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O spin nuclear:
*Niimero quantico 1.
Inteiro ou semi-inteiro.
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Nuclideo Abundancia Natural w
(%) (multiplos de Ln)
'H 99,99 2,7928

Bc 1,11 0,7024

“N 99,63 0,4036

N 0,37 0,2831

PF 100 2,6287
100 3,6414

4,70 0,5553

100 1,1317
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100 4,6490

14,73 0,2700

15,68 0,3600




EUndamentos de RN

Nucleo atdbmico na presenca de um campo magnético estatico:
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Equilibrio Equilibrio

Probabilidade de transicio: [N AR N0 \ ) S(w-0,)

m—n n—-m




f, ~43 MHz ('H)

f; ~ 28 GHz (elétron)

Campo de RF: B, ~ 10G = 10T

Magnet

Campo da Terra: By~ 10°T

B, = (2B, cos )X




Condicao de ressonancia

B, = (2B, cos o) B
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Sistema girante de
. Direction of
coordenadas: rotation of M,

about B,

B, =7 (0, -0)Z+Bx




Pulso /2

g Duracao ( ~ us)
Controle < Amplitude ( ~ 102kHz)
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Solucao da equacao de Shrodinger no sistema girante de coordenadas:

(dngulo de nutacéo)

(freqUiéncia de nutacéo)
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Exemplo 1:

Pulso na direcao X
atuando sobre estado
inicial com spin na

direcao Z:

(angulo de nutacéo)




Exemplo 2:

Pulso 7 na direcao x
atuando sobre estado
inicial com spin na

direcao Z:

(angulo de nutacéo)










Célculos de valores médios para o ensemble:  [NESNEINY







Net Polarization

Net Polarization
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Equilibrio termico

Y
Magnetizacdo: <
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Atuacao de pulsos de RF




Atuacao de pulsos de RF




FID = decaimeno livre de inducao

Current Induced signal
in coil

Transformada de
Fourier (FT)




Um experimento simples de RMN (1D)

Experimento de pulso simples ou decaimento de Bloch:

T

90° Pulse
Sinal detectado com frequéncia:

Af=f, —fo (dudio)

Sinal em ressonancia: Af =0

2

90° Pulse
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(a) sinal (b) sinal

an nnf ﬂ[\ ﬂA,_[empo
A

amplitude do sinal
amplitude do sinal

espectro espectro

- frequiéncia /:\ /;\ & f[reqiéncia
w,  ws




_ s éloc — (1_6)50

— loc _ —G.
Packard et al. (1951) Jobs = T Jid=0,,)

\CH3CH20H Deslocamento quimico:

Valores tipicos ('H):
f.. ~ 400MHz (TMS)
fops =V, ~ 400-4000 Hz

O ~ 10 : partes por milhao
(ppm)




Interacoes de spin nuclear
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* Nucleo atdbmico isolado: medida de f; fornece B, ou v.

* Nucleo atdmico na matéria: espectros de RMN (contendo varios
valores ou distribuigoes de f;) fornecem informagoes sobre a
estrutura da matéria.




Materiais isolantes e diamagnéticos:

» Deslocamento quimico: Termo isotropico + parte anisotropica
> Interacao dipolar direta: Homonuclear ou heteronuclear.
» Acoplamento escalar (J): Termo isotropico.

» Interacao quadrupolar: I > 1/2.
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z r;’ Interagao através do espago




Acoplamento escalar ou indireto (J)

electron spins

o N o o 1t o

\\" ——

b same energy

t e Fito
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Spins parallel: Spins parallel:
Energy increased by Energy decreased by $ ¢T $ é T¢
J-coupling J-coupling

%} % higher energy lower energy
Spins antiparallel:

Spins antiparallel:
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Foouping oouping Interacao através de ligagcoes quimicas




No Field, Zeeman Zeeman J-Coupling
No Coupling Splitting Splitting
of Spin I, of Spin I,

Hzol_+wo,l, +27JI I,

» Termo isotropico.
 Importante principalmente em liquidos.




