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Fig. 1. DSC curves of Pd oNiygPsy, Pdy; o5Niy;05P 175, Pdyos
Niy 5P15 and Pdy3NipgCuy, Py at a heating rate of 20 K/min.
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Fig. 2. Three-dimensional overlay plots of S(Q): (a) Pdy;.95Niy105P17.5; (b) PdygsNig5P15-
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Fig. 3. Overlay of S(Q) plots for four metallic glasses: (a) Pd;oNiyPap; (b) Pdy; 95Ny 05P17.5 (€) PdyosNigg P15 (the black square
area in the figure highlights the positions of diffraction peaks undergoing discontinuous changes); (d) Pdy3NiyCuyPyq.
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Fig. 4. Comparison of the difference curves of S(@) before
and after the transformation for PdNiygPoy, Pdy;05Nig 05
P75, PdyosNignsPis and PdygNiggCuy, Py (the vertical bar
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Fig. 5. Results of Gaussian double-peak fitting of S(Q) for

the four metallic glasses: (a) Peak position; (b) peak intensity;
(¢c) FWHM.
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Fig. 10. Evolution of the proportions of different atomic connection modes with temperature and schematic diagram of Gaussian fit-
ting for the second peak of G(r) for four metallic glasses: (a), (b) PdyNiyPog; (¢), (d) Pdy95Nig05P 1755 (e), (f) PdygsNigsPis;
(g), (h) Pdy3NiygCuy;Pyy (in the four-peak fitting, the fitted area of the 4-atom connectivity pattern approaches zero, resulting in an

(a), (b) PdyNiyPa; (c), (d) Pdy; 25Nigy 5P 1755

extremely low amplitude of its corresponding Gaussian curve, which is therefore not prominently displayed in the figure).

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 11 (2026) 110806
70 2 -
(a) L "an (b) —— Fitting curve
60 -'._l_ _-F_.-._-"_"l- - - n- - > Data
"
i"..-'-'."'. = l-atom
50
NS ® 2-atom
o = y A 3-atom 9
g 8 N v 4-atom <
Z‘i é 50 '.'.’i"'..- ..*.. o . =
JSANC) I o 0 ‘o Yestes oo Xy 16}
& C: - ° "‘a-'- -..f
20
AN AL MM\ AMMADpAAAD O A 0
10 | 4
300 350 400 450 500 550 600 650
T/K
70
(c) (d) —— Fitting curve
60 | . o Data
LT ™ Py B
A v et I
2 50 [t . 1
- X
%3 T
2 g 40r <
g B .'*-.%' ~
| LY T ~ Or
Zga_ 8 30 o :-V\..."-Jﬁ =
_UQ E = l-atom A 3-atom ©
[ 20 | ® 2-atom v 4-atom
A sl N N -1
10
0
300 350 400 450 500 550 600 650 3.5
T/K
50 f(e) g 2 (f) Fitti
e e L " el — Fitting curve
e —r e TN, - Data
40 <4 1k
° <
2 ¢ 35 e 9‘2/ ........
VR = l-atom G o ~
B _5 301 e 2-atom Lrj Or
E T 25| a 3-atom N
5 g-< 20 | v 4-atom <
3 2 r - 6]
el
g £ 15 " ‘MAAAM‘»A“A‘MH?V? 1l
10
L ol
300 350 400 450 500 550 600 650 3.5 4.0 4.5 5.0 5.5 6.0
T/K r/A
70 2
(g) (h) — Fitting curve
60 | - Data
1F
=] 50 | °
< P
I L e il L A g .
S 2 4ol 0" o%% o & o ) )
2 « ¥ ° ° <
Cg £ ~ 0r
a8 30l = l-atom =
Zoc & ® 2-atom \6/
"a'? a: 20l A 3-atom
A v 4-atom —1r
A N A
10 BRI hun it s M,
0 -2t
300 350 400 450 500 550 600 650 3.5 4.0 4.5 5.0 5.5 6.0
T/K r/A


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026)

110806

I R BB P-P I AR5 . AH Eb T 20 (H )RR
B0 R R B A e el e ) TR
SRS BE T A ST P-P [RIEE, M 4T
b AR VS [ SO0 PRI X F PR AN
15%—17.5% 46 A AR 20 AL T2 P 3R
RS, RIS AR e R A AL P I+ 1A
Wi, YA AR LA, PR iy ke A2
P HT, R R R AR E W P-P 4R e
KAGAH P 5 Fo A5 T8 s DA B3 n AT 7%
() A TO0 o5 e S 4, ST 1) B BUR A P A R ER
i X — W E A HERE L TR A BILS ) M
MFEA T DSC R il S8 .

