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Fig. 1. Schematic diagram of 3D-RSM.
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Fig. 2. Dependence of (a) DC resistance R and (b) microwave surface resistance R, on temperature for sample 1# and sample 2#.
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Fig. 3. (a) 3D-RSM of (108) diffraction peaks for sample 1#, and (b)
(d) sample 2# on the horizontal plane.
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Fig. 4. 3D-RSM of (a) sample #1, and (b) sample #2 around the (200) diffraction peak.
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Fig. 5. (a) 3D-RSM of sample 1#, and (b) sample 2# around the (109) diffraction peak, while 3D-RSM of the diffraction peak of

(108) are plotted in the figure; (c) and (d) are vertical cross sections of (a) and (b) in the 45° direction.
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Table 1.  Relative intensities of YBCO (108), (018),
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R AR B 135 645
YBCO 400 nm 9.136 x 10° 5.974 x 106
YBCO 1000 nm 11.503 x 106 7.769 x 106

2 1 (109), (019), (130) 775 (58 1155
B c /b bkt

Table 2.  The c-crystal to b-crystal ratio calcu-
lated from the intensities of the (109), (019), and
(130) diffraction peaks.
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FE R i /b

(109), (019) (130)

YBCO 400 nm  1.015 x 105 0.180 x 106  5.639:1

YBCO 1000 nm  1.278 x 106 0.276 x 106  4.630:1

A

AR R AR G 3D-RSM B ARMSE 1A )

JEJE YBCO/MgO(001) T A i 2t 4, w58 & B
400 nm A1 1000 nm J& YBCO/MgO(001) 3 &
c fHIY A AT BN 85% il 82%; X T MgO # i,
¢ fmn XA 00, 45°HBEAL = Ff i N ELR] . 400 nm JF
YBCO/MgO(001) i 5, =i I P 5[] 1) i s
I3 EE 34%, 54% F112%, 1 1000 nm J& YBCO/
MgO(001) i | 0°, 45°HL [ (1) kL 7 L 3%
97%, REHLIC W] Y SRRLTE 25 . 455 il 3 T Ha BEL
i, HTIAR: ¢ Al —BOHELE R B A
1000 nm J& YBCO/MgO(001) JH A itk # i
P BRI ) 2 SR Rk, itk B R T
— R o db P 7 SRR ) ) — B RS
FARAO ZR E FLBHAY YBCO FHEAR.

s

S 30k

[1] Feng D, Ming N B, Hong J F, Yang Y S, Zhu J S, Yang Z,
Wang Y N 1980 Appl. Phys. Lett. 37 607

Zhu SN, Zhu Y Y, Zhang Z Y, Shu H, Wang H F, Hong J F,
Ge C Z 1995 J. Appl. Phys. 77 5481

Zhu S N, Zhu Y Y, Ming N B 1997 Science 278 843

Jin H, Liu F M, Xu P, Xia J L, Zhong M L, Yuan Y, Zhou J

(2l

Bl
(4]

046101-6


http://doi.org/10.1063/1.92035
http://doi.org/10.1063/1.92035
http://doi.org/10.1063/1.92035
http://doi.org/10.1063/1.359250
http://doi.org/10.1063/1.359250
http://doi.org/10.1063/1.359250
http://doi.org/10.1126/science.278.5339.843
http://doi.org/10.1126/science.278.5339.843
http://doi.org/10.1126/science.278.5339.843

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 046101

(6]

[7]

(8]
(9]

(10]

(1]

(18]
(19]

20]

21]

22]

23]

24]

(25]
[26]

27]

W, Gong Y X, Wang W, Zhu S N 2014 Phys. Rev. Lett. 113
103601

Wei D Z, Wang C W, Wang H J, Hu X P, Wei D, Fang X Y,
Zhang Y, Wu D, Hu Y L, Li J W, Zhu S N, Xiao M 2018
Nat. Photonics 12 596

Xu T X, Switkowski K, Chen X, Liu S, Koynov K, Yu H H,
Zhang H J, Wang J Y, Sheng Y, Krolikowski W 2018 Nat.
Photonics 12 591

Wei D Z, Wang C W, Xu X Y, Wang H J, Hu Y L, Chen P
C,LiJ W, Zhu Y Z, Xin C, Hu X P, Zhang Y, Wu D, Chu J
R, Zhu S N, Xiao M 2019 Nat. Commun. 10 1

Saito Y, Takao H, Tani T, Nonoyama T, Takatori K, Homma
T, Nagaya T, Nakamura M 2004 Nature 432 84

Li P, Zhai J W, Shen B, Zhang S J, Li X L, Zhu F Y, Zhang
X M 2018 Adv. Mater. 30 1705171

