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Relativistic Quantum Mechanics

Notations

In the four dimensional space-time manifold, commonly known as the

Minkowski space, the four vectors are defined by
ot = (et,x),
r, = (ct, —x). (p =0,1,2,3)

The contravariant and the covariant vectors are related to each
other through the metric tensor of the four dimensional manifold,
namely,
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The operator implying differentiation with respect to a contravariant (covariant)
coordinate vector component transforms as a component of a covariant (contravariant)

vector, 5 5
ail = —— (60981362,63):[—,—6]
OX,

“+0

— a -~ o~ - 6 ¥
a,u= =(60=01=02303)=[A 0=V)
ox

where ﬁ:[i, a,,%):(é’l,é‘z.aﬂ ( o' -a* - 53) is the 3-divergence.
ox

(thus V.4=8,4%).
We may then define a 4-divergence of a 4-vector 4“ by

o _ _ 0
5.4 +VA—(6_;‘ +V A

0,A4“=08"4, =

In this notation the 4-dimensional d’Alembertian operator is the contraction

2 2
DZEa#au — a _Vz _ 12 a V2
Ox 0x, c? ér’

and is a scalar under Lorentz transformations.

Klein-Gordon equation
The relativistic relation between the energy and momentum of a free particle is

E? :}—5202 +miet

Substituting fﬁif =—ihV . we have
ot
- 6250' -
—h? 57 = —R2c*Viy + micty
t
. 1 &2 »  m‘e
Simplifying the above equation we get - \vj =0
c” ot 1
22 2
m-c 1 ¢
0%+ = h 0= ——-V?2
[ h’ )W 0 wherE ¢ or’

This equation is known as Klein-Gordon equation.

There is no way in which the Pauli spin matrices can be included in Klein-Gordon equation
without destroying the invariance of the theory. This is because the spin matrices transform like
the components of three dimensional vector, rather than a four dimensional vector.

Thus the Klein-Gordon relativistic equation represents a particle that has no spin.

Solution of Klein-Gordon equation is of the form

v = Nexp(i(p-X - Et))
where N is the normalization constant and

E=+p*c +mc*)"”



In addition to the acceptable E > 0solutions, we also have negative energy solution. A
second problem is that E < 0 solutions are associated with a negative probability density. The

negative energy solutions cannot be simply discarded as these correspond to antiparticles.

Plane wave solutions

Klein-Gordon equation also has plane wawve solutions which are
characteristic of free particle solutions. In fact, the functions

e:Fik‘-:c — e:F'i?-c,_,:f“ — e:F'i?-c“:r,_, — e:F?'(k‘gt—k-x]
with &* = (k", k) are eigenfunctions of the energyv-momentum operator,
p,r_tﬁ:F?k.T — ,la,r_a‘S:FzA z _ E:ZF?R x Rk o TFik

Sy,
so that +A&" are the eigenvalues of the energyv-momentum operator.

This shows that the plane waves define a solution of the Klein-Gordon
equation provided

B2 —m2c® = (&7)2 — k2 — m2c? _ o

Y — L F = + A K2 + m2c”
Klein-Gordon equation and its complex conjugate
m2c?
n>

> 2 2 .
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Defining the probability current density four vector as

T = (G"T) = (p, T)
1 .
5, (W'VW— W VT
STTTL
i L O aw™
£o= 21 (w ot hd o '

This shows that the continuity equation for the probability current is

where

a0t =20 |~ 3—o0
The probability current density
1 *
J = — (V'VW - W Vy')
2iim

of course, has the same form as in non-relativistic gquantum mechan-

ics. However, we note that the form of the probability density (which
results from the requirement of covariance)

__ E * W a W "

£o= 2 (w ot hd M -
is quite different from that in non-relativistic gquantum mechanics
and it is here that the problem of the negative energcy states shows

up. For example, even for the simplest of solutions, namelyv, plane
waves of the form

@) = e

we obtain

P = — = =

T T

Since energy can take both positive and negative wvalues, it follows
that p cannot truly represent the probability density which, by defi-
nition, has to be positive semi-definite. Klein-Gordon equation is
second order in time derivatives. This has the consequence that
the probability involves a first order time derivative and that is
how the problem of the negative energy states enters.

217

.0 ;
(—ik® — k") = ~ E

The positive energy solutions alone do not define a complete set
of states (basis) in the Hilbert space and, consequently, even if

we restrict the states to be of positive enerev to begin with. nesative

energy states may be generated through guantum mechanical
corrections.

It is for these reasons that the Klein-Gordon equation was abandoned

as a quantum mechanical equation for a single relativistic particle.



Dirac equation

-

The origin of negative probability density is the second order derivative £ in the Klein-
ot

Gordon equation. In order to avoid these problems, Dirac in the year 1927, derived a

relativistic wave equation linear in = and V. He succeeded in overcoming the problem of

the negative probability density, with the unexpected bonus that the equation described spin-
1/2 particles.
Dirac approached the problem of finding a relativistic wave equation by starting from

the Hamiltonian of the form
ih % wl(7,t)= Hyl(7,t) or Ey =Hy
The simplest Hamiltonian that is linear in the momentum and mass term is
H =ca.p+ fnc’
Substituting H , we have
(E—ca.p—pme =0
or [Eh % + ihe@V — ﬁmczjw =0
where & has three components o, o and .
Multiplying by [E +c@.p + fmc?| from left, we have
lE + [c&ﬁ + Bmc? )JlE - [céﬁ + ﬁmcz) =0
[E2 - (cfj.f) + fmc? )(CEE.EJ + fmc? )},y =0
Using da.p= (fax +jo, + ka, ) (fpx +Jp, + kp, ): a.p +a,p,+a,p,
the term (c(i’.f? + ffmc’ )(cff. D+ ﬁmcz) can be simplified as follows:
(cé.ﬁ + fBmc? ](c a.p+ pmct )
= [c(cxxpx +a,p,+a.p, ]+ ,(imc2 ] [C(Q’Ipx ta,p,+a.p, )+ ﬁmcll
=c*l(ap? +alp +alpi ) ap.a,p, +a,pa.p, +a,p,ap, +a, 0@, P, +
a.p.a.p, +a.p.a,p, |+ mic 2 +me (e, p.f+a,p, B +a.p.f)+
mc*(Bet,p, + pe,p, + Ba. p,)
=clatp? +alpl +alp? +lae, +aya, )p.p, + (e, + o, )p,p, +
(.0, +a.e)p.pJem’c' p +me [(ﬂ’xﬁ +fat )p, + (ﬂfyﬂ + fa, )Py +(e.f+ pa, )Pz]
Using above relation, the above eq. becomes
E?—a?p? + alp)+aipl+ ((II(II +a,a, )pxpy + (nyc;fz +a,a,)p,p, +

(@,a, + e, )p,p.|-m @+ fe, )p, +\a,p+ba,)p, +(@,f+ fe,)p, |- mc* f*ly =0



This equation agrees with free particle equation

— R C—;ﬁl = RV iy +micty

when &, satisfy the relations

2 2 2
o, =a, =a; =1

B =1

ad +taa =ao +aa =aa +aa = 0
af+ pa, =a,p+ fa, =a,f+fa, =0
The four quantities &, @, & and [ anticommute (anticommutator of two operators A and B

is defined as {A,B}=AB+BA) in pairs, and their squares are unity. Further,

_ (0 & (1 o0

“lé o A= 0o —7
with 15[1 Oja_n_dl‘.}z(e 0]
0 1 0 0

and & are the Pauli spin matrices given by

More precisely

0 0 0 1 0 0 —i

0 o, 0 01 0 0 o, 0 0 i 0
ax:[_crx 0]: 010 0 %Z[o.y 0]: 0 —i 0 0
1 0 0 0 i 0 0 O

0 0 1 0 10 0o o

m:[c- JZJ: 0o 0 0 -1 7 0 o1 0 o0
o, 0 1 0 0 O ﬁ=[0 —IJ: o 0 -1 o

0 -1 0 O 00 0 —1

Covariant form of the Dirac equation
The relativistic Dirac equation is given as
ih CZ—";{ = —ithcaNw + fmec’y
Multiplying by £ from left, we have
L L OW . — = 2.2
Jkﬂg =—ihefa Ny + G mc w

i) 2 = 1, therefore 5
B 6—":’ — _ihcfaN v + mctw (1)



Now we introduce Dirac j~matrices »* = (3, f&)where /0. 1. 2, 3. i.e.
0
vy =5
7' = pat = y°a* k=1.2.3

Using Dirac }matrices, €q. (1) may be written as

[ih}/“ af“ — mc]yf =0

or (iﬁ;v“a“ - mc) w =0

This eq. is the known as the covariant form of the Dirac equation.

Properties of Dirac matrices
The Dirac » matrices satisfy the following anti commutation relations
Y‘HVV 4 ?,V;y,u _ Zg_uv

where g“" is metric tensor given by

1 0 0 O
0—-1 0 O

E v —
* 0O 0 —1 0

0O 0 0 -1

Further, since },0 = ., we have
7= () =1
™ =(Bak) =a* ="
() = pa’ ot =-1
where £=1.2.3 and the superscript 7 denotes the Hermitian conjugate of a matrix which

is obtained by interchanging the rows and columns and taking complex conjugate of each

element. The Hermitian conjugation results can be summarized by

rT=yry?



Positron theory
Dirac proposed that the negative energy states are occupied and the exclusion principle
prevents transition into such occupied states. The normal states of the vacuum then consists
of an infinite density of negative energy electrons called as negative energy sea. It is assumed
that there are no electromagnetic or gravitational effects of these electrons but that deviations

from the norm produced by emptying one or more of the negative energy states can be

observed.

B
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Schematic diagram showing transition from negative energy to positive energy.
The absence of a negatively charged electron that has negative mass and kinetic energy
would then be expected to manifest itself as a positively charged particle that has an equal

positive mass and kinetic energy. In this way, a “hole” theory or positrons can be developed
without recourse to holes.

When an energy E > 2mqc” is supplied to an electron of negative energy, it can be
excited into a states of positive energy, as shown in figure . The absence of an electron of
charge —eand energy -E is interpreted as the presence of an antiparticle (a positron) of

charge +e and energy +E. Thus the net effect of this excitation is the production of

pair e-e .



Dirac’s equation with electromagnetic potentials

Terms involving electromagnetic potentials can be added to the Dirac’s relativistic

in a relativistic way by making the replacements
cr —>cp— ed
E-—»>FE—ep
where A4 and ¢ are the vector and scalar potentials, respectively. Substituting in eq. Dirac
equation, we get
lE—e;iﬁ—&-(cj}—eg]—&nczkﬂzi)

Multiplying above equation by lE —egp+a- (cji — e:é!.J+ LGmc? ]from the left, we get

J[E — egﬁ-}: — [(_:E . (cf) — e;i}]z —me* —(E—eg)a - (cf) — eﬁ)+ a - (cji — e;ilE— e.;z‘.-]'}// =0

Consider the identity
(@-pla-C)=B-C+ic{BxC)
Replacing B and C with (cp—ed), we get
la-(cp—ed)f =(cp—ed) +i6-(cp—ed)x(cp—ed)

Now (7 —ed)x(cp—ed)=—celdx p+ px 4)

The term Ax B+ px A can be evaluated as follows

(Axp+pxdly = Axpw+px(dy)
= —ih AxVW—Fng wf

= —ih|lAxV iy +Vxlpd
= —1hAwa+t,y’V x A+V #]

= —inlVx A%/
(Exf:r+_§5x:éi) = —mlvxa
Substituting , we have [cji — e;_i)x (cj'i — e;_i): ieficV x A = ieficB
where 2B is the magnetic field.
[EE - (cji —ed )]2 = (-:fji — eﬁ)z + iﬁ"-(iehcé)
= (-:':ﬁ - eﬁ]l — ehc5'.B
Now we consider the last two terms
l— (E —eg)a - (cji — eﬁ)+ & - (cji — QEXE - e;‘.ﬁ]}y
= [— Ea'-(cﬁ—eﬁ]—!—egﬁ&-(cﬁ—eﬁ]—!—ﬁ’-(cﬁ—eﬁ)E—&- (cji—eﬁ)ec;ﬁ},{/
= [—E&-cﬁ+£’&-eﬁ+e¢&-cj§—e¢5’-eﬁ+&-cﬁ£—&-eﬁE—&-cﬁetﬁ+&-e§e¢}/f
=le@ - (Ed— 4E)+cea - (g — po)l



Now [E;i—;ifj)y = E‘Ew—ﬁﬁw

L © (= ~ . O
= h—\4 — Aih——
! 53( WJ I* ot
= a2 |y - anl¥
ot ot ot
4
= | ==
Further, (¢p — pohr = —gﬁiﬁ‘@'w+fﬁ‘$’(gﬁw}

= gV + Vel + gV = (nVely

eq. takes the form

—(E—ef;ﬁ)ﬁ'-(cﬁ—eﬁ)+ﬁ'-(cﬁ—eﬁlE—egﬁ) = eﬁ'-(fﬁ% +ce&-fh€’;?5)
= iehc&-(la—A f’é)
c Of
_ = —iehca-E
where E:—lﬁ—A—ﬁ'gﬁ.
c Ot

Finally, substituting e get
l(E —ep) — (cﬁ — e;i}z —m?c* + ehc 5B — iehcd - E}u =0
Non relativistic limit
In order to obtain the non-relativistic limit we substitute
E — E+mc’
Further, we assume E'<<mc and e¢ <<mc’ . Now
(E —e;ﬁ-)l = (E'+m{‘.’2 _e¢)2
= m254 1+ E;E:@
mec”

mzcd[l + M + higher order ter_ms]
me

Neglecting higher order terms, we get
(E— e;i,‘!)z ~m'ct + 2(E'—ed)mc’

Substituting , we get

lﬁ(E‘—e;?ﬁ)mcz — (cf)— e;if + ehc&'-B —iehed - E’}/f =0

1 (. e-Y eh _ - ieh _ -
or Ew=|—|p——4| +eg— a-B+ o-E w
2m c 2me 2me

Here E'is equivalent to the time derivative operator ifi ,.i if a factor exp(—imc’t/h)is taken
ot

out of g . The term containing B has the form associated with the energy of a magnetic dipole

f R . .. - 7.
3 &'. In practical cases the term containing £ is of order of (v/¢)” times the
me

of moment f=

e@term and hence may be neglected in the non relativistic limit.



Dirac’s equation in a central field
The electron spin carries no energy in itself. Therefore, it can be observed only through its
coupling with the orbital motion of the electron. This coupling can be made visible either

through conservation of total angilar momentum or through the spin-orbit energy. In both
cases we work with such potentials A, ¢ that there is no transfer of angular momentum to the
electron. This implies that we have a central field (;i =0 and ¢ spherically symmetric).
Spin angular momentum

Dirac’s equation with electromagnetic potentials is given as

[E— e — (i.(cﬁ —e:{!-)— ,&mczly =0
With A(F,z)=0and @¢(7.7)= ¢(r), we have

(E—v—ca-b—Bmc* =0

Ew=(ca@-p+pmc +V )y
where V' =eg.

It might be expected that the orbital angular momentum L=F x pis a constant of
motion in such a central field. Let us investigate this point by calculating the time rate of

change of L in the Heisenberg picture.

ih d{;f —[z..H]=|z,.fc@ap+ pmc’ +v}
= [L_t_, {c(axpx +a,p, +a.p. )+ LPmc? + V}]
Using commutation relations

[Z..cap]=|L.. pmc* |=[L,.7()]=0

the above eq. becomes

ih ‘if;" =lz,.ca,p,]+[L,.ca.p.]
Now
[Z..ca,p,] = ca/lL.p,]
= c«, [J'Pz - ZPPP}:]
ca,{w..p,|-z,.2,}
= ca, {-""pj‘]pz +J’[pz.p).]— [—'_"P:-'lp_v - —"[P_,-—_PJ-:[%
= ithea,p.
Similarly [Lt=cazpz] = CaE[Lx’pf]

= C‘sz[ypz_Zp}'rpZ]

cat-z.p1py)



L )= @B+ pme* + V]
- [L"”{C((x-‘fpx ta,p,+ azpz)+ﬁmc2 "‘V}]
Using commutation relations [Lx,chpx] - le, ﬁrﬂczj _ ["[‘_1—: V(r)] o

ifi i" = [Lx,ct:zypy]+ L. .ca_p.]

Now [Lx’caypyJ = ca, [Lx’pyJ
-C-’(I}: _}pz _va.ﬂpy]
ca oo, - o2, )

ca, ﬂy’py]pf +y[p2’p}=]_ [Z,p}.]p}. - Z[p}.,p}:l}
thea, p,

Similarly  [Z,.ca.p.] = cea.[L..p.]

