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Fig. 1. (color online) Enthalpy of formation of Hf-N compounds at 1 atm and T = 0 K. The
blue circles represent all the structures produced during USPEX searching process, the red circles
represent the final stable structures and are connected to form the convex hull, the green squares

represent meta-stable structures which have high symmetry.

F1 HEN AN AR
Table 1. Cell parameters for Hf-N compounds.

s /A
WwEY 2 |Al - JRFALE x y Z
a PET P
Exp: 4.525% 454> Lo 0 0.500 0
HIN Fm-3m a=4.533 GGA: 4.53¢, 4.5394 '
. Nlda 0 0.500  0.500
LDA: 4.47°, 4.574
Exp: 6.7010% Hf1 12 0125 0 0.75
HfsN, 1-43d a = 6.696 GGA: 6.71491 N ' '
N1 16¢ 0.819 0819  0.819
LDA: 6.5890"
@ =555 Hf1 18f 0993 0 0.081
HfsN R-3 ¢ =15.362 ' '
1906 N1 3b 0.333  0.667  0.167
¥ =
= 5564 Hf1 6 0 0653 0
Hf3N P6322 ¢ =15.198 8 ’
0o N1 2d 0.333  0.667  0.750
’Y =
o= 3214 Hf1 6¢ 0 0 0.721
HfsNy  R3m  c=23.315 Hf7 3b 0.667 0.333  0.833
N = 120° N1 6¢ 0.333  0.667  0.778
Hf1 4h 0 0.840  0.500
a=5528
D — 0540 Hf5 4g 0 0.667 0
HfsNg  C2/m - 5'501 Hf9 2d 0.500 0 0.500
C = 0.
J N1 8j 0.261  0.826  0.741
. NO 4i 0.738 0 0.746
a=10.599
s — 3900 HfL 2a 0 0 0
HfsNg  C2/m - Hf2 4i 0772 0 0.273
¢ = 5.646
5 1050 N1 4i 0.620 0 0.890

aRef.[46], PRef.[48], °Ref.[49], IRef.[50], °Ref.[51], fRef.[52], 8Ref.[27], PRef.[53].
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Fig. 2. Phonon dispersion of stable structures: (a) R-3 HfgN; (b) P6322 HfsN; (c) R-3m Hf3Ng; (d) Fm-3m

HIN; (e) C2/m HfsNg; (f) C2/m Hf3Ny.
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Fig. 3. (color online) Gibbs free energy of formation
for HE-N compounds at 1 atm and different tempera-

ture.
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(a) R-3HfgN; (b) P6322 Hf3N; (c) R-3m Hf3Ng; (d)
Fm-3m HIN; (e) C2/m Hf5Ng; (f) C2/m HfsNy; H
W R 78 HE I, SR TN JET

Fig. 4. (color online) Crystal structures for Hf-N stable
compounds: (a) R-3 HfsN; (b) P6322 Hf3N; (c) R-3m
Hf3Ng; (d) Fm-3m HIN; (e) C2/m HfsNg; (f) C2/m
Hf3Ny4. The blue sphere represents Hf atom while the

yellow sphere represents N atom.
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Fig. 5. Calculated mechanical properties for Hf-N stable compounds and meta-stable compounds as a function of N content.
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PIB & G(GPa), ¥ KIE E(GPa), HIALL v A4k KT

Table 2. Calculated elastic constants C;; (GPa), bulk modulus B(GPa), shear modulus G(GPa), Young’s modulus
E(GPa), Poisson’s ratio v and hardness Hv(GPa) of Hf-N compounds.

HEN(Fm3m) Hf3Ny (I-43d) HfgN  HfsN  HfsNo  HfsNg  Hf3Ny
iHHEE 20 THEAE SHAH R-3 P6322  R-3m  C2/m  C2/m
Exp: 6792
Cna 600 *P 399 LDA: 5218 217 266 431 442 328
GGA: 597P
Exp: 1192
Cia 128 *P 128 LDA: 1748 99 120 106 130 67
GGA: 121
Chs 128 128 83 101 136 135 133
Cie 5 13 -9
Caa 600 399 217 266 431 454 441
Cos 128 128 83 101 136 138 79
Cag -5 —21 -7
Cs3 600 399 240 297 403 437 386
Cs6 —4 1
Exp: 1502
Cus 115 *P 120 LDA: 1632 59 73 163 156 90
GGA: 118
Cys -5 —20 20
Cue 4 —30
Css 115 120 74 83 138 163 116
Ce6 115 120 74 83 138 175 123
Exp: 3062 GGA: 2158
B 286 218 134 164 225 238 190
GGA: 280P LDA: 2838
Exp: 174¢
G 154 xp: 17 126 LDA: 1678 68 81 144 160 120
GGA: 1554
Exp: 411¢
E 392 317 LDA: 4208 174 210 356 391 207
GGA: 3904
v 0.27 Exp: 0.15% 0.26 LDA: 0.265  0.28 0.29 0.24 0.23 0.24
Exp: 16°
Hy 16 xp: 16 15 LDA: 182 8 9 19 21 16
GGA: 15F