Wu M K, Ashburn J R, Torng C J, Hor P H, Meng R L, Gao
L, Huang Z J, Wang Y Q, Chu C W 1987 Phys. Rev. Lett. 58
908

Zhao Z X, Chen L Q, Yang Q S, Huang Y Z, Chen G H,
Tang R M, Liu G R, Cui C G, Chen L, Wang L Z, Guo S Q,
Li S L, Bi J Q 1987 Chin. Sci. Bull. 6 412 (in Chinese) [#X
BE, BRaL IR, BN, BER, PREEE, BLD], XIS, KPR,
Mg, Fi R, SR, ZE IR, HEdTE 1987 Bl 6 412]
Jorgensen J D, Veal B W, Paulikas A P, Nowicki L J,
Crabtree G W, Claus H, Kwok W K 1990 Phys. Rev. B 41
1863

Bondarenko S I, Koverya V P, Krevsun A V, Link S I 2017
Low Temp. Phys. 43 1125

Foltyn S R, Civale L, Macmanus-Driscoll J L, Jia Q X,
Maiorov B, Wang H, Maley M 2007 Nat. Mater. 6 631
Obradors X, Puig T 2014 Supercond. Sci. Technol. 27 044003
Larbalestier D, Gurevich A, Feldmann D M, Polyanskii A
2001 Nature 414 368

CaiCB,ChiCX, LiMJ,LiuZY,LuY M, Guo Y Q, Bai
C Y, Lu Q, Dou W Z 2018 Chin. Sci. Bull. 64 827 (in
Chinese) [B8f& 1%, Wil EE, Z2000R, XIAKHE, & EW, SRR, A
165, b, TICZ 2018 Blflik 64 827]

Newman N, Lyons W G 1993 J. Supercond. 6 119

Sun L, Li H, Zhang X Q, Li C G, Zhang Q, Wang J, Bian Y
B, He Y S 2012 Sci. Sin-Phys. Mech. Astron 42 767 (in
Chinese) [F)5%, BEL, KI5, 2L, ko, EAE, M5,
B 2012 R EBLE: PBE S5 KICE 42 767

Bian Y B, Guo J, Gao C Z, Li C G, Li H, Wang B C, He X
F,Li C, Li N, Li G Q, Zhang Q, Zhang X Q, Meng J B, He Y
S 2010 Physica C 470 617

He X F, Zhang X Q, Wang Y H, Gao L, Wang J, Cui B,
Bian Y B, Yu Tao, Zhang Q, Li H, Li C G, Li J J, Gu C Z,
He Y S 2009 Physica C 469 1925

Fuchs D, Brecht E, Schweiss P, Loa I, Thomsen C, Schneider
R 1997 Physica C 280 167

ZOU C M, ZOU C M, Lu S B, Cui X M, Ji H 2007 J. Funt.
Mater. Dev. 13 301 (in Chinese) [48FHE, 24 B, B Mk, 4
JuH, JEHE 2007 THEERT LS @44k 13 301]

Shi D Q, Ko K R, Song K J, Chung J K, Choi S J, Park Y
M, Shin K C, Yoo S I, Park C 2004 Supercond. Sci. Technol.
17 S42

Li X, Rupich M W, Kodenkandath T, Huang Y 2007 [EEE
Trans. Appl. Supercond. 17 3553

Foltyn S R, Jia Q X, Arendt P N, Kinder L, Fan Y, Smith J
F 1999 Appl. Phys. Lett. 75 3692

Rupich M W, Li X P, Sathyamurthy S, Thieme C L H,
DeMoranville K, Gannon J, Fleshler S 2013 IEEE Trans.
Appl. Supercond. 23 6601205

28]
[20]
[30]
31]
[32]

(33]

(34]

35]

(36]
37]
38]
[39]

(40]

[41]

[42]

[43]

[44]

[45]
[46]
[47]

(48]

[49]

[50]

[51]

[52]

046101-7

Jia Q X, Foltyn S R, Arendt P N, Smith J F 2002 Appl.
Phys. Lett. 80 1601

Eom C B, Marshall A F, Suzuki Y, Geballe T H 1992 Phys.
Rev. B 46 11902

Mastuda J S, Oba F, Murata T, Yamamoto T, Ikuhara Y
2004 J. Mater. Res. 19 2674

Tang CY, Cai Y Q, Yao X, Rao Q L, Tao B W, Li Y R 2007
J. Phys. :Condens. Matter 19 076203

Wang X, Cai Y Q, Yao X, Wan W, Li F H, Xiong J, Tao B
W 2008 J. Phys. D: Appl. Phys. 41 165405

