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Motivation for Transition Metal Nitrides (TMNS)

Materials applications interest
7 A W Ve d

il - N Metal 3
i AL g A ’ s
i o Pt . e N \
e (¥ 0.35 im N
T ‘
" — = -

hard coatings optics micro-electronics

Refractory hard materials

Extremely high hardness — wear resistance

High melting points — thermal resistance

Good¢

G000

electrical and thermal conductivity

corrosion or oxidation resistance



Elements of Interest

Can we obtain a predictive understanding of intrinsic hardness
from first principles computations to guide experiments?
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H He
1.00794 4.002602
3 4 5 7 8 9 10
Li | Be B CIN/|O F | Ne
6.941 9.012182 1081 12.0107 [14.00674 | 15.9994 | 18.9984032 | 20.1797
0| 12 Transition metal elements B 1 | 1| 16 | 17| 18
Na | Mg Al [ Si P | S | Cl | Ar
22989770 243050 26581538 28.0855 |30.873/61 | 32.066 354527 39.848
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
3d K |Cal|Sc | T V | Cr (Mn | Fe | Co | Ni |Cu |Zn | Ga | Ge | As | Se | Br | Kr
39.0983 40,078 |44955910| 47.867 509415 | 51.9961 |54.938049| 55.845 |58933200| 58.6534 63,545 65.39 69,723 7261 7492160 78.96 79.504 £3.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
44 Ro| Sr | ¥ | Z2r [Nb|[Mo | Tc [Ru |Rh |Pd |Ag | Cd | In | Sn |Sb |[Te | I | Xe
85.4678 87.62 8880585 | 91.224 | 92.90638 95.94 (98) 101.07 |102.50550| 10642 |195.56555| 112411 114818 | 118710 | 121.760 127.60 |126.90447| 131.29
5 d 55 56 57 72 73 74 75 76 77 78 79 80 81 82 B3 84 85 86
Cs|Ba|La|[HFf [ Ta | W |Re|Os | Ir | Pt |Au |Hg | Tl | Pb | Bi | Po | At | Rn
132.90545( 137.327 | 1389055 17849 |[180.84.79| 183.84 186.207 19023 192217 | 195.078 [196.56655| 200.59 204.3833 207.2 |20858038| (209) (210) (222)
87 88 89 104 105 106 107 108 109 110 111 112 114 116 118
Fr | Ra | Ac | Rf | Db | Sg | Bh | Hs | Mt (289)
(223) (226) [227) (261) (262) (263) (262) (265) (266) (269) (272) (277) (287) (289) (293)
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce | Pr {Nd|{Pm|Sm | Eu |Gd | Tb | Dy | Ho | Er [ Tm | Yb | Lu
140.116 | 140.50765| 14424 (145) 15036 151.964 157.25 |[158.92534] 16250 |164.93032| 167.26 (168.93421| 173.04 174.967
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th | Pa| U |Np|Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr
232.0381 | 231.035888 | 238.0289 (237) 244) (243) (247) (247} (251) (252) (257) 258) (259) (262}
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Computationally achievable Computationally achievable
on a large scale on case by case basis
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Computational Property Database of Likely Cubic
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Transition Metal Nitrides

M - transition metal

Structures |[Formula |Stoichiometry| 3d 4d 5d
M4N M4N 4:1
Anti-ReO3 MsN 3:1
Zinc blende MN 1:1
Rocksalt MN 1:1
Cesium
chloride MN Ll
NbO MN 1:1
ThsPy M3N, 3:4
Fluorite MN,, 0.5:1
Pyrite MN,, 0.5:1
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Computed Structures of Transition Metal Nitrides

rocksalt

zinc blende Fm-3m 4:4

cesium chloride

Pm-3m 1-1 fluorite

Fm-3m 4:8




The General Procedure

Choice of compositions and structures

DFT program
]
Obtain single-crystalline properties
e.g. lattice constant, elastic constants, etc. |
effective
medium
. theory

.

Obtain averaged poly-crystalline properties
e.g. mechanical moduli, ratios, hardness

visualization
(
Discover trends and correlations between
trends

Identify promising transition metal

nitrides and eliminate unfavorable ones
\_
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Experimental synthesis of pyrite-type PtN

E.Gregoryanz, C. Sanloup, M. Somayazulu, J. Badro, G. Giquet,
H-K. Mao, and R. J. Hemley, Nat. Mat. 3, 294 (2004).

