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Supplementary Text 

Calculation of Raman spectrum 

The intensity for the vth Raman mode with angular frequency v is calculated using Placzek 

approximation (36) implemented in Quantum ESPRESSO package (33), 
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where ei(es) is the polarization of the incident (scattered) radiation and nv is the Bose-Einstein 

occupation factor. The Raman tensor is therefore,  
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Here el
 is the electronic energy of the system, El (Em) is the lth (mth) Cartesian component of 

a uniform electric field. uk is the kth component of the displacement of the th atom with the 

atomic mass M. 
v

kw 
is the orthonormal vibrational eigenmode v which is obtained using 

density functional perturbation theory. 

 

Synthesis of Sample 2 and the corresponding theoretical characterization of the Raman modes of 

CG-nitrogen 

Sample 2 was heated at 120 GPa with a flake of graphite as laser absorber up to 3900 K using 

transient laser heating at 13 IDD of GSECARS. The transient heating can only be done for one 

time since the graphite immediately turned transparent. A relatively bulky single crystal of CG-

nitrogen was synthesized. The XRD data supports the formation of pure CG-nitrogen without 

any trace of the BP-structured nitrogen in the sample, as shown in fig. S5A. The Raman 

spectrum of Sample 2 after laser heating shows a strong major peak belonging to the A mode 

with the frequency consistent to the previous studies. Because of the strong Raman signal, two 

additional weak features were also observed in the Raman spectrum, as shown in fig. S5B. One 

of the two peaks can be assigned with confidence to the low-frequency T mode while the other is 

possibly the high-frequency T mode (named T’). These modes were not observed in any previous 

experiment probably due to their low intensity. The presence of the two T modes is consistent 

with the group theory analysis and zone-center phonon calculation. According to the group 

theory, the CG-nitrogen (space group I213) should have four Raman active modes, A + E + 2T. 

The density functional perturbation calculation shows that the spectrum is dominated by the A 

mode because the intensities of the E + 2T modes are less than 10% of the former and therefore 

hardly observable. 

 

Estimation of the pressure conditions for synthesizing BP-structured nitrogen 

The P-T conditions for synthesizing BP-structured nitrogen appear narrow. We explored the 

synthesis by laser heating experiments at 120 GPa, 146 GPa, 149 GPa, 160 GPa, and 190 GPa, as 

shown in fig. S6. At 120 GPa, we synthesized CG-nitrogen by using nitrogen with graphite laser 

coupler (Sample 2). At 146 GPa, BP-structured nitrogen (mixed with CG-nitrogen) was 

synthesized by direct laser heating nitrogen (Sample 1). At 149 GPa, BP-structured nitrogen was 

able to be synthesized by heating a laser coupler inside nitrogen. At 160 GPa and 190 GPa, 



 

 

nitrogen directly absorbs laser irradiation and transforms to a transparent amorphous phase, as 

also being reported by Laniel et al (13). 

  



 

 

 
Fig. S1. Micro-images and XRD contrast imaging of Sample 1. (A) Micro-image at 127 GPa. 

(B) Micro-image at 150 GPa. Both A and B were collected before laser heating and with 

illumination with both reflected and transmitted light. (C) Micro-image of Sample 1 after laser 

heating. Red dash line box includes the sample area corresponding to the area being mapped in D. 

(D) Two-dimensional XRD contrast imaging using monochromatic focused X-ray probe with 

500 nm FWHM. Blue, red, and black color represent BP-structured nitrogen, CG-nitrogen, and 

Re. Darker color means higher integrated XRD peak intensity, suggesting the higher content of 

the corresponding phase. One representative integrated XRD peak from each phase was tracked 

to calculate the presence of the corresponding phase. Data processing was performed by using 

the XDI software (26). Two-dimensional XRD data was collected by moving the sample in a 

two-dimensional grid [40 µm (vertical) by 32 µm (horizontal)] with 1 µm step size (the total data 

collection took approximately 10 hr). Data were collected with DAC being static without rotation. 

