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1. Quantization of matter

T 61/)(.!‘ ,t)

i Y = H(r,t) Y(r,t)

In case H is NOT a function of time

@;(r) exp (_igj t)

H(r) @j(r) = Ejo;(r).

Schrodinger equation

Stationary state

Time-independent Schrodinger equation

Erwin Schrodinger
Nobel prize in Physics 1933



1. Quantization of matter

T 61/)(." ,t)

I rrati H(r,t) Y(r,t) Schrédinger equation

In case H is NOT a function of time

co

—iE;t
Y(r,t) = Z Cj <pj(r) exp( J > General solution: linear combination of stationary states

( h
Jj=1

H(r) @j(r) = Ejp;(r). Time-independentSchrodinger equation
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2. Angular momentum
Classicalphysics: L =r X p

Quantum physics:  Any vector operator J with components];,];, ]; such that the
commutatorJ, J, — Jy Jx = []x,]y] = 1/, (and similar for cyclic
permutationsof x, y, z), is associated with an angular momentum hJ/.
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2. Angular momentum
Classicalphysics: L =r X p

Quantum physics:  Any vector operator J with components];,];, ]; such that the
commutatorJ, J, — Jy Jx = []x,]y] = 1/, (and similar for cyclic
permutationsof x, y, z), is associated with an angular momentum hJ/.

Pure mathematics: such a vector operatoris characterized by states |j mj> such that

2 lim) = G + Dljm) =0.1/21,3/2 .. |
j;ljmj>=mj|jmj> m;=j,j—1j—2, , — -

- Orbitalangular momentum hL
- Spin angular momentum hS
- Coupling of angular momenta hJ,and hJ,
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Spinangularmomentum  |sm.)

Organicradical s=%,m.=%,-%

Fen elektron draait linksom of....

‘-’ ‘ _'_m' .
Uhlenbeck Goudsmit GEORGE UHLENBECK (1900-1988)



Spin angular momentum  |[sm,)

Organicradical s=%,m.=%,-%

Fe (Ill), (3d)° configuration HighspinS=%,Mc= %,%,%,-%,-%A, %

Low spinS=%, M=%, %



Ex @y —— | 14)
Spin angular momentum  [smy)

@1 ——|1-%)

Organicradical s=%,m.=%,-%

Fe (Ill), (3d)° configuration HighspinS=%,Mc= %,%,%,-%,-%A, %

Low spinS=%, M=%, %



3. Magnetic moment

Electron

: : —eh
orbital angular momentum hL magnetic moment g ; = %L = —p,L Bohr magneton
e

Niels Bohr
Nobel prize in Physics 1922
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3. Magnetic moment

Electron
: : —eh
orbital angular momentum hL magnetic moment g ; = %L = —p,L Bohr magneton
e
spin angular momentum h$ magneticmoment 4 = —gp.S
free electron g = 2.00231930436082(52)
_ a a?
g=2(1+2-0328% + )
Nuclei

spin angular momentum hl magnetic moment g; = gyl nuclear magneton



Magnetic moment in a magneticfield:V = —u. B

3. Magnetic moment In quantum physics for the electron spin: H = —us.B = gf,.S.B
Electron
: . —eh
orbital angular momentum hL magnetic moment g ; = %L = —p,L Bohr magneton
e
spin angular momentum h$ magneticmoment 4 = —gp.S
free electron g = 2.00231930436082(52)

_ a a?
g = 2 (1 +E— 0328;4‘ )
Nuclei

spin angular momentum hl magnetic moment y; = gyl nuclear magneton



4. Spin Hamiltonian

We know what we have to do: solve the time-independent Schrédinger equation H¥; = E;¥; .
H and ¥; are functions of spatial and spin coordinates.
Instead of the full Hamiltonian we use a spin Hamiltonian,

which only containsspin operators. The spatial coordinates
have been absorbed in phenomenological parameters.
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4. Spin Hamiltonian

We know what we have to do: solve the time-independent Schrédinger equation H¥; = E;¥; .

H and ¥; are functions of spatial and spin coordinates.

spin operator
Instead of the full Hamiltonian we use a spin Hamiltonian, Pinop l

which only containsspin operators. The spatial coordinates Hy = '38’5930

have been absorbed in phenomenological parameters. T
g tensor

Working with the spin Hamiltonian allows interpretation
of the EPR spectrum without calculating the full wave function.

- Replace the Hamiltonian by the spin Hamiltonian.

- The spin Hamiltonian only works on the spin part of the wave function.
- Find the spin eigenfunctions and the corresponding eigenvalues.

- Interpret the EPR spectrum and determine the “tensors”.

- Interpret the tensors in terms of the electronic structure.



Spin Hamiltonian Hy = Hez + Hyps + Hpp + Hyz + Hyg.



Spin Hamiltonian Hy = Hez + Hyps + Hpp + Hyz + Hyg.

- The electron Zeeman interaction H,; = .89 B .

g second rank tensor in principal axes system
Ixx Yxy YGxz g 0 O
gyx gw :Zyz 0 9y 0 Pieter Zeeman
zx  Jzy Jzz 0 0 g, Nobel prize in Physics 1902

cubic symmetry g, = g, = 9»
axial symmetry g, =g, =g, and g, = g,
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The zero-field splitting H, rs = SDS. S>1/2

D second rank tensor When taken traceless
in principal axes system

1
Hyps =D [SZZ -35(S+ 1)] +E(S,” — 5y2>

D, 0 0
0 D, O
0 0 D, D=3D,/2 E=(Dy—D,)

cubicsymmetryD = E =0
axial symmetry D += 0,E =0
lower symmetry D # E + 0



The zero-field splitting H, rs = SDS. S>1/2

D second rank tensor When taken traceless

in principal axes system
1
Hyps =D [SZZ -35(S+ 1)] +E(S,” — 5y2>

D, 0 0
0 D, O
0 0 D, D=3D,/2 E=(Dy—D,)

cubicsymmetry D = E =0
axial symmetry D # 0,E =0
lower symmetry D # E + 0

g —Ho 242 s1.52  3(s1.0(s2.0
ZfS 47Tg ﬁe T'3 'r5
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- The hyperfine coupling Hpy = Xy, SAI,.