Although numerous metals react with nitrogen there are no known
binary nitrides of the noble metals. We report the discovery and
characterization of platinum nitride (PtN,), the first binary nitride of
the noble metals group.

This compound can be formed above 45-50 GPa and
temperatures exceeding 2,000 K, and is stable after quenching to
room pressure and temperature.

Synchrotron X-ray diffraction shows that the new phase is cubic
with a remarkably high bulk modulus of 3725 GPa.

No thin film fabrication reported yet!



More noble metal nitrides synthesized

Experiments

PtN,, (J. C. Crowhurst et al., Science 311, 1275 (2006).)
IrN,, OsN, (A. F. Young et al., Phys. Rev. Lett. 96, 155501 (2006).)

Computations

IrN,, OsN, (A. F. Young et al., Phys. Rev. Lett. 96, 155501 (2006).)
PIN,, (R. Yu et al., Appl. Phys. Lett. 88, 51913 (2006).)

PtN,, (J. C. Crowhurst et al., Science 311, 1275 (2006).)

PtN, (S. K. R. Patil et al., Phys. Rev. B 73, 104118 (2006).)

Results

Made in diamond anvil cells at 2000K and P =50 GPa . Recovered at 300K and
0.1 MPa, ambient conditions.

PtN, is now confirmed to be in pyrite phase.

IrN,, (hexagonal symmetry) and OsN , (orthorhombic symmetry) structures not
fully confirmed.

No thin film production method discovered!



Fluorite(C1l) Phase | ]

Lattice Vectors
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Pyrite (C2) Phase [MN,]

Lattice Vectors Lr &
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Pyrite Structure

cubic Pa3
PIN,

a=4.877TA

Nitrogen atom at

(0.416,0.416, 0.416)
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Cohesive Energy of MN (M — metal)

Sc Ti V Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

Econ = (B + Ex — Eyw)/2

The larger, the more stable

S thermodynamically

©

S Fluorite phases are in general
% less stable than pyrite

u.|8 counterparts

3 4 5 6 7 8 9 10 11 12
Group Number

Cohesive energy E_;, of 3d, 4d transition metal nitrides
in pyrite and fluorite structures

Z.T.Y. Liu, D. Gall, and S.V. Khare, Phys. Rev. B 90, 134102 (2014). 13




Elastic constants C

pernitrides, MN

11

-C
12

, C
44

and mechanical stability of the pyrite-type transit

> Mechanically stable phases are denoted as “S” and

Group| M | Ciy-Ci(GPa) |  Cas(GPa) M;:'L?m;a'
3 Sc Y -32.7  -160.8 61.6 56.0 u U
4 Ti Zr 205.0 107.6 97.9 98.5 S S
5 Vv Nb | 253.7 89.3 9.4 -38.4 S U
6 Cr Mo | 287.7 241.3 61.4 -20.0 S U
7 Mn Tc 360.5 351.4 104.7 24.3 S S
8 Fe Ru 419.4 397.5 30.7 -52.7 S U
9 Co Rh 454.6  428.6 89.1 52.7 S S
10 Ni Pd 274.0 104.0 86.7 33.9 S S

11 Cu Ag -24.5 5.0 29.2 12.0 u S
12 Zn Cd 112.4 85.9 57.7 14.2 S S

ion-metal

unstable ones as “U.”

