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ClassiCal ™Thechanics .
— The phenomenon associated with _oxwm size objects moving at gpeed much below the speed of
r.mzq eg:, %oz._um Stones, Eosmgqm \notion etc. Could be explained Gm classical mechanics.
Classical Mechovnics is also called Newtonian mechanics os it was put fovwaxd _um Newton

ond is based on Newton s laws of motion.
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— Wave mechanics is a mathematical tveatment of the behaviour of small porticles and involves
the opplication of fundamental concept in physics, 3o§m_m the concept of wave.
— Two impovtant principles laid down the foundation of (wave wmechonics, dual matuse of mattex
ond the Imw.mmsg,.‘m ¢531?.3¢u psinciples.
- Loter, the mathematics of wm was developed _um wovkess, the wost popular is Schrodinger.
— The development of Wwave mechanics 15 based on the Jmo:opu._sm concepts: -
1. de-Bwoglie's idea of dual matuve of mattes.
2. Im._mm_swm#@_m C,:nmdﬁd.hs*m pyinciple.
3. whrﬁom_.smmd_m wave equation.
- The heaxt of the wave mechanics is on equation called wnf,qon:smnu\ wave equation: It
can e dewived divectly ov on the basis of cextain postulates ofF Qquantum mechamics.
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atluse or classical ™Mmechanics =

Classical mechanics faoils when applied +o small pasticles such as electyons, atoms, molecules
etc.

Dnnoaigm to classical mechanics it should be possible +o detexmine m.,gc_wbsnocm\_m the Em.&ad
ond <m:un..¢m (o¥ 'mMomentum) of a éocmsm particle but this contvadicked _om the Im_.mmsw_ma‘@.u
Csnmu\mn:sp]m painciple .

Similaxly classical mechanics assumes that the emevgy 15 ewmitted ov absorbed hoﬁfzcoc&m
wheveas Planck's quantum &Smoam postulates twat enevgy 1S emitted ox absozbed Mok
mo:Iﬁcocm.u but &_.mmoszﬁpoCmE in the foxm of packets of enexgy, saliad A_\c05¢n.

Tn view of the Ffoiluve of classical mechanics +to explain the phenomenon associated with
the swall pavwticles | a vnew wmechanics has been put foxword to explain these phenomenon.

one of these is called Mot¥ix Mmechanics put Povwaxd _um Heisenbexg n 1925. It is ?»,..n_u
mathematical and does mot assurme Dsm_ atemic model.

The othex is called the wave wechanics put foxward am wnrdommﬁwmx in 1926. 1t is based
upon de-Broglie's concept of dual matuve of mattex.

However it has been shown that both wechanics ove ammmsfo__m equivalent so fax as +he
i ﬂram._na.. concepts ave concewned . Wave Ynechanics s no,«j_uo,qbfcn_& simpler and Moxe
useful in opplicabiens to chemistyy.

Wwove mechonics is called ¢ porvticle mechanics' ox ‘quantum TMmechamnics’ becouse ik deals @ith
the pwoblems that axise when pavticles such as electyong, Nnuclei, atoms, molecules etc. awe
subjected to fovce.
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- A black -bedy is one which can absowb all types of wvadiation that falis upon it.

- mxvma._émswb__mi such a _oon__m_ is weprvesented .nm o hollowy containey ith a vewy symall hole in the wall.
when such o _uon_m_ is heated, it emits vadiations of ol Jvnm of Eocm_mjm;m.._.sn oTigin of
wsadiations fvomm a heated is the ~apid c.&«bism particles (kKnown os oscillatows) composing

L%
2.

the Gomm .

bnnOdmmsa to Maxwell's electvomagnetic theowy, these pscillatoxs emit wadiant enevgqy in the
$ovm of n_mnﬁogomsmmn waves. The T\mn_.:ﬂbnm of the Wove emitted Hvom an oscllator is

equal to the Tmn..cmsnm_ of electvomagnetic waves.

A+ low tempevatuses, the ewission Is mainly n the inkraved
segion, but as the tempevatuve is ¥aised, the ED,..m—m:@? ot

which most of the ._.m-;. is emitted shifte the blue vegion of

the spectvum.

The ._s*mzm_.».w of the emitted vadiotion depends on the tempevature

OF the (ontaimey as well as on the Eocm_m:m? of the —vadiabtion.

Fundamental laws ofF black - UU_&& Yadiations: . »

These laws avxe base on clgssical L,._pmoax

These laws explain qualitative and quantitative matuve of the
curwve shown in Fig.

stefan - Boltzman law-

Wiev's displacement law.

-

Intensity of radiation

0

2 3 4 5 6
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— This Ec.., was established mxwmq._gn?ro:m Um_ Stekan.
— )nnodn_._jm +o this law , the ..Sw_mﬁm.;.& E ol +total wadiation (the aveo undex the cuwve) is
psopovtional to the Fouxth powex of the Kelvin tempevatuve T, (e.

E = o' . i
i X 4
o B Anqv.ﬂ.
" l.w IN- I.H IIJ‘
wheve o = Stefan's constant = s5.672 *167° T M s kK

— mﬁwvmmﬂ.\ﬁmﬁ.r_nr._.. this law was devwived UM RBoltzmann ﬁ.w._jm +$m§01m59§..h _u.-..-jh._ﬂ_mm-

en LS DIO _.4.......~._ 4179

— Pnnodnr.:& to this law, the EDcm—mﬂwwr A ab 4he Moaximum g the spectral distribution is .ﬁjcau\mm_u
propovtisnal to the tewmpevatuwe T.
- —Lf

y.g.n_.x T
0¥ Idmaoax T = Cconstant

Avnox T =0
whexe b= Wien constant = 0:0029 mK.
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& WK S Yoaolaton law:

- The evexgy distsibution in black Uom& yadiations could not be explained .cm the application of
classical mechanics.

— The cowrect expsession was devived by Planck on the basis of the quantum +$modm ot radiation,
ranod%ﬁm to this theoxy-
1. Radiant enevgy is emitted o¥ absoxbed &mmnoﬁtﬁcocw_& in the fowm of .Ism bundles of EMexy Y

known as @CD.:AQ.
2. m3m4mx of each quanta js m._ﬁw.: UM

E =hvy
whese V = Fvequency of vadiation (&7')
h = Fundawmental constant Known as Planck's noﬂm*oﬁwhm.mwmx_o&h* Is)
—The value of quantum of enevgy is also given by
V=V, V= .w ._

E= hcoy —-I..(_ulﬁv.ﬂ ’

whesxe V= wove mumber (Reciprocal of wave Ej.ui.v
3. A body can emit oY obsoxd enexgy 'n whole Mmumbex mulitples of Quantum , i-e., 1 hv, 2hv,
3hv-.. hU. Ehevgy in fyactions of a quantum cannot be lost o oabsovbed . This is known as

ﬁ of black vomu.

PCQﬁf.NDT_Oj of enexgy -
msmi;w Obtained

— [Rased on this ?oodm , Planckk obtained the ho:oo&:m expyession Pox enevgy densi
vadiation. This expression explains all black body vadiotion cuw¥ves at all wove
at diffevent tempervatures. Plonk was awovded E&mmnm Nobel pwize 1915 for +his +rmo~&.

E(v)dv = gmwhy? . dv
c3 exp(hu/kT)-1
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—> Photoelectsic ertect: s
— J.7. Thomson obeseyved in some expevximents that when r,mfi. of a cevxtam .w;.‘mﬁ:m?nm Stsikes
the suxface of a mnetal, electwons axe ejected fxom the metal.

This phenomenon is known as the photoelectric effect.

— A few Metals show this effect undex the ackion of visible
light but wany wove show it Wndex the action of more m%,&mmn
UV :@Z.

— Cesium , which amongst the alkali metals has lowest ionisation

enevgy , Is also the wmetal fxom which electrons sve ejected

™ost mbm.__m UG :mrr. This wmetal is, thevefore , used _D,.,&m_m_ in photoeleckric cells.

— Aftex as.px;m coveful studies of ﬁfo.mom_mnr.q.ﬁ eHect undex diffevent conditions, the .wo:ocu,_jw.
obsexvation we¥e mode -

1. Fo¥x each metal, a cestoin ainimum mﬁm@cm:n& o} incident :m_:n is Mneeded to eject eleckwons.
This 15 Known as “hyeshold Tmn\c.mﬁnm (Vo) A :ms¢ of smallex h«mn.cmsﬁ thawn this cawnot
mumnw clectsons Mo Mattex how _osm it falls on the Mmetal surface o¥ how jmmr is its
intensity. The thrveshold frequency is ditewent fox diffevent Metals.

