments [105]. The pairing mechanism shows that the calculated s-wave pairing
channel of A4 is rather strong and can, in principle, win over other pairing channels without counting the
spin-fluctuation effect [105], which is expected to be negligible for the absence of any magnetic ions. In
addition, it is evidenced by XRD that the electronic nematicity of Sr,Bi,Ses is closely coupled to the
in-plane strain in both the superconducting and normal states [106]. Experimentally, from the scanning
tunneling microscopy measurements, strong evidence of s-wave pairing has been reported in Sr,Bi,Se; [38]
and Cu,Bi,Se; crystals [107]. Considering the antiadiabatic limit and the observation of the cooperative
correlation with the EPI generated by optical phonons and superconductivity of the rhombohedral
Sr,Bi,Ses at high pressure, the s-wave pairing mediated by optical phonons needs to be reexamined in
doped Bi,Ses superconductors. Finally, we summarized the proposed pairing mechanism for the
superconducting Bi,Ses-based materials under pressure in table S3 (see supplementary materials).

4. Conclusions

To summarize, we reported the pressure-induced reemergence of superconductivity, the superconducting
properties and lattice dynamics in pressurized Sr,Bi,Ses crystal. According to the results of Hall effect, x-ray
diffraction, and Raman-scattering, the origin of the reemergence of superconductivity is an ETT.
Raman-scattering demonstrates there is a cooperative connection between the strength of EPI and the
pressure-tunable superconductivity in the rhombohedral and monoclinic phases. The weakening of the
interaction between the electron with optical phonon modes is responsible for the suppression mechanism
of the T, by pressure in rhombohedral phase within the antiadiabatic limit. This finding indicates the
unconventional pairing mechanism associated with optical phonons should be reconsidered in further
theoretical modeling for the layered rhombohedral Bi,Ses-based superconductors. In the intermediate
monoclinic phase, the sharp increase of the T is concomitant with the unusual enhancement of the EPI,
while charge-carriers density increases simultaneously. Since the high-pressure tetragonal phase is
metallized and well obeys the adiabatic BOA, the superconductivity properties can be understood within
the BCS regime.
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