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fSynopsB
. o ProVidc a gcneral atomic and molecular Phgsics overview to the

undcrgrac]uatc and graduatc studcnts in Phgsics.

. (Great cmPhasis will be Placed on {:amiliarity with quantum mechanical
dcscriPtion of the simplcst atom (hydrogcn) and its alike.

. AttcmPt will be made to bricﬁ]g highlight different current researches in

the area of atomic and molecular Phgsics, if time Pcrmits.




Outlinc

. Ovcrvicw of different area of basic research in this field

. History and basic backgrounds

. Discuss mcthodologg/conccpt for undcrstanding the subjcct
. Atomic Physics and atomic structure
! Molccular Phgsics and molecular structure

. Modern research in the field of atom and molecules Physics

Nuclear thsics lecture, Mark Dalton

| Material Phgsics lecture, ...
;R@Cerenccs

Fl"i SICS O1C Atoms ané MOlCCUlCS = B H Bransden & CJ Joacham Fearson ]ntemational (ZO )
Thc Fl"lﬂSICS of Atoms & Quanta ]ntro to expericment and theory Hakan & Wolf
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Historg and basic Backgrouncjs

: Histozy

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 Philosophcrs:

- Anaxagoras (500 - 428 BC), Emedocles (484 - 424 BC)... Democritus (460 -370 BC)
- argued that the atoms are invisible 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.

Froblcm: Neither had any exPerimental or theoretical evidence.
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Hastorg ano‘ BaSic backgrounds contcﬁ
Mocjem times
ExPcrimental Aiscovery of the gas laws

1 662: Robc—:r‘c Boyle (i 627 - 1691 > — extended mathematics to Chemistrg
‘ Emprical law: F\/ =K ]

Ursdcrstanciing of the rainbow — birth of spectroscopy

1666 ~72: ]ssac Newton em 53 remcractmg white liglﬂt with a Prism he resolved it into its
Componcnt colours (red orange, 36”0W green blie and vialet) i
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"Jr < e

Other notable works:

Thomas Melvill(e) (1749) — flame emission spectroscopy . s
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He used a prism to observe a flame coloured by various salts.
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_ Historg contd...

| aws of chemical combinations
' 1801: JL Froust — law of definite ProPor‘tions which states that when chemical elements combine to form a
given comPouncl, the ProPortion by wcigl'rt of each elementis aiwags the same

| 1807: J. Dalton —law of multil:)le proportions which state that when two elements combine in different
ways, to form different comPounds, then for a fixed wcigl':t of one element, the weigl'rts of the other element |
are in the ratio of small integers. |

1 808: Dalton l'rypothesis — the elements are coml:)oscd of discrete atoms. Compounds are formed when
atoms of different elements combine in a simPle ratio. Atoms can neither be created nor Clcstr‘oged

g 1811: Avogadro — the first to distinguish between atoms (the discrete Particles of the elements) and
. molecules (the discrete Par‘ticlcs of comPounds). At fixed pressure and temperature, cclual volumes of
different gases contain equal numbers of molecules.

uestion: [Jow to determine the Avogadro’s number, N,7
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Historg contds...

; K inetic thcorg of gases
17%8: ). Bernoulli — interPrctation of the cmPirica] gas laws as kinetic model

Nineteenth century
K. Clausius, JC Maxwell and b Boltzmann — cxP]ain the Phgsical Pro]:)crtics of gases
Assum]:)tions:
I Agas consists of a largc number of Partic]cs called molecules which make elastic
collisions with each other and with the walls of the container
2. | he molecules of a Parl:icular substance are all identical and are small comParcd with the
distances that scparate them.
3. | he temperature of a gas is Pro]:)ortional to the average kinetic energy of the molecules.