Since data at many sample positions are spotty, the intensity of the map is not reliable due to 



 

 

potentially different crystal orientations at different sample positions (some crystals of a certain 

phase may be absent in the map since the crystal orientations do not satisfy the Bragg conditions).  

  



 

 

 

Fig. S2. Raman spectra and XRD patterns with corresponding micro-images of Sample 1 

at a series of sampling positions. (A) Raman spectra collected at different sample positions. 

Dash line mark the A mode peak from the CG phase. Gray shade masks the Raman signal from 

the stressed diamond anvil. (B) Montage of nine micro-images showing the sample positions 

where the Raman spectra were measured. Spectrum in a particular color in A is measured at 



 

 

the sample location in B with a marker in the corresponding color located at the left upper 

corner. White arrows mark the laser spot positions on the sample. (C) XRD patterns collected 

at nine different sample locations. Red dash lines mark peaks from BP-structured nitrogen. 

Black and blue ticks at the bottom mark peak positions from the CG-nitrogen and Re, 

respectively. Diffraction data were collected by widely rotating the DAC from -21° to +21° 

about the Ω-axis. Diffraction peaks from the new phases at different sample positions are 

overall consistent (the sample contains deformed single crystal grains with different crystal 

orientations, thus slightly different reflections may present at different sample positions). 

Patterns plotted in black, magenta, and violet show strong Re peaks due to the closeness of the 

sample positions to the edge of the sample chamber. (D) Sample positions corresponding to 

the XRD patterns marked by colored spots on the micro-image. XRD pattern in a particular 

color in C is measured at the sample location in D with the same color. Size of the spots 

represents the real focused XRD probe size (FWHM). 

  



 

 

 

 
 

Fig. S3. Diffraction spots from the grain #1 of BP-structured nitrogen on the raw image. 

White boxes mark the diffraction spots. Numbers are miller indices of the corresponding XRD 

spots. Image is merged from step scan patterns of selected Ω angles to demonstrate BP-

structured nitrogen XRD spots. Intensity of the XRD from the grain #1 is in general weaker 

than that of the grain #2. Some weak spots are not obvious since this pattern is obtained by 

merging multiple patterns, many of which do not contain the specific XRD spots. Red shades 

mask reflections related to diamond anvils. 

  



 

 

 

Fig. S4. Raman spectrum of the Sample 1 measured at 48 GPa upon decompression. The 

B3g mode, overlapping with diamond Raman edge at megabar pressures, shifts out of the 

spectral region of diamond Raman edge at 48 GPa. Big red arrow points to the B3g mode. 

  



 

 

 

Fig. S5. Raman spectra and XRD pattern of Sample 2. (A) XRD pattern of the Sample 2. 

Five families of reflections can be well indexed with CG-nitrogen. Numbers in parenthesis are 

the Miller indices of the corresponding peaks. Inset shows the raw XRD image. Data was 

collected while widely rotating the DAC from -18° to +18° about the Ω-axis. Diffraction 

signal from CG-nitrogen is spotty. Red spots mask the diffraction from diamond anvils. (B)  

Raman spectra of Sample 2 after the synthesis and at the lowest pressure when the CG-

nitrogen was still preserved. A, T, and T’ mark the Raman modes of CG-nitrogen. N2 mark the 

Raman mode from molecular nitrogen (un-reacted sample upon laser heating). The T’ mode 

was buried by the Raman signal of the stressed diamond anvil at high pressure and shifted out 

of the diamond Raman signal upon decompression. 

  



 

 

 
Fig. S6. Phase diagram of nitrogen and synthesis conditions of polymeric nitrogen phases. 

Phase diagram is adapted from literatures (37, 38). Red solid circle, open circle, half solid half 

open circle, and solid squares represent synthesis conditions of CG-nitrogen, BP-structured 

nitrogen, mixture of CG-nitrogen with BP-structured nitrogen, and transparent amorphous 

nitrogen, respectively, from our own data. Blue circles, green circle, orange circles, and navy 

upper triangle (half open half solid) represent synthesis conditions of CG-nitrogen from (10, 39, 

40) and mixture of LP-nitrogen with CG-nitrogen from (11). CG, BP, and LP in figure legend 

represent CG-nitrogen, BP-structured nitrogen, and LP-nitrogen, respectively. 