HHZ R, PdyNigPo 7 FERAE AR S BT,
AL AT REEARARAPIRE, B m e
PIFEHERRZEA. T R 4514 5 AR B I A5 22 ¢
WesIN, Bk = S Az KA S48 T HE A AR ) 28K 3l
TR NI 1) 5 25 %) B A B B AR TR

Du % 27 D) Pd gy 5Ny 5Py 428 B 5 M A 5T X
%R, BRI G B YRS PR T PR 8
ANPGRS NG, 2 RIS INAARAE T,,(561 K)
5 7660 K) ] 3 Ty ¢ = 601 K 5 i #4
U, ik R O A 5 A AT R T ARG AR A
(Glass T) 2B AR (SCL 1) #4748 Jy B Fa 2 Ak b
% (Glass II); Glass ILHY T, (612 K) %% Glass I 42
50 K, B RE L MERE | SR PR ool e i, FLBH
BEAG, PR (6—20 A) A ptk & ek, A
ﬁﬁ%ﬁgﬂ}:ﬂk)ﬁi Pd4ONi4OP207 Pd41.25Ni41.25P17.57
Pdys 5Nigo 5P 5 Al Pdy3NigCugr Py x4 ﬁﬁiﬁj\ﬁ-‘%a
Eﬁ aﬁ T ujiﬁziﬂ{:/ﬁw (Pd41.25Ni41.25P17.57 Pd42.5Ni42.5
P15) E“Z:ZVL\/_:E%,/}EW (Pd4ONi4OP207 Pd43Ni200u27P10)
f Y. T8 3 T BE XRD AU A 5 25 0
AL T PdyysNig 5P s B9 S(Q) 5% (27 29%), 2k

v (FEIRZ) 38%) M G(r) THAEIXIA] (6—15 A) i)
A PACRHIE, JFE o R A i s 7 e
S G Y E AR

BT LIRZ AR AT, ASCHRR T B A
BEEEAT N P i SCHA T 2 RS B e B A
TR O 25 3 i s R L A58, A0 Py 95Ny o5
P75 A1 Pdyy sNigy 5P s 11, B T2 WOAH B9 AR 1
W, WA Dy RIS S A A AR ELHE, PR )
T ) S A A N ) SR s s i R A B2
T WA BT EE RS2, A TR 3 i 81 PdyoNigPoyg
u&,ﬂ\ﬁ%}lﬁ%%ﬁiﬁ%j}% Pd43NiQOCu27P10 %:3}%

HR s R S AR T, A TR AR R R AR X
— LB R AR T O R, DR DSC 5
HHCRIE (611 K, 601 K) SEEHRAL MRS [7)
IS, B AR K5 A EE ] (60 285 ok 1 10%—20%)
A IR TARE TR, AR AL T RS NS
AL IR AL

4 % W

AL PA-Ni-P Z4JEBI8 Pd oNi o Pao, P o5
Nigy 95P17.5, Pdyg sNigg 5P 15, PdysNiggCugrPyg MAFFE
MR, G 22 At ERaE S FRERMER, RS
PRI T AR R o746 s B 3 e i Bt e vt B A 5
WERAT R, A AT 458,

1) 3 22 7R FE A PR R A PR it el
ﬁiﬂ’ Pd41.25Ni41.25P17‘5 %ﬂ Pd42.5Ni42.5P15 Eﬁ%
A3 AR IR B 55 24 R 2 (AL S 2 T 3K —
IR, IR E IR N KA T Re R g 78 A
T2, HION 5L 5045 i B 7 2S8R AN ],
A AR R AL T O R PEE U [RIE, i)
TR AE GRS AS SRR RS iR T 15, i — D X
— SRR RE AR AR, IR AT 2
BLHIBEE T il