Despité none Fu”g acceptance of the chemistry exPlanation until late nineteenth century due to

chemists ]gnored the kinetic theory, many ex!:)erimental advancement were made in the field.
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Historg 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 Ba]marw—— ]ixperimental observed discrete lines in the visible spectrum of hg&rogen.
2
Hc—: showed that the wavsleng’ch could be fit }33 A= B (

>J where an intcgcrn =558 = 4/RH <R3C}berg COHSt}

n
iieh:

n

[:_lcctron
183%3: M ]:araday —laws of clcctrolysis
1897: J.J. Thom]:)son — studies with cathode rays led to electron discovcrg

1897: JS Townscmd — direct measurements of the smallest Possiblc charge, &

! | ate nineteenth century — Newton’s law of motion and Maxwell’s clcctromagnctic equations
IS inadcquatc to describe atomic Phcnomcna. '
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WImat way forward? -

Black I:>ocI3 radiation — a studg of the rol:)crtics of radiation from hot bodies Providc the first
evidence of the quantisation of energy.

1879: J. Stefan cmPiricaI law — the power emitted per unit area, R, from a Iaodg at the absolute
temPcraturc T (K), could be rcPrcsentch I:)g: R = eoT?

where € is the emissivity which varies with the nature of the surface and 0 is the Stefan’s constant.

)
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Biackbodg radiation... :

' 189%: W. Wein — based on gcncral thcrmodgnamics arguments, show that the sPcctral distribution function 2
for energ dcnsitg a cavityis p(4) = A’ f(AT),
Ais wavc]cngth of the radiation ancjjf(/lT) is a function to be determined begond thcrmodgnamical
reasoning.

iWicn’s disPlaccmcnt law: the wavcicngth of the Pcak of each curves corrcsl:)onds to a different temperature. <

I or a number of stancling clcctromagnctic waves (modes) per unit volume within a cavity, the
energy dcnsitg reads

81T —

p(A) = = & € - the avg. energy in the mode with wavclcngth A
%Lord Raglcig[’l and J. Jeans aPProac]'): f(AT) = 8mk(AT); € = kT —— (Jltra-violet catastrophcl

Raglcigh—dcans distribution law: p(4) = i—f (kT)

1899: O | ummeré [ Fringshcim — cxPcrimcnta"g measured the s]:cctral distribution as a
function of temperature

11
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| 900: Fianci@s quantum theorg

;Fostulatc:

T he energy of an oscillator of a given Frcqucncg V cannot take arbitrarg values between zero and ini:inity,
but can only take on the discrete values ney, where L is a Positivc integer or zero, and Eoisa finite
f“quantum” of energy, which may chcnd on the i:rcqucncg.

Avcragc energy of an ensemble of oscillators, each of i:rcqucncg V, in thermal equilibrium 15;

= ePo—1

| | Ti]en) /1 - 81T o
' p()_/y}eeg/kT_l

2
(=)
l

R(\) Arbitrary unats

_—Rayleigh-Jeans

4.0

] o SatiSICH Wein’s law: gg = hv
his Fianck’s constant (h = 6.6262 X 10"34]0ule — sec).

3.0

2.0

; : : 8mthc 1 1.0
Fianck’s distribution law: p(A) = = heaer o | 7 | 1 |

—
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]s Flanck’s quantum thcorg acccPtablc?

| Fianck’s thcorg was not acccptcd rcadi]g. Howcvcr, it was not long before the quantum concc]:)t’
was used to cxplain other Phcnomcna.

In 1905, A [ instein was able to intcrprct the photoelectric effect bg introducing the idea of
Photons) or light c]uanta, and in | 907 he used tﬁc Flanck Formula for the average energy of an
oscillator to derive the law of Dulong and [etit concerning the 5Fcci{:ic heat of solids.

Subsequcntly N. Bohr, in 191%, was able to invoke the idea of quantisation of

atomic energy levels to exPlain the existence of line spectra.