  



 

 

 

 
Fig. S7. Comparison of –COHP of N-N pairs between BP-structured nitrogen and CG-

nitrogen at 100 GPa. (A) Calculated -COHP curves of N-N pairs in BP-structured nitrogen 

and CG-nitrogen. Insert map is the calculated -ICOHP of N-N pairs. For comparison, the -

COHP value for a triple bond in N2 is 23.07. (B) Crystal structure of BP-structured nitrogen at 

100 GPa with bond lengths noted. 

  



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S8. Calculated (A) phonon dispersion relations and (B) band structure for BP-

structured nitrogen at 150 GPa.  

  



 

 

Table S1. Comparison of the predicted angles and the observed angles (in reciprocal space) 

between reflection spot 0 -2 1 and other reflection spots of the grain #1 as well as between 

reflection spot 0 2 0 and other reflection spots of the grain #2. Angles between two 

reflections according to the specific diffraction geometry were calculated based on the unit-cell 

parameters, assigned Miller indices hkl, and orientation matrix of the grain. Average FWHM of 

the rocking curve (SXRD data) for these reflections is approximately 2°. 

       Grain #1 Grain #2 

A0 -2 1 ⋀ h k l  Calculated 

angle (°) 

Observed  

angle (°) 
0 2 0 ⋀ h k l Calculated  

angle (°) 
Observed  

angle (°) 

0 -2 1 ⋀ 1 3 1 ⋀92.8 ⋀93.1 a0 2 0 ⋀ 0 -2 1 ⋀131.0 ⋀130.5 

 0 -2 1 ⋀ -1 -3 -1 ⋀87.2 ⋀87.0 0 2 0 ⋀ 0 2 1 ⋀49.0 ⋀48.4 

0 -2 1 ⋀ 1 1 2 ⋀59.9 ⋀60.2 0 2 0 ⋀ 0 0 2 ⋀90.0 ⋀89.5 

 0 -2 1 ⋀ -1 -1 -2 ⋀120.1 ⋀119.6 0 2 0 ⋀ 0 4 1  ⋀ 29.9 ⋀29.5 

0 -2 1 ⋀ 1 3 2 ⋀76.2 ⋀76.1 0 2 0 ⋀ 0 -4 1 ⋀150.1 ⋀149.6 

 0 -2 1 ⋀ -1 -3 -2 ⋀103.8 ⋀103.6 0 2 0 ⋀ 1 -3 -2 ⋀118.5 ⋀118.9 

 0 -2 1 ⋀ -1 -5 -1 ⋀75.8 ⋀75.5 0 2 0 ⋀ 1 1 -3 ⋀82.4 ⋀82.8 

 0 -2 1 ⋀ 0 -2 3 ⋀24.9 ⋀25.4 0 2 0 ⋀ 1 -1 -3 ⋀97.6 ⋀97.9 

 0 -2 1 ⋀ 0 2 -3 ⋀155.1 ⋀154.6 0 2 0 ⋀ 0 8 1 ⋀16.0 ⋀15.7 

0 -2 1 ⋀ 2 4 1 ⋀96.7 ⋀96.9 0 2 0 ⋀ 0 -2 0 ⋀180.0 ⋀179.4 

0 -2 1 ⋀ 1 1 3 ⋀53.3 ⋀53.4 0 2 0 ⋀ 0 -2 1 ⋀131.0 ⋀131.4 

  0 -2 1 ⋀ -1 1 -3 ⋀140.3 ⋀139.9 0 0 2 ⋀ 0 -4 0 ⋀180.0 ⋀176.4 

 0 -2 1 ⋀ 0 4 -3 ⋀169.1 ⋀169.1 0 0 2 ⋀ 0 4 0 ⋀0.0 ⋀0.3 

 0 -2 1 ⋀ 0 -4 3 ⋀10.9 ⋀11.1    

 0 -2 1 ⋀ 2 6 0 ⋀117.4 ⋀117.1    

0 -2 1 ⋀ 1 5 -3 ⋀159.6 ⋀159.6    

0 -2 1 ⋀ 0 -6 3 ⋀0.0 ⋀0.2    

 0 -2 1 ⋀ 2 2 3 ⋀65.7 ⋀65.6    

  



