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fSynoPsB

. o Provide = general atomic and molecular Plﬂgsics overview to the

undergraduatc and graduatc students in phgsics.

. (reat emphasis will be Placea on Familiaritg with quantum mechanical
Aescription of the simplest atom (kgérogcrﬁ and its alike.

. A‘ctempt will be made to brieﬂg highlight different current researches in

the area of atomic and molecular Ph\ljsicsJ it time Permits.
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Outline

. Overview of different area of basic research in this field

. Historg and basic backgroun&s

s Discuss mcthodology/comcept for understanding the subject
. Atomic Phgsics and atomic structure
§ Mo]ecular Phgsics and molecular structure

. Modern research in the field of atom and molecules Phgsics

Nuclear thsics lecture, Mark Dalton

Matcrial Phgsics lecture,
;"References

Flﬁ SiCS O1C A‘coms ancJ MO!CCU!CS “B H Bransden & CJ Joacham Fearson ]ntemataoma] (ZO )
The thSiCS of Atoms & Quanta ]ntro to experiement and thcorg Hakan & Wolf

———————— —~— — — o T T T e T

e e e e e e e G L i o e et OISR SR - e e R R S R
i b o i o e S i e e OB A e . < - - & T e T 7T sy SO

4},



Historg and basic backgrounds

: Historg

Atom — Greek word “a-tomio” which means “uncuttable”

The physics of atoms and molecules rely on a long history of discoveries, both experimental and theoretical.
We shall briefly recognise the key steps which are at the root of modern atomic and molecular physics.

(reek Philosophers:

- Anaxagoras (500 - 428 BC), Emedocles (484 - 424 BC)... Democritus (460 -370 BC)
- argued that the atoms are Iinvisible particles which differ from each other in form, position and
arrangement.

Aristotle (384 - 322 BC) and almost everybody else
' - rejected the atomic hypothesis and supported the concept of the continuity of matter.

Frob!cm: Neither had any exPerimental or theoretical evidence.




; i HIStO’H and bBSiC }Dackgrouncls COﬂtd...
' Modern times

ExPcrimental discovcrg of the gas laws

Naeaip- e~ - :

1662: Robert BijlC (1627 -1691) — extended mathematics to chemistry
* ' Emprical V=K I

et WA ER m‘ £

UHderstanding of the rainbow — birth of spectroscopy

i iy | A o A g Pt e A iy

1666 ~72: |ssac Newton — by reFracting white light with a PrismJ he resolved it into its |
componeﬂt colours (red, orange, 9@”0\)\/, green(‘-}Dl.l-z.e-andwvjolat s

fi ' ' *'-"‘J» |

Other notable works: o I ' T A

. Thomas Melvill(e) (1749) — flame emission spectroscopy . : T |
- He nsed a prism to observe a flame coloured by various salts. L A1 I
o i o - ‘ g,j
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Historg contd...

| aws of chemical combinations
i 801: JL Froust — law of definite Propor‘cions which states that when chemical elements combine to form a
given compounci the Propor‘tion bg wcight of each element is alwags the same
1807: ). Dalton — law of multiplc Propor‘cions which state that when two elements combine in different »:;
ways, to form ditferent com!:)oursds, then for a fixed wsight of one c]cment, the weiglﬁts of the other element |
are in the ratio of small integers.
sl @rat Da]ton hgpotlﬂesis — the elements are composcci of discrete atoms. Compounds are formed when
atoms of different elements combine in a simple ratio. Atoms can neither be created nor Aestroged
181 1 Avoga&ro — the first to ciistinguis]q between atoms (the discrete Particles of the e]ements) and
molecules (the discrete Particlcs of compounAs). At tixed pressure and temperature, Cqua] volumes of

ditferent gases contain equal numbers of molecules.
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uestion: [Jow to determine the Avogacﬂro’s number, Ny?




Historg contds...