14



Mechanically Stable pernitrides MN,

Only 17 are stable

1 2
H He
1.00794 4.002802
3 4 5 7 8 9 10
Li | Be B|C|N|O F | Ne
6.941 9012182 10.811 12.0107 |14.00674 | 15.9994 | 189984032 20.1797
NG Transition metal elements B[ s e [ e
Na | Mg Al | Si | P S Cl | Ar
22.989770| 24.3050 26.561538| 28.0855 |30.973761| 32.066 | 354527 | 39.948
19 20 21 2% 23 24 25 26 27 28_ 29 30 31 32 33 34 35 36
3d K|lC|Sc| T | V [C Mn|Fe [Co|Ni ([Cu|Zn | Ga| Ge | As | Se | Br | Kr
39.0983 40.078 [44.955910| 47.867 509415 | 51.9961 |54.938049| 55.845 |[58.933200| 58.6534 63.545 65.39 69.723 7261 74.82160 78.95 79.504 33.80
37 38 39 40 41 42 43 44 45 46 47 438 49 50 51 52 53 54
4d |Rb | St | Y [ Zr [Nb|{Mo Tc |Ru |[Rh |Pd |Ag |[Cd | In [Sn |Sb | Te | | | Xe
854678 | 8762 |g8s.00585 | 91.224 | 92.90638 | 9594 (98) 101.07 [102.90550| 106.42 |[196.56855| 112411 | 114.818 | 118710 | 121.760 | 12760 |[126.90447| 131.29
55 56 57 7] 73 74 75 76 77 78 79 80 81 82 83 84 85 86
5d [ Cs Ba|Lla |HF| Ta|W Re |[Os| Ir | Pt |Au Hg| Tl | Pb| Bi |Po | At | Rn
132.90545| 137.327 | 1389055 | 17849 |180.9479| 183.84 186.207 190.23 192217 | 195078 |196.56655| 200.55 204.3833 207.2 |208.58038 | (209) (210) (222)
87 88 89 104 105 106 107 108 109 110 111 112 114 116 118
Fr | Ra | Ac Rf | Db | Sg | Bh | Hs | Mt (289)
(223) (226) (227) (261) (262) (263) (262} (265) (266) (269) (272) (277} (287) (289) (293)
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce | Pr |/ Nd|Pm|[Sm | Eu [Gd | Tb | Dy [ Ho | Er | Tm | Yb | Lu
140.116 | 140.50785] 144.24 (145) 150.36 151.964 157.25 (15892534 16250 (164.93032( 167.26 |168.93421| 173.04 171.967
90 91 92 93 94 g5 %6 97 98 99 100 101 102 103
Th Pa| U [Np|Pu|Am|Cm | Bk | Cf | Es | Fm [ Md | No | Lr
232.0381 | 231035838 | 238.0289 | (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262}

Z.T.Y. Liu, D. Gall, and S. V. Khare, Phys. Rev. B 90, 134102 (2014).
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Density of states (DOS) at E; and elastic constant C,, of
pyrite-type 3d, 4d transition metal pernitrides MN,

Total DOS at E
AN

-50 0 5IO 100 150
C,, (GPa)

Z.T.Y. Liu, D. Gall, and S. V. Khare, Phys. Rev. B 90, 134102 (2014). 16



Density of States (DOS) and [Elastic Constant C,},
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Elastic constant C,, and Total DOS at E;
of pyrite-type 3d, 4d transition metal pernitrides MN,

Total DOS (States/eV/unit cell)

Left shift and narrowing to accommodate more

_ . electrons.
gg - 70N : - * E; (Fermi energy) can land on peaks, valleys
B ) : ]
18 - /\\ . 1 . . - or plateaus.
-12 .10 -8 -6 -4 -2 0 4 s . .
E (eV) E- » Total DOS at E; indicates metallicity.

(4, indicates stability and positively correlates

Total DOS of pyrite-type 3d transition metal pernitrides MN,. A
with H,. 17



Total DOS per cell

Density of States (DOS) and Elastic Constant C,,

5d period progression

o /\/MM/\ er2 |
20 - : o
10 - -

30 - l PN,
20 - ,

10 - |

0+

30 - :

20 - ,

10 -

(B

-10 —8 -

Energy eV

IrN, and PtN, are
mechanically stable,
but AuN, is not.

Judging by the DOS at
E., PtN,1s a
semiconductor but
neither IrN, nor AuN,.

It is the left shift and
width-narrowing
behavior of DOS,

placing a gap of states
at the Ep of PtN,.
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Density of States (DOS) and Elastic Constant C,,

Group 10 progression

| | | i |
Al - - NN, -
20 - I -
10 - | )
— 07| | | | | | | |
Q
v | | | | | | | |
Q
0.30_ : PdN2 =
2 20- | L
A 10- | ]
4_(9 0_I I | I | |f/-\,|’j -
lg | | | | | i | |
30 - |
PN,
20 - I -
I

10 - -
0 3 | | | | | M—%_
-10 -8 -6 -4 -2 0 2 4

Energy (eV)
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Group 4 progression
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Density of States (DOS) and Elastic Constant C,,

Conclusion:

As the transition metal choice moves in the periodic table, the
pernitride demonstrates metallic or non-metallic behavior,
depending on the relative position of E; in DOS.

