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Abstract

:

The quantum spin liquid candidate  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   has been established as the prime example of a genuine Mott insulator that can be tuned across the first-order insulator–metal transition either by chemical substitution or by physical pressure. Here, we explore the superconducting state that occurs at low temperatures, when both methods are combined, i.e., when  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   is pressurized. We discovered superconductivity for partial BEDT-STF substitution with x = 0.10–0.12 even at ambient pressure, i.e., a superconducting state is realized in the range between a metal and a Mott insulator without magnetic order. Furthermore, we observed the formation of a superconducting dome by pressurizing the substituted crystals; we assigned this novel behavior to disorder emanating from chemical tuning.
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1. Introduction


Unconventional superconductivity remains one of the hot topics of condensed-matter research. Despite its discovery half a century ago and intense experimental scrutiny, the pairing mechanism remains an unsolved issue until today. Systematic investigations via controlled variation of distinct material parameters can shed new light on the phenomenon. Tuning via doping, pressure, and magnetic fields resulted in very similar phase diagrams in the cuprates, iron pnictides, alkali fullerides, and heavy fermion systems [1,2,3,4,5,6,7,8,9,10], all of which exhibit a superconducting dome between a Fermi liquid metal and an insulating or magnetically ordered state with the transition being suppressed on either side. Tuning   T c   in small increments reveals intriguing scaling relations with the superconducting stiffness and the DC resistivity [11,12,13,14], which remain controversially discussed [15]. While in doped cuprates, imperfections and disorder are a serious issue [16,17,18], bandwidth tuning—for instance, by physical pressure—provides the opportunity to inspect stoichiometric compounds and assess the relevance of spatial inhomogeneity.



In this regard, organic superconductors serve as a versatile workbench because the bandwidth can be readily modified by hydrostatic pressure, by positive or negative strain, but also by chemical means via the exchange of anions or the variation of cations. Prime examples are the  κ -phase BEDT-TTF salts [19,20,21]: in Figure 1a, we see that right at the border between the magnetically ordered phase and Fermi liquid metal, superconductivity occurs at low temperatures. Other examples from rather diverse electron systems exhibit a very similar phenomenon, albeit the order parameters and energy scales might vastly differ [1,2,3,4,5,6,7,8,9,10,22,23]; nevertheless, a universal description of unconventional superconductivity in Fermionic systems is still elusive. One idea is that the occurrence of a superconducting phase around metal–insulator transitions and quantum critical points is related to the fact that the quasiparticles constituting a Fermi liquid are at the verge of destruction. Commonly,   T c   is enhanced through an increase of the density of states at   E F   as correlations proliferate. On the other hand, the order parameter and its symmetry can be strongly affected by a change in spin fluctuations emerging from the insulating or magnetically ordered state nearby [24,25].
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Figure 1. Schematic phase diagram of the quasi-two-dimensional  κ -(BEDT-TTF)    2  X   salts as prime examples of bandwidth-tuned Mott insulators, where the effect of electronic correlations is reduced with increasing bandwidth. While at high temperatures, an incoherent semiconducting state is found for all systems, the behavior becomes distinct depending on the effect of electronic interactions. For strongly correlated compounds, a Mott-insulating behavior sets in when passing the quantum Widom line (QWL) upon cooling. Weakly correlated systems enter a bad metallic transport regime below the Brinkman–Rice temperature   T BR  , and Fermi-liquid-like   ρ  ( T )  ∝  T 2    behavior occurs below   T FL  . At the verge of metal and insulator, a small region of superconductivity is found typically below 5 to 10 K, but quickly suppressed. The right panels indicate the resistivity signatures of the crossovers in DC transport. The steepest slope of ln  { ρ ( T ) }   indicates the crossing of the quantum Widom line upon a pressure sweep.   T BR   indicates the crossover from an insulating (  d ρ / d T < 0  ) to a metallic (  d ρ / d T > 0  ) temperature dependence [26,27,28]. (a) In most cases, Mott insulators order antiferromagnetically, such as  κ -(BEDT-TTF)   2  Cu[N(CN)   2  ]Cl; by physical or chemical pressure, the systems undergo a transition from an antiferromagnetic insulator to the superconducting state, such as in  κ -(BEDT-TTF)   2  Cu[N(CN)   2  ]Br or  κ -(BEDT-TTF)   2  Cu(NCS)   2  , for instance. (b) Fully frustrated systems, such as  κ -(BEDT-TTF)   2  Cu   2  (CN)   3  , remain paramagnetic down to the lowest temperatures, inferring a quantum spin liquid state. Here, a region of phase coexistence is entered by external pressure or chemical substitution. Eventually, a metallic or even superconducting state occurs. For more details, see the recent review [23]. 
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The organic compounds are special, as they (i) realize unconventional superconductivity between phases that do not involve symmetry breaking (paramagnetic Mott insulator and Fermi liquid) and (ii) do not exhibit a superconducting dome, but instead, a continuously decreasing   T c   as correlations diminish (Figure 1). The quantum spin liquid candidate  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   might be a suitable candidate to shed more light on this issue because no magnetic order occurs down to the lowest temperatures [29,30,31,32]; hence, a transition from a genuine Mott insulator to a Fermi liquid occurs, as depicted in Figure 1b. In a series of studies, this paradigmatic insulator–metal transition was thoroughly investigated during the last few years [27,28,31,33,34,35,36], with particular emphasis on the transition from a correlated quantum spin liquid Mott insulator via a coexistence regime to a Fermi liquid metal. Here, we consider how the superconducting state evolves when the bandwidth of the system is tuned by chemical substitution and physical pressure simultaneously. The comparison of the two methods provides insight into the effects of disorder that are—similar to chemically doped materials—inevitable for partial substitution.