2 Ref.[20], P Ref.[50], © Ref.[57], 4 Ref.[58], © Ref.[59] f Ref.[60], & Ref.[53].
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FoHH T B R HEN AL &Y R0V fa 24 45
P4 HfsNy (1-43d) (1) J3 2Pl BT b, AR SC
g5 W7 T 0 ST T 45 K HEN FIST 7 4R B A 45 R T
HfsNy fs2Ie 48 & HAE R HE. TUUEH, &
SCIR TSR 4t SR R S0 45 AR L s i it 53
ST R E BTSRRI, Xy A R
HEN Ak S0 A 3 1 o S ] SRRt 1 S 3,

[FIRS, T 325 o bt Lo e e 45 440 1
PP, FRATTEESE T MBI ) R BE A S 1k
Mok H B, w5 Fros.

FEIX 8 HEN AL A4, HEN 78 & B 2 i
T HAhLER), 286 GPa. MK 1) /ME H B
HfN X i b, N 134 GPa. B ERIEA RG]
AR IR PURE S, FF e SRR 2 [ o5 R
P e s 501 py I 5 AT, HEsNg 43 Bk 8y
DIt &, N160 GPa, B WRFH HisNg 1] G & X Lo 2
FH R TR ). A OB B FH T 1 1 b ) K B 2 P AR
FEREFTHI RN, tHER SR EIR, ) IR B 1E HIN ib
UG5 KE, N 392 GPa, {H/2 HfsNg 47 K&
S HIN A%, 4391 GPa. i E15 2 K+ RLAE
FEAE HE;Ng X — s ik Bl i K, H21 GPa. 551
B, A% PR 5 1A 7 10 52 ULt AR AR P XL U s %%
(K5 (b)—(d)): FEE N ELBIRI$RE, & 12 Esk
Bn, fFEAb RN 3 0 2 X A AN g,
BEJGTE4 : 31X — M EA — N R TR,
SRIGREE N ELEI 4 m, &8 & XOF s, &
1:18CE 5 : 6 I BLA RIE(E, 2 5 &Yt
N

MNZE K £ B 53 AT, 0T ARAE N A (1 B 4
¥y, B N LR3I, N 7280 8 HE A%\
TR A7, H G Bl HE 5 N TR A 3 A i 4 i 4
I HE-HE 2 6] 1) 48 AR >, Bt
N1 B, JEERE N R B . TR R
A2 35 T FL 7 85 ) R A 25 B R X R RS E A ) )
PEREME — B AT L.

3.3 HRAMKRIETFLE

WRL I 77 2 P RO R M AR AR 5 o T 4
MAEE EIR R, AT 7 A HEN /& & AH
() HL T 25 %5 B (DOS) A 4 3 V%5 2R i 43 AR
(COHP) PU. HEN A& & Fa 52 A Ab 75 2 A5 1 B
BEEM PR EERZWE G R, SRpIE
COHP ffi F] LOBSTER % 1 521 i+ 5, 48 7 fioR.
LR B RO B 2 TR B R LA R AR

R =L 3%, £ COHP B, IE/ 4>
AT AR 3 A0 43 S0l of L RSB S A RCBEAS. B s
BT ARSI DOS B (KB A2) F1 COHP K
(EIA3).

0.3k (a) HfgN Total \Er

ool ——— Hf-5d |
: ——N-2p !
0.1F N-2s
0k L | L f | |
I
0.3 !
0.2 |
il A AT
oM L | L | L
0.3
02f
0.1f ﬁ
| | |

0
0.3 () HIN

0.2
il S\
L |
| (e) HEsNg

0
0.3
0.2

(e
.
| ) | |
| (f) HfsNy

DOS/states-eV~1.electron—!