2. The Kinetic enexgy of m,ﬁmnr.ma electsons is independent oF the ?mmsm._ru of the Incdent :Qi.
but vaxies __.smoia with its ?m@cmﬁnu.

3. The mumbex of ejected electxonse fsom the mmetal surface oﬁvmjmm upon the ;*msm._ﬁ of the
incident wadiation. The gveatex the intensity, the _denu‘ is the mnumbex of mwnnwmn_ e\ectrdms.

hv W
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— The photoelectyric effect cannot be explained on the basis of classical wave i%o& of :.myw.bhno&.sm
to this ?mo,qa\ enevgy of light depends on its intensity. TC this view IS Cowxeck, then light o any
h&m&cmznm_\ & made mcmrn._m:f& ntense | can Cause ejection of electyons. But +his does not happen.
The quantum theoy of ¥adiatien gave an easy explancdion #or the photoelectyic effect.
Accovding to this theoxy, light Consists of bundles ot enevgy called photans ( Enevgy, E=hv)-
When o photon of :mZI of Tm@.,..mﬁnm Vo ((thveshold T‘mo_‘r_mﬁnug sbvikes an electron in a wetal
it iwpaxks its ewntive msmdmm_ (=hvp) to the electyon. This enevgy enables the electron to byveak
oway from the atom Gm_ ovexeoming 4he attvractive Influence of the Mmucleus. Thus each photom

can eject one electron. If the w«m@cnsmm of the light 15 less than Vs , theve will be Mo gjection
of electwon.

Now, suppose the ?mn_\r—mjnm of the light m.p:.sm on a etal surface is higher thaw the thveshold
txe Ps.wjnm . Let it be V.,

lhen photon of this light strikes a mekal surface | some of it enevgy ((whichis equal tothe
Enevgy binding the electyons with nucleus) is Consumed to sepavate +the electson from the metal

ojn_i.,m ;qoggsﬂsmmsm&@mﬁ._: vm._3v04¢0¢+o+rm &mnw.mm m—mnqgwo give it cextain <m.en..£ w
(e, Kinetic enevgy =5mu).

— Einstein, Qg_a.sm the quantum »Smo«&. showed that
hw=¢+4+mu —Q
Wheve = ¢ = thveshold enesgy (o¥ the wWoxK Lunction) of the metal.

S mu = Kinetic energy imparted to the cjected electyom.
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Evidently d=hy, — @

wFGm.E+CT5m value of ® In mn_ﬂ@

hv = hvs + 45 mu?
oY% nU-hy, = .ruﬂgrpu.
2

oF h(V-U,) = £ —@

Eq. @) is called Einstein photoelectsic equation. Albext Einstein (1819-1355), Gevmon _Vramﬂnmwn\
Wwon the B,m_mﬂnm Nobel prize (1921) fov explaining the photoelectaic elMect.

Eq & |5 teésted by Robext Milliken. Knowing the value of Kinetic ewergy, v ond v, ,\value
of h (6-570 x1073%Js) was also calculated which was found to be an excellent agveement
with the value 6-626 % |107*% Js obtcined fsom expewiments on black bodg radiotions.

Tt is evident Prom the above discussion that photoelectsic effect can be explained only on
the basis of the paxticle .z:.mo,& ofF :mr.,.. But cevtain phenomenon, such as diffvaction, intexfexence

and pola¥isation of lignt, Con be explained on the basic of classical wave theowy of light.Thus,
:,mrw is considewed o have a dual charvactey. Lt behave as a Pasticle ond also as a wave.



Learn Chemistry Online

teat -apac tu of nlids

— The amount of heat wequived fov increasing the tempevature of one wole a solid thvough L
is called molax heat capacity o¥ heat capacity.
— IF mass of the solid is 1 gm, the heat capacity is colled specific heat.

- )nnodm._jm +o Einstein, vaxviathion of heat n,b.ﬂon.},m of Mmonoatoemic sSolids with +m§1m.«n*d«m @n
be explamed with the help of Plancik's quawntum .I:mow\m of wadiation.

— The "onoatomic solid may be considesed a collection of oxillators with thyee vibyational
degrees of Feedom.
— On the hasis ot classical law of equipaxtition of enevgy, each osdllatoy of such a solid
possesses on avevage energy equal to 3IT.
Thus, for ene mole of oscillators, the olay enevgy is
E = Na(3kT) = 3RT -O [~ R=Nak]
Whexe Np = Avogady¥o mumbe¥
kK = Boltzmann constant
T = Tempevatuye

Since Cy = wwuv ~ i)
C

We have Cy= 3NAK wal@

Accosding +o eq- (@, monoatomic Solid have constant heat nobon,_@ equal to 3R (a value
Wwhich was obtained +sm0d.n¢.mnw:m _om_ QF_oﬁm omgd Petit, 3R = 25T k™' mol™). mx_umd..?msw.u:«.
it 1s found that this value of heat mP—,Dn._J is obsewved oZa at me temperatuwes.
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- Pnnoan.;@ to classical theowy, the heat capacity of monoatemic solid should be independent of
tewpevatuse. This conclusion, howevewr, does mot Dmxmm With the expevimental vesults, Dnnoqa_jm.?
which, the heat nQvon'.f decvease with the decvease 'n tempevatuve.

Té\Y =X\ 0 Y

he a . C O ..4 QA ._H\ ; ]

— Einstein mxv.ﬁ._ﬁmm +he vaxiation of heat mo._ubm._»m with temperatuxe vm Cm;& Planck's
guon tum +7m04& of wadiation.

He assumed +hat the oscillatoy can have vibyatienal enexgy which ic an ._smmm_«b, multiple
of some minimum walue c.e.

E=W¢yr— &
o% V=mnv, — &
wheve VvV = frequency of oscillatos
Vo= Smallest allowed T‘mﬁcmjam

Thus , all oscillateys a¥e mot Sg‘ﬁijw with +he same .w..ma.ﬁmshm but have values

which axe wwgv.m on .:#349_ of the smallestk rmn.cmsom Vo- The mumbey of oscillators
possesing the frequency v con be deteymined From equation of Blotzmann law.

Ni{ = Ny exp(-& (k1) -®

Where « £; = enevgy of ith osdllator

Mg = Constont
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— The avevage evevgy of the oscillatos is given by

E = - - @

mxﬂuﬁm\_ﬁvu 1
wheve E= MiNimum ewvevgy of the oscillatox

mc,rmir.cmsm E=hy, ., We get

_ nVo N 0
exp hTCO\_Ai -1

mj

-

— The wolar m%«.&m ofF o solid is

e = Zb.ﬁm._lmv H7_> *w hv, wl@

exp(huy/ik1)-L

and the cowsesponding value of molay heat copacity is

2
DE hv e NV /kT
Cv umﬂ = wz_prh cv xp Lhvo/kT) e

kT / {Lexp (mug/kT)-1Y
Bq - e IS Known as an Einstein m@cﬁﬁg.

- A low tempevature , we have hvu, >> kT
ond thus exp(hug/kT)>> L, undey +hese conditions, Eq.(0) will veduce +to
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On decveasing the tempevatuse, the expomential Pactoy decveases much faster than
the noﬁmm—uojmgm incxease in the factor (hvy, /kT)?. nosmmnﬁcmsim , (y decyeases with decyease
in tempevatuve. Einsrein suggested that the above decvease is basically due to +he lessex
acbsoxption of enewgy Ua t+he osallators at low temperatures,

+ ¢ a2l b B 11

tiNg valde o1 Cy, AQF Y _(t._,_ ¥ cepeEd Q LUBLS -2

— Pt high tewpewatuves hv, << kT

- m&.@f.w

Z:.vp exp (hvo/kT)
kT ] {exp (huo/kT) -1}

mx?pa..:m the exponential factor , We have
2 L+ (huo/kTy+ .

