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gmzm  Y(y) dy y
8% z(z)
2 Z\zZ
- h 1 _
el S, P ] = E_ . ...(9.23)

L3 ) -} o =l - a v 1 k & [
wuldunoutunsdl 1 58 uudunu ¥ M XYZ uszunu E e E,
1 i) W nnﬂr ° [ Qs
E, uas E, Tgmlundas 1 Salduiuui ndl 3 fdideddeeusneacidoaiu & a,
L 1 - hd Q- B
b, ¢ {unweIveIndaslufiang x, y, z @WAGL iwTzaiu

th
x)= () %ein Px"¥ B, = Tx (9. 24)
a 8ma’
242
Y(y)=(%-);!sin “:[“Y , EY = nYh ... .(9.25)
b 8ml‘)2
2% n Mz n?h?
z(z}={3) "sin "z , E, = z ... (9.26)
c 8me

ny, ny U8Z n, Wudrwauereuduluudss lnsefaua Saurtu 1, 2, 3,0, oo

& o = 4

L2 8 ] A 1 -
MUUNINTUARUNINNA ¥ (xyz)s = x(x)y(y)z(z)mmuawnm'lunamaum

Weuldidn
. on s _. n 1’ : n fz
vixyz) =22y 2y sin B sin Py sin T2t g 50y
a b c ——é""‘" b
JraunaITmINasDu
2 2 2 2 2 2
E _ E +E +E_ nhtoyo onyh o, omeh
- y 8ma- 8mb? 8mc?
2 2 2
L 2 n n n
dufa E - e S AP A .. ...(9.28)
m a b2 cz

206 H 343



a ) da ¥ Y | e Al llv
AT IUNEEINTANEIING 3 UTNTUAD a = b = ¢ FUMT (9.28) gl

u
h2
E =———— (n®* + n%* + n?) e e-2{9.29)
8ma? x y z

P a a 3 X o &
AIfunInuaga §8 8§D IUSAW (ground state) AD n,=n,=n, = 1M
. X
WRIITUVEIF DN AD
3h2
E1 11 = T (9.30)

8ma?

AA Qs A’ X A AJ 1 L]
ns@ifisoustatunluangousiu fin aoush n, =2 U n uaz n, Son0 -
: Q' ]
1130 n =Ln, =2n, =1 w38 o, = 1,n = 1Uzn, =2 A6 3 AOTUSHITIWAI WY
Mfa
6h? 3h?
Eayy = E.. - Eo= o 30 L .(9.31)

- 121 = 112
8ma* ama®

A At U Qs ) Qo ] G 1
MINAADIUENIBUANAWTU (@, n,.n,) LARSR DU INEINWYNTIW 1TumIn

- 1 :l o J )
HAIMUOLTY (degeneracy) TUNRMUSIAEIHTT AIUUBLIN (degenerate) ITUIUTOUSTTINGY
1 L4 1 ..J J L J
NWYNIU 138n3 AnTUasfiamuaisd (degree of degeneracy) WUAD FRULTDAINEDMUA

P 3 & a K2 o s a o A A
UWﬂ\’\)']'ﬂ'ﬂ']q@’Ilu&n JE = 24 3 ANTUDIALIULUBLTE WIDLIUN three fold degenerate

a_ 4mz?
W38 triply degenerate

- “ e ] 3 ol
31.’” 9.3 LL&@]Q?:QUWRN'IHU'NF]’HIE]Gﬂ‘lr*n']ﬂluﬂﬂﬂdﬁﬂﬂ’lﬂﬁﬂﬁﬂu’lﬂﬂqquﬂ’?’w

ALY a danuznloudy n, ny. n, e 9 fu

CH 343 297



Quantum state Degree of
{1y npn3) degeneracy

19 ——— (331} (313 (133) 3
6|— @1N4N (1A 3
17 |[——— (322){232) 222 3
14 (3211{312) (231)
~ f122)(123) (213 6
i (222}
N3N 013 3
5?:11 311 (1311 (113)
>
2 9 - - (211 (2124(122) 3
W
@
6 —————— (2nj2nima 3
Y — {111} 1
0? —_