Krivanek O L, Dellby N, Hachtel J A, Idrobo J C, Hotz M T,
Plotkin-Swing B, Bacon N J, Bleloch A L, Corbin G J,
Hoffman M V, Meyer C E, Lovejoy T C 2019 Ultramicroscopy
203 60

Wang Y, Qiu L, Zhang L L, Tang D M, Ma R X, Wang Y Z,
Zhang B S, Ding F, Liu C, Cheng H M 2020 ACS Nano. 14
16823

Zheng H, Cao F, Zhao L G, Jiang R H, Zhao P L, Zhang Y,
Wei Y J, Meng S, Li K X, Jia S F, Li L Y, Wang J B 2019
Microscopy 68 423

Tang M, Yuan W T, Ou Y, Li G X, You R Y, Li S D, Yang
H S, Zhang Z, Wang Y 2020 ACS Catal. 10 14419

Binning G, Rohrer H, Gerber C, Weibel E 1982 Appl. Phys.
Lett. 40 178

Binning G, Quate C F, Gerber C 1986 Phys. Rev. Lett. 56
930

Song B, Zhao S, Shen W, Collings C, Ding S Y 2020 Front.
Plant Sei. 11 479

Beeckman C, Siemons W, Ward T Z, Chi M, Howe J,
Biegalski M D, Balke N, Maksymovych P, Farrar A K,
Romero J B, Gao P, Pan X Q, Tenne D A, Christen H M
2013 Adv. Mater. 25 5561

Zeches R J, Rossell M D, Zhang J X, Hatt A J, He Q, Yang
C H, Kumar A, Wang C H, Melville A, Adamo C, Sheng G,
Chu Y H, Ihlefeld J F, Erni R, Ederer C, Gopalan V, Chen L
Q, Schlom D G, Spaldin N A, Martin L. W, Ramesh R 2009
Science 326 977

Chen Z H, Prosandeev S, Luo Z L, Ren W, Qi Y J, Huang C
W, You L, Gao C, Kornev I A, Wu T, Wang J L, Yang P,
Sritharan T, Bellaiche L, Chen L 2011 Phys. Rev. B 84
094116

Chen Z H, Luo Z L, Huang C W, Qi Y J, Yang P, You L, Hu
C S, Wu T, Wang J L, Gao C, Sritharan T, Chen L 2011
Adv. Funct. Mater. 21 133

Luo Z, Chen Z, Yang Y, Liu H J, Huang C, Huang H, Wang
H, Yang M M, Hu C, Pan G, Wen W, Li X, He Q, Sritharan
T, Chu Y H, Chen L, Gao C 2013 Phys. Rev. B 88 064103
Fewster P F 1997 Crit. Rev. Solid State Mater. Sci. 22 69
LiYL, HuSY, Liu Z K, Chen L. Q 2002 Acta Mater. 50 395
Xu G, Zhong Z, Hiraka H, Shirane G 2004 Phys. Rev. B 70
174109

Mariager S O, Schlepiitz C M, Aagesen M, Sgrensen C B,
Johnson E, Willmott P R, Feidenhans’l R 2009 Phys. Status
Solidi A 206 1771

Cornelius T W, Carbone D, Jacques V L R, Schiilli T U,
Metzger T H 2011 J. Synchrotron Radiat. 18 413

Cornelius T W, Davydok A, Jacques V L R, Grifone R,
Schiilli T, Richard M I, Beutier G, Verdier M, Metzger T H,
Pietsch U, Thomas O 2012 J. Synchrotron Radiat. 19 688
Luo Z L, Huang H, Zhou H, Chen Z H, Yang Y, Wu L, Zhu
C, Wang H, Yang M, Hu S, Wen H, Zhang X, Zhang Z, Chen
L, Fong D D, Gao C 2014 Appl. Phys. Lett. 104 182901