Nucleos quadrupolares (I > 12):
°H, 23Na, 2Mg, 2’Al, 35C1, M, ...

Zeeman Quadrupole
Interaction Interaction
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Interacoes de spin nuclear: resumo
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NMR Sample Tube

T
Shim Coils
/
Radio Frequency Coil
(Transmitter/Receiver)
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| Tuning Capacitors

| __— Removable Probe




Espectrometro de RMN




RMN no estado solido: probes e rotores

N

a8
WARNING

FACE SHIELD
MUST BE WORN
AT ALL TIMES

* Rotores menores:
v Frequéncias de MAS maiores.

= 7/mm: f,,s < 8 kHz.
= 2,5mm: f,,,, < 35 kHz.

v Menor sensibilidade.







> Relaxagao longitudinal (T,):

> Relaxagao transversal (T,):

Magnetization

Longitudinal relaxation

R M, =Mg(1-e "t/Ti)
Liquidos: T, = T,

s Transverse relaxation
Soélidos: T, >> T,

My =Moe_t/T2

90° pulse




Técnica dos ecos de spin (“spin-echoes”)
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Hahn (1950)




Refocussing Pulses

..... Choose 3 menu item or use the Play controls

http://www.chem.queensu.ca/FACILITIES/NMR/nmr/webcourse/list.htm




> Utilizacao de gradientes de campo magnético:

(c) fid composto

(d) espectro

amplitude

tempo

= Discriminacao espacial de
freqUéncias.
freqiéncia = Distribuicao de densidade de
protons.



acao de um pulso acao de um pulso
de RF *“‘nao seletivo™ de RF “seletivo”™
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(b) codificacao
da fase

(c) codificacao
da freqiiéncia




N amostragens
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Técnicas de contraste

» Contraste pela densidade de protons.
» Contraste por T, (relaxagao longitudinal).

» Contraste por T, (relaxagao transversal).

T1 (s) T1 (S)
Tumoral Normal

Torax 1,08 0,37
Pele 1,05 0,62
Figado 0,83 0,57
Pulmao 1,11 0,79
Préstata 1,11 0,80
Ossos 1,03 0,55




Contraste por T,

Métodos: saturagao/recuperacao; inversao/recuperacao; spin-eco




Exemplo de contraste por T,
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Exemplo de contraste por T,
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Exemplo de contraste por T,

SE 2000 100 B, MNEX 4
Fo 28 /128 THE 1.1
2ab 128 SLICE &

ToRMODS-IFSZ USP-S0 CORLOS

(corte transversal)




» Feynman (1980):

 Dificuldade de simular sistemas quanticos em
computadores classicos.

Grupo com N spins 1/2 = O(2N).

Sistemas quanticos “controlados” podem ser usados
nas simulacdes de outros sistemas quanticos.

Computadores quanticos “analdgicos”.




Nunmber of Transistors
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http://barrett-group.mcgill.ca/teaching/nanotechnology/nano03.htm




» Algoritmo de Deutsch (1986):

« Avaliacdo de funcoes binarias em apenas uma iteracao.

» Algoritmo de Shor (1994):

« Fatoracao de numeros grandes (milhares de digitos) em
tempo polinomial.

« N digitos = O(NP) quantico x O(10N?) classico.

« Implicacao em criptografia de sistemas de seguranca.

> Algoritmo de Grover (1997):

« Busca de itens em uma lista desordenada.

« Nitens = O(N'2) quantico x O(N/2) classico.




0
Bits “classicos” {

Bits “quanticos”

v" Informacao “oculta”.
v" Evolucao de estados coerentes.
v’ Paralelismo quantico.
v' Possibilidade de emaranhamento
(“entanglement”).
v’ Colapso do estado ao se
efetuar uma medida.




— £10) + a|1)
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Tabela 1.1. “Tabela-verdade” quantica do circuito da Figura 1.12

Entrada Saida

00) (100) +111))/v2 = | Boo)
01) (101) +110))/v2 = | Bo1)
10) (100) — 111))/v2 = |Bro0)
11) (101) — [10))/v2 = |B11)

r—H

Y D

Figura 1.12. Circuito quéntico para criar estados de Bell.




