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 Upper Critical Fields of Two-Dimensional NbSe​​2
Hunt, B.; Tsen, A.W.; Pasupathy, A.N.; Dean, C.R. (Columbia, Physics); Kim, Y.D.; Hone, J. (Columbia, Mech. Eng); Kim, P. (Harvard, Physics); Yuan, Z.J.; Jia, S. (Peking U.) and Cava, R. (Princeton, Chemistry) 
Introduction
In two-dimensions the destruction of superconductivity depends strongly on the orientation of the magnetic field. For magnetic fields perpendicular to the basal plane, the upper critical field Hc2 is determined by vortex formation, namely the field at which there are a sufficient number of vortices that their cores overlap and the system is driven normal. For in-plane fields, no supercurrents can circulate to screen the external field, and so the relevant physics is that of Pauli paramagnetism: superconductivity is destroyed when the Pauli paramagnetic energy is sufficiently large to overcome the superconducting condensate energy and a spin-singlet Cooper pair can be broken by a flipped spin.  The field at which this occurs, for bare electrons with g=2, is known as the Pauli limit Hp.  Enhancement of Hc2|| with respect to Hp can serve as a probe of the role of spin-orbit coupling and other effects on electron pairing in a two-dimensional superconducting system.
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Experimental


We constructed Hall-bar devices from thin, exfoliated NbSe2 by glove-box encapsulation with boron nitride (hBN), a technique described in ref. [1].  We used tilted-field magnetotransport to study the perpendicular and parallel critical fields, using a rotating probe in SCM-2 and in the 31 T field in Cell 9.        
Results and Discussion

We found that in a bilayer NbSe2 device, the upper critical (in-plane) field is significantly enhanced compared to the Pauli limit, though it is notably less than that measured in a monolayer [2].  We were able to measure this bilayer NbSe2 device to a lower T/Tc0 (temperature normalized by the zero-field transition temperature Tc0) than previously. We find a significant qualitative deviation from the standard pair-breaking theory (Fig. 1) as the temperature approaches zero.
Conclusions

Our results on bilayer NbSe2 show that in a multilayer device, where the spin-momentum locking [2] that protects the spins in a monolayer device against flipping is absent, the superconductivity is nevertheless enhanced by a large amount relative to the Pauli limit.  This is probably because of weak interlayer hopping and the consequent locking of the spins to out-of-plane direction, where in contrast to the ML case, the spins are locked to layer rather than to momentum.  More quantitative studies are needed, of multilayer devices but especially of monolayer devices, to understand the deviation of Hc2||(T) from pair-breaking theory at low temperature, as well the interplay of spin-momentum locking (ML) and spin-layer locking (BL and TL) with orbital and interaction effects.
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Fig.1 Upper critical field of NbSe2.  Filled symbols are from the current work, measured on a bilayer (BL) device.  Empty triangles are monolayer, bilayer and trilayer data (ML, BL and TL) from ref. [2].  The red curve is a fit to the pair-breaking expression for Hc2||  .  The data are normalized to the Pauli limit Hp = 1.84Tc0; for the bilayer data (red symbols), Tc0 = 5.1 K and Hp = 9.4 T, so that the maximum Hc2|| measured was 30 T (approximately 3.2Hp)