Kinctic tiieory of gases

1

17%8: 1. Bernoulli — interpretation of the cmPirical gas laws as kinetic model

Nincteentiw century
I O Husiis, JC Maxwell and | . Boltzmann — expiain the Phgsicai ProPertics of gases

Assumptions:
P Agas consists of a iarge number of Particies called molecules which make elastic collisions with
each other and with the walls of the container
2 Tiwe molecules of a Particular substance are all identical and are small compared with the
distances that scparate them.
3. The temperature of a gas 15 Proportionai to the average kinetic energy of the molecules.

“9

Despite none tu”g acceptance of the chemistrg expianation until late nineteenth century due to chemists

]gnoreci the kinetic tiieory, many exPerimentai advancement were made in the feld.

3
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Histozy contds...

Other notable works of
William Herschel — discovery of the infrared light
Thomas Young (1801) — the wave theory of light
Joseph von Fraunhofer (1814) — invented spectroscope

Sir David Brewster (1827) — produces absorption spectra in a laboratory.

1885: J Balmar — }ixpérimental observed discrete lines in the visible spectrum of hgdrogen.
2 ;:
4), where an integern 2 3&B =4/Ry (Rgcﬂ:)crg const) |

e showed that the wavclcmgth could be fit bg A=B8B (ng—

Electron
i18%%. M. Farac}ay — laws of elcctrolgsis
189 7. JJ Thompson — studies with cathode rays led to electron Aiscoverg

1869 /: JS Townsend — direct measurements of the smallest Possible chargeJ e

Late nineteenth centurg Newton s law of motion and Maxwe” S c]ectromagnetic equations

1S madequate to &escribe atomic Phenomena

2
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Black Ijocjg radiation — a stuch of the properties of radiation from hot bodies Provide the first evidence of |
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WIwat way forward?

the quantisation of energy.

1879: ). Stetan cmPIricaI law — the power emitted per unit area, R, from a I)Odg at the absolute
temperature 1 (K), could be represcntﬁé I:>9: R —eol

where € is the emissivity which varies with the nature of the surface and g is the Stefan’s constant.
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Elackbodg radiation...

189%. \W. Wein — based on gcneral thermo&gnamics arguments, show that the spectral distribution

function for energy &ensitg a cavity is pld) = /15f(/1T),
Ais waveleng‘th of the radiation and f(AT) is a function to be determined Begon& thermo&gnamical reasoning,
Wien’s &isplacement law: the wavelength of the Pcak of each curves corresponds to a ditferent

tempcratu Py

I"or a number of stanAing clectromagnetic waves (modes) per unit volume within a Cavity, the energy éensitg |

!‘CEBClS

81T —

p(A) = 25 € - the avg. energy in the mode with wave]eng‘th A

| ord Raylcigh and J. Jeans aPProach: f(AlY = 8rk(AT e = kT - - s idioict catastrophci
38

Ragleigh»-Jcans distribution law: p(1) = — (kT)

A
14

1209 (). | ummera ] . Fringshcim - cxperimentaug measured the spectral distribution as a function of
tempcrature




| 9200: Flanck’s quaﬂtum theory

;Fostulate:

T he energy of an oscillator of a given Frequencg V cannot take arbitrary values between zero and imcinitg)

but can only take on the discrete values ney, where 1 is a positive integer or zero, and &p is a finite
4 0 P 5 0

;.“quantum” of energy, which may AcPeﬂd on the grequencg.

Averagc energy of an ensemble of oscillators, each of Frequency V, in thermal equilibrium 1S

€0
eBgo—1

L

‘ T hen, 1T £

R(\) Arbitrary units

o satiacg Wein’s law: g5 = hv
his Planck’s constant (h = 6.6262 x 1073%Joule — sec).

v : 8mhc 1
Flanck’s distribution law: p(/l) 7 25 ohc/AKT _q
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]s Fianck’s quantum theorg acceptable?

FPlanck's theorg was not acccpteé reaéilfj. [owever it was not long before the quantum concept'

was used to exPlain other Phenomena.