2. Results


2.1. Experiments


In 1991, Jack M. Williams and collaborators discovered [37] that the dimer Mott insulator  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   becomes superconducting at around    T c  =   3–4 K when hydrostatic pressure above approximately 1.4 kbar is applied; it took more than a decade before this observation was confirmed and finally followed up [30,31]. Although the required pressure is not as small as in the case of  κ -(BEDT-TTF)   2  Cu[N(CN)   2  ]Cl, it is still lower than in  κ -(BEDT-TTF)   2  Ag   2  (CN)   3   or many other organic compounds; in other words, the title compound is located close to the metallic phase in the diagram sketched in Figure 1b. It is interesting to note that the superconducting transition happens at rather low temperatures, possibly a result of geometrical frustration of the exchange interactions, while it exceeds 10 K in the case of  κ -(BEDT-TTF)   2  Cu(NCS)   2   or  κ -(BEDT-TTF)   2  Cu[N(CN)   2  ]Br [19,20,21], where antiferromagnetism occurs on the insulating side (cf. Figure 1a). Here, we want to take another approach to gradually increase the electronic bandwidth of  κ -(BEDT-TTF)   2  Cu   2  (CN)   3  : we replace some of the organic BEDT-TTF molecules by BEDT-STF molecules as illustrated in Figure 2 because selenium possesses larger orbitals than sulfur. This chemical substitution is well known from the quasi-one-dimensional TMTTF and TMTSF salts [19,38,39].