The mechanical stability and shear related mechanical
properties (like hardness) can be anti-correlated with DOS at E,
an indicator of metallicity.

Z.T.Y. Liu, D. Gall, and S.V. Khare, Phys. Rev. B 90, 134102 (2014). 20



Projected COHP

Plane Wave DFT codes express information in the reciprocal
space.

Crystal orbital Hamilton population (COHP) analysis is a DFT
successor of the familiar crystal orbital overlap population
(COOP) concept, based on extended Hickel theory.

COHP is a partitioning of the band-structure energy in terms of
orbital-pair contributions

It is therefore based on a local bases.

Projecting plane waves onto local bases gives projected COHP.

V. L. Deringer, A. L. Tchougreeff and R. Dronskowski, J. Phys. Chem. A 115,
5461 (2011). 51



pCOHP In Pyrite-Type PtN,
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Z.T.Y. Liu, D. Gall, and 5. V. Khare, Phys. Rev. B 90, 134102 (2014). 22



Equation For Calculating
Vickers Hardness (H))

100 ¢ O  chen -
; o refit 2 1
H, = 0.92k1137 ;0708
k=G/B
)
(N
Q 10 - . k - Pugh'’s ratio
Iﬁ [ 1 G - shear modulus

Data points (40+ compounds):

. Covalent: C, Si, BN...
e 100 Ionic: NaCl, KBr...
H,_(GPa) Metallic glasses

Figure adapted from Tian et al.

Y. Tian, B. Xu, and Z. Zhao, Int. J. Refract. Met. Hard Mater. 33, 93 (2012).

X.Q.Chen, H.Y.Niu, D. Z.Li and Y. Y. Li, Intermetallics 19, 1275 (2011). 23



Change of Metal Bond Strength Under Shear Stress

Sc Ti V C Mn Fe Co Ni Cu Zn|
Y er Pib MP TF Ry R!‘I Pp Ag Cd
40'_ . —e—3d ||
6?; ® TcN,
S A PN, |
o E 20} 4
o
<3 T ®
W2 ObF--crmrm e o
0_9' | | | | | . I i
0.6} L 4
Ry
0.3F o -
0.0F } ] ] ] 1 1 1 L
25F i I A 7
~ 20 : : -
S 15F : -
S 10k ! :
> n 1
or § | I I L1 L
3 4 5 o6 7 8 9 10 11 12

Group Number

3d, 4d pyrite-type transition metal pernitrides.
PtN, being super-hard is shown distinctly.

- k= G/B-Pugh’s ratio
- Hy,-Vickers hardness

- M-M metal to metal bond.

- pCOHP - projected Crystal Orbital
Hamilton Population.

- IpCOHP - Integrated pCOHP.

- -IpCOHP - a measurement of bond
strength.

- O(-IpCOHP) - the change of bond
strength with a C,, shearing strain,
[110]-oriented.

Anti-correlation between 6(-IpCOHP) of
M-M and k, H;,

If M-M bond increases strength with
shear, then the material is easier to shear,
more ductile, and less hard.

24

Z.T.Y. Liu, D. Gall, and S. V. Khare, Phys. Rev. B 90, 134102 (2014).



Charge Density Plot

Charge transfer (ionicity) does not indicate hardness

strength).

- No correlation with shear related mechanical properties.

Nb Mo |Tc|] Ru Rh Pd ﬁg Cd

Cr [Mn[|Fe] Co Ni cCu In

qtrans (e)

—e— 3d |-
& 4d |-
A PN,

HV (GPa)

6 7 8 9 10 11 12
Group Number

More charge transfer, longer the bond, and less the density in between (suggesting

25



Charge Transfer

Sc Ti V Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

1.50F

N
o

w
o

d(N-N) (A)

M)
o
|

N
N

—o— 3d |_

N ?6 —&- 4d | Correlation between
! d(N-N) and
§ 1.2r Jans (Bader charge transfer)
O 0.8
0.4F l l l l l l l . } Coulomb repulsion induced

3 4 5 6 7 8 9 10 11 12 elongation
Group Number

Z.T.Y. Liu, D. Gall, and 5. V. Khare, Phys. Rev. B 90, 134102 (2014).