Xu H, Chen Z H, Zhang X Y, Dong Y Q, Hong B, Zhao J T,


http://doi.org/10.1103/PhysRevLett.113.103601
http://doi.org/10.1103/PhysRevLett.113.103601
http://doi.org/10.1103/PhysRevLett.113.103601
http://doi.org/10.1038/s41566-018-0240-2
http://doi.org/10.1038/s41566-018-0240-2
http://doi.org/10.1038/s41566-018-0240-2
http://doi.org/10.1038/s41566-018-0225-1
http://doi.org/10.1038/s41566-018-0225-1
http://doi.org/10.1038/s41566-018-0225-1
http://doi.org/10.1038/s41467-018-07882-8
http://doi.org/10.1038/s41467-018-07882-8
http://doi.org/10.1038/s41467-018-07882-8
http://doi.org/10.1038/nature03028
http://doi.org/10.1038/nature03028
http://doi.org/10.1038/nature03028
http://doi.org/10.1002/adma.201705171
http://doi.org/10.1002/adma.201705171
http://doi.org/10.1002/adma.201705171
http://doi.org/10.1103/PhysRevLett.58.908
http://doi.org/10.1103/PhysRevLett.58.908
http://doi.org/10.1103/PhysRevLett.58.908
http://doi.org/10.1103/PhysRevB.41.1863
http://doi.org/10.1103/PhysRevB.41.1863
http://doi.org/10.1103/PhysRevB.41.1863
http://doi.org/10.1063/1.5008405
http://doi.org/10.1063/1.5008405
http://doi.org/10.1063/1.5008405
http://doi.org/10.1038/nmat1989
http://doi.org/10.1038/nmat1989
http://doi.org/10.1038/nmat1989
http://doi.org/10.1088/0953-2048/27/4/044003
http://doi.org/10.1088/0953-2048/27/4/044003
http://doi.org/10.1088/0953-2048/27/4/044003
http://doi.org/10.1038/35104654
http://doi.org/10.1038/35104654
http://doi.org/10.1038/35104654
http://doi.org/10.1007/BF00625741
http://doi.org/10.1007/BF00625741
http://doi.org/10.1007/BF00625741
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1360/132012-369
http://doi.org/10.1016/j.physc.2010.06.001
http://doi.org/10.1016/j.physc.2010.06.001
http://doi.org/10.1016/j.physc.2010.06.001
http://doi.org/10.1016/j.physc.2009.06.010
http://doi.org/10.1016/j.physc.2009.06.010
http://doi.org/10.1016/j.physc.2009.06.010
http://doi.org/10.1016/S0921-4534(97)00182-2
http://doi.org/10.1016/S0921-4534(97)00182-2
http://doi.org/10.1016/S0921-4534(97)00182-2
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.3969/j.issn.1007-4252.2007.04.001
http://doi.org/10.1088/0953-2048/17/2/059
http://doi.org/10.1088/0953-2048/17/2/059
http://doi.org/10.1088/0953-2048/17/2/059
http://doi.org/10.1109/TASC.2007.899440
http://doi.org/10.1109/TASC.2007.899440
http://doi.org/10.1109/TASC.2007.899440
http://doi.org/10.1063/1.125431
http://doi.org/10.1063/1.125431
http://doi.org/10.1063/1.125431
http://doi.org/10.1109/TASC.2012.2235495
http://doi.org/10.1109/TASC.2012.2235495
http://doi.org/10.1109/TASC.2012.2235495
http://doi.org/10.1063/1.1455143
http://doi.org/10.1063/1.1455143
http://doi.org/10.1063/1.1455143
http://doi.org/10.1103/PhysRevB.46.11902
http://doi.org/10.1103/PhysRevB.46.11902
http://doi.org/10.1103/PhysRevB.46.11902
http://doi.org/10.1557/JMR.2004.0353
http://doi.org/10.1557/JMR.2004.0353
http://doi.org/10.1557/JMR.2004.0353
http://doi.org/10.1088/0953-8984/19/7/076203
http://doi.org/10.1088/0953-8984/19/7/076203
http://doi.org/10.1088/0953-8984/19/7/076203
http://doi.org/10.1088/0022-3727/41/16/165405
http://doi.org/10.1088/0022-3727/41/16/165405
http://doi.org/10.1088/0022-3727/41/16/165405
http://doi.org/10.1016/j.ultramic.2018.12.006
http://doi.org/10.1016/j.ultramic.2018.12.006
http://doi.org/10.1016/j.ultramic.2018.12.006
http://doi.org/10.1021/acsnano.0c05542
http://doi.org/10.1021/acsnano.0c05542
http://doi.org/10.1021/acsnano.0c05542
http://doi.org/10.1021/acscatal.0c03335
http://doi.org/10.1021/acscatal.0c03335
http://doi.org/10.1021/acscatal.0c03335
http://doi.org/10.1063/1.92999
http://doi.org/10.1063/1.92999
http://doi.org/10.1063/1.92999
http://doi.org/10.1103/PhysRevLett.56.930
http://doi.org/10.1103/PhysRevLett.56.930
http://doi.org/10.1103/PhysRevLett.56.930
http://doi.org/10.3389/fpls.2020.00479
http://doi.org/10.3389/fpls.2020.00479
http://doi.org/10.3389/fpls.2020.00479
http://doi.org/10.1002/adma.201302066
http://doi.org/10.1002/adma.201302066
http://doi.org/10.1002/adma.201302066
http://doi.org/10.1126/science.1177046
http://doi.org/10.1126/science.1177046
http://doi.org/10.1126/science.1177046
http://doi.org/10.1103/PhysRevB.84.094116
http://doi.org/10.1103/PhysRevB.84.094116
http://doi.org/10.1103/PhysRevB.84.094116
http://doi.org/10.1002/adfm.201001867
http://doi.org/10.1002/adfm.201001867
http://doi.org/10.1002/adfm.201001867
http://doi.org/10.1103/PhysRevB.88.064103
http://doi.org/10.1103/PhysRevB.88.064103
http://doi.org/10.1103/PhysRevB.88.064103
http://doi.org/10.1080/10408439708241259
http://doi.org/10.1080/10408439708241259
http://doi.org/10.1080/10408439708241259
http://doi.org/10.1016/S1359-6454(01)00360-3
http://doi.org/10.1016/S1359-6454(01)00360-3
http://doi.org/10.1016/S1359-6454(01)00360-3
http://doi.org/10.1103/PhysRevB.70.174109
http://doi.org/10.1103/PhysRevB.70.174109
http://doi.org/10.1103/PhysRevB.70.174109
http://doi.org/10.1002/pssa.200881612
http://doi.org/10.1002/pssa.200881612
http://doi.org/10.1002/pssa.200881612
http://doi.org/10.1107/S0909049511003190
http://doi.org/10.1107/S0909049511003190
http://doi.org/10.1107/S0909049511003190
http://doi.org/10.1107/S0909049512023758
http://doi.org/10.1107/S0909049512023758
http://doi.org/10.1107/S0909049512023758
http://doi.org/10.1063/1.4875579
http://doi.org/10.1063/1.4875579
http://doi.org/10.1063/1.4875579

