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B B AR T UL RT3 1 A PA2,m A P2,2,2, MHER AR, JE )2 L8450 . 2013 4F, BF9E A B4R T KA
JE5R T 3 FOE A E R E R A R SE M PA/nbm ., P2, FL R3m™ . 2004 4F, 75380 5 BN #44 K47 %F
TitAik (diamond anvil cell, DAC) & # v, 4G BL 4 K KN TE 110 GPa, 2000 K fY i il 5 5 T A U cg-N,
HRA RV TAEH RIS R R, LA 2R, cg-N MR A A # A T 1T HIE £ 42 GPaP',
2014 4F, SCERL2E K AE 150 GPa, 3000 K A9l T 554 T, AT Hb i 4% H 2 4R 5 & & (layered polymeric
nitrogen, LP-N), i% 25 ¥ HAG ML AT PRS2 00 Pha2 B A A L5122, 2020 4F, HAG #8490 48 )2 000
BP-N 7 140 GPa. 2000 K [ & ik =5 He FREE N B sl oy il 4%, S0 SE 30 R W1, X 25 M e AR e & 48 GPa™ 2,
6 5 75 1 Ui R 45 14 (244 GPa. 3300 K) T, 52568 Bk 5K X2 & il 75 77 2 3 4 A (hexagonal layered
polymeric nitrogen, HLP-N), A] 7£ % iR T 1 5 & 66 GPa®, ¢S5 A1 BIS T 5% 32 B ) 3R & & 45 7 S
B AAE R RE R A TR 1PV 1. ZE L, BOARBLA R AT T & 2R R A R, (H X
S IRE RS AR5 ZEAE 100 GPa DL I FE SR EREE N i 45, & MU AT 20 o A0 o] A6 B AR Y 5 R 12
TER £ R 1k BB B R A RS H S B L Bl N A Bk iR 5 i e (1) B AR} 2 )

x1 RARWEHREMN FHUFEMEEREY™

Table 1 Synthesis conditions, structural characteristics and energy density of polymeric nitrogen™ "
Materials Synthesis conditions Space group Energy density/(kJ-g™") Ref.
cg-N 110 GPa, 2000 K n3 10.29 21]
LP-N 150 GPa, 3000 K Pba2 11.81 [22]
HLP-N 244 GPa, 3300 K P4.bc 16.70 [25]
BP-N 140 GPa, 2000 K Cmca 9.09 [23-24]

W/

(a) P42,m, 11.81 kl/g (b) P2,2,2,, 10.67 kl/g (c) 143m, 15.95 kl/g

BT BTN TR SRS AR RS R RE A
Fig. 1 Crystal structure and energy density of polymeric nitrogen under high pressure predicted by theory
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ik B 17 0, IR — R E B Y. AT, S A

EL 4t P AL 0, JU A B A PR 1 £ P
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15 30~ 85 GPa HYBIR T 5 T 5 B, T il 7 th & B2 N, B THr 2
/E%J{F(NQ N ﬂfﬁﬁﬂ:(NS) N ?jﬁi*ﬁﬂ/ﬁ%ﬁ(Nf)*n Fig. 2 Electron orbital distribution of N, molecule
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Table 2 Synthesis conditions and structural characteristics of nitrogen-rich compounds™*>*!

Category Materials Synthesis conditions Space group Electron configurations Ref.
TaN, 100 GPa, 2200 K Fdd2 Ta® (4f'5d") [30]
WN, 126 GPa, 3500 K R3m WH(4f1*5d%) [31]
TaN, 100 GPa, 2200 K P2,/m Ta*'(4'*5d") [30]
ReN,, 123 GPa, 2700 K Immm Re"'(4f'5d") [32]
WN,, 105 GPa, 2700 K Immm WH(4f5d%) [33]
Transition metal nitrides
HfN,,'N, 105 GPa, 1900 K Cmmm HfY(4f") [33]
03Ny, 3N, 105 GPa, 2800 K Pnnm Os*(4f'*5d") [33]
FeN, 104 GPa, 2000 K P1 Fe?'(3d%) [34]
YN, 100 GPa, 3000 K C2/m Y¥(4d") [35]
Y,N,, 100 GPa, 3000 K P6,22 Y (4d") [35]
LiN; 45 GPa P2 Li'(1s%) [26]
CsN, 60 GPa P1 Cs'(55°5p°) [27]
MgN, 58.5 GPa, 1850 K Ibam Mg*(25°2p°) [28]
Alkali and alkaline Mg,N, 58.5 GPa, 1850 K P2,/m Mg (2s%2p°) [28]
earth metal nitrides BeN, 85 GPa, 2000 K P1 Be?(1s?) [36]
KNg 30 GPa, 2000 K 14,/Jamd K'(3s73p%) [29]
K,N, 45 GPa, 2000 K P6/mmm K'(3s™3p°) [29]
KN, 80 GPa, 2000 K P6/mcc K'(3s%3p°) [37]
Group Il metal nitrides 2N 5 GFa, 2000 K 222 G (4s%4p) B8]
GaN, 85 GPa, 2000 K P2,/m Ga™(4s™p") [38]