O emaranhamento e seus “mistérios”

Vol 454|14 August 2008 nature

NEWS & VIEWS
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555 Swiss speed-rap: two
: /“Swiss villages separated by
- 8 kilometres (and Lake Geneva),
« Yetconnected by.quantum
 “eeritanglement.

QUANTUM MECHANICS

The speed of instantly

Terence G. Rudolph

Pairs of quantum-mechanically entangled particles seem to know at once what is happening to each
other. Experiments show that even if this signalling is not instantaneous, it must be really, really fast.




ImpIEMENtacees derg-ats

Sistema de dois niveis:
v Spin nuclear em um campo magnético.
v Spin eletrénico em um campo magnético.
v’ Polarizacdes de um féton.

v’ Estados eletronicos em um atomo.

660” 661”




Caracteristicas de um computador quantico

» Superposicao de estados.
» Operacoes reversiveis.
» Conservacao do numero de g-bits.

> Portas l6gicas = operadores unitarios.

Requisitos de um “candidato” a computador quantico

» Sistema de dois niveis (no minimo) para cada g-bit.
» Atuacao sobre os g-bits individualmente.

» Criacao de estados puros e de superposicoes.

» Operacoes logicas condicionais.

» |solamento de interagdes com o ambiente.




Comparacan enire candidatos e limplementacac ae g-oits

Tempo de Tempo de Numero maximo

descoeréncia (s) operacao (s) de operacoes

Spin nuclear 102 -10°8 10°-10° 10°-10"
Spin eletrénico 10° 107 10*
Armadilha iénica (In*) 10’ 10" 10"
Elétron — Au 10° 10 10°
Elétron — GaAs 107° 107" 10°
Ponto quantico 10° 107 10°
Cavidade ética 10° 10 10°

Cavidade de microondas 10° 10 10*




Computadores quanticos: implementacado experimental

Moduladores

Vocos Qrt + U,

Fotodetectores

Figura 7.6. Esquema de um computador quéntico de armadilha de ions (fora de escala) mostrando qua
tro ions aprisionados no centro por um potencial criado por quatro eletrodos cilindricos. O dispositivg
permanece em alto vécuo (= 10~° Pa), e os ions sao inseridos a partir de um forno. Um feixe moduladd
de laser incide sobre os ions através de aberturas na cAmara de vécuo e implementa operagoes, be

como realiza a leitura dos estados atomicos.




» Gershenfeld & Chuang (1997):
 RMN em amostras liguidas macroscopicas.

Moleculas contendo N nucleos (7 = 1/2) acoplados.

O(102%) “computadores” em paralelo com N g-bits.

Operacoes unitarias sobre o ensemble.
Preparacao de estados pseudo-puros.

Resultado das operacoes: espectro com amplitudes e
fases relacionadas aos estados de saida.




Descricao com matriz densidade

Equilibrio
térmico

Estado
pseudo-puro




» Preparacgao do estado inicial.
> Realizacao de operacoes unitarias (portas logicas).

> Leitura do resultado final (espectro de RMN).

Operadores unitarios

» QOperadores de rotacao (campos de RF seletivos ou nao):

-0l
R(@)=e ™%
» QOperadores de evolucao temporal:

Tt H. )=e

int




No Field, Zeeman Zeeman
No Coupling Splitting Splitting

of Spin I, of Spin I,




Estados pseudo-puros

- Transigbes de A 112<11]

Transigies de B

Equilibrio
<11]01> - |01=<01]
B <10|00>

\00>=<00|

—r 1 T 1
60 70 80




Molécula de cloroformio:
Cl

Cl — ——'H

Cl
Hzod. +o,l, +27J 1.1,

B, =11,8T
2zw, =500 MHzf '~

T.=25s T,=18s

1,-=300ms T, =7s
27w, =125 MHz

1/2J ., =2,3ms
Joy =215Hz




Porta Nao-controlado (CNOT)
ou Ou-Exclusivo (XOR):




l

Invers&o condicional do spin do nucleo 3C




Equilibrio
=11|01>

Porta CNOT (OU XOR) B <10|00>

<01]|00>

=11|10=

Espectro de XOR, em um sistema com 2 qubits. Motar
gue & linha de gue inverte & agquela correspondente ao

astado lagico 1" da A

B

<{11|10=>

T

G0




Uso de nucleos quadrupolares (I > 1/2)




