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Abstract: Using the crystal structure prediction software USPEX based on the evolutionary algorithms, structural
prediction were performed for searching the real ground state structure of HfB. Under the condition of ground
state, two new HfB crystal structures were found (P6m2 and R3m), in which Pém2 structure has the lowest energy
than the reported HfB crystal structures (Pnma, Cmem, I14/amd and Fm3m). In these structures, the B atoms
(P6m2 and R3m), zig-zag chain (Pnma,

Cmem and [4,/amd) and isolated atoms (Fm3m), respectively, resulting their significant chemical bonding chara-

represented three different forms, including two-dimensional grapheme
cteristics, high temperature stability and toughness characteristics difference.
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Fig.1 Simulated X-ray diffraction patterns for
HfB compounds
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Table 1 Space group, lattice parameter, Wyckoff position, and energy of HfB compounds at 0 K

Lattice parameter / nm

Space group

Wyckoff position Energy / (eV -atom™)

This Work Reference™!
P6m2 a=0.315 4 Hf(1e)(0.666 7 0.333 3 0.000 0) -9.077
(Hexagonal) c=1.2175 Hf(2i)(0.666 7 0.333 3 0.285 0)
Hf(15)(0.000 0 0.000 0 0.500 0)
B(2g)(0.000 0 0.000 0 0.143 8)
B(2h)(0.333 3 0.666 7 0.855 9)
R3m a=0.315 5 Hf(6¢)(0.000 0 0.000 0 0.907 4) -9.066
(Trigonal) ¢=1.8475 B(6¢)(0.666 7 0.333 3 0.999 6)
Pnma a=0.653 5 a=0.6496 Hf(4¢)(0.677 8 0.250 0 0.125 0) -9.065
(Orthorhombic) 5=0.322 0 5=0.3199 B(4¢)(0.529 0 0.250 0 0.593 3)
¢=0.493 3 ¢=0.4840 Hf(4¢)(0.000 0 0.642 5 0.750 0)
Cmem a=0.351 6 a=0.3533 B(4¢)(0.500 0 0.444 3 0.750 0) -9.052
(Orthorhombic) b=0.915 3 b=0.9223
¢=0.322 4 ¢=0.3241
14\/amd a=0.336 1 Hf(8e)(0.000 0 0.000 0 0.696 2) -9.009
(Tetragonal) ¢=1.840 1 B(8e)(0.500 0 0.000 0 0.903 8)
Fm3m a=0.483 5 a=0.4855 Hf(4b)(0.500 0 0.000 0 0.000 0) -8.731

(Cubic)

B(4a)(0.500 0 0.500 0 0.000 0)
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Fig.2 Calculated phonon dispersion curves for HfB compounds
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Table 2 Computed elastic constants C; for HfB compounds at 0 K
¢,/ GPa
Space group
CI 1 CIZ C13 C 14 CZZ CB Cf‘»} C44 C55 C66
P6m2 409 79 95 312 101
R3m 423 64 80 22 325 70
Pnma 407 104 117 464 99 348 180 161 202
Cmem 398 123 100 347 102 444 171 191 181
14\/amd 396 104 125 334 165 186
Fm3m 402 70 44
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Table 3 Computed temperature-dependent free energy for HfB compounds

Temperature / K

Energy / (eV-atom™)

P6m2 R3m Pnma Cmem 14\/amd Fm3m
0 -9.007 -8.997 -9.003 -8.992 -8.952 -8.673
200 -9.020 -9.010 -9.017 -9.005 -8.965 -8.688
400 -9.065 -9.054 -9.062 -9.051 -9.012 -8.736
600 -9.134 -9.119 -9.130 -9.120 -9.082 -8.807
800 -9.213 -9.201 -9.214 -9.205 -9.169 -8.894
1 000 -9.307 -9.295 -9.311 -9.303 -9.268 -8.994
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Fig.4  Crystal structures of HfB
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Table 4 Computed bulk moduli B, shear moduli G, Young's moduli E, Pugh’s ratio, Poisson’s ratio,

