| ecture 20: 03/04/09

° oifmr;/{, Aﬂv‘rna'm‘c

orcillate~ V(x])= ..2_ C x‘z:

- E'h&(, ’rtSulé

> Numerical solution of
Schrodinger's Equation




Recan :
I, - The simple harmonic oscillator potential V(x)=1/2cx 2
2
Potential: Vex)=kcx®=gmetx

W \ mt-'Jnéw,,(MQ 5= ‘/vx k=- E
A\ ‘Eco

3.9 \VJ =) §.E.: i(fe = (SXK)WCS)

=2 . =% /2
’\f’(f) :2_61" f"e oolve S. E.

2.9
- ' 25+l-X
veA a
L with ey = oy Coe)
1 . Bu'f need to €& mirate powsr
— V(x) &) A ¢o male ’W(f)'”w’”‘ll?'dé/(
.,(71"‘1)%(» 7’L‘-‘—‘0{[’2‘_~

O.E'_E
=RV > Bz (ntd
0 P

X 2CJ—?2)
= tpo9 = a;
Z a‘“z Cjt2)Cj+1) J

E/hw




° Sol\,c (" L OG%L

) Quombitative W)

2) Comside large X e lavge §

3) Solve at all x ieall §

41) Mahe sat WCE) con be movrmalized

-:.) %}un’a—( (I{/( g) ——4') (& -=) guw.(u'ztd allow ed



© E'ho(, 'T'CS“I'G".

Vs Z

_{/2 n . _3’/2
%(X):HPL[S')Z :de‘f‘jé
J;D
’Yjch-Z‘oy, Covrnala L. _204q-n) _
Cos - N . |
E4 Fy = 2oy 4 J7 (0‘+2) Cqre) /

:) —Fo« LG, w-aLe :Pow.g\[fm . %:dl 2/'7 .
stat as £ o L, d,:0

=) Ho [j’) = 4, =) = A, e ~f7/a

=) Hy (£)=a(1-257) 4 =a ((-257)€

=) o o/{ol trg v£ ‘\F""“\Ci:”?—:.' /)7-://]/"]\/'-'

£

=) H,[f)':a/{ :)/?{/,:d,fp/_éd/a

»tef Wt a, ¢ 0 a, zo



Her € Pﬂlj”bko'a,

%f:o#d:f E. WYWa () 1, (%)
rid> 0 |Lhe | a7 !
7 -—fd/é 2 j"
[ L Lo a, S e
5 2 _
2 gz&w a,(/—ZS’z)z ’ 45 -2
Ry ?
7 3
3 Ehe a,(s-5¢) ?wio:ﬁf{iim‘oz”"‘cf@*
pouss of T i 27
L cux?

_—_) 7’)7‘»’%4[[23( 31[4:#0-;-,@,7 91[4-[c wﬁu(Ff“ LA%F,\/ l/:gf\
228 _TY, {

A W ) o

Y(5)= (5% ) Gy T ()¢ :

o (
b’*'(ﬁ‘“z)ﬁw

n=-0 0 2 D
I// .

£= = x



4.5




Atomic molecule vibration

—— Lennard-Jones

] ] Fotential energy
——— harmonic ozcillator of form =nergy

i | a
=10 =11
ey
l‘|"||_|:|

10}

ozt

0aG

n=4 \

/ En=(n+ <) ho

04t

nar

ook -

¥ (V)

ozl

04l

a6l

anl

10t

I‘ 1 1 1 ]
o o012 014 016 018 0.0 »=0 reprasents the aquilibrium

separation between the nuclei,

F (N
reduced mass, u

Near equilibrium: simple harmonic __mm E =(n +£)ha)
m+m, 2



Example: CO,

0 (e 0

Mo

MWalecular strachre of Carhon Dok de

2349 cm™
(oot
=)
1328 om™1
10
v
A6 -1
IR
Ay etric Agmmetric
stretch mode Bending mode stretch mode
(oo

Thie first few wibyationagl energy levels of the COZ molecule

The srmmetric stretch mode



M olecule vibration and rotation:

1 |
2 | |
- 11 | e
i R : -~
] —
8 17/
!
6l | /P
\ [ F
4}‘ | / Une
. » glectronic
3 . state
vibrational
levels E,°
Rotational
levels E."
.




