) 32 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090102

B EBHE: LiE. BitENRAEE

ETE—MERENSUEE TN SHRENETE

ERXzY XEY KIHEFY RNV BT AED G U
1) (PEETRERAITIERE, PEBEHE T, et 102413)
2) (et TR FEBE, Jbat  100081)

(2025 4F 12 H 19 BULE]; 2026 4F 2 A 4 BUEHEH)

SR B — Tz I A8 AR BB, AU H R X T R BB AT R . AT AR T
B 15 8 1 Bl T2 (5 P A R T A A e 2 iy e R I U T AR . A
SCRHI T —Rha S gl Z0iCHLAS 2 > 3 BEPL A IS BOE IR 5, RGNS TR T RO A
P 9 P 1 25 % R R AR BICR A RE B BITSE R B, (055 BB 28O0 A T BRI MK ) o O M 2 S BUS
TR B TRE— 2 5] AREHL A IR BT LR B IR, 2B Hea 2 B RS X T eZiHy , M
BT R LB, 51 AR 2005 4 7 25 15 S0 e 1) — S S S SR T, X AR I 5 R i 52 56 4K
B x2S BEAR T 64.1% 5 37.7%. H T4k 7 R0 B 7 T 258 B THEAT B 1% 00 B A XU A3 TS 4R T 0 £
5 ENDF/B-VIIL1 P B — B0, T B B 7 3 b5 B BB 25 AR AT, B 9090 it R e
HRLAF B — Bk AN, i R E SRR SR ], B 8 R RO RETE T IR B — 2P 0 e BT RORS L. AR SC

B 5 4E AT FE https://doi.org/10.57760/sciencedb.33601 H 5 [A] 3K L.

KR A, PGECHHEE, BT RO, BEL A IR

DOI: 10.7498/aps.75.20251741

1 5 =

PR R R T AR IX rh - s Y 22
ARG 3. RIS B R R T IR A A X TR
o SN HEBC TR RE A e B BB DL R
Pt PRI S ) PR AR P AR 7R el
i 52 Pk M2 AP ROBT R BRI RE, VRS h 12 4050 b R
B2 TG TRIGAR Al SNAPBI 78 4 (1) £ Ff
S HE.

FIRT, PARCH A 1 5 MO TRk
FOPASEE. T SEE - B R 2
B R R T 5 — PR PRI ARG, 7RS4k

CSTR: 32037.14.aps.75.20251741

FEH 5 1, CF AR AL U RT DG 557 1) 3 3o 1 42 4
A L IR A 7 T AR, TR A
IR BT SR EE AT 0 S TS LA
B, R E R R T SHUL S 7 (PP) BRI
A 7%, W Zheng Fl McClarren™ SR H 9 & it
T )= 5 00wy 22 A8 & 7 A N A 5 2, DA
Wang %5 0 $2 H i 3L T REMLIMAE 0 5 — SR R
PG Tk

VLA, BT 8 — MR R BR 1) ST P R
PE TS T EE . Wormald 45 B RS —
PEJECER S A% 3 J12F (AILD) FEE— 1k I B0 2 1 3
717 (AIMD) J5 ¥ B 5 1 e-ZeH, 1 5-ZrH,
P T8 BE, I B s A 34K 4 FLASSHE)

* ERHRPIARE ST ST S 1243000472, W2511003) FIER HRBIERES (PN (GHHES: U2541242) ¥ Bh IS

t BEE1EH. E-mail: wuxiaofei@ciae.ac.cn
T EEEH. E-mail: wxfeng@bit.edu.cn
1 BIEVE#H . E-mail: xuruirui@ciae.ac.cn

© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

090102-1


https://doi.org/10.57760/sciencedb.33601
https://doi.org/10.57760/sciencedb.33601
http://doi.org/10.7498/aps.75.20251741
https://cstr.cn/32037.14.aps.75.20251741
mailto:wuxiaofei@ciae.ac.cn
mailto:wuxiaofei@ciae.ac.cn
mailto:wxfeng@bit.edu.cn
mailto:wxfeng@bit.edu.cn
mailto:xuruirui@ciae.ac.cn
mailto:xuruirui@ciae.ac.cn
http://wulixb.iphy.ac.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

) 32 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090102

T UK I R 208 1 B 1 AH T LR IO Dk gl A
THE. Zu % MO [RFER] ) AILD Jr ik EHHE T
e-ZrH, M 8-ZrH, 5 W75 F5% %, JH# i NECP-
Atlast™ A8 Az BT AR B IVEUR R, RS
BT T AN [RIABE AR 75— 285 A R A LB 4 T
TR D SRR I T 9 22 5. ek Tt LU RN A
SEFSZ R J5 T, Mehta 55 02 01252 [ 4 9] 115501
AL AT R 8-ZrH, Fl e-ZrH, (75 T 5%
J& KORH L A b OB R . AP AR, et i
EU X AU ) S M AR XS 38 /0N, T SR A S5 R4 0 5 i
i 2. FEARIEPERZ I 7 1H , Zhang 5 M 455k
PR FHUE (INS) 5% B2 RS TR MR T A
fRgs AR FAT . BFFE R B, T T A TG I2 f
FESCE INS 335 i m iy e o R 42, T — 4 i
TE 15 7 R SR AR A 2 A AR AT 35 AR 43 HER R AL
GE, BRBARLS HiAl iR AL AR SRR
— M, Trainer 55 Y 255533 1 S5HLa8 22>
e MLPU R T REIEEE T §-ZrH, il e-ZrH, 1)
AR, R T 2 B A R
ICBE XA BT 5, Tz B S A%
A3 A0 1 S HERLAZR B, X hge . P38 1 0 AR
PR R ERTE S

IS S5 — e IR B AR ) B b T O R
TERAR 525 R4 6 RAF, (Bl TER T Fi i
BN, BMETE 0 K T eI B E MR TFF R
iz, 1 AILD MR Il (HA) F1 AIMD J7ixf
DLAE O AR X 2 i R0 7). Errea 85 18 $2H T
—Ffi 2T Born-Oppenheimer JT 8L BEAL F 7 18
PR (SSCHA) J7i:, 207k UUAR AR i 7 L%
BT R S RS AR RN

AR SR FH—Fh AR AILD | HES I (QHA).
Z A ML A S H (MLPs) 5 SSCHA W44
I B, A QHA HiE Sk E 0K F
()P A S8 FOR, Sl ATLD Jrikit i K
ANFERF AR (WRe S T, M d sk
N ZRE RS, SEMTII SR BE S S kS BE 438 Born-
Oppenheimer PEEH S5 Hellmann-Feynman pal:y)
MLPs; fie)a, #£ SSCHA HEZL U7 R | FI IR is
(1) MLPs % KB RAE R 25347 Helmholtz H H
RETHAR, @225 Ak F F BB AR 5 12000
(75 TR, TR RS A RUEIE HA 115 bk
ZWE 0 0N, A PPA N A B AR
ARSI 5 i B AR

2 ik
2.1 PARTFHSEEITESE

FERPFREX (< 5eV), R H HAARBIR
T BRI AT B R R 22 . R b7 (7
A 2 P AN S AR R B AE — R 2, Farh T
AEE SRR RE A E— BRI, o rREs /)
TP BHE T T0] [ B i A2 20, £E PPN A 50 12
(ENDF) Hh B IS R O £ 34 0 2 A A1 R
ARS8 FABE DX R 5 B U TS AT mT LA
FR oy B
d?;d(;?’ = 4K;BT\/§(UCO}IS(Q’ B) + oineSs(e, 8))
(1)
A B2 A h R B b AT
Q2 FRIBERE; oeon Fl oine 73012 SRAAZ O AH T HICH
AT A AR A A EAH T O BT kg S PR 248
WHG THRE; S(a,B), Ss(a, B) 712 IAHUN iR
TR A HUH pREL o, B 3BT RN B S B A
REHEHEHS,

_E'+E-2u/E'E @
- AkgT ’
E - E
- = _= 3
b= 3)

Hrp p S WS AARTL, A AU R S
Y HEAA.

TSR R P R B AR T I TR
LR, no= 0XS N TSRS, no> 0 XS R AR
B, FOR7 A 80 K n SR . 75 ENDF R4
AR IARA TR, FH A I RO (LB pR %L

o(E = E',p) = 0eonS°(a, B) + 0ineS¢ (a, B)

+oo
+oy Y S B). (4)

XL o, SE AR ATHUI T, ARG REBURITES n
i A

1 [ .. 1
SinB) = 5 [ e

2T n!

X o) s isign) 4
x<a/oozﬁsinh(5/2)e % ﬁdﬂ) di, (5)

Arf i o Rt E], A R A

090102-2


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

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 9 (2026)

090102

_ > p(B) o—B/2
A"/ 2psinn(a2)¢ (6)

Xt TP RN AT Sy, U B RE R AR, X T
FEARTRUN R A

o _ .—4WE
e ) U
Horp - TR R 8 T U4
A
= AT ®

REFAIT SRS, i
3
(35)  ~vEESaw-nirwi.

AP BHUN R, r RERTRE; F(k) 2ME
HIZEFIIN T, € XN

_ 7 Lik-d_ —W,
= zd: bde‘ c d, (10)

Horb d B 5, ba R BUAZ d B9S2 EUS
KIE, dREUE d e P00 2. X T A7
J7IAN, W AR 255 1) ) B A —EvEAs AR
VESLT7 A, W (10) SR REFE-IR ) R HoH 3 A
B TSEE, A

_ R pul®) (8
Wd_4MdkBT/o 5 coth (2> dg.  (11)

2.2 BEHLB AR

SSCHA [71822] J&. —Fh #£ Born-Oppenheimer
I RIHESE T ARSI i, B R SO R R
TR IR AR S 5 | B A FRE AN H T4
S JE P, SSCHA F]H Gibbs-Bogoliubov A %52k
/ME—E 5 F I REIZ R F
F<F=Fy+(V—-Vy)u, (12)
A, FRRAELAEE RS M Helmholtz H HEE; F
JE H HRERIZEIMZ B Fyy F1 Vi o3l S 1R T il
W IR 1 X RLAY R BEAIEAE VR ESCE
T (- Yy S TIRIRIG B0 H oy XY 50
THFE. RIS B B H o R L
B R ATE R BHE &R & L. HIEh
1
H=K+5) (R~ R.) P

st

(R — Ry), (13)

b, s RAERIET S, KIEdhfgdl; &,
B 1R 8GR EIET s BP0 E. IR B

HH NRGHE TR R iHERE SN
V t €52 th | sa t,(i’)

HHEH’HU u

pu(R)= Ay exp (

staBu /‘H

(14)
Horh PRI AH G
Gy 1 h 1
VMM, B VMM wy ehwun /keT _ q
1 1 h
T3 T 15
2 \/700“7{ ( )

Hrr s & U5 S0 (18] —2 S —IWUh AR5
DTHRIT, 55 Ik i A0 TR0
SSCHA B /ehRHE HA 45 H 1 BR A 25 il i o
SUEE BEFE IR pay , IEMRIG 0 AT AT BEAILR AR, A2 1K
KEEFAAR (RO} . RF, TEXEERAE S Fit
HHEASLHEEE V(R K ) F(R®), #E il 15 2 &
LR F HIBE F . SSCHA il F/Mb F R IHSH R
1@, [ f ST 2 B I R ak AR AR RN HAE
AR AR IETER, 52 R O WS &%
LT SA5 B Resscua Al Psscua & X T — M TETR
JE T T S B A 508 D e 3 W Hege , TR0 50
i R & 1 RO AR B Y Tk, T
Her THEAR B Y75 FARRFIAME R &, 7T AR
BN AR

3 F-—MEEITE

FAEEVE R — M E S Th R AR R,
TREE R BE SR T B A AR, 2R BN
LT Y & AH S AL TU T Y e A 231, 3 BARIFIY A,
TE S AR E ETEE T, H/Zr fh it i L il NV
AXF #R TR R B S M AR BR 02, Tt AR
ik B e-ZrHy (VY 7 45 4, &l 1(a)) #1 §-ZrH, 5
(O T 4548, B 1(b)) YE M4

RARAFX P AP ARAE 0 K IR e 450, RH
FEFR T PRELS I VASP 8 P420) JE1 7454
Potk. TR 4% 2 ST (PAW) J7 i A
PBE S404L 1) SOB6 BEE I RIZ oA, -1 I8 A BT BE
R 675 eV. 1 L IX B 43Rl Monkhorst-Pack
I, kPR 12x12x12 (). B BRI
SUPRIER R 1078 eV /atom, &5 it i5 1Y ISR
WEN 0.001 eV/A, FH-BPRNE 7 ik i 58 I S LA 3R
AT A A

090102-3


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

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 9 (2026) 090102

(b)

Bl 1 e-ZrH, (a) f18-ZrH, 5 (b) B ARMIE (Zr JEF & E, HIRFAEEL6)
Fig. 1. Unit cell diagrams of e-ZrH, (a) and §-ZrH, 5 (b); Zr atoms in green and H atoms in pink.
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Zr in ZrHa-low freq (0 —0.05 eV)

H in ZrHo-high freq (0.09 —0.19 eV)
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Fig. 2. Phonon density of states of Zr (a) and H (b) in e-ZrH,.
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Fig. 3. Phonon density of states of Zr (a) and H (b) in §-ZrH, 5.

SIAMEAEE T FIRSME IR H 975 7255 B g
] 5 BE X A% oy, (HERPRSS SEAH T HA R8N
MR RE R s HAR M 5, HA iH 8 P47+ 0.138,
0.146 1 0.156 eV b = MERIFEIE, 7675 JEAE TR
NG A FEEh A 0.136, 0.145 F1 0.152 eV. @]
FSTHAE RS FA5EE S Evans 5 B CTFFEHOR
FEFETEAE G ) 5L B R AT X2 4307, oAb X2
Xh

X2 = Z (Xi - XeXp,i)27 (16)
Hrp, X AR AE RS TR, Xep: N
SO SEAE, n S SEH0 AL
HT (16) PR (W 2) &P, QHA +
SSCHA 773 240 T HA 71 RIS FEARk
FE SR (2 20 AR T 64.1% F 37.7%. X 6HH 5|
TR RE B i A B S Y —
k.

F 2 REVEF LI e-ZrH, 75 TR 2 X H
Table 2. x2 comparison of the phonon density of states

of €-ZrH, from different calculation methods.
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Fig. 4. Phonon dispersion relations of (a) e-ZrH, and (b) ¢-
ZrHq 5.
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SPECIAL TOPIC—Thematic data in nuclear physics: Experimental,
theoretical and applied research

First-principles investigation of quantum effects and thermal
scattering laws of zirconium hydride”
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Abstract

Zirconium hydride serves as a critical moderator in advanced nuclear reactors, and its thermal scattering
law (TSL) data are vital for reactor design. First-principles calculations based on lattice dynamics or molecular
dynamics generally rely on the harmonic approximation (HA) or classical mechanics, thereby neglecting
quantum effects (QEs), which remain significant for hydrogen atoms even at 0 K.

In this work, we employ an integrated computational approach that combines the quasi-harmonic
approximation (QHA), polynomial machine learning potentials (MLPs), and the stochastic self-consistent
harmonic approximation (SSCHA) to evaluate the phonon density of states (PDOS) and TSL of zirconium
hydride. First, the equilibrium lattice parameters at 0 K are determined using QHA. Subsequently, ab initio
lattice dynamics (AILD) is employed to compute energies and atomic forces for a broad set of atomic
configurations, generating a high-quality training dataset. Based on this dataset, a polynomial MLPs is trained
to accurately reproduce the Born-Oppenheimer energy and Hellmann-Feynman forces. Finally, within the
SSCHA framework, the trained MLP enabled efficient sampling of large-scale ensembles, and the PDOS
incorporating quantum effects is obtained through variational minimization of the free energy.

The results reveal that accounting only for quantum-induced volume expansion within QHA leads to a
softening of the PDOS, whereas further inclusion of quantum corrections via SSCHA markedly suppresses this
softening trend. For e-ZrHs , the quantum-corrected PDOS demonstrates significantly improved agreement with
experimental data compared to the HA, reducing the x? deviation for cylindrical and slab samples by 64.1%
and 37.7%, respectively. The peak positions of the double-differential scattering cross-section, derived from this
quantum-corrected PDOS, align more closely with the ENDF/B-VIII.1 evaluated library. Moreover, the
calculated total scattering cross-section exhibits trends consistent with existing theoretical results and shows
good agreement with experimental measurements. Furthermore, criticality benchmark validation indicates that
incorporating quantum effects can enhance the accuracy of ke calculations under specific conditions. The
datasets presented in this paper are openly available at https://doi.org/10.57760/sciencedb.33601.

Keywords: zirconium hydride, thermal scattering law, quantum effects, stochastic self-consistent harmonic

approximation
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