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Fig. 1. Schematic diagram of the elastic half plane of a ma-

terial surface subjected to excitation.
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Table 1. Table of parameters related to nanofilm properties.
28 = YRR L HUE
5 gt AR S B T ) T 5
) = 03 J o Palldl
PR B, ATy - SiO BRI 75—80 GPa
\ ) - A 1B i TR TR 0 e
RHEHK A AR I R N 1 T PR
GATERRK AL ORES S m PRSI A TR X R A = 1
“H= He pa SPIEZ b =H= HB R %ééﬂt%%m: 4[12]
YK EREAN S IE S 4L w FHTHEIR AR GE R %) F2 T RE 2 B 1950 w = 4%
[N Dy KR RAAE R T Dy = 2dy (dy i EAR)21

X, fi(2) 5 (o) 2VEH T EU X80 2 m 5 )
mER 1, Jo e RAER TSI ) — A HeAFT 51 20
YK ZERREAE RE D = h(h — oo) , AR ARG FLR
S RIR N Dy = 2do 1. IESE w = 4, RN
£ = e,/ 2 = * P NIL R LR E oo RN

—3A(1+3)]

x [AE)?+20\ — Der+(A-1)°].  (15)

XH, g NIRRMAER L, N\ R hiE S 4L,
aos AR BHE S 8 EL, ex RN ). 7
INARTEARGRE T 1 1 AR G /N T 1, S5A U R
B, HoJo =1+ 2(*+X—1), ZW&E TR
M, (14) AT faifk

62

UZZ‘Z:O + fl(x) = _¢Ob

82
Twz‘zzo""fQ( ) ¢0b

2.3 [ KAR
AR (10) 2, (11) R GRS (16) TTLISY
RIS SIVER T R I R BT HE:

A€? +— / f1(z)e®ede
¢0b

o AL+ (1 —2v) B¢ (17)
+oo
B - Ae)+ 7= [ ploe e
:?%qu—zmau—vﬂa (18)
2G

Hi(17) 25 (18) sRek M T 1 R BT
T LR

A AREIe - - 1)
-4+ v-3)122+8w—-1)1|)

_ 2f2(€) (12 +21¢))
B=—amirm-nrese-nig Y

BHL F(&) RRIAS | TR LR 20 52 L1

Zy — Zg Ub
] — ¢Ob _ b coh‘ l (20)
G Zb ap1ap2 SIn 6 T

b, PRSR T RESE JEE op e TR S 10 LA 101 BR 1Y
i, SRR T BRI Ry IR Gi%ﬂli
FORHIRTTBI VIR IRE ST, S TR T IS5 &
SR Z, Je RO, AR P — AN
52 R TR H  Z R R RO R, IR
7 AR B R T B (2 - Z0)/ 2
JEAR A JUT W (BB ) AR AR L ) e 491
U, (9) BRI Z A RE, AR R4S
PEHISR5; ao1agesing (nm?) 27 F 1 i i A0 1T B
Y (GPa) JEBTUIN A1, 7 R STVINAZ. fE9K Bk
H R T L RORARR, A7 A R B, 1
TR I S PR BB I LA B RE B . s
AR, 1 () 255 3 TSN AT S Y [ A R R,
Sk 1 B ER AR sz B VLN AR I, %
TE i L B 7 £ 9 B i RO AR 745 5 R3S
SEEHRBTST VI AR I RE ST

ek A0 B R KO0 R (19) ARARL 7
Hidfit, BAERnT:

\[/ [ 4(vlE 4+ 1) — 2(1€ + 2)€z
44 (dv — 3)I282 + 8(v — 1)I¢

X fl ) cos(ﬁm)} e~ *de,

156201-4


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. 74, No. 15 (2025) 156201

2{2] vfllf—l] (1€ +2)€2) - .
f/ ( A+ (w—3) 2218 (v 1>l§f1(£)cos(§x)>e £de,

[[£(1 — 2v) + (1€ + 2)&z - _ B
e \f/ { 4+£4v—3 1252(5;@)51])l§f1(£)sm(§a:)}e U3 (21)

1 — 2’[) l€ + 2)52’] = . —z€
\/m {g S 1)Jﬂf<s>sm<sx>}e dé +C,

2[4 (4v—3)i€ — (IE+2)¢7] - e
\/ﬂa {g Sy 4v — 322 + 8(v—1)1€] 11©) COS(SI)}C de + Co. (22)
XH, G5 C, BN E AL