RMN de 23Na (I = 3/2) em cristal liquido

Sistema com 2 g-bits por nucleo

C-NOT Gate (contral in qubit A) Equilibrium and pseudo-pure stales in “Na {1 = 312)

XOR, 11> = 01>

‘ XOR, 0= = [10>

KOR IM==]11= |
IH] I “t

i e S— e ar

_}\ XOR, 002 = |00

|

: I : I o I : I : I i I T I  — '  —  — I — 1
0000 5000 0 5000 10000 16000 -10000 -BOO0 O G000 10000 15000
[Hz)




Algoritmo de Grover:

» Chuang et al., Phys. Rev. Lett. (1998).

> 2 g-bits (molécula de cloroférmio, H e 13C).

Algoritmo de Shor: 15=3x%x5
» Vandersypen et al., Nature (2001).
» 7 g-bits (TH e 13C).

Teleporte quantico:

» Nielsen et al., Nature (1998).

G [y = @|0= + B|1=
2

'H e 13C). / AN

Cl
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Benchmarking Quantum Control Methods on a 12-Qubit System

C. Negrevergne,' T.S. Mahesh,” C. A. Ryan,' M. Ditty,' F. Cyr-Racine,! W. Power,' N. Boulant,”
T. Havel,? D. G. Cory.” and R. Laflamme'*
'Institute Jor Quantum Computing, University of Waterloo, Waterloo, ON, N2L 3G{, Canada
zDepartmen..t of Nuclear Engineering, MIT, Cambridge, Massachusetts 02139, USA

*Perimeter Institute Jor Theoretical Physics, Wai
(Received 17 December 2005; publi:

In this Letter, we present an experimental benchmark of
information processors extended up to 12 qubits. We implen
space using two complementary approaches and discuss their
ence, we were able to reach a 12-coherence state (or a 12-qubi
11 qubit plus one qutrit pseudopure state using liquid st
information processors.

DOI: 10.1103/PhysRevLett.96.170501

0
Frequency (Hz)

FIG. 2 (color). This [-histidine molecule has 14 spin-1/2 nu-
clei: five 'H, six PC. and three '"N. See Ref. [24] for a more
complete description of the molecule. The two protons Hy and
Hs. are chemically equivalent and indistinguishable. As such,
they can be seen as a composite particle with a spin-1 and a spin-
0 part. We considered only the spin-1 subspace (qutrit) since the
spin-0 does not interact with the other spin-1/2. This molecule is
therefore a 12-qubits plus one qutrit quantum register. However,
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A silicon-based nuclear spin
quantum computer

B. E. Kane
Seovicondw cror Nanofwhricasion Faoiliey, Schoof of Physics, Uiiversicy of New Sowh Wales, Spdney 2052, Awserialia

Guantum computers promise to excead the computatienal efficiency of ordinary classical machines hecau se quantum
algorithms allow the execution of certalntasks infewer steps. Butpractical implementation of these machines posesa
formidable challenge. Here | present a scheme for implementing a guantum-mechanical computer. Information is
encoded onto the nuclear spins of donor atoms in doped silicon electronic devices. Logical operations on individual
spins are performed vsing externally applied electric fields, and spin measurements are made using currents of

spin-polarized electrons. Therealization of sucha computer is dependent on future refinements of conventional silicon
elactronics.

-3
T=100 mK EAG (=10 " Tesla)
B (=2 Tesla)

J-Gates
!I: A-Gates - - ;/-\
I

F

e’ - 1 J.f
"
P L“ Substrate

Figure 1 lllustration of two cellz in & cne-dimensional arrey containing *'F donors
and elecirons ina Sihost, separated by 8 barrierfrom metal gates on the surlece.
A pates’ control the reeonance frequency of the nudear spin qubits; Y gates’
confral the electron-mediated coupling between adjacent nuclear spins. The
ledge ower which the getes croge localizes the gete electric field in the vdinity of
the dorars.