0
0.3
0.2

0.1 /A
L | ol | L h

I

I

I

I

:

0 —15 —10 -5 0

Energy/eV

K6 (MTIRE@) HEN &R T2 E 4148 DOS M4 DOS
B, I B RN TR RE S

Fig. 6. (color online) Total density of state and pro-

N
5

jected density of state for Hf-N stable compounds. The

vertical line represents Fermi level.

Xt HE N, 4584, H L DOS B B4 £ %
= e 1) A AE B ARBEZEE 7 AN, S
2) Hf-5d ¥11E 5 N-2p #2158 ¥ 57, dmpn;
3) 564 B HE-5d S8 TTRR I BT 643, dw. HeH Sw
i FEE SR N7 I 2s Bl 7, (H2 X0 5t T
Tk R BB TTERAR /. AR B4 B A dvpw A2
HI B~ i 5d $1U3E B 5~ AR 7P i 2p BUiE
TR 2 AL B, = HEN i R S4B 0 3 30k
Ji. d BT d 1, 3 EERYE T HEJE 71 5d
T, HAETOKRE b AR RS % AR R T
EMRIE R, 7T, Bk C2/m HisNy M5 Ff
REdmB RE SEME. R, ME NIRRT
ELAB (386 0 (M HEN 2] 2 /m Hf3Ny), Hf-5d /N-2p
FARIX AR B W e, X A HE-5d $iE 5 N-2p
BE B AR A AE SR, HE 5 N PR B8 ) 5 B 1 1
. INDOS Kl bt a] RIS BI7E 2 oK B % AL HE-5d
B LT A B B N L BRI, SR i
PTG J VR AE ST B A, I AR A B AR T I HE
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N Z [8]f) COHP B & H: TEAALIX FrfE R g &7l
Fl N, HE, N, g5t #4b T sos 2, I H, [R DOS Y
FUEREARL, BEE N R o LA 38 n, ol st X 45
TEIZEYFE, [ HEN A R om e 8 . M
Hf-Hf 2 [a] ) COHP E I n] LAE 2 4 & J5 1 (8] (1) 41
HAEHBEAE N LA G £ 28R 55

2r(a) HfgN — HE-N ' Ep
I N —HFHf X
0 |
—1FK 1 . 1 . 1 . 1 ) 1
AN JASNEN
3 |
o—4A :
-1 1 . 1 . 1 . : 1
1 (c) HfsNy !
3 [
! S
|
o —1r 1 . 1 . 1 . I 1
O 1|-(d) HIN !
) AN /\k !
—
1L |
A 1 . 1 . 1 . 1 . h
1F (e) Hf5Ng !
0 i ‘A @/\ !
-1 1 ) 1 . 1 . ﬁ
LE(r) N, '
ol BY AN :
-1k 1 . 1 . 1 . : .Nla\.’\/
—15 —10 —5 0 5 10
Energy/eV
(a)
3.0
2.5
T 2.0F
T
g
)
<
2 15k S
L :
[a M)
jan}
@)
O 1.0k
0.5
0 1 1

0.1 . 0.2 . O.I3 . O.I4 . 0.5 . 0.6
N/(Hf+N) ratio
(b)

E7 (MTEER) (a) HEN 4R E S SR PUE R
IR AT (COHP), T B R 26 R B oK REZL; (b) HEN
R B G S AR LB DL R A AR (ICOHP)

Fig. 7.(color online) (a) Crystal orbital hamilton pop-
ulations (COHP) for Hf-N stable compounds, the ver-
tical line represents Fermi level; (b) integrated crystal
orbital hamilton populations (ICOHP) for Hf-N com-

pounds.