= ca, [}pz —ZPJ.::Pz]
cor, {— [Z= lepy}

—ifhcor, Py

L.
dz‘x = —iﬁc{{xz P, — tzypz)

Thus, L, is not constant of motion.

ih

However, on physical grounds it is possible to define total angular momentum that it is

constant in a central field of force.

do',
dt

i o' ]
o', fe@p+ pmc? + v ()

[o"x ] {C(O:’x p.tao,p,+a.p, )+ ﬁm02 + V(})}]

Using commutation relations lo-'x .a. ] =2ia, [, ,a.]=2ia,:[o", . B]=0:[0" .a,]=0
and the fact that o', commutes with p,.p and p, as pis differential operator and g'are

numbers, the above eq. becomes

do’',

if [cr‘Jr COL Py + Ca’zpz}

= c[ﬁ"x .a ]p‘ +cl6',.a.|p.

ZiC((I‘_pF —a,p,; )

Multiplying by #/2 and adding to iﬁ% , we have
t
z‘ﬁi£Lx +lﬁa'x} ~0
dt 2

: T = 1, - -
Defining J:L+5?zo" and S=Eho" we have  J=constant or {J,HIZO

where J can be taken as total angular momentum and S is the spin angular momentum of electron.
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Questions

1. Obtain the Klein-Gordon equation. What were its limitations?
2. Derive the Dirac equation for a free particle and obtain its solutions.

Develop the Dirac equation with the inclusion of electromagnetic vector and scalar

[y

potentials and obtain its non-relativistic limit.
4. Deduce the covariant form of Dirac equation and discuss the properties of Dirac -

matrices.

Ln

Derive the Dirac equation under influence of a central potential and show that spin-orbit

energy appears as an automatic consequence of the Dirac equation.

6. Apply Dirac equation for a central field to study the hydrogen atom and obtain the
relation for energy along with total spread in energy of fine-structure levels for a given
quantum number .

7. Discuss the positron theory and its limitations.

8. What are the identical particles and particle exchange operator? Obtain the eigenvalues

of particle exchange operator.
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Module: Norton Theorem and its circuit diagram
Module is divided in four sections:

1. VIDEO CONTENT
2. () NOTES

(b) SUPPLEMENTARY MATERIAL
3. SUBJECTIVE ASSIGNMENT BASED ON MODULE
4. OBJECTIVE QUESTION BASED ON MODULE
5. FEEDBACK SECTION

Video Content: https://youtu.be/LEqoTndSUSA

In this video | explained Statement and derivation of
Norton theorem. The two terminal linear networks can
be converted into Norton equivalent circuit.
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2 . (b) SUPPLEMENTARY MATERIAL

Norton’s Theorem
Norton’s Theorem states that — A linear active network consisting of
the independent or dependent voltage source and current sources and
the various circuit elements can be substituted by an equivalent circuit
consisting of a current source in parallel with a resistance. The current
source being the short-circuited current across the load terminal and
the resistance being the internal resistance of the source network.
The Norton’s theorems reduce the networks equivalent to the circuit
having one current source, parallel resistance and load. Norton’s
theorem 1s the converse of Thevenin’s Theorem. It consists of the
equivalent current source instead of an equivalent voltage source as in
Thevenin’s theorem.
The determination of internal resistance of the source network is
identical in both the theorems.
In the final stage that is in the equivalent circuit, the current is placed
in parallel to the internal resistance in Norton’s Theorem whereas in
Thevenin’s Theorem the equivalent voltage source is placed in series
with the internal resistance.
Explanation of Norton’s Theorem

To understand Norton’s Theorem in detail, let us consider a circuit
diagram given below
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To find the current through the load resistance IL as shown in the
circuit diagram above, the load resistance has to be short-circuited as
shown in the diagram below:

Now, the value of current | flowing in the circuit is found out by the
equation

Vs
o'y
I, + I3

r; +

And the short-circuit current Isc is given by the equation shown
below:
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r; + r,

Now the short circuit is removed, and the independent source is
deactivated as shown in the circuit diagram below and the value of the
internal resistance is calculated by:

So,

ryrs
Ript = rp +
|y vl

As per Norton’s Theorem, the equivalent source circuit would contain
a current source in parallel to the internal resistance, the current
source being the short-circuited current across the shorted terminals of
the load resistor. The Norton’s Equivalent circuit is represented as
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Finally, the load current I, calculated by the equation shown below

I = 1 Rint
L7 7S¢ Rype+ R

here,

. |_isthe load current

« s IS the short circuit current

. Rint 1S the internal resistance of the circuit
. Ry_is the load resistance of the circuit
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Steps for Solving a Network Utilizing Norton’s Theorem
Step 1 — Remove the load resistance of the circuit.

Step 2 — Find the internal resistance Rin of the source network by
deactivating the constant sources.

Step 3 — Now short the load terminals and find the short circuit
current lsc flowing through the shorted load terminals using
conventional network analysis methods.

Step 4 — Norton’s equivalent circuit is drawn by keeping the internal
resistance Rin: in parallel with the short circuit current Isc.

Step 5 — Reconnect the load resistance R of the circuit across the
load terminals and find the current through it known as load current

I,

Reference:

https://circuitglobe.com/what-is-nortons-theorem.html
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3. ASSIGNMENT

1. For the given circuit, determine the current flowing through 10 Q
resistor using Norton’s theorem.

18} 21

MW—T—WW

=+
9V §3Q. §IOQ

2. Determine the current through AB in the given circuit using Norton’s
theorem.

100 A 20

MW VW

3oACD ém §5g §39

10

AV

B

3. In the following circuit, the value of Norton’s resistance between
terminals a and b are?

-2 lx
£y
)
© A 3 A
0.01 1000
Vy Rth
'
1ﬂﬂﬂ§ éﬂﬂﬂ +“—
Vx
'
%
— >
ATAYAY, ¥B
800C2
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4. For the circuit shown in the figure below, the Norton Resistance
looking into X-Y is

10

—AW X

21 OO 10 2A D o p .

5. For the circuit given below, the Norton’s resistance across the
terminals A and B is

2 kO 2 Vg
— N\

iy
<

1 kQ ¢
| 2 kO g § e

-

E-Content prepared by

Dr. Abhishek Kumar Misra
Assistant Professor
Department of Physics, Govt. V.Y.T. PG Autonomous College Durg

S 3 X X X X 5 5 5 5 5 X 5 5 5 2 5 2 3 0 2 0 5 o o 2 5 0 0 0 5 o 0 5 3 3 0 0 5 0 o 0 S 0t o 2 S 0 0 5 3 5 0 0 S X 0 56 2 5 X 0 06 54 2 5 0 2 5 3 0 2 S X 0 0 0 S X 0 06 0 0 0 0 5 0 0 2 2 3 0 2 0 2 0 0 0 o o 0 0 o b 0 o

3 X 5 X 5 X 5 X X 5 5 5 5 2 b 5 2 3 2 20 0 5 5 0 0 2 5 0t 0 0 53 0 0 5 3 3 o 0 3 0 o 0 X 0t 0 S 0 2 5 3 3 0 2 S X 0 06 2 5 X 0 0 54 2 6 0 2 5 3 S 3 2 S S 0 0 0 S X 0 06 0 0 3 0 0 5 0 0 2 2 3 0 2 0 2 0 0 0 o 0 0 o o o 0 o

L2 2 8°2'2'2'8° 2 8.3 82 22 8282 2.2 888 2 2282 2 85 28 22 8 s 2828 s s e S es S eSS esse s e s s e sl esseas s seasesssese s esssssesssssssssess



e e A e et ek et dete dede e de deode deod e de e Ao e de e e Ao de e e e e e e e e e e e e e e e e e e e e e e e de e e e e e e e e e e e s e e e e e s e e e e e e e e e e e e e e e e e e e e e

4. MULTIPLE CHOICE QUESTIONS

1. The Norton current is the

a) Short circuit current

b) Open circuit current

¢) Open circuit and short circuit current

d) Neither open circuit nor short circuit current

2. Norton resistance is found by?

a) Shorting all voltage sources

b) Opening all current sources

c) Shorting all voltage sources and opening all current sources

d) Opening all voltage sources and shorting all current sources

3. Isc is found across the terminals of the network.
a) Input b) Output

c) Neither input nor output d) Either input or output

4. Can we use Norton’s theorem on a circuit containing a BJT?
a) Yes b) No

c) Depends on the BJT d) Insufficient data provided

5. In Norton’s theorem Isc 1s

a) Sum of two current sources  b) A single current source

¢) Infinite current sources d) 0

Ans: 1 (a), 2. (c), 3. (b), 4. (b), 5. (b)
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5. FEEDBACK QUESTIONS

1. Did the lecture cover what you were expecting?

2. What is your opinion about the video-lecture?

3. How much this session was useful from the knowledge and information
point of view

4. Are you satisfied with the content of the video lecture and given questions?

5. If you could change one specific thing what would that be?
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Identical Particles

In quantum mechanics, a (quantum) particle is described by a wave packet of finite size. The
simultaneous exact specification of position (spread of wave packet) and momentum of the particle is
restricted by the Heisenberg’s uncertainty principle.

Therefore, there is no way to keep track of individual particles separately, especially if they interact with
each-other to an appreciable extent.

In quantum mechanics, the wave functions of the particles overlap considerably and hence the quantum
particles are indistinguishable.

Physical Meaning of Identity
Identical particles in a system remain unaltered by interchanging them.

In quantum mechanics, identical particles can be substituted for each-other with no change in physical
situation of the system.

However, with the spin consideration, identical particles can be distinguished, if they have different spin
components along some particular axis e.g. z-axis, which remain unchanged during elastic collisions.

Symmetric and Antisymmetric Wave Functions
Schrodinger equation for n identical particles is
H(1,2,--n) ¢ (1,2,---n,t) = iho/otY (1,2,---n,t) - (1)
where each number represents all coordinates (position and spin) of one of the particles.

Hamiltonian H is symmetrical in its arguments due to identity of particles, which means the particles can
be substituted for each-other without changing the Hamiltonian H or any other observable.

There are two kinds of solutions of wave function { of eq. (1) that have symmetric properties of
particular interest.

(i) Symmetric wave function {is : A wave function is symmetric, if the interchange of any pair of particles
among its arguments leave the wave function unchanged.

(ii) Antisymmetric wave function Ya : A wave function is antisymmetric, if the interchange of any pair of
particles among its arguments changes the sign of the wave function.

Symmetric character of a wave function does not change with time i.e. if Ys (or @) is symmetric (or
antisymmetric) at a particular time t, then Hyss (or Hpa) and hence dys/dt (or dYa/0t) and the
integration of wave function s (or (4) are always symmetric ( or antisymmetric).

If P is an exchange operator, then



Pys(1,2)= Us(2,1)
Pa(1,2)=-ya(2,1)

Construction of symmetric and antisymmetric wave functions from unsymmetrized functions :
Exchange Degeneracy

If the arguments of wave function  are permuted in any way, then the resulting wave function is also a
solution of equation (1). n! Solutions can be obtained from any one solution, each of which corresponds
to one of the n! permutation of the n arguments of Y. Any linear combination of these functions is also
a solution of the wave equation (1). The sum of all these functions is symmetric (unnormalized) wave
function s ,since interchange of any pair of particles changes any one of the component function into
another of them and the latter into the former, leaving the entire wave function unchanged.

An antisymmetric unnormalized wave function can be constructed by adding all the permuted wave
functions that arise from original solution by means of an even number of interchanges of pairs of
particles (cyclic ones) and subtracting the sum of all the permuted wave functions that arise by means of
an odd number of interchanges of pairs of particles in the original solution.

In cases where Hamiltonian does not depend on time, stationary state solutions
¢ (1,2,-nt) = ¢ (1,2,--n) E (2)
can be found and the time independent Schrodinger’s eqn. can be written as
H(1,2,---n) ¢ (1,2,--n) = Ed(1,2,~~-n) - (3)

There are n! solutions of this equation (eigen functions) derived from ¢ (1,2,---n) by means of
permutations of its arguments belonging to the same eigen value E. Any linear combination of these
eigen functions is also an eigen function [solution of eq.(3)] belonging to eigen value E. Hence, the
system is degenerate and this type of degeneracy is called exchange degeneracy.

For a system of two particles, Schrodinger time independent wave equation is
H(1L2)$(L,2) = EY(r2) - (4)
2! = 2 solutions of this equation are Y (1,2) and ¥ (2,1) and correspond to a single energy state E.
Symmetric wave function can be written as
Ws=1y (1,2) +(2,1)
and antisymmetric wave function can be written as
Ya=1(1,2)=- ¢ (2,1)
For a system of three particles, Schrodinger time independent wave equation is
H(1,23) ¥ (1,2,3) = EY(1,2,3)
This equation has following 3! = 6 solutions corresponding to the same eigen value E :
v (1,2,3), ¥ (2,3,1), ¥ (3,1,2), & (1,3,2), ¥ (2,1,3), ¥ (3,2,1)

Out of these six functions, those arising by an even number of interchanges of the pairs of particles in
original wave function ¢ (1,2,3) are:

¥ (1,2,3), ¥ (2,3,1), ¥ (3,1,2)



and the functions arising by an odd number of interchanges of pair of particles in original wave function
¥ (1,2,3) are:

v (1,3,2), ¥ (2,1,3), ¥ (3,2,1)
Therefore, symmetric (unnormalized) wave function can be written as :
Ps={P (1,2,3) + ¥ (2,3,1) + P (3,1,2)} +{Y (1,3,2) + ¥ (2,1,3) + ¥ (3,2,1)}
and antisymmetric (unnormalized) wave function as :
Wa={P(1,2,3)+ ¥ (2,3,1) + P (3,1,2)} - { (1,3,2) + ¥ (2,1,3) +  (3,2,1)}
Particle Exchange Operator
Particle exchange operator Py, is defined as :
P12 U (risi;rasa) =W (r2 sy ris1)

If the two particles are identical, then the Hamiltonian must be invariant under interchange of particles
i.e. energy of the system remains the same, if we merely relabel the particles.

Eigen values and Eigen functions of Particle Exchange Operator

The eigen value equation for the particle exchange operator s :

Py (1,2)=ay (1,2)
where a is the eigen value of operator Py, in state { (1,2).
Operating again,

P12 P (1,2) =P P (1,2)=Pna P (1,2)=aPn Y (1,2) = ¥ (1,2)
From the definition of particle exchange operator, we have
P2y (1,2) = (2,1)
Operating again,
P12 U (1,2) =P P (2,1)

i.e. P2 (1,2) =y (1,2)

Therefore,

1
I+
[ER

a’=1 or a
i.e. eigen value of particle exchange operator are + 1.

Eigen functions of particle exchange operator corresponding to eigen values +1 and -1 are symmetric
and antisymmetric.

Pras = s and  Pua=-Pa
This may be seen as follows :
Us=1 (1,2) +d (2,1)
Puds=Pu [ (1,2) +¥ (21)]=1(2,1) +1 (1,2) = s
Also, ba=1¢(1,2) - (2,1)
PPa=Pu (Y (1,2) - ¢ (2,1)]=(21) - ¥ (1,2)=-Ya



Thus, particle exchange operator applied twice brings the particles back to their original configuration
and hence produces no change in the wave function.

Commutation relation of Particle Exchange Operator with Hamiltonian

We have,

P (1,2) = (2,1)

P12 H(1,2) ¥ (1,2) = H(2,1) ¥ (2,1) = H(1,2) Y(2,1) = H(1,2) P12y(1,2)
[since Hamiltonian H is symmetrici.e. H(1,2) = H(2,1)]
[P12 H(1,2) - H(1,2) P12 Y (1,2) =0
As {)(1,2) is non-zero,
P12 H(1,2) - H(1,2) P12=0
[P2,H] =0
Thus, particle exchange operator commutes with Hamiltonian.
Distinguishablility of Identical Particles

Two identical particles are distinguishable if the sum of probability density of individual wave functions
of the two states is equal to the probability density associated with the symmetrised wave functions i.e.

W (1,2) 12+ 1B (2,1)]% = {b (1,2) £ g (2,1)}7 = [ (L,2) ]2 + [ (2,2) ]2 £ 2 Re [ (1,2) Y*(2,1)]

Thus, if the space and spin co-ordinates of the exchange degenarate functions (of the two particles) are
different, the interference term i.e. 2 Re [ (1,2) Y*(2,1)] = 0 and particle wave functions do not
overlap, making the particles distinguishable.

Pauli’s Exclusion Principle

For a system of non-interacting n identical particles, the approximate (unperturbed) Hamiltonian of the
system is equal to the sum of Hamiltonian function for the separate particles i.e.

Ho(1,2,------n) = Ho(1) + Ho(2) + ------ + Ho(n)
and the approximate energy eigen function is a product of one particle eigen function of Ho.
W(1,2,---n) = ba(1) du(2)----- di(n)
with  E = Ea+ Ep + - + Ex.
Ho(1) da(1) = Ea da(1), etc.

If the particles are Fermions (electrons), then for a system of two non-interacting particles, an
antisymmetric wave function can be written as a determinant

1

©a(1,2) = = [$a(1) ©u(2) — bul(1) $o(2)]

1 |wa(l) eal2)
vz leb(1)  »b(2)

For a system of n non-interacting Fermi particles, the antisymmetric energy wave function can be
written as



D2(1) $a(2) -— Da(n)
&a(1,2,-—-—n)= 7 Du(1) dp(2) - Pyin)

wn!