Tﬁou !
L+ (ha/xm) + 5 (ho /)21

m< = @beh

Cu uwZ»rﬁ_:

Chug/kT) ™ + (hVe /TPy
p 2
.MnTCo\x: + S (hv, \xiw.r..q_

0¥ D( = \WZ»P—A

At mcﬂ‘_ﬁ._oﬁim high volues of T, hv, /KT is vewy small cnd the texms with power higher
than two can be neglected, ™us , we have
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sh' < del or hydx¥ogen atom :-»
Nielse Bohy, a @os,.mr ﬁram,_n,_mf psoposed this model in 1913,
He ~wetained the Ruthestord's ynodel of vewy small positively chavged mucleus ot the centey which
contains all the prvotens and meutysns odomm:w, W on atem.
Bohx also Dwam.& that 3mm0$<m_m n:bdmmm electyrons ave deco_c._sm yound the mucleus in the

some wayg as the planets ave ..m.<oz._5m ~ound the sum.
Boh¥ explaived the wevolution of electson wound the mucleus on the basis of Planck's quantum

igpo.am.

e I

2.

.

Postulates oF Bohw's model :»
Twe electzons in an atem wevolve avound the mucleus only in cevtain selected civceular owbits.
e 35@ as the electyon yemains v o pawkicular owbit, it neithex |oses ox gaine enewgy. In
othex Wwowds | the energy of electyen ~vemains constant in o porticuley owbit.
The ozbit is assocdiated with o definte enevgy , i-e. with o definte whole ﬁﬁﬁ.dm#oﬁ@co:g
of enexgy. These orbits ase also called enevyy levels o enevgy shells.

Ene¥qy levels o¥ evexgy shells K L M N

Pvincipal quantum Mumber (n) i 2 3 <+

N « Evevgy of shel /level

The enesgy o+ an electsen cawnot nfDﬁmm no:*..scor.mi. Tt nrbswnm Qd_m when the electyon
jumps frem one enevgy level 0 avother.
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wWheye MM

S. The angula¥x momentam of- an electyon 3o<..5m vound the mucleus 15 quantised. The ongula¥y
Mmomentum of ™oving electyon in o civcular Owbit is given by wmux.

mass of electran

lineawy <m3n.}m ofF electwon
yoadius of owbit

bmnodmgm to Bohy, the Dj@ﬁpd momentum ofF awn electyon in an atem con hove oZu.

L =

X =

detinite ox discvete value given by the cxpression

h
_ijc_pa momentum = Tmury T
Wwhexe ™M =

any ,_Sfmmm« &V, 2.3....ekc’)

Thus |, the Dﬁmc..o,;\ ™Momentum of an electron ™oy be W2m o¥ a simple whole
number multiple of h/ax such as 2h4x  3h/ax

quontisation of angulay mMmomentum.

b ]

.Ph/, . This principle s known as
Radius of oxbit is given Um.

XY 8
MN*h* (4nes)n*h
¥ =¥y, = OF TVTETh = — = ( In s1 mmwﬁév
4R*Zme> aAn*Zme
where Z = AteomMmc MmumbeT

Since | for Tdm.qcamﬁ atem, z=1, hence,

Nth*
-

(i

X =

47x%1me?
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Fow rmudommj otom in the gsound state (n=L), the rodius of the oxbit (¥,)is n_mm,_m_joxm

GS the Bohy vodius, Qg -Thus

Tu-
¥=Qq = pres: grome = 0.528 A°
7- The enewgy of electwon w nth oubit s gven by ’ . .
En = - Mﬂ“,wprw_m 0¥ En=-— AwM:m,..Nup«\s:W_ap (1n ST systm)

The factoy 4Ng, is Called the ﬁ@g#r(}m ,wnnarod. ﬁ 111264 x 10-'° ﬁPZL ﬁjb.v
This is Pamous Bohr equation opplicable to hyd¥ogen and hydwogen ~like atoms.

The enewqy of electvon in hydvogen atem (2=1) in gwound state, ¢-e-, Wwhen it wevolvingin
the #Hivst ovbit is

E, = —1312:13 KImel™' o¥ —13-¢ eV (pev atom)
The enerqy of electyon in excited state con be sbtained vm vcw.r.s%. M= 2,3,4 ek

3. The cﬂon.,J of electson 1 given vm
Mh
27 ™%

The <@'Oﬁ_+¢ ol ﬂ_mnqoj. in the .w___.wmru oxbit of rmmdoﬁmj atom is m.,ﬁms T&l

W =

0) € 6:626 > 106~>% Is)
= b 27 (9-109% 167 Kkg) (0523 X \0~'®m)

-2

= 2188 ¥ 10° ms™! muuzméﬂm
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9. Bohr also explain spectvum of _dn_)qowm: atom. Imm«omoj atoym contains oj.d one elecktyon
but its spectsum consists of a lavxge mumber of lines. A given sample of hydvogen Contains
lovge Mumbexr of atom. Diffevent otom will absosb diffexent omounts of evevgy - Thevefoye

electyens of diffewent atoms will Jump inte diffevent m5m4mm levels . So, spectyun consists
of la¥ge Mumbex of lines.

8 Pfund series

7

6

5
s 4 Y
.m Brackett Series <
5 _ Radiations with long wave
Mm lengths or short frequencies
8% 3 —
S8 Paschen Series
u —
...WW Radiation with intermediate wave
-4 length or intermediate frequency
g 2
= Balmer Series
(-

§§<<<<§|' Radiation with short wave
length or high frequency
1
Lyman
series

The origin of the hydrogen spectrum.
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— The diHevence n enexgy of levels s given by

AE = E,— E, = hv

-

— The qumnrcmjnm of the spectyal lines is m._c,mj _o,m

Pm Dﬁvﬁpmb. ﬁu_ll |_|y
d - TJ = ﬁb.w.nmouuu T.w. .._Jﬂn. qu..

- The waoave Mumbex of the spectval lines is Qiven U,m

2 & \

. v 278" Me _ su apie & s S )

V= = — vllu./- ﬂ.flﬂfl o.qv/ltod‘ullﬁu
A - (4me)* W3 L M n;

= R 1,11-_.;
H nE nt

wheve R, = Rydbexg constant of the ra%\ommﬁ atom

<

o%

- 2 Mme? — 272 me? ’
R (argy)* hic T (475€,)* h2

mﬂ«mPCwsnm in cm-' is Mmultiplied rm_ he to get erergy in joules)

Numesical value of R, = 103690-8 ¢m™' = 21.79 % 100'%3 = 13:¢ eV
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Tt failed to explain spectya of atoms oOthex than hydrogen.
If failed to explain Zeeman effect and Staxk effect.

Bohy assumed that the mucleus s mwQIQjo«m ona 02& electyons ave .a\m<o_,_...5& a¥youNa .

Rut detailed Pacts have ~wevealed thot both mucleus ond +the clectyons TMove in closed owbits
axound theix centex of mass-

If Paoiled to explain distibution and awangement of electrons in atoms.
Bohy used two +heowies which opposed to each oOther ce. he used quantum Mmechanics

to explain existence of staitienavy orbits and used (aw of classical '/mechanics to exploan
fxequencies of wadiation emitted while motion of electyon (n owbit.

Cohy model is also against to the Heisenbexg's Cjnmdwpg»m pP¥inciple.
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=z LD __.H....T._. DN eéyvecCr .&

— Axthux Compton found +hat if monochvomatic X-wags( (e, X=Fays having one pavticulay Wavelength)
o¥e allowed to fall on coxbon or some other zmsw element , the scattewed X -Yays hove wave-
.mymié _dem« Hhan the incident deam.

— In othey woxds, the scatteved X-vays have lower ?‘m@;mjﬁm. electwon
e, lowey evewgy than the incident X-vays.

— Since wmofrm%:& i1s Caused _om electyons , it 1s evident that R

some interaction between X-¥ays and electyrons has +oken Tnciden t
Place ond thic has yesulted in decvease in mﬁm,.,@d of the xﬂ«nm_w Scattewed
X—ways. X=¥ays

— This decyvease n enex¥gy ox mnerxease in ED<m_msm$. ofF x -,Bam after mnDI.mu..an From the
surtace of an object \s known as the Compton e ffect.

- By pg_a._sm law of consewvatien of enexgy ond the law af consewvvation of momentum and
assuming X-wvays to cConsist of photens, each Possessing energy equal to hu, Compton showed

that ik ng &int @v = 1B

whexe AN = Tndwease in wave _mjm*?. (tewmed as Compton shift)

™M = Rest mass of the e-
C = <m_00_,.& of :.mr¢

Dsa_m. between the indident 0Ond the Scatteded X -vays.

@
I
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— Axthur Compton (1892-1962), the Amevican Physicist, shaved the (327 Physics Nobel Prize With
CT-R. Wilson.

