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Structure and Properties of Novel Superhard
CsN: A First-Principles Study
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Abstract: By using the developed particle swarm optimization algorithm on the crystal structural predic-
tion,we proposed 6 novel carbon nitride phases with a 5 ¢ 1 stoichiometry. Their structures,stability, mechani-
cal and electronic properties were investigated by first-principle calculations with the density functional theory.
Our calculations indicate that P62m-Cs N is energetically favorable in the 6 structures. Both elastic constants
and phonon-dispersion calculations show that these structures remain mechanically and dynamically stable at
0 GPa. Electronic calculations indicate that I4,-C; N is metallic while the other 5 are semiconductive. The Vick-
ers hardness shows that all the 6 structures are superhard materials except for I4,-C; N. Formation enthalpy
calculations suggest that these 6 structures can be synthesized at attainable high pressures (19—83 GPa).

Keywords: carbon nitride;first-principle calculations; superhard; high shear modulus
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Superhard materials (Vickers hardness H,==>40 GPa) are of fundamental interest and practical
importance due to their outstanding mechanical and thermal properties, such as excellent hardness,
high melting point,and wear resistance. Diamond and cubic-BN (c-BN) are two types of typical super-
hard materials that have been widely used in industry because of the aforementioned superior proper-
ties. However,in the past few decades, the search for new superhard materials has continued. In this
context,carbon nitride has become a primary candidate for low-compressibility or superhard materials
due to its relatively short bond length and low bond ionicity'!. Since the pioneering work of Liu and

Cohen'** that predicted hexagonal 8-C; N, with extraordinary hardness,considerable efforts have been

[4-14] 24]

devoted theoretically and experimentally'”?" to searching new stoichiometric carbon nitride mate-
rials with novel properties. On the theoretical side,several approaches have been applied to predict and
design new superhard carbon nitrides with different stoichiometries, such as Pnnm-CN, P4,/m-CN,
a-C;N; ,and bet-CN;. On the experimental side, melamine, cyanamide,and other related triazine-based
compounds can be used as precursors to synthesize o, ,and mainly g-C; N, through different mecha-
nochemical techniques in the form of thin films and nanocrystals. However, these structures have been

unverified because of the limited quantity and heterogeneity of the samples,thereby resulting in exten-
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sive debates. Other structure phases of carbon nitride may exist besides C;N,. Recently, Stavrou et
al. "1 synthesized Pnnm-CN using single-crystal graphite and high-pressure gas-loaded N, in a stand-
ard laser heated (LH) diamond anvil cell (DAC) configuration. This research achievement verifies the
aforementioned assumption. Therefore, with the theoretical calculations guiding the research, other carbon

nitrides with different stoichiometric measurements should be designed and calculated in the future.

1 Method

The crystal structure search is based on the global minimization of free energy surfaces merging
ab initio total energy calculations through the particle swarm optimization (PSO) technique as imple-
mented in the CALYPSO code®’. First-principle calculations were performed using the CASTEP™”

[2629) The exchange and correlation effects were described

code based on the density functional theory
by the generalized gradient approximation-Perdew-Burke-Ernzerh (GGA-PBE) exchange-correlation
functional™ . Ultrasoft pseudopotentials were expanded using a plane-wave basis set with a cutoff
energy of 500 eV, and a k-point spacing (2rX 0. 4 nm ') was assigned to generate Monkhorst-Pack

[31]

k-point grids for Brillouin zone sampling™®". Structural optimization using the BFGS minimization

method was performed until the energy change of each atom was less than 5X107°% eV, the forces on

1

atoms were less than 0.1 eV » nm ', and all the stress components were less than 0. 02 GPa"*. The

phonon modes of the equilibrium crystal structure obtained after structural relaxation were calculated

3] For the calculated phonon dispersion in reciprocal space, the

using the finite displacement theory
high symmetry point coordinates were G (0,0,0),A (0,0,0.5),H (—0.33,0.67,0.50),K (—0. 33,
0.67,0),M (0,0.5,0),and L (0,0.5,0.5). The polycrystalline bulk modulus, shear modulus, Young’s

modulus,and Poisson’s ratio were estimated using the Voigt-Reuss-Hill approximation-**.

2 Results and Discussions

2.1 Crystal Structure

Through the CALYPSO code,crystal structure searches were performed with a cell size of up to
48 atoms (40 C atoms and 8 N atoms) within a pressure range of 0—70 GPa. Analysis of the predicted
structures gives us a shortlist of candidate structures with space groups P62m (2 formula units per
cell) .14, (4 formula units per cell) , Pbcn (8 formula units per cell) , P6;cm (8 formula units per cell),
P2,2,2,(8 formula units per cell) and Pna2, (8 formula units per cell) ,respectively,as shown in Fig. 1.
In these novel structures,I4,-C;N and P6;cm-C; N are sp®-sp® hybridized while the other 4 are all sp*
hybridized phases. The N atoms and the 3 bonded C atoms are almost coplanar in the P62mC;N,
I14,-C;N,Pbcn-CsN and P65cm-Cs N structures, while they form a tetrahedron in the Pna2,-C;N. Fur-
thermore,in the P2,2,2,-C;N structure, these 2 kinds of N atoms both exist. The optimized lattice
parameters,atom positions,space groups,densities and cell volumes of the 6 types of C;N are obtained
and listed in Table 1.
2.2 Stability Analysis

To explore the thermodynamic stability for further experimental synthesis,the formation enthal-
py of the 6 novel C;N structures with respect to the separate phases is quantified by AH;=FE¢ x —5Ec —
(1/2)Ey, swhere Ec_y is the ground state enthalpy of the new C;N phase, E¢ is the energy of C atom obtained
from graphite,and Ey, is the total energy of the stable molecular a phase of nitrogen reported earlier™",

The calculated formation enthalpy of these C; N structures as functions of pressure is shown in Fig. 2.

010103-2



532 &

LI Zihe,et al:Structure and Properties of Novel Superhard C; N: A First-Principles Study

%1

Table 1

Structure parameters of the newly predicted Cs N

Phase

Crystal

system

Space o
Atoms positions
group

Lattice parameters/

Density/ Cell volume/

nm (gecm ?) nm?

P62m-CsN

Hexagonal

O

:67 (0.6686,0,0.6851)
>:4h (0.3333,0.6667.0.1846)
:2¢ (0,0,0.2520)

P62m C

C

=0.42610
¢=0.449 04

[=)

3. 48366 0. 0706056

I4,-CsN

Tetragonal

>:86 (1.3922,0.3047,0.2213)
>:80 (0. 8888,0.3025,0.5651)
:4a (0.5000,—0.5000,0.6649)
:4a (0.5000,—0.5000,0.3717)

o olz

14

Z O

a=0.56554
¢=0.46199

3.32925 0.147761

Pbcn-Cs N

Orthorhombic

C:8d (0.8394,1.1859,0.6653)
C:8d (0.9443,0.5105,1.3780)
C:8d (0.7272,1.4193,1.3967)
Pben C:8d (1.4165,1.4451,0. 543 3)
:4¢ (0.5000,1.3491,0.7500)
:4¢ (0.5000,0.8125,0.7500)
:8d (1.3159,0.7079,1.4033)

Z 00

a=0.69219
b=0.75985 3.38559

¢=0.55251

0. 290603

P63cm-Cs N

Hexagonal

>:12d (0.1549,0.4103,0. 866 7)
>:12d (0.4099,0.1542,0. 693 1)
:6¢ (0.7822,0,0.6486)

