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Abstract
Pressure induced superconductivity in non-centrosymmetric CeRhSi3 and CeIrSi3 compounds has attracted significant attention of the scientific community since its discovery 15 years ago. Up-to-date, all reported experimental results were obtained employing the hybrid-cylinder piston pressure cells with a maximum reachable pressure of 3 GPa. Present study focuses on the superconducting state at higher, so far unreported, pressures using the Bridgman anvil cell and a CeRhSi3 single crystal synthesized by the Sn-true-flux method. The initial increase of superconducting critical temperature from 0.4 K at 1.1 GPa to 1.1 K at 2.4 GPa is followed by a gradual suppression of SC state upon increasing the pressure above 3.0 GPa, forming a typical dome. The pressure induced superconductivity is expected to be completely suppressed in the pressure region between 4.5 and 5.0 GPa. Temperature dependence of electrical resistivity in constant magnetic fields and high pressures, as well as the magnetoresistance measurements, reveal a large critical field, exceeding 19 T at 0.6 K and 2.4 GPa, sharply decreasing receding the superconductivity dome. The previously reported T-p and H-T phase diagrams are completed by our high-pressure data and discussed in the frame of previous results.
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Introduction
[bookmark: ref_haen_CeXT3][bookmark: ref_CeIrSi3_Sugitani][bookmark: ref_CeCuAl3_Adroja][bookmark: ref_CePt3Si_Samokhin]Ce-based intermetallic compounds frequently exhibit interesting magnetic and transport properties originating in a partially filled 4f-level, and therefore remain of interest of the condensed matter physics community. A family of CeTX3 (T – transition d-metal, X – p-metal) intermetallic compounds exhibit a variety of frequently exotic properties, such as valence fluctuations, heavy fermion antiferromagnetic ordering, pressure induced superconductivity or the so called vibron quasi-bound state [1,4,5,6]. Also the pressure induced superconductivity emerging in non-centrosymmetric Ce-based compounds attracted a significant interest in recent years [1,5,7].
	Application of high external pressure is at present one of the most experimentally challenging techniques employed in the condensed matter research, considerably more challenging than variation of temperature and magnetic field. Nevertheless, it represents a unique way of clean and direct variation of interatomic distances in the crystallographic lattice, being thus an important tool in the study of intricate electron structure of rare earth intermetallics.
	Presented study focuses on high pressure measurements of transport properties of CeRhSi3 compound, crystallizing in the tetragonal non‑centrosymmetric ordered structure. Pressure induced superconductivity reported in CeRhSi3 is studied in yet unexplored pressure region up to 4.3 GPa. 
[bookmark: _Ref38450949][bookmark: _Toc39571730]1. Theory
[bookmark: _Ref37410687][bookmark: _Ref37410813][bookmark: _Toc39571731]1.1. External Pressure
[bookmark: ref_Arnold]Pressure is one of the basic thermodynamic parameters. Alongside temperature and magnetic field, it is an important variable in the study of material properties. Upon the application of external pressure, the interatomic distances in the elementary unit cell begin to change; individual distances may decrease or increase, while the unit cell volume always decreases. There are 3 standard methods of changing the interatomic distances and each of them have their own characteristics. Chemical substitution (or chemical pressure) changes interatomic distances by replacing a (small) percentage of atoms in parent compound by different element(s). Chemical doping, however, results in different electron configuration as the material has different number of electrons due to the substituted atoms. Temperature variation does not affect the chemical structure (setting aside changes of crystal structure and corresponding symmetries), nevertheless it can lead to the changes of the occupation numbers of the quantum states. Applying external pressure is a clean way of changing the interatomic distances which results in a variation in energy of the quantum states [8].
Pressure is generally defined as the force, F, applied on an area S 
[bookmark: eq_pressure_def]	 ,	(1)
or as an energy density
	 ,	(2)
where FH is a Helmholtz free energy. The applied force is often a vector, and the surface can be perpendicular to any of its three directions. Therefore, it is necessary to recognize different components responsible for the stress in a material. These can be accounted for with the use of the so-called stress tensor defined as
	.	(3)
[image: ]
[bookmark: fig_stress_tensor]Fig.1: Stress tensor components. Image taken from [8].
