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Fig. 1. The crystal structure of monoclinic ZrO,.
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Fig. 2. Diagram of thermal spike injection into target ma-
terial (S, = 30 keV-nm !).
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Fig. 3. Distributions of lattice temperature: (a) Evolution of
lattice temperature at different radial distances; (b) radial
distribution of lattice temperature at different times.
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Fig. 4. Atomic structure of ZrO, at different times. All the
atoms are projected on (010) plane along the injection dir-

ection of thermal spike.
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Fig. 5. XRD patterns of pristine, ion-irradiated and stand-
ard ZrO,.
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Fig. 6. Spatial distribution of Zr atoms with different co-

ordination number at various times. All the atoms are pro-
jected on (010) plane along the injection direction of
thermal spike. Different coordination numbers are distin-

guished by the atomic color.
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Fig. 7. The change of coordination number with electronic

energy loss.
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Fig. 8. Spatial distribution of Zr atoms with different co-
ordination number: (a) S, = 20 keV nm!; (b) S, = 21 keV
nm . All the atoms are projected on (010) plane along the
injection direction of thermal spike. Different coordination

numbers are distinguished by the atomic color.
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R RCR REIE W ZrO, HH B RVHE Z U7 A 5% AR . 78
PIEVERR, &3 i B HOE R g AL E, A
SUBREE, ASEBE R AR Zr JE B B
6 5% 5, mERFETEZS [ B X540 . T REUE
T 20 keV-nm ™ B}, A [FIECALEL Ze B 5125 6]
A RIS B 8(a) AL, Pk & B F e BUE
21 keV-nm ' B, 72.4% Zr JR P ECA B 7 AR
R 8, I HAEZS W] IV W 2k 805 ) HES 254, 3R
Bl ZrO, T 28 S RHRE S U J5 A8, 4 i Re (e
T 27 keVonm ' B}, fIRECAAHFIY 5 AHH AR IE
L2, 5K 8(b) AL, 32 ARG IR R 5

%, Wt R FahaeiN, AR LG 2 6 R 2 Al
(A5 PR O BT A 112 2l 21 R 53 1 DX 8, i
B RGPGREEE XK, BT REe Ao, B lARELE 2
. Y HLFREHUE = T 27 keVonm ! B, {IRFECAZAH
AU J5 AH I BT 222 T, AR LA AL Zr )R
23 [ oA 5 ] 6(f) AL

R PRI AR AR (1535 Huii o g 4R PR AR
AHAE X BRTEAR o 5 AT F RO R S, fE7ELN
TR

0 (Se) = mad In (Se/Se), Set < Se <2784, (10)

0 (Se) = ma2S./2.78¢, Se>2.7Sy.  (11)

o, ag PR BRI 4G 73 A 2B A% Sy I ASY
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2.37 x 10" ions-cm 2, T S 56 H 3 H R IR = A
K, 4 102—10% ions-cm 2, A AEFEAE [A]— X a4k
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5 B9 Ziegler-Biersack-Littmark (ZBL) J# &
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e AJE, ZrOy FLO I N — K428 7 nm 142
W, AR s AR T A Rl 2 ps B Rl DX 32

136101-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 2 3R Acta Phys. Sin. Vol. 70, No. 13 (2021)

136101

ANV S, DI IRIE s TR, 23 3 A1 Dk &
FETE Iy AR dh DX, 3E & X AR R AR Bl Y A AR
RLAR; Bl R 5l AR5 v 1) O el 4% 38, 105 AR
PRI AS7 AR 2 A Jre R A AR &R | ) 25 3R RO Fil
R, BRI 7313 1 AR, R IR S
AR ZrO, AHAZ 1) PR3 H B - 09 L - RE A I 1B
21 keV-nm !, 5 FELE(H 12 keV-nm!, EEJFH
H: 1) ASFE TR REAE N TSR 2) 70T
Bl 72 R S sR O AR 0 S AR AR 0 5
ELFOUFAE—E R 22, AR I A SO (1) 3 bR
Bt iR ZrOy JEFRIAHEAEH] s, I8 e 0] e
HE AR, PORE B0 ORI 5. A SOt
ST RIS 5 5 T A AR AU s R B 1 0B
PO O S A, Kok mT T A 1 i AR
KL (U0 YSZ/ZrOy-PuO, 55) By RERR B HST.