:46 (0. 3333,0.6667,0.1247)
:4b (0. 3333,0.6667.0.9413)
:2a (0,0,0.4143)

:6¢ (0.7847,0,0.9101)

:2a (0,0,0.1519)

oo

Q

P63cm

Z z o O O

a=0.61546
¢=0.94332

3.17945 0. 309444

P2,2,2,-CsN

Orthorhombic

C:da (—0.4660,0.3648,0.0251)
:4a (—0.0356,0.4140,0.7846)
C:4a (0.4082,0.7553,0.494 3)
:4a (—0.3026,0.2316,0.4965)
:4a (—0.3414,0.7023,0.9899)
:4a (0.4321,0.3975,0.5198)
:4a (—0.4450,0.6928,0.4812)
:4a (0.1246,0.4389,0.5229)
:4a (0.3131,0.9248,0.4703)
:4a (—0.0722,0.9907,0.477 8)
:4a (—0.2536,0.8681,0.9885)
:4a (—0.2860,0.6001,0.0557)

O

a o o

P2,2,:2,

zZ Z O O O 0

a=0.80449
b=1.408 89
¢=0.25659

3.3830 0. 290827

Pna2,-Cs N

Orthorhombic

O

:4a (0.6262,0.2909,0.7966)
“:4a (0.6669,0.4999,0.8488)
:4a (0.4457,0.1191,0.1296)
:4a (0.3513,0.0085,0.1102)
:4a (0.4412,0.8115,0.8592)
:4a (0.1030,0.1609,0.0666)
:4a (0.9757,0.2005,0.3318)
:4a (0.2617,0.1527,0.5419)
:4a (0.7486,0.6235,0.4587)
C:4a (0.3119.0.0399,0.6076)
N:4a (0.3225,0.4796,0.8604)
N:4a (0.7712,0.2000,0.7768)

o)
C

a o o

Pna2,

O O O 0

. 40299
. 40205
. 51640

S
I

3.3720 0.291776

>
I
S = o

010103-3



1M = JiS ) il 2% i o532 %

(c) Pben

N

(f) Pna2,

(d) P6,cm

(e) P2,2,2,

Fig. 1 Predicted structure graphs of C; N (The spheres in color black and

blue represent C and N atoms,respectively. )

From Fig. 2, the formation enthalpies suggest that
these C; N phase is metastable at 0 GPa because of oF —— P62m 14,

—— Pbcn  —v— Po,cm
—— P222, —— Pna2,

its positive value, which is similar to that of dia-
mond and ¢-BN. Meanwhile, as the pressure rises
from 19 GPa to 83 GPa,all these 6 phases gradually

become thermodynamically stable. Moreover, the use

Formation enthalpy/eV
=

of high temperature is a classical way to improve -2r

both the diffusion processes and the reactivity of 4}

precursors for the material synthesis of bulk forms 0 20 m 60 80 100
or thin films. That is,if we use graphite and nitro- Pressure/GPa

gen as precursors for condensed carbon nitrides at Fig. 2 Formation enthalpy of the newly predicted
high pressure,then these C;N phases may be syn- Cs N phases relative to graphite and nitrogen
thesized at readily attainable pressures and temper- as a function of pressure

atures. Furthermore, our phonon calculations have
verified that these 6 C;N is dynamically stable as evidenced by the absence of any imaginary frequency
in the whole Brillouin zone at ambient pressure (see Fig. 3).

To evaluate the mechanical stability of a crystal structure,the elastic constants of a crystal should
satisfy the generalized elastic stability criteria. For a hexagonal crystal, 5 independent elastic con-
stants,namely,C;; ,Cs; ,Cyy »Cy yand C5 , should obey the following generalized Born mechanical stabil-
ity criteria® ;C,,>0,C,,>|Cy, | sand (C,, +2C,,)Cyy, >2C%,. For a tetragonal crystal, there are 6 inde-
pendent elastic constants,namely,C,; ,Cs5,Cyy »Cgs »Cyz sand Cy; ,and the corresponding mechanical sta-
bility criterion is given by:C; >0 (i=;=1-6),C;, —C,, >0,C,, +Cs3 —2C,; >0,2(C), +Cy,) +Cyy +
4C,3>>0. For an orthorhombic crystal, there are 9 independent elastic constants,namely,C,; ,Cs; ,Cys »

Ciy»Cs5,Cs6,C12,Ci3 and Cyy ,and the corresponding mechanical stability criterion is as follow:C; >0

010103-4
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(Z:]: 176) 9C11 +C22 +C33 + Z(Clz +C13 +C23 )>07C11 +C22 72C12 >0 7C11 +C33 72C13 >0 9C22 +C33 -
2C,;>>0. The calculated elastic constant values of C;N phases by the strain-stress method are listed in
Table 2. According to the above criteria,the calculation results indicate that these novel structures are

all mechanically stable under ambient pressure.

40 50 50
= - n 40
== £ — B = =
§ = ~_% S 30 E;E —— s 30
2 0N~ -
5 . EN=—— == S 2 =
e ) . — ¢
i £ 10 £ 10 N
0 0
G A HK G L MH G Z T Y S X U R
(a) P62m (c) Pben
60 50
N 50 N N
jani an s
= £, 3
: :
= = =
g 5 5
@ i i
0
G zZT YSX UR G Z T YS X U R
(e) P2,2,2, (f) Pna2,
Fig. 3 Phonon dispersion spectrum at 0 GPa
Table 2 Calculated independent elastic constants C; of the newly predicted Cs N
Ph Cun/ Co/ Css/ Cu/ Css/ Ces/ Ci/ Cis/ Cis/ Cos/ Cos/
ase
GPa GPa GPa GPa GPa GPa GPa GPa GPa GPa GPa
P62m-C; N 1194 930 252 113 18
I14,-Cs N 649 931 244 247 244 75
Pbcn-Cs N 762 663 822 382 360 364 190 83 165
P65cm-Cs N 873 490 192 170 35
P2,2,2,-CsN 902 847 893 299 341 347 120 93 40 902 847
Pna2,-C; N 891 659 736 289 372 324 86 153 149 891 659

2.3 Properties

Based on the Voigt-Reuss-Hill approximation, bulk modulus (B), shear modulus (G), Young’s
modulus (E) and Poisson’s ratio (¢) can be obtained from the calculated elastic constants. The calcu-
lated B,G,E and o of the newly predicted C; N are listed in Table 3. Bulk modulus is a measure of the
resistance against volume change imposed by the applied pressure, while shear modulus represents the
resistance to the shear deformation against external forces, which indicates the resistance to the change
in the bond angle. The hardness is deduced from the size of the indentation after deformation. A super-
hard material typically requires a high bulk modulus to support the volume decrease created by the
applied pressure and a high shear modulus so that the material will not deform in a direction different
from that of the applied load. From Table 3.it is obvious that both B and G of P62m-C;N are the lar-
gest among the 6 new structures,indicating it can withstand stronger compression and higher shear

stress than the other structures.