9 components of the stress tensor (see illustrative image in Fig.1) can be split into 3 diagonal ones, σii, representing direct stress and 6 non-diagonal components, σij (ij), standing for shear stress. A direct stress is always normal to the surface of the material exposed to the external pressure and governs a change of its volume. The response of the material to the stress is characterized by material compressibility or its inverted function - the bulk modulus. 6 remaining components stand for a shear stress tangential to the surface; 2 components for each orthogonal surface. The shear stress deforms the material, i.e. changes the shape of the material without the change of its volume. All of these components are defined at each point of space (imagine an infinitesimally small cube) in a certain time, which lead us to a definition of pressure as [8]
	. 	(4)
Similarly, the shear stresses can be described with the deviatoric stress tensor as
	. 	(5)
	High pressure experiments generally tend to focus on 2 types of pressure conditions: hydrostatic and uniaxial. An ideally hydrostatic pressure applied on the material causes a decrease of sample volume, while no deformation of the sample shape (or its destruction) is induced. Hydrostatic conditions are obtained by surrounding the sample by a co-called pressure exchange medium, which equally redistributes the pressure within the sample space. It can be defined as a pressure with zero deviatoric shear stress and isotropic normal stresses [8]:
	 ,	.	(6)
	Uniaxial pressure has only one normal stress component non-zero. This usually results in a compression of the sample along the specified direction accompanied by an expansion in the perpendicular directions. Uniaxial experiments are therefore very sensitive to a correct plane-parallel apparatus and are prone to sample destruction in the process. However, the ability to control interatomic distances in one particular direction comes forth with the study of oriented single crystals, as it is a unique tool for attuning specific structural and electronic properties.
[bookmark: ref_eremets]	Many experiments striving for ideal hydrostatic pressure conditions are limited by the non-hydrostatic tendencies at high pressures. There exists a so called quasi-hydrostatic condition, typically associated with anvil pressure cells and a pressure medium in the solid state. The pressure, while locally hydrostatic, has a different value in different positions of the sample space. Experimental pressure distribution can be approximated with a calculation of pressure distribution of “dry” contact of two bodies, which can be analytically expressed as [9]
[bookmark: eq_pressure_distribution]	 ,	(7)
where Q is the applied load, a is the radius of the contact area and λ describes the shape of the indenter. See Fig.2 with calculated distribution of pressure for cone, sphere and cylinder. Although it is important to consider the effect of bevelled anvil as well as the presence of a gasket, numerous authors observed a nearly conical distribution for flat anvils [9]. 
[image: ]
[bookmark: fig_pressure_distribution]Fig.2: Pressure redistribution over the area of elastic contact of cone (λ=1/2), sphere (λ=1) and near cylinder (λ=3) indenter with a plane calculated with (7). Calculations were made with the same contact area  and load  [9].
	Comparing the application of external pressure on the sample to a variation of temperature or magnetic field, the former is significantly more experimentally and technically challenging. The main issues with applying the pressure to influence material properties are frequently connected with a necessity to combine the pressure with temperature or/and magnetic field variation, i.e. rather limited dimensions of sample space, high demands for pressure cell material from the viewpoint of durability, thermal conductivity and magnetic properties. Of course, further demands on pressure cells properties are dictated by specific experimental techniques, e.g. a transparency for X-ray diffraction experiments, or low cell-material absorption cross-section for neutron scattering experiments.


[bookmark: _Toc39571733]1.2. Pressure effects on superconductivity
Superconductivity (SC) was first observed in 1911 by H. Kamerlingh Onnes, when the resistivity of Hg suddenly dropped to zero at 4.19 K. Following this discovery, SC was studied in a number of pure elements at ambient pressure and later under external pressure - in materials, which are non-SC at ambient pressure. 
[bookmark: ref_SCtheory]To approximate how pressure affects superconducting transition temperature, Tc, which is a necessity conducting any pressure experiment, the microscopic theories of phonon mediated SC, e.g. the weak-coupling BCS model, are to be considered. According to BCS model, Tc is influenced by the average phonon frequency ωD, the electronic density of states at Fermi level N(EF) and the effective interaction between the electrons mediated by the electron-phonon coupling Veff as follows [10]
[bookmark: eq_SC_pressure]	 ,	(8)
within the weak-coupling condition . Phonon frequency tends to increase under pressure (the so-called phonon hardening), which leads to an increase of Tc. However, the density of states is affected by pressure as well. The overlap of electron orbitals leads to a broadening of electron bands, resulting in a decrease of N(EF) and according to (8) also Tc. To estimate a development of Veff is even more challenging. Tc for ambient pressure superconductors decreases with increasing pressure as evidenced by empirical studies [10]. In contrast, Tc of pressure induced SC has a tendency to initially increase, reach a maximum and then decrease, ultimately disappearing (the so called dome behaviour) [10].
[bookmark: _Ref38450990][bookmark: _Toc39571735]2. Experimental methods
[bookmark: ref_mgml]The majority of devices employed in the presented study for sample preparation, characterization and transport properties measurements are available at the Department of Condensed Matter Physics (DCMP) and are part of Material Growth and Measurement Laboratory (MGML) [11].