S 30k

[1] Lee Y W, Joung C Y, Kim S H, Lee S C 2001 Met. Mater.
Int. 7 159
[2] Aoki T, Sagara H, Han C 'Y 2019 Ann. Nucl. Energy 126 427
[3] Guo T, Wang C, Lii J, Liang T X 2016 J. Nucl. Mater. 481
66
[4] Nandi C, Grover V, Bhandari K, Bhattacharya S, Mishra S,
Banerjee J, Prakash A, Tyagi A K 2018 J. Nucl. Mater. 508
82
[5] Kelly P M, Rose L R F 2002 Prog. Mater. Sci. 47 463
[6] Gong X, Ding S R, Zhao Y M, Huo Y Z, Zhang L, LI Y M
2013 Mech. Mater. 65 110
[7] Benyagoub A, Levesque F, Couvreur F, Gibert-Mougel C,
Dufour C, Paumier E 2000 Appl. Phys. Lett. 77 3197
[8] Benyagoub A 2006 Nucl. Instrum. Methods Phys. Res., Sect.
B 245 225
[9] Benyagoub A 2010 Nucl. Instrum. Methods Phys. Res., Sect.
B 268 2968
[10] Schuster B, Fujara F, Merk B, Neumann R, Seidl T,
Trautmann C 2012 Nucl. Instrum. Methods Phys. Res., Sect.
B 277 45
[11] Manzini A M, Alurralde M A, Giménez G, Luca V 2016 J.
Nucl. Mater. 482 175
[12] O'Connell J H, Lee M E, Skuratov V A, Rymzhanov R A
2020 Nucl. Instrum. Methods Phys. Res., Sect. B 473 1

(13]
(14]

(15]
(16]

[17]

(18]

(19]

[20]

21]

(35]

136101-7

Benyagoub A 2005 Phys. Rev. B 72 094114

Lu F Y, Wang J W, Lang M, Toulemonde M, Namavar F,
Trautmann C, Zhang J M, Ewing R C, Lian J 2012 Phys.
Chem. Chem. Phys. 14 12295

Sharma A, Varshney M, Shin H J, Kumar Y, Gautam S,
Chae K H 2014 Chem. Phys. Lett. 592 85

Wang J W, Lang M, Ewing R C, Becker U 2013 J. Phys.
Condens. Matter 25 135001

Wang C L, Wang Q Y, Zhang Y, Li Z Y, Hong B, Su Z,
Dong L 2014 Acta Phys. Sin. 63 153402 (in Chinese) [T W JE,
ERT, HER, B80T, BT, R4, R 2014 PR 63
153402]

Yuan W, Peng H B, Du X, Lv P, Shen Y H, Zhao Y, Chen L,
Wang T S 2017 Acta Phys. Sin. 66 106102 (in Chinese) [#fH,
S, HE, RS, LA, BE, WS, L 2017 PR
66 106102]

Toulemonde M, Trautmann C, Balanzat E, Hjort K,
Weidinger A 2004 Nucl. Instrum. Methods Phys. Res., Sect. B
216 1

Meftah A, Costantini J M, Khalfaoui N, Boudjadar S,
Stoquert J P, Studer F, Toulemonde M 2005 Nucl. Instrum.
Methods Phys. Res., Sect. B 237 563

Stodel C, Toulemonde M, Fransen C, Jacquot B, Clément C,
Frémont G, Michel M, Dufour C 2018 29th International
Conference of the International Nuclear Target Development
Society East Lansing, Michigan, United States of America,
October 7-12, 2018 p05001

Toulemonde M, Dufour Ch, Meftah A, Paumier E 2000 Nucl.
Instrum. Methods Phys. Res., Sect. B 166 903

Coughlin J P, King E G 1950 J. Am. Chem. Soc. 72 2262
Kim W K, Shim J H, Kaviany M 2016 J. Nucl. Mater. 491
126

Sobolev V, Lemehov S 2006 J. Nucl. Mater. 352 300

Meévrel R, Laizet J C, Azzopardi A, Leclercq B, Poulain M,
Lavigne O, Demange D 2004 J. Eur. Ceram. Soc. 24 3081
Ziegler J F, Ziegler M D, Biersack J P 2008 Nucl. Instrum.
Methods Phys. Res., Sect. B 268 1818

Plimpton S 1995 J. Comput. Phys. 117 1

Buckingham R A 1938 Proc. R. Soc. London, Ser. A 168 264
Houska J 2016 Comput. Mater. Sci. 111 209

