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Abstract

On the basis of the formula for the third-order anharmonic lattice potential, and the formulas for
the lattice vibration displacement and the Hamiltonian of harmonic silicon single crystal, the for-
mula for thermal expansion coefficient of silicon single crystal is derived with the aid of perturba-
tion theory of quantum mechanics and lattice dynamics theory. With this formula, the contribu-
tion of each anharmonic force constant and phonon to thermal expansion coefficient can be calcu-
lated separately, and the influence of each anharmonic force constant and phonon on thermal ex-
pansion property can be analyzed, this is very beneficial to the study on the physical mechanism of
negative thermal expansion of silicon single crystal at low temperature, and is a necessary prepa-
ration for the numerical calculation of thermal expansion coefficient and the study on the physical
mechanism of negative thermal expansion of silicon single crystal at low temperature. Finally, the
contribution of phonons with different wave vectors to the thermal expansion coefficient of silicon
single crystal is calculated by using this formula, and it is found that the contribution of acoustic
phonons in some modes to thermal expansion is negative, it indicates that mechanism of the nega-
tive thermal expansion properties of silicon single crystal at low temperature can be explained
with the aid of the formula derived in this paper.

Keywords

Silicon Single Crystal, Thermal Expansion, Lattice Dynamics, Perturbation Theory of Quantum
Mechanics, Anharmonic Potential

Copyright © 2020 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 518

FEANE St A, | T 5 2 18] AR AR F 55 BARS TP o B X AR I, DRI A8 it (A To B2 K
(E,  SEFR AR A 0 B A ELAE FH 3 RE b S0 B R TP A B AR K =k A_E 33 AR RE T, Rt
FAEREZARILG[1]. 8%, =KEAEARRESAREECD, AT DR AREE . ST DUR AR A X T
AL B SFRET, AR BCA Tk, T LR L AR RNE IR /N, e 4] LR, I PUR T
e RO R =BrAR g A aent. W B, ECLB RS = AEES AR, AR IR LR A &
i ARG b, A ARANE SR T NI, 1 H S sl 71 22 B 2R 7 F A I R B R 3], mbhE T
BRI ) S R, P PR AR A R, AT A B IR IR B A A IR 2R 2K [4] [5] [6]0 AR ST % J5 Ve S B
A TR R BN 3, O JE B RV IR R B BB T 5 S AR T ORI S Wy AL A A PR B 2%

2. AR ERNRIEL SR G ER
R JRT 1y AUV " T ER AR S SO BRI 2 ZZ I ge it T34 {E
Az V2 =(u(ly)-u(l'y")), @)

R AR, FERMEWH SRR T 1y« 1y ZIAEE B R HIEIKAE o 77 171 ) 4 B AT 3R 4 [6] -

DOI: 10.12677/app.2020.1012063 484 S A B


https://doi.org/10.12677/app.2020.1012063
http://creativecommons.org/licenses/by/4.0/

OGS

A (12V7)=2 3 k%(”[ua (17)=u, ("2)][k) @)

o, B, RIE A BIAR BN T A K ARG, HYOBORIA SR, B SR RSN AE A fe
AT e S T T ) R RS — I R B R A 5[ 7]
aukazugamm+Zw@@Aw+Z%@ﬁww @)

a#d $2#6

b, BT 1 2KE T AL By C. DRI 2 KJET O Z A ALBA KRAESRE: U, (6E) =
W%¢5ﬁ?0mﬁ$m1%E¥Zﬁﬁﬁiﬂﬁ%m%u,éﬁéTmA\&C$MLUJ§§ﬂﬂ
=WFR SR A RIEARH 2 KIR T AR B A KR, &, & IO, B'. C'HID .
MRS =B AE A 3, RS S ] 2R N[ 7]
H =Ly (&', B 2" V') (Fao +Tao +Teo +Tpo) (8)

V3
B, o' p A ORITERS @RI SEL g NIE TR AR R, R co AL
o (4)3H BAR DY T A

H'(¢0) = %u (@', ' 2 ©)

Hoft, NAL B, C. D, H'(£0) Nro 3l B {Emifsi e

R AR, AR T O, A 2 i (BB AMICRIR T O 15 e RO AV T2 0 B
WAk sE AR, B RN O A 2 1A HIRE BSEIREK MOAHGRAT T, MORRRIEE AT, i
PO 7E x. y il 2 7T —REM, TR, H(AO)H 15 x J7 I RE BS A KA 3 My RN 86 55