Single crystals of  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   with various stoichiometries were prepared by electrochemical oxidation following standard procedures [40]. For the alloying series, the amount of donor molecules, BEDT-TTF and BEDT-STF, was preselected; for each batch, the actual substitution value x was determined   a p o s t e r i o r i   by energy-dispersive X-ray spectroscopy: using  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   and  κ -(BEDT-STF)   2  Cu   2  (CN)   3   as a references, we compared the intensity of Se atoms to that of S atoms to calculate the actual fraction of BEDT-STF by linear interpolation [36,41]. Superconductivity was probed by magnetic susceptibility studies on polycrystalline samples employing the commercial Quantum Design SQUID. We recorded the DC resistivity using four-point measurements within the   b c  -plane; also, magnetoresistance was investigated in a custom-made setup with the magnetic field aligned normal to the plane. All experiments were restricted to    4  He temperatures (  T > 1.4   K). The pressure-dependent electrical resistivity measurements were carried out using a clamp piston pressure cell [42] with Daphne oil 7373 as the pressure-transmitting medium [43,44]. While cooling, an InSb sensor monitored the pressure in situ; the actual low-temperature values are reported throughout.




2.2. Physical Pressure vs. Partial Chemical Substitution


In order to compare the electronic properties of pressurized  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   with the alloy series  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3  , an overview of the temperature-dependent resistivity is presented in Figure 3. The Mott insulator is characterized by an activated transport behavior that gradually weakens with pressure. For   p = 1   kbar, the first traces of metallic conduction are seen below 50 K, but   ρ ( T )   still remains two orders of magnitude above the room-temperature value, as seen in Figure 3a. Together with the nonmonotonic temperature dependence, this is a clear sign of metal–insulator phase separation in the coexistence region [34,35]. Only for   p ≥ 1.2   kbar, we clearly observe metallic conductivity at low temperatures with a sharp onset of superconductivity at    T SC  = 4.8   K; the midpoint is at 4 K. The maximum resistivity identifies the Brinkman–Rice temperature   T BR   [28,34]. With rising pressure, it shifts to a higher temperature, as illustrated in Figure 1.



From the resistivity data in Figure 3a, it is important to note that for pressure sufficient to enter the metallic state, superconductivity occurs immediately; in other words, the superconducting phase is present next to the Mott insulator, with a regime of phase coexistence, as illustrated in Figure 1b. The distinct superconducting transition for   p = 1.2   kbar progressively shifts to lower temperatures and becomes more gradual, in line with the early report by Geiser et al. [37]. For pressures above 4 kbar, superconducting transition can no longer be identified in the accessible temperature range; this is in good agreement with previous work [30].



If we now turn to the substitutional series  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   presented in Figure 3b, a similar development is found as the BEDT-STF content x increases. While for   x < 0.1  , the Mott insulator exhibits a simple activated behavior, the increase of resistivity slows down markedly for   x = 0.10   at   T < 14   K, indicating that the coexistence regime is entered with a metallic volume fraction smaller than the percolation threshold. Fully metallic behavior is observed for the   x = 0.12   sample below the pronounced resistivity maximum at approximately 35 K. However,   ρ ( T )   saturates at low temperatures without becoming a good metal; we assigned the large resistivity values above the Ioffe–Regel–Mott limit to metal–insulator coexistence [34,36]. Only when x rises further, a regular Fermi liquid behavior is seen below the Brinkman–Rice temperature   T BR  , as discussed in full detail in [28]. From our simple DC measurements at   p = 0  , we cannot unambiguously identify bulk superconductivity in any of the crystals down to   T ≈ 1.4   K. Note that, due to the high resistance, the data for   x = 0.00  , 0.04, and 0.10 are limited to   T > 26  , 20, and 8 K, respectively.




2.3. Ambient-Pressure Superconductivity between Spin Liquid and Fermi Liquid


Since magnetic susceptibility is a more sensitive method to detect traces of superconductivity, we performed SQUID measurements on several  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   single crystals at ambient pressure. To that end, the samples were cooled down in the absence of an external field (zero-field cooled (ZFC)), and subsequently, the data were recorded during warming up, applying a weak field of   B = 0.01   T. In Figure 4a, we detect a clear drop in the relative magnetic susceptibility   Δ  χ s   ( T )    that evidences traces of superconductivity for the compositions   x = 0.10   and   x = 0.12  . Unfortunately, we cannot follow the behavior to lower temperatures in order to estimate the background and superconducting volume fraction reliably. Nevertheless, we can determine    T c  =  ( 2.7 ± 0.2 )    K for   x = 0.12   and    T c  =  ( 3.0 ± 0.2 )    K for   x = 0.10   as the temperature where significant deviations occur. As seen from the   p = 0.0   kbar curve in Figure 5c, the low-temperature resistivity of the composition   x = 0.12   exhibits a small, but noticeable drop below approximately 2.6 K, in agreement with the SQUID result in Figure 4a.