— The Compton equation (D can olso be wrwitten as

Ar= N-X = gyl.n:-no.uov;ﬁu 2 1-COSO = pm:ﬂhbv

2

— The wove _mﬁmrr A of scottexea X- dDam s D_ann nm.amD*mJ\ thon 4he wave _m3m+7 X of the
Incident X —¥ays - The wave length shift 1S independent oF the Mmature of the substance and

the Wwave length of ncident X -¥ays. Tt depends ONly on the mBIm«Jm avngle ©.7The ﬁo__os..sm
Case ™May be considewed -

Cose-1:2 © =0, Cle., the scotteved Tadiatien is pasallel to +the incident wadiation.

Coso* =\, Dy“nsfﬂh (L-1)

, Ax=0,¢e. no chonge in Wavelength.

Case-21> ©=90,C.e., the scatteved vadiation is peypendicular to the inddent vadiation.

-34
; 6-62¢ X \o Js -10
0596 =0 Ar= D (L-0) ax=2  psr= = 0-02422X

) me ) (2-109%1073' kg)(3x108 ms™) . ke

e
¥ In this case, OX is called Compton wave length.

Case -3:» O= 180, c.e., the oScatteved vadiationis '\n a divection opposite to the inddent
sodiabomn .

E Ir_)l L = 2h A = . ~10
cos 186°=—1 , OX =y [ -] , A =D, AX = 0-0484 X16Tm
X This the twice the value of Compten wove \ength.
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— Compton etlect also explains about uncertainty pxinciple. Suppose X-¥a4s ase used to deteymm
the position and ™Momentum of an electyon. As o wesult of mMmutual intevaction of X-¥ags ond
the electyvon, the wave rmjm*c) of de\D&m Ncseases, ¢-€., W.\mﬁ_..cmﬁn,w 0% Dimd.&& of the xndﬁmm.
decxeases. This energy must have been twansfexwved to the eleckwyon and, thevetowe , the momentum

ol the elect¥kon must hove nyojmm& o—c«,_s& the pyocess. hosmmpcmﬁim , the Momentum of the
electyon cannst be determined with ceytainty

— Compton effect also provides evidence forx the photon T atuwe of ~Yyadiation.
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de ._\...,....F_..... nypothesi: >

Einstein had ,_mcmmmmwmu ,in 1805, that [fght has dual chavacter , as wave ona also as ‘pavticle’.

The Fyench physicist Louis de Bvoglie (1892-1987) paoposed that -mattex also has o dual chavactey;
as wave and as particle. The Name wavicle was suggested for such a pavticle.
de Brvoglie was awaxvded the physics Nobel Prize in I92g.

In Pohy's theovy, electyon is tyeated as a pawrticle, But, de wwom:m,w *rmoa& mCmmmmTﬁ that

attex , and , theveforxe, eclectson also, has a dual Chovactex, both as o material particle
ond as a wave.

de Byoglic dexvived am expression for calculating the wave length A of a. particle of mass
™ <50£5® Wi th <m—onm¢m wu thodnrj& to which

Ae - =@
™ML

Whexe h= Plancl's constant
Eq- © is known as the de Broglie equation.

The de mdo@:m equation cown be mom.__m devived Um_ cmﬂsm the Einstein's "ass -€vwevgy yelation -

- Ship - - et . @
wheve ¢ = velocity of light
Enesgy of o photen having frequency v is given by

= hy — ®
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Fxom eq- @) ond &) We have

hy = Mmc?*

hc 2 _C
5 3 e o =
0 > = yC v ~
0¥ B o e

P

=D 8 @

0¥ A —p

Um?Dn..sm c rM the <m,on._¢m of the electron, w, we have

T O
Wwheve P = the lineax ynomentum of the _X;Lgn_m
Eq- & con be wrwitten as

N
propoxtisnal to the

Accosding to eq- @, the momentum of oving particle is 343%.&

Wwave 55@? of wave assoCiated With it.
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Jation ot the pony andulas
- . J

nentum postulgte

moge\l., JEeF

G
(>
O
=

pxodie’'s welation (-

il Sy A -t 4
— Cosidey on electyon 5.655@ M a Civxcular oOvbit of ~wadius ¥ avound a mucleus.
The wove tryain (nom- enevgy vadiating motien) wouwd be os

shown in .Pmcdm.

- It the Wwave is to wemain moﬁf:LD:& n phase m.ﬂ_.m a) , the
ciscumference ofF the dwculay oxbit ~must be an inteqral
Multiple oF wave length X, that is,

OKY = N — @©

Radius of +he ozbit ,n = Whole numbex

56N ae

Lhexve ¥ =
The m?m«&:.w welationship is

.

Substituting value of 2 in eq. @ we have

= 1h ™m .
Hﬂ-.ﬂ R e = —
2 oY Wy 2% @ .
Eq- @) vwepresents the Bhov's postulate, according to which “ electyen can Mmove oim -

such orbits fox Which the Djmip« ywomentun muskt be oOn wz*mm_,...p_ multiple o h/2rx.
- If +the civcumfexence is bigges ox smallexy than +he value given am eq. ®, it means that the

wove will Mo longex vemain in phase (figb).
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>JUALT

— Lek an electson of ch&mm € be occeloxated _om a potential V. Then its Kinetic enevgy is

eVv.
— The Kivetic enevgy ie olso equal +o Lmur wheve W is the <m_on._¢m of the electron.Thus,

: 1
¥ 3

gFF = eV — e

O¥ wr = 2

oY TR ﬁmwj/\v -

de Byoglie equation s

= n\/ _ 5

™MW
mrrdmﬁwfmjam volue of w in eq. @), we have

h
m(zeV/m)’*

A =

~ h
(2 meV vcv

% — ®
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mﬁam&#&”.:w the mumexical values of vavious quantities | we have

- 6-c26 x 107** Ts

(T= kg m*s?)
[(2)( 2109 x 107 kg)(L602x 10™%C) (v vort)]¥* .

. -\/2
A= 12.26 X0 - (V volt) m - &

T4 om electron is accelevated thvough o potential of 100 volts, then the wave length is

-l
A= 12-26 % 107'° (\00) \wg

A= L1226 %107'° m.
T potentials ove vavied between 10 @nd 10,000 Volts, A ghould vavy be twoeen
3.877 X167 m and 0-1226 %10~ M.

It is well Knowwn tHhat xr,«oum have wove .m:mi.n of this owdex . (.e. of above SQcm._m.:&*E

It 18 alse well Known that o«aﬁd:._sm mo_&wnojoﬁmom%m?pnmaﬁ mdnmsmm .wo4 x-#om
59__.3@ Eocm,msmzam ot the above oxdes.

Thevefoxe, if de Bwoglie's view 4mmo,.i._:m waove - Particle o_co_xm of electson 1s coxvect,

the crgstalline solids should act as diffradi on m_doﬁsmm for a beom of eclectwon as well: This
has been vexified expeximentally.
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VON ISS0T - U1€ésme™ € ‘.__i....,.._.? ent

The de w,.dm__.m Tacogmm._m dmmoqn_...ﬂm wave chavacter of electyon weceived Ffirst expevimental Suppost

f¥om C.T. Davisson and L-H. ;hevmex.

In theiry expeviment, electsons werse emitkted fxom hot
filament and accelevated by & potential ¥anging between
40 and 68 volts beforve striking a mickel plate.
They found that the impact of electsons wesulted
in the psoduction of diffrvaction pattems which weve
simila¥ te those given X-¥ays under similor conditions.
Simce X-¥ays possess wave chavactes, the expeviment
gave dizect evidence for wave chavacter of electyons
as well.

The intensities of electsons waves scatteved _ou the

Nickel plate at diffevent ongles Wweve Mmeasured. It was found that the Yefleckion was ynost
intense and toolk place at an Qsmdm of s0' wWwhen electyons were accelevated iﬁ.oﬂmr S4 volts,

Lrr—

H.T. Battery (nign sension vecuum bube dechunalogy)

_|¢__T

...... Al

[a—

HY —

1 Beam of clectrons

Heared
filament

Collimator
(A davice used o
Froduce o pavaiel
beam of d’“n_-

Galvanometer

The Davisson-Germer experiment for verification of de Broghe's equation.