[bookmark: _Toc39571736]2.1. Sample preparation - Flux growth method
The solution (flux) growth method is used for producing small single crystals of very high quality. In principle, the desired sample composition – solute and the flux material – solvent, together create a solution. Such a solution enables a slow growth of the desired sample (single crystal) at temperatures lower than the melting temperature of the desired solute phase. Ideally, small single crystals grow naturally from nucleation, typically forming facets in various crystallographic directions. There are two types of flux growth methods: self-flux, in which the solvent (flux) is part of the compound composition and true-flux, in which the flux is a different element from the ones in the desired compound. Firstly, all components and the flux are put in a crucible (typically made of sintered Al2O3 or high-temperature resistant elements e.g. Ta, Pt) and evacuated in a quartz tube. Sealed tube is subsequently inserted into resistance furnace and heated to a temperature needed to create a homogenous liquid. After proper homogenization, temperature is decreased very slowly to allow crystal growth. Final step of preparation consists of quick separation of grown crystals from the flux, e.g. by centrifugation through quartz wool, which can be inserted on the other side of the crucible at the beginning of the whole preparation process. For the growth of CeRhSi3 single crystals, Sn flux was used. 
[bookmark: _Toc39571740]2.2. Sample characterization
[bookmark: _Toc39571741]Sample characterization was done employing three methods: Laue X-ray diffraction for determination of quality and orientation of the prepared single crystals, powder X-ray diffraction for crystal structure and sample phase purity confirmation and energy-dispersive X-ray spectroscopy (EDX) for composition and phase homogeneity analysis.
2.2.1. Laue X-ray diffraction
[bookmark: ref_Valvoda_zaklady_strukturnej_analyzy]The Laue X-ray diffraction method can be used to quickly, easily and non‑destructively gain some basic information about a single crystalline sample, i.e. information about its symmetry, orientation and overall quality/phase-homogeneity. A polychromatic X-ray beam is diffracted on a single crystalline sample and detected by X-ray detector located behind the sample (transmission Laue method) or between the X-ray source and the sample (back-reflection Laue). High quality single crystal causes that the diffracted radiation create singular sharp spots on the detector. These spots represent reflections for each indexed crystallographic plane. Diffraction on the sample consisting multiple phases (several crystal grains with either the same or different crystal structure) results in multiple reflections, which, of course, cannot be described by single model structure. Ultimately, concentric circles are formed in the case of a polycrystalline sample. Large quantity of defects in the structure leads to smeared spots. In the case of back-reflection geometry (employed in this study), spots on the detector form hyperbolae; all reflections on a single hyperbola belong to crystallographic planes from one zone [12]. For tetragonal structure, Laue diffractogram showing 4-fold symmetry immediately identifies the crystallographic c direction (direction [001] or equivalently plane (001)), making the sample orientation process straightforward. Here, we highlight that the technique is mainly surface sensitive; a little information on the bulk can be derived from laboratory X-ray Lauegram. To properly verify the quality of the single crystal, the scans on different places of the sample, including rotation of the sample by 180 degrees, are essential. We used Laue X-ray diffractometer PhotonicScience [11].
[bookmark: _Toc39571743]2.2.2. Scanning electron microscopy
With a use of scanning electron microscope (SEM), information such as surface topology and composition of the sample can be obtained. In SEM, a conducting grounded sample with evacuated surroundings is exposed to a focused electron beam of adjustable energy. Detection of secondary electrons results in a clear topological image of the surface. Detection of back-scattered electrons (BSE) gives not just topological information, but can also distinguish between concentrations of lighter/heavier atoms (electrons are more likely back-scattered on heavier nuclei, resulting in higher intensities detected and thus brighter image in the area of high concentration of heavy atoms). Lastly, inelastic electron scattering can result in an excitation of core electrons in the atoms. The emptied energy levels (orbitals) are occupied by electrons from higher energy levels, and X-ray radiation, corresponding to the difference between energies of the two levels, is detected (principle of EDX – energy dispersive X-ray analysis). The energy spectrum of the element is called characteristic, as it is different for individual elements, and enables the EDX technique to determine the composition of the (surface of the) sample. Although EDX is more qualitative than quantitative method, it can be used to map the sample surface and refer on its stoichiometry, homogeneity of elements distribution and phase purity. In this study, TESCAN Mira I LMH microscope was used [11].


[bookmark: _Toc39571744]2.3. High pressure techniques
High pressure experiments remain to be some of the most experimentally challenging techniques in the field of condensed matter study. Pressure is commonly applied in specialized pressure cells of various design, accompanied by different pressure determination techniques and pressure exchange media. 
Bridgman anvil cells (BAC) are named after their inventor Percy Williams Bridgman, who was given a Nobel Prize in 1946 for their invention and experimental accomplishments. They are essentially the predecessors of diamond anvil cells (DAC), which work almost the same in principle. As shown in Fig.3, the pressure is applied by forcing two plane-parallel anvils against each other reducing the space between them. The sample space is supported by a circular gasket. Anvils are made of especially hard materials, but unlike the anvils in DACs, there are not transparent. We used anvils made of WC (tungsten carbide) and PkDia (type of artificially manufactured diamond). Over the years, various modifications were made on the standard BAC for the purpose of e.g. the use of different types of pressure media or different arrangement of contact wires. 