In addition, we confirmed the superconducting state by magnetotransport measurements at ambient pressure. For this, the data taken at zero field were directly compared with those recorded in the presence of a strong external magnetic field. In Figure 4b, we plot the according changes in resistivity for  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   with   x = 0.12  . When an external magnetic field of   B = 6   T is applied, a kink occurs for temperatures below 3 K, slightly higher, but in overall agreement with the SQUID result (   T c  =  ( 2.7 ± 0.2 )    K), indicating the destruction of the superconducting phase. The field-dependent change in resistivity   Δ ρ   by an external magnetic field B is presented in Figure 4c for three different temperatures   T = 2.1  , 2.5, and 3 K. For the lower temperatures, a kink around 1 and 1.4 T indicates the upper critical field. Unfortunately, the quality of the data does not allow a more reliable determination. We suspect that the composition   x = 0.12   involves only a small volume fraction of (super)conducting regions as it is located in the coexistence regime with metallic puddles in an insulating matrix [34,36]. For   x = 0.10  , where the resistivity data from Figure 3b indicated no metallic transport down to 8 K, the (super)conducting volume fraction is likely even smaller than the percolation threshold.




2.4. Pressure Evolution Reveals a Superconducting Dome in Chemically Substituted Samples


Having discovered traces of superconductivity in the   x = 0.10   and 0.12 samples of  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3  , we investigated the pressure evolution of this state in more detail. Figure 5 displays the temperature-dependent resistivity   ρ ( T )   of   x = 0.00   (parent compound),   0.04  , and 0.12 normalized to the   T = 6   K and 4.5 K value, respectively. Note that, to ensure a consistent comparison, we determined the transition temperature as the onset of superconductivity, i.e., the drop of   ρ ( T )   defined as the change in curvature turning from concave to convex, as indicated by the vertical arrows. Since this temperature is larger than the values reported in the literature, where the steepest slope is the most common criterion, here we use the notation   T  S C    instead of   T c  . When a hydrostatic pressure of 1 kbar is applied,  κ -[(BEDT-TTF)    0.96   (BEDT-STF)    0.04   ]   2   Cu   2  (CN)   3   becomes superconducting at    T  S C   = 4.2   K; increasing the pressure further, the transition temperature rises up to 4.4 K for   p = 1.6   kbar and decreases above that. A similar behavior is observed in  κ -[(BEDT-TTF)    0.88   (BEDT-STF)    0.12   ]   2   Cu   2  (CN)   3  . While for ambient pressure, the critical temperature is around 2.6 K, slightly lower than the magnetization and magnetotransport results, we discovered a dome with a maximum of almost 3.4 K at   p = 1   kbar before   T  S C    drops again. The transition temperatures of the three investigated compounds (  x = 0.00  ,   0.04  , and 0.12) are summarized in Figure 6.





3. Discussion


Although the topic of a superconducting dome became popular only with high-temperature superconductors, such as cuprates and iron pnictides [4,16,45,46], the first appearance dates back to the late 1960s in granular aluminum [47,48,49], where it is still under active research [50]. It was demonstrated that   T c   is enhanced as the quantum confinement is strengthened, but phase fluctuations across the grain array become stronger and eventually suppress   T c  . The dispute about Nb-doped SrTiO   3   has a similarly long history [51,52,53,54,55,56]. Recently, a superconducting dome was observed in gate-tuned semiconducting transition metal dichalcogenides and twisted bilayer graphene [57,58,59]. However, also heavy fermion compounds, such as CeIn   3   or CePd   2  Si   2  , exhibit superconducting domes when the system is pressurized [1]. Even in doped fullerides, which were recently identified as unconventional superconductors nearby a Mott transition [60], the transition temperature   T c   goes through a maximum upon changing the lattice constant via chemical or physical pressure [60,61,62].