HL(A0)=2U (/.52 Koo ©
SRATH 510 (AO) FFSI B AO 72 x 771F1 LIBAISAK A, (RO)

3. ABKITHEARN

BERE BT A N ANENE, IF 2 L A 2, LB B3~ AN O 2 IRIHE x J7 [a] A 4y

K AT R ™R
k|H, Ao)| i)

A, (10,1A) = 2zz<

0 (ilu, (1,0)=u, (1, A)|k) (7)

b, u (LO) Atu, (1, A) 23 A SR | I 5~ O R A A28 O BEAE x T ) L) 43
_ h " iak-R(1)
Ua(l,l) kzj 2Nm(l)kJ ea (Z|kJ)AJ(k)e (8)

S, A (K)=a (K)+al (k) - a) (k) Fla (K) 48508 75 17 A SRR S A7)k b | SR,
PR LU RIS N, A FTEEARE T O A Z 1075 x 7R K T3 8
5,(A0)= £ 2T o (kI (AO) Tl (10)-w, (1R ®

jkij k

HRAR 75 T4 5 o s JEL T 28 2R P A R TR B O MR T, L | ) ) R A A2 —
NEF, RE -E ST %A TR, BIRIE AN &, WIRE -E REEE, BT

DOI: 10.12677/app.2020.1012063 485 S A B


https://doi.org/10.12677/app.2020.1012063

OIS, ST

u, (1,0)—u, (1, A)XTIX I, 1, RFCAE, A, (AO)AE, MMALERMZIK, | j)f k) REMHZER —
4‘%%%‘ o, WARGEER, HAE x J5 A MRIR, ZFEA BEXT d R A x 7 A IR AT ook, RIZRENE
k>0 o K, =0 o ¥ K >0 . k,=0 ft A a7 25 B[, 43 % 00 A% &N

o):[eg(A)]*=eika/8/ﬁ, e2(0)=e®(0) =’ (A) =’ (A)=0, TEHTHRRFILREILH|n), %
TN o (k7 )

u
=N
=

[ ()] =~ £ 2 () (10

AR B R IRSPRES OIS, 8 THER R HILN|n), Hd, i=12, o HRAELL R4,
AT ELRE9) 3 ¥ | k) A | ) o A

|k>=|n0+1'n1""'ni"">’ |j>=|n0'nl’...'ni,...> (11)
Bk
) =Ino =L, ein o) o [ ) =[ gy, o) (12)
¥ (1) (12) AN RX), HRE- PRI, HEERESERSZME, RFEitE—E
ff, EpfS
5. (r0) 2y 3 e s 0] ) &
Hor
X, = U, (I'0)—u, (I'A) (14)

WHE@6G)R. A1D)FM@2)R, 5

(k|H;(AO)] j)= {NU(a, At e S A S A (15)
NU (', B, A" v ) (N =1 X0 [Ng) 2[K) =g =Liny, =), | §) =g, 0y, ) B
R (6) 30 1 75 1 B = A SR A K SRR, T 4
1 .
—(n0|on|n0+1> k) =|n +L,n,-), | ) =|ngny, )i
(i]%0 k) _ hwo(k ) (16)
©_go 1 5 _
EJ Ek W(nO|XAO|nO —1> él|k>:|n0_1,n1,"'>, |J>:|n0,n1,>ﬂj-

¥ (15)x0. (16)=NLL K (B) AN (13), 2

A(AO)= LZZX (a'vﬁ"”ﬂ/')); <no+1|A0( >|no><no|/'\0( )|n0i1> )

96m[a)o(k )] k]
S, A (K0) = 2 (K0)+ 5 (—K7) - ag (—K0) iy (k) 4B A 07 A SRS RIS R 75
?E’Jrﬂ’%ﬁ FERIEE KSRV, 13

A (AO)= —M(E‘:%()kww (a4 V")) (18)

£ LX), 7

DOI: 10.12677/app.2020.1012063 486 S A B


https://doi.org/10.12677/app.2020.1012063

OGS

— 1 C oo e
AX(AO)—mu(a,ﬁ,/’L,V) (19)
BRI LR, FEE R A BRI IR R K AC IIFE X J7 FIFIZAK 4 15, DL 3 Mt
WK
1 ’ ’ ’ ’ ’ ’ ’ ’
~3Eura) ;(u (eao,a,ﬂ)>+§§§<U3(é§1,v,ﬁ)>+§§§<u3(§2§2,v,z)> (20)