A O a i
:ﬁﬂ 9.3 U.ﬁﬂ-ﬁ:ﬂUWﬂOd’Tl-l'ﬂEl\‘!ﬂ‘l*n’lﬂ.luﬂﬂﬂd

2 £ 4 -~ J - 8 v []
nmufizumslesaaseilunsas 3 §8 Faa S mauendaurlais Wudaaths
o~ &l v - w N e a [ a o m - -
weATmnlives 9 lunamaaimendy Twan 9 1ufie Widsudenidiumsalisladiou
] o d X v o o~ o vo P F o
'luaﬂnammmeufna:mmmunumuﬂsmmm wlamasvuiduWanguraslnasfaiua
Ty ’

a

o A
HUAD H

~

% h,
, 1 1 » l
duisiTuan ¥ douldluguneguuesianduniubes 9 luuds:Tnoata

b

ue
¥
IWTICATUHU ¥ =T ¢i (qi)

d . o 4 ] A; o - o -~ ar ¥
Lﬁﬂ@i(qi) Tuwantuafudesnauny lres Saus g, S TuNsunmue Jowle
[ -l J ry A' J o
'Lu;ﬂnam nueInsImlurilnaTidea z,) fifinrinmaunfounlulneaiug o

tiufa E = IE.
i 1

- -~ P -l . - a -~ -l
WmuendudilfinniuszuuiiiiEnaseunaod  susigmsmiurzyunil
-~ B : 1. lx i R
Sidnaseunmedii 13un uuumnmaynﬂﬁ'lwmanu (independent particle model) JTBANEAT
J.l r ] (.3 ] l‘ L") -~ . A -t [ S o O - -
i mmtmmammu'lumuwmnum‘lﬂu"lﬂﬂﬂtmmqnéanma:nu‘lmnmmumm'ma
Tailou

298 CH 343



INFUM3 (0.7) MIdwIMwImEINUBeRmalunsed 1 I8 seinlusegnd
'l-ﬁ'i'mmﬁmaﬂumqaﬂwﬁuﬂ?Jﬁﬂﬁ’uﬁ:uwﬂaugmmw (conjugated organic molecules)
flosnnfuesnrdsznovuusiiAeansn 1 Bidnaseululuians SR T OIS
v89 1 Bifnaouiinaaniilianmaus: Snsmsdanunioufilunses 1 53 il
mmm-ﬁwmwm:m‘a‘wmuaaﬁgnqﬂnﬁu‘lﬁ AaunsamAuessnsyUsznauin g 16
datagu ssfnsansdszney frazladu (butadiene) H,C = CH - CH = CH, Fafl
41 ﬁtﬁnmauag'luﬁ’num:ndm 1 §8 AMUEMIYNALAUETITEY chain THAD ATNETITB
WupzC=C2 ¢ it 2 x 1.35 A LINAUAMINEIIAUSE C —C 1 § 1Y 1.54 A uszUIN
fusaivasecaeumieuiilang 2 $193ummriAY 154 A Taue NIty 5.78 A
wnuertusums (9.7)

2.1
E = BB
n 8ma”
- (6.6256 x 10727y 2 syl sec ?
- =8 - . (== = erg)
8x9.1091x10 x(5.78x10" )2 gm.cm 2
= 1.803x10 2(n?) ery
1 .803x1071 2 (n?) em™
1.986x107" 6
= 9078 (n%?) cm™

t - A ‘4 A 1 A

f1 n AR nmAniLhAeNAGTY (Pauli exclusion principle) A lusouzviig 9 9zl
- (] Lo L g - x G A o
mé‘nmnuaq%’-z 7 AIUU BENeTEUNI 4 '-J:a;iﬂ.u 2 TEALLTN MUFUN 0.4 WRINUIBY

- Q. ;d oo o« L W A’
nmu:m:v}’uu'mﬂaa‘s:uumamté’nmau 4 fHlfe wABENATEU 1 mgnm:qwu'lﬂag’lu
-~ “ A - -l a | 32 -1 o A

AU n = 3 WD wlsnufigneaniueswniy 9078 3° — 2y = 45390 em ™! (~200 A) magjﬂ.u
) 1 L] : 1
299989 UV UNaf1TUsznoudai lauis

CH 343 299



L

P e

4 e o e a
31]11 9.4 uams:@uwmmumgmﬂ'lunaaammumsm:nau

4

Thezladu

[t = )

9.2) A& ud3Tadin (The Harmonic Oscillator)

frruumasssuufihsuladsdfnwanwuudduesluin - drethady
msé‘uwnﬁaumaﬂumqﬂa:maug}' wszmseRauvasezaay B NuaYIRT (lattice) 498793
mﬁﬂwmnﬂum':Lﬂﬁauﬁ'uaaatgnm’[uunumﬂuﬁn Fsua 3 lufinAde mgmﬂﬁ
faam m indewlsnluwadun s D x IWEsrudng v = 1 1ol Gowlyséyues
msm%uﬁwuﬁﬁa 2e0WIIAUM (restoring force) vnammlmmunaunungoﬂmﬁmn
mannsumuum St UL UNFLNMREARIBNTI F = —kx Rensonlunasiaas

ASINENME IINNJUBIZN (Hooke’s law)
F = —kx .e..(9.32)

A < 1 J
e F = mam:muum&n’mlmmu X,k uananuo sy (force constant)
[ G - ‘J
ez x +Jun15u9a (displacement) wmimﬁgl}ﬂ 9.5