Propostal expermentals dispositivos microeletionicos

Techniques

NMR on a chip

Robert Tvcko

If a nanocacale gallium arsenide structurs iz excited with an cscillating

maagnetic field, superpositions of nuclear =pin states can be created

and detected electrically. Quantum computing could be the beneficiany.

\ By

B,cos(2nf,t)[]

Figure 1 Nanoscale resonator. Current I passing
through a gallium arsenide nanostructure as
described by Yusa et al.' produces a large
polarization in nuclear spin in the presence of a
static magnetic field B,. Applying a second
magnetic field B,, which varies sinusoidally
with a frequency f; close to an NMR frequency,
causes the spin polarization, and thus the
resistance, in the GaAs channel to oscillate.
Varying the frequency of this field allows the
spectrum of all allowed NMR transitions to

be mapped out electrically.
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Controlled multiple quantum
coherences of nuclear spins
in a nanometre-scale device

Go Yusa', Koji Muraki', Kei Takashina', Katsushi Hashimato ™
& Yoshiro Hirapama'™

W Basic Researdh Labrarrat fames, WU Car porafrone, 3-1 Moo - Wik e apa,
Alsiggn 243-00 98, fapran

'I.'\"[:'H.‘r! Prograsm, fapan Sewneeamd Tech |qu§_'_|' Agemcy (I5T), 4- I-8 Hoverragichn,
Kawagnechi, Saitama 3370012 fapan

* Pt duclilrins Toiol ¥ et o Appliindl P, Himsboayy Usisw ooy, hesigpetrafle L1, D-20355
e

The analytical technique of nuclear magnetic resonance (NME')
is based on coherent quantum mechanical superposition of
nuclear spin states. Recently, WMR has received considerable
renewed interest in the context of quantum computation and
information processing’™"", which require controlled coherent
qubit operations. However, standard NMHR is not suitable for the
implementation of realistic scalable devices, which would require
all-electrical control and the means to detect microsoopic quan-
tities of coherent nudear spins. Here we present a self-contained
MNME semiconductor device that can control nuclear spins in a
nanometre-scale region. Our approach enables the direct detec-
tion of (otherwise invisible) muoltiple quantum coherences
between levels separated by more than one quantum of spin
angular momentum. This microsoopic high sensitivity NMRE
technique is especially soitable for probing materials whose
nuclei contain multiple spin levels, and may form the basis of a
versatile multinle aubit device. RO .

1001

© 2005 Nature Publishing Group




PHYSICAL REVIEW B 80, 115326 (2009)

Nuclear spin coherence in a quantum wire
A. Coreoles.™ C. J. B. Ford. M. Pepper. G. A. C. Jones, H. E. Beere, and D. A. Ritchie
Cavendish Laboratory, J. J. Thomson Avenue, Cambridge CB3 OHE, United Kingdom
(Received 6 April 2009: revised manuscript received 31 August 2009; published 29 September 2009)

We have observed millisecond-long coherent evolution of nuclear spins in a quantum wire at 1.2 K. Local,
all-electrical manipulation of nuclear spins is achieved by dynamic nuclear polarization in the breakdown
regime of the integer quantum Hall effect combined with pulsed nuclear magnetic resonance. The excitation
thresholds for the breakdown are significantly smaller than what would be expected for our sample and the
direction of the nuclear polarization can be controlled by the voltage bias. As a four-level spin system, the
device is equivalent to two qubits.