Di(1) $ul(2) - Pyln)
This is called ‘Slater determinant’.

Since a determinant vanishes if any two rows are identical, it is obvious that ¢a will vanish if more than
one particle is in the same statei.e.ifa=b.

This is Pauli’s exclusion principle which states that no two particles described by antisymmetric wave
functions can exist in the same quantum state.

Connection between Spin and Statistics
The symmetry property of wave function has close relationship with spin of the particle.

(i) The identical particles having integral spin quantum numbers are described by symmetric wave
functions i.e.

P s (1,2,3,-++,--5,-+-n) = + s (1,2,3,5,~-r,---n)

Such particles obey Bose-Einstein statistics and are called Bosons e.g. photons (spin 1) and neutral He-
atoms in normal state (spin 0).

(ii) The identical particles having half odd integral spin quantum numbers are described by
antisymmetric wave functions i.e.

PUa(1,2,3,-1,--5,---n) = - Pa(1,2,3,----5,----1,----n)

Such particles obey Fermi-Dirac statistics and are called Fermions e.g. electrons, protons, neutron,
muons (spin 1/2).

Spin Angular Momentum
Spin is intrinsic angular momentum (a quantum concept with no classical analogue).
Itis independent of r, 0 and ¢.
It has two intrinsic states i.e. two z-components of spin momentum.
Electron has intrinsic angular momentum characterized by quantum number %.

Intrinsic electron spin is a vector S (spin quantum number = %) with s, = +1/2 and -1/2 and the respective
spin wave functions are a and 3 (o and 3 are orthogonal).

Spin angular momentum of electron :

Sa=vVs(s+tl)ha=Vv3/2ha s;,a=msha=%ha
SB=vVs(s+1)h B=Vv3/2h B s;B=m;hPB=-%hnp
fa*Bdo=[B*ado=0 fa*ado=[B*Bdo=1

[ois spin variable.]

Stern-Gerlach Experiment



In 1922, at the University of Frankfurt (Germany), Otto Stern and Walther Gerlach, did fundamental
experiments in which beams of silver atoms were sent through inhomogeneous magnetic fields to
observe their deflection. These experiments demonstrated that these atoms have quantized magnetic
moments that can take two values.

Inhomogeneous magnetic field was generated with —ve field gradient in z-direction i.e. dB/dz < 0. The
magnetic field is strong near N-pole and weak near S-pole, as in fig. When vapour of silver-beam was
passed through this inhomogeneous B-field, it was observed to split into two traces, which were
attributed to the two spin state of m..

Inharmi@e el s

e |N' Ohserved

result Cupected

| —————— result

Collimated beam of
silver atoms

Explanation :
Force acting on Ag-atom is
F=-gradU=gradm.B (U=-m.B)
F = m cosb dB/dz a; = F/Mo=m/Mp cosB dB/dz, t=L/v
z="Y a;t> =% m cosB (L2/Mov?) 0B/dz

Classically, cos 8 can have all possible values from -1 to +1, giving smear of Ag-beam after passing
through B-field (not observed in this experiment).

But quantum mechanically, due to space quantization, cos 6 = £ 1. So,
z=+% m (L2/Mov?) 0B/0z
Goudsmit and Uhlenbeck hypothesis

(i) Each electron has spin angular momentum S, whose component in z-direction can have values s, = +
Y.

(ii) Each electron has spin magnetic moment ps = - (/moc) S.
Spin obeys commutation relations :
[Sx,Sy] = ih€ja Si
where g is Levi-Civita symbol. It follows that S? and S, are :
S?|s,ms> = hZs(s+1)|s,ms>
S:|s,ms> = himg|s,ms>

Spin raising and lowering operators acting on these eigen vectors give :



S:|s,ms>=h V[s(s+1) — ms(mt1)] |s,ms>
where S: = 5,%iS,

All quantum mechanical particles possess an intrinsic spin, which is quantized (though this value may be
zero, too), such that the state function of the particle is Y(r,0); where o is out of the following discrete
set of values

o € {-sh, -(s-1)h,---0-- +(s+1)h, +sh}

Bosons have integer spin and fermions have half-integer spin. Total angular momentum is the sum of
orbital angular momentum and the spin.

Pauli matrices
Quantum mechanical operators associated with spin % observables are :
S$=(h/2)o
where in Cartesian components :
Sx=(h/2) ox, Sy = (h/2) oy, S: = (h/2) 02 ;
0Ox, Oy and o, are Pauli’s spin matrices.
O _ (0 —i) (1 (O

°~=1l1 o °y=l; o) °==lo —1J



Collision of Identical Particles

Let us consider the collision of two particles a and b, in which particle ‘a’ scatters in direction 1 and
b in direction 2, as shown in fig-(a). If f(9) be the amplitude for this process, then the probability P; of

observing such an event is proportional to |f(8)]2.
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(Scattering of identical particles in CM system)

If, as a result of collision, particle ‘a’ enters into counter 2 and ‘b’ into counter 1, then the
probability P, for this process is proportional to |f(r-8)|%.

If ‘a’ and ‘b’ are identical particles, then the two processes shown in fig-a and b cannot be
distinguished. The amplitude that either ‘a’ or ‘b’ goes into counter 1, while the other goes into counter 2,
is the sum of the amplitudes for the two processes.



Aninterchange of two identical particles [152 i.e. r = {-r) in CM frame] does not affect the position

vector of centre of mass, which is ¥ (r; + r2), but changes the sign of relative position vectorr (= r; - r2).

The asymptotic form of unsymmetrized scattering wave function in the centre of mass co-ordinate
system is given by

wherer, 8, ¢ are the polar co-ordinates of the relative position vectorr.

Since the polar co-ordinate of the vector—rarer, m- 8, ¢ + m, we have
ulr) > e er-1f(n-0, do+me
The asymptotic forms of the symmetric and antisymmetric wave functions are given by
(e + e~ks) + [f(0,0) + flxr — 0, ¢ + w)}r et
with upper and lower signs respectively.

Hence, differential cross section in the centre of mass co-ordinate system is the square of the

magnitude of the bracket term

a(8,0) = |fO.)* + |f(x — 6, ¢ + m)|*
+ 2 Re [f(ﬂ,d.}}f*(‘ir - 9: ¢ + 1")]

Taking into account the effect of spin on the collision of two identical particles, we have for bosons,
which have symmetric wave functions :

sym = d)s Xs or lIszm = d)A XA
[here ¢ is space wave function & ¥ is spin wave function.]
Fermions have anti symmetric wave functions : Wantiym= PsXa  OF Wantisym = PaXs

If spin wave function xs = | sm> is symmetric, then space wave function ¢ is anti-symmetric (so that Y is
anti-symmetric) and

doa/dQ = |£(8) - f(r-0) |2

and if spin wave function xa = |sm> is anti-symmetric, then space wave function ¢ is symmetric (so that
U is anti-symmetric) and

dos/dQ = |f(8) + f(r-0) |2
Since symmetric spin wave function xs= |sm>=[1,0>, |1,¥1> > 3
and anti-symmetric spin wave function xa = |sm>=|0,0> 2> 1
(do/dQ)sermions = % doa/dQ + % doy/dQ
% |f(0) - f(m-8)|2 + % |f(8) + f(r-6) |
% [f(8) - f(r-6)] [f(B) - f(r-0)]" + % [f(6) + f(n-8)] [£(6) + f(m-6)]"



% [1£(8)|+|f(r-8) | - 2Re {f (O)f"(r-8)}]+ % [|(B) | +|f(r-6) |2 + 2Re {f(B)f (r-6)}]
|£(8) 12 + | f(r-8) | > + [- % x2Re {f(B) f"(m-8)}] + % x2Re {f(B) f'(1-6)}]
|f(8)1” + |f(rt-6)|? - Re {f(6) f'(rt-0)}

The result for 2s = odd (for fermions) or even (for bosons) can be summarized by writing the scattering
cross-section o (8) as

—1)2
«(®) = FOI + lfr — 1 + 72 Re [f(@)*(x — 0)]

At 6=1/2 :
(do/dQ)termions = |(1/2)|? + [f(1/2)|? - Re {f (n/2) f(r/2)} = 2]f(r/2)|? - |f(r/2)]?
= |f(n/2)]?
But (do/dQ)ciassical = |f(0)]? + |f(1-8) |2
(In classical mechanics, there is no interference term “Re f(8) f'(1-8)".)
At 6=m/2 :
(do/dQ)diassical = 2|f(/2)]?
Therefore, at 6 = /2 : (do/dQ)cassical = 2(d0/dQ)termions
i.e. quantum differential scattering cross-section is half of classical differential scattering cross-section.
If the space wave function is symmetric, then differential scattering cross-section
dos/dQ = |f() + f(r-8) |2
If the space wave function is anti-symmetric, then differential scattering cross-section

doa/dQ = |(6) - f(r-6) |2



Electron Spin Functions
In Pauli’s theory, eigen values of the operator g, is

o =aw ()

where ais the eigen value of g, in state .
: % ‘i’l] _[0 1]_ ;
Since, w-[q,z and g, = ) 0,equatlon(l)takestheform
0 1N¥1 _a[‘}’l
1 olly2l " ly2
[‘PZ]_[a‘Pl
Y1l la¥2
W, =ay, and W,=ay,
Therefore, we have,

a’=1 or a=+1

A convenient set of orthonormal one particle spin function is provided by the normalized eigen
functions of L? and L, matrices. In this case, the eigen functions are (25+1) row and one column
matrices.



Forelectron $=1/2, so eigen function matrices for electron have (2x1/2 +1) = 2-rows and 1-column.

The respective normalized wave functions for x-component of the wave function are

W,(1/2)= wz[ﬂ and  W,(-1/2)=1/v2 [_ll]

. . 0 -rv1 ¥1
In a similar way, L_ ][ ] = [
—=q~'2] [S‘FI
=‘Fl ,6":”2
-ill«'2=|3'~l-11 ill«'1=|3'~l-'2

Therefore, we have,
B2=1 or p==+1

So, the normalized wave functions for y-component of the wave function are
W(1/2)=1/v2 Ll] and  W,(-1/2)=1/v2 [_1]

Similarly, the normalized wave functions for z-component of the wave function are

W,(1/2)= 12 [é] and  Wy{(-1/2)=1/v2 [?]



Spin Functions for n-particle system / Electron spin function for many electron systems

Let us consider n identical particles 1,2,----,n. The spin wave function of a single particle is
completely determined by the specification of (2s+1) numbers, whereas the space wave function
involves the specification of a continuously infinite set of numbers (which is equivalent to a
continuous function of the space co-ordinates).

Aconvenient set of orthonormal one-particle spin functions is given by the normalized eigen
functions of total angular momentum J* and its component J; matrices. Then eigen functions are
(2s+1)-row, one-column matrices that have zeros in all positions except one. For example, if s = 3/2,
the four spin eigen functions are :

W(3/2)= 3 ,W(1/2)= é ,W(-1/2) = ? ,wqgm_[g‘

and correspond to S; eigen values 3/2h, J2h, -1/2 h, -3/2 h.

The orthonormality is demonstrated by multiplying the Hermitian adjoint of one spin function into
itself or another function

0 0
[0 1 0 0]H=1, [0 1 0 0][?]:0, ----- etc.
0 0

Hermitian adjoint of W(1/2) and W(1/2) Hermitian adjoint of W(1/2) and W(-1/2)

Symmetric or antisymmetric many-particle wave functions can be constructed from unsymmetrized
solutions that include the spin.

It is sometimes convenient to choose the unsymmetrized solutions to eigen functions of the square of
the magnitude of the total spin of the identical particles (S1 + Sz + --—---- + Sp)? and of the z-component of
this total spin (S, + S, + ---—-- + Snz).

These quantities are constants of motion, if the Hamiltonian does not contain interaction terms
between the spins and other angular momenta.

In addition, such functions are often useful as zero-order wave functions when the spin interactions are
weak enough to be regarded as a perturbation.

There is no loss of generality in choosing the unsymmetrized solutions in this way, since any solutions
can be expressed as a linear combination of total spin eigen functions.

Effect of identity and spin

The interaction between identical particles does not depend on spin. In order to take into account the
identity and spin of the two electrons, we need form an antisymmetric wave function from the products
of xi*(ry, r2) and appropriate spin functions. The spin functions can be taken to be the set of the following
four symmetrised combinations :

(+4)



(1)
IN2[(+-) +(-+)]
(--)
IN2[(+-)-(-+)]
where (+) = 0x(-) and (-) = ox(+).

In the elastic scattering of an electron from a hydrogen atom (which may be considered as core of
infinite mass, as compared to electron), the spin of incident electron does not have any definite relation
to the spin of atomic electrons.

We can use either of these sets of spin functions, calculate the scattering with each of the four spin
states of a set and then average the results with equal weights for each state.

The first three of the spin functions (1) are symmetric and must be multiplied by the antisymmetric
space function xi*(ry, r2) - Xi*(r2, r1); the fourth spin function is antisymmetric and must be multiplied by
Xi*(rs, r2) + xi*(rz, r1).

The asymptotic forms of the symmetrised space functions for large values of one of the electron co-
ordinates, say r; are

Xi*(ry, r2) £ X (r2, r1) > C [exp (iKaoF1) + 1t e [fp(0) £ fe(0)] wa(r2) - (2)

where w, = core bound initial wave function, fp = direct or non-exchange elastic scattering amplitude for
which incident electron is scattered and atomic electron is left in its original state; fr = exchange elastic
scattering amplitude.

The dots represent atomic excitation and 8 is the angle between r; and k.

The differential cross-section is computed with the upper sign in one quarter of the collisions
and with lower sign in three quarters of the cases.

Thus, we obtain
0(8) =% |fo(B) + fe(8)|? + % | fo(O) - fe(B) |2 - (3)

Equation (3) may also be derived without explicit reference to spin wave functions by making use
of the fact that the particles having different spin components are distinguishable.

If in half the collisions, the electrons have different sum of direct and exchange cross-sections i.e.
[fo(8) ]2 + |fe(B)|% and in the other half where the electrons are indistinguishable, the antisymmetric
space function is used.

Thus, we obtain
o (8) =% {|fo(8)|* + |fe(8)|*} + % |o(8) - f(6) |? - (4)
Obviously, equation (4) is same as equation (3).

Thus, in the classical limit, where the identical particles are distinguishable, the interference term
2Re[f(B,0)f'( m - 6, ¢ + m)] = 0 and the scattering cross-section o (8, ¢) becomes just the sum of
differential cross-section for observation of the incident particle (|f (8, d)|?and (|f (-6, d + ) |%

a(0,0) = |f(8,0)|2 + |f(x — 6, & + m)|?

If f is independent of ¢, then the scattering per unit solid angle will be symmetric about 8 = 90° in the
centre of mass co-ordinate system.



References used :
1. Quantum Mechanics by L. I. Schiff,
2. Quantum Mechanics — Concepts & Applications by Nouredine Zettili &

3. Quantum Mechanics by V. K. Thankappan.

Assignments
1. What is the physical meaning of identity ?

2. How symmetric and antisymmetric wave functions can be constructed from unsymmetrized functions
?

3. Discuss distinguishability of identical particles. Explain Pauli’s exclusion principle with the help of
Slater determinant.

4. What is spin angular momentum ? Describe Stern-Gerlac experiment. Write Goudsmit and Uhlenbech
hypothesis.

5. Obtain expression for scattering cross-section for the collision of two identical particles.
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Numerical solution of first order ordinary differential equations

A first order Initial Value Problem (IVP) is defined as a first order differential equation
together with specified initial condition at X= Xg:
D _f(x,y)  with y(xo) =V,
There exist several methods for finding solutions of differential equations.
The classical methods for approximate solution of an IVP are:
] Picard lteration method
i) Taylor Series method

Picard Iteration Method:
Picard method is an iterative method. An iterative method gives a sequence of

approximations y4(x), y2(x), ...,yk(x),...to the solution of differential equations such that

the nth approximation is obtained from one or more prevoius approximations.

PICARD’S METHOD

Consider the first order equation
dyldx = f(x, y) (1)

It is required to find that particular solution of (1) which assumes the value y, when x = x . Integrating (1)
between limits, we get
¥ Y A
j d-_)'=.[ flx,y)dx or y=y,+ I f(x,y) dx wl2)

Yo X X
This is an integral equation equivalent to (1), for it contains the unknown y under the integral sign.

As a first approximation y , to the solution, we puty =y, in f(x, y) and integrate (2), giving

Y1=3p+ L. fx,y,) dx

For a second approximation y,, we puty =y, in f(x, y) and integrate (2), giving

X
Yo=Yt L‘ f(x, ) dx.

X
Similarly, a third approximation is y, =y, + I f(x, ;) dx.
]

Continuing this process, a sequence of functions of x, i.e., y,, ¥, ¥, ... is obtained each giving a better
approximation of the desired solution than the preceding one.

4
Vi (X)) = Y, + j f(x,y, )dx; k=012 ..
o

Assignments




Q . Using Picard’s process of successive approximation, obtain a
solution upto fifth approximation of the equation dy/dx=y +x,
such thaty =1 when x=0.