HEN R R AR ) 52 R e (I By D) A&, A
) EEZ A RN 1) HEN I 82 ) o
FE; 2) MRS R, d1 T COHP AR 73 7T

DA A 2 G 1) R B2, FRATDHE BT A HEN A ZAH 1)
ICOHPEr i, AL 5 gtk RE 2 1A i 5% &,
N 7 (b) Fros. HIN 4514 2 1l i AR & J& T 6k NAH,
N AL HKIR N 5/6,2/3,1/3,1/4,1/6. NICOHP
B r DU #, 1% S ICOHP B ARtk 34 K
B By )RR A T R A RE. — 7,
B N ELAF] 1S 0, HE—N B i 9 5 5 T g,
T J71H, AR AR R A AL FR RIS, HE—N B 3
Hi 2, PR D)2 e B AR i o B Sk & BT
% T ICOHP f£ HfsNy X — sl — N # H I AH
R A71E S o B 5 K HEN A4 #8787 HEsNy A
BT SRR R IR K. HEN 458 2 J5 A 8 T
ShHEA, HE 250 R KRN 1/6, 1/5, 1/4. X LA
) ICOHP [ B[ 2 EFHIi&H, C2/m HisNy [
ICOHP {H 72 A AH b d5 i 1), ABLAE 3 22V 5T 73 A
i HO R R E N R s ZE R, AT
NAEHIN 2 J5, HE 5 N 2 8] i s O 248 T 1A,
AN HE IR 7 #05 H A B NS N R 7 R, R &
N AH 2 T fr 55 5 22 ) 458 /N (HEsNg ICOHP B A
2.5 eV, Hf3N, ICOHP 5 4 2.8 V), LI 5200 /)%
PERT BB AR H , RIS MRS AR, HE 2S00
FRMOR, RS MOy B, BT LS B0
RERME T F%. 7E HEs N X — sUAF /)5 PERE I 42 =)
WA, A B R 25 ) 7 o7 e 3k [ 4 FH 1) &5

4 % B

A AR B v R VR A R
BAF USPEX # & T HEN /K R E 1 MhsilE KSR
THRO%RBEMSARER. BT 5% 2 MM
& Y HIN(Fm-3m) 4F, & 3CE KL T HigN(R-
3), Hf3sN(P6322), HfsNo(R-3m), HfsNg(C2/m) Al
HfsNy4(C2/m) X FFCH L &9, B X 4k &9
TEH W TR S T # 2 R R8 e B 15 ta e
R, AU M st w4 Oy ST 3k
1 1) S 56 UM A A A I, BRI R B S
Hopth Sy P B an R i B V)RR B IR Rt S
ST A, JIEMER U E A R R, fE HEN
& 2R e E YR, HEsNg 14 b HEN 5 = i
N 21 GPa, HIKJE HfsNy, N 19 GPa. 454 1X 4L
EE YT 2580, A1 M FHEARRE T HEsNg Fl
HfsNo M85 124 M BE B0 IR A, & B0 HEN 74 R 4544
(1) 77 25 1 B G Ref i = T2 52 A, 2 1) o 5 N 4 4
R [Pl A2 B nm B B K, 25 0 2 6 2R A,
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SR T T, A0S RO ISR RGO S
BRI B 04 SO (36 5.
A P RaALE M F
SR PG A Tk K 2 e e B [ o o ) A1 43 i A ERASEMHE
DR AR SCE A LR SR A 1 R, RSP b Tl K A e 1 R

(b) (c)

(d) (e) ()
FAL (IR E) HIN B RERSLAWINGELER  (a) Pdy/mnm HEN; (b) C2/m HENs; (c) C2/m
HfsNs; (d) 14/m HfsNs; (e) I-43d HfsNy; (f) Pnma HfsNy
Fig. 8. (color online) Crystal structures for Hf-N meta-stable compounds (a) P42/mnm Hfa2N; (b) C2/m
Hf4N3; (¢) C2/m HigNs; (d) I4/m HiuNs; (e) I-43d HfsNy; (f) Pnma Hf3sNy. The blue sphere represents

Hf atom while rhe yellow sphere represents N atom.

F AL HIN AR S P b i 22 s
Table Al. Cell parameters for Hf-N meta-stable compounds.

N AR A .
W& AR TR / P JE A E x Y 2
HfsN P4o/mnm a=5.339 Hf1 4g 0.295 0.295 0.500
c=3.251 N1 2b 0 0 0.500
Hf4N3 C2/m A =10.645 Hf1 4i 0.240 0 0.370
B =3.216 Hf5 41 0.747 0 0.122
C =11.045 N1 4i 0.504 0 0.754
B = 150° N5 2a 0 0 0
HfgNs5 C2/m a=>5.558 Hf1 §j 0.253 0.171 —0.748
b =9.607 Hf9 4i —0.744 0 —0.255
c=5.548 N1 4h 0.500 0.333 —0.500
B =109° N5 4g —0.500 0.165 0
N9 2d 0.500 0 —0.500
Hf4Ns5 I4/m a="7.153 Hf1l 8h 0.897 0.290 0.500
c=4.431 N1 8h 0.108 0.684 0
N9 2b 0 0 0.500
Hf3Ny4 1-43d a = 6.696 Hf1 12a 0.125 0 0.750
N1 16¢ 0.819 0.819 0.819
HfsNy4 Pnma a = 9.808 Hf1 4c —0.070 0.750 0.876
b=3.244 N1 4c —0.008 0.750 0.225
c=10.725