In 1905, AT instein was able to intcrpret the Photoclectric etfect }39 introducing the idea of Photons,
or light quanta, and in 1 907 he used the Flanck formula for the average energy of an oscillator to derive
the law of Dulong and [etit concerning the spechcic heat of solids. |

Subsequentlg N. Pohr, in 1913 was able to invoke the idea of quantisation of

atomic energy levels to explain the existence of line spectra.

Gciger, Marsden and Rutherford (1906 - 1913): Pased on the scattering of a Particlcs }39 metallic foils of various
thicknessj Rutherford found that « Particlcs had chargc to mass ratioq/M cqua]s the cﬂoublg ionised helium atom.

“a

} Atom is mostlg erzptg space with a small Positivclg charge& nucleus (Protons) containing most of the mass and low mass |
nc—:gativelg chargc Particlcs (Thompson’s elcctrons) orbiting this nucleus. |

e P P e T RPPGT TETTTTTRT TI  pe gy = e _onememaen eovs - B it Yo SN et S e —— 250 T T T — e
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Early quantum formulation and Bohr’s idea - | ‘

e e T T SRR SRR

e gl

1915 Neils 150}1:”5 —based on Ruthcrﬁorc}’s d-scattering cxPeriment and the observation of discrete

spectra, Pohrintroduced the cnergy level quantisatiorx of atom

The Postulates were:
=E Jj__'q_‘]f:c‘trorx moves in circular orbit about Proton under Coulomb attraction.

- : : 1 Ze- : muv?
: jwlCCtrOStatiC attractive force = = Centrncugal force =
4TTEY T r
Je .- Chargc of nucleus, VU - ve]ocitg of clectron, r radis
2. [ lectron can revolve onlg in those orbits whose amgular momentum is an integral multiple ol = h/2m. Thatis: L =
iy —nh n—123 .
: , n?h? , nh
Radius of the orbi‘cJ r = 4mne, > and vcloaty) [V ==
| mze mr
3
i,
5. T otal energy of the electron in orbit remains constant. E = Ey;,, + Epot
; mze: 1
" (4mey)22h2 n?

4. Radiation is emitted onl9 when the clcctronjumps from one discrete orbit to another orbit of a lower cnergy. When
‘ electrons absorb radiation, the reverse transition occurs. AE = Er — E; = hv = hc/A

2 A e G (L L et G G ¥ v
P S i e N i P TP e Iy - =
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. Earlg quantum formulation and/ Bohr’s idea - |]
—13.6Z4 e

eV O rbit radius, r = difac.

n4 VA

. et I R M o I gy,

I lectron energy, by =

Z — atomic number and @y — Pohr radius

g e

Niels Bohr) 9 2 Nobel Prizc In Physics — investigation of atomic structure and radiation

f:orZ =1 (Hy&rogen)

" <« L e TS bl oo > ALl ity P i
AP . s Pt S i e AR i iy — ol SPETEEI Sl S it e P e

—13.6¢
En = .
n=% ——-~1.5 e\/
Qucstions:
® How does the velocitg of groun& state hgdrogen ~y x4 \/
electron compare to vclocity of light’? dve
o ]s the non»-rc{:;tivistic mo&eljusthcicd?
' Hlint:ry = 5.29 x 10~ meter = :
n=dhae. 43 g N




I ailures of Pohr model

Bohr model is not in fact a correct description of the nature of electron orbits.

Some O
1

i. Fails to describe whg certain spectral

. transition Probabilities.

 the shor’tcomings of the model are:

ines are Brigl’xter than others. | hatis, no mechanism for calculating

2. |t violates the uncertainty Principle which states that position and momentum cannot be simultaneouslg

measured.