On mc_omiw.c.fsm value of volts in .n.o:cco..sw equation -

A= 1226 %107'° (v volt)

|—\N|

am

_\
oco_cm of X, the Eocm_mja; of the eleckyon wave K comes out to be 1-668X%I0 °n ox

1-¢68 A. This Wwave ,mjm*..s olso lies \n the yange ot X—Fays . This is anothex @ow:’.om m..§.;puim

between electyen waves aond X-¥ays.
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— It should be possible , thevefowe, to apply the Byagg equation dewived for X-vay diffvaction,

o electyon Jditksaction as well

whexe

Dnnodmwjm to this mnﬁcbm%;

24 sIiNnB =MNA

n= Whole muwmbes (£,2,3 etc.)
> = Wave length

d = distance between successive lattice planes of
the cwystal (Nickel cwyskal in the present case).
e = &dDijm angle of the woves.

This provided an independent expewimental tethod fov detexmiming wave length of

electysn Waoves.

— Davisson ond (newmew found the value of N +o be very close to that abtacaned by de ma\omrn

equation-

— The Javisson - Gievmex €xperiment thus offeved LRull suppoxt to n,m-wdom:m_m views and his equation.

— The Amexican physicist C.J. Davisson (1881-1958) shaved the 1937 Phgsics Nobel prize with the
Bwitish physicist &.P- Thomson (1¥92-1975) Fox investigation of electson diffraction by C¥ystals.

— T.3. Thomson was awasded the Nobel Prize for mroE._sm that the electwon is a pawticle and &.p.
Thomson, his son , was awarsded the Nobel pPrize for msoS._snm that the electxomn (s a wave.
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> He enpey < ancerstoanty __.:'.,:._r._ __.u_nu_ +
. 4

= Dnno«orsm f+o this principle,” T+ is Mot possible 4o determine vamnr_mmf both the _uom..Toj and the

momentum (velocity) of a small §o<§m pasticle.
Considey a. photon incident on o pawticle. If the paxticle is of ~veasonable size, its position ox

velocity will mot be alteved by the impact of light photens. Hence it will be possible to know

mxonim both the position amd velocity ok the jaxticle.
lWhen +he particle is qumgm_& minute . such as an electyon. Tt Wil suffex o mrbﬁmm in its

<m_o&¢m and path due to the impact of even a simgle photon of light used to obsewwve it.
The path and <.m_on._¢& of an electvon, oftex the Tmpact of light photans, nay be quite diffevent
fsom the oviginal path and velocit -

— Fo¥ on electson moving in ®- divection, the Im._mms.umdm Csnmqwaswu p¥incple is expressed
.?D*smﬁ_ptnmzm_ Qs

(an)(ap) 2 M_W.. — O

wheye h = Planck's cowmstant
AR = Uncertointy n posikian

Op= Uncevtointy n éoéngg

— .m<__mm5$¢, \F e s vexy small, ¢-e, pesition of a pasticle is kKnown Move ow \ess exactly, &p would
be _Da.mml..n: Csnmdwo._ﬁmm with qmmeqm to ™TMomentum will be _e,qmm. mm_i:cim. if an attempt is
ade +0 Tneasuse mxoni& +the mom entum of parvticle, the ijnnawﬁsﬁm wi th dmmo,..m to voﬂﬁqﬁ will

become _S&m.
- Wewnex Iommms.&«m (1900-1976), the Greyman oymm,_n,_mm , won the vymw._.nm Nobel pxize in 1932.



— Sinusoidal wave /Sine wave equation can be wepwesented _o& Jmo__o&_sm equation —

Whese

9+8x‘9%°‘
]

AV E €9\
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1 ¥
A LA WY

Y (,¢t) = b,m._ﬁﬁxxwlnc* +¢) — O)

Vestical position

Howi zental position

Amplitude (vn)

Angulay (wave mumbes = |I.. (vad/m)

.t ¥ 27
ngular frequency = 2xv oy 2% (ad/s)
time variable

phase

— Eq-(® can alse be wsitten as

g (3¢,t) = Asin(Tw-2t+9) -® ox yler)=Asin 2T - 2rve+¢) =

— A wave ¢«D<m:3m i the 3_mm9¢.<m diwection: -

mmx_i = Asin(kx+t+¢) — @

— Cosine waove equation is wepvesented by

ge.t) = Acos(krtwttd) -

)

()
\\80°

(2r)

go*
(=/2)

270"

@E)

360°
-



hvyodingex waye eq

= Ewwin Schyodingey ,in 1926, gave o Wove eq.to descxibe the behaviour of electron woves in atoms

ond mMolecules.

Ver\ JOAT) ) -\

— The equation fox a mmoﬁn:,:m. sine wave of gcm.mjmwT A is given WM

where

Uuation:

")
Ca
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?

N.)u..wn
A

C sin

Y

Wave function h?«jv.#cum of the wave <D«m.§m w._jrrmo._mo:% P_osm o)

Maximum omplitude

In mnido%smoim wave 'model of an atom, the discrete enevgy levels or owbit proposed by
Rohy oxe veplaced .oM mathematical functions, ¥, Which axe ~velated to the _u.an._onv.;l.m of
h.,ju_.jm electyons ot varxious places avound the mMucleus.

©

Double m..hhmdml._or_sm eq ® With wvespect +o 2e

Diffexsentiation w.x.t. 2

¥ - ccos hwx.m , 3%

D 2w PN v »
Fusthes diHeventiabion w-¥.t-3e
W _ _aia(2730), (2K)\?
3 csin(202)- (3F)
*Y . 2KANR | 4K*?

Sve = —Csn 5 e

2 y %
Y . i hm._jmhvm
d%* N >
2
oY 5 .. Y —®
dn? X
P 5
M ' \J= hm_jqwﬁg
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- Dnnoqm..jm to de Bxoglie ¥elationship

VHP

™ W

2 ht
o¥ Vngu.CrP - @

Substitute +the value of eq. @,

%Y 4R iUty @
de* h#

— The Kinetic enexgy ofF a )_Bo,c._sm paxticle of mass m and <m_on._.¢& W s given TM.
KE. =—=mmud — B
— Total enewgy of a woving pavwticle is given by
E= K.E.+V — €) Wwheve V= Potential enevyy
o E=4Lmu+ Vv
o Mmur=2(E-V)

ox M= 2wm(Ev)— @
substitute value of M*u* fxom eq.- @ into eq. @
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BY _ 4x 2m(E-V) v
dxe? ht
Nprt T wxpj ﬁm..l/\ve
o¥ v s
Y , &AM o
- = rae (E-V)WY =0 &

Eq- @ is called mnr.«o%jmm,«.m equation (time independent) £5x o posticle in one dimension.
— Fox¥ thyee dimensions wnrdommjmmd equation (time independent) is
Y ATY

upe mxpﬁ) |
e -+ (E-V)Y =0 —
o ay> 2z h* ®

$ E. mnrdo%:@m«m,wm.Twom:. Austzion mr&m._ﬂmﬁ sShaved the 1933 _uramﬂnm Nobel p¥ize with P-A-M.Divac
(1902 -1984) for the discovexy of mew productive foams of atomic theory:
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NpostanNcCe& or >ch¥odin s_ra wave gqguation:s
{ = b ——

— Being o diftevential equation of second owdex | Schvodingey equotion has sevexal solution for
but ascsm of these avxwe ,.gpm,_sodm and hence ave mot valid. O:_m those wvalues of W ove valid

which moimﬂm +the ho:oS._Sm conditions.
i) The wave function must be Ffinite and continmuous.
Twe solution must be m,;@_m valued ¢.e. at a mZmS point +thexe can mevex be wowve than one
value ¥ox the amplitude |, V.
i Y S BY g B¥ syust be continuous Punctions of ¢, 4 and Z d\mmﬁmnﬁcm&.

Q)

03 oa dz
(v The solutions must be mowmalised.ce. they aust moﬁwﬁm the ~elation.
+ QO
héwmd =0 Wwhese dv = small velume element
o

Value of Y which moImﬁm the above conditions ond hence valid ove called m..mmﬁu
funckions and the values of E nod«mmvosm._jnw to these valid values ofF Y ove Called Eigen-

values,
The m.,m.s Lunction fox an electson s called an atomic oxbital. As the m._ms-cp_cmm (¢-e.