010103-5
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The relative directionality of covalent bonds of materials also has an important effect on their
hardness and mechanical properties,which can be determined by the G/B ratio®. Table 3 shows that
the G/B ratio of P2,2,2,-C;N (1. 014) is higher than that of the other 5 C;N phases,thereby sugges-
ting the stronger directional bonding feature of P2,2,2,-C;N. The relative orientation of material
bonding also has an important effect on their hardness. Young’s modulus (E) is defined as the ratio
between stress and strain and is used to provide a measure of stiffness of the solid,i. e. ,the larger the
value of E,the stiffer the material is. Poisson’s ratio (¢) quantifies the stability of the crystal against
shear. Except for I4,-C; N, the fairly large value of E and small Poisson’s ratio indicate that the other 5
C;N phases are rather stiff and relatively stable against shear. Thus,the preceding results reveal that
these new C; N phases are potential candidates for superhard materials and this will be confirmed by

our following calculations of the Vickers hardness.

Table 3 Calculated bulk modulus B,shear modulus G, Young’s modulus E and Vickers hardness H, of

the newly predicted Cs N (Also shown are G/B ratio and Poisson’s ratio o)

Phase B/GPa G/GPa E/GPa o G/B H,/GPa
P62m-C;N 397 394 888 0.127 0.992 62.5
14,-C;N 335 238 577 0.213 0.711 30.0
Pben-Cs N 347 338 765 0.133 0.973 55.0
P6;cm-Cs N 286 267 611 0. 144 0.934 44.5
P2,2,2,-C;N 349 354 794 0.121 1.014 59.6
Pna2,-CsN 338 321 731 0.139 0.949 51.6

The electronic structure determines the fundamental physical and chemical properties of materi-
als. The calculated electronic band structure of the new predicted C; N phases at 0 GPa are presented in
Fig. 4. From Fig. 4, we can find that I4,-C;N are metallic, Pbcn-C;N and Pna2,-C;N are direct-
bandgap semiconductors while PEZm—CSN,Pchm—CSN and P2,2,2,-C;N are indirect-bandgap semi-
conductors. All these 5 semiconductors are narrow bandgap semiconductors and their bandgaps are

1.131,0.971,2.312,0. 796 and 1. 088 eV, respectively. The narrow bandgap feature suggests that they

15 5 =
— ==
"KE E () v B AN, O [ aeee
3 % 3 -5
2 e e L QL
= 5 5 10
Q Q Q —
& _)s 43 a -15 — —
—1o
o5 é -20 i I e e 8 —
GA HK G L MH G Z T Y S X UR
(a) P62m (c) Pben
5 5
=——_—=——— ===t
% -5 » 5 =
& % &
e el b=
£ 15 £ -15 £ 15
m —le m e m -
— — _——
-925 =25 =25 —1
GA HK G MLH G ZT YSX UR G Z T YS X U R
(d) Po,em (e) P2,2,2, (f) Pra2,

Fig. 4 Electronic band structures of newly predicted C; N at 0 GPa
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may be used as photocatalyst. In addition, the direct bandgap feature indicates Pbcn-C;N and Pna2,-C;N
are promising materials for the solar cell or photography industry.

In order to figure out the theoretical Vickers hardness of the new C;N structures, we employed
the macroscopic hardness model proposed by Chen et al. " and revised by Tian et al. . The formula
is H,(GPa) =0. 92k" " G" ™, where %k is the Pugh modulus ratio and equal to G/B. The results are

shown in Table 3. We can find that these new compounds are superhard materials except for I4,-C;N

and the hardness of Pme—CSN and P2,2,2,-C;N are even close to that of c-BN.

3 Conclusions

In summary,using the developed PSO technique on the crystal structure prediction, we predicted
6 types of C;N structures, and systematically investigated their geometry structures, stability, elec-
tronic and mechanical properties by first-principle calculations based on the density functional theory.
All these new phases are metastable at ambient pressure but become energetically more stable than
graphite and N, under high pressures (19—83 GPa). In addition, they are proved to be mechanically
and dynamically stable at ambient pressure by computing their elastic constants and phonon disper-
sions. Furthermore, except for I4,-C; N, the other 5 phases are superhard semiconductors as well. The

present work has great implications for designing and researching novel superhard materials.

References:

[1] LEGER J-M,HAINES J. The search for superhard materials [J]. Endeavour,1997,21(3):121-124.
[2] LIU A Y,COHEN M L. Prediction of new low compressibility solids [J]. Science,1989,245(4920) ;:841-842.
[3] LIU A Y.COHEN M L. Structural properties and electronic structure of low-compressibility materials:3-Si; N, and
hypothetical 3-Cs N, [J]. Physical Review B,1990,41(15):10727-10734.
(4] COTEAND M,COHEN M L. Carbon nitride compounds with 1 ¢ 1 stoichiometry [J]. Physical Review B, 1997,
55(9):5684
[5] HALES J,BARNARD A S. Thermodynamic stability and electronic structure of small carbon nitride nanotubes
[J]. Journal of Physics:Condensed Matter,2009,21(14) :144203.
[6] KIM E.,CHEN C,KOHLER T,et al. Tetragonal crystalline carbon nitrides: theoretical predictions [ J]. Physical
Review Letters,2001,86(4):652-655.
[7] KIM E,CHEN C. Stability of tetragonal crystalline carbon nitrides: the nitrogen content dependence [J]. Physics
Letters A,2001,282(6):415-420.
[8] HART J N,CLAEYSSENS F,ALLAN N L,et al. Carbon nitride:ab initio investigation of carbon-rich phases [J].
Physical Review B,2009,80(17) :174111.
[9] SANDRE E,PICKARD C J,COLLIEX C. What are the possible structures for CN, compounds? The example of
CsN [J]. Chemical Physics Letters,2000,325(1/2/3) :53-60.
[10] TIAN F,WANG J,HE Z,et al. Superhard semiconducting Cs N, compounds predicted via first-principles calcula-
tions [J]. Physical Review B,2008,78(23):235431.
[11] WANG X. Polymorphic phases of sp*-hybridized superhard CN [J]. The Journal of Chemical Physics, 2012,
137(18) :184506.
[12] ZHANG M,WEI Q.YAN H.,et al. A novel superhard tetragonal carbon mononitride [ J]. The Journal of Physical
Chemistry C,2014,118(6) :3202-3208
[13] LIQ,LIU H,ZHOU D,et al. A novel low compressible and superhard carbon nitride: body-centered tetragonal
CN;[J]. Physical Chemistry Chemical Physics,2012,14(37):13081-13087.

010103-7



1M = JiS ) il 2% i o532 %

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[36]

XU Y,GAO S P. Band gap of C; N, in the GW approximation [ J]. International Journal of Hydrogen Energy.2012,
37(15):11072-11080

GUO L P,CHEN Y, WANG E G, et al. Identification of a new tetragonal C-N phase [J]. Journal of Crystal
Growth,1997,178(4) :639-644

SEKINE T, KANDA H,BANDO Y,et al. A graphitic carbon nitride [ J]. Journal of Materials Science Letters,
1990,9(12):1376-1378

STEVENS A J,KOGA T,AGEE C B,et al. Stability of carbon nitride materials at high pressure and temperature
[J]. Journal of the American Chemical Society,1996,118(44):10900-10901.

STEVENS A ], AGEE C B, LIEBER C M. High-pressure chemistry of carbon nitride materials [J/OLJ]. MRS
Online Proceedings Library,1997,499:309(2011-02-01)[2017-06-29]. https://doi. org/10. 1557/PROC-499-309
CHEN Y A.GUO L.WANG E G. Alpha beta experimental evidence for alpha- and beta-phases of pure crystalline
C; Ny in films deposited on nickel substrates [J]. Philosophical Magazine Letters,1997,75(3) :155-162.