For all  κ -phase BEDT-TTF compounds, there seems to be only a reduction of   T c   with pressure, as depicted in Figure 1. To our knowledge, there is no report of a dome-like behavior of   T c   with pressure in any pristine charge-transfer salt [19,20,21,63]. The absence of a superconducting dome in clean systems is confirmed by our present study of  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   under pressure, presented in Figure 5a. When p increases, there is an abrupt onset of superconductivity with    T  S C   = 4.8   K, which then decreases continuously until the superconducting phase is completely suppressed.



In our substitutional series  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   for   x = 0.10   and 0.12, we could realize—for the first time—ambient-pressure unconventional superconductivity between a Fermi liquid metal and a frustrated Mott insulator without magnetic order. Surprisingly, in the case of the two compounds  κ -[(BEDT-TTF)    0.96   (BEDT-STF)    0.04   ]   2  Cu   2  (CN)   3   and  κ -[(BEDT-TTF)    0.88   (BEDT-STF)    0.12   ]   2  Cu   2  (CN)   3  , we found a significant increase of   T  S C    as pressure rises until it reaches a maximum and drops again (Figure 6). With larger substitution, the dome becomes more pronounced accompanied by a reduction of the maximum   T  S C   , as shown in the inset of Figure 6. Since the BEDT-STF molecules are randomly distributed within the BEDT-TTF layers, increasing their content also enhances disorder in the crystal [41]. To that end, we assigned the qualitative changes in the superconducting properties from a monotonous reduction towards a dome-like pressure dependence to disorder effects.



It comes at no surprise that spurious superconductivity with a reduction of   T c   on the insulating side was also reported in X-ray-irradiated  κ -(BEDT-TTF)   2  Cu[N(CN)   2  ]Cl [64], where disorder was increased on purpose. However, the amounts of randomness introduced into the system in that work and previous studies [65] were large enough to severely suppress antiferromagnetism and even affect the metal–insulator transition as a whole. In  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3  , on the other hand, the phase boundaries (QWL,   T BR  ,   T FL  ) remain rather unaffected by BEDT-STF substitution, yielding a conversion factor between pressure and substitution of   Δ x / Δ p ≈ 0.055    kbar   − 1    [28], and first-order phase coexistence was independently evidenced from the colossal percolative enhancement of the dielectric permittivity   ε 1  [34,36]. Clearly, superconductivity is more sensitive to disorder than the Mott(–Anderson) metal–insulator transition, because Cooper pair formation requires phase coherence. Hence, a similar scenario of inhomogeneous localization and percolation may be at work, as recently suggested for cuprates [17,18]—not only in the present case of organic Mott insulators, but also in fullerides and other unconventional superconductors exhibiting a dome of   T c  .



Our approach of partial chemical substitution enables systematic scrutiny of the superconducting state in organic charge-transfer salts. The ability to stabilize superconductivity at ambient pressure significantly improves experimental accessibility and reproducibility. When combining this tuning method with physical pressure, we obtained unprecedented control of the electronic properties. This way, we can disentangle the effects of bandwidth and disorder on the metal–insulator transition and Cooper pairing. Our finding of a superconducting dome not only puts the layered organic materials on par with other unconventional superconductors (cuprates, pnictides, fullerides, heavy fermions), but the absence of a dome in pristine charge-transfer salts unmasks them as the only clean realization of unconventional superconductivity at a metal–insulator transition.