Bond Length and Charge States

H2, N > N2—N%:1.45 A
Ng% > N=N:1254
e % > N=N:1.104

i

M. Wessel and R. Dronskowski, JACS 132, 2421 (2010). 21



Summary I

1. Often cited optimum valence electron concentration
(VEC) for shear-related mechanical properties like H,,
found In rocksalt-type early transition metal nitrides
(8.5 e/formula unit) differs with structures.

2. Shear related properties can be correlated with total
density of states (DOS) at Eg, an indicator of
metallicity.

Z.T.Y. Liu, D. Gall, and S. V. Khare, Phys. Rev. B 90, 134102 (2014). 28



Summary lI

3. The change in M-M bond strength under a shearing
strain indicated by crystal orbital Hamilton
population (COHP) is predictive of hardness. This is
a direct connection between a specific bond and
shear related mechanical properties.

4. Charge transfer from M to N controls the length of
the N-N bond, dominantly by providing Coulomb
repulsion between the pairing N atoms. PtN, has
additional anti-bonding contribution.

Z.T.Y. Liu, D. Gall, and S. V. Khare, Phys. Rev. B 90, 134102 (2014). 29



Community-Based Ceramics Database

http://astrol.panet.utoledo.edu/ceramicsdb
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g Z.T.¥. Lu Universityof Toledo 202
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Mechanical stability according to criteria satisfied by elastic constants.
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Formula a(A)
SeN 4.84

TiN 4.529
WN 4.368
CrN 4.262
Mnh 4.188
FeN 4.16

CoN 4.177
MiN 4.241
CuN 4.344
ZnN 4.472
ScN 4.463
TiN 4.184
VN 4,057
CrN 3.987
Mnh 3.945

Elastic Constants (GPa)

C11=186.9,C12=140.9,C44=73.8
C11=3222,C12=1764,C44=103.1
C11=3468,C12=2294,C44=43.2
C11=3617,C12=2587,C44=-77.9
C11=3727,C12=279.7,C44=240
C11=379.2,C12=2828,C44=114.2
C11=3474,C12=265.0,C44=712
C11=278.1,C12=246.2,C44=49.9
C11=2224,C12=199.9,C44=411
C11=178.0,C12=159.4 C44=474
C11=470.1,C12=99.4,C44=164.3
C11=7123,C12=1232,C44=1711
C11=7511,C12=178.9,C44=126.6
C11=7028,C12=227.1C44=93

C11=6821 C12=2416Ca44=-13.3

B(GPa) -

156.2
2250
2685
3107
314.9
2931
2568
207.4
185.6
2230
319.6
36%9.6

385.7

G (GPa)

46,3
89.7
48.9
314
80.8
56.9
316
24.5
251
1724
2130
176.7
57.9

30

20

1 2

N

0.37
0.32
041
0.45
0.38
0.41
0.44
0.44
043
0.19
0.23
0.29
0.43

Hy (GPa) -

35
7.8
23

0.8
4.4
25
10
foh:]
11
263
258
155

1.9

Potential
Approx.

LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA
LDA

8 o 1
Potential Code

. Type Package
USPP VASP
USPP VASP
USPP VASP
USPP VASP
USPP VASP
USPP VASP
UsSPP VASP
USPP VASP
UsPP VASP
USPP VASP
USPP VASP
USPP VASP
UsPP VASP
USPP VASP
UsSPP VASP

Reference -

Z.T.Y. Liu, X. Zhou, 5. V.
Z.T.Y.Lu X. Zhou, 5. V.
Z.T.Y.Liu, ¥. Zhou, 5. V.
ZT.Y.Liu,X. Zhou, 5. V.
Z.T.Y. Ly, X. Zhou,S. V.
Z T Y. Liu X Zhou, 5. V.
Z.T.Y.Liu, X. Zhou, 5. V.
Z.T.Y. Ly, X. Zhou,S. V.
Z.T.Y.Liu, X. Zhou, 5. V.
Z T.Y. Ly, X. Zhou, 5. V.
Z.T.Y. Ly, X. Zhou, S. V.
L T.Y.Liu, X. £hou, 5. V.
Z.T.Y. Ly, X. Zhou, 5. V.
Z.T.Y.Liu, X. Zhou,S. V.