NIU C,LU Y Z,LIEBER C M. Experimental realization of the covalent solid carbon nitride [ J]. Science, 1993,
261(5119):334-337

YU K M,COHEN M L,HALLER E E,et al. Observation of crystalline C; N,[J]. Physical Review B,1994,49(7) ;
5034-5037.

YINL W,LI M S,LIU Y X, et al. Synthesis of beta carbon nitride nanosized crystal through mechanochemical
reaction [J]. Journal of Physics:Condensed Matter,2003,15(2):309-314

GUO Q,XIE Y,WANG X,et al. Characterization of well-crystallized graphitic carbon nitride nanocrystallites via a
benzene-thermal route at low temperatures [J]. Chemical Physics Letters,2003,380(1/2) :84-87.

JURGENS B,IRRAN E,SENKER J,et al. Melem (2,5,8-triamino-tri-s-triazine) »an important intermediate during
condensation of melamine rings to graphitic carbon nitride: synthesis, structure determination by X-ray powder dif-
fractometry, solid-state NMR, and theoretical studies [J]. Journal of the American Chemical Society, 2003,
125(34):10288-10300

STAVROU E,LOBANOV S,DONG H.et al. Synthesis of ultra-incompressible sp’-hybridized carbon nitride with
1 : 1 stoichiometry [J]. Chemistry of Materials,2016,28(19):6925-6933.

WANG Y.LU J,ZHU L, et al. Crystal structure prediction via particle-swarm optimization [J]. Physical Review
B,2010,82(9):094116.

SEGALL M D, PHILIP J D L, PROBERT M ], et al. First-principles simulation: ideas, illustrations and the
CASTEP code [J]. Journal of Physics:Condensed Matter,2002,14(11):2717-2744.

KOHN W,SHAM L ]J. Self-consistent equations including exchange and correlation effects [J]. Physical Review
A,1965,140(4):1133-1138.

HOHENBERG P,KOHN W. Inhomogeneous electron gas [J]. Physical Review B,1964,136(3) :864-871.

JONES R O,GUNNARSSON O. The density functional formalism,its applications and prospects [J]. Reviews of
Modern Physics,1989,61(3) :689-746.

MONKHORST H J, PACK ] D. Special points for Brillouin-zone integrations [ J]. Physical Review B, 1976,
13(12):5188-5192

FISCHER T H.ALMLOF J. General methods for geometry and wave function optimization [J]. The Journal of
Physical Chemistry,1992,96(24):9768-9774

CLARK S J,SEGALL M D, PICKARD C J,et al. First principles methods using CASTEP [J]. Zeitschrift fiir
Kristallographie-Crystalline Materials,2005,220(5/6) :567-570.

HILL R. The elastic behaviour of a crystalline aggregate [ J]. Proceedings of the Physical Society:Section A,1952,
65(5) :349.

VENABLES ] A,ENGLISH C A. Electron diffraction and the structure of a-N,[J]. Acta Crystallographica Section
B:Structural Science,Crystal Engineering and Materials,1974,30:929-935.

WU Z J,ZHAO E J.XIANG H P.,et al. Crystal structures and elastic properties of superhard IrN, and IrN; from
first principles [J]. Physical Review B,2007,76(5):054115.

010103-8



532 % LI Zihe,et al:Structure and Properties of Novel Superhard C; N: A First-Principles Study o]

[37] CHEN X Q.NIU H,LI D.,et al. Modeling hardness of polycrystalline materials and bulk metallic glasses [J]. Inter-

metallics,2011,19(9) :1275-1281.
[38] TIAN Y.XU B,ZHAO Z. Microscopic theory of hardness and design of novel superhard crystals [J]. International

Journal of Refractory Metals and Hard Materials,2012,33:93-106.

HREE CN RIE SRR
F—HREH R
ZFE. AEFR . Eak. RER.THRALAER

GHEINR A WARA R g R SRR EA TR E WL B2E  066004)

WMEAXFEAELSEKENTA T ERANGRE FHEAALEZ . BRET 6 AU FTHTERN
S5IMANEIME., XALTHEEZEE RN E —HEETHEFRCNNES B 2% N
WAl FHR, FELEEEN AR 6 AN T . P2n CNRREERR TN, Bl
HRAEFETHEEN  XBEMEOGCPa BN MB E M hFREHN., BFIHHLE T,
I4-CN 22BN MAMS MEMEF FHR, ERELITEEXRN, R [4,-CGN A, HE R A
B A BB K, BEIHRRUTE, 2N AN X 6 AEMBEENSRAIEXENGET
4 % (19~83 GPa) ,

KPR AR —HEETEBE, Z T EE

mES S .0481.1;0482. 1 SCHRFRINED . A

010103-9



B st 3 A

CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

#3248 H2m sOE W O o i) Vol. 32, No. 2
2018 4 4 H CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Apr. » 2018

DOI: 10. 11858/gywlxb. 20170640

SETILA BC WAFEMHBSFEHER

G
Y S B M 5 ey H R BT S 721016)

WEXAXTEEZBELNE - HRERS 7 X ZABHART LF BC, £% E A
BETHWREEEMAFER . AFRETH BEEEMIFL T, FARAERBEINT
MEABRAAR TR RBELA G TR FER., HAERXW . FETILF BC, EARK
M UEEM ) FE MRS B ET, IV BC, WERER . EEE R BEEEL Z W,
RAOFERO T HEERELN ., L7 BC, BARGWEFIRE, 5B R E KA 5 AR EE#
REBREEAGTENHENT, T BC, WERBEMEEWH AT n, EHEF
R E W B AT BN,

KPR F-MEE; L BCBE; A FE R FHER

RESES: 0521.21 SMERARIZAD: A

HB AR 235 4 TR B (Vickers Hardness) 881t 40 GPa B — 25T Ge bk, BB AE 44 R 7T LUIAE R 0F
JE O D) T DL R B B R A i R A R LA ORI T — EL AR AR R R A NG 4
B SRR AR R A 4 NI R WA T A NI A ST A A AT G B A R 4 I A B
JERT 3K 115 GPa"™ SR 7 ARG e M AR, Ak 2 M e 2, DR u JHL M 1y P A2 B4R R g Rk . 2 A b
SEOTRAR T R R b 2 1 R R AR e M R LR B (62 GPa )L /N T A WA, i LS5 v AR M
BRI A A% T I B S A e B R | R SRR M RN 2 1 P 1 S R A A R S R
2 Bh v R A g e ) ) R, T B AR Y R TR A — KRBT (B.C.N,
O) A5 B B4 SR T B 2% B8 R LB T /N s SR A5 L i an BC,EY U BC MY B, NP (B OH 5 o — 22
1 B AT e I L2 0 U A R R AR ST R IR AL A, T ReB, Y (FeB, M (PN, Os, CH1Y

