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Supporting Information S1: Methods

Experimental Section 
Sample preparation. The Co3N nanoparticles were produced using an inert-gas plasma 

condensation-type cluster-deposition method described elsewhere.1 The experimental setup 

consists of two chambers, one for cluster formation and the other for deposition as 

schematically shown in Fig. S1A. The cluster-formation chamber has a direct current (DC) 

magnetron plasma-sputtering discharge with a water-cooled gas-aggregation tube, where Co 

is sputtered using a mixture of argon (Ar) and helium (He) as the sputtering gas. The flow 

rates of Ar and He used for sputtering are 400 and 100 SCCM (SCCM denotes standard cubic 

centimeter per minute), respectively. A high dc power Pdc  200 W was used for sputtering. 

Figure S1A.  Fabrication of Co3N nanoparticles. A schematic of the cluster-deposition method.

During the particle formation, N2 was introduced into the plasma region so that the 

sputtered Co atoms react with nitrogen ions in the plasma to form Co-N nanoparticles. The 

composition and crystal structure of the nanoparticles was varied by controlling the flow rate 

of N2. While a N2 flow rate of about 25 SCCM was used for forming the CdMg3-type 

hexagonal Co3.3N nanoparticles, the rhombohedral Co2.8N structure was fabricated at a flow 

rate of 30 SCCM. For the deposition of cubic CoN nanoparticles, a high flow rate of about 

100 SCCM was used. The nanoparticles were extracted as a collimated beam moving towards 
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the deposition chamber for the deposition on substrates kept at room temperature. For easy-

axis alignment, the nanoparticles were aligned by applying a magnetic field Bx   0.5 T (5 kG) 

using a set of permanent magnets before deposition on substrates (For schematic, see Fig. 

S4A in the Supporting Information S4).

Characterization. Nanoparticles were deposited on carbon coated copper grids with low 

coverage densities to measure the average particle size and size distribution using a FEI 

Tecnai Osiris (Scanning) transmission-electron microscope. Thin-film assemblies of dense-

packed nanoparticles were fabricated on single-crystalline Si (111) substrates for other 

characterizations using the Quantum Design Superconducting Quantum Interference Device 

(SQUID), Physical Property Measurement System (PPMS), and x-ray diffraction (XRD, 

Rigaku Smart Lab Diffractometer, where a Cu K wavelength of about 1.54 Å is used). The 

neutron diffraction was performed using the four-circle neutron diffractometer HB-3A at the 

High Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL). The high 

flux neutrons with the wavelength of 1.546 Å were used. The nanoparticles and thin-film 

samples were capped with a carbon layer immediately after deposition using a radio-

frequency magnetron sputtering gun employed in the deposition chamber. X-ray 

photoemission spectroscopy (XPS) measurements were obtained using an Omicron non-

monochromatized Al Kα x-ray source, with a photon energy of 1486.6 eV, and a SPECS 

PHOIBOS 150 energy analyzer. For XPS measurements, a capping layer was not used to 

cover the nanoparticle film, but the surface contamination caused by the exposure to air was 

removed by an in situ sputtering using argon ions with an energy of 1.5 keV and a current of 3 

µA, prior to measurement.

Density functional theory. First-principles calculations were performed using spin-polarized 

density functional theory (DFT). Generalized-gradient approximation (GGA) implemented in 

the VASP code2 was used in the form of PBE.3 A plane-wave basis was used with kinetic 

energy cutoff of 520 eV. The Monkhorst-Pack’s scheme was adopted for Brillouin zone 
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sampling with a k-point grid resolution of 2π  0.03 Å-1 being used in the structure 

refinements.4 The ionic relaxations were stopped when the forces on every atom was smaller 

than 0.01 eV/Å. The magnetization of the new structures, shown in Table 1, were also 

calculated using VASP. 

Table 1. Calculated Co3N structures, formation energy (H) at equilibrium or standard 
conditions, and saturation magnetization Ms. The calculations for formation energy of Co3N 
were made using hcp Co and N2 as references by H (Co3N) = [E(Co3N) – 0.5E(N2) – 
3E(Co)]/4.  

Structure 
No

Crystal Structure Space group H
(meV/atom)

Ms
(kA/m or 
emu/cm3)

Co3N-1 Rhombohedral R c  (hexagonal axes)3̄ +71.0 662
Co3N-2 Orthorhombic C 2/m 2/c 21/m +106.1 537
Co3N-3 Orthorhombic C 2/m 2/c 21/m +116.4 959
Co3N-4 Orthorhombic C 2/m 2/m 2/m +116.5 973
Co3N-5 Orthorhombic C 1 m 1 +128.3 561
Co3N-6 Orthorhombic C 2/m 2/c 21/m +141.4 649
Co3N-7 Orthorhombic I 2/m 2/m 2/m +141.6 766
Co3N-8 Hexagonal P63/mmc +964.1 1198

Additional electron Diffraction patterns.