 

 

Table S2. Calculated Raman tensor 
v

lmR for CG-nitrogen (1) and BP-structured nitrogen (2) 

at 138 GPa. The T and T’ modes are triple degenerate and the E mode is double degenerate for 

CG-nitrogen.  

(1) 
v

lmR of CG-nitrogen 

A mode (v = 4)     Frequency = 869.5 cm
-1 

      4.5874064      0.0000000      0.0000000 

      0.0000000      4.5874064      0.0000000 

      0.0000000      0.0000000      4.5874064 

 

T mode (v = 5, 6, 7)   Frequency = 986.8 cm
-1

 

      0.0000000     -0.0384558      0.9515488 

     -0.0384558      0.0000000     -0.2396883 

      0.9515488     -0.2396883      0.0000000 

 

      0.0000000      0.0465419     -0.2378335 

      0.0465419      0.0000000     -0.9516528 

     -0.2378335     -0.9516528      0.0000000 

 

      0.0000000      0.9801684      0.0486264 

      0.9801684      0.0000000      0.0357842 

      0.0486264      0.0357842      0.0000000 

 

E mode (v = 8, 9)   Frequency = 1372.7 cm
-1

 

     -0.1181099      0.0000000      0.0000000 

      0.0000000     -0.2746768      0.0000000 

      0.0000000      0.0000000      0.3927867 

 

      0.3853607      0.0000000      0.0000000 

      0.0000000     -0.2949658      0.0000000 

      0.0000000      0.0000000     -0.0903933 

 

T’ mode (v = 10, 11, 12)  Frequency = 1501.2 cm
-1

 

      0.0000000      0.7931578      0.1423568 

      0.7931578      0.0000000     -0.1804449 

      0.1423568     -0.1804449      0.0000000 

 

      0.0000000      0.0180929     -0.6849812 

      0.0180929      0.0000000     -0.4608662 

     -0.6849812    -0.4608662       0.0000000 

 

      0.0000000     -0.2291255      0.4387023 

     -0.2291255      0.0000000     -0.6610340 

      0.4387023     -0.6610340      0.0000000 

  



 

 

(2) 
v

lmR of BP-structured nitrogen 

B1g mode (v = 5)     Frequency = 799.8 cm
-1 

      0.0000000     -6.8210556      0.0000000 

     -6.8210556      0.0000000      0.0000000 

      0.0000000      0.0000000      0.0000000 

 

B2g mode (v = 6)   Frequency = 818.6 cm
-1

 

      0.0000000      0.0000000      0.0000000 

      0.0000000      0.0000000     16.9831027 

      0.0000000     16.9831027      0.0000000 

 

Ag mode (v = 7)   Frequency = 977.8 cm
-1

 

    16.7898916      0.0000000      0.0000000 

      0.0000000    21.8598733      0.0000000 

      0.0000000      0.0000000    139.2992139 

 

B2g’ mode (v = 8)   Frequency = 1053.4 cm-1 

      0.0000000      0.0000000       0.0000000 

      0.0000000      0.0000000     10.8787838 

      0.0000000    10.8787838       0.0000000 

 

Ag’ mode (v = 9)   Frequency = 1290.8 cm-1 

      7.6177221      0.0000000        0.0000000 

      0.0000000      4.1704502        0.0000000 

      0.0000000      0.0000000    103.4467104 

 

B3g mode (v = 12)   Frequency = 1430.9 cm-1 

      0.0000000      0.0000000     33.5848116 

      0.0000000      0.0000000      0.0000000 

    33.5848116      0.0000000      0.0000000 
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