3 BMELERE N

KT RATE, BIALENS S € =t/a, 2 = x10,2 = z10,1 = Lo FA, I JEAHE R, R EAG
KEERE | 58X o f (l/a) %I/\%’zﬁxﬁlﬁﬂﬁﬂ%ﬁﬁjﬂﬂ SER. 3 VR FH 3 iy R mT

H (23) XFR:
4wt +1) —2(it+2) 21t fi(t/a)

o(@1,21) \/>/ —44 (A =3)Bt2+8(w—-1)lit a
2{2[(v — D)lt — 1] — (Iht + 2)z1t} fi(t/a) L

t tde

=(71,21) \/>/ ( —4+4 (4v—=3) B2+ 8(v—1) 11t a cos(x1t) | e=dt,

2[t(1 — 20) + (it + 2)z1t]  fi(t/a) . L
22 (21, t zitqg,
Tez(1,21) \f/ { It (40 -3)22+8(w-1hLt a sin(z1) p e 1d

u =

cos(mlt)] e *ttdt

(1 — 21}) — (l t+ 2)1121] ~ . ot
u(xy, 21) \/ﬂG {t Tt @3 12t21+ T fi(t/a) s1n(x1t)} e #t'dt + (4,
o= e [ (bt 2

X, O Cy EPAFR AL SRS W2 215 R T1°8 fi(x) = fo, H fy %k, Wk m e i
B FRAAR A] R A
fi (2) = foa\/zsmt(t). (24)

185 SR S 2 5 10 B AL RS A 0, HakJ w(0,2) = 0. [RIEE, S8 85 V)47 B 76 5 85 s sa Bl 0, B
w(sa,z) =0, H s 2 —NHBRE (s>5), MR AR 0. X WAL FE 0 FA 0T LU &
Cy 1 Cy. #4 (24) SACATTRE (23), S AT A A E T D ER AL (2 = 0) BN T BP0 1 SR8 1Y
fiEetii, BB s (25) Fos:

2fo 4 (vlit+1) sin(t)
oa(@1,0) = = /O { I+ (A —3) B2 +8(w—1)ht ¢ Cos(xlt)} at,

oo (21,0) = 2fo /0OO {4+ ( 4(v— 1)yt — 1] sin(t) cos(mlt)}dt,

B o —=3) B2 +8(v—1)l1it ¢

B 2f0 e 2l1t(1 — 2’(}) sm(t) .
Ta2(21,0) = = /0 [—4+ (40 =3)[Ft2+8(v—1) It ¢ sin(@1?) | dt,

_ 2afy [ 2(1 —2v) sin(t) .
ul@1,0) = =5 /0 [—4+(4v—3)l%t2+8(u—1)llt - Sin(zt) | dt,

o= 2 [ [ D0 oy (o]

156201-5


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. 74, No. 15 (2025) 156201

R (25) 20, AT LA BLARSR AN 5 SR T RE Y
S, IR 2RI 5%, AR RAE R IR )
FHESHL 1780 0, A ALR AL g 22 S R 7,

3.1 REBNIRER N5 HHIF M E

ST I TEUE T, A2 S SR
SR P AR S SR 25 M I R T 1274 T R SRR
LI Ry B, ROK AT Ry S10,, HAIRA L
1 0.17, RET YRRl 31 GPa. T3 1/ 32 2 41
R, O EALHAE, RN R e, 5
o, WZEALFRIEAE R AL RIS BE (2/a)
FoR e N ES R, o, o, SHEIIE f BILE
(o(2,0)/ fo) FrnFRIMNL SIHT = 5 A G O, He
RERASAY S W2 18 1 7 BERIFTE 7 B AR g, 3
AR 1 FIE BN ) o, 5 o, B4 ARG B AN 1A 2
Fi7R.

1
ot R —
PR I
, | — LAiE
—02r IR | -~ l/a=01
- 3.08% | —=1/a=0.3
S o4t ! --1/a=0.5
B g o la=0.7
& g6l l/a=1.0
< 6F

0.8} ,

—-1.0

z/a

1

1

EEETTAL
/; — G
HIRHRE | " lfa=01
- 1.49% | —=1/a=03
= ! --1/a=0.5
B S l/a=0.7
8 l/a=1.0

S

z/a

B2 RmyHSHAER  (a) e FER 0" og ;5 (b) 277
lﬁJﬂjﬁ ﬁ}ﬁ Oz
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component; (b) zdirection stress component o .