Irom Pohr model, the linear momentump = mv = nh/r

12’:!”Om Hiescnberg uncertainty PrmCiPlCJ Ap ~ h/AX . fl/T

Pohrs model omlg valid at the cl

- o™ P PR { TR T T
” N 50 (e e e U S e e e e e ) T S AR )
~ 4 -~ ”

assical limit, ie. large 1 limit

1 hus, full quantum mechanical treatment is needed to model electron in hycjrogen atom
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Schrbdingcr equation for the Atom -]

Hg&rogen is one electron atom and Ferl’)aps the simplest system in nature, Z =1

Thc Potcntial associated with the attractive ( o oumbic force between the Positive chargc proton and the

-

Ze*
| | slr) = .
negative charge electronis V(1) e
, o | , : mM
Since it is a two Bo&g Prob]em, we introduced a reduced mass (to treat it as one boég Problem) U= i

where m and M are the masses of the electron and Proton respective]g.

kinetic energy Potential cheral) Totai energy

1 2 2 2
ﬂ(px +py +pz) i V(ny'Z) = B

"w-—-v'

LT or quantum mechanical treatment, the classical Agnamical quantities would be replacc& with their

ﬁcorresponding quantum mechanical oPerators.

py = —thd/dx,p, » —ihd/dy,p, » —ihd/0dz, E — —ihd /ot,

| etintroduce a wave function &escribing the electron as; P = Y(x,y,z,t)

PR ST R o o S e Ty AT e T T R e AR =TT T ——— ] TR e ——— I e e T TN
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Schrbﬁinger equation forthe Atom - |
T hen,

( , 2 \72 + V(T))l/) = _lha—lp Wherel/) — l/)(;’ t) aﬂd V(;') - 7?2

2m ot’ ATTEGT

V is Laplacian operator

:Tim@dependeﬂt S0 ec:]uation

| Since the Potcntia] Vis in&cpcndent of the time and anglc, we simpli@ the cquation in two ways. I“irst, the |
time Aepencjent part (RHS) of the equation 1S rc]:)lacc& Bg the energy cigenvaluc. Scconcﬂg, writing the

Hamiltonian in spherica] coordinates, we can scparate the wave function Y (1) into a Pro&uct of raciiaLonlg
ancJ angulawonly Par’cs,

Z-ax1s A

i3 Va(r,0,¢) + V(yY(r,0,¢) = (r. 6, )

In spherical Polar coordinates,
2u

Ey(r,0,9)

a | 1 a . H a : 1 az afﬁ“ﬁ;; }"ﬁXiS;
( 67") | 7"281n9 09 (Sln 69 | Tzsinze a¢2

S oXdxis

WI"ICFC

S e ——— R, i S —
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Schrodiﬂger equation forthe Atom -~ 11 Separation of variables
Assuming the eigenfunction is sel:)arab]c Y(r,0,90) = R(r)O0)P(¢)
Substitutmg Y(r, 0, ) into the S carrgmg out the ditferentiations and rearranging

1d*® sin“f d ( dR) sinf d ( _ d@) 28
- S

r dqb = b r = s 0 1n9d9 hzr sin“@[E — V()]

. B e L T PR So—

- “;Lamm-:n.-‘.,__‘.. R pes -

\/\/e can separate the resultmg Par‘cia] ditferential eqn. into a set of three orcjmary differential eqns.:

| d?d

. 2

d¢2__mlq)

L &l 00wl
sin@ d6 a0 d@ sin20 ( )
e +2'W2E VIR = I( + 1)~
* rédr re dr h? [ (i = oL )rz

AR e e T, RPN e -

T PR~ T~ .

. Schrad%i:;gﬂuation Erodgces tl’wrg:e, quantum numbcrs

20



Schrbcjingcr equation for the Atom - |V Solutions

v e e T T SRR SRR

° Azimuthal Par’t
Ay Particular solution of the first OD‘: S CI)(qb) — ol

Tl‘xé eigemcursctions must be smgle valucid ic CI)(O) — CD(ZT[) and usmg ,__u]ers Formula 1 = Cosm12n o ;
lsmmIZH

5
%Tiﬁis s satistied it and onlg it m; =0,11, 12,

;;Tiﬁus solutions only exist when m; have a certain integer values. ]t is called a quantum number. ]t Plags role
whcn atom interacts Wit]’m magnetic Fielcis imown as the magﬂetic quantum numbcr (1 spcctroscopy