2) 6 B[] 20 S B AR 1 v 43 B3 0 AL R
AEJT, AITEJEF RUBE I MoULEs 21 4 B s i 2544
AR, SEER IR, NI S AR
FBORKGIN NS SRR AR B, (BE5 R S(Q) . 294k
1A PREL G(r) SRR A, A JJUESE T 4 3%
B EREPERRE FSA P ERAE T B
GG A (TN TSR NES I S & N0 WA N E B UV
Wit - HES T Ry, SHtesE v B R T

LR PR SEIR BOR B 45 R ], FE4 e kA
T, Pdyy 95Nigy o5P175 F1 Pdyy sNigy P15 &4 T 34
AP A, FEiX —ad ft v, Bl
HESZEL 1T A5 ng AL, TR T B A R4, DA
TN 4 J B B e A8 AR S X — R BN i+
FRUBETE Wb B A 1 HE AP IS S AR AL, i — 20
TR T X RS 4 BRI it o 1) B

S 30k

1] Qin H R, Hou Y J, Yang K, Jin C C, Lyu Y J 2025 Acta
Phys. Sin. 74 166403 (in Chinese) [Z51%%, R4, HE, ¥l
i, B B4 2025 P)HEAEH 74 166403)

110806-11


https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
https://doi.org/10.7498/aps.74.20250513
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 11 (2026)

110806

2]

3]

(4]

[5]

(6]

[7]

(8]
(9]
[10]

[11]

12]
[13]
[14]

(15]

[16]

(17]

Gao K, Zhu X G, Chen L, Li W H, Xu X, Pan B, Li W R,
Zhou W H, Li L, Huang W, Li Y 2022 J. Mater. Sci.
Technol. 131 115

Sun F, Deng S T, Fu J N, Zhu J H, Liang D D, Wang P F,
Zhao H, Gong F, Ma J, Liu Y H, Shen J 2023 J. Mater. Sci.
Technol. 158 121

Sarac B, Eckert J 2022 Prog. Mater. Sci. 127 100941

Wang L L, Shi F L, Shen Y W, Fei T, Chu W, Wang Z, Hu
L N 2025 Adv. Funct. Mater. 35 2412523

Sohrabi S, Fu J N, Li L' Y, Zhang Y, Li X, Sun F, Ma J,
Wang W H 2024 Prog. Mater. Sci. 144 10128

Huang B B, Hao Q, Lyu G J, Qiao J C 2023 Acta Phys. Sin.
72 136101 (in Chinese) [EfERE, #B#F, B EE, 774 2023 )
F2E 72 136101

Hong Y R, Wang H, Li X, Zhong L, Chen H M, Zhang Z,
Cao P H, Ritchie R O, Wang J W 2023 Matter 6 1160
Ouyang D, Zhao L, Li N, Pan J, Liu L, Chan K C 2023
Comput. Mater. Sci. 217 111918

Cui J X, Luo Q, Zhang Z G, Zhu J T, Shen B L 2023 Rare
Met. 42 3430

Spieckermann F, Sopu D, Soprunyuk V, Kerber M B,
Bednaréik J, Schokel A, Rezvan A, Ketov S, Sarac B,
Schafler E, Eckert J 2022 Nat. Commun. 13 127

Duan Y J, Qiao J C 2022 Acta Phys. Sin. 71 086101 (in
Chinese) [BrWEAE, TR 2022 Py#i244R 71 086101

Zhao Z X, i C Y, LiuY C, Li C L, Kou S Z 2023 J. Mater.
Eng. Perform. 32 8430

Zhang X S, Lv Y, Zhao T X, Liang Y F, Aman Y, Ning Z L,
Sun J F, Huang Y J 2025 J. Non-Cryst. Solids 668 123790
Luo P, Zhu F, Lv Y M, Lu Z, Shen L Q, Zhao R, Sun Y T,
Vaughan G B M, Di Michiel M, Ruta B, Bai H Y, Wang W
H 2021 ACS Appl. Mater. Interfaces 13 40098