Gcigcr, Marsden and Rutherford (1906 - 1913): Based on the scattering of a Particlcs by metallic foils
of various thickness, Rutherford found that a Particlcs had chargc to mass ratio q/M cquals the doub‘y
ionised helium atom.

| Atom is mostlg empty space with a small Positivcly chargcd nucleus (protons) containing most of the mass .
iting this nucleus.

and low mass ncgativc13 chargc;cﬁ]wj:)articl;s ﬂ— homPson’s electrons) or

T — e e
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Earlg quantum formulation and PBohrs idea - |
191%: Neils Bohr’s —based on Ruther?ord’s a-scattering ex!:)eriment and the

observation of discrete spectra, Pohrintroduced the energy level quantisation of atom

__; Thc Postulatcs Were:
1. lectron moves in circular orbit about proton under (oulomb attraction.
| , , 1 Ze? ; muv?
[ lectrostatic attractive force = > Ccntrl{:ugal force = —
4TEY T r

; Ze - Clwargc of nucleus, v - vclocitg of electron, r - radius
2 I~ lectron can revolve only in those orbits whose angular momentum is an intcgrai multiplc of h = h/2m.

Thatis;L=mvr=nh n=1,23,...

; ; e - nh
Kadlus of the orblt, r = 411'80 5 and vcloc:ty, V=
e mr

n

a mZ
3

j T otal energy of the electron in orbit remains constant. E = Ey;p, + Epoy
mZ%e* 1
(41E())% 2% Nn?

4. Radiation is emitted only when the clcctronﬂumps from one discrete orbit to another orbit of a lower

E, =

energy. When electrons absorb radiation, t

- e e n _ﬂwr‘:’w_:r1,:mg_—.-r:_¢—_-fw-—- e P S S - e . . - — T T o T T o e e A e T =

i

e reverse transition occurs. AE = Ef — E; = hv = hc/A
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E_arlg quantum formulation and Bohl‘s idea -~ ”

—13.6Z° : : n4a
I lectron energy, En = = eV (Orbit radius, r = = :

Z — atomic number and ag — Pohr radius

Niels Bohr, 1922 Nobel prize in Physics — investigation of atomic structure and radiation

bard = | (Hydrogen)

n=4 ——
| n=% ——-~1.5 c\/ |
(Questions:
g * [{ow does the vclocitg of ground state n=2 —-34¢c\

hydrogcn electron compare to vclocitg of
light?

- o5 the non-relativistic modcljusti{:icd’?
- Hint:ry = 5.29 x 10" Y meter

A T ey a7 A e N o o L e e SO e I . N ~
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n=1 —-~1%.6 e\/
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I~ ailures of Pohr model I

Bohrmodel is not in fact a correct dcscriPtion of the nature of electron orbits.

Some of the sl‘lorl:comings of the model are:

i. Fails to describe w[ng certain 5Pcctral lines are brig[ntcr than others. T hat is, no mechanism for
calcu]ating transition Probabilitics.

2. ]t violates the unccrtaintg Principlc which states that Position and momentum cannot be
simultancous]g measured.

f]:rom Bohr model, the linear momentum p = mv = nh/r

T'rom [Hiesenberg uncertainty Principlc, Ap ~ h/Ax ~ h/r
' Bohrs model only valid at the classical limit, e largc n limit

__ T hus, full quantum mechanical treatment is needed to model electron in hgc}rogen atom

" S Eit s o ht g -
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Excitation energy (eV)

Wavenumber (cm /)




Schrbclinger cquation for the Atom -]

Hgdrogcn is one electron atom and PcrhaPs the simPlcst system in nature, Z =1
T he Potcntial associated with the attractive (_oloumbic force between the Positivc chargc proton

, - Ze?
and the negative chargc electronis V(r) = =
_; 4TTEYT
Sinceitis a two~bod3 Prob]cm, we introduced a reduced mass (to treat it as one body Problcm) n
' mM : |
— - where m and M are the masses of the electron and Proton rcsPcctlvcig.
m+M

‘dﬂctic energy + Potcntial energy = Total energy

1 2 2 2
ﬂ(px + Py +pz) tV(x,y,z) =E

Tor quantum mechanical treatment, the classical dgnamica] C}uantitics would be rc]:)laccd with their
corrcs]:)onding quantum mechanical oPcrators.

pPx — —thd/dx,p, » —ihd/dy,p, » —ihd/0z E — —ihd /0L,

Let introduce a wave function describing the electron as; P =Y(x,y,2,t)

e e . e e e
a T e Ry T e R T e - T
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SCHrbdingcr cquation for the Atom -]
T hen,

Ze?
4TTEQGT

( 72 V2 + V(T)) Y = —iha—¢ whcrct[) = 1[)(;3 t) o V(;‘) -

2m, at’
Vis Laplacian operator

‘ Timc~chcndcnt SF cquation

Since the Potcntial Vis indc]:)cndcnt of the time and anglc, we simpli% the ccluation in two ways.‘
First, the time chcndcnt part (RFH9) of the cquation IS rcplaccd by the energy cigcnvaluc.

SCcondly, writing the [Hamiltonian in sphcrical coordinates, we can scparate the wave function

Y(r)intoa Product of radiaLonly and angular~on|9 parts.

Z-axis A
2 (F, 8* @)
In spherical polar, ;‘M 72Y(r,0,0) + V(r)Y(r,0,p) = EY(r, 6, d) . i
where, _ \ e
| 10 0 1 a4 @ 9 1 - 92 ¢ o
Zs = (r*=—) A (sin e e
r¢2dr > 0r° r“sinf d6 00°  r4sin?0 d¢?= £ :

PSSR —— — Sy~ = - A = S - — e ———

r s e T s SIS S S
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5chrbclingcr cquation for the Atom - I1]: 5cParation of variables
Assuming the eigenfunction is scl:)arablc: Y(r,0,¢p) = R(r)O(0)D(P)
Substituting Y (1, 0, P) into the S, carrying out the ditferentiations and rearranging

1 d*o® sin‘“0 d ( 2dR) sin0 d ( d@) 2p

o i a S . 2 E—V
o do R dr\ dr a di g s ()]

z
_5
i

i

:

Wc can separate the rcsu]ting Fartial differential eqn. into a set of three ordinarg differential cqns.:g =

d*o :

7y e

1 Sl mE
% smode 20 e Y

il iy, + P gl

1 d ( 2dR) 2pre

R
r2dr F—5 [E-VOIR = l(l+ 1)

Schradinger ec yé_EEQQ_.__ErO_duCCS th rée._%antumﬂumbc rs
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Schrbdingcr cquation for the Atom-|V: So]utions
Azimuthal part

A Particular solution of the first ODF is D(p) = et™?.
T he cigenfunctions must be singlc valued, ie., @(0) = ®(2m) and using I ulers
formula, 1 = cosm;2m + isinm;2m .
| This is satistied if and onlg if; m;=0+11,1+2,...
%_Thus, solutions only exist when my have a certain integer values. [tis called a quantum number. |t

g]:)lags role when atom interacts with magnetic fields, known as the magnetic quantum numberin
}sPcctroscoPg.

Polar part, ©(0)

% Making changc of variablc, Z = rcos0, the 2nd ODE is transformed into an associated
2

; d doe m
chcndrc equation: — [(1 — z%) E] o [l(l 1) 1_;2 O = 0. _
1 Solutions: O1n, (0) = Sinlm”HF”m_”(COSH), where Fijm-1(cosO) are associated chcndrc

3 Polgnomial functions.

orfinite®; 1 =0,1,2,3,4...m;=-1,-1+1,...,0,..,1 — 1,1

e 4
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; : 5Chr5dingcrcquation for tl"IC Atom ~l\/= Solutions rep resentation
=
SPhcncal harmonic solutions: le(H }) = Oy, (0)Dy,, (P)

lt IS Product of trxgonomctrlc and Polynomlal functions

. j Y. )
* I ew sphcrical harmonics are: Yo e (v o

. e 6

‘ 1 Y10 = cos@Yf—rl = (1 — cosze)l/zeilfl)

| |¥5(, ol |¥5 (. A | Y5 (6. )| ;
: % * e =
e N E f ﬁ_/
3
: 3
g VEER] | ¥3 (A, e | ¥ (A, &)
|

C e T e

Taken from: Woifram MathWorks
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SCBrbdingcr cquation forthe Atom - V: Radial part
For I'mgclrogcn atom,Z = 1. Assuming the ground staten = 1,1 = 0; the third QD can be written as

L df of +2,uE+ e s
r<dr I dr % dcor]

| Taking the derivative and assume solution R = Ae™"/% where A and Ay are constants. | he eq. becomes;
' 1o o0 2ue 281
(a(z) + h2 E) 2 (4n80h2 ao) ro .

Lo satisfg this equation for any value of r, both Expressions in brackets must equal zero. \We have

ATTEGh? h?
02 ) E = 2
ue 2uag

a0=

What are their values numcr‘ica“g?

| f:or each Positive integcr of n, the radial wave cquation has many solutions. Bound~statc solutions are onlg |
Z2pe%

-. POSS'HC it En ( n£0)22h2n2 — 1 6— e\/ Th@ Prmcapal q.no. N = Lfed b

= e = - = ———— - B .
- ol e S ey —— e —— sl e SR e e -
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Molccu]cs

What is a molecule?

A molecule is an clectrlca"ﬁ neutral group of two or more atoms held togcthcr bg chemical bonds.

| le‘(lPCdla

Mang atoms can combine to form acfartlcular molecules, E_g l': c!ro en (J1) and Ox gen (O) atoms form

‘water (H20); CHormc (CD an

Sodlum (Na) atoms form NaCl molecules.

bcbwccn

Bondm

oPPosﬂ:clH chargcd bodies could be understood in the llgl'rt of Cou lomb interaction (attractxon) but atoms

| of the same type can still form bonds, a tgplcal cxamPle IS hgdrogcn molecule H,.

]n contrast to atoms, molecules have
two more dcgrccs of freedom:

rotational and vibrational

Our oal

To understand the Formatlon of molecule from

T A gy g T I N AT

s o e gt g
> 2 .

atom in thc quantum mcckamcal Framcwor‘(

T e e i S T,

24

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

1 (O Hydrogen (H)

Glucose
(molecular |
WEigh’{ = 180) __

|
P T R TR Y SO S S ik

ng

@ Alanine

(molecular
r )
Xpe weight = 89) |
(molecular
weight = 18) E


https://en.wikipedia.org/wiki/Electrically
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Chemical_bond

Molcculcs contd...

| In molecules, the Potential seen by the electrons lacks a central character. For the simpiest of
molecules, the homonuclear diatomic molecule, the Potcntial is two~-centred. | he increase in the
number of nuclei, increases the comPlexitg nature of the attractive Potcntial.

How can the Problcm be simpli{:icd?
T ake into account the largc difference in the masses of the nuclei and the electrons.
Thisis imPortant in the analgsis of molecular structure and spectra

]: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 10~27kg

|_et us consider electrons in a Potcntial well of size R (bond—-lcngtk or molecule size), the electrons

, p? h?
‘energy estimate, L, ® — =

R T
s s




Molcculcs contd...

Now consider a diatomic molcculc, the energy of the nucleus can be estimated b treating the
molecule (s]:)cci{:icang a diatomic molcculc) as a linear harmonic oscillator. T hat is, the molecule is
bound due to the electronic attraction but would fall apart due to nuclear rcPulsion in the absence

f'o{: c]ectrons. Thc osci“ator energy would be Evib = Mw?,ibé‘z/z where w 8 are the Frcqucncg of

oscillation and the displaccmcnt rcs]:)cctivclg.