Folar art, @(9)

Makmg Chaﬂge of variable Z = rcosf, the 2nd OD‘” is transformed into an associated Legeﬂdre equation |
2

-2+ [l(l+1) ™ g =0,

1—2z2

S

S S T T

o LAPG

Solutions @lml(g) —SlnlmlleF”m l|(COSQ) where Fllm l|(COSH) are associated Legenére Polynomia

Functions

Lorlinte O 1= 01234...m, == =141, 0.l =1

=T o et b A P e e s e S S S il - e den e T e T P A T P P sty e T s AT e
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Sc%rodinger equation forthe Atom - |V: Solutions representation

5Phemcal harmonic solutions: Y, (8, ) = Oy, (0) Py, (¢)

]t 1S Product of trigonometric and Polynomial functions

Few spherical harmonics are:
| Y1O - COSgylil = (1 -— COSZ@)l/Zeii(p

e il i AP AL AN\ i S

00000

YO, )|
Y% &) |¥iE e

€ ¢

|¥5 (. #|° | ¥ (8, g | ¥5 (A, o)

ST .

Yoo e (e (YREe |V o

s v 2.8

Taken From Wohcram Math\/\/orks
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Schrbéinger equatiorz forthe Atom-V: Radial part

e
——t

o hy&rogen atom Z = 1. Assuming the grourxd staten = 1,1 = 0. the third O

Ldf daf +2,uE+ e? P
redr = dr % daer| o

can be written as

Taking the derivative and assume solution R = Ae_r/ao, where 4 and @y are constants. | he eq. becomes:

1 2 2ue? 2\ 1
(2: 55):( S )—=0.
ag n 4TTEQN Ag/ T

§ e satismcg this equation for any value of r, both expressions in brackets must cqual zero. \We have
47T€0h2 hz

; E =
pe? 2Uas

a0=

\/\/hat are their values numerica”g?

‘M

—or each Positive integer of n, the radial wave equatiom has many solutions.

‘ onlg Poss:b]e it E, £pr =13 6— eV. Thc Prmopa] c:] non=I0l+11+2.

(41EG)%2h%N?

P —

Pound-state solutions are

wer sl camPels e
e —————— e S, e - = — 8. T ———————— R, e e et TR T T T I ——-
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Molecules
\What is a molecule?
A molecule is an electrically neutral group of two or more atoms held together }33 chemical bonds. —

\/\/ikipeciia

Many atoms can Co_mbine to form a Particular molecules, ]ig hg&rogen (H) and Oxggen (O) atoms form water.
(120); Chlorine (D) and Sodium (Na) atoms form Na( | molecules. ?Bonding between oppositelg charge&é
bodies could be understood in the light of Cou]omb interaction (attraction) but atoms of the same tch can stiu

form bonds, a tgpical exam]:)lc IS hgdrogen molecule H,.

14 . Nitrogen (N)
16 . Oxygen (O)
12 ‘ Carbon (C)

1 (O Hydrogen (H)

]n contrast to atoms, molecules have two

more degrees of freedom: rotational

Glucose
(molecular

weight = 180)|

and vibrational

B S S

Ourgoal | @ Aklminle
To unécrstan& tl‘xc Formation o1c molecule From Water (mp SLkiay
/ : | — weight = 89) ‘
atom in the quantum mechanical framework. (mo ecutar
- weight = 18)

A o e

25
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Molecules contd...

“M

~or the simplest of molecules, the

L n molf:c:ulesJ the Poteﬂtial scc bg the electrons lacks a central character.

|

homonuclear diatomic molecu]e, the Potential s two-centred. The increase in the number of nuclei,

 INncreases the complexitg nature of the attractive Potcntial.

How can the Prob:em be simplhcied?

Take into account the large difference in the masses of the nuclei and the electrons.