Example: H,0

symmetnc stretch asymmetric stretch bend

A, B oA

librations




I, ¢ Numerical Solution of the time-indep. Schrodinger E___ qu.:

Imtn

—

1
— Tc‘Mt'e./'yn. LE: H /(71/ — E /Zf
&%v&[h{ FWLLC.\ ' Lo €<L Wﬂ—nd E

(22 ¢ C‘-hltrwwn
- Jolved S, E. 5 a;..ally trcal FW"‘ Fw SO Syt
“Atl] g fov fH. O,
—) ‘&j_ oakv’rhaa"ﬁ )94740\64/// vealiybe Fﬂé‘s‘é'ié
é'(" LE. Con, no b be Joloed z'%ma/7¢4'c«/7ﬁl,w')

—) j"lhl"% : C/lJ‘e q’?%&ﬁtﬂ./ 310'7 W.)"’.’h-ﬁ,)('ﬁ}\ %Ko/{-(J
o &WT,,,»/(, '/
—) //(/z Dowrll 2, Cars o—m.(d'[éé 2 ""'-/«»L(,’)wuléo A




— @‘\—m Cv,'cél fol*-\.L'D—n OF ﬁ'C( é'-’-»..( - <f\6,, [ &,

o L fox oy E ek o duadvalee EF
=) 24% AL fer e dral €fabom

LA
4 ¥ - 2m (£ V) Plx)

A% 4 °
3‘22 Jollr—(, y{,ll'f fff/t. 41(/:»“&/‘64/// o W«Jv
=) Wx)

'D‘Zz}w '?i C4&Ck ;F 'éd,.l\/ Calac ]ﬁw FWAL[( %6‘}/ E%
/‘D ﬁ7,«ru-x:'--4{. é[/owy{/ ;\ e . r(‘ @C)(} l'=

N 1 411'2 44[{




Recall: \l'][' Hoail Ef l> o/l('f<l(/7 [clon

\/'[‘;)

N Z d//o“wc// &'O(/&.,,Alz —%-.,C/d7 lfﬂ/l»-g E’?

=) ( l/(V) - E b Los /Ay Oc"Al'ﬁcf
t& el ) #

Y
= 4’5,2 =) [CWU%{W%[ ,‘> l‘l"’ [@&4 O'f-;A,'%g l—w//

am|
9
«

_.) '=) ?()() CU"VV/) db«-d7 [—;A)\... X — &.Z/b
\ \ l"’"é<u""‘lL G./a\—;;‘s.a 1'6 0\/ a'/OS

© 4+ o — oD
7 e — - /\{\ Lymrl E\é [s 7,/:‘(}47”/ alovy
7/\ alloued %&J; £,
ok a(qﬂ;) =) (V)= E) 5 foommall vatsihics]
64% ot le ¥4 =) [ Covaleac) iy foo mall ool cel)
wl]  anbe g*m:= =) /'1//(,5} Crtrsaty ¥ - 4Xts sud HKe,
wllooned Zh‘@()y £, gocs L + ov — o




=) Wgaie A (x) — X0 v g oA snill X
/ ’ /LZV ) oabrd <l

=) o #Hof auda ot well o] g 20 sai
Céa—.‘(}& vubide well oz[’ @P(x) & Sl C fou SIS

?‘Zﬁﬂ D bomed o ~salk Lo, 54e, 2, %&/m‘r

e E{- a_,_/fg,o Léaé G o%«\ /%A/
\/&./['ﬂ( Solo o %9.,[ E Vs 7[)0%«/

kg

’DNLL)AE: ot ag A AR %lp aa?whx{




@ DI%M’O\I% F’7""H u[‘ ce J.&

1
b i S ATS) _ o
” A7 T LEVIH

n Mg
Y T /0\'64 f?-»-a//’k—([/

-‘—9 L.g%/(/ éo 640094 %\M'%z'ﬁs\é/ ﬂé-'%—&..of%/%—-’ SP'S
~o t&t valu g ae o[ €& ol of orc

-.—:) ﬂ,‘"ﬁ %,'W 7/'%}4% ,Cz)-yy, Dl[‘ é4 f.E
2 — —
A Yz) = -[E-Vv(e))pis)

ax’
Vit choped venialle C A 5 G20 )

— X i &Ll)‘*a—»c( %d—,v&// ;/)1 J ot ,/7«,4’[‘&/‘/,/
_ - = g+mem
V:_\_/_ , E = ‘b/‘g ’g '@he-(a"/b I Doy %&LWQ/ “ U—hf)é
g a-F &Ma,.)7 97[ £ 4 777%7