Analysing the amount of energy that will results in dissociation show that the energy of nuclear
oscillations (vibrational cncrgg) IS considcrab]g smaller than the electronic energy. '

Bound state estimate: Aw,;, ~ (m/M)1/2E,

Thc nucleus Pair can be aPProximatcd as a rigid rotator with the c]uantiscd energy levels given by

%l(l + 1)h%* /21, where the moment of inertial = MR*/2.

ff' , A m
Thus, rotational energy E ..t = £l MEe
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Molcculcs:ﬁncrgg scales -

. e &

Thus; Erot < Evib < Eelec

T he difference in the energies allows us to separate the three kinds of motion and corrcs]:)onds
' to a difference in the characteristic time of the three motions.

s I e R R e

%
| | Electronic h R | ;
B transition | 1 Excited electronic |
] i optic \ | state

(1IN ODLICAa _ |
. B s\@/ e rom: www.yokogawa.com
or uv) [\~ sk dissociation - - 5
3¢ _e_n?r_gi_ Electron transition Vibration Rotation
>
€ =4 Ground state /
| & >
: Ll - e Y /
T Rotational | d
Vibrational 7 e o 2 Ay
transition L s Lo |
o L= in microwave) |
(In infrared) /|> ‘ [ }
r 50,000 25,000 12,500 4,000 400 10
> Internuclear separation < S R R R B B -1 (Wavenumber)

Far- _ _ _\
ultraviolet Ultraviolet isible

_____—— nm (Wavelength)
200 400 800 2,500 25,000 1,000,000
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Near-infrared Infrared Far-infrared Microwaves
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http://www.yokogawa.com

Molecules: Born~OPPcnhcimcr aPProximation

T his is Finding the solution of the Schrodingcr cquation of a molecule bg the assumption that
the electronic motion and the nuclear motion can be well scParatcd. T hatis, based on the energy
‘and time scale difference that we discussed in Prcvious slide.

T hen, molecular wave functions

l/)molecule (ri' Rj) = lpelectrons (Ti» Rj)l/)nuclei (Rj)

- o[ lectronic wave function chcnds on nuclear positions but not their velocities. | hat is, nuclear
motion is much slower than the electron motion that thcy can be seen to be fixed.
e Nuclear motion (rotation, vibration)sees a smeared out Potcntial from the {:ast-moving electrons.



_ 5c['1roctinger cquation of diatomic molecules: Bom-OPPcnheimer approx.

¢ Now introduce the Born~OPPcnhcimcr or the adiabatic approximation; the nuclear motion is
slow coml:)arcd to the electronic motion. T his will eliminate the nuclear kinetic energy term.

e The total molecular wave function can be written as combination of the electron wave function '
and the nuclear wave function.

- . Attcr substituting into the 5chrodingcr cquation (5]::_) and scParation of variables
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Schroclingcr cquation of diatomic molecules: Bormoppcnheimcr approx.

Consider a diatomic molecule with nuclei located at R, and Rg having masses M 4 and Mg,

chargcs Z 4 and Z B- Assuming that the molecules have n electrons, the Schrodingcr cquation
can be written as

ey 0 By
——p2 - VZ+V |W =EY
( Z,Ll Zmei§1 l )

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

i st term: Kinetic energy of the nuclei with reduced mass u = mymg/(m, + mg)
2nd term: KE_ of the electrons

n 2 n 2 n

T he Potcntial, V= ) - D, 2

i>7=1Tij =1 A = =1 Tib R

Z € Zge’  ZaZge®
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5cl1roc]ingcr equation of diatomic molecules: Borm~OPPcnhcimcr approx.

Solve the rcsulting S of nuclear motion (sPhcrical coordinate) in analoguc to the hgdrogcn atom

Kotational energy, £; = RZ](] £ 1)

] — rotational quantum number (angular momcntum) of the molecule

]n classical mechanics, energy of a rotating bocly E,=1/2I,w%)
| W, — the angular vclocnt9 (rad/ scc)
| he magnitude of the angular momentum |J| = I LW

Vibration

i
|
4
!
i
!
3
!
J

Thcre{:orc E, =]U+1)h g 012

ln terms of a rotational term, F(J) = E;/hc = BJ(J + 1)cm ,  where the rotational constant B =

It means largc mo‘cculcs have closcly sPaccd cncrgg levels.

mﬂw W—-—,—v-,, T TR I T Y T T T TG e Mg s TN O g — ciom bt Aty el . g T T o et e O — . e X - — T T T e —————
2 - .