FH A 70 2% Rk 70 3R 2H B B AL B HLA TV 200 DRE e R AR AP i B Ak e ) LI R
TR AR DR IR o DA e 1 A 4 v SR TR A R R R L . SEES I, SR A I A X TR R T 2
B LSS O E AN 75 L Solozhenko & FE IR 7 24 GPa FURFE 2200 K B4 0F T 82l & W T 4
FCRE 535 71 GPa MYSE 7 BC, , BF 9T £ W S7 07 BCs S B 4 59 BIF I8 A i w25 38 44 BL . Zinin 2V 7R R A
39 GPa FEJE 2200 K M4 F . A 8 T 52 5 2549 1 BC, » HL T BE 1 401 28 335 A9 S 36 0 B, L P 3 D 7 42
TR sp® A2 R . SR, T B R R C IR 19 RT3 B0 /N AR AR, L H - 0 A 1) S A
A5 H AR L DR AR M3 1 B AY X B £ AT B 4 T B R X S W A L A G S AR SE A B I BLC RF Y
PEE L BRSBTS Y H R A R 45 AL T R AR O 8 R U R {3 ek B O I R RS R
A B S AN HSAT ] 26 56 2 850, AR FH A R 0 Ak 27 20 43 0 45 5 A0 B 2% 40 Can i), 3 BB 08 1 41 L
FEL AN LA T IR S5 M . Zhang 2559 R F 2 T 4% B2 92 oR BEAE A0 R T BEOL AL 3800k L s Dh Mo 2 17
Zinin &7 A W ST 284 R 258 BC, (d-BC) 1 SR 25 84, BIS EBUZ T R S5 46 11 X 53 26 fin 568335 I
L2 SRS e 2 A, RS E R d-BC, BIZSIAIREN F43m . B b & 16 7

« WFEBHE: 2017-09-14; EEEHH . 2017-09-20
EE£TH: HEAAREIES (11647007) ; BEVTA #E T RHFWE 5110 (17JK0041) 5 58 39 3CFE 2% B BHOF 13 151 H
(ZK2017009)
EE® N HOMA981—) L, %+ LI, FZMNF IR AL 5. E-mail: csm7027@163. com

021101-1

© 2018 Institute of Fluid Physics, China Academy of Engineering Physics http://www.gywlixb.cn



%28 mooOJE B B % W 55 32 %

(formula units,f. u. )3t 64 AN JFE, KIS R IR 62 GPa, 557 J7 B AL TN A9 E B2 AH ] L 2 W AE 1Y
A KL

SEH A N d-BCs R R R R AR R AR T EIR BAU Y 7 B E T RIS A AR H
H M3 d-BCy 78 i FE T 08 S A6 50 g 2 1 BRI ) 22 PR BT A AR DG B e il . A AR R 3 7% &
1Z RS ISR — M R R M TR d-BC, 7 & e F A5 T R AR R T 2R R ) A
P,
1 HEFE

FEZEAG LA AN A 95 1 50 A v L 4 0 i SR 4 R 32 ek B AP 18T OB T Y VASP (Vienna Ab
initio Simulation Package) B2, M T AYAC e SCBEHRE s R T X 86 BE 3 8l (General Gradient
Approximation, GGA) F ) PBE(Perdew-Burke-Ernzerh) 32 #t 56 B2 BB, iy 7 5 4% 2 18] i9 A0 T4 H
SR FH VRAZ T ALL 19 4 Hi - 45 5% 80 F- T8 % (Projector Augmented Wave, PAW) JiF #4222 fifi 38, o B #i C
BIH LTl 257 2pt R0 25 2p" o D T ORUETH A Y T HE VRN A RO F T A KT RE B E S 800 eV, Al
BN & s A9 PEHBCR ] Monkhorst-Pack MR 75 % AR SR AERYEI B 0.3 nm ', ZR 4860 BE YA S50 1k
U] BRI E RS A S AAIERE RIS E] 1 meV/L w s, TR E BN TS T 7 Sy it 4 45
¥ s R N J3-RE AR J7 3 . ANFRVE R R RLE B B IR & G g K& Y B Voigt-Reuss-Hill i
I8 . d-BC, 76 =i e e T 3R ) 27 M TR A T 3 0 8L Debye A7 i RO £ 28 1 2 1oz
V2R R I E P B

2 #RE5

2.1 mEEBHMYEHE

TEE AT . d-BC; J& 4 NI B9 5 454, 25 M [-43m (No. 217) R IRZ5 R an il 1 B
M d-BC, 45 M5 ) HF TR 1 5k 48 a0 =0, = ¢, =0. 733 31 nm, 5 CHR[ 1945 5 (@, =0. 733 30 nm)
JLFEA2Y 4B R CJEF 19 50 0k b5 5 SCHRC 19 1A G A5 365 4 iE B T BT R A A9 15307 36 1A okG
WPk A Al Sk, BRI T d-BCs B p, =3. 16 g/cm® , W&/ T 48 B8 (1 42 W 7 %8 B (3. 53 g/cm?)
MEE T B d-BC, 3 L2t in & 47, IS G B & 0~ 100 GPa, [8]f& K 5 GPa, X I K 4544 F i d-BC, #E4T
TR HARSR PR R 2 BN F43m WL dsi . B 2 BT d-BCy H— 1LY S A% 3 2L a/a, M
B o/ BEFE IR R

AT LA B, B SN T3 AR W8S K, d-BC, 1 &A% 5 B0 B o F RS R BOR TR ) 22 8] AR 2 )
LR, REWM, ME K5 100 GPa(100 J5 4~ KA ) B, d-BCy 1 &R 8 505 KT HE Uk
INT 7Y% AT B d-BC, HA L5 BT R 4R RE F1 . vT LAVE R 08 76 i 8 R A4 kL . R FH S5/ 3R vk R ik
Z PG A BN — W A% H B a/a, MRS p(GPa) Z [8] 1Y A AT 56 Z L BD

Bl 1 SrJ5 BC W RkSE

Fig. 1 Crystal structure of cubic BC,

021101-2



%32 % DM R T SL U5 BCy B T2 R 24 I i

-32.0

(b)
~ -32.5F
=
=
=
2
M 330t
. . ) . . A -335 . . . . .
0 20 40 60 80 100 0.020 0.022 0.024 0.026 0.028 0.030
Pressure/GPa V/(nm?®/f.u.)

&l 2 377 BC; H— b 8 E a/a0 FIEE o/p0 BEE I EMRR (0 UL RREE-EBRY ST E D
Fig. 2 Pressure dependence of normalized lattice constants a/a, and density p/p, (a) ,

and the equation of state for cubic BC; (b)

4 —0.99941 —8.71 X 10" p+2.29 X 10 °p* (D

[
[FEF, BT d-BC, BA M R AHEDEPE . BEE ) 0y 3, H %5 B 902 38 K, B3R J1 34 % 100 GPa B,
HBEMNNEEETEERRT 22%.
KT AHE] d-BC, WY ITFE ARSI 5500 T X d-BC, 19 & 1R 45 ¥4 3% 22 1 1547 25 40 pE Ak, 4 4%
AESE TR ERE E MR VA IEE J1(0~100 GPa) &4 F (B GE E AVARL V 5l MR85 =K
Birch-Murnaghan 5 #2 B AT §1 & H d-BC, B2 4 12

E(V) =E, +9V1°GB°{[[%] - 1} B, + ij - 1} [6—4(‘%) }} 2)
X E, Vo By 458 AR RE A BURM A SRR A, B) Ry AR S B X R D 1 — B 4. ] 2(b)
25T R =B Birch-Murnaghan F #5453 -BC, WEF ., MEED,.FEET d-BC; #1447
TRAEF N 0. 024 66 nm® ARTAPER & B, =341 GPa, MRS ME #5130 1 1 i — [ 34k B, =3. 75,
2.2 HEMRK
2.2.1 HEEH
v AR (8 3P RS FRAE b A B R Y B
S, S AR SN R AR Y e R L XA R B 1 000F