E values) cowsespond vesy 3m0~_m te the mjmd@u levels associated with diffevyent Bohy o,qw_*m\
+he occuvonce of definite enevyy levels m an atom Pollows o:dmniu. rom the wove mechavical

concept.
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— An opevatoy is a vnathematical instsuction ox pyocedurve +o be cowsied out on a function.
— Tt is wyitten in the fowm
(opevatox). (function) = (Ancthew function)
— The function on which the opevation s Coxwied out is called an opexand.
The left hond side of the above equation does mot tnean that the function is multiplied
with +he opevater. Evidently, on operator (wxitten alone has wmo mﬁmﬁ..rnOSnm.
Example -
3

9 I%vlo:muunw%v. Imxﬂ ..nmp.,m. CSFTwwesmmhod&%mw«mﬁ*,&_foﬁE.d.w.wmwm.wymo_vmdbﬁoq.wn

‘s the opewand ond 3%* is the wesult of the opevation.

e ﬂpr,_:w the square ox +Dx.jm the gquase woot ox multiplication ca o constant K etc. ore

diffexent opevations Which con be cowsied on Ony function ((-e. the opevond)
In case the symbel used for +the opevatoy s mot self- mx_u.osn.».ox&. o suwitable lettexy ov some
symbo| for the opevator is used with the symbol A ovex it.

placio N anad Hamiltonian C pesalQu= ?

— Sch¥odingew Wave equation is
2 pA FA
e AR 1. 0 arm+ 8N (e-v)w=0 -0
aRr* dy* 2z h*

_— LA
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2 772 M
o¥ VY + I (e-viv=0 — @
&
Whexe < is called Loaplacian O_Um.dD*Od du.u Im..vw. +Iw“ + d*
Po> 2 wu~ dz*

Eq. @ con be written as

2., _  87%°WMm
VY = = S (B-VY
Multiply both sides by — S
RN
. 2. ®7Mm h*
gPm U VT T T s (BE-M¥* — Zm
h* 2
0¥ — = -
som ¥ = (B-V)¥
__h* 2
oYy w.qn.u.; v ft — mrf_l.crt
s __ 2

s vV + VV=EVY
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oY — g v +<M€ =EW

0% Dénmé — &
Eq- @ is anothey foxm of MSdo%j@md\ wove equation.
Where Y is ecigen Function
E Is cigen value
-G Y

AN
H Is Hamiltonian O_U.mdD#OJ\ A H, H

oY Ig
N h* 2
H = R0, vV +V
_ N _Jd= .. = 2_h
0¥ i = e S M...m-nz_ﬁlfnL

whese T is weduced Plonck's constant o¥ divac constant.
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,_..f_, nction . =@
— Schvodinges intexpret the wove function in texms of chaxge density.
- In Ony m.mngogomimmn wave system,

the enewgy n_m:m._wm « A%

PSQ&M &mjm._.ﬁm._ = the enexgy pe upit volume

Whexe
A = Oowmplitude of 4he wave.

— The mnuwmber of photons per unit volume is called the photon &mﬁm..wm_.

hv hv
we conclude that photen &mﬁm._@ is pwopoxtional to bn since hu is constante

Photon %Sm.lum x A?

= w_:s;p«m. iF @ is the amplitude of the Mmoattey wave at ony point in space, (e §9m cons dey
the pazxticle mmjm._nm (mumbes of particles per unit volume ot that point) to be propovtional

to WY? Hence squave of ¥ is a M™Measuve of the pavticle demsity.
T6 we ultiply the poxticle o_msm..*m_ by electyic Drou.mmmﬁ ot the parwticle , We mmm the nro«mm

the quantityy is also the measuve of chorge mmﬁm._&.

Enevgy density _ A%

Photown densi mm_ -

Thus

#

density. Thevefore
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— Above intewpretation gave sotisfactosy wesults when wave mechanics was applied to
the stable states of the Rohx i;moum_. Bubt cextan difficulties oxises Dmo,._jmé this intewpre -
totion of .

Second intexpretation OoF WwWavVe +UNnctic

~ Bosw , Bohy and Im..mmj.omdm put forword the interpyetation of Y,

— Acco¥ding to them | W does Mok easuxe the pavticle Lﬁsw..&w oY ﬁsn_d.mm n—msm._lnmw at ang
point but it is welated to the ﬂdOUDUZ..& ot .ﬁ:m::nm the paxticle ot that peint at any given
moment.

— The ﬁ.«OUPW:.&N_.e_ ol ?5&._3@ the eclectvon at the poinkt (2,4:2) is given by

P=W(%y2) V" (2y72)

.

whexe B = Complex noﬁ.wcmbunm of W.

As ¢ éom hove .,Eom._Squ volues one must ?c.ﬁﬁm 1k _o.m nogﬁ_mx Ood.,_cM_D¢m in O¥dev
to maike P yeol.

— The @doggﬂw& of h.;,&._sm the electson ov parxticle ot ony point | ?om be _OJw,o.. sSmall o¥ zevo,
but it cannot be imaginazy - Of couvse , ik Y is weal, W¥=Y and the ﬁdo_uos.._:m P equals to
the squave of W. Thus, we conclude that W moust mbﬁmmm g wo:ocu,.sm e Ko
() it must be single valued at each and evewy point.

@) it must have Binite value at any poink
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Ui its absclute values at all points Mmust be such that

+00 4+ 0 {0

% % _, £~%~N__Nv€¢mxﬁm_wv de n_an.w - %r_\:t«o:uw

Qo 08 —O0
T is the mmjmﬂp_ magwo. fPor all co0¥dimates. As +rewe is one electron 1t means +hat
the total vdocwv_.:& must be one.
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7 Fostuwlates o guantuum wWéchanics .»

— The fowmulotion of quantum echanics o¥ wave Mechanics fox the wave ™Mechanical treatment
of the styuctuwe of atom depends wupon a few postulates (which, fox a mmm¢m§ 45055@ in

one dimension , Say, D_osm the 2¢- coozdinate  ove given below -

DS { .f?.nl.uxﬂ riw s 4

» Fiwst pos
- The vram..nb_ state of a mﬂ_m.ﬁmg ot time t is descwibed wm the wove function W (¢,t).

econd postulate :»

, Secon . )
— The wave function W (3e,t) ond its fivst ond second devivatives 2% (et)[dee ond B W(xt) /2%
a¥e continuous , finite ond single valued for all values of 2. Also,the wave Lunction Y (e, t)

is nNow¥malised, (-e.,

+ 00
[ @ (et)Wee,de =1 — O
-0

Wwhese W* is the complex ﬂoj,wcmnnn.m of ¢ Ffovmed dm .qmw_onmdam ( with - Whevevey

it occurs in the function W (i=+1).

Ihitd u_q.,_,.u,... tuiote . »

A physically obsewvable quantity con be -~¥epvesented by an Hexmition operatoy¥. An opevator A
‘s said to be Hesmitian if it sotisties the ho:cs,_:m condition .,
At N =
H;,...-bé. de = ?&. (AY) de —®
{ 3

nting the physical state of the quawtum mawwé

wheve W, and W; ase the wavetunctions veprese
Such as o Pavxticle, an atom oy ™olecule.
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DLASTN POSTILLIATE >

3 VAL
L]

in the Ovmdo.fmd equation.

— The allowed Vvalues of an obsexvable A ave the eigenvalues , a;

n
AV =a v —

Eq. @ is known as om m,_@m«,.co,cm equation. Heve A is the opevatoy tor the obsesvable

(physical quantity) omd W; is the elgenfunckion of A with eigenvalue A(, Tn otheY (oxds,

measusment of the obsesvable A yields the eigenvalue a;.
Firth postulate: >
- The avevage value (o¥, the expectation value),<A7, of on obsewable A, co¥sesponding 0 the

~

opevatey A (s obtained fvom the welation.

’

+ co .
<AY = \;}bf dx
—O0

whese the function ¥ is assumed to be movmalised ™ Qccordance With eq-©. Thus , the
ovesage value of 22 - coowdinate is given Um

“+ o
C ™
WY = f—_-.&@hrt&x
—

Lth pPpoOsSTUIATE >

— The quantum mechanical opevators nodxomcoj%sm ko the obsexvables ove constaucted vu E«_rsm
the classical exp¥esSion in tesms of the vawriables and noﬁamqm?m the expression to the opevators.
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Wave Mechanical Operators for Evaluating Various Classical Variables

Classical Quantum .
variable mechanical operator Operator Operation
x o x Multiplication by x
., O
Px wu |Sm ._.m_ﬂ.:.dm derivative with respect to x and multiplying
by -ih
x? 22 Multiplication by x?
pi bau - h 3 Taking second derivative with respect to x and
ox multiplying by — 4 2
[ w w Multiplying by ¢
0
E w QM Taking derivative with respect to ¢ and multiplying
byih

Tth i1 >

— The wave function W(3e,t) is a solution of the +ime- dependent Schyodingex equation.

dY (2¢,4)
2t

B w4 = ik

lhese A = Hamiltonian opexvatos.
n = Reduced Planck's constant.
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— This is the simplest quantum mechanical problemn which vepvesents translational motion.

