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Spir is physical realization of

qubits which avices as the magnetic moment

carried by numerou particles (such as

elections
, protons , some nuclei , same atans , ect ... ).

As such it can be manipulated by magnetic

fields and thus plays an important role in

quantum information processing

In the next few lectures we introduce

the concept of spirt and its dynamical

behevia in magnetic fields .
As an application

we will se how are can proceed to realize

logical quantum gaten such as H (Hadamand)
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NOT
,
CNOT (control not) by Nuclear

Magnetic Resonance.

The mathematical formalism developped in

these next few lecture is enentially the same

for varian "noo Gret systems" which are

other realisations (natural on man-made (

of quantum bitsalthough the physical

interpretation is not in terms of magnetic moments

& magnetic fild the math is basicaly similer).
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greticMoments = henanelogy

Think of a magnet , La example the

needle of a compan .
It has a Nath and

a south pole and the merdle crients itself

ravelle to the magnetic field (of the earth say).

= #
> -

M M

The magret is described by a rector it,

called the magnetic moment and the energy

function that the system minimiza when if

nients itself faverably in the direction of is is

-> -

EC - M .
B

(we do not discuss propationality constantshe
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There are various sauce of magnatism

that eventually constitute the magnetic moment

-

M decribing magretic dipala with a Nath

pole and a South pol .

Ther magnetic dipale came from orbital

Gops
currents'in atous

,
solides
,
... ) which generate

small magretic fiedde , which add up to eventually
>

catribute to the total Magnetic Manat M.

But also Rece is another sace of engretism

whichdenot came Frauchital current loops
-----------

-

but is intringia 10 particle such as
-

-

electrans, protons , meutrons , nucleis ent..

There particles are themselves "microscopic mejets
(

with a Nath and a south pole . The total Et

is eventually given by an addition of there
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minascopic intrinsic contributio.

In ferorogets (e . g fridge magrets,

ecret of needle of compan) :

&
at "Cu" temperature (- < 1000K)

25553 Microsapic
i = diiii contributions

add up
4+Ti

·
of very highhenrevelure (v > 1000 K)

-
↑ +Tit + T

Mo = if ↓5 T+

↑f ↑ ↓ ↓+

temperature introducen disaden and

minoscapic contributions cancel at
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#ERN-GERLACHexperiment

(1522)
~The Stem-Gach experiments put im

cvidence that particles (in this experiment electrons

of Silvations . ... ) have an intrinsic

magnetic moment which t
as quantum behavio

combethought as an andos of

polarization of photo
-

We give a rough decription of the experiment

here :

- 3
--

-F
I source of - His
I
silm trans---

= X

-

I->
2

-2 ·
Inhamogeneous Magnet producing

B(z) = (0 , 0 , (z)
screen

Z



⑰
beam of

We observations are deviced and split

in two beams that fall in two distinct location

called here "up" and "down"

Exploration : Ag atans have an odd ud of
-

electrons (thinkeen) and each election carrie an

interiesic magnetic moment . There add up h

-

produce i for Ag atave
.

We have the

energy findian :

Ea -
m

. (z) = - MzB(t)

= Face =- = Me B.
dz
u

20 say

Observing the 100 blobs up & down on the

sceem leach is he conclude that Mz taller two

values a (+ 1) and 2 711 ·



⑧

Quantumtheory
-

It turns out that Mz is an observable

described by a 2x2 matrix

E = C! S

with to cijencelues (+1) & (1) obtained

in the measurement proces .
The eigevectors

ar (6) = 14) and (1) = /b)

(im Dirac motation)

& = (1)(4)( 4 1 + 71)(x)(f) .

mRemaMenGechappatsse parts



⑨

One can go further and proceed with the

following experiment Canalogon to the

polarize - analyse-photodecton setting) :

#
De

# Ins By(x)

anclogans ↳
--

ne nu
polarisa preparing Fran

1-) It
state IN)
-

analogons to amalyzen-photodetect

measuring two eigenvalues

of MX.

Thisleach us to introduce an observable

My with again no eisenvalues (+11 & (1)



⑩

but eigennectas H) & 1 -) corresponding

to a decomposition of It).

It runns out thet

o
Mx (x = ( I 0

(
= (+1)(x)( + 1 + 71)(-> - 1

with H= =

1=

and (x (x) = (+1) (t) , (x)- ) = (1))



⑪

Similarly are can proceed also with a

Stem-balach apparelus cliented along the

y-axis which leads to introduce the observate

(Myc = C

#

Note : There are typen of particle with
M

magnetic moments that can take mare tan to

-Chere are more
than to spots on the screen)

X

values ·
All inlegens are possible 2

,
3
, 7 . 5 ...

There are decribed by marion (anclogous) Lo

Pauli Maria (2x2
,
3x3

, 4x7, ...
).

Notation intega = 25 + 1 with s = helf-intege
nu

S = 1/2 (spir) -> 2x2 matria

S = 1 (spic1) + 3x3 machin

S = 3/2 (spi) -> 4 x3 valin



⑫

innen⑧

quantum observable as -

-

* = (Mx
, My , Mz) a (0x · 5 1 0z)

where u = (i)a = (i j)a = (0 -i)

[we do not discus propationality factor which depech on

me system/particle] .

· The "energy observable" of a magnetic woment

mthelic field a "Hamiltanian" is given

↳
H = -u

= - j(BxVy + ByG +Bzz) .



⑮

Junite for H are sande [3 , for B-field
Tesla [T]

.

and 0 - [5] [T+ 1 . ).

Hamiltonianis tesere
et en

1473 = Et 1403
↑ ↑

state at time t Initial state of time t= o

and the unitary It is found from

the Schroedinger equation :

in & Ut = HEt
dt

Remark : we also here itf=Hm

-

Schnoedingen equation.



⑪
5) Rough intuition for Schroedinges's equation .
--

State of a photon of energy to and

momentum K (k =

( ,
v = 2+5)

↑ ↑

wave length frequency

in Direc motation :

- ict

147) = 2 1k) 15, 4)
- -

abihih state. polarization state

in component rotation his corresponds b

- ist - ikz so
e 2 ( (int)2 in (

* 14 =-iwe =-

2) It 4e)=twe ha
wix

-

-