1 BERERALEY

1.1 BEREeYsERRER

FAE—H AR R A RA V& L& AL BT FE 8 R T RUEAF7E, JFi il & 1 AN,(A=Li, Na, K,
Rb, Cs) RAIA B, TS A h 3 R TFAU8 ) BEE T, A RE DXL sz, N=N #9268
L N=N #/N, B 5 IR AT R, I8 b2 A Z A2 R A RSP, Bk, A4k, A1) 25
TEALGYHERIET WSS Y. SR (LIN,) fEH KT 225 B C2/m 1) BRI .
2009 4, SCIRLE A X BFR AT ST (X-ray diffraction, XRD) FIHL 2 EHEHFSE T LiN, 1£ 60 GPa LI T 1
gERReE PR, MHE R, LiNg 763 6 18 A & AEAAE R, 2013 4F, B 42 T 7F 34.7~200 GPa
JE 370 N B PRI A FHRRAE (NG B 75 T5 P6/m 45 [F4E, BRISRL 22 50K LiN, AR5 K 127 =
600 GPa, & ILTE 5 T 375 GPa [ 5 J) B AEAE—Fi 58 4t N—N B 0 3R Al g1, HOE A o0 2
Y N—N 22 (0 NS IR AL AR 0 48 05 T8 RUBE . FEIZE I3 BN, N T 2 B sp® 22 b =X, o B ey sk e
T RBLIN, BIAEERITH . X — R R AR T LiN, 765 T 250 A8 T #:  —= oo A4k
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NaN;,, KN;, RbN; and CsN,
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KN, il % 45 GPa, #45 T HA /S TCAIA M KNy, Bk T AT A 3Ee s 5 >, B 3 58485 T4 )8 & A
& WY e FEAH A PP 91, & 30 LiNG Hh NG 055 A o SR 6 U0 s 19 1 ) dse i (375 GPa) o 3X 2 RN 7E B
A4 A Li B9 R 2R AR R/, LN, B fem 9 N-N A A . Ak, AN,(A=Na, K, Rb) N2 4> T-5%
O 3G A SR T 150 GPa, & TR TR G A MG BE S o ACHIS TR RV, i TR & &,
4R B R LY BE RS AL 2 kI/g, WK T1& 55 (0 5 BE 5 % AR
12 WERERKAYSENRER

