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Table 1. The coordinate of atoms, lattice parameters, unitcell volume of NboGeC with O substitution, and

formation energies of O substitution.

{414 BB AR T2 A FUR T R4 bR a/A /A V/AS  Eyo_.,.y/eV (O-rich) Efo_ . y/eV (O-poor)
Ownt (56, 2/3, 0.5816)  (5/6, 2/3, 0.7399) 3.2585 12.503 57.479 —5.7806 2.1348
OuwunGe  (1/6,1/3,0.7499) (1/6, 1/3, 0.6803) 3.2195 12.851 57.678 —8.8492 ~0.9338
Own.c (0.5, 0.5, 0.5) (0.5,05,05)  3.226 12.682 57.162 —8.3537 —0.4383

G

1.800
1.650
1.500
1.350
1.200

)
=

)

1
BR

.-

<)
O
>

(2)

|

1.050

0.9000
0.7500
0.6000
0.4500
0.3000
0.1500

0
|

(b)
(MTIE ) NboGeC AT HEES  (a) — Ge T4 O B #4L; (b) —/4> Nb 74 O Ji ¥

Fig. 1. (color online) Electron charge density of NbaGeC: (a) A Ge atom is substituted by O atom,
(b) a Nb atom is substituted by O atom.
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#2 1AL O (AT NboGeC [ 5% H L, SRR, LI O IR T HI% Re

Table 2. The lattice parameters, unitcell volume of NbaGeC with O interstitial, and formation energies of O interstitial.

ARIBRT a/A c/A V/A3) Ef(04m)/€V (O-rich) Ef(04n0)/€V (O-poor)
Ojnt-0 3.2325 12.915 58.3394 —7.9154 0
Ojnt-T 3.2625 12.659 58.2475 —7.3919 0.5235

3.2 =&k

BATH — A HJE 755 5 K & X NbayGeC H 1)
Nb. Ge. CJ5i ¥, FF HXI B AG &5 AT 1 ik,
R4 2 J5 H R T I A o2 e 3 B AR 71
frE b MERITTLLEH, Y Ge i FMC JEFH
HIEFERZ G, HIE TN S48 T Ge Ml CJEF
TR 2 A B 1 B AR N R 545 0 50 9

F10 s O e o, PR AR S 58 SR 1 RBE AT L
B, R EAG WA o A K, A& L D, 7
SRR/, U H B AR Ge JEF BB, &
MOARFRAE /N T 3.44%. R 3L H T NbaGeC H1 4%
J5 B H 5 B AR Re, vTLAE H, HE T8
AR = R 7 1 R #8 EE O T 10 3 AR i g

ik, #t HE T2 3 E A ND, Ge, CJETHITE K AE

Nb [ BLAE R RO HR 3 FRE RN H HIRZ )5

TR, RILE ND J 7 (I i Re fe i, B AKX C IR
T R RERAIR.

#3 HETHENND, Ge, CJAT /A NbaGeC T IALKR, whitH 4, AR, L& H BRI RE

Table 3. The coordinate of atoms, lattice parameters, unitcell volume of NboGeC with H substitution, and

Uk, st JE, HIETER R T Ge)z, X5 0 #M

formation energies of H substitution.

TR BBARR T4 b H R T (AL a/A c/A V/A3  Epm,,/eV (Hrich) Ejpg,)/eV (H-poor)

Heuwbno  (5/6, 1/6, 0.5857) (5/6, 1/6, 0.7494) 3.2158 12.8108 57.381 —6.59973 3.15387
Howb.ce (2/3,1/3,0.7499) (2/3,1/3, 0.7499) 3.2368 12.4777 56.6041 —8.23645 1.51715
Haub-C (0.5, 0.5, 0.5) (0.5,0.5,0.5)  3.2265 12.6666 57.0871 —9.04447 0.70913

F4 AL HEBRT K NbaGeC B &A% 4, SHARL, LUK H 1B 1% M ag

Table 4. The lattice parameters, unitcell volume of NboGeC with H interstitial, and formation energies of H interstitial.