%U'A" €’UJA+ 6740\/{ ﬂCfMo/'U\&» _CE [Mga/

l?: ZL”ZA
2 2 A4°

é{a«f&: Sgune well of AL

'a/ 64007( )?‘.:_?i
l

=) 5:_’_:‘;: =
5 4
22 L1

~:\/ 2
v A/Zml,z

=) On( /%Véa;) A/E\JCM,/ — Comvat Lecle b
Com i, bloral coms i

=) W(x) , E



) Aepromiorat Aiffgrme Epuation

a /L#/Q/ %'—(-—Z?hé.é’&n
—) &ﬁ»}m/ﬁk valt 4 af /%Cs(\) a~h17 ad (Afﬁﬁa'ﬁ/%'awz‘r/
/sz/h&/[y oioacc/{ calcs ﬂ[c’-:.,() < C"""‘”"'O—fﬂlf )—(\
d/w‘O/’D/:)d(,;h
= 5

OX . _ . T
/(’J — ™ ’O
A X TP T
D){, >(7, X) X? - 77
%7[ 0[ ,Ov;'rv'lﬁ lao;n.[_

)?6 l‘) cn /[CM A

mesL o grrd verhds b be 557l compaced
o otk {.L,\Jé< o Calts im
81'(/1.,\ \ou{'L\*(—iot/



7’ Y Ll at pornis V(f}v? 7/(3;;):‘_—‘ %

) FDK‘/-VL] Al—yJ7 4’["‘%{/99/',4@'- '\7(';) —) ;[)(;.)_:—g“
/\) .éo OL'S Cfgﬁ'?‘t f E > e f ﬁ'%ﬂ 2 % ro X Sfoma 2
’6’797%;% ﬂ"[ £6 MC&‘%\.% Ao reabort dzép
) 3
RN ‘!’(’&AJ ozL é’<( %Vﬂ«l) . e

oLe mext y( {72
P ax

d
| -
= Y., =4 2-0x [E“%‘qu@"%d
| b e appmsnesho of 1
=] ca, calcalg fe Vvl brow Y, oad Yo,

~

)(l ~2

%
/)d A %V/ 2 (z/a\v*/ ‘2%6' 7L/ZVJ—-/

- un
m{,




DZyivC afﬂpth'%aZ‘w p)« dll///dka‘-

Us e 7—5,7 /ov 4 p 4 NHon -

/q/dﬂ - ”Q/(xa' + X | ’?,V[xd')+o>?' 2:?—]3? + X

Xd'
Vo i) W oY
dv Ixg 2 47 i

aolﬁl thee éWO (?Maﬁ'o-»a: ,
=) Yt Y, = 2 Y DX dqu/s'

X XJ
2
) 4¥ ?:/ ~ Vo — 27+ Y-
dx* | <. - —
i) D X

=) tmnst EA I 4 o il §E
8‘.(/%‘. /}ft’ -2 11/3 f'wjﬁ’ ~ — E E—- \/QI/LV
X2 d




@So/vn‘mé tLe 53[1076{?%4#/ S.E.
- [91‘6/( 5’61"/ \/albn( Fl}/ Pp,/l,},/e &"‘e”j7E
(nee AS cauns fom OéovC)

o /}’1557&{‘__’6(4/0 OéWL""é \’ﬁ["’/.sc L E /5a 2)‘3'4
ovde dz//‘ (;oz.',)

W oomd Y
= Lo Vo omd W, — calealake 4,
jﬁﬂ,w, /l{/l ond Wz_ — " /%’
o W, o Y5 _ﬁ) ) /%7
("T’{“"DM Mmay. ~dey 2z 75,:3;(’2)
O uhid of



) H‘OU\/ éb «ﬁ\‘md l"')-\l'{l.‘a, o{ﬂ-lll"’h(j \/a/w/s % ond ?{/‘2
EY L( | - /901[4,.14‘4./ wrlh t'-nlﬁim'tl( Wa//'

\/(X)/\ M’)—mw.‘ /]_K) -—’1{/(0) O 4{@(’1/4//
‘ l >; Céowl /V #0 ") fl// ﬂ(C{'e-n-hl'n/S
l’hz{ta/ .f/a Z 0/’;0/;//
(late. ~e- M(]%,zw{ <
Nyl ¢ ?(k}

gj M[»( e: §7WM A /ook Lzl
o Lov e, Lenhons Y

} :a Le FRw —a/a/-\( at* conte 0][
well

7 =) chpor 474/ '31/ _260
+ Lov oo[&( {:w»,c)éaw_,’(/)

— havt Y(conte)=0 o/

d'qj #0 =) Chsooe
’ /"“““V % 0 o-d W£y




@ A ovomnali Bimg qﬁ[x}-‘
’\'(%(/zir{.' f/zb(f)/zdlY-:/

-

=) 760\/ A's el ged Lalns!

[ 4o
vepuin | 2 1%,2/2% :/j

97

— 7

le. DX = Ox - A