[image: ]
[bookmark: figBAC]Fig.3: Basic scheme of a Bridgman anvil cell.
A modified BAC for the use of liquid pressure medium – l-BAC, was employed for the high pressure experiment. Contrary to solid pressure media frequently used in BACs, liquid ones generally provide more hydrostatic conditions. The difficulty of keeping the liquid in the sample space is solved by guiding the contact wires through the bottom anvil. 12 Cu insulated wires (25 μm in diameter) are fixed around the support cone by stycast epoxy, bonded to the sample and lead at one end and guided out of the pressure cell through the bottom anvil (see Figs. 4 and 5). This arrangement is used for the electrical resistivity measurement by the standard 4-probe method. The reason why 12 wires are used instead of only 8 necessary (6 wires for each instead of 4 for each) is because of the high risk of losing contacts during the experiment (4 wires are essentially spares). We used Daphne Oil 7373 as the pressure exchange medium. Technical parameters of this cell allow us to reach pressures up to 6 GPa, using the load of several thousand kilograms. The sample space is, due to technical difficulties, limited in its height, leaving room for plate-like samples of ideally 100 μm or less in thickness. Body of the cell is made of MP35N (nickel-cobalt base alloy) and so is the outer gasket. The inner gasket, with an inner diameter of 2 mm, is made of CuBe.
[image: ]
[bookmark: fig_BACv2_scheme]Fig.4: Scheme of the hydrostatic l-BAC with a sample, lead and contact wires (side view).
[image: ]
[bookmark: fig_BACv2_montage]Fig.5: Experimental montage of the sample space in the hydrostatic l-BAC (top view). Cu wires are coming out of the stycast epoxy and are bonded to the thin lead resistor (top) and the CeRhSi3 sample (bottom) which lay on the support cone.
[bookmark: _Ref38192395][bookmark: _Toc39571749]3. Previous results
CeRhSi3 orders antiferromagnetically bellow 1.6 K at ambient pressure. Upon the application of pressure, CeRhSi3 becomes SC with a maximum of the observed Tc of about 1.1 K. A number of studies on the pressure induced SC, magnetic and transport properties, as well as CEF was performed on CeRhSi3 [1,2,3]. Ambient pressure studies showed a Néel temperature independent on magnetic field along the c axis and a slight decrease of TN was followed for external magnetic field applied along the a axis (see Fig.6).
[image: ]
[bookmark: fig_CeRhSi3_previous_data_amb_pressure]Fig.6: Ambient pressure properties of CeRhSi3. On the left, temperature dependence of electrical resistivity with a kink at TN = 1.6 K, typical for magnetic ordering of the compound [2]. On the right, heat capacity measurements in different magnetic fields applied along the (a) a axis and (b) c axis [3].
	The anisotropic behaviour is demonstrated also in electrical resistivity data: Pressure induced SC emerges around 1 GPa for j (electrical current) applied along the a axis [2], while along the c axis it can be observed in much lower pressures, with first signs being visible even at ambient pressure (see Fig.7). TN increases with pressure at first (up to 1 GPa), and quickly starts to decrease at higher pressures [1,2]. The anomaly corresponding to the AFM transition ultimately disappears as it merges with SC transition above 2 GPa and is no longer observable. The emergence of SC transition is quite continuous, as the shape of the transition reaches the standard SC sharpness when Tc merges with TN, being at its maximum. Investigating carefully the data measured with j along the a axis allowed to follow the pressure evolution of additional anomaly at temperature T*. The anomaly was observed also on temperature evolution of ac-susceptibility measured with magnetic field applied along the a axis. Both types of measurement along the c axis revealed a single SC transition. The presence of the additional anomaly was discussed in [1,2] assuming both intrinsic temperature development of the SC transition and sample quality. All high pressure experiments on CeRhSi3 were done up to 3 GPa in hybrid-cylinder piston pressure cell. According to previous results [1,2], Tc reaches the maximum around 2.6 GPa and is expected to decrease at higher pressures above 3 GPa (see Fig.8). The measurement at pressures higher than 3 GPa was, nevertheless, missing, and is the subject of our present study. 
[image: ]
[bookmark: fig_CeRhSi3_prev_res_RhoT]Fig.7: The emergence of pressure induced SC in CeRhSi3 single crystal with j applied along the (a) a axis and (b) c axis [2].

[image: ]
· [bookmark: fig_CeRhSi3_prev_res_TPdiagram]Fig.8: Phase diagram of CeRhSi3 featuring SC critical temperature, Néel temperature and anomalous T* at pressures up to 3 GPa. Red symbols stand for data measured with j applied along the a axis and blue symbols for data along the c axis [2].
The influence of magnetic field on superconducting transition was measured under constant pressure of 1.5 GPa and 2.6 GPa [1,2], where a maximum value of Tc was observed. At 1.5 GPa, both Tc and T* shift to lower temperatures with increasing field and disappear before magnetic field reaches 7 T, while TN shifts to slightly higher temperature in applied magnetic field. At 2.6 GPa, SC transition is sharp and clearly pronounced up to almost 8 T (see Fig.9).
[image: C:\Users\Luboslava\Desktop\CeRhSi3.png]
[bookmark: fig_CeRhSi3_prev_data_mag]Fig.9: (a) Resistivity as a function of temperature for different static magnetic fields, applied along the a axis. (b) T-H phase diagram illustrating the shift of SC transition with applied field [2].
[bookmark: _Ref38451047][bookmark: _Toc39571753]4. Results
[bookmark: _Ref37410577][bookmark: _Toc39571755]4.1. Sample preparation and characterization 
CeRhSi3 single crystals were grown by the flux growth method, more specifically a true-Sn-flux was used as the solvent. All single crystals had a tendency to grow in the form of relatively thin plates along one particular direction, forming clear facets (see Fig.10a). Top-right crystal in Fig.10a grew along two perpendicular directions. Such a growth can be easily explained assuming that the growth directions are perpendicular to the c axis, i.e. 4-fold rotation symmetry. EDX analysis documented the correct composition and homogeneity of the samples. Remnants of Sn flux on the surface of single crystals (Fig.10b) were manually disposed of by polishing.
[image: ]
[bookmark: fig_CeRhSi3_EDX]Fig.10: As-cast CeRhSi3 single crystals viewed with SEM. (a) low magnification, growth tendency along one direction is observed. (b) large magnification, homogenous surface with  remnants of Sn flux on the top-left part of the image.
Laue X-ray diffraction confirmed the prepared samples being single crystals, and allowed to reveal their orientation. All the sample grew in the same orientation (three different samples were investigated by Laue diffraction and further used for the transport measurements). The c axis was unambiguously identified, observing 4‑fold symmetry on Laue image (Fig.11), to be perpendicular to the surface shown in Fig.10, i.e. the thinnest dimension of the sample (about 0.1 mm for all samples). Somewhat surprisingly, the preferential growth direction (and simultaneously the direction perpendicular to it and to [001]) was determined not to be the [100] direction (the a axis), but the [110] crystallographic direction. As the dimensions of usable samples were very limited, the only reasonable option for electrical resistivity measurements was a 4-probe montage with electrical current applied along the growth direction (in some cases up to 1 mm long). As such, all resistivity data were measured along the [110] axis, which should bear more resemblance to data measured previously along the a axis rather than those with current parallel to the c axis. 
[image: ]
[bookmark: fig_CeRhSi3_Laue]Fig.11: Laue diffraction images of CeRhSi3 single crystal (a) along the c axis (4-fold symmetry) and (b) along the [110] direction (2-fold symmetry). The images quality is relatively low due to small dimensions of the single crystal and used diffractometer.
	Heat capacity and transport properties at ambient pressure were measured as another part of the characterization routine, because the measured data can be easily compared to the previously published data on CeRhSi3. The heat capacity was measured down to 0.4 K employing Physical Property Measurement System (PPMS, Quantum design) [11] and a standard time-relaxation method on sample of 0.14 mg mass. The contributions of used specific heat puck and apiezon N grease, used to attach the sample to the puck, were subtracted from measured data to obtain pure sample specific heat. PPMS and 4-probe method were used for electrical resistivity measurement, also down to 0.4 K. The magnetic field was applied along the [001] crystallographic direction in both cases.
Temperature development of heat capacity revealed a pronounced lambda anomaly at TN = 1.6 K, representing the transition from paramagnetic to antiferromagnetic state (see Fig.12). Both the temperature development of the signal and its magnitude are well in agreement with previous results [3]. The “amplitude” of the anomaly is slightly larger in our case, which could be ascribed to better quality of the single crystal. Magnetic field up to 12 T applied along the c axis has a negligible impact on the specific heat anomaly; it shifts the anomaly slightly first to lower temperature – up to 2 T, and subsequently to higher temperature for higher field (inset of Fig.12). The observed behaviour is in agreement with TN being effectively independent of magnetic field applied along the c axis as reported in [3].
A pronounced kink in electrical resistivity data confirmed the AFM phase transition at TN (Fig.13). Although the electrical current was applied along the [110] direction, compared to previous experimental setting with j along the a or c axis [2], the development of measured electrical resistivity - including its magnitude and so called RRR factor, RRR = R300K/R0.4K = 88 - is in good agreement with previous results.
[image: ]
[bookmark: fig_CeRhSi3_heat_capacity_amb]Fig.12: Specific heat of a CeRhSi3 single crystal at ambient pressure. Inset shows zoomed low-temperature part of Cp/T(T) data, together with data measured in external magnetic field.
[image: ]
[bookmark: fig_CeRhSi3_heat_R_amb_pres]Fig.13: Electrical resistivity measured along the [110] direction on a CeRhSi3 single crystal at ambient pressure. Inset shows ρ(T) in magnetic fields applied along the [001]. 
	Previous results were obtained on CeRhSi3 single crystals grown by Czochralski pulling method [1,3,2]. At first, we attempted to prepare the single crystal employing the Czochralski method as well. However, both attempts were unsuccessful, as the powder diffraction patterns measured on grinded parts of the prepared ingots did not match the expected crystal structure. Instead, the patterns contained the signal of at least two phases, none of them being properly described by BaNiSn3 model. On the other hand, EDX maps of sample surface showed relatively homogeneous distribution of elements. Aware of the sample bad quality, we performed both transport and magnetization measurements at ambient pressure. The measured data differed significantly from expected behaviour for CeRhSi3, and moreover documented the samples consist of several phases. In contrast, the flux method allowed us to prepare good quality samples, as confirmed by above listed measurements. The small dimensions of single crystals are sufficient, and in fact preferable - the sample orientation is well defined, for experiments under external pressure.

[bookmark: _Toc39571756]4.2. Pressure induced superconductivity in CeRhSi3
Pressure induced superconductivity in CeRhSi3 was investigated by transport properties measurements, particularly pressure induced SC in yet unexplored pressure region above 3 GPa. Pressure cell of l‑BAC type was used for the study, since it can potentially reach pressures up to 6 GPa while providing more hydrostatic conditions than s-BAC. Single crystalline sample was polished to a thickness of about 80μm and prepared for resistivity measurement under pressure (see Fig.5). The measurement was performed at temperature down to 0.3 K and in magnetic field up to 18 T in ‘20 T & 30mK’ cryomagnet [11]. Pressure was determined by a lead manometer combined with a load calibration. We note, that three out of six leading wires on lead were lost during the measurement, i.e. the last two pressure points were discerned only by load calibration. Moreover, the usage of load calibration allowed to overcome uncertainties related to possible residual magnetic field in the cryostat, which would shift the SC transition of lead to lower temperatures and hence indicate higher pressure.
Behaviour of electrical resistivity of CeRhSi3 at moderately low temperatures is similar under ambient pressure and higher pressures (see Fig.14a): Starting at room temperature, a decrease of resistivity is relatively small (subtle), and becomes notably steeper below 150 K. Applying larger pressure results in more steep decrease of overall resistivity, reaching smaller values of resistivity at temperatures below 150 K, while the resistivity in high temperature region gradually increases. Such development can be well understood considering the changes of crystallographic lattice under pressure. The applied pressure influences both interatomic distances and local environment of Ce ions, leading to changes of phonon as well as magnetic (crystal field) contribution to electrical resistivity.
[image: ][image: ]
[bookmark: fig_CeRhSi3_hT_TN]Fig.14: Temperature dependence of electric resistivity of CeRhSi3 at several pressures (a) below 200K and (b) below 4K, illustrating the shift of Néel temperature TN under pressure.
	Focusing on the low-temperature interval of measured data (Fig.14b), a bump corresponding to AFM phase transition was observed at pressure 0.3 GPa, mostly resembling the resistivity development at ambient pressure (Fig.13). Increasing the pressure to 1.1 GPa, the transition became less pronounced and shifted to higher temperature. No AFM transition was detected at higher pressures; all in agreement with previous results [1,2]. Under 1.1 GPa there is no SC transition observed, however an unusual decrease in resistivity can be followed when nearing the lowest measured temperatures, which may indicate a start of a broad SC transition below 0.3 K. Such assumption is, in fact, well in agreement with previous results [1,2] as the SC transition is first observed at around 1.1 GPa.
	The pressure induced SC is clearly observable under 2.9 GPa and higher pressures, see Fig.15. Similarly to previous results [1,2], a maximal value of Tc (about 1.1 K) is observed under this pressure. The change of electrical resistivity of the sample during the SC transition is sharp, on temperature interval of 0.15 K. Further pressure application results in a continuous suppression of Tc, shifting it to lower temperatures, while the SC transition has a tendency to broaden (0.45 K under 3.9 GPa). Under 4.3 GPa, the SC transition is suppressed to such lengths that it is not finished at 0.3 K.
Previously reported anomalous behaviour of SC transition (marked by temperature T*) observed in electrical resistivity measurements for j II a axis [1,2] was not exhibited in our data. There was no indication of additional/subsequent transition at 3 GPa, in agreement with previous study [1,2]. The SC transition at higher pressures was broad, but smooth. Although we did not measure in pressure region from 1.2 to 1.8 GPa, and therefore cannot rule out the presence of T* anomaly at those pressures also in our sample (see Figs. 8 and 16), we tend to explain the additional anomaly to be sample dependent. Previously, the measurement was done on Czochralski grown single crystal, while the present study was performed on the high-quality flux-grown sample.
	Technical difficulties resulted in a notable hysteresis between heating and cooling scans. Therefore, data in Fig.15 were gained from both heating/cooling curves utilizing the PF (percentile filter) smoothing.
[image: ]
[bookmark: fig_CeRhSi3_rhoT_lT]Fig.15: Electrical resistivity data with pronounced magnetic and superconducting transitions at several pressures. The arrows indicate the Tc used for construction of Fig.16.
	Evolution of the pressure induced SC is illustrated in the T-p phase diagram, see Fig.16. We emphasize a difficulty to rigorously determine temperature Tc for individual pressure points. This is due to a broad nature of the SC transition in high pressures. For the purpose of following the previous results [2], Tc was determined in the same way, i.e. at top of the SC transition. Just as the previous speculations about the pressure induced SC in this material predicted, gathered data show a characteristic dome behaviour, i.e. after reaching the maximum at 2.4 and 3 GPa, Tc gradually decreases under increasing pressure. Unfortunately the experiment came to the end (lower anvil broke apart) before we could confirm the complete disappearance of SC, at least at temperature as low as 0.3 K. Nonetheless, following the behaviour of electrical resistivity under 4.3 GPa and inspecting the phase diagram in Fig.16, we are convinced that SC in CeRhSi3 will disappear in the pressure region between 4.5 and 5.0 GPa. Pressure development of TN is in good agreement with previous data, considering the samples prepared by different methods and mainly the different direction of applied electrical current.
[image: F:\Tp_diagram_final.png]
[bookmark: fig_CeRhSi3_Tp_diagram]Fig.16: T-p phase diagram of pressure induced SC in CeRhSi3, including data adopted from [2] (empty symbols).
	At each pressure point, a suppression of SC transition by external magnetic field was investigated. Firstly, temperature scans of electrical resistivity in various magnetic fields were measured, see an example for pressure 2.1 GPa in Fig.17. In this particular case, pressure induced SC is strongly resistant to magnetic field compared to higher pressures (see Fig.19). Starting with a sharp transition in zero field, continuous broadening of SC transition is observed with increasing magnetic field. Compared to the previous results (Fig.9), measured in magnetic field along the a axis, pressure induced SC survives up to notably higher magnetic field applied along the c axis..
[image: ]
[bookmark: fig_CeRhSi3_rhoT_P3]Fig.17: Temperature dependence of resistivity under external pressure of 2.1 GPa in several magnetic fields applied along the c axis. Smoothed data (Savitzky-Golay) plots.
	The measurements in constant magnetic fields were complemented by magnetoresistance measurements. At each pressure point, the temperature was kept at lowest reachable value for the experimental apparatus, i.e. 0.28 K. Magnetoresistance curves for each pressure point are presented in Fig.18. The SC transition shifts to lower temperature applying external pressure higher than 3 GPa. Surprisingly, there is a significant difference between SC transition under 3 GPa and all higher pressures; not only in magnitude of critical field, but also in the overall shape. Observed behaviour is mostly consistent with previous results [2]. The measurement at 1.5 GPa showed a change of the transition from a broad one to sharper one strongly depending on temperature. Moreover, an additional anomaly on the transition was introduced (H*). No such anomaly was followed in our data. 
[image: ]
[bookmark: fig_CeRhSi3_rhoH]Fig.18: Magnetoresistance measurements at lowest achievable temperature (0.28 K). Smoothed data (PF) plots.
	To sum up the results from measurements of the temperature and magnetic dependencies of electrical resistivity, a H-T phase diagram was constructed (Fig.19). Critical temperature/field was determined as the top of SC transition (deviation from local linear behaviour). Comparing our results at 3 GPa with the previous results at 2.6 GPa [2], SC persists up to higher magnetic field for field applied along the c axis than along the a axis. Moving to higher pressures, critical field is severely supressed unlike the moderately suppressed critical temperature. Possibly, the plateau of maximum critical temperature (2.5-3 GPa, see Fig.16) is accompanied by unusually high perseverance against magnetic field. At pressures below 2 GPa, SC transition was reported to have unusual behaviour (e.g. under 1.5 GPa in Fig.19, [1]), which is described by two observed anomalies Tc and T*. This was supported by a similar result from ac-susceptibility measurements [1]. Although no additional anomaly was observed in our high pressure data (3.9 and 4.3 GPa), the values of critical field are comparable. 
[image: ]
[bookmark: fig_CeRhSi3_HT_diagram][bookmark: _Ref38451068][bookmark: _Toc39571765]Fig.19: H-T phase diagram constructed from temperature (full symbol) and field (open symbols) dependencies of electrical resistivity of CeRhSi3 at various pressures. 
5. Discussion
Let us discuss the results on CeRhSi3. Single crystals can be prepared by both Czochralski and flux method. However, contrary to previous reports on CeRhSi3 crystal growth [1,2,3], our attempts to prepare CeRhSi3 by the Czochralki method were unsuccessful. Analysing the prepared ingots, multiple secondary phases was observed in X-ray diffraction patterns, although BSE and EDX techniques showed the sample surface being homogeneous. CeRhSi3 single crystal investigated in present study was prepared by true-flux method using Sn as solvent. The size of prepared single crystals was small (Fig.10), but sufficient for high-pressure experiments. The shape of the crystals was more advantageous compared to Crochralski grown samples. Those samples are much larger and their orientation and adjustment for the experiment are connected to difficulties with proper orientation, ingot cutting, polishing, usually leading to a few degrees tilt out of desired crystallographic directions. With small flux samples grown along the principal crystallographic directions the uncertainty in sample orientation is significantly reduced. 
The phase purity and correct stoichiometry of prepared single crystals was confirmed by EDX, and X-ray diffraction techniques (Fig.11) verified their tetragonal structure of BaNiSn3-type. Even correct composition and structure do not ensure a desirable quality of the single crystal. Therefore, we measured specific heat and electrical resistivity on prepared samples and compared the obtained results to previously reported data [1,2,3]. A good quality of the crystal was documented by high RRR factor of 88. A sharp lambda anomaly in specific heat data and a kink on the electrical resistivity curve at TN = 1.6 K were well in agreement with the antiferromagnetic phase transition previously reported for CeRhSi3 [2,3]. 
Focusing on high-pressure results, a good agreement with previous results was followed. Initial increase of TN with applied external pressure was confirmed. The characteristic kink at TN was, however, influenced by the presence of pressure induced SC transition at lower temperature. Since the goal of presented study was to investigate SC dome at pressures above 3 GPa, only one pressure point was measured in the vicinity of SC emergence, i.e. 1.1 GPa. Comparing data in Fig.7 and Fig.14, it is evidenced that our data measured with electrical current applied along the [110] crystallographic direction resemble more previous measurements along the a axis, rather than along the c axis [2]. Although we believe that the signs of the SC transition can be seen in 1.1 GPa data, the measurement to temperatures lower than 0.3 K would be necessary to unambiguously identify the SC transition. The measurement at 2.9 GPa perfectly matches with the previous data [1,2], showing a pronounced SC transition below 1.1 K and no sign of AFM transition.
Behaviour of pressure induced SC was investigated above 3 GPa in detail. Tc plateau between 2.5 and 3.0 GPa is followed by a suppression of SC transition to lower temperatures with further increase of external pressure (Figs. 15 and 16). Regrettably, the experiment was interrupted by broken bottom anvil before we could confirm a shift of SC transition below 0.3 K at 5 GPa. A complete disappearance of pressure induced SC between 4.5 and 5.0 GPa remains as the final conjecture. Without further data from higher pressures the possibility of unexpected behaviour, or the existence of another high pressure phase remains.
[bookmark: ref_CeIrSi3_Setai]Magneto-resistance measurements on a CeRhSi3 single crystal, with the magnetic field applied along the c axis, led to results consistent with previous lower‑pressure experiments [1,2]. Moreover, a similar behaviour was observed in the Ir analogue [13]. The pressure induced SC observed in CeIrSi3 is considerably more resilient to magnetic field applied along the c axis than along [110] direction, which is similar to the behaviour observed in CeRhSi3. The huge critical field is very sensitive to pressure variation, as demonstrated in Fig.19. On this point, it would be interesting to investigate critical magnetic field applied along the c axis in pressures around 2.6 GPa, where it seems the pressure induced SC is at its finest. An investigation of both 2.6 GPa and highest pressure region (> 5 GPa) is planned in near future. We have already prepared the pressure cell with the second CeRhSi3 single crystal.
[bookmark: _Ref38451382][bookmark: _Toc39571766]Conclusions
[bookmark: _GoBack]The pressure induced superconductivity in a flux-synthesized CeRhSi3 single crystal was investigated up to 4.3 GPa employing the Bridgman anvil cell and transmitting medium Daphne oil 7373. The high-pressure experimental data were utilized to complete the CeRhSi3 phase diagram sketched by the previously reported T-p and H‑T dependencies. The signs of SC transition were observed at 1.1 GPa with Tc = 0.4 K. Upon increasing pressure, the critical temperature increased up to 1.1 K at 2.4 GPa, and then beyond 3.0 GPa gradually decreased with further pressure application. A characteristic superconductivity dome was estimated to close between 4.5 and 5.0 GPa. Application of magnetic field shifted the SC transition to lower temperatures at all the pressures. The high critical field exceeding 19 T at 0.6 K and 2.4 and 3.0 GPa was significantly suppressed receding from the SC dome apex, consistently with the T-p phase diagram. 
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