Z.T. Y.Ly, X. Zhoy, 5. V.

Display

Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P,
Khare and D. Gall, Journal of P,
Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P,
Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P,
Khare and D. Gall, Journal of P,
Khare and D. Gall, Journal of P
Khare and D. Gall, Journal of P,
Khare and D. Gall, Journal of P

Khare and D. Gl Journal of P

dx.doi.org/10.1088/0953-8984/26/2/0254
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VASP input parameters

Density functional theory (DFT) calculation
Ultrasoft Vanderbilt pseudo-potentials (US-PP)
Generalized gradient approximation: GGA (PW91)
450 eV kinetic energy cutoff

12 x 12 x 12 k-point Monkhorst-Pack mesh
Electronic loop: energetic convergence 104 eV

Ionic loop: force convergence 0.01 eV/A
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Differencein Band G

B=(C,+2C,,)/3

G, =[(C;-Cpp) +3C,)/5

Gr=[5(C}; - C12)Cyl/[4C + 3(Cy; - €]
G = Gypy= (G, + Gp)/2

k=G/B
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Differencein Band G

Bulk modulus (B) only measures the resistance to isotropic
hydrostatic pressure, while shear modulus (G) measures the
resistance to anisotropic shear strain.

TiN (G: 187.2 GPa, B: 318.3 GPa, H;: 23 GPa)

B-SiC (G:191.4 GPa, B: 224.7 GPa, H;: 34 GPa)

Gao FM, He JL, Wu ED, Lu SM, Yu LD, Li DC, et al. Phys Rev Lett 2003;91: 015502.
Gou HY, Hou L, Zhang JW, Gao FM. Appl Phys Lett 2008;92:241901.
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Theoretical H (GPa)

Formulation for Hy;, (Vickers Hardness)
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Crystal HExp [:GPE) HT‘in [:GPE] HSfmurxek (GPE) que (GPEJ Hchen (GPE)
C 962 93.6 95.4> 9p° 94.6f
Si 122 13.6 11.3P 148 112°
Ge 88" 1.7 9.7° 11.4¢ 104"
SiC 31P 30.3 3 7% 27.8° 33.8f
BN 632 64.5 63.2° 47:7¢ 65.3f
BP 332 31.2 26° 24.9¢ 29.3f
BAs 19 26 19.9° 21.1¢ <
AIN 182 1.7 17.6° 14,5¢ 16.8f
AlP 9.4° 9.6 7.9° 7.4° 7.2¢
AlAs 5.0 8.5 6.8° 6.3¢ 6.6
AlSb 4.0° 4 4.9° 4.9° 4.4t
GaN 15.12 18.1 18.5° 13.5° 13.9¢
GaP 9.5° 8.9 8.7 8¢ 9.9°
GaAs 7.52 8 7.4 7.1¢ 7.8f
GaSh 4.5° 6 5.6° 4.5¢ 5.8¢
InN g2 10.4 8.2° 7.4° 7.4t
InP 5.42 6 5.1P 3.9° 3.7*
InAs 3.8° 3.8 5.7° 4.5° 3.3f
InSb P 43 3.6° 232" 2.4F
ZnS 1.8P 6.8 2.7 2.4° 2.4f
ZnSe 1.4° 5.5 2.6 1.8° 2.7f
ZnTe 1b 4.1 2.3P 0.9° 2.1°F
TiC 32°¢ 34 18.8° 23.9¢ 27°
TiN 20.6° 21.6 18.7° 23.8" 23.3f
ZrC 25°¢ 21 10.78 15.70 275"