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 4 (2023) 046101

Chen L, Das S, Gao C, Zeng C G, Wen H D, Luo Z L 2019 2014 Sci. Rep. 4 4591
AIP Adv. 9 205114 [65] Sridhar S, Kennedy W L 1988 Rev. Sci. Instrum. 59 531
(53] Wang R X, Xu H, Yang B, Luo Z L, Sun E W, Zhao J T, [66] Barannik A A, Cherpak N T, He Y, Sun L, Zhang X,
Zheng L M, Dong Y Q, Zhou H, Yang R, Gao C, Cao W W Vovnyuk M V, Wu Y 2018 Low Temp. Phys. 44 247
2016 Appl. Phys. Lett. 108 152905 [57) Wong-Ng W, McMurdie H F, Paretzkin B, Zhang Y M, Davis
[54] Yang L F, Zhao Y G, Zhang S, Li P S, Gao Y, Yang Y J, K L, Hubbard C R, Dragoo A L, Stewart J M 1987 Powder
Huang H L, Miao P X, Liu Y, Chen A T, Nan C W, Gao C Diffr. 2 3

Microstructure study of YBa,Cu307_s thin film with
synchrotron-based three-dimensional
reciprocal space mapping”

Yi Qi-Ru?  Xiong Pei-Yu?  Wang Huan-Hua®  Li Gang! Wang Yun-Kail
Dong En-Yang!  Chen Yu?®  Shen Zhi-Bang?®  Wu Yun?
Yuan Jie?  Jin Kui?)  Gao Chen Dt

1) (School of Physical Sciences, University of Chinese Academy of Science, Beijing 101408, China)
2) (Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
3) (Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China)

( Received 12 September 2022; revised manuscript received 9 November 2022 )

Abstract

High-temperature superconducting films can be used for fabricating the cutting-edge high-temperature
superconducting microwave devices because of their low microwave surface resistances. However, the microwave
surface resistances of high-temperature superconducting materials are particularly sensitive to microstructure
due to their special two-dimensional superconducting mechanisms and extremely short superconducting
coherence lengths. To investigate the correlations between microstructure and microwave surface resistance of
high-temperature superconducting materials, YBa,Cu3O7.5 (YBCO) films with different thickness are grown on
(001)-oriented MgO single-crystal substrates by using the pulsed laser deposition (PLD) technique. Electrical
measurements reveal that their superconducting transition temperatures and room temperature resistances do
not show significant difference. However, their microwave surface resistances in superconducting state display a
significant difference. The characterizations of the microstructures of YBCO films by synchrotron radiation
three-dimensional reciprocal space mapping(3D-RSM) technique show that the number of the grains with CuO,
face parallel to the surface (c crystals), and the consistency of grain orientation are the main causes for the

difference in microwave surface resistance.
Keywords: three-dimensional reciprocal space mapping, YBCO films, microstructures
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