H (8B a/A c/A V/A3) Ef(u,,,)/eV (H-rich) Ef(1,,,)/eV (H-poor)
Hint-0 3.2559 12.613 57.7883 —9.7537 0
Hine. 3.2679 12.5286 57.8045 —8.9879 0.7658

B2 NboGeC [MHMHENM  (a) H/\HARET; (b) He /\H{A AT
Fig. 2. (color online) Electron charge density of NboGeC: (a) H octahedral interstitial; (b) He octahedral

interstitial.
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AL, FRATHRBEE T M H IR BR 5, 2 52
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B (Hiner). MFEATTLLIE H, 75 NbyGeC HiX
AN BAEAH R BRT, #BAE AT Ak H e B WY
I, e/, MARFR GG /. X P R 0 [A]
BT T BRRE, R IATY SR 2 )\ T Ak 8] B 7~ 11 T A g
WK, BATHETE T AFAE )\ TH AR H 8] B (1) H for 25
FEAitE DL, W 2 (a). MEIFRAT LA, 76 H IR
T5 C ¥ 8 B A A R fLaes 25 B 40 A (0.4), H
JEF 1 Nb J5 7 2 (8] B A /N 1A 755 5
A (0.4), X Ut B C—H B A Nb—H # 5 B2 AH 22 A
K. M4 Mulliken A7 J& 4> 7RI %1, O R+ 5483 1
ZANNb JFEF AR C 7 2 18] ) B 758 e 50 H
#5329 0.01, X — P IE 7 C—H# M Nb—H
SRR SR AR Y. BRAh, C—H BRI Nb—H 4 i 4 J&
05y 5N —0.05 F10.28, AT LAAE H, 1% 4 Fl ik 43 3l
N TR LA, e AR K N 2.206 AR
2.065 A.

3.3 ||H&E

AT FT T He J5i 15 A NbayGeC H1 1) Nb.
Ge. CJEFHITEN. R5FIH T He & 752401
A B AR, TTLAE H, He i 75 Nb & A A &
FH PG FE B i — 22, X AT g BT Ge JR 7 IR 5

—

*5

FE. He J& T 54810 Ge Ji T I HE B 2 2.607 A.
He i 73 A AL T Ge [ F A CJR TR R 2 far~
AR AL EL A O AR S R T B ARG
BLRAL MR R R B AR . R EH T
NbyGeC & Ji 14 He I 1 A HTE i, 7T LA
F i, He 7 B AR = Fh 57 1 1T 15 RE A A 2 .
KAEGH 2, He TRIEMA B TTER, 1AM
MMFRE, S EEFIRAERSE. 2T Heli 5
B ND, Ge, CJi ¥ 1T AR =ARIT, 5O
B AN H B AR RIS BLEA B ASE], 102 2 X
I : Ef(Heuc) > EfHewnnn) > EfHeonco)-
[FFE R, MRS T LLE H, 7E NbyGeC H4d A He
[B) B 7, 7 SRS o 3G N, /b, fb AR AR
i/, 1E AR S AR Y. LRI A R O Y TE]
W7 T BCRE, AT 98 A2 )\ T A4 18] B2 1~ () ] B R 301K
X5 O AR, HIE PR SR 4 SRR =M
Ji 7 19 1] B T RCRE L A, He [8) B (19 T2 BYCRE
B 3 vy T A 9 o ) B2 5, L TR B 1R T o e
%, LB, BARTE ALBE I R/ S B H XA 1) i
J¥: Effeas) > Broum) > B, FATET
TAAAE )\ T A He [8] B (%) HAar %5 B2 40 A 15 0L, 4
K2 (b). WNEHHTLUE i, He i 5 HoAh )52 18
AAE EAE FH AR 05, X 368 He J5 75 & il 503
IR S P A B E NbyGeC H B RS B 129381,

He JR 7B fUNb, Ge, CJE¥Ja NbaGeC HR T [KIAPR, fivt% % &, FMAR, BLL He BRI REE

Table 5. The coordinate of atoms, lattice parameters, unitcell volume of NbaGeC with He substitution, and

formation energies of He substitution.

