[image: image1.jpg]<



[image: image2.emf]8.48 8.50 8.52 8.54 8.56 8.58 8.60 8.62 8.64 8.66

 

 

dP/dB (arb.units) 

Magnetic Field (T)

 Exp

 3 component fit

 2 component fit

290 K, 239.2 GHz



Intrinsic and Extrinsic Defects in a Family of Coal-Derived Graphene Quantum Dots
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Introduction 
Graphene quantum dots (GQDs) have unique properties due to the quantum confinement effect. Recent advances in chemical routes enable researchers to prepare gram-scale high quality GQDs. Most importantly, GQDs have been considered attractive candidates for solid-state quantum bits due to their long spin coherence times. However, recent spin transport measurements have shown that the spin-relaxation time is as much as 1000-fold lower in graphene than predicted which is in the range of micron to milliseconds, concluding that the primary source of electron spin relaxation is magnetic defects and interface contact resistance, but not the spin-orbit effect, as researchers have widely believed, raising the concerns on the utility of graphene-based materials for spintronics applications. The origin of those defects remains uncertain and unidentified thus far which motivated us to unravel such magnetic defects in GQDs using electron spin resonance spectroscopy (ESR) spectroscopy. This may help in generally addressing the unexpected short spin relaxation times in graphene-based materials. 

Experimental

ESR measurements were performed at two high microwave frequencies (239.2 and 336 GHz) using the quasioptical spectrometer that has been developed at the National High Magnetic Field Laboratory, Florida and its 12.5 T superconducting magnet.
Results and Discussion
[image: image2.emf]We have reported on the high frequency (239.2 and 336 GHz) ESR studies performed on GQDs, prepared through a wet chemistry route from three types of coal: (a) bituminous (b) anthracite, and (c) coke; and from non-coal derived GQDs. ESR spectra revealed four distinct magnetic defect centers. In bituminous- and anthracite-derived GQDs, identified two of them as intrinsic carbon-centered magnetic defect centers (a broad signal of peak to peak width of 697 x 10-4  T, g = 2.0023; and a narrow signal of peak to peak width of 60 x 10-4 T, g = 2.003. The third defect center is Mn2+ (6S5/2, 3d5) (signal width = 61 x10-4 T, g = 2.0023, Aiso = 93 x 10-4 T), and the fourth defect is identified as Cu2+ (2D5/2, 3d9) (g⊥= 2.048, g‖ = 2.279), previously undetected. Coke-derived and non-coal derived GQDs show Mn2+ and two-carbon related signals, and no Cu2+ signal. The extrinsic impurities most likely originate from the starting coal. Furthermore, Raman, PL and ESR measurements detected no noticeable changes in the properties of the bituminous GQDs after one year. 

Conclusions
This study identified two intrinsic and two extrinsic magnetic defects in GQDs. This study highlights the importance of employing high frequency ESR spectroscopy in identifying magnetic defects that are roadblocks for useful spin relaxation times of graphene-based materials; these defects can act as strong unwanted scattering centers and limit the spin relaxation times. That might explain why there is a large discrepancy in spin relaxation times between theoretical and experimental studies, an on-going topic of intense investigation. To get theoretically predicted long spin life times and to bridge the gap between the experimental and theoretical values, which has been a puzzling question in graphene spintronics, the future research should aim to eliminate/minimize such magnetic defects even in the best quality graphene materials.

Acknowledgements

SRS acknowledges NAS/NRC for postdoctoral fellowship. A portion of this work was performed at the National High Magnetic Field Laboratory, which is supported by National Science Foundation Cooperative Agreement No. DMR-1157490 and the State of Florida. The work at Rice University was supported by the Air Force Office of Scientific Research FA9550-14-1-0111. 
Fig. 1. 239.2 GHz ESR spectra collected from bituminous-coal derived GQDs at 290 K. Experimental and computer fitted spectra are compared.