F
p————— —
:_’ 44—
i S

b=

—p x

gil‘n 9.5 I.Lﬂﬂ\‘iI.L‘Hﬂ‘S.,YI'IUHGI’Jﬁuﬁ'Iﬂuuﬂ WiJ F m‘lmaumﬂmaaunﬂug'

Qﬂﬁ&lﬂu

wé‘amuﬂnwmﬂuﬁuﬂmumaﬁmm F i 1dansumy

- dv
dx

v
wrzazuuale v

kx? cee.(9.33)

300 : CH 343



9 i o« o ar a  dw o -
ﬂﬂ'lel'm:ﬂ’liLﬂaBu‘ﬂ'ﬂﬂdﬂl@qﬂﬂ:ﬁRﬂ‘b‘ﬂ&:ﬂ?dﬂU.luﬂgﬂ'ITLﬂﬂBuﬂﬂlﬂﬂ 2 183U

Qe - x -l W A
U A8 F = ma wIzaswuorwdoulaitu

2
P D (9.34)
dat?

wufe sun1y (9.32) (NAUNUNIT (9.34)

dt?

-3
a2 k 3
“ID X L £Xx = 0 eess+(9.35)
acz "

wiEun1s (9.35) ud az'lanasuiiu
x = a sin (2t + b) ce...(9.36)
4‘ Ld 1 J L. A I.d J -l
o a uaz b iuaninveInIBuanTe wae ¥ = ANhveINIINU Tl

Y = _gﬁ (%)% ..... {9.37)

wWiMIRh Ao T =1 | ax |2 Tendviersufianmaunis (9.36) A i

2 at
t 9l
T = 2mf®?a’cos? (2t + b) ce..(9.38)
WaIUANGRD V = 32- kxZ WNUAD k INANMT (9.37) UsE x INFaMy (9.36) ax'ld
vV = 2mN2y2a2sin® (21t + b © i eea(9.39)

SUMT (9.38) + AuM7T (9.39) 3 ldwdromtimuaiiu

E = T + V = 2mi?y2a%2 = ka? ve..(9.40)

1
3
(DFUAIURUWUT cos?0 + sin%e = 1)

n‘j"l‘l‘hlﬂJWﬂN’Mﬂﬂﬁlﬂﬂ;{ﬂWﬂTﬂIUﬂﬂ ﬂ"IIJEIJYI 9.6 m*n’mmnaunau'lﬂnaum

TEAINNI X = —a WAt x = a WD E = ]2.. ka®
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whaou pillu -in 3 ld@aufiumislaladiowda

8x
H = - h? a2 L kxE L (9.42)
8f*m dx? 2
i ldnisiimsuuiantunduen ay = v a2'ld
a2y 8e?
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dx¥ h?
AIINURUNT (9.41) LTULALIIU
] 3 . y | | A‘ 4
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h? B '
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szaandatu sumslanainmauauudaud s v 8 = VBx , ussusvzlv
- P

da?_ g & FuNM7 (9.43) aidaswiln
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2
L2 G-y = 0 ee.(9.44)
462

RzuiEuNT (9.44) leswuuues @ la@n (Asymptotic solution) 189 ¥ (6 )
L) = " 1 J | J [ 1 4 -t Q W -l ) »
Tapldnn 6 fawnn 9 Wade v ezflunsanivle wanofiein 61 6 deann 9 udd
® o al 1 [ ¢ w L oo o ‘ L ot [
fv2ds6 seilehfuwinouunzlaiidugud dnud s fsanng 1§ exdagun
& b : % L i
udansle Wafluuium 62 auny (9.44) aznfisulainiiiu

2
a_ ¥ _ sy ...(9.45)
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A’a- w A A 2 Ao [ -
aummtﬂuaummqwuﬁauﬂu 2 RWUNEY 2 HMDUNB

Yy = c.exp (ié‘)
2
& 2 4
1Hg937Nn (exp £ 6%) = (exp *6%)(86% * 1) unninad £1
a6? 2 2

o : 1 o . 0 A - ) [] 1 o J J
pndansldiauiu  dadiouiy 62 Salanlugun s liesldineudiiduanie
2 " e ) L%] R J U
g) 18 mzaeinly v Sandnlndenud Seldaneunilarauia

y c.exp (+

v _25,2) waazlilannauueiruns (9.44) azrivuald ¥ (6) =

. -62 1 -
u(s) exp (T3) unusndluasldrunis@viiaiTwduniu

c.exp (-

2 - 7
d’u 26 du | (% - 13u =0 e.e..(9.46)
d62 as
VIRIITUIRNNTT
dy - (9.47
ax * 2xy =0 ... (9.47)
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ANABLYDINUNTI (9.47) B

Yy = c.exp(-x?) ceres (9.48)