A= ajsol +T.

- The nuclear Zeeman interaction H,; = —B, Y. gxl 1B o.

- The nuclear quadrupole interaction H, 4 = IPI. [>1



5. EPR transitions

Electron spin in a magnetic field B, = (0, O, By)
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| % ¥2) Bk 1%9BeBo

AE = gBeBy

% -1%) —— -%gPBeBy



5. EPR transitions

Electron spin in a magnetic field B, = (0, O, By)

HT)lS mg) = gBeBos';lS ms) = gBeBoms|s mg)

2%) —5— V2gBeBo

% %) —

AE = gBeBy

y
—  —g BeBO

Transition?
Hy(t) = BeSg B1(t)

probability

(% Vel Hy| % ~4)12 8(AE — haopyy)
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6. Equation of motion classical mechanics

du

— = ux yB

dt HX VD

precession of u around B, with angular frequency

BO
K\ wo = ¥YBy
u in reference frame that rotates with angular frequency Q :

ou

5f - MX YBesr

0

Beff: BO + —

14
guantum mechanics
this description appliesto

- the expectation value of u
- the magnetization M of an ensemble of spins



EPR experiment B(t) = By+ B4(t)

dM

E = MX (—gﬂe/ﬁ)[Bo+Bl(t)]

B(t) = 2B;cos(wy,yt) €,



EPR experiment
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EPR experiment B(t) = By+ B4(t)

dM

E = MX (—gﬂe/ﬁ)[30+31(t)]

B(t) = 2B;cos(wy,yt) €,

: SM _
In rotating frame, _ M><< 9Pe

~r B precession about B
angular frequency w,,, about z-axis St > eff eff

hwmw ’ H
B, = <50 — e, + B,e’, B.; almost parallel Z- axis,
even close to resonance

At resonance Borr = By €}, whichimplies a precession of M aboutey, inthe (e;, — e ) - plane,
with the so-called Rabi frequency




Ensemble of spinsin thermal equilibrium,
switchingon B {(t) att = O:

M,(t) = My cosw;t.

After a short time t the magnetization M has turned
over an angle w;t in the rotatingframe.

After rotation over 90 degrees (r/2-pulse) M, = 0,
after rotation over 180 degrees (rt-pulse) M, = —M, .
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7. Density matrix formalism ( | )
bra(c)ket
bra-vector
S=%  |n®)=|1) |2 =% ) = |2)

c
Arbitrary spin state |)() = c1|1) + ¢, |2) X = ( 1) (x| = (1|cf +(2|c; X-I- = (c{ ¢3)

Paul Dirac
Nobel prize in Physics 1933
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7. Density matrix formalism

S=%  |nu)=|1) 1% -1 ) = |2)

c
Arbitrary spin state |)() = c1|1) + ¢, |2) X = <c1> (x| = (1lc{ +(2|c; XT = (¢{ ¢3)
2

<A > = (xlAlx) =c;cr(11A11) + i c{11A |2) + c3c1(214]1) + cc2(21412).
<A>=cicA; A, FeicAy +cicA A = (lAlK) (k= 1,2)
P = (j|p|k) = ¢j ¢ density matrix
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7. Density matrix formalism

S=% |%hu)=]1) |5 =% ) = |2)

Arbitrary spin state |)() = c1|1) + ¢, |2)

= () (W=l +@les b= (e

<A > = (xlAlx) =c;cr(11A11) + i c{11A |2) + c3c1(214]1) + cc2(21412).

<A>=cicA; A, FeicAy +cicA A = (lAlK) (k= 1,2)

<A >=p11A11 + p21A12 + P12A21 + P22A2 = (jlp|k) = Cj Ci density matrix

<A >=p11A11 + P21A12 T P12A21 + P22A = Z Z PjiAkj = z(pA)jj = Tr(pA)
Jj k J

C1Ci CiC
p= < 1 2) < >(c c;) = xx'l' o = |x){xl density operator
C2C1 C2C2
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Evolution of the spin state | y) under the Hamiltonian H:
Schrodinger equation iha%b() = H|x)
in matrixform ithx=HY

in terms of the density matrix ihp = ih ()'(er + x)'(T) = Hxx+ — xxTH = Hp — pH = [H, p]

in operatorform ihp = [H,p] Liouville-von Neumann equation

formal solution p(t) = e ~(W/MHL, () (/MHL

p(27) = exp(—%H’r) exp (—inS,) exp(—%Ht) exp(—i% Sx) p(0) exp(+i% x) exp(+%HT) exp(+imS,) exp(+%HT)
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Tutorials

Angular momentum.

Couplingof two spin-% systems: a biradical.

Spin Hamiltonian.

The EPR spectrum of a nitroxide radical at 9.5 and 275 GHz.
High-spin Co(lll).

Density matrix.

A two-spin system and the evolution of the density matrix:
electron-spin-echo spectroscopy of radical pairs.
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