W 2 R, e IE T, TR
OM A AL TR SRS, AU XN o (2,0)/ fo a3
(EARZE g 1 R e Il X 3300 TR e R 1 1 7
2%, RN GBI R 0, YR58 Ak A2 3 IOk

PR, H B B AR PL G2, 3 15 28 s S
4 1 F T )30 AR AR A

YRR, 4 IRZE, a2 KT 1, BV /a5 T 0
I JHE IR T REARG, 9 1 Ji 7 ) RH EL AR FH g 89, i
WOV LSS, S Mg R R AR, g
a 8/, 1o SEOR, IR T )5 IO Bos /b, SR
RETH i HLAL TR P2, R 7 R AR AE il
R A A5 2O S BRI 7 A S R A LA,
R THI 07 5 W) 1 5 S50l DX gAY o BB, g 4 v
AR e X8R K i1 SRR 2 I IV ) 52 3 T80
MRS, S4B LAk R R, £
B 5 DX e /N TG 0B . S, AR RUEE
TP S AN TR ], RO BN ) 43 A
B 2 S PE RS, LA 1 /a = 1 NS %, Y
xfa = 5 W, ZEREN )70 5 54 M AE 1R 2
X500 3.08% 5 1.49%; BEE «3§ R, x/a =5,
FIRHE ZUURF P 4 T2 S, R IATA0 52
]2, 2 MR PE B L (R, 2 a/a <5 B,
BEA o 800N, SR AU, 28 s P B i
PN TR 22 i 3%, b AU JE SR THI A8 1YY W,
2 ML E S R TS .

3.2 FREMMIIFREHVIL 5N
pIKES
BYYIN ST 7. (2, 0) 5 fy B HAEZR IR B UIR )
PR RN, HLAE SRTTAL 1 4376 Qi & 3 . Aidds
Z AP VBT R, IR AESZ T A v
FEAE ARG AT Z IS AT X Si0, /St 22 WL T 4
¥, U253 AR R A 1 22 5 | g, FEsy DI

0 — - — — —
N /'/'.'/,""/ .
W s — ZWHE - -1/a=0.5
—0.02F 5 ) -~ 1l/a=01 - 1/a=0.7
ALY L - l .
v --=1/a=0.3 1/a=1.0
< —0.04f M I ,
~ 0k = 7
) b —0.08} i) i
£ —0.06F |y N
K (] —0.09}F
—0.08 +
i / —0.10}
—0.10 | _011 ) ) )
0.8 0.9 1.0 1.1 1.2
—0.12 L
0 1 2 3 4 5 6 7 8 9 10

z/a

d 3 R BTYIN ST 70 B A1 DL
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Abstract

The rapid advancement of micro-nano acoustic devices has led their core acoustic structures to shrink to
the nanoscale level. The influence of surface effects on the mechanical properties of thin-film materials on a
nanoscale becomes increasingly prominent, and the classical elasticity theory struggles to accurately describe
their mechanical behavior on this scale. In this paper, a mechanical model of nano-Si0O,/Si heterostructured thin
films that considers surface effects is developed using surface elasticity theory. This model incorporates the key
parameter of surface energy density. In this paper, a mechanical model of heterostructured nano-SiO,/Si films is
developed using the surface elasticity theory, incorporating surface effects through the introduction of surface
energy density as a key parameter. Using the Fourier integral transform method, analytical expressions for
stress and displacement fields under surface traction are systematically derived, revealing the influence of
surface effects on the mechanical behavior of materials on a nanoscale by comparing the analytical solution with
that from the classical theory. The results show that when the surface stress distribution deviates by 3% from
that predicted by the classical theory, the microscopic properties of the material become significant, and the
surface effect cannot be ignored in a range of five times the width of the excitation region 2a. As the size of the
excitation region decreases, the surface effect is significantly increases and the stress distribution within the
excitation region and near the boundary becomes more concentrated than the counterparts in the classical
theory. The shear stress is no longer zero, and an extreme value is observed at the boundary, which is
significantly different from that predicted by the classical theory of elasticity. The transverse and longitudinal
displacements are reduced compared with those from the classical theory, and the surface stiffness and
deformation resistance of the material are greatly enhanced. Significant surface effects occur on nano-
heterostructure thin films, leading to large deviations in stress and displacement distributions from the results of
elasticity theory. Therefore, the classical elasticity assumptions are no longer applicable in the corresponding
nanoscale range. The results demonstrate that the propagation of ultrahigh-frequency nano- length acoustic
waves in nanoscale solid film surfaces is significantly affected by the scale effect. The failure of the classical
elastic wave theory on a nanoscale is of great value for the study of nanoscale acoustic theory. Furthermore,
these findings provide a theoretical basis for the subsequent development of more precise models of interfacial
effects and a more detailed investigation of the influence of the film-substrate modulus ratio.

Keywords: surface elasticity theory, nanoscale, surface effects, failure phenomenon
PACS: 62.25.—¢g, 68.35.Gy, 62.30.4+d, 68.60.Bs DOI: 10.7498 /aps.74.20250456

CSTR: 32037.14.aps.74.20250456

* Project supported by the National Natural Science Foundation of China (Grant Nos. 52174151, 12474468, 12075189), the
Key Joint Fund Programm of Shaanxi Province, China (Grant No. 2021JML-05), the Key Research Fund of Shaanxi Yulin
City, China (Grant No. 2024-CXY-165), and the Key Scientific Research Project of Shaanxi Education Department, China
(Grant No. 24JR112).

1 Corresponding author. E-mail: tzhang@xust.edu.cn

156201-9


http://doi.org/10.7498/aps.74.20250456
https://cstr.cn/32037.14.aps.74.20250456
mailto:tzhang@xust.edu.cn
mailto:tzhang@xust.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

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

T [5]1S10,/S157 5 451 B 9K S 10, R R T RN e B PR B SR BCH B
PR RiFE XEF FRE AMmA KW
Nanoscale surface effects of Si0,/Si heterostructures and failure criterion of elasticity theory

MING Wei ZHANG Tao  WEN Zhijing LlLekang GONG Pengjie = ZHANG Guangming
5| {5 B, Citation: Acta Physica Sinica, 74, 156201 (2025) DOI: 10.7498/aps.74.20250456

CSTR: 32037.14.aps.74.20250456

TELR T2 View online: htips://doi.org/10.7498/aps.74.20250456

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

AT REBOGEBR  HAN S

Articles you may be interested in

R TSNS 2 K A AN SR AR R 52 )

Surface effects on buckling of nanowire electrode

PIBR2A4R. 2022, 71(3): 033101 https://doi.org/10.7498/aps.71.20211864

45 WA 2 T8I A 2K RUBE 7K 1 B AR A2 O

Phase transition observation of nanoscale water on diamond surface

YrH2E 4. 2022, 71(6): 067601  https:/doi.org/10.7498/aps.71.20211348

MoS,/SiO, 5 I A 5 RE A I ATl 2 i
Adhesion properties of MoS,/Si0, interface: Size and temperature effects

YrH2E . 2024, 73(5): 056801  https:/doi.org/10.7498/aps.73.20231648

ZKSI0, 5 5 X Mg, Sh SRR AL PERE R R
Effects of nano—Si0, on thermoelectric properties of Mg;Sh,—based materials

YrH2E 4. 2023, 72(11): 117102 https://doi.org/10.7498/aps.72.20230176

FeNlMo/SlOZEA*J,J N R RE R

Preparation of FeNiMo/SiO, composite core and regulation of soft magnetic properties

YrH2E . 2022, 71(15): 157502  https://doi.org/10.7498/aps.71.20212317

BalTi HE I M R KPS e R 4

Large electrostrictive coefficients of BaTiO;—based lead—free ceramics

YrH2E4. 2022, 71(16): 167701  https://doi.org/10.7498/aps.71.20220451


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250456
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211864
https://doi.org/10.7498/aps.71.20211864
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211348
https://doi.org/10.7498/aps.71.20211348
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231648
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231648
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231648
https://doi.org/10.7498/aps.73.20231648
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230176
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230176
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230176
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230176
https://doi.org/10.7498/aps.72.20230176
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212317
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212317
https://doi.org/10.7498/aps.71.20212317
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220451
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220451
https://doi.org/10.7498/aps.71.20220451

	1 引　言
	2 异质结构纳米薄膜表面效应问题建模与分析
	2.1 基础方程
	2.2 边界条件
	2.3 问题求解

	3 数值结果与分析
	3.1 表面效应对表面应力分布的影响规律
	3.2 表面效应对表面剪切应力分布的影响规律
	3.3 表面效应对表面位移分布的影响规律

	4 结　论
	参考文献