Figure S1B shows the electron diffraction pattern for the hexagonal Co3N nanoparticles. In 

order to see the diffraction spots corresponding to the (100) reflection of the CdMg3-type 

structure, the intensity of the incident electron beam is decreased by adjusting the beam-

stopper. As shown in Fig. S1B, a few diffraction spots corresponding to (100) reflection of the 

hexagonal CdMg3-type structure is clearly seen. 
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Fig. S1B. Hexagonal Co3.3N nanoparticles. (A) A selected area diffraction pattern (SAED). 
(B) The SAED pattern is indexed with the (101) and (100) reflections of the CdMg3-type 
hexagonal structure. 

Supporting Information S2:  XPS analysis for the Co3N nanoparticles     

The core-level Co 2p and N 1s spectra measured for the hexagonal- and 

rhombohedral-type Co3N nanoparticles are shown in Figs. S2-1A and S2-1B and Figs. S2-1C 

and S2-1D, respectively. Note that the compositional analysis using XPS is a straightforward 

approach and we have used the areas of whole Co 2p3/2 and N 1s peaks and the corresponding 

relative sensitivities factors to determine the Co/N atomic ratio in the nanoparticles. The Co/N 

atomic ratios determined for the hexagonal- and rhombohedral-type Co3N nanoparticles are 

about 3.3 and 2.8, respectively. In order to understand the physical significance of the spectral 

features, we also carried out peak fit analysis for the XPS spectra of the hexagonal- and 

rhombohedral-type nanoparticles as described below.
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Figure S2-1. Experimental Co 2p and N 1s core-level XPS spectra (open circles). (A), (B) 
Hexagonal-type Co3.3N nanoparticles. (C), (D) Rhombohedral-type Co2.8N nanoparticles. The 
experimental Co 2p3/2 peak is fitted with a main peak (peak 1) followed by two plasmon-loss 
peaks at higher binding energy side (peaks 2 and 3, respetively). A minor contribution from 
Co LMM Auger transitions to the Co2p3/2  peak is also fitted as peak 0. Similarly, the 
experimental N1s peak is fitted with a main peak (peak 1) along with a compartively weak 
peak (peak 2), possibly corrsponding to a plasmon absorption. Note that the solid-line curves 
are fitted peaks for Co2p3/2 and N 1s peaks corresponding to various spectral contributions. 
The dotted curves are the resultant spectra of the fitted peaks.   

Generally Co 2p spectrum has a complex structure and consists of doublet peaks 

Co2p3/2 and Co 2p1/2 due to spin-orbit splitting. In addition, the Co 2p3/2 and Co 2p1/2 peaks 

are also asymmetric due to the presence of plasmon loss features and/or satellite peaks 

depending on the chemical environment.5,6 In the case of metallic samples, the Co 2p3/2 XPS 

peak is always composed of a main peak followed by two plasmon-loss peaks at higher 
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binding energy side, which correspond to surface and bulk plasmons, respectively.5-7 Note that 

the Co 2p3/2 peak overlaps with a portion of minor contribution from Co LMM Auger 

transitions at around 776 eV and thus the lower-energy tail of the Co2p3/2 peak is also 

asymmetric. By taking all above considerations into account, Co 2p3/2 XPS peaks of the 

hexagonal- and rhombohedral-type Co3N nanoparticles are mainly fitted into a main peak 

(peak 1) and two plasmon-loss peaks (peak 2 and peak 3 corresponding to surface and bulk 

plasmons, respectively) as shown in Fig. S2-1A and Fig. S2-1C, respectively. A weak peak 

(peak 0) is also added to compensate for the asymmetry caused by the overlapping minor Co 

LMM Auger transitions (peak 0). The presence of pure Co is not clearly distinguishable in the 

Co2p XPS spectrum of the hexagonal-type nanoparticles because of its low content (about 3 

vol. %). Thus, we have excluded the peaks corresponding to pure Co in the fitting and 

quantification analysis for hexagonal-type Co3.3N. 

The core-level N 1s spectra are also slightly asymmetric at the higher binding-energy 

side as shown in Fig. S2-1B and S2-1D, respectively. Note that N 1s spectrum of iron and 

cobalt nitrides also has been shown to be slightly asymmetric at the higher binding-energy 

tail.8,9 Although the origin of this feature is not known, it can be possibly due to the presence 

of a peak corresponding to plasmon absorption, seen in other metallic nitrides.10 Thus, we 

have fitted the N 1s spectra of the hexagonal- and rhombohedral-type nanoparticles with an 

intense main peak along with a minor peak as shown in Fig. S2-1B and S2-1D, respectively. 

The peak positions of N 1s spectra for the hexagonal- and rhombohedral-type nanoparticles 

are about 397.8 and 398.0 eV, respectively and these values are in the range of binding energy 

values reported for metal nitrides.9,11 The position of Co 2p3/2 XPS peaks are also slightly 

higher for the hexagonal Co3.3N (778.3 eV) and rhombohedral Co2.8N nanoparticles (778. 2 

eV), as compared to the standard value of Co metal (777.9 eV).9, 13
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Fig. S2-2 XPS survey spectrum of the hexagonal cobalt nitride nanoparticles. The arrows at 
around 531.6 eV and 999 eV are placed to show a substantialy weak presence of O 1s XPS 
peak and an absence of O KLL Auger transitions, respectively.

Note that the nanoparticles/films used for TEM and XRD measurements are 

immediately capped with about a 1-3 nm thick carbon layer using a RF sputtering gun 

employed in the deposition chamber to prevent oxidation upon exposure to air. Figure S2-2 

shows a wide scan (survey) spectrum measured for the hexagonal cobalt nitride nanoparticles 

using monochromatic Al K x-ray with an energy of 1486.6 eV by Thermo Scientific K-

alpha+ XPS. In addition to weak Ar and C XPS peaks, the survey spectrum shows 

significantly intense XPS peaks and/or Auger transitions corresponding to only Co and N and 

reveals a high purity in the sample. It is clearly seen from Fig. S2-2 that O 1s is substantially 

weak (indicated by an arrow at about 531.6 eV) and the characteristic O KLL Auger 

transitions is completely absent as indicated by an arrow around 999 eV. The weak O1s peak 

only yields about 1 at. % of oxygen in the sample, and its peak position is about 531.6 eV, 
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which is higher than that of the O 1s XPS peak corresponding to CoO (530.0 eV).12 This 

result indicates that the substantially weak O 1s XPS peak may be due to adsorbed oxygen 

molecules (possibly from moisture).  In addition, the absence of characteristic satellite peaks 

of CoO in the Co 2p XPS spectra and (hkl) reflections of the CoO structure in the XRD and 

SAED patterns also rules out the possible presence CoO phase.

Supporting Information S3: Phase decomposition of the hexagonal Co3.3N 

nanoparticles     

Figure S3. Phase decomposition of the hexagonal-type Co3.3N nanoparticles. (A) The N 1s 
core-level XPS spectra for the as-deposited Co3.3N nanoparticles (solid circles) and annealed 
nanoparticles at 850 K for 10 min (open circles). The N 1s XPS peak becomes very weak and 
noisy with substantially low intensity, indicating a nearly complete nitrogen loss from the 
sample upon annealing at 850 K. (B) XRD pattern of the annealed nanoparticles (red curve) 
are compared with that of the pure Co nanoparticles (black curve). This result shows that the 
Co3.3N nanoparticles transforms into pure Co phase after annealing at 850 K, which exhibit 
XRD pattern similar to that of pure Co nanoparticles. The XRD peaks corresponding to hcp 
Co and fcc Co are indexed in black and green fonts, respectively.



  

10

Supporting Information S4: Easy-axis alignment of the hexagonal Co3.3N 
nanoparticles

Experimental process. The easy-axis of the Co3.3N nanoparticles was aligned prior to 

deposition using a magnetic field Bx =µ0Hx 0.5 T (5 kG), which was applied along the x-

direction, parallel to the substrate as shown in Fig. S4A. The x-axis therefore expected to be 

the easy magnetization direction, whereas both the y- and z-directions are hard directions. 

                     

Figure S4. Easy-axis aligned hexagonal-type Co3.3N nanoparticles. (A) Schematic of easy-
axis alignment by applying a magnetic field (Bx  µ0Hx = 0.5 T or 5 kG) along the x-axis 
using a pair of permanent magnets (N-S). ( (B) In-plane pole-figure of the (002) peak.

Pole-figure analysis of the (002) peak. A detailed picture of the magnetic alignment of the 

nanoparticles and its corroborative evidence linked to the crystallographic c-axis can 

understood from the pole-figure analysis of the (002) peak. The in-plane polefigure of the 

(002) peak for the nanoparticles deposited in an applied magnetic field of ~ 0.5 T along the x-

axis is shown in Fig. S4B. Here, a 2D plot of a hemispherical scattered intensity distribution 

of (002) peak is presented and it clearly shows two high intensity spots on the opposite ends 

of the pole plot.  The orientation distribution of the (002) planes is rather narrow along the 

direction that coincides with the direction of applied field, x.   Note that the center of the pole-
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plot represents the surface normal ( = 90°) while its variation from center along the radius 

towards the circumference ( = 0°) represents the gradual variation of tilt angle of the 

diffraction plane.  A line plot analysis shows that the intensity maxima is centered around ( 

= 15 ± 5°) from the Si substrate plane with a full width at half maximum (FWHM) of about 

20. This observation that the intensity maxima does not exactly coincide with  = 0° can be 

attributed to some slight misalignment between the effective magnetic field and the substrate 

orientations.  Nevertheless, the results prove that the {002} is achieved predominantly along 

the direction of Hx in the film plane (Fig. S4B). 

Supporting Information S5: Magnetic properties and phase stability of the 

rhombohedral Co2.8N nanoparticles

Unlike the hexagonal-type Co3.3N nanoparticles, the magnetization of the 

rhombohedral-type nanoparticles changes significantly upon varying the measurement 

temperatures from 10 K to 300 K as shown in the temperature-dependent hysteresis loops (Fig. 

S5A). The rhombohedral Co2.8N nanoparticles exhibit a high Bc = µ0Hc = 0.6 T (6.0 kG) at 10 

K and maintain a decent coercivity up to 150 K (Bc = 0.03 T at 150 K). This coercive 

behavior can be attributed to a high magnetocrystalline anisotropy.

We have estimated K1 and Ms for the rhombohedral-type Co3.3N nanoparticles by 

fitting the 10 K-magnetization curve in the high-field region (3.0 to 7.0 T) using the law-of-

approach to saturation method.14 Fig. S5B show the experimental and fitted magnetization 

curves. This analysis yield K1 = 1.04 MJ/m3 (10.4 Mergs/cm3), and Ms = 580 kA/m (580 

emu/cm3), which is in good agreement with those obtained using the DFT calculations (Ms = 

662 kA/m). 
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Figure S5. Magnetic properties of the rhombohedral-type Co2.8N nanoparticles. (A) 
Temperature-dependent hysteresis loops. (B) Analysis using the law-of-approach to 
saturation: To estimate the magnetic anisotropy constant K1 and saturation magnetization Ms 
for the rhombohedral-type Co2.8N nanoparticles by following the law-of-approach to 
saturation,14  the magnetization near saturation (Ms) in the field range of 3.0 – 7.0 T for the in-
plane magnetization curve is fitted using the equation M = Ms (1 - A/H2) + H.  Here  is the 
high-field susceptibility and the constant A depends on the anisotropy constant K1 as given by 

A = . This analysis yields K1  1.04 MJ/m3 (10.4 Mergs/cm3), and Ms = 580 kA/m (580 
4
15

  
K12
Ms2

emu/cm3), which corresponds to Js = 0.73 T (7.3 kG).
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In order to see the magnetic transition and decomposition of the rhombohedral Co2.8N 

phase, a temperature-dependent magnetization curve is also measured in the range of 300 K – 

900 K as shown in Fig. S6. The magnified M-T curve of the heating cycle in the range of 300 

K – 600 K is also shown as an inset in Fig. S6. As observed in the case of hexagonal-type 

nanoparticles, the magnetization of the rhombohedral nanoparticles increases rapidly above 

605 K and approach to a saturation at about 710 K. This temperature-dependent magnetic 

behavior can be attributed to the conversion of Co3N phase to pure Co,15 which is also 

supported by XRD and XPS results as shown in Fig. S7.

Note that the M-T curve of the hexagonal-type Co3N nanoparticles does not show 

significant changes in the magnetization values in the temperature range of 300 K – 500 K. 

On the other hand, the magnetization of the rhombohedral nanoparticles decreases abruptly at 

above 300 K and reaches almost near to zero around 500 K (as shown in the inset of Fig. S6). 

This suggests that the Curie temperature of the rhombohedral Co2.8N phase is in the vicinity 

of 450 K – 500 K.

           

Figure S6. Temperature-dependent magnetization curves for the rhombohedral Co2.8N 
nanoparticles. The magnetization is normalized with the room-temperature value and the 
measurement is performed in a magnetic field of 0.5 dT (0.5 kG) during the heating (red 
curve) and cooling (blue curve). The magnetization curve measured in the temperature range 
of 300 K – 600 K during the heating cycle is shown as an inset.
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Figure S7. Phase decomposition of the rhombohedral-type Co2.8N nanoparticles. (A) The 
N 1s core-level XPS spectra for the as-deposited Co2.8N nanoparticles (solid circles) and 
annealed nanoparticles at 850 K for 10 min (hollow circles). The N 1s XPS peak becomes 
very weak and noisy with substantially low intensity, indicating a nearly complete nitrogen 
loss from the sample upon annealing at 850 K. (B) XRD pattern of the annealed nanoparticles 
(red curve) are compared with that of the pure Co nanoparticles (black curve). This result 
shows that the Co2.8N nanoparticles transforms into pure Co phase after annealing at 850 K, 
which exhibit XRD pattern similar to that of pure Co nanoparticles. The XRD peaks 
corresponding to hcp Co and fcc Co are indexed in black and green fonts, respectively.
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