e

Ad1tcl




- 5chrodingcr equation of diatomic molecules: Born~OPPcnhcimcr approx.
: { , Energy
oo fﬁ = 20B

R otational spectra selection rules

| ransitions are only allowed according to selection rule

__".M..\.‘-iuxmam.“ gl ¥ - 2 e

for angu‘ar momentum;
J= g 128 A] = +1
| | Rotational G
{ | energy levels (a) (B)a ' |
; 2 . Rav,
=2 6B - : :
: J = 1 T 2B J=3 ‘ % o Il\’i,,‘,'.—.\‘i'r-—-—-vm-a '.Lfﬁhhwn—-w}»-w-*ﬂ—"‘-**w-!ﬁ"
/ 6B _,E.. i e (i f T {1 Y
z J — 0 0B J=2 E" -ﬂ'};jr-'.-:ﬂc-:unm. s |
- 5 4B 6B BB cm” N . T
i | . =0 I 2 0 50 1040 150 200 250
%»' | Spectrum ) d) Time (ps)
04 PR
i 01 13 93544 9 b
% Soz2p | 8060 #E_J"_i"ﬂ_i - ‘|| ‘n'ﬂl”‘ H
It ! | | - 1 | -.
i ) K] — 1) =2B] %u .f ‘g H_i!l,_., --.‘H {5
03 - | 1K L | (R | 2
)_Z E - 1! Quahtum rotational revivals /| EL |I| (it llll'll‘tr‘ <
: : ’ ’ P ’ . g T I e, Ny it by | . " | :
| ‘ Schematic energy level dxagram of molecular rotations (see Flgurcs) §"‘1' e L M:,M £ ! JL I,'fg"s' | '1”'_‘ Ib!|[| ol
From: Lu et a], Two-Dimcnsiona] Spcctroscopg at Tcraheri:z Ff’cquenciCS, ~u.4l S I_n'!llﬂﬁ Ii I‘I‘IIEI_G'%‘IEI 225 uﬂri W g : Irli"L'lHL'-lf 12 _;
T opicincurrent chem 376 (2018) o s w0 iz ki |
PSR i o G S e e s S SN e e L s iy Ao s R I BRSBTS 2 R e RS A TR e——.
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=7 - L it e PR it o L imiimit e s e e et ' e et ‘-—‘*‘\‘MM‘-'“ ey aeoa il 2l - 2 b
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5cl1rodmgcr cquatlon o{: dlatomlc molcculcs Born~OPPcnh61mcr aPProx I

1.0 F
Mo]ccular vibrational motion (T) ;_ H
1017 | O _
JI P
054 : |
- 3 I
FoA
oA
L 3
12 6 o I 7
LéﬂﬂardﬁJ/OﬂCS VL/(T') = -c Re e 2 & [ 111 r _.
Potcntial r T 05 \
= N T
4 5 6 7 8 9 10/

T hen, cxPanding Vion() around the cc]uilibrium molecular separation R;

dVion 1 dZVlon
Vion(r) = Vion(Re) T e ‘R (1 — R} + - 5 0.7 \Re(T - Ry

EqUil brium E
O ‘CO rce Harmomc A:}hai rmon 1 citﬁ i

e —— - e

>~ R e i e o il
: , > o -




. 5c]1roc]ingcr equation of diatomic molecules: Born~OPPenhcimcr approx.

 Harmonic aPProximation

Expanding the ionic Fotcntial between the diatomic molecule up to second order
1d%V ; 1 ;
o i 550

Largc (small) k means stiff (weak) bond between the atom A & B.

. Thc Schrodingcr cquation for relative motion of diatomic molecule A-B with a quadratic
| Potential energy (harmonic oscillator) reads:

K2 d2yp, 1

21 dx? +§kx21/)n= nY

éSolutions: [Hermite Polgnomial + (Jaussian wave function .