— Heve a povticle of mass m is confimed to ™ove in a one dimentional box ofF width a, having
._Jr.;tnm,m SST walls.

— 1t is ossumed, Pos the sake of m.ﬂ:;ﬁ:n.l,m_.;o.# the potential enexgy
of the pavticle is Ze¥o anywhese inside the box, that is

/...ﬁwmvﬂo — @

V=00 V=00

The m.nr«oﬁjmm,q equation For one dimension is

- -

a
X . 8NTM il s A
s T v @
Thus , inside the box the mnrdoamjmm« equation V=0
2 2
0Ty . 2N Mowe Ghgng x=0 x=a
dR?* h#*
Fig: Pavticle in one
Oty 2 dimensional b
¥ + K°Y =0 — o
. k> @

Wheve «* is constont, independent of 3e.

N SATME
: "
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W= AcCoske + BSin kx — @
whese A ond B ase constants.
— Outside +the box, wheve v(2e)= oo

3

Eq.@ is on o&m..joq& second ovwder diftesential equation which hos soletion of the {orm

the Schrvodingey eq- is

*y 8REMm E-0o)Y =0 —
. + = ( ) S
This equation satisfied if ¢ is zevo eve

&Eym,ﬁm outside the box . This s anothey
— ot Saying that the pasticle cannet be Found outside the box; it is confined within
the box. This implies that W must be zewo ot the walls ofF the box ,i-€. at 2@=0 and
ot e =q,
At =0, WY=0
fsom eq. @
0 = Acosko+ BSImKkO
0 = ACOSO +BSINO ﬁm.::ouo and nowOu;
©O= A+0
oy A =0
Substitute value of A In eq- @ we get

Y =

e =

Bsinkx — ©
At , =0

BsmKa

(& 8

o
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o Bsinka =0

But sSnce B #o0

m«_jr.p =0
O% Sinka = SInNK - SinMN =0
(0% 1 Ka=n~K
= P
ow . _ ®
whese M= 1,2,3,4 .. 15 quantum mumbex

Substitute value of & in €q. @

Y= = Bsin 20X _ @)

(o}

— Fnergy of pazticle in one dimensional box

?.35 eq . ] _
L @ _ANH MR . @
ﬁrul
N wawﬂjm =
ongd K™= I|||ISP @

fsom eq. ® oma B

gnlme _ nint

h2 a*
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-

nth*
==En = Smat
0% mmmj = E
2Yno#+
Whese W =

levels cowresponding to w=1,2,3.

R = h and # =

2N

TH
4Kt

Reduced Planck's constant ox JDisocs constant

— In ony otom which is veqosded as o type of potential box thewe awe seveval energy

This

wheve

TP
Nn=1, E,= —
BmMma*
2
J)“.u..\ mnlﬂ +T
grmo?
g
Mn=3  E, = SN
gma?
r
E,-E, = —3h"
8&mao?*
y
Ea-E, » _OF
fama*

mcmmmmwm that diffevence between copsective energy

leve\s

is not Constant.
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— The enevgy levels, wavefunction (a) amnd 34059_0.__:& densities for the pavticle in one dimensional

box owe given in rwc«m.

\ )

- TN

IS the typical quantum mMumber, which Tepresents
the modes In the electyon woves, As n Increases,the

MNumbey ol nodes varies N the ho:oru._ﬁ& goﬁsmd‘

MN=1 no mMode
MN=2 L node
n=3 2 Node
N=4& 3 node

and sSo on

> Volue ot CcoeHicient B:»

— This can be done Uu ..jOJngQ.—_N:)& the wWave Iﬂn.—j&g
— Since +the +total ﬁdOUDW.__#M of .?.Sn:Sm 4he pazticle

within the box is 1,

a.
héwmxu L =D
0

o
\ﬁ (Bsin .jxun\n.vp.o_un =1 W
)

Y,= Bsin

nne
O

Fig.

A IANAAN

w4 (x) WV, lya (X))

ZX )
y3(x) w3 ()~ F
\/
va(x) >> lya ()2 F
v () Iy ()2
0 a 0 a
X X

(a) )]

densities for the particle in a one-dimensional box.

(]

E
16A

8ma-

-~

Oh2
8ma’

4h2
8ma?

..
8ma-

The energy levels, wavefunctions (a) and (b) probability
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Q.
o¥ mgm;p?zx\ova% =1
]

since  sin*@ =1 (1-cos2e)

hence
(e §

Q. a
€
wéw AR = mm%_lpoa nxl.MRmomﬁBMn TL
o o

= @thﬂﬂ!lou =\

Hence R= mw\o;.:.n m — @

Thus, the moxmalised wave Punctions fov the parlicle ave -

Yal3e) = (2/a)'* sin( B2} < n=123.. — (@

(@3
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equation Por this system is -

VY+ — (E-V)W=0

where

+—, +—

— The potential enexgy of intexaction between

4KELY

From eq. ©, ® and ®

— I&mwomms atom is the simplest of all atoms. It is thvee dimensional System and the mnrdon__.:&m«

is Laplacian opevatox in Covtesian coordinates is given by

the electxon angd the nucleus is mmqmj _o,&

Atomic mumbexY

0504@0 on elecktyon

vmﬁﬂ.}fiwm .ﬂenmo,«
Yoadius
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— Since the ottvactive potential has sphesical ma?gmf‘u n_mmmﬂn_.:bm only wpon ¥, it is convenient
to expvess the Schyodingex equation n tesms polav

Z
cooxdinates (¥, 0., $) , vather than Cortesion coordinates
(%,9.2).

— The Castesian cCcoorvrdimates oze xelated +o polay coo¥dinates
(see fig-) as follows:
2= ¥5in6 CO0S ¢
4= Sin 8 sing®

X
? = ¥COS O

Fig:- Polav coozdinate system
— The tsansfowmned Schyodingew equation is given by ( complete solution on next slides)

d d i d
k33

- . Zec?
ne—— . . T e u -0 —(®
(13 ssimee 26 \°'"° wmv+ ¥25in?Q uepw_é... h# ATELY ¥
2 Nﬂn-
leﬁpzv L D [ Y L 'Y gn®m
°% %Y v )T wisinee 28 °'"%30) *

E 4 =0 —

¥Zs1n%0 dP* t hz h.uambu.u{ @

— TIf "mass ™ is wveplaced Uu veduced Tmass then. ( Because H-atem is two Uomm mamr.ni.. C-e. 1
nucleus ond L eleckron)

2 2 Ze?
._:@..A 2 v L . 3 Foo o 3 L 3 s 4
sz av\¥ v )T *sin’6 06 e 26 u L ¥2sin?@ 0°¢* .y

—)ul b.|.ﬁnmllﬁl'hqﬁ*-ﬂo I@
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% 2 Nﬂu.
1 9 [ 229Y 1 d ; Y L 'Y Q% AL - u o — @
™MeM M. = Tnass of electvon
whexe Jk = e e
(v, +Me) ™, = Mmass of nucleus

— These equation can also be wsite n the Poxm of wseduced Planck's constant ow Divac's
constant.

h
h =25
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The Cartesian coordinates (x, y, =) of a point are related to its spherical polar
coordinates (r, f, p) by the expressions
z=rcos @
x =rsin 6cos @ 1
y=rsin @sin @

The transformations from Cartesian
coordinates to spherical polar coordinates can be carried over by using the
expressions

]
R
¥

¥lo ¥lo ¥lo
]
——
¥|¢
f — | S

AWHW‘.HWWWAW,[JM.
~\oz)or \9z)06 \ oz )de

Using the fact that P =x+y"+ 2 we get

()

(ii)

(i)

w.«HHHWNME 0cos @
Ww.uwhn\iﬁﬂmmbﬁumimmi Q@
ww.um.nwnaum -

z r ¥




From the expression cos 6 =

0 1
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-
-

AH-I.T.Q.?L.V

—_.3 ’ iﬁ“ﬁﬂ

‘tlri

Z

(iv) —-sin @ —=-

dx Mﬁ«~+%~+n~v

3/2 (2x)

. w zx _ (rcosB)(rsinBcosp) _ cosb cos@
. O sin@(F +) +22)7 (sin@)”’ r
06 1 z

(v) —sin 6 %IINAR +_—‘ +2 uuu (2y)