X
Solution. (@) We havey =1 + J'u (y+ x) dx.
First approximation. Puty = 1, in y + x, giving
= i 1+x =1 2[2.

Y, 1+.[o( ) dx +X+X
Second approximation. Puty = 1 + x + x%/2 in y + x, giving

Yo= 1+ [ (L4 2x4x/2) dx =14 x4 5%+ xY6.

0

Third approximation. Put y = 1 + x + 2%+ x%/6 in y + x, giving

x 2 .. X
ya=1+ J‘ Q+2x+x° +x°/6) dx=1+x+x2+ — + .
. 0 3 24
Fourth approximation. Puty =y, iny + x, giving
3 4 A 5
J’4=l+r (1+2.r+x"+3'—+lt— de el x e 488 2 p S e,
o | 3 24 3 12 120
Fifth approximation. Puty =y, in y + x, giving
% 3 4 5 8 .4 5
= B oF X = 2 I_+J’_ .x_+._
y5-1+J'o \l+2x+x +3+12+120)dx l+x+x°+ 3 " 12 Y60 790

Q. Find the value of y for x = 0.1 by Picard’s method, given that

dy y—x _

dx  y+x ' ¥{0)=1.

TR fy—x
Solution. We havey = 1 + I dx

0 y+x
First approximation. Puty = 1 in the integrand, giving

*l-x X 2
=1 — %=1 5 & Y ey
) e -[o 142 +Io[ lJfl+x] .

=14 [-x+2log(1+ )] =1-x+2log(1+x)
Second approximation, Puty =1 -x+ 2 log (1 + x) in the integrand, giving

*1-x+2log(1+x)-x x 2x
= dx=1+ 1
Ve 1+'L l-x+2log(l+x)+x J.o!

which is very difficult to integrate.

Hence we use the first approximation and taking x = 0.1 we obtain
$(0.1)=1-(.1) + 2 log 1.1 = 0.9828.

-l+2|og(1+x)

|

xﬁ
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Semi-classical theory of radiation

In the semi-classical radiation theory, atoms of the material particles are treated quantum-mechanically.
But the electromagnetic radiation, with which these atoms interact, is treated classically. That is why,
this is called a semi-classical radiation theory.

The interactions between the particles and the radiation field correspond to interaction terms in the
Hamiltonian, which are treated by time-dependent perturbation theory.

Semi-classical radiation theory describes absorption and induced emission, but is insufficient to describe
the spontaneous emission of radiation.

The quantum theory of radiation is used to describe the spontaneous emission.

Hamiltonian of the atomic electron (for simplicity, one electron having mass ‘m’, charge ‘e’ and spin S),
in the absence of external perturbation is given by :

Ho = p%/2m + V(r)

When the electromagnetic radiation having vector potential A(r,t) and scalar potential o(r,t) is applied
on the atom, then due to interaction of electron with the electromagnetic radiation, p and V are
modified as :

p = (p—eA/c)and V = (V+ey)

Magnetic field B and electric field E are related to the vector potential A and scalar potential ¢ by B
=VxA and E=-V@ - (1/c) dA/0t, respectively.

Hence, the Hamiltonian of the atomic electron in an external electromagnetic field is given by :

__1_[ € )2 v £ s.B
H‘zm P—cA ) + (r}+eq)—mCS*

(We have assumed that only one atomic electron is involved in interaction and the nucleus is infinitely
large).
2 E?

p 2 £
= 2—m—2m{_{p-A+A+ p) +2mr2A +V{r)+e¢—m{_S-B

H



Electric field

Directian of
propagation

Magpnetic field

Operating p-A on an arbitrary function y(r),

(p-A) y(r) = -ihV-Ay =-ih [i 0/0x + j 0/0y + k 0/9z)-A y
= -ih [(0AX/dx + 0Ay/dy + 0Az/dz)y + A-(i dy/dx + j Oy/dy + k 0y /0z)]
=-ih [(V-A) y + A-Vy] =-ih (V-A) y + A-(-ihV) y
=-ih [(V-A) + A-p] y
Choosing the Lorentz gauge V-A =0 and ¢ = 0, we have
p-A=A-p
Therefore,
H = p?/2m - (e/mc) A-p + (e/2mc?) A’ + V(r) - (e/mc) S-B
=Ho+ H'(t)
where, Ho=p?/2m +V(r) is the unperturbed ‘atomic’ Hamiltonian and
H’(t) = - (e/mc) A-p + (€2/2mc?) A’ — (e/mc) B-S
is the time dependent perturbation term.
For a semi classical treatment of radiation, the term A? (being small) is ighored.
Hence, the small perturbation, in the low intensity limit, is
H'(t) = - (e/mc) A-p — (e/mc) B-S
For a plane electromagnetic wave of frequency w = ck, the time dependence of
A (rt)is
A (r,t) =2 |Ao|€ cos (k.r — wt)
= Ao g exp [(ik.r - iwt)] + A'o € exp [- (ik.r - iwt)]

The Coulomb gauge condition V-A = 0 yields k:Ag = 0 i.e. A(r,t) lies in a plane perpendicular to the
wave’s direction of propagation.

The electric E(r,t) magnetic field B(r,t) associated with the vector potential A (r,t) are given by

e 104 io T i i
E(?',ﬂ — _F? — TAGE': {_EJ{}'H ) te H m:]],

BI(T', t) = ‘F x A — .F(.I( x E—."\}AD "_E?.i"{k-i"—mf] + e—?’{ﬁr—f"—mrl-l — 7 % E



[since k =k n = (®w/c) n]
These two relations show that E and B have same magnitude |E| = |B|.

Energy density for a single photon of the incident radiation is given by

1 : : 1 = a* .,
u=—/(E]* +|B|*) = —|E|? = —5|4o|*sin’(k - ¥ — wt)
8 4 e

Averaging this expression over time. we see that the energy of a single photon per unit volume,
] . - >y > i 2 f .

he/ V. is given by (w? /2w )| Anl? = hew/ ¥V and hence | Agl? = 2rhe?/(wV). which. when

put into the above equation for A (r,t) gives

A1) = ‘!III-'II':'?:?;;’Z [ef{ﬂf-;:—wr] + e—z‘{ﬂ&-;'-—w.r]] 2
This gives
H'(t) = - (e/mc) A(r,t)-p — (¢/mc) B:S

= - (e/mc) (2mhc?/wV)Y2 g-p[exp (ik.r - iwt) + exp (- ik.r + iwt)] — (e/mc) B-S

Thus, the interaction of an atomic electron with radiation has the structure of harmonic perturbation.
The term exp (-iwt) gives rise to absorption of incident photon of energy hw by the atom i.e. absorption
occurs when the atom receives a photon from radiation; and exp (iwt) to stimulated emission of a
photon of energy hw by the atom, which occurs when radiation gains a photon from decaying atom.

In stimulated emission, one starts with one (incident) photon & ends up with two — incident photon plus
the photon given up by the atom resulting from transition of atom from higher to lower energy level.

When there are large no. of atoms in the same excited state, a single external photon triggers an
avalanche of photons (LASER).

LTT

(a) Absorption b) Stimulated emission ¢) Spontaneous emission

Classical treatment do not account for ‘spontaneous emission’, which occurs even in the absence of
external perturbing field. Spontaneous emission is a purely quantum effect.

Considering the small time dependent perturbation H’, if the system is initially in state |i> and the
perturbation is turned on at t = 0, the first order perturbation amplitude for finding the system in state
|f>att>0is given by

I !

I wy, il el ,

ap’ (1) = EJ‘ RO d = 5 | €AY p+ S [V xACO110) db
0 0

with hw = Ef - Ei. Integrating over dt’, we obtain



)
a\ (1) = ;%J. {*’"“’ﬁ'“]‘“{flﬁne“‘ "1 p+iS- (kx£)1D
0

+ e (Ot {fi AT}E""'[E p—is- (k<€ ..'lli;} }d!'

Therefore,
(n e 1Ty & T,
a (1) = Te,~w A o, +tw@ A
where we define
Tr=—(rle™ A (8 -p+iS- (kxE)1H

T ,=———(fle™ "AZ(8 -p-iS- (kx£)]]D)

Here T* are the transition matrices and have the matrix elements for a one-electron system in a linearly
polarized radiation field as

Ti* = - (e/mc) < f|e™*"Aq[e-p * iS+(kxe)] |i >
Since, (e ie-l)/e = (e ie/Ze i0/2 _ e ie/Ze —19/2)/9

=2ie®?sin (6/2)1/0

=[ie®?sin (8/2)1/ (6/2)

we have
o x| itw, twy sz Sin [ (0 + @) 1/2]
e ——— = g
W, t o (0 £ ) /2

Therefore, the transition amplitude
a™ (t) =i e 2V2 gin [{(ewni+ ©)t/2}/ (o6 £ ©)/2] Tat /h

sin [(0y; + 0)1/2]
(05 + )2
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1
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:
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-
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Transition probability P (t) = |aq!¥ (t)]2



Atresonance ie. at w=7% wy:

Pt (t) = | Tat |2/h% {sin [{(ori + ©)t/2}/(oxi + ©)/2]F

[sillz((wff —+ m)t/2)]/ (wr + @) [sing((wf,- — )t /2)] /(w5 — )2
r -~
12/4 274
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Transition probability is an oscillating sinusoidal function with a period 2nt/ws. It has an interference
pattern and decays rapidly as ® moves away from ® = £ ws. The height and width of the main peak are
proportional to t? and 1/t; ‘t’, being the interaction-time of electron with the radiation field i. e. time
during which e.m. field is on.

Transition peaks are maximum either at wr = - ® or at s = ® i.e. probability of transition is maximum
when the frequency of perturbing field © = + ws.

i. Absorption (W, > 0):

IT’:]z { sin [ (W, — @) 1/ 2] }2

Py = 72 (@, —w) 72

fi. Induced emission (0, <OXx

I:r'j2 sin [ (@, + ) 27 2
Pty =723 (0, + @) 2

Line Width : It is the width of the main peak at half of the maximum intensity. Its quantum analogue is
initial transition probability per unit time for spontaneous emission.

E;' E f
hw=E; —Ef hw = Efs— E;
Ef E;
Stimulated emission Absorption of a
of a photon of energy A photon of energy hw

Thus, the effect of time dependent perturbation of the quantum system is to absorb or emit radiation
guantum (photon) by or from the system as a result of electronic transition.

For a strictly monochromatic field, these transition probabilities depend strongly on the difference ® - |(0ﬁ|.
and lead to a nonstationary transition rate. A transition probability that is linear in time (constant transition rate)
is obtained if one considers the transition from an initial state |i) to a continuum of final states |f }. In this case,
the transition rate is obtained by using a Fermi golden rule:



= _ dP W

= 2l o
= - = 2 AT DI p(E,=E; £ hw)

where p(Ef) is the density of the final states. Similarly, when the radiation field is not monochromatic, but rather
contains a spectrum of frequencies u(®), the transition rate is
2 2
4?1: e U {m r') ik - ~ A 2
L(F1e™ [ -ptiS- (kx£€)11d) |
@

W, = 2,2
4 m
where |i) and |f ) are the initial and final (discrete) states, and the plus/minus signs correspond to absorption and
induced emission, respectively.

MULTIPOLE TRANSITIONS

tik ¢

In the long wavelength approximation, e~ "= 1+ik-r--- so T;- is given by the following multipole

expansion:

4 . i . m(ﬁﬁ N
Iy =-—immﬁ(f|£ -rif)+§(f|(l,+28) - (kxe )|D-T(f|(k‘r) (€ -1)|i)

The first term corresponds to an electric-dipole transition. The second term corresponds to a magnetic-
dipole transition, and the third term corresponds to an electric-quadrupole transition. Usually, the transition rate
is dominated by the electric-dipole term; in this case the transition rate is

41[2?2 A L
Wﬁ = _—ﬁ2 u(mﬁ-) |(f|£ ih

However, for particular states |i) and |f), (f I€ - r|i) may vanish. This state is called the forbidden transition.
Note that for an isotropic external radiation field, the polarization vector € is randomly oriented. Averaging the

components of the unit vector £ over all angles gives
22

4ne
Wy = =7 u(@p) KFIrlDI® = By ()

are known as the Einstein coefficients for absorption and induced emission.

SPONTANEOUS EMISSION
An excited atomic system can also emit radiation in the absence of an external radiation field.
The transition rate for a spontaneous transition, in the dipole approximation, is given by

3
S 4‘,2(0}-' 2
W™ = 33 SNl =4,

where A, is the Einstein coefficient for spontaneous emission.

Electric-dipole fransitions: To obtain the selection rules for electric-dipole transitions we consider matnx ele-
ments of the form {flxli), { flylr). and (f|zIry where 1) and |f) are eigenstates of an electron moving in a
central potential. The unperturbed wave function is then given by

jmzl-r.-f.m.-} =y, =R,V (8,4)

..LF}!I'E_I"'{,""MJ‘} - an'!nr = Rr_llr;rl:a'-b}



where ]","' (6, ¢) are the spherical harmonic functions. In this representation,

“' — B
in-iy = rsinBe’ = +J§trY|ﬂ(9. o)

Lz = rcosh = j‘gﬁrr?(a}

Therefore, the matrix element { f|z|7) is proportional to the angular integral

j( r?’) (6,0)¥/(8)Y," (8,0) 42

which is different from zeroonly if Al = {1, = 1 and Am = m;~m, = 0. Similarly, the matrix elements
(flxdi) and {flyli) are proportional to linear combinations of the form

*
J( YJ,-’] (8,0)Y,(B)Y]" (8, 0) dQ

which are different from zero only if A/ = +1 and Am = =1. Grouping these results together we finally
obtain
{Ai’ = -1, = £l

Am = me-m, = 0, %1



Einstein *.4 coefficient” — Spontaneous Emission

B. .. - B, . Einstein B Coefficients
induced .
.. absorption
emission
A, . spontaneous emission coefficient

N, = number of systems (molecules) in state of energy E,, (upper state)

N, = number of systems (molecules) in state of energy E, (lower state)

At temp T, Boltzmann law gives:

—E,./kgT
N, e — @ MVn/ RsT
N =~ g En/ksl

n

At equilibrium :

rate of downward transitions = rate of upward transitions

. /

— T~

spontaneous emission stimulated emission absorption

—E, ksT
Using N _ € o Ml kel
N, o EIRT

g—ﬁl&u ."RBT — Bﬂ_—mp(vm)
Solving for p(v,,,)
—hve, , T ke T
A ma B
p(vmn) — m_}—r-:l-&.«.-n- EgT

—-B_ . .e + B

H—*HL



H—MH ML

Then: ‘4m—m
Bm—}u
PV,) = it —

Tebipen ) BT
e —1

Take “sample” to be black body, reasonable approximation.
Planck’s distribution formula

8rhv, 1
ﬂvm) — 3 kv kg T
e —1
Gives Brrhvjm
Am.—:m =TBm—>n
327, 2
mon =3 ol
Spontaneous emission — light not necessary,

I=0, v dependence.

Spontaneous Emission

v* dependence

No spontaneous emission - NMR

v =108 Hz

Optical spontaneous emission

v =101°Hz

Typical optical spontaneous emission time, 10 ns (103 s).

3 8 3
V R 10 21
== | =10
V péical 10

NMR spontaneous emission time — 10'? s (=10° years).

Longer magnetic dipole transition is much weaker than
optical electric dipole transition.

References used :

1. Quantum Mechanics by L. I. Schiff, Mc-Graw Hill, Kogakusha,



2. Quantum Mechanics — Concepts & Applications by Nouredine Zettili &
3. Quantum Mechanics by V. K. Thankappan.

Assignments

1. What is semi-classical theory or radiation ?

2. Write expression for Hamiltonian of the atomic electron in the external electromagnetic field.

3. Obtain expression for the transition probability at resonance in the stimulated emission of radiation.
4. What is line width?

5. What are multipole transitions ? Write the selection rules for electric-dipole transitions.
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Module: Superposition Theorem and its circuit
diagram
Module is divided in four sections:

1. VIDEO CONTENT
2. () NOTES

(b) SUPPLEMENTARY MATERIAL
3. SUBJECTIVE ASSIGNMENT BASED ON MODULE
4. OBJECTIVE QUESTION BASED ON MODULE
5. FEEDBACK SECTION

Video Content: https://youtu.be/AfDpapVETB4

In this video | explained Statement and derivation of
Superposition theorem.
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2. (b) SUPPLEMENTARY MATERIAL

Superposition Theorem

Superposition theorem states that in any linear, active, bilateral
network having more than one source, the response across any
element is the sum of the responses obtained from each source
considered separately and all other sources are replaced by their
internal resistance. The superposition theorem is used to solve the
network where two or more sources are present and connected.

In other words, it can be stated as if a number of voltage or current
sources are acting in a linear network, the resulting current in any
branch is the algebraic sum of all the currents that would be produced
in it when each source acts alone while all the other independent
sources are replaced by their internal resistances.

It 1s only applicable to the circuit which is valid for the ohm’s law
(i.e., for the linear circuit).