) - z
AWBLTURLBARIMT (9.47) m+ 1) ATd azle

2
&z, oy dz 2(n+1) z =0 ....(9.49
2 dx

dx
1 n ”
e Z = d y = cd (exp - x2) ..« (9.50)

n n
dx dx

Z 1 JuRanituues u(x) exp(-x?) ilp u) B 1WA IWdoa189@nT n
unue z lugunis (9.49) az'l@wunslnadiin

2
u oo B+ o2nu = 0 .. (9.51)
dx?

qUMT (9.51) 138NN FuMsveREaT Y (Hermite's equation) ez Iwd lwfloaisa s

0%l 299807 n (Hermite polynomial of degree n) axlfnwmadu

n 2 n
Hn(x) = (-1 ) ekp(x ).g_nexp(_xz ) ..--(9.52)
dx

d - - ¢ v a
Talwdlwilusseslun ¥ganInFe

Hﬂ(x) = 1

H, () = 2

H,(x) = dx%_2

H,(0 =83~ 12x

H, () = 16x* — g%+ 12

nau RN I NUTuAisuaNns (9.46) AUSNNNT (9.51) WU URTaUTU
1% & - o
AN (% - 1) @98 2n URSUNU x 68 & INTIZRTIMU (6)Ade H, (6 unzWaridu

& 4~ £ A !
ANUY(8)NAB cH (&) exp (- 63 Jalhwguiswwnindonladn
2
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E = h ,k.% 1 1
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78 n = no+ 3 Yo ee e (9.54)
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ATUWYIin =0 'E°= 5 h)/’ittﬂuﬂ'IWﬂ\‘id'luﬂ"Ii!ﬂﬂﬂ’Jﬂ‘l«lﬂ:&] LIENIN Wﬂdx‘l’“«l’iﬂ
quﬁ (zero - point energy) '
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! " C3) (9.55)
2% .n? SREACE
dla 6 = VB.x

Wartduloinuuszarloinuuesssdundseu 3 qusnmaw’i‘aﬁ’umﬂuﬁﬂﬁa
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9 0 2

v = (%,L L2 B%x.e-xp (-Bx¥/2), E = 3 hv

1 V2 L 2
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22 2 2
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9.3) AanyuINTa (The Rigid Rotator)

e rasimapunishunazaziiszlonlum il desine sunadimedlus
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mv = % mE(dt)+ (dt) + ( Yy .c..(9.56)
¥ A L [l - -~ 1
ﬂmtﬂauulmglugﬂ'[ﬂaas'ﬂmﬂmﬂusﬂaaiwmf (spherical polar coordinates

<
r,0,9) g3un 912

d = _-
JUh 012 laoaTauamAuSaaalnany

o
Taon X r sin® cos @

Yy r sinG sin @

r cos ©
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nsum3 (9.56) Wipulmiazle

2
o= oD @ e 0 (3 ‘”) ] . ..(9.57)
‘ o I i B b .lt J [
Weanmaimuedn liimsfiedanad Wufe r asn il g_tﬁ -0
§uM3 (9.57) reajuauiin
1 AR, . .. dB.,
= = i £ .. (9.
T 5 mr? L(dt) + sin?® (at) . (9.58)

W?HQNLH?GN 2 ﬂ‘l«#fl’lﬂ m, HRS m m{mamﬂﬁuﬂnmwmmnnm*u*ma -
ry HRT ry mmﬂmua’mu waamuﬁmuﬂmum*munamnmaawmmu%aummum*ag

7
nes nmmummuuil“'luuwaanuﬁnu V = 0) WY uuwmr\mwmm@nﬂa WRIIN
ﬁmunmuﬂumao

- - 2 2 2 2
== T, ..Z%_(mlrl+m2ra )[(——) +sin e(-@ 1. .. (9. 59
s alén

Luﬂﬂ"mm Iy = Myl W8S r, = Ity e

m
r, = Z.r ... (9.60)

WA m r;+m, r2= mr,r +mr,r, =mIrr 4 mrr,
= oo (9.61)
= m r'l(r1 +r2) -mrr

2 2 = m¥ T =mm T 9. 62
m rl Lmpr; RN L ( )

m1 +My
: . . L4
W 1 = Tuluuduasaauan (ronent of i nertia) IWIIzasdu

I = mri + mpr}

]

W, r2 ... (9.63)
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2

A W o L &
wWauuaams (9.59) Waglunauwes 1 9:'d
= I 92 2 in? gg’ 9.64)
E = 7[(dt) + sin B(dt)ﬂ ..... (

~ ARTaRNMI (9.64) MUY @amywinT ﬁﬁ’num:mﬁauaqmmﬁmﬁ
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2 i 2
- _p* 1 8 (sine22, _1 ¥ 1 - E¥Y  ....(9.66)
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Fagumumslmallaiiu
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wumy (9.69) HiuaumMdwalIwinasTIum dwmiuwaitiuduivesiuuls
wina sxlinmeuiiu
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