DOI: 10.1103/PhysRevB.80.115326 PACS number(s): 76.70.Fz, 73.43.Fj, 73.63.Nm, 76.60.Es

Antenna overgate
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Split Gates

e Y| “2‘ ]
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5, (ms)

SG(

. 75 FIG. 1. (Color online) (a) Schematic view of the device (not to

FIG. 6. (Color online) (a) Frequency spectrum of “As at T scale). Two split gates define the one-dimensional channel. A layer

=1.2 K wusing 312 ps long pulses and Bre=1.53 mT with (tri- of PMMA isolates the split gates from the antenna overgate used to

angles) and without (circles) electron-nuclear coupling, showing a 4 apply the RF magnetic field: (b) one-dimensional subbands as a

kHz Knight shift. Resonance frequencies for the different transi- function of gate voltage Vsg at 50 mK and zero magnetic field. The

tions in Fig. 5(c) are indicated; (b) Rabi oscillations corresponding conductance is shown in @S (left-hand vertical axis) and in units of
to the frequencies 1, 2, and 3 in (a). 2¢%/h (right-hand vertical axis)




Proposta experimentals deteccan; por MREM

Single spin detection by magnetic
resonance force microscopy

D. Rugar, R. Budakian, H. J. Mamin & B. W. Chui Interferometer

Cantilever

IBM Research Division, Almaden Research Center, 650 Harry Rd, San ]
California 95120, USA
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Figure 1 Configuration of the single-spin MRFM experiment. The magnetic tip at the end
of an ultrasensitive silicon cantilever is positioned approximately 125nm above a polished
Si0, sample containing a low density of unpaired electron spins. The resonant slice
represents those points in the sample where the field from the magnetic tip (plus an
external field) matches the condition for magnetic resonance. As the cantilever vibrates,
the resonant slice swings back and forth through the sample causing ¢ adiabatic
inversion of the spin. The cyclic spin inversion causes a slight shift of the cantilever
frequency owing to the magnetic fore rted by the spin on the tip. Spins as deep as
100nm below the sample surface can be probed.
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Solid-state nuclear-spin quantum computer based on magnetic resonance force microscopy

G. P. Berman and G. D. Doolen
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We propose a nuclear-spin quantum computer based on magnetic resonance force :
is shown that an MRFM single-electron spin measurement provides three essential re
computation in solids: (a) preparation of the ground state. (b) one- and two-qubit quar

a measurement of the final state. The proposed quantum computer can operate at tem cantilever

-

FIG. 1. A nuclear-spin quantum computer based on MRFM us-
ing single-spin measurement: By is the permanent magnetic field,
B is the radio-frequency magnetic field, B F 15 the nonuniform
magnetic field produced by a ferromagnetic particle F in the sample
S. R is the radius of the ferromagnetic particle, d is the distance
between the ferromagnetic particle and the targeted atom, and a is
the distance between neighboring impurity atoms. The origin is
placed at the equilibrium position of the center of the ferromagnetic
particle. Arrows on the sample S show the direction of electron
magnetic moments u, .




Computacao quantica via RMN

Vantagens e Perspectivas
» Manipulacao de g-bits com técnicas bem estabelecidas.

» Implementagcao com sucesso de algoritmos em sistemas simples
(Unicall).

» Simulacao bem sucedida de sistemas quanticos.

> E possivel aumentar o nimero de g-bits...

LimitacOes
» ...numero maximo de g-bits limitado.
» Tempos de coeréncia curtos (relaxagao).

> E possivel criar emaranhamento (“entanglement”) em estados
pseudo-puros??




Computadores do futuro = Espectrometros de RMN?

Sci. Amer., Junho 1998




Fundamentos de RMN:
= “Spin Dynamics”, M. H. Levitt, John Wiley & Sons, 2002.
(Excelentes figuras!!!)

= “Principles of Magnetic Resonance”, C. P. Slichter, Springer, 1990.

Imagens por RMN:

= “Novas Imagens do Corpo”, H. Panepucci et al. Ciéncia Hoje, 4, 46-56, 1985.

» Computacado Quantica:

= “Computacao Quantica e Informacao Quantica”, M. A. Nielsen, I. L. Chuang
Bookman. 2005.

= “NMR Quantum Information Processing”, I. S. Oliveira, T. J. Bonagamba, R.
S. Sarthour, J. C. C. Freitas, E. R. de Azevedo. Elsevier, 2007.

Contato: http://www.cce.ufes.br/jair jairccfreitas@yahoo.com.br