T hisis important in the analgsis of molecular structure and spectra

T

~irst, let us compare the energies and masses of the electrons and the nuclei in a molecule

m, = 9.1095 x 10731kg my = 1.6750 x 10727kg

| etus consider electrons in a Potential well of size R (boncl—-length or molecule size), the electrons energy

-\ 2 2
;j , p n
estimate, £, =~ roil e

Z3
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Moleculcs contd...

' Now consider a diatomic molf:culf:J the energy of the nucleus can be estimated 59 treating the molecule

|

(spechcicauy a diatomic mo]ccu]c) as a linear harmonic oscillator. That is, the molecule is bound due to the

electronic attraction but would fall apar‘c due to nuclear rePulsion in the absence of electrons. Tlhe

onsci”ator energy would be E, ;) = ngichz/Z where w § are the Frequencg of oscillation and the

displaccmént respectively.

Analysing the amount of energy that will results in dissociation show that the energy of nuclear

oscillations (vibrational energy) 1S Consicjerablg smaller than the electronic energy.
Dound state estimate: Rwyj, ~ (m/M)l/zEe

) be aPProximatecj as a rigié rotator with the quantiseé energy levels given }39 [(l + 1)h2/21, where the moment o

: e m
- | hus, rotational energy Epor = el MEQ

R TTIRPGT T s S S S - = e e T e ————E A, o m——— a2
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T he ditference in the energies allows us to scparate the three kinds of motion

Moleo i Encrat sealty

D T g

»

Erot < Evib < Eelec

Electron transition

50,000 25,000

Far-

Ultraviolet isiPIe

ultraviolet

____—— nm (Wavelength)

|
Electronic l e 1
o 1\ //'/-I’E:Emted electronic
(in optic: ' state.
LI Oplicd ,
o ™
or uv) [\1\?/ dissociation
energ
> 3
O Ground state
—
N Rotational
T;E:iti';] gril] | transition
o T =\1|=~ in microwave’
(in infrared) ,]>' - { ol
Internuclear separation

200 400

L

Vibration

v

o

12,500

Near-infrared

4,000

/

Infrared

and corresponés o Aigere;nce

From: WWW.S)O!(O%EBWB.COFH

Rotation

400 10

800

2,500

25,000

Far-infrared Microwaves

1,000,000

i

#

R T S A e i -

B
f

————_—_ cm-1 (Wavenumber)


http://www.yokogawa.com

Molecules: Bom~OPPcnheimer aPProximatiorx

L T his s Finding the solution of the Schrodinger equation of a molecule By the assumption that the
electronic motion and the nuclear motion can be well separated. 1 hat is, based on the energy and time

: scale difference that we discussed in Previous slide.

T hen, molecular wave functions

l/)molecule (Ti; Rj) = lpelectrons (Ti» Rj)l/)nuclei (Rj)

. ]ilcctronic wave function &cpends on nuclear Positions but not their velocities. That S, nuclear motion is
much slower than the electron motion that tl‘xeg can be seen to be fixed.

e Nuclear motion (rotation, vibration)sees a smeared out Potentia] from the fast moving, electrons.




Sc}‘urodinger equation of diatomic molecules: Bom»-opl:)enheimer approx.

(Consider a diatomic molecule with nuclei located at R, and Ry having masses M, and Mp,

chargcs L and VA Assuming that the molecules have n e!ectrons) the Schrodingcr cquation
can be written as

h? 2 - = 2
——V? - VZ+V |W =EY
( Z,LL Zmei§1 l )

Where, W is the total electronic and nuclear wave function; E is the total energy

i st term: Kinetic eneroy of the nuclei with reduced mass u = mympg/(my + mg)

2nd term: <E of the electrons
n 2

T he Potentialj V= 3 .

i>j=1"ij |

b ZAeZ
==1 riA
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Schrodinger c—:quation of diatomic molecules: Bom»-OPPenheimer approx.