Bu H T, Luan HW, Kang J Y, JiaJ L, Guo W H, SuY S,
Ding H P, Chang H S, Wang R B, Wu Y, Shi L. X, Gong P,
Zeng Q S, Shao Y, Yao K F 2025 Nat. Commun. 16 562

Luan H W, Zhang X, Ding H Y, Zhang F, Luan J H, Jiao Z
B, Yang Y C, Bu H T, Wang R B, Gu J L, Shao C L, Yu Q,

18]
[19]
[20]
[21]

[22]

(23]
(24]
[25]

[26]

27]

(28]
(29]

30]

(31]
(32]

33]

110806-12

Shao Y, Zeng Q S, Chen N, Liu C T, Yao K F 2022 Nat.
Commun. 13 2183

Sun Q J, Miskovic D M, Laws K, Kong H, Geng X, Ferry M
2020 Appl. Surf. Sci. 533 147453

Zhao Y, Shang B S, Zhang B, Tong X, Ke H B, Bai H Y,
Wang W H 2022 Sci. Adv. 8 eabn3623

Ouyang L F, Shen J, Huang Y, Sun Y H, Bai H'Y, Wang W
H 2023 J. Appl. Phys. 133 085105

Xu D, Zhang S Y, Tong H, Wang L J, Xu N 2024 Nat.
Commun. 15 1424

Shen J, Zhang H P, Chen Z Q, Ouyang L F, Wang F R, Lu
Z,LiM Z,Sun Y H, Bai HY, Wang W H 2023 Acta Mater.
244 118554

Shen J, Sun Y H, Orava J, Bai H'Y, Wang W H 2022 Acta
Mater. 225 117588

Du Q, Liu X J, Cao Y H, Zeng Q S, Wang H, Wu Y, Jiang S
H, Zhang X B, Lu Z P 2023 Sci. China Mater. 66 4189

Yang Q, Yang X M, Zhang T, Liu X W, Yu H B 2024 Acta
Mater. 266 119701

Egami T, Billinge S J 2003 Underneath the Bragg Peaks:
Structural Analysis of Complex Materials (Vol. 16) (Oxford:
Pergamon) pp137-216

Du Q, Liu X J, Fan H Y, Zeng Q S, Wu Y, Wang H,
Chatterjee D, Ren Y, Ke Y B, Voyles P M, Lu Z P, Ma E
2020 Mater. Today 34 66

Chen H S 1976 Mater. Sci. Eng. 23 151

Cao Y H, Yang M, Du Q, Chiang F K, Zhang Y J, Chen S
W, Ke Y B, Lou H B, Zhang F, Wu Y, Wang H, Jiang S H,
Zhang X B, Zeng Q S, Liu X J, Lu Z P 2024 Nat. Commun.
15 6702

Lan S, Ren Y, Wei X Y, Wang B, Gilbert E P, Shibayama T,
Watanabe S, Ohnuma M, Wang X L 2017 Nat. Commun. 8
14679

Ding J, Ma E, Asta M, Ritchie R O 2015 Sci. Rep. 5 17429
Sheng H W, Luo W K, Alamgir F M, Bai J M, Ma E 2006
Nature 439 419