) ww 1 zy _ (rcos@)(rsin@sin .E cos@ sing
- dy sin@(x>+y +22)2 (sin@)r’ r

: n 0 06 N 1 +h| HU z -
(v1) ~m e (C+y2+2)2 2) (2 +y* + )2 (22)

2

Le. Wnﬁﬁhbﬁk QWNJAM:_,ILHJ (=o'

_ sin@
r

Finally, from the expression tan @ = y/x, we get

i L -
(vi1) sec’ (7, XA
. dp_ [ 1 H.Ivux ;:_mm_._e uu sin @
5 dx ﬁmnnwew 3 (cos” iﬁw sin"@ cos’@) rsind
(ix) sec’ @ mlﬁu._l

d ¥
. de _(_1 hww 3 ﬁ 1 wu cos @
g dy |sec’@/\x e rsin@ cos@ ) rsinf
(x) W =0
oz

With these derivatives, Eqs ® - @ become

=Gl ()2
ax \oxJor \ax)\ae) \ax )og
- i oy 2 (20e) 2. (_sng) D
(sin @ cos @) = = 20 rsin@ )de




> ok

= (sin @sin @) W+A

2 ()2, (0
o9z \az)or \oz

N dJ
(cos 0) n.n.w+

or

H-

Jaa*(

&

L

6

sin@

r

%)

M

nﬁ@&:ﬁu

Wc

oz

)

2
36

mlﬁ
ay

d

@

Jae)

L
a0

ﬁ

cos@
rsmn@

)
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The Laplacian operator is

*? P P
- —_
2 3 & ®

Fsom eq. @,6 ond ®
. a BMQnOmﬁwh
% = (sin @ cos @) mﬁ+ﬁ| ._.ﬁ

00
. YPP . d [cosBcos@)d
= (sin @ sin @) wﬁ+ﬁ|ﬁ wmm+ﬁ

d‘w

r

) mwgﬂﬁlmadh
1l 0) 5, 20

r

We now derive the expressions of 3°/9x%, 9%/d)” and 3%/z".

cos @

rsin 6

AL
rsin 6 )d¢

uw
d¢



Ww
ax?

2

sinf cosp — +

)

ar

cos@cosp d  sing 9
r df@ rsinf do
T: @ cos@ W+ c0sf cos@ h -
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sin@ w;

dar r d0 rsinf do

o’ _ cosfcosg 0

= sin O cos @ |sinf cos@p —;

+

cosf cos@

r

+

ar” P 06
+8mmoomﬁ 9’ & sing d _ sing 9’
r 0rd@ r’sin@ 9 rsin6 9rog
a . > sin@cosp 9
0 —+sin@ - —
oy T ¥ 50ar  iecade
cos@cosp o +m§ﬁ8m@ 0 _ sing ?’
r 06° rsin’@ d¢@ rsinf 30d¢

sin@ 1&:@&:ﬂ%+m§m8mﬁww~m{|8mmﬁuae%

rsinf

+8m®3uﬂ o _cos@ d  sing Imlui

r d9df rsinf d@ rsinf g’

» |0
—2sinf cos” @ |[—
sin@ e 20

.. , 0  cosfsin’@
= sin” @ cos"@ 32 + 2

" 2sin@ cosfcos’@ 9&°  sinpcos@|, cos’ O 1 d

+ = +—t—|—
r draf re sin“@ sin” 6 |d¢p
2cos@sing 9’ 1 " , 4. 0
- +- 2 20 + sin®Q) —
» n ¥ (cos“0 cos“p + sin“Q) =

_ 2cos@cos@sing 3’ +n8~mncu~e o’ & sin@ &

! sin@ d0d ¢ r 96” r’sin’ 009’

Similarly, we can proceed to show that
2
s = sin’0 sin’@ i +no,.;..m s ﬁlumr.mmm:ue W

oy’ or | sinB a0
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N 2cos@sinBsin’ @ 9’ lmw:ﬁoomme _+8mm®+ 1 |9
r Irde r sin®@ sin’@ |99
, 2cos@sing d° +w (cos?@ + sin’p cos?6) 9
r drog r P
, 2cos@ cos@sing 9° +n0m~®mm=~e 9? a cos’p o
r* sin@ d6 dg r’ 00> r’sin’ 03¢’
o’ , 9 2sinfcos@ @ 2cosfsinf 9’
7 =c08°0 —+ = ¥
az" ar r 06 r drade

sin’0@ 0 sin’@ 9
+ T == 3
r dr r° 96°

With these derivatives, Eq. @ becomes

—_——t —

1 &
r? 96> r* sin@ wmw._.w“ sin” 6 3¢’

= ||M~. |w+‘_ wmmm:QMHJr‘_ 7
P2 or ar) 2 sin® 0@ a0 P &:nQWGM

QM

N
p—
|°¢
+
|
|cu
—
o
F i |
QU
~
(2
Q
L7
D
QO
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_ - without dexivation):» (complete Solution on mext slides).

— wnr«osm.jmmx equation fox H-atom is -

= NﬂP
Ll@lﬂpmv - 3_(sine L > . L. 8 m+|llq =0 —
¥ w\¥ v )T s*sin’6 36 2N 26 u Y XZain?g 29° ¥ h& 4TELY ¥ @

Eq. O is a second oxder povtial diffevential equation. Thus , the Schyvodinge¥ (oave equation
fox the sao:ommﬁ like species has been sepasated into thwe equations, These axe:-

¢ Cquation a_:_g on g "
2
3 YEE R P wnptuphm... =< Vﬂ La+) — @
R dv d¥ h# 47NELY
e Equatioy nvolving __“_____M_ =)
Sine d mz_@%v.w 1(e+t) SO =m* —
@ de de
[ _. i I V

+ & - -0
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Nple

Rearranging the equation () we get
_mumu_mﬁ. J_%
B3 JA (P R (P 1, Y (R 5, A R il
r? ﬁmﬁﬁn ar ._.mm_._eme - d0 +u§u® a0’ v

i uantﬁ Ze*

W \(4rgy)r
Multiplying throughout by 7 and rearranging the resultant expression, we get

.I.mw.\lo

9 H.wu swipr’ |z Fhﬁ. Wu 1 ¥ leng —
Twwﬁw ar % 'S iam&~.+h +m§®wm w:_mw@ +m.=nw 99’ ¥ @

Since the operator is made up of two terms, one depending on the variable » and
the other on the variables @ and @ taken together, we can write the wave function
y as the product of two functions—one depending on r and the other on & and ¢.
Hence, we can write

iﬁ.ho = hw%ﬂe — @
The function Y is known as spherical harmonics. Substituting Eq. @ in
Eq. @ we get

d(, d u sniurt[  Ze
| P onen il E|R. Y
- H_. )R LGreyr e

1 2 ) 1@ ®
nTMN__. X 0 o .5 e | ¥ =) J—
T:e %T.& mL+u§u 0 ¢’ "

Dividing throughout by R, Y, ., we get
2 2 2
Fh?ha‘f?? K
R, dr\ dr W |(4ng,)r

__m..m _%
[ (a0 g o] - ©
Equality shown in Eq. (8) holds good only when both sides are equal to a
constant, say, /(/+ 1). Thus Eq. @ separates into two equations, one depending
only on r and the other on @ and ¢. These are:

Equation involving the variable r
14(,:48) (e 2 \aigen| —
u&.m‘ o) T m+...amez. ik &
Equation involving the angles 0 and @
1 1 9(. .9 1 9
m.‘..l.*m_: 0 %ﬁusm %H * sin” @ .ﬂv Yop=-1U+1) ~ 6

Multiplying Eq. @ by sin’ @ and rearranging the resultant expression, we get

. w. m . mu
TEQMMTE@MWU*LQ.Y:E:~m+mﬂ~;;cle | @

Since the operator in Eq. @ consists of two terms, one depending on 6 and
the other on @, we can write the wave function Y, ., as
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With this, E. ()  becomes

. P de, . 3 d’ =
Gaw:umulm m_nenlm +~Q+3m5®®@9¢.+®mﬂﬁ~u9ﬁlc
Dividing throughout by 6,®,, and rearranging, we get
sin@ aﬁ . ﬁ_maw . | do
———|sin @ —2Z |+ I(l + 1) sin®0 = - ——2 —

The two sides of Eq. @ must be equal to a constant, say m°. Thus, we have
M.Bh?s o m@f I+ 1) sin’6=nm’ | — @

7 =—m -®
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