Now introduce the BormOPPenlﬁeimer or the adiabatic aPProximation; the nuclear motion is

slow comparecj to the electronic motion. | his will eliminate the nuclear kinetic énergg term

T he total molecular wave function can be written as combination of the electron wave function

and the nuclear wave function.

Amcter subs’cituting into the Schrocjinger equation (SE> and seParation of variables




A § Schrodmger equation og diatomic molecules: Bom»«—OPPenheimer aPProx,

|

- Solve the resulting ST of nudlear motion <5Phcrica] coordinate) in analogue to the hg&rogen atom

AR i~

2
Rotational energy, E; = Z,ZRZIU 1 1)

| — rotational quantum number (angular momentum) of the molecule

3 __‘m~.,¢u"x

. Rotation

i Gl o . g Sl I AGP pi L L AN Py i PRI

| g ' |n classical mechanics, energy of a rotating bo&g E.=1/(2] a3
- W, — the angular veloaty (rad/sec)
The magmtu&c of the angular momentum U‘ =1 a)a

Vibration

é
|
% .
3 Ther@core) E] = ](];) g =012
2

n

]n terms of a rotational e, F(]) — E]/hC = B](] 5 1)cm J where the rotatioma] constant B = e

]t mcans large molecules hani ClOSClg SPEBCCCJ energg lCV@lS

YT — T e i e S I - e pio-andy
. D —— § 3 y v T




., i Schrodmger equa‘mon of diatomic molecules: BormOPPeﬂheimer approx.
|

- it il o e A i L LA TN Py - i eI h__,-_,,,,.‘....-&mmm‘, I A

M Ay, A el wer .

T PR N A e b S a3 S Ll o s P T IR TRy - TPNTEY g Pl T
: 8 : X )

. Energy
S 20B
=4 = Rotational spectra selection rules
Transfcions are onlg allowed according to selection rule
for angular momentum;
J=3 i * 12B A] T + 1
| Rotational =
‘ energy levels (a) . (b)os
iy . . . Rev,
| - b
J — 1 T 2B J=3 i!-g- ot 'h u*,-m-.\ )ﬁww}.\* STRT— 4...
i i 0 0B . II 6B ;E chc e Reflectionm
. : 48 Z 008
i T T T T o % j:; I 28 0 0 100 150 200 250
,* | I | | Spectrum = Time (ps)
} 01 12 23 44 i |
- fm
; 1 Mlt
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Schematic energy level cliagram of molecular rotations (sec—: FI%UFCS) §'°2 | Jr,‘ ,,“llh
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Schroc}inger cc:]uation of diatomic molecules: Bom»-volapenheimer approx.

Harmonic aPProximation

—
—1

Lﬂxpanding the ionic Potentia] between the diatomic molecule up to second order

1d4V : 1 :
ViO”:dezx =§kx

PRy

Large (smalD k means stitt (weak) bond between the atom A & .

] he Schro&ingcr equation for relative motion of diatomic molecule A-P with a quacjratic Potentia] energy

(harmonic oscillator) reads:

A2 d2yp, 1

Siidx? g s B

Solutions: [1ermite Polynomial + (jaussian wave function .

T he vibrational energy levels: E, = (n %) Ao o) = \/k/,l,l, and n = 0,1,2,...is vibrational quanta

e P P e TIPS P E— SR _ammemen et ST 2 - - s . SR ~ —n o ST O T N P AT R e SR P . - — B e T & —— —— o A ™ N r——

2%
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Schrodingcr equation of diatomic molecules: Bom~OPPeﬂheimer approx.

:
%

1 : s :
E= (Tl L Vtharn =012 . \/ibratior:al terms of molecule in terms of

2 wavenumber

. Potential energy 1\ -

% of farm Energy G(n) =|n-+ E n

g |

2 KX '!' Transition

i 1

n= : . 1 |k

I ] = -

N= E.=in+ <= )fim n =

: n=N+ 3. 27C | U

: N

; 0

{ i

{ h

: ,

: %ﬁm Downs*des

3 - ~

| internuclear separation  * » The harmomc/}:)arabo.ic Potential approx.

z

"l ]s poor at high excitation energies
o*

® [1armonic Potential does not describe
x=0 represents the equilibrium l l CJ e

§
v - —_ LT -y — = — P - ———— _— ¥ O Sam . o s AR — v - ""
S T T e T et T T e TR S T T T T T TR R T e AT s B T —— T SR S SERE  RRE S - st — o TS e
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i Schrodinger equation of diatomic molecules: BormOPPeﬂheimer approx.