PREH M J7 BT BT 6 L3612 MBI 1T 5 gl

PRSI AR TR RN SRR R 5

S 5 T SR AL B B B RO L X S O :

L HpSr g 3 A st R BN ) Cu M Cy . 3 2 W

W T 0~100 GPa JE S I d-BC, f9 3 405 00

SRR R AR R, WKL K E R AR 0 20 40 60 80 100
W3 Cy  Coo AL Co 5B 38, e 6 T Pressure/GPa

T Co B RPRECK U C BEE TR 7 0938 hn 28 4k iR B3 3275 BC, #E 3 OB E I i 78 Ak 6 &
KL I d-BCy W avb.c 3 A4S 3 &l o 1 %t g Fig.3 Pressure dependence of elastic
As i B B . T C, IR R /N, Ui C,, fEE constants for cubic BC;

ey mAR b 18 . AR 3% Born-Huang 5§52
MRS, 5T 07 i R R T A

Cy—Cp, >0, C,+2C, >0, C,=>0 (3
4K . M 0 GPa % 100 GPa,d-BC, — BLi# J& Born-Huang # ¥ 5 5 M 454, B0 d-BC, 7ERFSE Y FE 130
LN BLAT Ty 2 A8 1k

021101-3



i
=
&

i Eild %328

g3

2

2.2.2 BEEKS

THERORE SRR B AR R 2 . — b Voigt B8 B i A 1 BT A ok B A A ] 0 28 B I
WAL NI BE B F BR s ) — B R Reuss BEAL B S AR BT ok 5 A 8] B9 0 07 5 8 S kA Rk B2 B T BR
T A B 7 2 B Voigt #ERURT Reuss B8 Y 53801 4 1824 115301 L 9 1 550 A5 S 70 5 D) 482 45, D
Voigt-Reuss-Hill #E12 , X} F 3797 5 & BY FL R, Voigt M B By, Voigt BT Y] & Gy . Reuss &
PR By A1 Reuss By PIREHE Gy 435l AT

BV:BR:((JH +2(:12)/3 (4)
GVZ(CH*CMJF?)CM)/5 (5)
GR* 5((:11 *(:12)(:44 (6)

a 4CM + S(Cu - Clz)
] LIF5 3] Voigt-Reuss-Hill 37BN A9 44 55 1 4% 1 F1 BT VAR & R

B=(By + By)/2 D

G=(Gy+G)/2 ®
X5 i) [ B BB A A i Y T LAl A A A BT D) e 3Rk

Y =9BG/(3B+G) €))

F 1A THA 0~100 GPa f9 51PE H BOTHAF BB d-BC, Y M5 MR 5 | 95 DA A7 [ AR
i R T EURA LR R, d-BC, MR SRR BT ECY 345 GPa, 5 2. 1 1 R JH =B Birch-
Murnaghan J5 B 515 2] (4550 (341 GP)AEH W) & . 48 50 WA AR R AR EE . d-BC, 114
S AR | BT DDA AN A7 FORE R 43 51/ T 20. 020,38, 5% F1 51, 9% o fH 2 d-BC, B9 7R B & A1 57 U] 5
a5 A A 37 07 AT AR R, B RCR D SR RO PTAN N T B BE T . BERE TR T Y R L d-BCs 1Y
A SRS | B DA i A DA i A I, R d-BC, 1Y I BE S i 1 R, 0 T —sE N ) B R AR Y
SRPEIE AR B WA /N o DA JRUT BB Y A RE A R LA B, G S D R T R, d-BC, Y A R R R
AN H B—C B A C—C B A B /) o PRI ol B o J3E K, 2 B d-BCy HIRHT AN LI 7 B9 RE i, [
I PR A A B A T D B D R R

R1 ARAENTILABC HFBEERE FYEEMGREE

Table 1 Bulk modulus,shear modulus,and Young’s modulus for cubic BC; under pressure

Material Pressure/GPa B/GPa G/GPa Y/GPa
0 345 318 730
10 381 332 772
20 416 343 807
30 450 354 841
40 483 363 870
d-BC; 50 515 371 898
60 547 379 923
70 578 386 948
80 610 393 971
90 640 399 992
100 671 405 1012
c-BN!2 0 376 390
Diamond"*#"] 0 432 517 1109

2.2.3 NEEESM
SR 4 25 6 5 T 9 90 S A DR 05 o S S R M L o R IR X T
S R Y A 2 D] T A DO Bt T L5 0

021101-4



%32 % B DM R R AL TS BCs 1 )2 M) 2 M I %28

Y ! =5, =BG+ +57) (10)
R a By BARPRIT I H) 3 DI TARTL s B =251 — 2512 — 500 » 1 511 512 v 500 278 AR Y 3 N 37 3
FEZR %5, vT LA S 7 f AR s 4 Co, L C Fl Cy RoR
C, —Cy C 1
T CiC, —2C T T GGG, —2ch T TGy
Bl 4 g5t 1T d-BC, 1 IR 4 ) PR = 4E DR f —4e 82 1K . IR 4 tha] DUE 5008 5 4 NI
A1 1A% FCARE o 25 ) S PR AH R A d-BC, 1947 OB 45 Il SR, 2 F d-BC, 19 B—C st i
BE/NT A NA 1) C—C pUs , A A 07 ) 4 TR & 2 B A K I ], THEEAR 3 B IEUE /N T, il
A (D X154 A A 3 Al @b e 7 T U KRAEL, B Y s = Y0011 = Yioi0) = Yiuoy = 1/s1: =1 034 GPa,
e EXT AR I B /ME L B Y o =Y 11110 =3/ (s 2515 50, =697 GPa, X T d-BC; , 17 [RH = IF F
B R W) RS KNI AT LS R Y <Y<Y e

an

S11

a
@) 1 000 | ©®)
10007
500 F
500 |
ok (Yon=759 GPa
ol
ab (ac, be) plane
500" 500 -
—1 000 |
1 000 -1 000}
¢ 500 200 ‘ -1000 =500 0 500 1000
2 7 -1 000 (Unit: GPa) (Unit: GPa)

4 g IR 45 ) S P 1) = ZE 18] Ca) F0F- T 4% 82 &1 (b))

Fig.4 Three-dimensional plot (a) and the corresponding projection (b) of anisotropy of Young’s modulus
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Mechanical and Thermodynamic Properties for
Cubic BC; under High Pressure

CHANG Shaomei

(College of Physics and Optoelectronic Technology ,Baoji University of
Arts and Sciences ,Baoji 721016 ,China)

Abstract; The lattice constant and mechanical properties of cubic BC; under ambient and high pres-
sure,including the elastic constants, the elastic modulus,and the mechanical anisotropy, were investi-
gated using the first principle method in the framework of the density functional theory. The thermo-
dynamic properties under high temperature and high pressure were calculated in terms of the quasi-
harmonic Debye model. The results obtained show that the cubic BC; possesses a large elastic modulus
and a high degree of anisotropy under ambient pressure. Under high pressure,the lattice constant,elas-
tic constants,and elastic modulus of cubic BC; increase significantly. The results obtained from the
thermodynamic calculations suggest that the cubic BC; has a large Debye temperature,and the molar
heat capacity at constant volume and pressure exhibits obvious variation under high temperature and
high pressure. Meanwhile, The Debye temperature of cubic BC; increases with the increase of pres-
sure,but decreases with the increase of temperature.