4. Conclusions


Combining substitutional and pressure tuning of  κ -(BEDT-TTF)   2  Cu   2  (CN)   3  , we discovered novel ambient pressure superconductors  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3  , with x between 0.10 and 0.12. The transition temperature increases when pressure is applied, forming a superconducting dome, common to other unconventional superconductors, but rarely observed in organics. The dome diminishes and eventually vanishes as x increases. We suggest the importance of disorder in this regard.
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Figure 2. (a) Organic donor molecules bis-(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) and bis-(ethylenedithio)-diseleniumdithiafulvalene (BEDT-STF). In the latter case, two sulfur atoms of the inner rings are replaced by selenium. (b) The crystal structure contains dimers of the donor molecules forming layers in the   b c  -plane, which are separated by the Cu   2  (CN)   3   anion sheets. The compounds therefore constitute prime examples of two-dimensional conductors and superconductors. 
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Figure 3. (a) Temperature-dependence of the DC resistivity of  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   measured within the highly conducting   b c  -plane when applying hydrostatic pressure. The pressure drop upon cooling was monitored in situ; here, we indicate the values near   T = 0  . (b) Temperature-dependent resistivity of  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   where, in the inner rings of the BEDT-TTF molecules, sulfur was partially substituted by selenium.   ρ ( T )   is normalized to room temperature. 
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Figure 4. (a) Temperature-dependent magnetic susceptibility of polycrystalline  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   for the substitution values   x = 0.10   and 0.12 measured by a SQUID in an external field of 10 mT. The superconducting transition    T c  = 2.7   K and 3.0 K can be determined from the temperature where    χ S   ( T )    starts to drop. The data were taken in zero-field-cooled mode upon warming up. (b) Normalized DC resistivity of  κ -[(BEDT-TTF)    0.88   (BEDT-STF)    0.12   ]   2  Cu   2  (CN)   3   comparing a zero magnetic field with   B = 6   T. The strong deviation below 3 K indicates the suppression of superconductivity. (c) The magnetoresistance   Δ ρ   corresponds to the relative change in resistivity due to an external magnetic field B. While for higher temperatures (  T = 3   K), there is linear increase of   Δ ρ ( B )   with B, a kink is observed at lower temperatures, indicated by the black arrows. This corresponds to the suppression of the superconductivity, i.e., the upper critical field. 
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Figure 5. (a) Normalized electrical resistivity   ρ ( T ) / ρ ( 6.5  K )   of  κ -(BEDT-TTF)   2  Cu   2  (CN)   3   plotted as a function of temperature for different values of hydrostatic pressure applied, ranging from 1.2 to 4.2 kbar. The transition temperature gradually decreases for   p > 1.2   kbar. (b) For   x = 0.04  ,   ρ ( T ) / ρ ( 6.5  K )   reveals an initial increase of   T  S C   , followed by a reduction until it is fully suppressed. (c) The dome-like increase of transition temperature with pressure is even more pronounced for   x = 0.12   (  ρ ( T )   normalized to 4.5 K). For clarity, the curves in all panels are shifted vertically with respect to each other. 
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Figure 6. Superconducting transition temperature   T  S C    for  κ -[(BEDT-TTF)    1 − x   (BEDT-STF)   x  ]   2  Cu   2  (CN)   3   with   x = 0.00  , 0.04, and 0.12 as a function of pressure. In addition to the results from DC transport   ρ ( T , p )   (solid symbols; see Figure 5), the open symbols indicate the ambient pressure magnetization data points at   x = 0.10   and   x = 0.12   (see Figure 4). While the parent compound (  x = 0.00  ) exhibits a monotonous suppression of the superconducting transition temperature with p, a dome-like structure develops for   x = 0.04   and   0.12  . The shaded areas following the trend of   T  S C    in the respective colors are guides to the eye. The inset illustrates the reduction of the maximum value of   T  S C    upon chemical substitution x. 
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