Supporting Information
(Invited) Naveen Joshi1*, Pranay Kalakonda1, Kishan Lal Kumawat1, Sachin Kadian2, John T. Prater1, Tatyana I. Smirnova3, Alex I. Smirnov3, Roger J. Narayan2,1, Jagdish Narayan1
1. Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695, USA
2. Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill and North Carolina State University, Raleigh, NC 27695, USA
3. Department of Chemistry, North Carolina State University, Raleigh, NC 27695, USA
*Corresponding author, Email address: njoshi5@ncsu.edu (Naveen Joshi)





















I. Experimental Methods:
1) Plasma-Enhanced Chemical Vapor Deposition of Q-carbon Thin Films:
Q-carbon thin film was deposited using the Radio Frequency Plasma-Enhanced Chemical Vapor Deposition (RF-PECVD) system in the NC State Nanofabrication Facility (NNF) at North Carolina State University (NCSU) as described by Joshi et al.1 Silicon (100) wafer of 6" diameter was used as the substrate to deposit a 10-nm-thick Q-carbon film. The substrate was cleaned via ultrasonication in an acetone bath for 6 min, followed by the methanol bath for another 6 min. The cleaned substrate was immediately transferred to the chamber for deposition. The PECVD system has a custom-designed cylindrical stainless-steel chamber that can accommodate substrates up to 12" in diameter, facilitating wafer-scale deposition of Q-carbon. The system generates plasma in the capacitively coupled mode between the counter electrode and a driving electrode that is connected to a radio frequency power supply. The driving electrode seated on the bottom plate of the chamber also acts as a substrate holder. The chamber is equipped with a water-cooling system to regulate the temperature of the system. The driving electrode is connected to an RF power supply (RFX-600, Advanced Energy, Denver, CO, USA) with a frequency of 13.56 MHz and is electrically insulated from the rest of the chamber, which serves as the counter electrode. The pumping system provides a base pressure of 2.67  10-6 Pa (2  10-8 Torr). The PECVD chamber is equipped with a showerhead distribution ring on the top, through which the process gases flow into the chamber. The deposition process consisted of the following steps: (i) substrate loading, (ii) plasma cleaning, (iii) plasma deposition, (iv) postprocessing plasma treatment, and (v) unloading of the substrate. The plasma cleaning procedure was carried out for 5 minutes using hydrogen gas with a mass flow rate of 25 SCCM after a pump-down for 6 h and attaining the base pressure. The deposition step was carried out using a mixture of 25 SCCM hydrogen and 2 SCCM methane for 30 min to obtain Q-carbon films of thickness 10 nm. The postprocessing plasma treatment was performed using 90 SCCM argon gas for 5 min. The total pressure was measured by a Baratron gauge (MKS, Andover, MA, USA), maintained at 6.67 Pa (50 mTorr) throughout the process. The process parameters used in the deposition of Q-carbon are summarized in the tables below1.
Table 1. Process Parameters for the Deposition of Q-Carbon
	Process
	VPP (V)
	DC Bias (V) 
	RF Power (W)

	Plasma cleaning
	200 ± 10
	100 ± 10 
	70 ± 10

	Deposition
	300 ± 10
	150 ± 10 
	83 ± 10

	Postprocessing
	500 ± 10
	250 ± 10 
	170 ± 10




Table 2. Gas Flow Rate for the Deposition of Q-Carbon
	Process
	Gas
	Flow Rate (SCCM)
	Time (min)

	Plasma cleaning
	H2
	25 
	5

	Deposition
	H2 + CH4
	25 + 2
	30 min (10 nm)
45 min (20 nm)

	Postprocessing
	Ar
	90 
	5



2) Instrumental Methods:
The thickness of the samples was measured using the contact profilometry method with a Veeco Dektak D150 instrument (Plainview, NY, USA). The step-height measurement approach was used to determine the thickness of the sample. High-resolution (scanning) transmission electron microscopy (STEM) was employed to image the sample cross-section and obtain the energy-dispersive X-ray analysis (EDS) and electron energy-loss spectroscopy (EELS) data. Measurements were performed on the aberration-corrected STEM-ThermoFisher Titan 80-300 (Hillsboro, OR, USA) in conjunction with the EELS detector mounted in the microscope. The EELS data were acquired with a collection angle of 28 mrad. The TEM/ STEM cross-section sample was prepared by focused ion beam (FIB) milling using ThermoFisher Quanta 3D FEG microscope (Hillsboro, OR, USA). The bonding characteristics and sp3 content in Q-carbon were estimated using Raman spectroscopy. An alpha300M WITec confocal microscope system (Ulm, Germany) equipped with a 532 nm solid-state laser as well as a UHTS 300 spectrometer was used to perform the measurements. The Raman spectra were calibrated with the characteristic peak of Si (520.6 cm-1). The grating size of 600 I/mm and the spot size of ~2 µm in diameter were used in the measurements. X-ray photoelectron spectroscopy (XPS) was used to analyze the surface composition of the sample. Measurements were done on a Kratos XPS system (Shimadzu Corporation, Kyoto, Japan) with an X-ray excitation source of monochromated aluminum Kα radiation (I = 1.487 keV). A pass energy of 160 eV and 20 eV was used for the survey scan and the region scan, respectively. All the data were calibrated to the C-C peak at 284.8 eV. The Gaussian distribution model was used to establish the deconvoluted peaks and the Shirley model was used for the background omission. 
Magnetic Measurements: Field-dependent magnetization (M-H) measurements were performed at 10 K, 50 K, 100 K, 200 K, and 300 K using the Superconducting Quantum Interference Device (SQUID) VSM Magnetometer (Quantum Design, MPMS, San Diego, CA, USA) under a field of 795.77 kA/m (1 T). Temperature-dependent magnetization (M-T) measurements describing the field-cooled (FC) and zero-field-cooled (ZFC) curves of Q-carbon were measured under a field of 7.957 kA/m (0.01 T). A sample of dimensions 10  5 mm2 was used for the M-H and M-T measurements reported in the study. The net magnetization (and the corresponding applied magnetic field) is calculated and reported in A/m. 
Continuous wave (CW) X-band (9.87 GHz) ferromagnetic resonance (FMR) spectrum of Q-carbon was recorded at room temperature using the Elexsys 500 spectrometer equipped with a super-high Q cavity (Bruker Biospin, Billerica, MA). A sample of dimensions 10  5 mm2 was placed into a thin wall polythene tube. Microwave frequency was measured using an EIP 548B microwave frequency counter (Phase Matrix Inc., Santa Clara, CA). Measurements were carried out in N2 atmosphere to prevent any interference from the paramagnetic molecular oxygen. The EPR spectrum was simulated using the software described earlier2. The best fit was obtained using a Lorentzian function with a minor admixture of dispersion contribution corresponding to a phase shift of -0.061 rad. From the best fit, the electronic g-factor was g = 0.20065(3), and the peak-to-peak linewidth was  mT.
To verify g-factor and linewidth measurements, Mn2+ powder sample (0.02% in MgO) was chosen for magnetic field calibration. The room temperature EPR spectrum of the Mn2+ sample (not shown) was simulated using software described earlier2, yielding electronic g-factor,  g = 2.00157(8), and Mn (I = 5/2) hyperfine coupling constant of  mT. This value was compared to g =  and  mT reported in ref. (3). Based on these calibration measurements, the EPR parameters of the Q-carbon EPR spectrum were corrected, to all the observed g-factors were corrected to  mT and g = 2.0060. 
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Fig. S1. Raman spectrum of diamond-like carbon (DLC) with ~ 60% sp3 content grown using the PECVD technique.4
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