Lopez P, Pelaz L, Santos I, Marqués L. A, Aboy M 2012 J.
Appl. Phys. 111 033519

Nordlund K 1995 Comput. Mater. Sci. 3 448

Coleman S P, Sichani M M, Spearot D E 2014 JOM 66 408
Yang H, Feng Z H, Wang H R, Zhang Y P, Chen Z, Xin T Y,
Song X R, Wu L, Zhang J 2021 Acta Phys. Sin. 70 054601 (in
Chinese) [I¥F, 4L, EHUR, sk, PR, (5 K%, KAVAE,
SB, SR 2021 PREAEAR 70 054601

Szenes G 1995 Phys. Rev. B 51 8026


http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1007/BF03026954
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.anucene.2018.10.063
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2016.09.006
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/j.jnucmat.2018.05.009
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1016/j.mechmat.2013.05.008
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1063/1.1326483
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2005.11.106
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2010.05.019
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.nimb.2011.12.060
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.jnucmat.2016.10.019
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1016/j.nimb.2020.04.002
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1103/PhysRevB.72.094114
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1039/c2cp41553d
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1016/j.cplett.2013.12.012
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.1088/0953-8984/25/13/135001
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.63.153402
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.7498/aps.66.106102
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2003.11.013
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/j.nimb.2005.02.025
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1016/S0168-583X(99)00799-5
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1021/ja01161a106
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2017.04.030
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jnucmat.2006.02.077
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.jeurceramsoc.2003.10.045
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1016/j.nimb.2010.02.091
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1098/rspa.1938.0173
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1016/j.commatsci.2015.09.025
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1063/1.3682108
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1016/0927-0256(94)00085-Q
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.1007/s11837-013-0829-3
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.7498/aps.70.20201457
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://doi.org/10.1103/PhysRevB.51.8026
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 13 (2021) 136101

Molecular dynamics simulation of phase transition by
thermal spikes in monoclinic ZrO,"

Zhao Zhong-Hua? Qu Guang-Hao!  Yao Jia-Chi"  Min Dao-MinV
Zhai Peng-Fei?  Liu Jie?  Li Sheng-Tao Dt
1) (State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical
Engineering, Xi’an Jiaotong University, Xi’an 710049, China)
2) (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)

( Received 6 November 2020; revised manuscript received 23 February 2021 )

Abstract

Owing to its excellent corrosion, radiation and high temperature resistance, ZrO, has been considered as a
strong candidate material for inert fuel for the incineration of actinides. In this paper, a combination of thermal
spike model and molecular dynamics is used to simulate the phase transition process of ZrO, in the nuclear
radiation environment. Based on the thermal spike model, two coupled diffusion equations are established with
considering the multiple physical process of energy deposition and transmission after the implantation of swift
heavy ions into target material. The space-time evolution characteristics of ZrO, lattice temperature are
obtained by solving the coupled diffusion equations numerically. Then the phase transformation of ZrO, form
monoclinic phase to tetragonal phase under the thermal spike is investigated on an atomic scale by means of
molecular dynamics. It is found that a cylindrical track with a radius of 7 nm is generated in the center of ZrO,
after the implantation of swift heavy ion with an electronic energy loss of 30 keV-nm!. The lattice melts
immediately in the center of track, accompanied with the coordination number of Zr decreasing from 7 to 4-6.
Then at about 2 ps, the melting zone gradually turns cool and recrystallized. And in the center of the melting
zone, voids begin to form and are surrounded by a highly disordered amorphous region. Meanwhile, tetragonal
phase of ZrO,, whose coordination number of Zr is 8, is formed at the periphery of the amorphous region, which
is also confirmed by the XRD calculation results. As energy transfers from track center to the surround, the
tetragonal region gradually develops into the whole system, accompanied with the increase of voids size. The
simulation results indicate that the irradiation of ZrO, with swift heavy ions can lead to a transformation from
the monoclinic to the tetragonal phase when the deposited electronic energy loss exceeds an effective threshold
~21 keV-nm!, greater than the experimental value (12 keV-nm'), which was mainly due to the large difference
between the simulated and measured incident ion fluences and the accuracy of the force field used in the

molecular dynamics.

Keywords: ZrO,, phase transition, thermal spike, molecular dynamics
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