7314 BB AR T4 b SNSRI a/A c/A V/A3) Epme,)/eV (Herich) Epme,,,)/¢V (He-poor)
Hewunnn (5/6, 1/6, 0.5857) (5/6, 1/6, 0.6065) 3.2126 12.8913 57.469 —2.66102 0.95068
Hewun.ce (2/3, 1/3, 0.7499) (2/3, 1/3, 0.7500) 3.2390 12.6823 57.495 —3.52981 0.08189
Hegub-c (0.5, 0.5, 0.5) (0.5, 0.5, 0.5) 3.2572 12.5685 57.609 —1.823 1.7887

®6 1AL He IR T HI NboGeC [ S5 H 4, HLAMR, LUK He (MR T KB U AE

Table 6. The lattice parameters, unitcell volume of NbaGeC with He interstitial, and formation energies of He interstitial.

AT a/A c/A V/A3) Ef(teyp,)/€V (H-rich) Ef(te;,)/€V (H-poor)
Hejni-0 3.2752 12.6099 58.4173 —3.6117 0
Hejnt-T 3.2775 12.6022 58.4418 —3.5582 0.0535
B FZmR. A —PEJE A 3] T H, He MO JR
4 B # T EH N NbyGeC % 1 7 K B A iR, HLECE

A o 5 — M R BT T NboGeC T H,
He, O Z%J5 IR/ 8, A B2k ot Jid 1 36 #4 R0 WL 1 1

RIE R BE, K BLH, He 1O K& AT B i 2 BLIX
*%é Eﬁmﬁ? Ef(Hesub) > Ef(osub) > Ef(Hsub)’ %%
B H i 55 2% 5 #l e R 5| i 1) S A0 A7 3K, O J3

238101-5


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 64,

No. 23 (2015) 238101
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Bt o) > e > Efiun.c), BHEH#
F 5 B A D%, C—H 8 A1 Nb—H 4 (1) 88 K 2 31 A
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Abstract

MAX phases are potential future materials used in the nuclear industry. Recently, a new MAX phase NbyGeC
is predicted as the most stable compound, and confirmed by thin film synthesis.In the operation of fusion reactor, the
accumulation and aggregation of helium and hydrogen produced from transmutation reactions would induce bubble
formation and void swelling and further result in embrittlement and irradiation-induced hardening of the materials.
High solubility and permeability of tritium and solubility of interstitial impurities like O, C, and N can also lead to
embrittlement. In order to further investigate the characters of NbaGe in irradiation environment, ab initio calculations
are performed on the energetics of O, H and He impurities in NbaGe. The study of all the impurities is carried out in two
ways, substitutionally and interstitially. Formation energies due to substitution and interstitial are calculated, lattice
parameters and unit cell volume of NboGeC with substitutional or interstitial impurities are obtained, and its electronic
property is analysed by Mulliken population and electron charge density. The formation energies of H substitution are
lower than those of O substitution and He substitution, hence H atoms are trapped more easily by some irradiation-
induced vacancies. The formation energies of O subtitution indicate the sequence Efo_,, xi) > Ef(Ocun.co) = Ef(Ouun.c)s
which is related to the strength of bonds. Analysis on electron charge density and Mulliken population shows that C-O
bond is stronger than Nb—O and Ge-O bond, and the bond lengths of C-O, Nb—O and Ge-O are 3.256, 2.118 and
1.985 A respectively. Due to the interaction of O atom with Nb, Ge and C atoms in NbyGe, the O atom would deviate
from the vacancy, and goes to the deformed sites in the crystal structure. As for H substitution, the formation energies

of substitution show the sequence Efm, ., vv) > Ef(Ho.co) > Efu C-H and Nb—-H are ionic bond and covalent

sub-C)*
bond respectively, and their bond lengths are 3.131 and 2.706 A respectively. The formation energies of He substitution
present the sequence: Eywe ., o) > ErMHecnnn) > Ef(Hewun.qo), and suggest that the He atom is the easiest to be
trapped by C vacancy. All O, H and He interstitials make lattice parameter a increase, ¢ decrease and unit cell V' shrink.
Besides, the results of substitution and interstitial formation energies show that O, H and He impurities prefer to stay
on octahedral sites. These results could provide initial physical picture for further understanding the accumulation and

bubble formation of impurities in NbaGeC.
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