Keywords: first principle; cubic BC; ;high pressure;mechanical properties;thermodynamic properties
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Crystal Structure and Stability of LiAlH,
from First Principles
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Abstract: The structural stability of LiAlH, ,a promising hydrogen storage material, under high pressure
was researched using the ab initio pseudopotential plane wave method. It is found that the phase transition
occurs at 1. 6 GPa from the a-LiAlH, phase to the f-LiAlH, (space group I2/b6) phase. This phase transition is
identified as first-order in nature with volume contractions of 18%. Moreover, the analysis of the phonon
dispersion curves suggests that phase transition is related to the phonon softening. Mulliken population analyses
indicated that the ambient phase (a-LiAlH,) is expected to be the most promising candidate for hydrogen storage.

Keywords: crystal structure; hydrogen storage materials; density functional theory;pressure-induced struc-
tural transition;electronic structure

CLC number: O521. 23 Document code: A

Light metal complex hydrides are promising materials for solid-state hydrogen due to their gravi-
metric hydrogen density'’®’. For example, lithium alanate (LiAlH,) and sodium alanate (NaAlH,)
have theoretical hydrogen capacities of 10. 6% and 7. 5% (mass fraction) ,respectively. Hence, LiAIH,
and NaAlH, could be viable candidates for practical usage as on-board hydrogen storage. However,a
serious problem with these materials is their poor kinetics and lacking reversibility with respect to
hydrogen absorption/desorption. Recent experimental evidences show that LiAlH, and NaAlH, release
7.9% and 5. 6% (mass fraction) of H,respectively. This represents nearly 4 and 5 times more stored
hydrogen than LaNis-based alloys which are currently used in nickel-based hydride batteries. However,
it is difficult to accurately identify the positions of the hydrogen atoms by the high-pressure X-ray and
neutron diffraction studies. Therefore, exploration of the phase stability and structures has attracted a
great deal of attention.

Under ambient conditions, LiAlH, crystallizes at a monoclinic structure with a space group P2, /¢
(denoted as a-LiAlH,). The structure consists of AIH, units separated by Li" ions,and the hydrogen
atoms are arranged around the aluminum atoms in an almost regular tetrahedral configuration. On the
theoretical side, the a-LLiAIH, structure transforms into a new tetragonal S-LiAlH, structure (space

group I4,/a) at 2.6 GPa with a 17% volume contraction™ . However,the neutron diffraction confirms
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that the structure of the high pressure g-LiAlD, has a monoclinic space group 12/6"7', It is determined
that there is a reversible phase transition back to the a-LLiAlD, with a slow release of pressure and
cooling. Consequently,the Raman measurement confirmed that the ambient structure transform to the
BLiAlIH, structure (space group 12/6) at 3 GPa'® ,as well as the previously reported transition pres-
sure between 2. 2 and 3.5 GPa"™’.

In this work, we report our results on the geometries and electronic structures of LiAlH, with
pressure using the ab initio calculations. The total-energy calculations for the pressure-induced phase
transition in LiAlH, were performed. The structural transition from o- to p-LiAlH, happened at
1. 6 GPa. The full phonon dispersion curves were calculated,for the first time,to provide the evidence
of phonon stability for pressured-induced phase transition. We also discussed the density of states and

bond overlap populations about the two phases.

1 Computational Method

The calculations were performed within the density functional theory (DFT),using the Perdew-

1t121 A plane-wave norm-conserving

Burke-Ernzerh of generalized gradient approximation functiona
pseudopotential method™*! as implemented in the CASTEP codel'*! was employed. We used the plane-
wave kinetic-energy cutoff of 850 eV which was shown to give excellent convergence of the total ener-
gies and structural parameters. According to the Monkhorst-Pack method, k-point spacing smaller than

! was individually adjusted in reciprocal space to the size of each computational cell'™. The

0.3 nm"~
optimization was performed,all forces on atoms were converged to be less than 0.1 eV/nm and all the
stress components are less than 0. 02 GPa. The tolerance in the self-consistent field (SCF) calculation
was set to 10 ° eV/atom. The phonon frequencies were calculated by the direct approach, which is
based on the first-principles calculations of the total energy,the Hellman-Feynman forces,and the dynami-
cal matrix as implemented in the phonon packages''*'"!. Convergence test gave the use of 2X1X1 and

2X2X1 supercell in the phonon calculation.

2 Results and Discussions

We optimize the crystal structures allowing simultaneously variations of unit cell and atomic posi-

tions at selected pressures. The calculated lattice

parameters of a-LiAlH, (space group P2,/c¢) and 028 —=— P2/c
B-LiAlH, (space group I2/b) are listed in Table 1, o6k b
which also includes the experimental data for com- ”g
parison™® . For the o-LiAlH, phase, the deviations E; 024} o ol MGPH
between our calculated results and the experimen- 2 % 0 gAV/V:lS%
tal values are less than 2%, which is sufficiently 022}
accurate. This strongly supports the choice of the TR

Pressure/GPa
pseudopotentials and GGA approximation for the 0~200 05 0o 15 50 25 30
current study. The theoretical generated pressure- Pressure/GPa

Volume curve (See Flg 1) ShOWS that the a*LiAlHl Flg 1 Volume vs. pressure curves of a—LiAlHL and

transforms to a monoclinic phase of S-LiAlH, with  #LiAIH, phases (Enthalpy difference (per formula unit)

a volume contraction (AV/V) of 18% , which sug- between o-LiAlH, and 8-LiAlH, as a function of
gests that this is a first-order phase transition. The pressure is shown in the insert. )
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huge volume contraction is consistent with the Raman scatting measurement and the other theoretical
results’™®® . In order to give a clear picture of the structural transition,the difference of the enthalpy (per for-
mula unit) between the a-LiAlH, and -LiAlH, phases as a {function of pressure is shown in the insert
of Fig. 1. It can be clearly seen that the B-LLiAlH, phase becomes energetically more favourable than
the a-LiAlIH, phase above 1. 6 GPa,which is the transition pressure from «-LiAlH, to 8-LiAlIH,.

Table 1 Optimized structural parameters,atomic position parameters for

the o-LiAlH, and the 3-LiAlH, structures

Phase Unit-cell dimensions Atom coordinates

Li:(0.585,0.459,0.829),(0.560,0.466,0.827) "
Al:(0.159,0.204,0.938),(0.139,0.203,0.930) "
) a=0.4851nm(0.4817 nm™)
a-LiAlH, H1:(0.193,0.102,0.766),(0.183,0.096,0.763) "
6=0.7814 nm(0.7802 nm"™) )
(P2,/0) H2:(0.377,0.371,0.986),(0.352,0.371,0.975)
¢=0.7732nm(0. 7821 nm" )
H3:(0.254,0.082,0.119),(0. 243,0. 081,0.115) "

H4.(0.822,0.268,0.882),(0.799,0.247,0.872) "

a=0.4452 nm Li:(0,0.250,0.125)

B-LiAlH, b=0.4459 nm Al:(0,0.250,0.625)
12/ ¢=1.0102 nm H1:(0.259,0.425,0.542)
p=89.978° H2:(0.324,0.508,0.792)

Note:“ * ” represents experimental data from Ref. [18].