Miracle D B 2004 Nat. Mater. 3 697


https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.jmst.2023.02.040
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1016/j.pmatsci.2022.100941
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1002/adfm.202412523
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.1016/j.pmatsci.2024.101283
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.7498/aps.72.20230181
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.matt.2023.01.016
https://doi.org/10.1016/j.commatsci.2022.111918
https://doi.org/10.1016/j.commatsci.2022.111918
https://doi.org/10.1016/j.commatsci.2022.111918
https://doi.org/10.1016/j.commatsci.2022.111918
https://doi.org/10.1016/j.commatsci.2022.111918
https://doi.org/10.1016/j.commatsci.2022.111918
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1007/s12598-023-02440-8
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.1038/s41467-021-27661-2
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1007/s11665-022-07723-2
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1016/j.jnoncrysol.2025.123790
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1021/acsami.1c10716
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-024-55367-8
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1038/s41467-022-29789-1
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1016/j.apsusc.2020.147453
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1126/sciadv.abn3623
https://doi.org/10.1063/5.0137847
https://doi.org/10.1063/5.0137847
https://doi.org/10.1063/5.0137847
https://doi.org/10.1063/5.0137847
https://doi.org/10.1063/5.0137847
https://doi.org/10.1063/5.0137847
https://doi.org/10.1063/5.0137847
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1038/s41467-024-45671-8
https://doi.org/10.1016/j.actamat.2022.118554
https://doi.org/10.1016/j.actamat.2022.118554
https://doi.org/10.1016/j.actamat.2022.118554
https://doi.org/10.1016/j.actamat.2022.118554
https://doi.org/10.1016/j.actamat.2022.118554
https://doi.org/10.1016/j.actamat.2022.118554
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1016/j.actamat.2021.117588
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1007/s40843-023-2507-6
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.actamat.2024.119701
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/j.mattod.2019.09.002
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1016/0025-5416(76)90185-3
https://doi.org/10.1038/s41467-024-51080-8
https://doi.org/10.1038/s41467-024-51080-8
https://doi.org/10.1038/s41467-024-51080-8
https://doi.org/10.1038/s41467-024-51080-8
https://doi.org/10.1038/s41467-024-51080-8
https://doi.org/10.1038/s41467-024-51080-8
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1038/ncomms14679
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/srep17429
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/nature04421
https://doi.org/10.1038/nmat1219
https://doi.org/10.1038/nmat1219
https://doi.org/10.1038/nmat1219
https://doi.org/10.1038/nmat1219
https://doi.org/10.1038/nmat1219
https://doi.org/10.1038/nmat1219
https://doi.org/10.1038/nmat1219
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
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. 75, No. 11 (2026) 110806

Anomalous glass transition behavior in Pd-Ni-P metallic glasses®
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Abstract

The structural stability of metallic glasses (MGs), a key requirement for their practical application, can be
significantly enhanced by accessing low-energy configurational states. The reentrant glass transition offers a
promising route toward achieving such ultrastable glassy configurations. However, the atomic-scale topological
mechanisms underlying this anomalous macroscopic behavior remain poorly understood. In the present work, we
systematically investigate the composition-dependent transition behaviors of a series of Pd-Ni-P metallic glasses
(PdyoNiggPsg, Pdyy 95Nigg 95P 175, Pdys sNig sP15, and PdysNiyyCuy,Pyg) to elucidate the microscopic physical origin
of the reentrant phenomenon and its role in the formation of ultrastable glasses. Samples were prepared via arc-
melting and characterized through differential scanning calorimetry (DSC) and in situ high-energy X-ray
diffraction (HE-XRD) at a synchrotron radiation facility. DSC results show that Pdy;95Nig 95P 175 and
Pd s 5Niys 5P 15 exhibit distinct anomalous exothermic peaks within the temperature range between the glass
transition temperature (7,) and crystallization temperature (7y), which are located at 611 K and 601 K,
respectively. The associated configurational enthalpy changes account for only 10%-20% of the crystallization
enthalpy, thereby ruling out the occurrence of phase separation or macroscopic crystallization. In contrast, no
such intermediate events were observed for Pd,zNi Pyy and Pdy3NiggCuy;Pig. In situ HE-XRD measurements
confirmed the absence of crystallization during these exothermic processes. Instead, profound structural
evolution was observed: the intensity of the first peak in the structure factor S(Q) increases by up to 29% (for
Pd s 5Niys 5P15), while its full width at half maximum (FWHM) decreases significantly by 38%, indicating highly
enhanced short-to-medium-range order. Furthermore, analysis of the reduced pair distribution function G(r)
revealed a dramatic restructuring of atomic cluster connectivity during the transition. Specifically, an increase
in l-atom (vertex-sharing) connections and a concurrent decrease in 2-atom (edge-sharing) connections were
confirmed, which point toward the formation of a more ordered medium-range topological network. The key
findings of this work are as follows: 1) Composition-specific macroscopic response, the reentrant glass transition
exhibits a strong composition dependence, occurring specifically in Pdy; 95Niyq 05P 175 and Pdy 5Niys 5P 15 while
remaining absent in PdNiygPsy and Pd3NisgCusyPjo; 2) microscopic structural origin: the anomalous exotherm
fundamentally corresponds to an intrinsic amorphous-to-amorphous polymorphic ordering process within the
glassy state; 3) topological restructuring mechanism: the transition is governed by the evolution of atomic
cluster connectivity modes, which drives the amorphous network toward an ultrastable low-energy configuration.
These findings provide atomic-level insights into the reentrant transition mechanism and offer valuable

guidelines for the rational design of metallic glasses with tailored stability.
Keywords: metallic glasses, reentrant glass transition, synchrotron radiation, local structural ordering