- SRy - TPNTEY o it T

i

Anharmonicitg

2 |n rea]itg, the failure of the interatomic Potemtial from a
{ Parai:)o]a (harmonic oscillations) results into eHects like second

| order nonlinear oscillations, thermal expansion) finite Phonon

é [itetime among others. | hus, the use of a asymmetric Potential :
| 3 E required ¢ o Morse Potential.
(r Morse Potential
i ‘;1 A closedtorm solution and resembles the true Potcntials.
! 2
\ il o —a(T—RO
| Vayr) = heD,|1 — e ]
A 2 0
4 Where, a = &
- \ £1CDe




Schroc}inger equation of diatomic molecules: Borr%OPPeﬂ%eimer approx.

|

4
N
Y

The Schroéingcr cquation can be solved for the Morse Potential, resu]ting Permitte& energy levels reads;
1 1.
GW) = (v+3)v—(v+3) Eev, where %, =

4D
| he number of vibrational levels for a Morse oscillatoris finite: v = 0,1,2,3, ..., Vg

Coupling of rotational and vibrational motion

, Neglccting constants;
JU+1)h?
2URE

\/ibrational motion: E(R) = (Tl 55 %) hwg, where wg =

K otational motion: E(R) =

1
;[a Ea/aR ]R=RO

:

] he two are not strict]9 mciepenécnt or instance, the torque [ = URy should be replaceé 1:39 =k~

where R is now g:vsn bg the instantaneous value owmg to Vibrational motion.

- e P P e s e (RPN T
5 R ol e e e e e R SR T T A e TR D T o TR T T S O o, s, ’
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Schrodinger equation of diatomic molecules

Tl‘xe energy should take the form

1 1
Electror;ic £t ey \ibrational Centriﬁugal distortion, R = R

Fentri = uw?Ry = J/uRg = J/uR?

s 2 ;
F parmonic = ~HPw" (R — Ro) dE = —[ F porpridlls

o e
PO 2uRE TR




: Atomic & molecular P]ﬂgsics at ditt Tcmpcrature

~ 10* — 10Kk ~10 &

Fusion Plasma and stellar Atomic and Molecular beams, Clusters
environment, Understanding the

* Molecular interactions in -

~ astrophysics, Formation of complex

| molecules In interstellar environment

Y' ~ 1077 K

-6 . . . .
~ 10 K Bose-Einstein Condensation, Fermi Sea,
Laser cooled atoms, Atomic clocks, Quantum many body physics, Matter
Nanotechnology using cold atoms wave optics, Atom interferometry,

— Atomic Physics Is bedrock ofb
condensed matter physics
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Some current researches
| Computational Phgsics
COMMENT

. What’s next for atomic and molecular physics software?
3
| Andrew Brown
§  Covteefor Theoretical Atomic, Molecular and Optical Physics (CTAMOP), Queen's Universiy Belfast
:
? If you are interested in atomic molecular and optical physics, your first step should be to give yourself a

solid grounding in the history of the numerical methods that are still used after nearly 100 years of ;
\ development [1]. Then, for some simple problems, you might be able to engineer a pen-and-paper solution H 3 b i A S 3 St@ m

or even a short piece of computer code. However, for real, heavyweight atomic molecular and optical '

Lot O
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o o e
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: Modeling Molecular Polaritons
3
: O” Personal Beta T.S. Haugland, Phys. Rev. X 10, 041043 (2020)
(_anwe studg/imcer atoms and molecular behaviour from thermo&gnamics?
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