Explanation of Superposition Theorem

Let us understand the superposition theorem with the help of an example. The
circuit diagram is shown below consists of two voltage sources Vi and Vo.

r >
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First, take the source V1 alone and short circuit the V2 source as shown in the
circuit diagram below:

Here, the value of current flowing in each branch, i.e. i11°, i2” and i3’ is
calculated by the following equations.

Vi

=F ___
i1 = T, . g iR (1)
r, + rsg 1
'y
i, = 1 ———— s e e (2
s = @

The difference between the above two equations gives the value of the

current i3’

MNow, activating the voltage source V5 and deactivating the voltage source
W1 by short-circuiting it, find the various currents, i.e. iy, i3, i3” flowing in

the circuit diagram shown below:
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Here,
V. r
-rr 2 -rr - 3
i) = and = 1) ———
2 1 2
1's 4 r r, + ra
r, +rg &

And the value of the current iz”™ will be calculated by the equation shown

below:
=qF __  zFF K

13 = 13 1;

As per the superposition theorem, the value of current iy, iz, i3 is now

calculated as:

iz = i§ + iy
i, = iy — iy
i, = if — iy

the various branches.

Steps for Solving network by Superposition Theorem

Considering the circuit diagram A, let us see the various steps to solve the
superposition theorem:
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Circuit Diagram B Circuit Diagram C

Step 1 — Take only one independent source of voltage or current and
deactivate the other sources.

Step 2 — In the circuit diagram B shown above, consider the source E;
and replace the other source E; by its internal resistance. If its internal
resistance is not given, then it is taken as zero and the source is short-
circuited.

Step 3 — If there is a voltage source than short circuit it and if there is
a current source then just open circuit it.

Step 4 — Thus, by activating one source and deactivating the other
source find the current in each branch of the network. Taking the

above example find the current I1’, I>’and I5’.
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Step 5 — Now consider the other source E; and replace the source E;
by its internal resistance rq as shown in the circuit diagram C.

Step 6 — Determine the current in various sections, I;’’, I;’” and I3”.
Step 7 — Now to determine the net branch current utilizing the
superposition theorem, add the currents obtained from each individual
source for each branch.

Step 8 — If the current obtained by each branch is in the same
direction then add them and if it is in the opposite direction, subtract

them to obtain the net current in each branch.

The actual flow of current in the circuit C will be given by the

equations shown below:

I = I — 1Y
=1 — 1

Iy =1 — 1

Thus, in this way, we can solve the superposition theorem.

Reference:

https://circuitglobe.com/what-is-superposition-theorem.html
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3. ASSIGNMENT

1. Find the current through 3 Q resistor using
superposition theorem.

50 60

MWW\

+ +
20V ggﬂ T 40V

2. Find the voltage across through 15 Q resistor
using superposition theorem.
5A

©

MW = L
oV

400

2

I

:
&
MWW
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3. Find the current flowing through 20 Q using
the superposition theorem.

4. Find the voltage across 2(€) resistor due to
20V source in the circuit shown below.

?uw

5 5 5 5 o 2 5t 2 5 2 5 0 0 5 0 3 0 0 0 5 0 0 0 5 0 0 0 0 0 0 0 S0 o 0 0 3 o 0 S 5 0 S 0 o 0 S 0 0 56 0 0 0 5 X 0 0 S 0 0 0 X 0 0 0 0 0 0 0 o 0 0 o o
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5. Use superposition theorem to determine the
current delivered by the voltage source in the
circuit of figure both source are DC

6 () 2Q
WA MW\

—l
A

120V 30 40 12A

4. MULTIPLE CHOICE QUESTIONS

1. In superposition theorem, when we consider the
effect of one voltage source, all the other voltage
sources are

a) Shorted b) Opened
¢) Removed d) Undisturbed

2. In superposition theorem, when we consider the
effect of one current source, all the other voltage
sources are
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a) Shorted b) Opened
¢) Removed d) Undisturbed
3. Find the value of Vx due to the 16V source.

[\
+Vx- | I
16V 20 ohm |
— A 10V 80 ohm
- |

a) 4.2V b) 3.2V )23V  d)6.3V

4. Superposition theorem is valid for

a) Linear systems
b) Non-linear systems
c) Both linear and non-linear systems

d) Neither linear nor non-linear systems
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5. Superposition theorem does not work for

a) Current

b) Voltage

c) Power

d) Works for all: current, voltage and power
Ans: 1 (a), 2.(a), 3.(b), 4.(a), 5.(c)
5.FEEDBACK QUESTIONS

. Did the lecture cover what you were expecting?
. What is your opinion about thevideo lecture?
3. How much this session was useful from the
knowledge and information point of view?

4. Are you satisfied with the content of the video
lecture and given questions?

5. If you could change one specific thing what
would that be?

w

N
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Module: Thevenin Theorem and its circuit diagram
Module is divided in four sections:

1. VIDEO CONTENT
2. () NOTES

(b) SUPPLEMENTARY MATERIAL
3. SUBJECTIVE ASSIGNMENT BASED ON MODULE
4. OBJECTIVE QUESTION BASED ON MODULE
5. FEEDBACK SECTION

Video Content:
https://youtu.be/IBphnGWAaT8

In this video | explained Statement and derivation of
Thevenin theorem. The two terminal linear networks can
be converted into Thevenin equivalent circuit.
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2.(b) SUPPLEMENTARY MATERIAL

Thevenin’s Theorem

Thevenin’s Theorem states that any complicated network across its
load terminals can be substituted by a voltage source with one
resistance in series. This theorem helps in the study of the variation of
current in a particular branch when the resistance of the branch is
varied while the remaining network remains the same.

For example, in designing electrical and electronics circuits.

A more general statement of Thevenin’s Theorem is that any linear
active network consisting of independent or dependent voltage and
current source and the network elements can be replaced by an
equivalent circuit having a voltage source in series with a resistance.

Where the voltage source being the open-circuited voltage across the
open-circuited load terminals and the resistance being the internal
resistance of the source.

In other words, the current flowing through a resistor connected
across any two terminals of a network by an equivalent circuit having
a voltage source Eth in series with a resistor Rth. Where Eth is the
open-circuit voltage between the required two terminals called the
Thevenin voltage and the Rth is the equivalent resistance of the
network as seen from the two-terminal with all other sources replaced
by their internal resistances called Thevenin resistance.

Explanation of Thevenin’s Theorem

The Thevenin’s statement is explained with the help of a circuit
shown below:
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VOC or VTH

Let us consider a simple DC circuit as shown in the figure above,
where we must find the load current IL by the Thevenin’s theorem.
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So,

Now, to find the internal resistance of the network (Thevenin’s
resistance or equivalent resistance) in series with the open-circuit
voltage Voc , also known as Thevenin’s voltage Vn, the voltage
source is removed or we can say it is deactivated by a short circuit (as
the source does not have any internal resistance) as shown in the

figure below:
r 2

—VW NWN—

Therefore,

Equivalent Circuit of Thevenin’s Theorem
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As per Thevenin’s Statement, the load current is determined by the
circuit shown above and the equivalent Thevenin’s circuit is obtained.
The load current I is given as:

Vry

i = i o-—oo-—=
L RTH"'I'L

Where,

VtH is the Thevenin’s equivalent voltage. It is an open circuit voltage
across the terminal AB known as load terminal

Rth 1s the Thevenin’s equivalent resistance, as seen from the load
terminals where all the sources are replaced by their internal
impedance

ro is the load resistance
STEPS FOR SOLVING THEVENIN’S THEOREM

Step 1 — First of all remove the load resistance r_of the given circuit.
Step 2 — Replace all the sources by their internal resistance.

Step 3 — If sources are ideal then short circuit the voltage source and
open circuit the current source.

Step 4 — Now find the equivalent resistance at the load terminals,
known as Thevenin’s Resistance (R1n).

Step 5 — Draw the Thevenin’s equivalent circuit by connecting the
load resistance and after that determine the desired response.

This theorem is possibly the most extensively used networks theorem.
It is applicable where it is desired to determine the current through or
voltage across any one element in a network. Thevenin’s Theorem is
an easy way to solve a complicated network

Reference:

https://circuitglobe.com/what-is-thevenins-theorem.html
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3. ASSIGNMENT

1. Solve the given circuit to find the current through
10 Q using Thevenin’s Theorem.

10 20

WW—7WW

- §3Q gmﬂ

| s

QV

2. Solve the given circuit to find the current through
15 Q using Thevenin’s Theorem.

20}

MW

40V 3 §5n CDA gmn
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3. Find the equivalent Thevenin’s resistance between
terminals A and B in the following circuit.

10

AT

ATV

A

Oy

4. Determine the equivalent Thevenin’s Vvoltage
between terminals ‘a’ and ‘b’ in the circuit shown

below.

:

5. Find the equivalent Thevenin’s resistance between
terminals A and B in the circuit shown below.

10
A

5
AT

o

?z
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4. MULTIPLE CHOICE QUESTIONS

1. Calculate the Thevenin resistance across the
terminal AB for the following circuit.

a) 4.34 ohm b) 3.67 ohm c) 3.43 ohm d)
2.32 ohm

wovl  1onm 3ohm

—— 4 ohm
2 ohm

2. The Thevenin voltage is the

a) Open circuit voltage
b) Short circuit voltage
¢) Open circuit and short circuit voltage

d) Neither open circuit nor short circuit voltage
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3. Thevenin resistance is found by
a) Shorting all voltage sources
b) Opening all current sources

¢) Shorting all voltage sources and opening all current
sources

d) Opening all voltage sources and shorting all
current sources

4. Which of the following is also known as the dual
of Thevenin’s theorem?

a) Norton’s theorem

b) Superposition theorem

¢) Maximum power transfer theorem
d) Millman’s theorem

5. Thevenin’s theorem is true for

a) Linear networks
b) Non-Linear networks

c¢) Both linear networks and nonlinear networks
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d) Neither linear networks nor non-linear networks

Ans: 1. (b), 2. (a), 3. (¢), 4. (a), 5. (a)

5. FEEDBACK QUESTIONS

1. Did the lecture cover what you were expecting?

2. What is your opinion about the video lecture?

3. How much this session was useful from the
knowledge and information point of view?

4. Are you satisfied with the content of the video
lecture and given questions?

5. If you could change one specific thing what

would that be?
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Module: Differential form of Gauss Law
Module is divided in four sections:

1. VIDEO CONTENT

2. MATERIAL

3. OBJECTIVE QUESTION BASED ON MODULE

4. SUBJECTIVE ASSIGNMENT BASED ON MODULE
5. FEEDBACK SECTION

Video Content: https://voutu.be/wV-DfrHoJO4

In this video | explained Gauss law and its differential
form

(=

3 YouTube

,("/'Ai%\ A
{._.&:\' - _ = Iz ;_: 3 "-‘kp:_‘r“ l_'rw"

Il » o) o28/3044


https://youtu.be/wV-DfrHoJO4
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Module: Concept of Semiconductor & PN Junction
Diode

Module is divided in four sections:

1. VIDEO CONTENT

2. MATERIAL

3. OBJECTIVE QUESTION BASED ON MODULE

4. SUBJECTIVE ASSIGNMENT BASED ON MODULE
5. FEEDBACK SECTION

Video Content: https://voutu.be/NddYK4IncJO

In this video | explained basic concept of Semiconductor
and Junction Diode
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Interpretation of spectra of 3d transition metal complexes &
calculation of 10 Dq,. B and 8

For all octahedral complexes, except high spin d°, simple CFT would predict
that only one band should appear in the electronic spectrum and that the
energy of this band should correspond to the absorption of energy equivalent
to 10 dq. This is only observed for those ions which have ‘D’ term symbol.
But when free metal ions have ‘F’' symbol, 2 or 3 bands are observed in
electronic spectra. If the ligand field splitting energy is greater than the
pairing energy, then Orgel diagrams fail to explain. In this case Tanabe -
Sugano diagrams help us to explain electronic spectra of metal complex. So,
both Orgel and Tanabe-Sugano diagrams help us to calculate 10 dqg, B
(interelectronic repulsion parameter in complex) and B (nephelauxetic ratio,
which gives information about covalency character in complex).
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System with a single d electron is free from interelectronic
repulsion. The spectroscopic term for the ground state of gaseous
metal ion ( example Ti°" ) is °D , which splits up into T, and E, . The
T,4 state lies 0.4 Ao below and the E, state 0.6. Ao with respect to
‘Bery center’. In d' the ground state is triply degenerate, it can be
(dxy)', (dx2)°, (dyz)’, (eg)" or
(dxy)’, (dxz)', (dyz)’, (eg)" or
(dxy)’, (dx2)°, (dyz)', (eg)’
and the excited state is doubly degenerate, it can be
(tzg) ", (dX"-y?)",(dZ")” or
(t)”, (AX*y?)°, (d2°)'
A single electronic band is expected for d' configuration

*Tog = °Eq



Magnitude of Ao depends on the nature of metal and ligands and
affects the energy of transition and hence A, . Colour of
[Ti(H,O)s]** is purple, which is complementary colour of green
because energy difference between t,; and eq4 levels is 57 kcal
(20300 cm™).

In the absorption spectra of [Ti(H.0)¢]* the steep part of the curve
from 27000 to 30000 cm™ (in the UV region) is due to charge
transfer. The intensity of band is extremely weak (¢ ~ 5) because
transition is spin allowed but Laporte forbidden. Due to Jahn-Teller
distortion absorption band appeared broad, actually this single
band formed due to overlapping of two closely spaced bands.
Here only one electron is present in ‘d’" orbital so, no need to
calculate ‘B’ or .



d° complexes

In the d' case there is a single electron in the lower ty, level, whereas in the d°
case there is a single hole in the upper e, level. Thus the transition in the d' case
is promoting an electron from the t,, level to the e, level, while in the d° case it is
simpler to consider the promotion of an electron as the transfer of a hole from e4 to
t,,. The energy diagram for ds is therefore the inverse of that for a d' configuration.

Energy

Ligand field Strength



Absorption spectrum of Cu™ ion in agueous solution, which contains [Cu(H,0)e]
gives one band.

10— -
€ = .

S+ -

(] ol N N N NS NN T SRS NN N (NN WS Ot T T R (T T S T S

5.000 10,000 15.000 20.000 25,000 30,000 35,000

cm !

L 1 | 1 | |
2,000 1.000 667 500 400 333 286

Cu(H»0)¢** has a blue colour due to the single *E, - “T,, electronic transition at
~800 nm




Actually this one broad band consists of closely spaced three bands(800 nm ,
max 11) . This is due to Jahn-Teller distortion, which causes further splitting of
energy levels into a set of four levels and clearly three bands, corresponding to
the transition from the lowest to the upper levels are possible.

ZE“g
2
’T, s
g
gttt 2
ﬁ; A,
D
2 Alg szg
ZEg
2B1g
2]31g
No J.T. Medium J.T. Strong J.T.

Distortion Distortion Distortion 8



The energy difference between levels depends on the extent of splitting caused by
the ligands. When the ligand field is weak the splitting is small and hence the
three bands are nearly superimposed to produce a broad adsorption band as in
the case of [Cu(H.0)¢]** .

In absence of Jahn-Teller distortion only one transition is possible
’Ey - “Tyg

This transition energy is equivalent to 10 dq or Ao

When strong Jahn-Teller distortion occur transitions are :-
?Big = “Byg

2 2
Big > “Asg



d* complexes

Metal complex with d* configuration have °D ground state term symbol in the absence of any
ligand field. When six ligands approach in octahedral geometry, the electronic distribution is ta°,
e, in weak field and ground state term symbol is °E,. In strong field electronic distribution is t,",
e’ and °T,, is ground state term symbol. The Orgel and Tanabe-Sugano diagram for d*
configuration can be used to estimate the value of A, for these complexes.

Energy

Ligand field Strength 10



High spin d* complex

Splitting pattern of °D term is same
as d° system.

Energy difference between °E, and
°T,q state gives value of 10 dq or A,

Low spin d* complexes

It can be explained by taking
example of [Mn(CN)e]*

10 1

°D

T-S Diagram of d*

°E

3-[-1

°T

°E

o,

11



From T-S diagram it can be seen that the spin-allowed transitions are
TigH) > “Ty(H)
3T19(H) - 3E9(H)
3T19(H) - 3A1g(G)
TigH) = °Ay(F)
Three bands are observed at around 27000, 29000 and at 34000 cm™
The ratio of experimental band energies is

v» = E, o EJB _ 29000em™ _ 4 7

vy E, E,/B 27000cm™"

When this ratio is 1.07 then A,/B =40
when Ay/B = 40 then

E2 _ E1 _
5 =38 and 5 =35

12



Thus on the T-S diagram, where Ay/B = 40,

the value of Ty, —» °Ty, and °Ty, — °E4 are 38 and 35, respectively. The

Racah parameter(B) can be calculated from v, and v,

2900;)3 cm _ 3g

B = 29005?80m_1 = 763cm™’
27001(; cn’ _3p

B= 2000em”  — 774cm"

35

Average value of Racah parameter(B) = w =767cm’”

13



Calculation of A,

From the average value of the Racah parameter, the ligand field splitting energy
can be calculated as follows

A0
767 cm

= 40

1

AO -
= =40,

Ao = 40 x767 = 30680 cm”’

Calculation of 8
. : B 767
o o complex o —
Nephelauxetic ratio = 3 B 1140 0.673

Hence, the inter-electronic repulsion has been decreased during the process of
complexation.