118102-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 11 (2016) 118102

F A2

HIN WA & &YW 8y, & 1 (a) HEN; B
B(GPa) B ) #i & G(GPa), # KELE E(GPa), ifIfALL ok :
v R4 ICHERE H, (GPa) FHEf (1 MhRERSUR) N —HEN w
Table A2. Calculated elastic constants C;;(GPa), bulk 11 (b) HENS |
modulus B(GPa), shear modulus G(GPa), Young’s 0 N /\"/\ !
modulus E(GPa), Poisson’s ratio v and hardness i W
H,(GPa) of Hf-N meta-stable compounds. ! f
1 _-(c) Hf N5 :
Hf4N3 HfgN5 Hfy N5 Hf3N4 (Pnma) % 0 2o | <
Cn 385 420 389 243 © - ; \\/\’
1 +(d) HfsNy Pnma |
Cha 149 149 146 128 0 N :
Ciz 161 179 87 127 b :N
1
Cie -14 -28 13 11 (e) HEN, I-43d :
Cos 404 424 423 427 of L e =
Ca3 138 175 140 112 ot | R R S S R \\/\'
Cog 1 2 1 —15 —10 -5 0 5 10
Energy/eV
C33 413 404 378 458 B .
Cse 9 1 13 A3 (MTIRE) HIN W%ﬂ?ﬁéﬂ‘ﬁtﬁ%iﬂ@ﬂ%‘fﬂ@\
s34 (COHP), T B 4R n PR RE R
Caa 127 130 131 106 Fig. A3. (color online) Crystal orbital hamilton popu-
Cas 6 19 4 lations (COHP) for Hf-N meta-stable compounds. The
Cus _6 vertical line represents Fermi level.
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Abstract

Motivated by exploring new high temperature ceramics which have excellent mechanical properties, we system-
atically search for all the stable compounds and their crystal structures in the binary Hf-N system by combining the
evolutionary algorithm with first principle calculation. In addition to the well-known rock-salt HfN, we find five other
novel compounds, i.e., HfsN(R-3), HfsN(P6522), HfsN3(R-3m), HfsNg(C2/m), and HfsN4(C2/m). Then, their phonon
frequencies are calculated so that the dynamical stabilities are known. Their high temperature thermodynamic stabili-
ties are further confirmed and the Gibbs free energies are calculated in thequasi-harmonic approximation. All of these
structures are thermodynamic stable when the temperature is lower than 1500 K. However, as temperature increases,
the structures HfsNg(C2/m) and HfsN4(C2/m) become meta-stable. Meanwhile, some meta-stable structures, including
HfyN (P42 /mnm), Hf4N3 (C2/m), HfgN5(C2/m), Hi4N5(14/m), HfsNy (1-43d), and HfsNy4 (Pnma), each of which has
higher symmetry and lower formation enthalpy, are all listed. At the same time, our results of Hf3Ny testify that C2/m
structure is stabler than Pnma and [-43d structures when the temperature is lower than 2000 K, which is different from
the conclusion given by Bazhanov [Bazhanov D I, Knizhnik A A, Safonov A A, Bagatur’yants A A, Stoker M W, Korkin
A A 2005 J. Appl. Phys. 97 044108]. The results also show that the difference in Gibbs free energy between C2/m and
Pnma HfsNy structure decreases with temperature increasing. Thus, we speculate that the C2/m Hf3Ny transforms into
Pnma HfsN4 when the temperature is above 2000 K. The mechanical properties, including the elastic constant, bulk
modulus, shear modulus, Young’s modulus and hardness, are systematically investigated. The hardness first increases,
reaching a maximum at HfsNg (21 GPa), and then decreases with increasing nitrogen content. Besides, HfsNy and
Hf4N5 both exhibit relatively high hardness value of 19 GPa, while the hardness of HfN is 15 GPa. Finally, the electron
densities of states and crystal orbital Hamilton populations are calculated so that the mechanic origins can be analyzed
from the electronic structures of these phases. The crystal orbital Hamilton populations show that the strength of Hf-N
covalent bonding increases with increasing nitrogen content, however, it has an exceptional peak for HfsN2, which can
be used to explain the relatively high hardness of this structure. Beside covalent bonding strength, structural vacancy
can also affect their mechanical properties. It is concluded that the strong covalent bonding and low structural vacancy

both can explain the good mechanical performance of HfsNg.
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