H T R RIS R A A R A AE I RS R, 2 AR R 45+ 00y s AR TR e T
Iz AR A S SR TS, 26 R R — R A G . Hh, R BERERENES A K
M B85 N5 9 AN(A=Li, Na, K, Ru, Cs), HE5# WKl 4 firR . 2015 4F, BT CALYPSO Z5#4 %3177 1%,
HOS R RS T P2,-LiNg A& W 1 FeE F 1AL 9 GPa, HE 20 GPa T~ AHZE }y P2,/m-LiN"" . [f]
INF, /T Lit5 Ny 22 877 7R 500 (0 8 AR AR, LiNg 769 5 R sh effa g i, Nk, B i, FH
o TR R R A B AR A A R AR i DR, AT LA A VAR ok S5 T 20K LiNG R B = R . 7E ANG(A=Li, Na, K,
Ru, Cs) 1, LiN; B & 75T i b s (91%) , RE 525 o 2.32 kJ/gP, T 7E NaN;, KNg. RbN; Fl CsN; 1k
G h, A8 R A R D B 0BG R H AT RS E B T LiNg, BEALE T 15~
20 GPa IX[H] . AP 5347 1 NG &1 L 20 A O, G &l 4 s, 708 i T B 25 5 NS I, U 5
AR 455k sp? Ak, Hovh 2 ZB3E 5 HEGI AR Y 2 N RUR T IR A o B, 55— S0 w000 H - o 4,
M p. BB BN T 3688 o 6. RIS Hickel BN (4n+2, n=1), | D HICEIFTE B 6 4> o L FRGERFEE
PE, -1 A, 4 B AR B LA T, BT RVE AT DIARE 1A R B B NG, DA TR A
JIFFER AN LG . RE HICAR NI p, BT K w5, (80 H 3= PRS0 2038 43 A R AR
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fifi AN,(A=Li, Na, K, Ru, Cs) 8 SR 7 R, 2 @RS TAERIE &, SLHRAHEZK Li AN, /E R
NN 2 45 GPa, 2R OGN DAC 15250245 B D il 4% T LiNg, 3 HLAEH R T eah i, SR H
i E 0GR, 7EH R T LI B T NG BB Ry b2 IR gh i 2o 2016 4R, HIS TN £ A CsNg L LA
CsN; FI1 N, A [ 1 9% s Dy il %, I Al feE &8 40 GPal’,

(b)

P2,-LiN,, 2.05 kl/g P2,m-LiN,, 2.32 kl/g
()

Pca2,-KNs, 1.25 kl/g Pbem-KNs, 1.32 kl/g Cm?2,-CsNs, 0.67 kl/g
Kl 4 FR T ANJ(A=Li, Na, K, Cs) (S iRLs M FIfE 25
Fig. 4 Crystal structure and energy density of AN (A=Li, Na, K, Cs) under high pressure

TEH 5 T, BEAE B T2 AR R S O, RTRR A I U AR R, TR T R e B L A
B EY) . 2017 4, BB P 5TE 70 GPa M T AL =it ol 1 8 HA#H8E 1) KON 1L
Py, HA AU T2 R R A S S IR A, QA S R . BT KON HA IR Y B
JE R ) A2 ARG, Rt BT T AR B 2 kv R AN R A IR . S |
KN ¢ 75 DAC % B A PR I il 4, & Bk 710 80 GPal™l,

(a) ° () (©)
o) QA
Q N2

K5 =R T KN RIS (P6/mme-K, N g, 5.06 k)/g)
Fig. 5 Crystal structure of K,N,, under high pressure (P6/mmc-K,N,¢, 5.06 kJ/g)
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77T 2 A 5y Z5 R B F 5T, & B BeN, 2 i ik & hofE— #0122 R0e AL & B>, ATk 1
2 Fp B A RIS [ B BeN,, 25 [6) #5051 A P2 /c 1 P, # B AR i B RE 25, 70391 Ky 6.3 1 3.6 kI/g.

P2,/c-BeN, J2&: H1 N JF T LA sp® ZeAb I8 3032 12 10 = 4648 4 N, BRA A, P1-BeN, J2& i &UR 7 LA sp® 2%
A 2 4 4 I BRI B0 B T 280 U AL A, B TR 6 TS o o TR S R S 5 A 0 TR T -0 i R B,
P1-BeN, #: 46} P2 /c-BeN, B JE J1 49 115.2 GPa, 5 cg-N 194 BB A2 T )L, 2021 4, 38 3 BOE hn#4
DAC R 1E 85 GPa F 4 i P1-BeN, ™, HIEEE K, BeN, A I E BHE T, I H U2 1k
PR, HJZ R Be Ak FRIB AL, 252 Z ) mu e s, s RS R R, 1
HL S5 4 TP OAE LR e A, R BR KON DAAR SU— Rl EL A 200Ky F - 25 0 (007 8 2 bR, 28U 3R
T 1 0 RO 45 M A AE T A AR + 4 8 B Ak AN, wh, TRl st o] LAULEE R, Bifi 25 B+ 4 )8 R 7 e 1
B, RE % R /NG T TR

(@ 60rv -V~ P2,/c-BeN, (b) )
sl \v -0+ PI-BeN, P, 3.60 kl/g P2,/c, 6,35 K)/g
£ 40t \v n © Q
s 307 N 1152 GPa @& C%D
T 20| v\v _—
2 v 115.2 GPa d
E 10 /
0 -D—D—D—D—D—DE\G—D—D—D
-10 - VV \ O Ba
—20 L~ . . . . . . . . .W Sp ON
50 60 70 80 90 100 110 120 130 140 150
p/GPa