14



d° complexes

Metal complex with d® configuration have °D ground state term symbol in the absence of any
ligand field. When six ligands approach in octahedral geometry, in weak field electronic
distribution is t,," €,> and ground state term symbol is °T,,. In strong field electronic distribution is
t,° e,° and ground state term symbol is "A4,.

Orgel and T-S diagram is used to estimate the value of delta for these complexes.

High spin d° complex

Splitting pattern of °D term is same
as d' system. Energy difference
between °T,, and °E, state gives
value of A, or 10 dq.

Energy

15
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Low spin d® complex

It can be explained by
taking example of [Co(en); ]**

Calculation of B

From T-S diagram it can seen

that the spin allowed transitions are
"Pig (1)~ "Tig (1

1A19 (1 - 1T2g (1

These bands are observed

at around 21450 and at

29450 cm™.

E/B

T-S Diagram of d°




E,/B -1
The ratio of experimental band energies is 2o 2 = 29450cm =1.37

vy E1/B 21450cm™"

A
When this ratio is 1.37 then EO =40

A0
When — =40
B
EZ El
— =52and — =38
B B

The Racah parameter can be calculated from v, and v,

29450 29450

- = = - = -1

B 52 B = 566cm™ and
21450 _ _ 21450 _ _1

B 38 B 38 564 cm

Average value of B = S%Zi =565 cm”



Calculation of A,

From the average value of B we can calculate ligand field splitting energy ( Ao )

A0 A0
20 =40, =L =40
B 565

A, =565%40 = 22600cm ™

Calculation of B

B 565
= complex = = 051 4
B Bfree ion 1100

Value of ‘B’ shows that this complex has more covalent character

18



d? Complexes

Metal complex with d* configuration have °F ground state term symbol in the
absence of any crystal field. However, when six ligands approach in an octahedral
coordination, the ground state term symbol becomes °T,, and remains as such in
weak field as well as in strong ligand field. The Orgel and Tanabe-Sugano
diagram for d” configuration can be used to estimate the value of crystal field

splitting energy for these complexes.

3T 3T1g(P)
3P lg nqu-...----u-“- X I |
2g Azg
b .-"". VZ
3
Fﬁ - TZi 4 3ng
3F, e -
“‘ -6]3q 3 Vl
‘ Tlg 19

3T

1g



The energy level diagram for complexes, where the central metal ion has two d electrons
is more complicated. The possible energy states are

Ground state - 3F

Excited state - °P, 'G, 'D, 'S

The °P, 'D, and 'S states contain electrons with opposite spins whereas, in the ground
state the two electrons have parallel spins. The transitions from the ground state to 'G,
'D or 'S are spin forbidden, will be very weak and can be ignored.

The only important transitions are. °F to °P.

From the energy level diagram, we show that, there are three transitions are possible
between the triplet states which are spin allowed

"T1g(F)---->"Taq(F) -V
"Tig(F)-—->"T1o(P) V2
Tig(F)-——> "Agg(F) V3

It can be explained by taking example of [V(H20)]** ions, which are green in colour. The
spectrum consists of broad weak bands at 17,200 cm™' (¢ =6) and at 25,600 cm-" (€ = 8).
Very weak bands also observed between 20,000 and 30,000 cm-". The two stronger
peaks are due to spin allowed transitions, whereas the very weak bands due to spin
forbidden transitions to excited singlet terms.

20



T-S Diagram of d?

44

38.7

25.9

20
P

E/B-

21
’F

: . Tlg(F)
A,/ B~ 2.5 2.8



Uv-vis spectrum of [V(H,0)]’"

i V3+(d?) )
51 -
Ol v v v v b by b b

5,000 10.000 15.000 20,000 25.000 30,000 35.000
cm !

| | ] | 1 | |

2,000 1.000 667 500 400 333 286
nm
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Calculation of B

There are three transitions are possible from the ground state, hence three peaks should
occur in the spectrum, but in the spectrum only two peaks observed, because the ligand
field strength of water results in transition occurring close to the *A,, / °T14(P) crossover
point, hence these two transitions are not resolved into separate peaks. The spectrum
shows two main absorption bands are :-

17,200 cm™ - T 1g(F) -=mmmmmmm- > °Tyu(F) (e=6)

25,600 cm™ ----- T 1g(F) ~==mmmmmmm- > °T4(P) or °Ax(F) (g=8)

The ratio of experimental band energy is
E, _ E,/B _ 25600 — 149

E, E/B 17,200
A
When this ratio is 1.49 then FO =28

When Ay/B = 28 then

v _o598 E:-387
B B

23



The Racah parameter (B) can be calculated from both v, & v,

25,600 _
5 = 38.7
_ 25600 _ 4
B= 38.7 662cm
17200 _
B =259
_ 17200 _ 4
B= e 9 664cm
Average Value of B = w = 663cm™
Calculate of A,
A
From T-S diagram E" =28
i = = = -1
663 28 Ay= 28 x 663 = 18564cm

24



Calculation of B

Free ion value of ‘B’ for V** = 860cm™

B 663
- complex = = 0 . 77 1
B Bfree ion 860

Value of B shows that ~ 25% covalent character present in complex.

If in the spectra of d* complexes 3 bands are observed then ‘B’ can be calculated by this
formula

vVy,+v,—3 Vv,
15

B= where

_3 3
Vi = "Tyg = Ty
— 3 3
Vo= "Tqg > Agg

V3= 3T1g —>3T1g(P)

25



d® complexes

158°

For d® complexes ground state term is °F and excited state is P ( of same
multiplicity).In octahedral field the transformation of states are-

26
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’F

T-oP)

M@
/
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Ligand field strength
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Absorption

[Ni(H0)q]**

A, (F) - °T,(P)

A, (F) - °T, (F)

A (F) = T, (F)

8700 14,500 5430
< > <

visible uv

>

28
v/cm (frequency)



Electronic arrangement for d® configuration is same in high spin or in low
spin, ty°,e,”. For d® configuration ground state has only one arrangement of
electrons that's why A, state (single degenerate) is ground sub state.
Spectra of d® complexes can be explained by taking example of
[Ni(H20)¢]**.Aqueous solution of bivalent nickel salts have a light green
colour, which is due to presence of weak bands in the red and the portions of
the visible spectrum. The spectrum consists of three bands

vem” £

8,700 1.6 Vi
14,500 2.0 Vo
25,300 4.6 V3
The spin allowed transitions are expected are -----
VO (=) JR— > T,(F)
AT () BRI > *Tig(F)
Ag(F) - > “Tig(P)

29



Calculation of Ay

Energy difference between *Ax(F) & *Ty4(F) is 10Dq or A, so transition
*Axg(F) - *To4(F) (v1) gives value of A
A, = 8,700cm™

Calculation of inter electronic repulsion parameter (B)
Value of B is obtained from the relation
V,+v,—3V,

15
B value for [Ni(H.0)e]** complex is

B=

(14,500+25,000)—(3 X 8,700)
15

B= =913cm”

30



Calculation of 8

B

B — complex
B free ion

‘B’ for Ni** free ion is 1030cm™

-1
= 2A3M 9029
1030cm

The considerable reduction in ‘B’ value on complex formation is due to

attribution of certain degree of covalency of the metal — ligand bond, which
causes delocalization of the metal ion electron density into the ligand.

31
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Charge Transfer Spectra

An electronic transition between orbitals that are centred on different
atoms is called charge transfer transition and absorption band is usually
very strong. These transitions involve electron transfer from one part of
a complex to another. More specifically an electron moves from an
orbital that is mainly ligand in character to one that is mainly metal in
character (ligand-to-metal charge transfer, LMCT) or vice versa (metal-
to-Ligand charge transfer, MLCT). Unlike d-d transitions, these are fully
allowed and hence give rise to much more intense absorptions. When
these absorptions fall within the visible region, they often produce rich
colours. In these transitions, the electronic transitions are Laporte and
spin allowed, i. e. Al=+1 and AS=0



A charge transfer transition may be regarded as an internal redox process.

Types of charge transfer spectra

1) Ligand to metal charge transfer (LMCT)
2) Metal to ligand charge transfer (MLCT)
3) Intermetal charge transfer or metal to metal charge transfer (MMCT)

(
(
(
(4) Interligand charge transfer (LLCT)

e L — M —
N N /N

L M
LMCT MLCT MMCT LLCT



Ligand to metal charge transfer (LMCT)

If the migration of electron is from ligand to metal, then the charge transfer is
called ligand to metal charge (LMCT). Some important characteristics of
these transitions are:-

(a) Transfer of electrons from filled ligand orbitals to vacant metal orbitals

(b) m-donar ligands show LMCT, e.g. halides, oxides, sulphides, selenides,
N;, RO

(c) Metal should have high energy vacant orbitals

(d) Metal should be in high oxidation state

(e) lonization energy of metal should be high

() Ligand should have low energy filled orbital

(9) Internal oxidation of ligand and internal reduction of metal takes place

(h) Metal may be of main group, transition metal or inner transition metals



Molecular Orbital Diagram of MnO,

t \\ L) l‘] 32
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Electronic transitions in metal complexes can be easily explained by taking an example of
permanganate ion, MnQO,’, in which oxidation state of manganese is +7 and combined with
four oxide ion. The molecular orbital diagram help us to identify possible LMCT transitions.
In any tetrahedral complex, the four lowest energy o-bonding orbitals are filled and
primarily ligand in character. Next there are two sets of o- nonbonding molecular orbitals,
one is ligand centred and one is metal centred. Manganese ion has vacant 3d orbitals,
hence there are four possible ligand-to-metal transitions are
L (t)-----—M (e)

For MnO, all four transitions have been observed: 17,700 cm™ (t;----- -e), 29,500 cm™
(ti—--t,"), 30,300 cm™ (t--—--—€), and 44,400 cm™ (t,-—--—--t," ). Only the absorption at
17,700 cm™ belongs to visible region, and it is responsible for the deep purple colour of
MnO4'



Here a partial MO diagram for an octahedral ML6 complex

Partial Molecular Orbital Diagram

Ul’

Py Y Yy

’_.r" .I_r*
P J__,J--" Fy
metal
vy Vo V3 Vg

L I ligand
a




Energy difference between filled ligand orbital and vacant metal orbital is denoted as

LMCT energy.

Variation of LMCT energy

(a) On moving down in a group of transition metals LMCT energy increases.

5Sdd=— NN
4d =R
3d LMCT Energy




(b) On moving left to right in a period, d-orbital size of atom decreases due to effective
nuclear charge and hence LMCT energy decreases, note that ligand should be same.

Cr

Mn



(c) LMCT energy decreases on increasing oxidation state of metal, if ligand is same.

Rh(II)

Rh(IV)
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(d) If ligands are different but metal ion is same then LMCT energy depends on size of
ligand. For example in HgCl, , HgBr, , Hgl, size of iodine is large, so energy of filled orbital
of iodine is higher in energy, hence energy difference between ligand orbital and vacant
metal orbital is less and LMCT energy decreases.

Hg

I(p)

Br(p)

11

Cl(p)



Colour of mercury halides are :-

1. HgCl, absorbs from UV region and its colour is white
2. HgBr, absorbs from violet region and its colour is yellow
3. Hgl, absorbs from green region and its colour is reduction

Pigment
Cadmmum yellow (CdS)
Vermilion (HgS)
Naples yellow [Pbs(SbO,),]
Massicot (PbO)
Chrome yellow (PbCrO,)

Red and yellow ochres (iron oxides)

Primary Orbitals Involved

Ligand 7, ——> metal 5s

Ligand 7, ——> metal 6s

Ligand 77, ——> metal 55 or 5p

Ligand 7 P metal 6s

Ligand 7, ——> metal 34

Ligand 7, ——> metal 34




Metal to ligand charge transfer (MLCT)

If the migration of electron is from metal to ligand, then charge transfer is
called metal to ligand charge transfer (MLCT). Favourable conditions for
these transitions are:-

(a) Transfer of electrons from molecular orbital of metal to ligand.
(b) Metal should be in low oxidation state.

(c) Ligand must have vacant orbital, e. g. CO, CN’, NO, bipy, ph, py,
thionate ion, imines, aromatic ligands, ligands having n-bonds.
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T[*
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Value of MLCT energy (energy difference between filled metal orbital and vacant ligand
orbital) depends on nature of metal orbital

(a) Electron rich metals, which have filled e4 orbitals show coloured complex i. e. it absorbs
from visible region.

(b) If metals have filled t,4 orbitals then MLCT energy is more, and complex absorbs from
uv region and complex will be colourless.

Metal to metal charge transfer (MMCT)

If in a complex same metal ions are present in different oxidation state, then electron
transfers between both metal ions is called MMCT.
Some examples are here---
(@) KFe"[Fe"(CN)g] Prussian Blue
KFe'[Fe"(CN)g] Turnbull’s Blue
(b) Rust ( Fe;0, ) is reddish brown here elctrons transfers from Fe? ----- - Fe*
(c) If spinels (mixed oxides) are coloured, it is due to MMCT eg. Pbs;0,

15



Ligand to Ligand Charge Transfer (LLCT)

In Complex if ligands are present of different nature, one is
electron donor and other is electron accepter then we get
LLCT.

Intense absorption bands which are assigned to inter
system LLCT transitions appear in the electronic spectra of
square planar Ni' ,Pd" & Pt" complexes, which contain a
1,2-ethyldithionate as electron donating and 1,3-diimine as
accepting ligand.
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Pyrrole

Pyrrole is a heterocyclic aromatic organic compound,
a five-membered ring with the formula C,;H,;NH

Porphyrin

Porphyrins are a group of heterocyclic macrocycle organic
compounds, composed of four modified pyrrole subunits
interconnected at their a carbon atoms via methine bridges (=CH-).
The parent of porphyrin is porphine, a rare chemical compound of
exclusively theoretical interest. Substituted porphines are called
porphyrins. With a total of 26 1r-electrons, of which 18 Tr-electrons
form a planar, continuous cycle, the porphyrin ring structure is often
described as aromatic. One result of the large conjugated system is
that porphyrins typically absorb strongly in the visible region of the
electromagnetic spectrum, i.e. they are deeply colored. The name
"porphyrin" derives from the Greek word which means purple.



Heme

Heme or haem is a coordination complex "consisting
of an iron ion coordinated to a porphyrin ring acting as
a tetradentate ligand, and to one or two axial ligands.”
Many porphyrin-containing metalloproteins have heme
as their prosthetic group; these are known as
hemoproteins. Hemes are most commonly recognized
as components of hemoglobin, the red pigment in
blood, but are also found in a number of other
biologically important hemoproteins such as
myoglobin, cytochromes, catalases, heme peroxidase,
and endothelial nitric oxide synthase. The word heme
is derived from Greek means "blood".

OH



Cytochromes

Cytochromes are proteins containing heme as a cofactor. They are classified
according to the type of heme and its mode of binding. Four varieties are recognized
by the International Union of Biochemistry and Molecular Biology (IlUBMB),
cytochromes a, cytochromes b, cytochromes ¢ and cytochrome d. Cytochrome
function is linked to the reversible redox change from ferrous (Fe(ll)) to the ferric
(Fe(lll)) oxidation state of the iron found in the heme core. In addition to the
classification by the IUBMB into four cytochrome classes, several additional
classifications such as cytochrome o and cytochrome P450 can be found in
biochemical functions.

Cytochromes are classified according to heme proteins on the basis of the position
of their lowest energy absorption band in their reduced state, as cytochromes a (605
nm), b (=565 nm), and c (550 nm). Within each class, cytochrome a, b, or c, early
cytochromes are numbered consecutively, e.g. cyt ¢, cyt ¢1, and cyt c2, with more
recent examples designated by their reduced state R-band maximum, e.g. cyt c559.
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Types of Cytochromes

Several kinds of cytochrome exist and can be distinguished by spectroscopy, exact
structure of the heme group, inhibitor sensitivity, and reduction potential.

Four types of cytochromes are distinguished by their prosthetic groups:-

Type Prosthetic group

Cytochrome a heme A

Cytochrome b heme B

Cytochrome c heme C (covalently bound heme b)
Cytochrome d heme D (Heme B with y-spirolactone)

Cytochrome c is most important among the four



Cytochrome ¢

| =
CH,

ct, S~
N\ N
Fe
N/i N
(Nl
HN

The iron atom of the heme
group in cytochrome ¢ is bonded
to a methionine sulphur atom
and a histidine nitrogen atom

I
RCH=CH, + HSCH,——® R-CH-SCH;R
Vinyl group  Cysteine Residue Formation of a 6

on heme of protein thioether linkage



The most extensively studied is the cytochrome c. It has a single polypeptide chain of
104 amino acid residues Its active centre is a porphyrin ring with iron at the centre
with the oxidation state +2 or +3. Heme is covalently bound to its protein via thioether
groups.