and Vickers hardness for HfB compounds at 0 K

Mechanical properties

Space group

B/ GPa G/ GPa E / GPa k v H,/ GPa
P6m2 184 127 311 0.69 0.22 19.1
R3m 179 115 283 0.64 0.24 16.1
Pnma 206 166 393 0.81 0.18 28.1
Cmem 204 164 388 0.81 0.18 27.7
4 /amd 203 152 365 0.75 0.20 23.9
Fm3m 181 77 202 0.43 0.31 6.4
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Fig.5 Density of states of HfB compounds
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(a) P6m2 phase-(110), (b) R3m phase-(110), (c) Pama phase-(010), (d) Cmem phase-(100),
(e) 14,/amd phase-(010), (f) Fm3m phase-(010); Yellow ball: Hf atom; Green ball: B atom
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Fig.6 Computed 2D ELF for HfB compounds

B A A — 5 (5 T REFRAE

IS T AR SE A i BT SR Y B-B Al HE-B /Y
oA i 55 T 25 11 28 HIB ARHEAT =AY s 5
T AR LR B T i B> B-B AR AH L TEE
[ 26 125 HIB kR U 26 2% HIB 4k
A5 0 4 EC A B SR AR AR,
3 & it

I A 5 4 B 4K 1 USPEX, R R T
HIB 7EHAS T iAo miR gty Bk 3 2 4~ HIB
TR G5 H (23 [ BE . Pom2 Al R3m), AH HLF SCHk E 4iH
19 4 A~ HIB AR S5 44 (%5 [ BE . Pama . Cmem 14 /amd
H Fm3m), Pom2 25 HA iR e e i, 118 T
X 6 1~ HfB fARZEHITE 0~1 000 K ik B2 Fl Y
Hae, THRARERY] IR R UL AR HIB &
PR G5 kg a) e A R/NROT |, eS|l Y T>777 K B
Pnma 2546 25 BRI Pom2 45 ¥4 1 R A H 8 S I 10
HIB fhiR 451y, SO0 T HB A RS B ¥ i
F2 5 R 22 s R Y, 78 Pom2 45HHh B 5T
() R B % T B0 e A 2R 0 B R T B
TFIRSIH, I Pom2 45 F4 (4 [ Fh AE bl i 5 T+ 5
MG I 2 | W7 Pama 2540 | B IR F{00GE 21
M HEFIE N zig-zag I B 85, N T Prma 45149 19 75
TR SRR BAR 100 3 L e A B I R T e
W A 5T 6 AR HIB AR 4
AT ENR TR, BREA Fm3m S50

HIB A kHoL e 5 Fh HIB MR8 HLAT 800511 ) 2%
SREE S IR F] Fm3m S5 R 8 FEAE I AT BB PR LA,
T S BR 4 HIB A MK A T RE KA K49 ) 2% 5
BE L, 2R S5 T R B L AL HIB R
A R Iy 2 B O R R T R g A o B A
SRIY B-B Il HE-B LA A B ST 2 b ORE 5L R 21
FAR TR & 35 Dy gt o Ik B 7 1 L 52
B, Xt fin S R T RE AR K 5 R LA T
2 mE

SE .

[1] Oganov A R. Modern Methods of Crystal Structure Prediction.
Berlin: Wiley-VCH, 2010.

[2] Oganov A R, Lyakhov A O, Valle M. Acc. Chem. Res., 2011,
44(3):227-237

[3] Wang Y C, Lv J, Li Z, et al. Comput. Phys. Commun., 2012,
183(10):2063-2070

[4] Jain A, Ong S P, Hautier G, et al. APL Mater., 2013,1(1):
011002

[5] WANG Hong(7£:4t), XIANG Yong(I 5), XIANG Xiao-Dong
(B ZR), et al. Science and Technology Review(FHH.F4k),
2015,33(10):13-19

[6] YE Shao-Qing(E 41 75), YE Heng-Qiang("1H38). Chin. Sci.
Bull.(# % i ), 2013,58(35):3623-3632