DOI: 10.7498 /aps.75.20251731 CSTR: 32037.14.aps.75.20251731

* Project supported by the National Natural Science Foundation of China (Grant No. U24A2006).
# These authors contributed equally.
1 Corresponding author. E-mail: gaoquan@nxu.edu.cn

1 Corresponding author. E-mail: mingxu.xia@sjtu.edu.cn

110806-13


http://doi.org/10.7498/aps.75.20251731
https://cstr.cn/32037.14.aps.75.20251731
mailto:gaoquan@nxu.edu.cn
mailto:gaoquan@nxu.edu.cn
mailto:mingxu.xia@sjtu.edu.cn
mailto:mingxu.xia@sjtu.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%fg%"—*&Acta Physica Sinica

Institute of Physics, CAS

Pd-Ni-PE& R 7 E KB ETIT A
fE52 T $ A SR AWF

Anomalous glass transition behavior in Pd-Ni-P metallic glasses

REN Jiang YU Pengfei ZENGLong GAO Quan  XIA Mingxu

5] Fi{ &, Citation: Acta Physica Sinica, 75, 110806 (2026) DOI: 10.7498/aps.75.20251731
CSTR: 32037.14.aps.75.20251731

TELR T2 View online: https://doi.org/10.7498/aps.75.20251731

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

JRITRIBIEASIE T BRI o B A B A A E R S PR 5
Densification and heterogeneity enhancement of Fe—based metallic glass under local plastic flow

PyFEEEAR. 2022, 71(5): 058101  https:/doi.org/10.7498/aps.71.20211304

BN A & SR B TR R ST DDA T

Shear banding behavior in soft—hard phase ordered metallic glasses

YrE2EdE. 2025, 74(19): 196101  https://doi.org/10.7498/aps.74.20250845

SHEETRIE X 4 B S A S ML A 2 i)
Influence of bonding characteristics on elastic deformation mechanism of metallic glasses

YIBR2AHR. 2026, 75(4): 196101  https://doi.org/10.7498/aps.75.20251679

FeZrBIk G J8 B (Y 5im Epe AL A7 D B HOMS BRI JCRE ) B S AL

Fragile—to—strong transition of FeZrB—based metallic glass and its influence on glass—forming ability

YIBR2A 4. 2025, 74(19): 196402  hitps://doi.org/10.7498/aps.74.20250889

FET eSS BT A T G R B S B HE 5 55 B8P i B ) S T
Synergistic improvement of specific strength and plasticity achieved in Ti—based metallic glass designed based on quasicrystal

structure

YIBR2FA. 2026, 75(2): 196402 hitps://doi.org/10.7498/aps.75.20251415

PAEAE i S AT B LR R b st AT oA

Dynamic relaxation characteristics and stress relaxation behavior of Pd—based metallic glass

WyFEEEAR. 2022, 71(8): 086101  https:/doi.org/10.7498/aps.71.20212025


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20251731
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211304
https://doi.org/10.7498/aps.71.20211304
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250845
https://doi.org/10.7498/aps.74.20250845
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20251679
https://doi.org/10.7498/aps.75.20251679
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250889
https://doi.org/10.7498/aps.74.20250889
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20251415
https://doi.org/10.7498/aps.75.20251415
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212025
https://doi.org/10.7498/aps.71.20212025

	1 引　言
	2 实验方法
	3 实验结果与讨论
	3.1 差示扫描量热(DSC)热学行为表征
	3.2 同步辐射 X 射线衍射的原子结构演化
	3.2.1 结构因子S(Q)演化特征
	3.2.2 约化分布函数G(r)演化特征

	3.3 原子团簇连接分析

	4 结　论
	参考文献