Iron is at the centre of the prophyrin ring has histidine as the fifth ligand and the

sixth ligand is a methionine segment. The iron sulphur bond is strong enough to
prevent the replacement of the methionine legend by oxygen. The heme group is
surrounded by several tightly packed hydrophobic side chains.
The heme part of Cyt C is buried deep inside the hydrophobic pocket of the
apoprotein. Only an edge part of the heme is near the surface. The fact, that their is a
ring of lysine residues of the protein surrounding the exposed part of the heme. The
model studies have shown that Cyt C interacts with the inorganic redox partners
through the exposed heme edge. Consiquently the reduction potential of Cyt C is also
dependent on the stability and the solvent accessibility of the heme crevice and the
hydrophobicities of the amino acid residues that form the line around the heme
crevice

The reduction potential of cytochrome C is rendered more positive (as



compared to higher electron affinity) by the hydrophobic character of the heme
environment when compared to the same heme complex in an aqueous environment.
Consequently removal of an electron from cytochrome C becomes energetically more
costly from the heme in cytochrome C when compare from a heme in water since the
dielectric constant near the iron atom is lower in cytochrome C.

Diagram shows that since there is no vacant coordination position, cytochrome
C is unable to bind with oxygen molecule. This is unlike to the situation of iron in
haemoglobin and myoglobin. The iron of heme in cytochrome is alternatively oxidize
Fe® and reduced Fe® which is an essential feature for the electron transport in
electron transport chain. This is in contrast to heme iron of haemoglobin and
myoglobin which only remains in the ferrous (Fe**) state.

Both the oxidized and reduced form of cytochrome C have almost similar
structures and differ slightly in structure of protein part. The heme prosthetic groups
are at a distance of 17A°. It has been suggested that electron transfer between these
distant hemes occurs through outer sphere electron transfer. This is supported by the
fact that iron in both the form is in the low spin configuration of favourable situation for
outer sphere electron transfer.



Cytochrome ¢ Oxidase or Cytochrome aa;

The term cytochrome oxidase is generally used to collectively represent
cytochrome a and a; which is the terminal component of ETC. Cytochrome
oxidase is the only electron carrier, the heme iron of which can directly react with
molecular oxygen and reduce it. Cytochrome oxidase is thus the last link in the
respiratory chain of electrons flowing from reduced food stuffs to oxygen. Thus
(without oxygen) it must be five quardinate in contrast to cytochrome c. Besides
heme (with iron), these oxidase also contains copper that undergoes oxidation
reduction (Cu®* = Cu®) during the transport of electrons. In the final stage of ETC,
the transported electrons, the free protons and the molecular oxygen combined to
produce water.

The electron transfer process occurs from cytochrome c in the reduced form to the
cytochrome c oxidase. Ultimately the electron is transferred to O, by reduced
cytochrome c oxidase followed by four electron reduction of O, to water. In the
transfer of electron from NADH (formed by oxidation of glucose) to O,, large



amount of energy is released (however, the energy is liberated in controlled
steps).
02 +4H" + 4¢ - 2H20

Chemical Structure

cytochrome ¢ oxidase contains two distinct cytochromes only one type of heme
designated heme a can be isolated from it .Thus the different properties of
cytochrome a and a; must be derived from differences in the binding to the
protein part of the enzyme. Cytochrome a has its iron atom in a low spin state. It
may probably has to axial protein ligands, like other low spin cytochromes such
as cytochrome c. Cytochrome a; on the other hand appears to have a free
coordination position, as it can interact with dioxygen or various inhibitors and the
iron atom is found to be in a high spin state. The environments of heme in
cytochrome A and B are shown here:-
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Prosthetic groups in the
minimal functional unit of
cytochrome c oxidase

Schematic representeﬁion of the environment of
heme
In cyt a X=S(Met), Y=N(His)
In cyt a, X= N(His), Y=0,
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The catalytic cycle of cytochrome C oxidase may be studied by considering the
following points:

1.

The cyt a; and Cug are separated by 4.5 A° ,and both are separated from cyt
a and Cu by 20 A°

Cytochrome a--Cu, is the low potential site and hence it receiving the
electron.

The reduction of cyt a--Cu, brings in structural changes in the site so, that
an electron transfer path is opened for the electrons to be transferred to cyt
as--Cug site

The structural change also helps the cyt a;--Cug site to bind O, and transfer
electrons to it. Thus cyt a;_Cug site can lose electron more easily as
compared to cyt a--Cu, site.

Fe(ll)a; and Cu(l)s remain close to each other in a geometry, suitable for O,
binding. Two electrons are released from Fe(ll)as;--Cu(l)s to bound O,
forming p-peroxo complex

12



Fe(lll)--O--O--Cu(ll)s
. The Fe(lll) of the peroxo complex receives one electron from cyt a--Cua to
form Fe(lll).s--Cu(ll)s and resulting in the cleavage of O--O" Bond into O and
O”. The oxygen [O] takes two electrons from Fe(ll) forming Fe(IV) O* ion
and the other O* gets bound to two protons to form water, which binds to
Cu(ll)g
. Transfer of one more electron from cyt a--Cux to Fe(IV)O* results in the
formation of

@)

1
Fe(lll)az-Cug-OH, complex

. Transfer of one proton from H,O of Cugto O* of Fe(lll)a; results in the

formation of
OH

1
Fe(l”)a3 — CUB'OH.
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9. Further protonation of the two -OH on the Fe(lll) and Cug leads to the
liberation of two water molecule and regeneration of the cyt a;--Cug

The function of cytochrome ¢ oxidase is not only to reduce 02--->20%, but
also to pump protons across the membrane. The energy released by the reduction
of O, assists the formation of ATP from ADP.

out of two components of cytochrome c oxidase, only cyta;-Cug part
combined with the ligands like CO or CN" . This is because Fe(lll) in cyt a is hexa
coordinated, Fe(ll) in cyt a; is a penta coordinated site.

CN' binds with the reduced Fe(ll)a; and thus blocks the site from binding with
molecular oxygen. Further cyanide stabilizes Cu(l) oxidation state of Cug . Thus
transfer of electron from reduced cyt a;-Cug to O, is blocked.

Thus the terminal oxidation process is stopped and thus cyanide acts as a
poison. The fatal effect of cyanide is not due to the blocking of the sixth
coordination site in hemoglobin or myoglobin, as these sites are hydrophobic and
have least affinity for binding with charged cyanide ion.
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2H,0

F _

Fe(ITI) a, - Cu(Il) B s a=CuDa
+

(Proton 2H +2e

pumping)

Fe(Ill) a— Cu(Il) A .

ﬁH OH

| Fe(Il) a; - Cu(T) B
Fe(lll) a,— Cu B

0,

Iol OH, Fe(Ill) a;—— Cu(Il) B

2—
Fe(III) a;— CuB 0;

Fe(ll) a— Cu(l) A

+
(Proton f
pumping) +2H / One electron
N oxidation
One electron I l (I)H2
oxidation

Fe(Il) a - Cu(I) A ,
Catalytic cycle of cytochrome c oxidase
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Path of electron transfer in cytochromes

MNADQH (—0.32)
ze |

'

MADH dehydrogenase {lavoprotein) —0.30)
ADP +— ATP

FADH, (-0.30) —= Ubiquincne (Co-enzyme Q) {+0.04}

Cytochrome b{+0.07)
ADP ' ATP

T

Cytochrome cq (+0.23)
Cytochrome ¢ (+0.25)

Cylachrome a {+0.29)
ADP ' - ATP

Cytochrome ag (+0.55)

Ea'l
Y20s (+0.82)

2H

HaO

16



Thank you

Upma Shrivastava
Asstt. Prof.
Govt. V.Y.T.PG.Auto.College

Durg
Chhattisgarh

17



_Nitrogenase
Introduchion := Gaseous foim of nitzpen
Cannot be absor beel A7 plants. /‘//'/Yﬁ/c;m 74')%7%97 /s
the /OYDCF/% OJL ConVersIey 0% /\//'/W)ﬁe/w +6 ermmovisy
anel Subsejuwzf/% 4o Soluble nih2gen W/mwés.
The @enzyme ni o genase wn plote. /o/a?A e vired
vle %[ a&s/s‘ﬁ% f?xm%‘m a][ PIABGET
Nl"/ﬂ)jéhﬁsé 2 057'12/1’(7’)50/ wn The 57mb/b/7‘c
bocteria, '/Qv}n} o the ook CJ]L /eﬁam/nm np/ﬁn’f%)
Like pes andl bean - Thas ﬁfﬂfu,é 0// bam%r/‘a/é cedled
Rizobium . The entyme b abso Founcl M 1on -
57%2/‘0#& boclevia s cfzoh?baeﬁf[amm!a;‘c) ool
clpeteidivr /ﬂmfeuw‘anum
‘¢ bocterio omel Some bl guer a/igac an 74/*754
Amm(m/a f/’z/rmw! Aue o ,\/,'/ypian %‘%ﬂ’?‘m A
converied T coluble Nitrogen @rpmres
Lo Jaken up by the plar Jor 10 syntneris @ MR
yQN/) ol /m/p/’(;mé  These 71/"75773’@70%5 CM”/”W
ort ~ocomvevitid 1o ommoe o O o0
The €xcess Drmonra not wsed %yxm%é gym%e-
818 04 Lipmoleewles s swidized) 45 /nydw;c% it
ond fu/‘l'ﬂtw 45 nitale by fhe n/#fﬁ‘cﬂc%z‘m procens:
The mihole goo o e <ol Soil pitode us ako
%‘””’M’ @ the dwy of ﬂ/?ﬂ?ﬁwﬂu& aygonic @m/}w@
A vari &5 0% mICTD ay«ﬁﬁ/éms omd A/,ﬂ[,u /DZM
convert the Soil nitalt umbe ammoena: The o]




nitals b st s
n}%ﬁa&— J@z:;n 76@&5/‘@ '7))#/7‘@, L{;;nﬁ e éh?ﬂmé
b e s, and 0/h7lz 45 vesuves) _
088 lS']LEC’{ b —M o -ﬁ? Qﬂ?mﬂ)’lla'}
Yy the enzyme pifnfe veductase. I m).
dgém/;sms mitile A e
=, DITile  miny allerpetivel, be ~veduced
NZ.O amny v Nz Ir) 1he c/é,f)/%dﬁ'cm‘?m /pmc% - TR
)’)17’)@(?&;0, Lz'beYa,[Zg}’/ gl back 1 the gjmag/hem
Oﬁﬂ/ L5 weconverled 'ZZ oIV éﬁ tthe gpy%yme n[/z;’%%m%.
~/he @c/e c# ﬁ‘pa—h‘fm 07£ @7‘777&5/5/;5 Y/t m'fzr%"fm
Inle ammonic, 15 Incer /bm’ar/fmo Jrto Ja/’&/ag»fcd 575/5»9
due 2z The Jormation of nitpgenas bipmoletdss, thes
afuag[ wnte nitradz amd the velarn ﬂy[ Ny, o the
atmes phehe , cir o p/éﬁ/?’ﬂ'ﬁ‘cm‘)m of nikabe

(alled the “Nipwogen Cyele !

Nidwgenase N, < T~
%Xahﬁ‘ﬁ NQ,O} NO
NA, RNA S o
D‘ﬂ?‘F&iw inceld Deni %,,7@‘@,;,,,),

v / P
NOz

N kit weduetese
D&Cﬂ 9\ /\ " ' ')'n'J,E,—
veolertse

ow‘dcﬁ'}&
NHOH 7 NOg

Ny ‘—fr‘ca%)‘m

Nitrogen Cycle




D

Page No - oQ

Chemistry of mhvgen fixahen
- D)?’)Iﬁ’pé‘»&o mo/ecm CN2D £ very cindle com uryl
/ﬁ;bMMJQMﬁﬁ# (NEN) s high' 945 KT [mol.
’7710%(?/14/ 7)17)@%@0 olecide 4y }(meﬁ(ﬂﬂﬁ Inerxt, 41,¢
TeduCﬁm jL /\/2, éﬂ /L/L ‘f’D /’V/’/ < Yheymod ngm),_

Ca/z% “quvamfable S

Not+ 2H, —> 2_NH S, A@ = ~39; kml/m@)e

|l HULOQV&T these has 45 Zye Cgﬂfg‘rfzgﬂ Sualtron of &
B eleckons _gmd & 1t it Ny, emel hente %’wmm’vm
- /%;NZ@ L5 abﬁéauéi Hence | the poacheorn ma

cee) v%mwﬁu fle %Wz‘am Of e jotermeds -
- GVE/J Nz Hp C’/W/ Ny Ha- f

Myt 2ntiroeT —> NHa -
R (R \ O AfHJf + Jre = NPy -
. Myt eH'YE® — 2NH3

Hawev@z ;//M «)%fma;%m Of /ﬁ‘férmed/a/@ ,@ [w
7L)Yzi/oab/e becausc& /%9 e %ewmoalywqm/@% less
L Stable. - The inTemediales are higher un Sntsos
M /%e /;,ma%an#; C Mot Ho)D amad abso ﬂmz/wma’a#

/\//13 =

- Ene
N T:O W : N'LHL o _ S S

- | sz/




Page No - @4

Iy the p,'}ypdqwasé Qss/sled ﬂ/'/zzg.@;o rf}‘mﬁm) 4 e
_ Fovmeifien of fhe Jotemeckinls iy be ey litalid,as
7”%% e Stabi|jzed diue 16 Ccoordination Loitn e
metzd Centers . The )%mmy%'ﬂn 0/ Jhe nfermediates
)1 he nﬁmﬁzvasp cmfﬂ//? mery also be cssrc/ed/

by the Libevahin of entigy, Mﬁm@m%

- | In bitlegrcal 6’7{57‘_%5 , The 7§rma75'm @j,cmymmc,
). W@% ,Z;soadizd_/ﬂiz’tz tha pvcieelion 2] Hy go

9 e _absence. L’#Mﬂbp the active m%/%%mge vYedue
0T o igle Hy ges- This (5 suggesled fo besue
o the presence ¢f reinf Axifdf_ﬂoiéw the Syslems,
o Whick fecels with H0t T Formo Hy .
~ Nihazge 74'%/}7(% e Té/gmu o Sous ce ¢
 eleckons omd a Souwce of enigy Jov the achivebidy
ol Oleekons amd Ny, Nifogenase weceives the elec—
Frns '/%Tmea/ by the OX/'ﬂZZm’) C% ,Oymvrff?z; (generola

| %ﬁmcéwloﬁh// ng In The yespiveden pypcew), or
 other Sourres - These Clecthons 038 (08%020] 1athe
~ electar ”o”ace//'\/}% Srle # ﬂ/?fDﬁemsé 1:7%& Fe—-S
prolegin, jew/dmcin - The enrgy veguiiee] fra
s aetvodion af Jhe elechons o pyovided & Jhe

 ydwlyps o PTP o App. T

. ATPAHo —> ADPEP F egy

_ TTRiC peackrn uses up woder omd Nence maisfaing

| Qfﬁfﬁdﬂm condlitre, lot9iutiecl For n/’%ﬂy@b%f'm&%‘m'
12 e 4 moleculs 8] DT foguied 1o fueduce

Nyt guttge > ot l,




PageNo- 4
cne mole cule 597/,7 No
It hac been ohbserved Thal“on fhe wed peds 0:71
fhve /Cfum;'nm plonts , thexe «s o Fe(lL) heme

pr/Ze'm celled] /%/jemo g/laéin TR binds (oith O,
omel thus pyovides anaevobir envivonment veguire
frihe Calolytc activily of pifogenase. The ogygen.
A OXgleghpnoQlobin alsp 51515 the wespireton

by egherneg | © sesprran o
procers of the m/mzmgamsmcmo/ Ubevaln odds -

ﬁ’m&jgwﬁ %mfﬂ,g ZPQCI"ZIZ!‘HM CDJL E/QCf'rZ/ﬂé .
- Stguctuve of nitogenace

L T e R s R e

— Nitwgeyose

| ‘ ‘ 9
‘enzyme _(onsists _of oo profeins |- Roth profewms are

- 4
N

catulytically inadfive, but 1ken present Together,
fhty Can ASSISE nifrogen finatiom -

W P Prolein i- 9 i mede up of oo

Joenticed subunits %mdlw'/ 30 000 plpdtons -

The M?Zin/ amﬂwns —fmm [vom angl %/wzz guyﬁwz?

Lo whick _tam be_ex fruclecl as one [Fegsy]”"

cluster. This chows that thew 2% one [ Fegsy]™
) 66*77721& B bﬂl//?ﬂz - b&ﬁﬂa&w "/715' ﬁ)a JLL_/?LI)?/'Zg af/n)@n

TR hos been Confirmeel by X-vey stedies.