6 BeN, [t AH(ES AR PUARIORG22) SHES) p 06T (a). 1 R4S K BEREREHE (b)
Fig. 6 Pressure dependent enthalpy differences between the phases and Pl phase (AH-p) (a) and the structure and energy density of BeN, (b)
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o
O
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¢ C=0
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C2/c-SN,,, 0.37 kl/g P2,/e-SIN,, 0.75 kl/g P4,2,2-BaN,, 0.36 k/g BaN,-C2/c, 0.38 k/g

K7 W@ AN,(A=Mg, Ca, S, Ba) [ fhiALE 14 FIGE 7 25 5
Fig. 7 Crystal structure and energy density of AN, (A=Mg, Ca, Sr, Ba) under high pressure
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2017 4E, AITRGEWIFE T 0~300 GPa JE /7 [X 6] Mg-N {4 £ i E % BLAC He Ak & 4 00y 24 e o A
FREREE, BT SR N, Bl N, 0. ASTTER . AL R BERBERAEZMA
GER . TEIX AL ST, Cmmm-MgN, FIl MgN, H A7 5 w5 0 e %5 B8, 4390 9 2.08 F12.87 kI/gl, B,
MgN, Fil Mg,N, 7£ 58 GPa N # {34 i, Bk XRD #8378 T MgN, H JEBR K i $k T4 80 0505 45+ LA %
Mg,N, YN FROTEE A . eAh, 1R EE R W], Mg, N, 0] ATE & 5T [,

TEOE + 4 J8 A AW K, Ca-N IR R LAY =0
Bk, BIEME—7EH K T 2 Ca;N,. Ca,N fl GaN, X7
3FAFEL AR LAY . CaN, & Ca* FH
B MNP B A R, T Ca,N JE 4l Ca Al
Ca;N, In#4 2] 1300 K LA A AL, B3 405
T, LU [Ca,)NT e TE X AETE AT L )2 R RLET,
CaN, S5 b & 4 WEES R N, AR, Bb4h,
2016 4F, P4 K Fl CALYPSO 45 ¥ 15 0 4% 1
PEH T 540 4 FE AL B ¥ Ca,N;. CaN;, CaN,

il CaNy, 08 LAy T 9IS AR T SUR ¥y = W

TN, N RAR RIS — RIVA S i, O Mg ON ©Ba ON
O i LR Tk O 24 @ FAlMgNy 348105 (9) PLBaNy, 121 kg
WLOHRETIHRMINIER S ER SN2 MRt 4 K8 ®EJET AN, (A=Mg, Ba) {1 ik L1y Fhe i 55 i
JB B ALYy MgN,, fil BaN,,. AT G5 M R RE AL, Fig. 8 Crystal structure and energy density of AN,
AP AT LM T T NG, I ELE b P OO A (A7Ms B under high pressure

i 8 frsRiere,

g5 LTk, R AR S0 4R 2 T DLRRAR R & AU A U Ty, TR B s LR e e, PR
R R i g AU 2 N R VAN N = K < G S W N ¢ B B R = e TR 2 3 R D Nl
BCARIE B 244k, R, 848 S0kt & B A5 TR, s & A & &/ Bk e . KT 100 GPa
BRI AS JE DL 58 AT TR A =5, H OB IE 1B 0L 28 8 1 /U FAURE, A B TR B 25 FE (2~ 5 kJ/g)
F cg-N(9.1 kl/g) RIR £ .

