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L ramor Precession



Approach to thermal equilibrium
Density matrix formalism |
op

ih = [H.7] (1)

In the following we will focus on the Hamiltonian with s = 1/2

H=A6+ Q67

™ and | 1), Eq. (1) takes the

On the basis of eigenstates of 67,
form
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Larmor precession
Density matrix formalism |l W)= alfy v b IV>
Crp = [e)?  Fu=/b)2

LC\ Y (Vier HC 2 (o =D
Equations of motion p f7 N (o 2

0
B pry = —Q(pry —
ih Pt (P1L — P11)

D &\ (cs . 8
@:H o ) ihapr = 208pp, = Qprr — p11)
Vhon =2 .
2/ ihe P = =28p11 + Qprt = p1)
o,

h—p1 = QUpr, — .
ih Py, (o1 — p171)

),
)i gy = 2 {‘@ =Sy b %

2) k _ . .
) L %fﬂ - - f\w

Alessandro Vindigni, ETH Zirich Master Equation and approach to thermal equilibrium



Larmor precession
Approach to thermal equilibrium

Expectation values spin projections |
¢ S%)> = Tferm) S}

Density matrix Larmor precession

A prio  proe
o (, 718, oY
PiT,0€ P10

From which the average of each spin component can be computed:

Ex 1 P11,0 prioe Lt (0 1
S o) =5 { (, e !
2 PI1,0 € PLL0

L (Prioe™™ g ) 1 i
— _ TI- ) ’ — _ 2 g%e e Iwr, t
2 ( p\Li,O ,0¢T,0 elet 2 (IOT\L,O )

etc.
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Approach to thermal equilibrium
Expectation values spin projections |

generic initial state

4(0)) = a| 1) + bl 1)

choosing

b = sin (g)

{ o = cos (9

the expectations values of the spin projections can be mapped into
points on the unitary sphere

’

X(t)) = S sin 6 cos(wr,t)

S/ = SSn0SH@DE)  pobd i i,
L (5%(t)) = S cos b CR eppecimink,
ESR or WNNMR

0y Uy /(f\)>
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Larmor precession
Approach to thermal equilibrium

Bloch sphere

Alessandro Vindigni, ETH Zirich Master Equation and approach to thermal equilibrium
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Larmor precession
Approach to thermal equilibrium

Thermal equilibrium

thermal averages of 5¢ (o = x, y,z) for S = 1/2
with Hamiltonian H = gugB - S

co 1 co — 1 —Bhw| o co
(5%m = ZTr{(ol8% ™Moy} = Z 3 e #17/2(0]8%)
o==1

(5% = —%tanh (%Bg,uBB) = —%tanh (%Bhw,_) .

Alessandro Vindigni, ETH Zirich Master Equation and approach to thermal equilibrium



Approach to thermal equilibrium
Time evolution of “spin populations”

stochastic magnetization per spin as

M2 (1) = gusS [Py(t) — P(t)] = gusS n(t)

n= (v —v) = (v +un

— solution n(t) — neq -+ no e_t/Tl

and the difference between equilibrium populations

2 V| €
eq _— — — tanh | =3h
n T v, Bhw, 1 an ( > 6 CUL)
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Larmor precession
Approach to thermal equilibrium

Spin-lattice T; and spin-spin relaxation T5

Eq. motion of p with phenomenological relaxation terms for {2 = 0

0
5P T TP T VLY

0 . _
a1 = Tlwnen = 1o tony

0 . _
Fp Pt = iwLpiy — T "ou

0
5 U T TYLPLL T VP
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Larmor precession
Approach to thermal equilibrium

The density matrix with 71 and 75

(cos2 (g) — % (n° — n*Y) e “t/T1 §in (5) cos (5) e iwLte—t/Ta
Po, o’ — 5

0
5 S
in () cos (4) crtet/Tsin? () + § (10 — i) et/ T

yields the averaged spin components

t)) = S sin @ cos(wr,t) et/ T2

t)) = S sin@sin(wpt) et/ T2
L (5%(t) = =5n(t) = -5 (e (7 + (61 )t A.s
e —

T1 Sein—lohinet

o Tk

with S = 1/2 in the present case.
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Larmor precession
Approach to thermal equilibrium

Spin-lattice relaxation time T;

MZ _ Mz,eq L MZ
T
spin system
Energy
e e
hw phonons crystal
JL MTATAVAVAVAVATATAYS
| lattice
) Py

Spin-spin relaxation time 7>

: 1

M = ——M*
T

MY = _iMy
T

Ty ~ 1/(vBioc) in the range of 100 us for NMR experiments
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Larmor precession
Approach to thermal equilibrium

Bloch equation

two relaxation terms plus spin precession:

: 1 = N\ X
MY = — = X — (M B)
T T
. 1 L.
MY = —— MY — (M « B)’V
[P
_ MZ€d — Nz . N Z
T

VIDEO MRI: https://www.youtube.com/watch?v=1CGzk-nV06g
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Approach to thermal equilibrium
Spin Hamiltonian of the Fe4 cluster

e Assuming an Oy, crystal field, determine the S of eachFe3t ion

Fe3+ Fe3+

R R
d,2 dy2 —y? o | 0O “ d,2d,> 2 R@O?R
Z : Q O
tag ( - tag " -‘ " /j
dwy dazz dyz da:y d:cz dyz RJ\)*R R/K)

e Determine the sign (FM or AM) of the exchange interaction
between two neighboring Fe3™ ions (see structure on the right)

e Referring to the Hamiltonian

Heg = —J St - (éz +S; +§4)

determine the g.s. multiplet ST — §1 + §2 + §3 + §4
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Larmor precession

Approach to thermal equilibrium
e Based on what you have determined above, explain with your
own words why the Hamiltonian

~ 2 ~
Mo = —D (sT) +2ug BST

produces the scheme of levels of the figure on the right panel
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Taken from L. Vergnani et al. Chem. Eur. J. 18 3390 (2012).

e Relate the level crossing to the steps observed in the

magnetization curve of the Fe4 molecule.
Alessandro Vindigni, ETH Zirich Master Equation and approach to thermal equilibrium




Larmor precession
Approach to thermal equilibrium

Bloch vs stochastic LLG equation M
. no5e
e Stochastic LLG S = -5 X { [Beﬁ + Bmd(t)} + aS}

stochastic magnetization M(t) obtained
from many realizations of noise B™d(t)

e Bloch equation M = M x B + T (Meq — M(t))

deterministic equation for the
stochastic magnetization M(t)
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