Page No -

FesS$4 us ciamoanetic , due Az am’%%em magfwt'c
[otEraction_between the pairs of Fe(ID) omd Fe(llD
Cemlers %Ywﬁ/\/ WA«@Z& é%‘dﬁu- I i3 s Ao )an
o [Fey s J7" tio Fewvhdoxm Lojtt tio Fe(ID and

lwe Fel(lD, , - | |
The FeySy Cenlecs cf Jwm peviein weceive eleeten

Fhrowgl Fevvidoxin chain oml undirgo ome eleetn
rduchon- The Teducedd W Bhaoos ep am‘v'wifj‘\
_ Mowever, fhe [EPR __specirum. “foﬁe_.féd_kw LB
Pl Shows Tpo Spin Stalis - s= Vo amo $275
paicig the cotovesy  paslier , fral there ast mor
! %ﬁnaﬁm_g’},&a# ] /%4»59/ Sifes . Howeves, it has nowd
 boy echblished tlak the reduced Stuke of Bame Types
I fegby sile moy exish un_ didfexent spin Stde- It
U been Supsestis fhal eme of fhe coupled FeyS,

Gl i the lveduced feg Sy [ 1Fe D, 3Fe(B)] s
prramognilic. The pin cnpling olue o ank ferons -
 gnélic jolevachion. may. Jeacd o =)o o S= 36
Chtowever, ere is o diffeence in fhe vedox

behsviows o] e Fey Sy wdith cliffexent Spin skl
~ Duning The enzpme v ovev.. veduted FegSy
OIS " the ivon proleiv /&fmﬁf@» eleetons t5
Fe—-Mo- /mmwauM W/&%b S B

The Fe pwlein, iy bownd 1o Tooo malecuém.c%l__
Mg -ATP at The cleft beltees the Too Subuvifs’

%L the proTein o o Fhe ’fm’%’f% Ofeawé/edmw
5 the Fe-Plo- prolein , 0o My~ATL molecules

o omust memﬁﬂ @dw/;/w Thus drolysis of 12-

molecules 2 M- p1P 45 MZW Jor the vedisiic,
@%;:L 2% c«% Ny » Which ALguines  fromsfer of



Page No - 0?
F& P‘}C)’Z’:‘/b 'TCC&I‘ Ved aaﬁVQQd @/em Oﬁd 7‘%”‘; et ;i; 7
Fe-mM, —-fw//‘a‘w Lﬂ/u/u Ny ;ﬁ‘@ veduced . This ﬁ,z}rmo
Proleln  yeduces Fe -, - /‘”)72’% It C’“%%Cd%
actve 7ém7 -

ﬁut ﬁam’f% __ e/eems ano/ 7%&14 fmr n//wjé)%ge ac;’vw§

- bwf m?lg Fe-Mp- /UW?Z/W 4 b‘aﬁmﬁ/é@ %r%ﬁ vedluthion
- sz,f o F S
Fe- Mo - Prﬂf;nv
THie /»’072@ veceives the  eleshrn 747;»
ﬁze o WZZ//W and B vediced inrm acks as c’m'ﬂl
iﬁr ﬁw/um%m 9][ awéfaﬁen Fe Mo~ pym‘em/ (ot 7‘5;0
I j/o@ 67*{ Subunrs and hes a mpleculss, @@W v the
. fange 220,000 o 245000 daltms. Ty too z" %Lsob
ik % olled P clusts 71 clust, Tt et
Q,L cenleic have fpea%c ;W;bfr%w even offer being  °
i éﬂfrac/‘éd ot cﬂ% He /owz%m 774“.% Shudus anol
70y _onr o Follows -
L’) P C’“-‘T% 2= he P CLMJ 7 amfm% ﬁwz
}’eggg umt Qs Wg ﬁ;l Fe454 TThese  Fe 454 o@@x ﬁm L
- Fe,qu,%rzmd,m Fe'meofaxwy @ vevealed by Hen
 eledhmis Specha cmol N/as’g baue/a S/Dem’m EFR Sbfh’us ,.
 thet the P clustas ame himagnitic it $= 7/2_
- TTRis  ipdicales that These s /nw»m/b)ﬁé ontrferroma,
% betoeer /94144 a/, Fe (7). M B, _Speetres Sho Shaws -
o 7'711# all %ﬁmm n /’64,S¢, ant pot ezazm/wi 77%4
. Lindicales that the FeyS, Unis Ohe fushly distorled,
_unbke Me  tubane Stuctire p %eﬂea/omn - o
: i{ The Spéeﬁ@sw/?)c Studdia of /9 Clusley, o eXMS)@—J

S))()Loﬁ 7/7'/z5¢' 7’1\4 —ﬁws, C[ud"rs ase /)of \27&(,11/@[&47"




Page No -

“f‘ﬂr”~ Qp:‘ ~ -l -
SRR b Y 2 7‘%_ : 7~H-_ ..ﬂv/ e A,/_ -
. N - ~ : o [ ___gfcb
N " . :> . e j j

fegs——Ff—t—g | ST feSlel

.

e

T Shume e abd

| Y Mt e
C/L{th,

——

_ TThe x-zmy Crgstdle subhic Stutlizs <houss ot Here
,M,ﬁw?ejgg glga_g,f?vf‘;/iz] Close Togithis, Eatt 1o fle
- ?’W m of a M_@;@_%Li%fw anebly brdged
([t feine S ) cluble (ubcne Shuchen. Ecet

C lbons hos indmcubane bridged Fe(BD . The Phivd ond
C Aowth R (D) of ove FegSy oM bound Ao ysteine S ot

Hho fostl, cotidinadion sife - In the Other FeySy +hird
 thon ds bownd do 5 Lpsteine and et fewsthe 0 18
bourd Tz one c)az‘dna swlew ond one Sevine QXW;.

s e s pent coondiralzel. The intertubane boidginy

my be wesporsible o Hhe tnusual properfies of e
P claks, , | -
TR P Clustus am considdene) 4 be veseneisgoy
 auephing o Aigh enigy (o pobntil) clchma fom
R i fes W@'m 3 1o be posse om lo the M tluslee, there
: yeduedon m'#oﬁm fakes place - |
i) M Cnster - m%oaMSW/?/b_aw//ieﬁ/éﬁﬁz@q{/%

 chow thal e presence af Fm amd  molbolenn »

e M ChttB omd henee Db i3 also dennm 45 Fe p)
(o 7%57%:’3’ [Fe Mo éo] . The aetites c,éwﬁ%ﬂ)igg};-&bﬂ




Page No- 29

of Fe-to-co has beor W@/M@ He Stadlies ‘i”“
UPt iy vive um The zm%m ohd plso pn the extreclzd

7’{m"m S wn Vario agmo/c Solvends - S

The Stueline 07L Fe-Ip-co fwfﬁfxw .
- T S - i':‘f iFede
I ";:ff_ﬂ_f I S
. R g = Fé \Fe———-j‘isx/"‘o//c - ()_
e - N C
N Fe;;;z RS Sea 0”6

We Cmﬂf’%"hfm Of ﬂwe ™M usf?/"z, M /'e,/, 5? [0 -
“!h’e Shuclune of the cluslon 5 _not deﬁm%dq knpwrn. Eacl,

rmz/%r/afe . _sz hir clusds WWMWM&?AQ&MM
Faeko FelMo Cm[((c/‘m’ com.s stz za// oo non- et al

%S/"::s (FeqS3z) and (/»70;6353) o hith am Vanxw/
f’hnz/ gwb/bixuale o Eas Fel)p cgfaafmf o
Wﬂ:] Linked Az the /mrﬂf?,w b«}m cym‘wu. wa/ia.

hischdine vosidue . Mo b Six coredinited

| lommd 7&0 Teoo orggens 0% @M@g ihals and N

HI\S/"Qfm&

T Exprs (extended X- mﬁwﬁm Fre huline)
| Studies Show Hal rew s coorelinaled 1o subphe

| l‘_aj Q d«‘s%gncg»ﬁé aboundt 2:21°, anol distant Fe=” Fe

jnlerachons ot  aboet 2 b B Mo—g it o
] 2:.4p4° , /Mo— N o /V)0~0 oé/sz’fmcéve@ 2D I
Omd Mo , Fe oéfsﬁ{ﬁ{e i QAMOC)?-;? -



Page No - | &

A

Mechanism of Ni Ao gen Keoluehom ond  ammon; a

__‘fgnm_@iim As obKCUSICOJ @M?«l} N %) /gypy'g,w
Yeceives the eleetom ;am/zaﬁd fam the oxzbition o
f)yruva{zg’ f})W(?lv e/éefhﬂb Mmfm /YWLZ/W fencg'/o/\’)g i
The rec{uterj Ao /J?v}lﬁuv s boundd T the kGo molecils
o%/ the Mg-ATF . TRe esulting (My-ATP), Fe - prolein
boungl it Fe-’/")o*/ﬂ)féfw-ﬁm,ég '/7314)/7544
# Tov molecida a# ATP | ﬁWWdMﬂi emﬁ? 7%0'5541-
exes zLabmn ﬂ% ¢/eetams %/ fe proreiw, v/ éﬁ,.ﬁi@@fﬂ
Y the P Cluslyy of Fe-790 prortew omd subseguendl,
Fe-Mp - Co /_Qc%v_;g 4 wlich 2 bownd e subspede N,
ng ATP WgHTP

Feymentahiom e~ Fevtvedoxin o
Respiratrom —=  Flavodlexin —>
phato Synthesid Z@'

[Souce o/ € ) Profein

Fe— Mo
,tmrf@w

DMA, RNA Potene
Electwms ane Succesively  fronsfersec o fhe N2,
wesalting in SERS, .y the ormatin 07/[/‘/2]4—

| i /Zm-‘ Th‘e_?g /7%7‘7\1/(9 K/M)if&o/ ﬁi‘ﬁ@j&a 9080':4 o
Combine with ~y?, ﬁz‘w‘? 2 Seguente o/ 72y medialz



PageNo- |

———Ljr--—— S G - S
| /661&0%57_“1’5 the 7%%07’7?” Of.__c_‘wmm/& .

IV/o —N=M __*?___9 l"lo — N H = NH <2 5 My —NH;;—?\W;
. ‘l = o L R« L
1
S — _EL}L_.,,, SO U __M\_____ﬁH"l_:( 2€¢
S | EEUES N
- Ma + MNHz

QNHg * zH"‘r — QN,Qu

- Red’”'m’_'m? C’f Nl s ommonia w» %ev’ﬁw NGI7) ¢
o %avoum/@&_ fHowever A«}dn)lfw O;ZAT/" 'ib/ﬂ'mde -
- ﬁzyf the exaz’a’hm) 67% plectrons g a Kinebe Yequ -
| )nnLe,Mf’ The Te_componet ﬂ7l W/yﬁ@;wagg e e /ng,w
1@4@/ A myé,éplz,wwm fObins itz ﬁ@{ the yeduodon &f
e molecull @] Ny 1o 2MNH}F, alog with e fwm o
__WIL% NHa_ o éW/uﬁ//Y? % Ho . Hence 7‘Lz l,m,hm;, Stor-
Bl c/ume%? =
S I PR - ok + gem — 2”’/'7’9[ N
e é/éﬁms of M ﬂ)%f@nﬁsa sedure 4 a&o Tf.sa//wg
m the %XYWWL)M myljbcjjwqm Yuiohide 41les on the
enzyme. 7& c:%molz o (;d/mévmé with 4 ol Loaler
b iv If Wy As ot presest, ol e Lleskoma
| enzyme. art sed %mr %7%@;@7 evolutim-
f @a/wm mome oxidle g3 prenenl leyém%
il of pibTgen ond bence, Ntz Formadim.
- _5./23# ubf a’&(ﬁ - atfect Hy %m’mm‘v‘m) TRis  Shotk
 Hal These 0w diffevent 4iles W/W He enzypme
7’iy{/\/ omd B Aedwehem
Y obsewved, Hal W 5 %/mmﬁm @f,s/ym»
wmeHical /nfz'"rmeﬁlfa[ /dmwé Aduring the mc&w%m
c% 0275’&;% The :[/wrm%m ﬂ% s imiele NR=
/1470!’7&2/&46 Ha2N = NH;, Showxs fhad Twop nn’%&—%




(J,Z?ﬁw ane /wflthp/ Mmu/fanza% This indicates el
Ny & bound 15 +he Tgo metal cenlexs ,Lf/?m%

e ﬁ/%’ofm atons . Thws a bipwlea Fe-ro
Q@]fé/w A5 Sultadble ﬁr No _émé‘l// On 1 545/\4
,cé’ LGS SU,?%M el the vedueion may be sy S/Zﬁs

L as éhom 0 é’@k@mﬁ

SU—— . S

———N=N =N
PV Aoal T T 2 "”/\‘\)7
Mo—Fe —> Mo—~Fe 2HT  M,—Fe
ehzyMc .
— = ZHTQ,@ '
| I/h\l——\\ll’l'z_
N Mo»—i—e + D_N}g z_,m_a N f

2—H+ MD~—-——-Fe

Howew/b. ) n’)mr‘e F;me X - 'm;/ Ly MU{?@@}M& £4w/w
SL{}W Fhot The Mo s CDUTC&WQ/ZvﬂLﬁ \ébw/lﬁ/cw&/

v{\mc@ may. 0ot he e SilE %,Z mﬁ@;@v Wﬂ&%‘? N

m0[@m,vb mey bo bourdl umpsicle Hee cluslsy Ths He
| mo_céc_;,_%[ émdm O;Z No i3 pot %n lenowm

i Since e m /DYD%&M ned Fe- Mg pwﬁe:w &1/'
e not So/vm/' ex/uaseaj eleefory ”Z’mmfw guAgf/miZ

__évmc?’/ﬁ% and_procuet welease Shadd involve shuetuval

8/3571%6 W ﬂw 6;7%;77@) /bc?S/??(? 7’1,(’ CZC‘}'IVC’ 5/7‘— .
dm/m; ;ﬂu Snduehrn procers , Simlea to e’ 6&47»;
/o'roce/sa .
o ;@nasé bso redieces Qﬂw‘swbs)m& Py
;’,L'TI'P bm?d /@ &fwyw ggmdg ond /Mﬂcjé’m@,
Co?ﬁ,;ﬁ 20 Fopt — CoHs
CHEN 4 b€+ 6K s CHy FIVHz

KNC #be™ ~+4Ht —> RCHz +N b




RNC+ 6 + 6 —> RNHy +Ch,

I+ has beer, Shown TéCem‘!;)'ﬂmf the Fe- Mo protein
part af e m'/n“';én&se car, aso cause /\,7&—;@34»4—/7@
a][ the d;,a s 4 the presence of molecutzn /l)ydm;zwa
anol thus can act as a hydvoginose . This 3 the
on @%m/@/e , Wheve 077[3 One. W/bmdufc?in/%ﬁﬁ)mg
shows  catalidic aehvily independently
M 575_@@5 ﬂa,ﬁ___m'_/}[_o W&S&
Theat aie no Scw"lrfaﬁ%my Fe-< clusta moded For
the Fe- Mo /OW‘}Zt‘W- Howeves meony FeloS  Cluslers
have been Synﬁ;%izw/j me&‘% Fe Mo co SHe. CMC&NE?
Howeves. Twluﬁ/fawaj[ NI roFer using Fe MoS clusizas hes
not bhoes /DﬂA/MZ,[z_) because off e now ovcu'/afé/lﬁé %
\EW?%M Leduotard . T has buew Tﬁb(/{fe_é/ that Ccortain
P/qa_é/b}\,ihé m/b/ex@ @7:’ MOl boless o Ww‘n?aéfm%@
-0 QQS/‘é ng; NH2, Ly aeldie ymediurm (W17
omonsl Feagen 0n the veduwng Suslem
FUI el 7
[MoCls @hF)y] + 3e F 2N, + excess dppe T
[Mo W2, @ppeds] +2ch

[Mo V2D, dppe)o]] +eHT — 2NHg
th = 7‘797‘/14 Jm YoN
df?z 2 l/zhj 19)"572;/0{"#/‘19’?%/0 [ounoj ethone
Phy PCHy— CHy P Phy
One of the most @7(6/'?‘7"”02 example of L VIO
)’)Hﬂ?@w 79"0“%‘”” o that Of btanium (1) alkoricle .
Tianium alkoxiele dpem inmogen complex Whith
Wy 1hen be 7 educed orttah “o  ammonia o7 Aycérszi;\[.

F Ny, t Moﬂpmduatz



Titanium (ZD alkexicle cam aL ol vies/ %ﬁm
Tm"’g‘% el characterised {itanium CEJ ) alkoxite
T OR) 4+ 2¢7 — TTOR2, +2ZROT ()
T ERE wL [’/’/@KDZ N2 (1)
| _ -
[77 PR, N2 i $¢™ =% [’/’"f Pr N2 (D .)
. - (v)
[77 PR ), Nqu 41T —> N2Ma +TIOR,
3 k-
fo (oR), N2 ]+ ge” waj TTORL N | (V)

[’/",'(O/Q); N;]éq- b1yt —= 2NHz + TIORD, (Vi)

The 71 R), Frrmed un heachke (iv> amd 012 My
be Aecycled 1z —?érm clini ko W}L&x n frathom
(1D AF commexciad scale Zill novd Habes process
A3 Useo! —éﬂ’ thae )’)/'7570;&;4 74‘;0&,75%0 o Lol 5’@!&/
o VMV POTY A5 (oell ar e nees! /u)‘-lv ﬁm/bem/@
and  Presuie




{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }

