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High temperature superconductivity ( ! T c onset at 34K) in the

 

We have studied the structural and superconducting properties of FeSe -β under pressures up to using synchrotron radiation and diamond anvil cells. The bulk modulus of the tetragonal phase is , much smaller than the rest of based superconductors. At we observe a phase transition from the tetragonal to an orthorhombic symmetry. The high pressure orthorhombic phase has a higher reaching at . The discovery of superconductivity 1, , , 2 3 4 with critical temperatures between 30K and 55 K in the layered iron arsenides has induced a wide scope exploration of phases with iron in a similar environment in the hope of finding new superconducting compounds and going beyond these high superconducting transition temperatures ( ). In particular, the report c T 5 of superconductivity in the structure of is tantalizing, as strong pressure effects at relatively low pressures seem PbO FeSe 6, , 7 8 to strongly increase c T up to around for the onset of the transition. On the other hand, partial replacement with tellurium also noticeably increases 9 K 25 c T . However, superconductivity seems to coexist with magnetically ordered states accompanied by lattice distortions 10 that are much more stable than superconductivity 11 . In this letter, we have studied the evolution of both superconductivity and structure under pressure.

We find that in our samples an orthorhombic high pressure phase develops above that presents superconductivity above 34K. cullet diamonds. The transmitting media used was Helium and the pressure was determined using the equation state of copper 12 , introduced next to the sample.

The structural studies have been done at ambient temperature. The diffraction patterns were collected with a CCD camera and the intensity vs. patterns were obtained using the fit2d software Theta 2 13 . A complete Rietveld refinement was done with the GSAS-EXPGUI package 14 , all the estimated standard deviations were multiplied by a factor of 5 due to the underestimation of the GSAS calculation 15 .

The electrical resistance measurements were performed using a Keithley 220 source meter and a Keithley 2182 nanovoltmeter. Pressure measurements, (between and ), were done in a sintered diamond Bridgman anvil apparatus using a pyrophillite gasket and two steatite disks as the pressure medium
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The magnetization (M) data was measured in the so-called zero field cooling process.

The sample was cooled down to 2K with in a zero field. Then, the 50Oe magnetic field was applied and M was measured at increasing temperature up to room temperature.

From the diffraction data at ambient pressure condition, we refined the lattice parameters, peak profile, occupancy and position of the Se atom in z ) , , ( Pbnm GPa 5 . 8 18 .

By inspection of the lattice parameters of the tetragonal phase, determined by

Rieteveld refinement, we observe a smooth variation over the full range to .

The lattice parameters and the volume V of the From a fit of the cell volume, V , with pressure, P up to , with a third order Murnaghan Equation of State (EoS)
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, we obtained a bulk modulus ( )GPa 3 (c)).

Therefore, the separation between layers (labeled " " in fig. 3(c))

decreases abruptly, reaching a value below at 12GPa. In contrast, the bond length ( in fig. 3(c It is clear that the structural phase transition at 12.5GPa induces an abrupt change of the superconducting temperature pressure dependence. Thus, the orthorhombic phase has a higher that reaches its maximum value of 34K at the highest applied pressure. In contrast, the c T * T transition shows a monotonic increase up to 15GPa followed by a reduction that could be fitted with a quadratic polynomial.

For the low pressure variation ( GPa P 12 < ) of and , we obtained 1.4K/GPa and 0.8K/GPa, respectively. These values are smaller that the ones reported in Ref. During the preparation process of this publication, two other papers 22,23 To try to elucidate other reason for the large differences we discuss the possible effect of the pressure transmitting media. As it has been mentioned before, the structural study was done using Helium as media. Taking into account the small atomic radii of the noble gas, one can speculate about He intercalation during the compression process considering the layered crystal structure of the . Three important aspects must be taken into account in order to discard any effect of the pressure media. First, the resistance experiment was done using solid steatite as media where no possible intercalation is expected and even there is an excellent agreement in the determination of the critical pressure of the T-O transformation from the kink in the resistance at 
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--Thus, we believe that the mentioned discrepancies can be assigned to a small difference in Se stoichiometry that could reduce the superconducting critical temperature at ambient pressure of our sample, and induce a different structural and superconducting behavior under pressure.

In summary, we have studied the structural and superconducting properties of under pressures up to using synchrotron radiation X ray diffraction and FeSe GPa diamond anvil cells. We show that under compression, transforms from the original tetragonal structure to an orthorhombic one that has a higher superconducting temperature, . The data correspond to 0, 0. 
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GPa 12 Polycrystalline

 12 samples were synthesized from high quality starting materials: Fe and Se in molar ration of . The reactants were weighted, mixed and homogenized in an agate mortar in a dry box under purified argon atmosphere. The mixture was packed and sealed under vacuum in a quartz tube and calcined at during 48h with intermediate grindings. The polycrystalline sample was checked using X-ray powder diffraction technique. The pattern was indexed according to the tetragonal with space group. Small peaks of the hexagonal were observed as an impurity phase. NiAsThe angle dispersive X-ray diffraction studies on powder samples were performed at the ID27 high-pressure beamline of the European Synchrotron Radiation Facility using monochromatic radiation ( ) and diamond anvil cells with

  a)). From this results, and considering the study presented inRef 17 we can conclude that our sample correspond to an stoichiometric composition , that is consistent with the Se occupancy refined from the ambient pressure X ray data of 1(a) we show the X-ray diffraction pattern and the Rietveld refinement at 6.6GPa. The refinement was done considering both the tetragonal FeSe -The pressure effects on the diffraction patterns can be observed in fig.1 (b). Clearly, at 12.5GPa there is a phase transition from a tetragonal towards an orthorhombic (T-O) phase. Although it was not straightforward to determine the space group of this phase, considering group-subgroup operation, we can propose a structure of the type. It is also important to mention that we also observed the phase transition in the hexagonal phase at already reported

  in the case of LaFeAsO19 and 0.1%, 13% and 15% in the case of LiFeAs20 , respectively. This reduction may explain the low critical pressure of the structural phase transition.The pressure evolution of the lattice parameters and , the normalized ratio and the volume V of the tetragonal phase, are presented in fig.2(a) and (b), respectively. The ratio decreases down to at meaning a larger compression of the structure along the stacking direction of the layers compared with the basal plane and it is consistent with the higher atom density in the plane.

6 '

 6 K 0 =. This is the lowest value reported up to 0 K now in the iron based superconductors family. Such a small value can explain the low critical pressure for the T-O transformation. A similar value for the bulk modulus was obtained for this compound in recent high pressure neutron diffraction the magnetic measurement at ambient pressure, we can clearly observe the existence of two anomalies. The first at 125K (named * T ) can be associated with the spin density wave transition, while the second one at 7K evidences the appearance of the superconductivity (see fig. 3 (a)). In the same figure the temperature dependence of the resistance at is presented, where both the anomaly at GPa 6 * T and the superconductivity are marked by an arrow. In the fig. 3 (b) the temperature dependence of the normalized resistance is shown for various applied pressures up to 22GPa. The pressure dependence of the resistance at 50K (inset of Fig. 3 (a)) shows a kink at 13GPa. This anomaly can be associated to the T-O phase transition determined from the high pressure diffraction studies. From the Rietveld refinement of X-ray data, we obtained the pressure dependence of the characteristics distances between and atoms (see fig. 3 (c)) and the angles (see fig. 3 (d)). The Se height in the structure does not show an evident variation while the pressure increases; it remains fixed at r o m the basal plane. The interlayer

. 4 .

 4 )) and the thickness of the layers ( in fig.3(c)) show a slight decrease at low pressure (P<6GPa) followed by a constant behavior up to 12GPa. The pressure are similar to the ones obtained in Ref 10 and correspond to a deviation from the ideal value for the non-distorted tetrahedron, . For pressure below 1GPa, the difference between the two angles increases rapidly inducing a bigger distortion in the structure, and then it remains constant up to 6GPa. Further increase in pressure develops again the distortion of the structure. We also present in this figure with two different background colors the stability pressure range of the tetragonal and orthorhombic phase.

  /GPa) and Ref. 8 (5K/GPa).

FeSe50K,

  and in the pressure dependence of the superconducting critical temperature. Second, the T-O phase transition was completely reversible during decompression in the diffraction study. Finally, the fact that the neutron diffraction results and the data presented in Ref. 23 (where Daphne TM oil was used as pressure media) show the same bulk modulus helps discarding the He intercalation hypothesis. Using this three arguments we can also discard any oxygen doping or moisture effect on the sample, considering that in this case the cell parameters would be increased and the drastically modified. The measurements in Ref. and 23 were performed using hydrostatic conditions, no media and quasihydrostatic (NaCl) conditions, respectively. While in our case, solid quasihydrostatic environment (steatite) was used. It is possible that hydrostatic compression may be more effective in compressing the parameter, but our structural measurements are hydrostatic and the T-O transition in both of our measurements, hydrostatic and non-hydrostatic, coincides. a Finally, from our structural data, we show that the interlayer distance shows more important pressure dependence that the one reported in Ref angles and the Se height (not shown) show also a different behavior with pressure.
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 3 Figure1: (color online) (a) X-ray synchrotron radiation diffraction pattern of the
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 23 Figure 2: (color online) (a) Evolution of the lattice parameters and the
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 4 Figure 4: (color online) Evolution of the transition temperatures as a function of