[7] Oganov A R, Chen J H, Gatti C, et al. Nature, 2009,457(7231):
863-867



%3

BLIGE L A5 . — B AL 55 0 R (A5 1) T 45 4 20 R 2R R 435

[8] Li Y W, Hao J, Liu H Y, et al. Phys. Rev. Lett., 2015,115
(10):105502

[9] Zhang M, Liu H Y, Li Q, et al. Phys. Rev. Lett., 2015,114
(1):015502

[10]Duan D F, Liu Y X, Tian F B, et al. Sci. Rep., 2014,4:6968

[11]Errea I, Calandra M, Pickard C J, et al. Phys. Rev. Lett.,
2015,114(15):157004

[12]Li R H, Xie Q, Cheng X Y, et al. Phys. Rev. B, 2015,92
(20):205130

[13]Zhang M G, Yan H Y, Wei Q, et al. Comp. Mater. Sci.,
2013,68(2):371-378

[14]Niu H Y, Chen X Q, Ren W J, et al. Phys. Chem. Chem.
Phys., 2014,16(30):15866-15873

[15]ZHAO Li-Ka(# 7.81), ZHAO Er-Jun( —1&), WU Zhi-Jian
(RE ). Acta Phys. Sin. (% 22 5 3R), 2013,62(4):383-391

[16[Ma T, Li H, Zheng X, et al. Adv. Mater., 2017,29(3):-

[17]TAO Qiang(F5%), MA Shuai-Ling(‘ Jfi4%), CUI Tian(# HI),
et al. Acta Phys. Sin.(#h 22 % %), 2017,66(3):79-93

[18]WU Chuan(J1), WANG Xin(FE#E), WU Feng(:= ), et al.
Modern Chemical Industry(FLARAL ), 2007,27(s1):155-158

[19]Rogl P, Potter P E. Calphad, 1988,12(2):191-204

[20]Z0U Wu-Zhuang(4B ik 6€). Zirconium and Hafnium Handbook
(#% - #5F ). Beijing: Chemical Industry Press, 2012.

[21Xu X W, Fu K, Li L L, et al. Physica B, 2013,419:105-111

[22]Failamani F, Gschl K, Reisinger G, et al. J. Phase Equilib.
Diff., 2015,36(6):620-631

[23]Huang B, Duan Y H, Hu W C, et al. Ceram. Int., 201541

(5):6831-6843

[24]Kohn W, Sham L J. Phys. Rev., 1965,140(4A):A1133

[25]Kresse G, Furthmiiller J. Phys. Rev. B, 1996,4(16):11169-
11186

[26]Blochl P E. Phys. Rev. B, 1994,50(24):17953-17979

[27]Perdew J P, Burke K, Ernzerhof M. Phys. Rev. Lett., 1996,
77(18):3865-3868

[28]Togo A, Oba F, Tanaka L. Phys. Rev. B, 2008,78(13):134106

[29]Baroni S, de Gironcoli S, Dal Corso A, et al. Rev. Mod. Phys.,
2001,73(2):515-562

[30]Momma K, Izumi F. J. Appl. Crystallogr., 2011,44(6):1272-
1276

[31]1Born M, Huang K. Dynamical Theory of Crystal Lattices.
Oxford: Oxford University Press, 1998.

[32]Voigt W. Lehrburch der Kristallphysik. Germany Leipzig:
Teubner, 1928.

[33]Reuss A. Z. Angew. Math. Mech., 1929,9(1):49-58

[34JHill R. J. Mech. Phys. Solids, 1963,11(5):357-372

[35]Hill R. Proc. Phys. Soc. London, Sect. B, 1952,65(389):396

[36]Chen X Q, Niu H Y, Li D Z, et al. Intermetallics, 2011,19
(9):1275-1281

[37TPugh S F. Philos. Mag., 1954,45(367):823-843

[38]Haines J, Leger ] M, Bocquillon G. Annu. Rev. Mater. Res.,
2001,31(1):1-23

[39]Becke A D, Edgecombe K E. J. Chem. Phys., 1990,92(9):
5397-5403

[40]Silvi B, Savin A. Nature, 1994,371(6499):683-686