T R R A X AR, R 8 — TR A A BT DU ST 72 22 (0 K #0455 T (U (AO, &, B)) »
5 R =R R BT 12 DU AE IS AT (U, (ABV, ') IR, T s B A KT

faitb A
4 ! ’ ’ ’
Aa:3(8ﬂ+a)[<U(AO,a,,B)>+3<U3(AB,V,/1)>] (21)
Hrp[7],
<U (AO, allﬂ'» = _%(a,_ﬂ,xxéA + yéA + ZéA>_%ﬂ,<(XAO + Yo T Zao )2> (22)
(U, (ABV', ")) = —%<A’X§B V(Yoo +200)') (23)
WRAEE@)AA(21). (22) 2(23)=, FFFI A FHAFKIVER, 1554 5 BRI A =
B 4hp (_ l)
Aa_kz,-stwkj Bura)l 2 @)
Hor

1

:-E{wf-mgeg (ol (84 {5 (00 (ab

)

(25)
k, +k
+122{/1'|ex (Al +'[e, (Alki)+e, (A|kj)|2}sin2 (”T)a}
K
g AR TR, R At gii[6]:
—_ 1
Ny = okt _q (26)
Hr, k, =1.38x10%J/K , A Boltzmann & %
4. ERFEBERAEKRETEAR
IRAE NI REUE Xy =dAa/adT , W ARAK REARX
4ip, on,, n

= %“SNma)kj (8,u+a)a6_T

FEQT) T, SRAMBURBE N K HAE 70 K R Ey 5Tk BT @7, BR T py MO HUE
8u+a A, FESHH VI, BRI p g FIEMERS, WIBEES kj B 70 A AK 2R 80 5Tk, 1024 py
PGAERT, RS Kj I97 70 IR R e ook T8 (25)3, TRATHRA MRS 110 oy » IFHI

DOI: 10.12677/app.2020.1012063 487 S A B


https://doi.org/10.12677/app.2020.1012063

PO, P

Wy FL I SRR, AT AT L3 H7 2% 78 10 TE A2 SR 808 2 SRk R 8ch ok 534k, th(25)30mT %0, (27)
K pyg 5 aHE IR NR B K18 B AR 2 0 W e R S B TE 5% 1 (26) s mT 1, (27)Ah i
om, oT NIE, HT - 0K I oy /T —0", Jf H on, /oT B B3 g hn, /&R iR ~, BI
KeT > o N5 0Ny 0T — Ky [heog o PIMAEAS I K K75 7 il B2 V05 Rl o s 2 X0 IE AR AT Dok, miont
FAEIKA DTN, IFBRIREE MR RN AR . T > 0K A, FERSEIAEKRE, >0 &
I, R B AR AR SR By I DL R W B

4piKg
7=ij3wakzj (é,u+a)a (@8)

AR He R A, BHASCHE R P RECA S, JRATTEE AT DI AN HE G 7 BOnT ek 5 3
HEZ I 2R ) M 23 AT VR B, AT DA AN 75 56 1k B i P IK AR B DR e AT VAR, 3K O A
L T ARG T ek B it 1) B A I BT )R D it 1 07 (8, X AE R A SR S ORI FE T VAR EE T 001
) /1% (MD) [8]FIHESITL(QHA) [O] ML AL .

T RPASCHR A e 5 P IR R B SRR E AT 10— 2P B B0, FRATTTH5E T k, = 0 I, 7E 600K
WFEETN, ANFIREAS A 10 K R BN DTk BE R k, Mk, AR &, S5 R ANIE 1 ffoR, Hp 2
3 MBS 3 AN EESE, WAL 3 ANEIR R 3 465, BT (25)iH, o' - g/t FEEE T py &
NIEME, XRIZIK REG TR Oy UE, R 1 R, BT AN ORI R B DT £,
TR IR T O TR, IR GIR G O A 2 T EuR 2 TR s 1, AR T AR
PEIR FEHR T A1, iU 2 KPR

%106

DOI: 10.12677/app.2020.1012063 488 S A B


https://doi.org/10.12677/app.2020.1012063

OGS

x107
10

! ¥
SRS 009000, %,
NS5

S
“8\‘\“’-‘.

N
A

y/"K-l

Figure 1. Contribution of phonons with different wave vectors to thermal expansion when k, =0 at T =600 K
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