Y.Tian et al., Int. J. Refract. Met. Hard Mater. 33, 93 (2012).
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Cr.‘!rﬂal HExp (GPEJ Hn‘an (GPE) HSEmunek (GPE) HXHe (GPE} HChen (GPE)
ZIN 15.8¢ 16.7 10.8¢8 15.9" -
HfC 26.1°¢ 26.8 10.98 15.6" -
HfN 16.3¢ 18 10.68 15.20 19.2f
VC 27.2¢ 23 25.2¢8 17.5" 26.2f
VN 15.2¢ 14.9 26.58 16.5" -
NbC 17.6° 16.1 18.3° 12.8" 15.4"
NbN 13.7¢ 13.6 19.5° 12b 14.7°
TaC 24.5° 26 19.9¢ 147" -
TaN 22°¢ 20 21.2¢8 14.3" -
CrN 11¢ 11 36.6° 19.2" -
WC 30°¢ 31 21.5° 20.6° 31.3f
Re,C 17.5 19.7! 11.58 16.2" 26.4'
ALOs  20° 18.8 13.58 18.4" 20.3!
MgO 3.94 4.5 448 5.4" 24.8'
LiF o 0.8 228 - 85!
NaF 0.6¢ 0.85 18 = 5.7
NaCl b2 0.4 0.4° - 24
Kl 0.134 0.18 0.2° = 2.3
KBr 0.1 0.23 0.2¢ = 0.1
Z Reference [34].

T mMm = m Qo N

Reference [37].
Reference [32].
Reference [60].
Reference [58].
Reference [30]
Calculated by authors using method [36]
Caculated using [35]

I Calculated with [30]

J Referenece [52]
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One Step Back...
The Mechanism of Hardness

- Intrinsically hard materials are hard because of their short
and strong bonds, often covalent in nature.

Diamond C (96 GPa), zinc blende BN (63 GPa), zinc blende SiC
(31 GPa).

Transition metal borides (B), carbides (C), nitrides (N).
TiB, (25~35 GPa), rocksalt TiC (32 GPa), rocksalt TiN (21 GPa).

Nitrides have better oxidation resistance.

Gao, He, Wu, Liu, Yu, Li, Phys. Rev. Lett. (2003).
Guo, Li, Liu, Yu, He, Liu, J. Appl. Phys. (2008).
B. Basu et al., International Materials Reviews 51 (2006)

zinc blende rocksalt
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One Step Back...
The Mechanism of Hardness

- Nano-/micro-sized effect induced hardness relies on the
nano-/micro-structures to inhibit plastic flow (dislocation
progression). ke

Hall-Petch effect “c=¢0" _a, is effective down to 10~15 nm.

Lower sizes result in grain boundary sliding. It is seen and
utilized for a wide range of materials.

- If there is a way to further lower the grain size while keeping the
grain boundaries stable and strong to shear, larger hardness will
be achieved.

- By formation of twin boundaries at nano scale, low energy
boundaries. Nano-twinned BN, ~4 nm, 108 GPa.

- By spinodal decomposition of a solid solution to two phases, with
one covering another. nc-TiN/a-Si;N,, ~4 nm, 60 GPa.

R. W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, 3rd ed. [1[1Wiley, New York, 1989
U

Y. Tian et al., Nature 493, 385 (2013)

S. Veprek, J. Vac. Sci. Technol. A 31 (2013).
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One Step Back...
The Mechanism of Hardness

The nano-structures are meant to inhibit the plastic flow, but if the
flow is difficult to initiate in the first place, we have more room for
nano-sized enhancement.

--- The importance of intrinsic (elastic) properties, which
can be done by computations on a large scale.

What can be explored:
Elastic properties, especially hardness/shear related.
Their trends and correlation with the electronic structures.

Thermodynamic stability compared with other competing
phases at different temperatures.

Solid solution elastic properties and thermodynamic stability.
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a (A)

d(M,-N) (A) d(M;-N) (A)

Y oMo Te R mnopd g e Structural Parameters
5.61 I I I I I I I I
5.28 Correlations among
4.95 a (lattice constant),
4.62 d(M,-N),
d(M,-N),
X (Internal parameter of nitrogen)

4 5 6 7 8 9 10 11 12
Group Number
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Transition Metal Nitrides

Transition-metal nitrides: applications
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Hard wear-resistant coatings Diffusion barriers
(TiN, ZrN, CrN, TaN) (TiN, TaN)