“The vibrational energy levels; E,, = (n - %) hw,w = \/k/p,and n = 0,1,2,... s vibrational faanta

————— e e —
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Schrodingcr ccluation of diatomic molecules: Born~OPPenhcimcr approx.

E, = (n 1 %) hon=012,... Vibrational terms of molecule in terms of
wavenumbcr
Fotential energy Ty =
| of form G(n) = n+§ n
;EH}I.'P '
: 0 il
n = =
2
e |1

Downsides
* T he harmonic/ Paraboiic Potcntial approx.

[5 poor at high excitation energjes

* Harmonic Cfotc-:tmtial does not describe

x=U represents the equilibnum Fia
separation betweenthenuclei, M9 Iccqlaf_.__ ISsocialiail: o e
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i 5chrodingcr equation of diatomic molecules: Born~OPPcnhcimcr approx.
i Anharmonicitg

S g g T = PP R "‘_0_-. O e I ik -
. d . ~ J

et TP AT P P P AT iy g

Ty il i

. *]n rca]itg, the failure of the interatomic Potcntial from a
- Parabo]a (harmonic osci"ations) results into effects like second
~ lorder nonlinear oscillations, thermal C?Pansion, finite Phonon
lifetime among others. Thus, the use of a asymmetric Potcntial 1
}is rccluircd, c.g Morse Potcntial.
| £
| Morse Potcntial
- A closedform solution and resembles the true Potentials.
2
Vay(r) = heD,|1 — e~ —Ro]
) (1)2 0\
‘ where, a = -
| \ 2hcDe




Schroc]ingcr cquation of diatomic molecules: Born~OPPcnhcimcr approx.

Thc Schroclingcr ccluation can be solved for the Morse Fotcntial, rcsulting Pcrmittccl energy levels reads; g

G(V) = (V -|-%)1; == (V -|-%)2 %61;, where X, = 4LDe'

T he number of vibrational levels for a Morse oscillator is finite: v = 0,1,2,3, ..., Vi

CouPling of rotational and vibrational motion

-~ ENcglccting constants;
J(J+1)h?
2URE

Vibrational motion: E(R) = (n i %) hwg, where wg =

R otational motion: E(R) =

—[02Eo /ORI,

T he two are not strictlg inchcndcnt. [orinstance, the torque I = uR, should be rcP!accd bg I — ﬂRZ, |

where R is now givcn bg the instantaneous value owing to vibrational motion.

s - E s . S e e I e L '—_J“""-"".. D T T o T R T T T P T e e T T Sy T - — ———— 4 e — T T g R .
e -4 et g R S e A e 3 o
L 5=
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Schrodinger cquation of diatomic molecules

TI‘IC energy should take the form

E(R) = Eele(RO) + (

I lectronic energy

1 1
2
Vibrational Ccntrﬂ:ugal distortion, R > R,

F centri = H@*Ro = ] /uRy = ] /uR?

F harmonic = —uw*(R — Ro)

dE = —| F centri@R

i i
2uR2  2u3Ryw?

Eror=

- e ﬂ%‘ﬂ"‘"_ﬁw 3 e LT e T e s e s o R SRR i e - - - P e e e e |l = B 4ot - — = ordmmtne
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Atomic & molecular Phgsics at ditf. Tcmpcraturc

~ 104 — 10K ~10 * i

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

‘ Molecular interactions in '
~astrophysics, Formation of complex
~ molecules in interstellar environment Tcmpcraturc
scale
* ~ 10 2K

—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 of
condensed matter physics
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3 Some current researches

] Computational Phgsics

COMMENT

What’s next for atomic and molecular physics software?

Andrew Brown

Centre for Theoretical Atomic, Molecular and Optical Physics (CTAMOP), Queen's Umiversity Belfast,
UK

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 Rl I l 3 b i Cl S 9 StC m

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

Tlﬂanks to ASF

RN
)
> @
Modeling Molecular Polaritons

O - P i al e T.S. Haugland, Phys. Rev. X 10, 041043 (2020)
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(_anwe stucﬁﬂ/imccr atoms and molecular behaviour from thermodgnamics‘?
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