To investigate the dynamic stability,we calculated the phonon dispersion curves along some high-
symmetry lines in the Brillouin zones (BZ) and the corresponding phonon density of states (DOS) for
the LiAlH, structure. No imaginary frequency is observed throughout the whole BZ, indicating that
the two novel phases are dynamically stable in the pressure region from this study. We also calculated
the phonon dispersion curves at the phase transition pressure for the a-LLiAlH, structure in Fig. 2. For
comparison,the stability of phonon dispersion curves for the a-LiAlH, at 0 GPa are shown in Fig. 2(a).
In Fig. 2(b),it is indicated that the phase transition should not be related to the pressure-induced pho-

non softening. The total and partial densities

of states for the two phases are shown in
Fig. 3. Analysis of the calculated electronic
density of state reveals that the two phases
exhibit a common insulating feature with a

finite energy gap. The valence band (VB) in

a-LiAlH, phase is split into two regions. Sub-

Phonon frequencies/THz

sequently, the two peaks combine into one

broader peak in the f-LiAlH, phase producing o\

the broadening of VB under high pressure. Z GY ABDE CZGY ABDE C

This is originated from the shortened inter- (@) 0 GPa (b) 1.6 GPa
atomic distance upon squeezing,for the VB re- Fig. 2 Phonon dispersion relations and
gion is mainly dominated by H 1s,and Al 2s, density of state in high-symmetry directions for
2p states. It shows that the H and Al atoms the a-LiAlH, structure at 0 and 1. 6 GPa
become the directional covalent bonds within

the AlIH, tetrahedron or AlIH, octahedron layers. The bottom of the conduction band just above the
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Fermi energy is composed of the Al 2s5,2p,Li 1s,

and H 1s states,which are consistent with the ionic 0.4 ﬁ)H-s ®
bonding between the Li and the AIH, unit. We 02
found more mixing of the s and p states for Al o [ A
atom in the B-LiAlH, phase. Consequently, the 1.0 tﬁi:}sg :'-“
electronic transition from the Al-s to -p state is S o .n‘§ ‘,"“ ',’-‘“'
related for the huge volume collapse during the ié ' /\i kY ,".‘L Lo,
a-LLiAlH, to B-LiAlH, phase transition. 5 Og - ‘. : l A

In order to better understand the bonding § 02 — b
interactions between H, Al and Li atoms, we stud- ol : :
ied the Mulliken charges and the bond overlap pop- 0 : A
ulation (BOP) P on the basis of Mulliken Popula- 12p== T"ta‘}.j . :
tions in Table 2%, The scaled BOP (P*) is 8 ,"'b ‘l!"‘-‘.r"\.-
defined in Piwo—u = Paoo—u/Lacs—n with L 4 ,'"“" .‘i. : ._J.""'i; AR
representing the average bond length of AI—H or O_i() I_‘5" (’) '5 1.0_i()1\—.5 :) ';.3 10
Li— H, respectively™®. It is found that the Py Energy/eV

value for the o-LiAlH, phase (0. 506) is smaller Fig. 3 Calculated total and partial electronic densities
than that of the S-LiAlH, phase (0. 534) as the of states for a-LiAlH, structure at 0 GPa (a) and
coordination number of Al (4) stays unchanged at B-LiAIH, structure at 1. 6 GPa (b) respectively

the o transition. Previous studies have shown that

the smaller the BOP,the lower the hydrogen desorption kinetic energy-**. From this point of view,the
current study suggests that the activation energy of the «-LLiAlH, is lower than that of the g-LiAlH,.

The ambient phase of a-LiAlH, is expected to be the most promising candidate for hydrogen storage.

Table 2  Average net charges,bond length (L) and scaled bond overlap population (P°) between
H, Al,and Li atoms in the o-LiAlH, (at 0 GPa) and the S-LiAlH, (at 2. 0 GPa) structures

Average net charge L/nm p*
Phase
H Al Li Al—H Li—H Al—H Li—H
a-LiAlH, —0.48 0. 64 1.29 0.1615 0.1886 0.506 0.019
B-LiAlH, —0. 46 0.55 1.28 0.1628 0.2067 0.534 —0.063

3 Conclusions

We investigated the pressure-induced phase transformations in LiAlH, using the first-principles
based on the density functional theory with the plane-wave basis. The structural transitions from
a-LiAlH, to -LiAlH, occurs at 1. 6 GPa,accompanied with about 18% volume collapse, originating
from the electronic transition of Al-s to -p states. The phase transition should be related to the pres-
sure-induced phonon softening. The BOP analysis shows that the activation energy of the a-LiAlH, is
smaller than that of the f~-LiAlH,. The a-LiAlH, is expected to be the most promising candidate for

hydrogen storage.
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Fig. 2 Variations of relative lattice parameters (a/a,) and relative unit cell volume (V/V,)

of Mg, Si and Mg, Ge with pressure
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Table 2 Moduli of Mg, Si and Mg, Ge

Phase »/GPa Ci, Ci, o B/GPa  G/GPa  E/GPa G/B v
0 110. 48 22. 04 44,72 51.52 44,52 103. 69 0.86 0. 160
Cale. ™87 115.21 22.14 43.11 53.163 44, 48 104. 34 0. 84 0.173
5 143.03 42,46 52.29 75.99 51.49 126. 00 0.68 0.22
Mg, Si 10 158. 67 52. 89 61.20 88.15 57. 87 142. 45 0.66 0.23
15 180.72 68.97 61.32 106. 22 59. 14 149. 65 0.56 0.27
20 200. 49 85.12 64. 56 123.58 61.81 158. 93 0.50 0.27
25 218.17  102.33 66.19 140. 94 62. 88 164. 22 0.45 0.31
0 105. 80 21.18 41,90 49. 39 42.07 98. 29 0.85 0.17
Cale. ™' 113.56 20. 56 45.70 51.56 46. 02 106. 40 0. 85 0.16
5 140. 74 45.52 55. 27 77.26 52.21 127. 83 0.68 0.22
Mg, Ge 10 154.03 50. 75 54.12 85.17 53.13 131. 95 0.62 0. 24
15 175.03 68.13 59. 79 103.76 57.25 145.07 0.55 0.27
20 191.53 83.03 61.82 119.19 58.79 151. 48 0.49 0.29
25 209.82  101.41 63.24 137. 54 59. 62 156. 29 0.43 0.31
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Thermodynamic Properties of Mg,X (X=Si,Ge) Phases
under Pressure by First-Principles Calculations

ZHANG Leting' . ZHAO Yuhong',SUN Yuanyang',
DENG Shijie' ,JT Ruyi' s HAN Peide®

(1. College of Materials Science and Engineering ,
North University of China , Taiyuan 030051 ,China;
2.College of Materials Science and Engineering ,
Taiyuan University of Technology , Taiyuan 030024 ,China)

Abstract: The structural, elastic and thermodynamic properties of Mg,Si and Mg,Ge phases under
pressure were calculated using the first-principles based on the density functional. The calculated
results indicated that the lattice parameters under 0 GPa are fairly consistent with the experimental
value and other theoretical data. The ratio of a/a, and V/V, decreased as the external pressure increases. An
appropriate pressure (0-25 GPa) can improve their stiffness and plasticity because the bulk modulus
B,shear modulus G,and Young’'s modulus E almost linearly increase with pressure. The brittleness of
the material turns to ductility at 15 GPa. Finally, the effect of temperature and pressure on the Debye
temperature, bulk modulus, heat capacity and linear thermal expansion coefficient was studied using
the quasi-harmonic Debye model and Gibbs software.

Keywords: first-principles; Mg, Si; Mg, Ge; structural property;elastic property; thermodynamic property
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