¢ O L0

S -

: : . (TiN, Z1N)
Decorative coatings (TiN, ZrN)

m Wear resistant

m Chemical
corrosion/oxidation
resistant

m Thermal resistant

m Aesthetically pleasing

Excellent coating materials for multiple purposes
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Thermodynamic Stability

>

Any kind of transformation, strain, atomic movement.
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Comparison with other calculated and experimental values of pyrite-type PtN .
Mechanically stable pyrite-type 5d phases and fluorite-type 3d and 4d phaseszare also
included. Listed values are equilibrium lattice constant (a), internal parameter (x) of Pa3

Wyckoff position 8c, elastic constants C  ,C ,C
11 12 44

, and bulk modulus (B).

a (A) X C11 (GPa) | C12(GPa) |Css (GPa) | B (GPa)

PtN, This work 4.877 | 0.416 | 661.9 69.3 128.8 | 266.9
PtN, LAPW-GGA?® 4.862 | 0.415 668 78 133 272
PtN, PP-PW91 ° 4.877 | 0.417 713 90 136 298
PtN, PP-PBE ¢ 4.848 | 0.415 696 83 136 288
PtN, PAW-PW91 ¢ 4.875 278
PtN,, Exp. ® 4.804 372

pyrite-HfN, 5.129 | 0.415 | 359.4 | 1719 | 124.7 | 2344

pyrite-IrN, 4.858 | 0.418 | 691.9 97.8 67.5 295.9

aR.Yu, Q. Zhan, and X. F. Zhang, Appl. Phys. Lett. 88,051913 (2006).
b H. Gou, L. Hou, J. Zhang, G. Sun, L. Gao, and F. Gao, Appl. Phys. Lett. 89, 141910 (2006).

cA.F.Young, J. A. Montoya, C. Sanloup, M. Lazzeri, E. Gregoryanz, and S. Scandolo, Phys. Rev. B 13, 153102 (2006).
dJ. C. Crowhurst, A. F. Goncharov, B. Sadigh, C. L. Evans, P. G. Morrall, . L. Ferreira, and A.]. Nelson, Science 311, 1275 (2006).
e E. Gregoryanz, C. Sanloup, M. Somayazulu, J. Badro, G. Fiquet, H. K. Mao, and R. ]J. Hemley, Nat. Mater. 3, 294 (2004).
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Inverted integrated projected crystal orbital Hamilton population (-IpCOHP) of the closest M-
M, M-N, and N-N bonds of the pyrite-type transition-metal pernitrides, MN . Listed are the
averaged values of equivalent pairs in a cell. The three columns to the righ% are the changes in
values (0) when a 10% C44 [110]-oriented shearing strain is applied to the conventional unit

cell.
Group of Inverted IpCOHP (meV
Mp M of MN, P (meV)
M-M M-N N-N §(M-M) | 8§(M-N) | &(N-N)
Ti 2.4 1908.1 5456.0
4 ) . 29.3 -25.9 237.1
Ti (strained) 26.8 1882.2 5693.1
\V 492.8 1654.6 3205.6
5 . 42.0 -16.9 45.3
V (strained) 534.8 1637.7 3250.9
Cr 359.2 1604.4 4051.2
6 . 20.6 -12.1 9.3
Cr (strained) 379.8 1592.2 4060.6
Mn 414.6 1559.8 3502.7
7 ] 18.6 -11.9 58.2
Mn (strained) 433.2 1547.8 3560.8
Fe 486.1 1530.1 3730.2
8 . 30.2 9.1 55.5
Fe (strained) 516.3 1521.0 3785.7
Co 121.7 1802.8 7837.0
9 ) 25.2 9.3 69.7
Co (strained) 146.9 1793.5 7906.7
Ni 82.9 1537.2 8755.5
10 ] ] 14.8 -19.4 110.6
Ni (strained) 97.7 1517.8 8866.0
Zn -73.3 1095.1 8479.4
12 . 9.0 -9.6 65.1
Zn (strained) -64.3 1085.5 8544.5
Tc 477.4 1754.8 3231.7
7 (4d) ) 48.7 -25.4 195.1
Tc (strained) 526.1 1729.3 3426.8
Pt -191.3 2391.5 6544.4
10 (5d) ) -11.2 -23.5 109.6 46
Pt (strained) -202.5 2368.0 6653.9