3 BEMEEMENEREEEANLED

AR 0 4 J A w42 ol ik, 5 T 3 A EE IV £ 10 4 8 IR A S 2 19 i T 568, TR
SRR S ARG Y. AN, S F M IV EEN &R BEA sk, KAk
2 N AR A5 L T A0 BE O s, n] AR BE N=N ST IT, 0510 5% 1k A ry B s A B Y SR A A 45
2022 4, ARTREUL R CALYPSO 454 #l i 41 244 FOE i # DAC Jiik, #5817 R F Ga-N AR Rk
R 2E T AL A W I 2R E RS, NEEIE AR T 3 AR ROE N E A LAY GaN ;.
GaN,, Fll GaNy, Jf-7£ 85 GPa. 2000 K fi% F il 45 {4 1 38 i S2 40 il 4 T GaN,, Fl GaN,. HURITHR 450 5%
B, GaN, e &% 20 4.10~5.30 kl/g, & T4 @ Fiik + 48 AL W i Re it % . 3 Fh ik & W i 24
WE 9 fiR, GaNs BA P2,2,2, 25 AR, G5 RRAF & 1M B B 1 N, Hias i A& B P A2
3ANETF AT IR E 3 NS, T A & B GaN s (b B 1. GaN,, & B A 1222 XEFR M R0 1F 228 fa A,
SEA AL 2 PR ARG T R T RN o Bl R TR T JCBR U, 4nl&l 9(b) TR . GaN,, i 4544
HEZE SE 322 (011) A1 (O11) /4T AF 26 14 (4 1 A4 188, - 1 P A TGRS GaNg BG4 . GaN,, H G
FRASE LT BA M (1.28 A), RUIE R FHA P = MIIERC A, IF H AP | 4L o
s Z5F P I & BRI AZ A 3 N TR A ORI AEE, I T [N B T ¢ LR, GaN,s #l GaN,,
A LTI 4w o+ 4 JE A AL Y o TR NG RN R R AR A . AN R Z AR FE T, Ga-N 4k
G AR, A E SR E .. GaNg BA P2/m 2 [IHE, Hob, AR T DL N—N e £,
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TR a A b FHOCKR Y R (AR P TR A AL . WK 9(c) Fin, 78 GaNg 4544 50 [N, g 3 4
ANEEM AT, 40510 N1, N2 FI N3, N1 JgE 55l 3 4 i LR X 45, N2 R N3 JE 5 4
B 2 MER TR 005 B, BT I RN R T &R0 3 MM FHEER 2 4
N2 JE T 1A N3 JE 7, 3 5 RIA 098 7RO, (i N2 N3 570l 240 8 B T, 5K BIAK 2 e B
MREARZS o 5 B R I A A o 48 GaN, 2 BB N 2.87 eV HOE S iRFT A . SibFEIRE, Hofl 3% 4 )8 &
L AIN,. GeN, Fll SnN,, ) S50 5 ) 9 85 46 AH 44 7 BRI B 58 rh Bl 32 8, A i R4 SE 30k 5

= O=0=0,

Or—M
S -

/
O

(a) P2,2,2,-GaN,, 4.10 kl/g (b) 1222-GaN,, 4.81 kl/g (¢) P2,/m-GaNy, 5.30 kl/g

K9 BT GaN,s. GaN,, fll GaNg By S IREE A FIfE 2
Fig. 9 Crystal structure and energy density of GaN,;, GaN,, and GaN; under high pressure
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Structure and Energy Properties of Nitrogen-Rich Compounds
of Main Group Metals under High Pressure

ZHAI Hang, YANG Jinni, WANG Jianyun, LI Quan

(Key Laboratory of Material Simulation Methods & Software of Ministry of Education,
College of Physics, Jilin University, Changchun 130012, Jilin, China)

Abstract: Nitrogen is the main component of the Earth’s atmosphere, accounting for about 78% by volume.
At room temperature and pressure, nitrogen is combined into stable diatomic molecules in the form of triple
bonds (N=N). Under the action of extreme high pressure, nitrogen can dissociate into a solid polynitrogen
structure containing double bonds (N=N) or even single bonds (N—N). Due to the huge energy difference
between N=N and N=N or N—N, the transformation process is accompanied by huge energy release, so
polynitrogen is a high energy density substance that attracts much attention. However, elemental polymerized
nitrogen must be prepared in an environment above millions of atmospheric pressure (100 GPa) which is too
harsh, greatly limiting the development and application of such materials. Interestingly, the introduction of
metal elements can reduce the reaction barrier and provide chemical pressure, which can effectively reduce
the synthetic pressure of polynitrogen and form a rich variety of polynitrogen configurations. This paper
focuses on the research progress of main group metal nitriding compounds under high pressure, the physical
mechanism of stabilities for metal nitrogen-rich compounds under high pressure, and puts forward the
prospect of future design and preparation of new nitrogen-rich compounds.
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