Mecanica Quantica

Carlos Eduardo Aguiar

Programa de Pds-Graduagao em Ensino de Fisica
Instituto de Fisica - UFRJ

1° periodo letivo de 2010



Plano do curso

1. A fisica classica em dificuldades.

Os principios da mecanica quantica: sistemas de dois
estados.

Sistemas de dois estados: aplicacoes.

Sistemas de N estados.

Particulas idénticas.

Simetrias.

Posicao e momentum.

Equacao de Schroedinger em 1 dimensao: aplicacoes.
A soma sobre caminhos.
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Leituras recomendadas

M. Le Bellac, Quantum Physics, Cambridge, 2006.

- H.M. Nussenzveig, Curso de Fisica Basica: Otica, Relatividade, Fisica Quantica,
Blucher, 2002.

« R.P. Feynman, R.B. Leighton, M. Sands, Li¢Oes de Fisica de Feynman, vol. III,
Bookman, 2008.

« R.P. Feynman, QED - A estranha teoria da luz e da matéria, Gradiva, 1988.
« T.F. Jordan, Quantum Mechanics in Simple Matrix Form, Dover, 2005.

« D.F. Styer, The Strange World of Quantum Mechanics, Cambridge, 2000.

« J.S. Townsend, A Modern Approach to Quantum Mechanics, USB, 2000.
O. Pessoa Jr, Conceitos de Fisica Quantica, Livraria da Fisica, 2003.

A. Zeilinger, A Face Oculta da Natureza, Globo, 2005.
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Sobre 0 ensino de mecanica quantica:

* M. A. Moreira, I. M. Greca, Uma revisdo da literatura sobre estudos relativos ao ensino da
mecanica quantica introdutdria, Investiga¢des em Ensino de Ciéncias, 6 (2001) 29-56.

« L M. Greca, M. A. Moreira, V.E. Herscovitz, Uma proposta para o ensino de mecanica
guantica, Revista Brasileira de Ensino de Fisica, 33 (2001) 444.

« R. Miiller, H. Wiesner, Teaching qguantum mechanics on an introductory level, American
Journal of Physics 70 (2002) 200; ver também a discussao em AJP 70 (2002) 887.

« 1. D. Johnston, K. Crawford, P. R. Fletcher, Student difficulties in learning quantum
mechanics, International Journal of Science Education 20 (1998) 427-446.

« 1. M. Greca, O. Freire Jr, Does an Emphasis on the Concept of Quantum States Enhance
Students’ Understanding of Quantum Mechanics?, Science & Education 12 (2003) 541-557.

« D. F. Styer, Common Misconceptions Regarding Quantum Mechanics, American Journal of
Physics 64 (1996) 31-34.

« C.R.Rocha, V. E. Herscovitz, M. A. Moreira, O Ensino de Mecéanica Quantica sob a
Perspectiva dos Referenciais Teoricos da Aprendizagem Significativa e dos Campos
Conceituais, Anais do XVIII SNEF (2009).

 L.D.Carr, S. B. McKagan, Graduate Quantum Mechanics Reform, arxiv.org: 0806.2628
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A fisica classica em dificuldades
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Charles Addams, New Yorker, 1940
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A Quantizacao da Energia
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Espalhamento inelastico
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Espalhamento por moleculas, atomos, ...
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Quantizagdo da energia.
O alvo ganha apenas
certas energias.
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Espalhamento inelastico pela molécula de CO

e+ CO
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G. J. Schulz, Vibrational Excitation of N2, CO, and H2

by Electron Impact, Phys. Rev. 135, A988 (1964)
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Espalhamento inelastico pelo atomo de He
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e + He
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D.G. Truhlar, Differential and Integral Cross Sections for Excitation of the
2'P State of Helium by Electron Impact, Phys. Rev. A 1, 778 (1970)
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Espalhamento inelastico pelo nucleo de 12C

e+ 12C—» ' +12C
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B. Povh et al., Particles and Nuclei (Spriger, 2004) p.70
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Espalhamento inelastico pelo proton
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F. Halzen, A.D. Martin, Quarks and Leptons (Wiley, 1984) p.180
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Em suma:

A energia de
- moléculas,
- atomos,
- nucleos atdbmicos,
- hadrons,

€ guantizada.
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O guantum de Planck

Max Planck: the reluctant revolutionary

Helge Kragh, Physics World (Dec. 2000)
http://physicsworld.com/cws/article/print/373
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O guantum de Planck

Um oscilador harmonico de frequéncia v pode ter
apenas as energias

E=nhv, n=0,12,...

hv = quantum de energia
h = constante de Planck = 6,626069x10734 Js
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O guantum de Planck

classico
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h-cortado

5 _h_ 1,0545716x107* Js

2T

o=2nv )
/

freqliéncia angular do oscilador
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(constante de Planck reduzida)

hicm =hv
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Osciladores moleculares

CO o mm‘ Planck: AE =n ho
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G. J. Schulz, Vibrational Excitation of N2, CO, and H2 by Electron Impact, Phys. Rev. 135, A988 (1964)
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Osciladores moleculares

INTENSITY (10* counts / second)
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J.H. Moore and J.P. Doering, lon-Impact Excitation of Pure Vibrational
Transitions in Diatomic Molecules, Phys. Rev. Lett. 23 564 (1969)
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Particulas de luz
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O efeito fotoelétrico

luz

o/ o

elétrons
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O efeito fotoelétrico
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Fotons

Planck:
/\/\/\/_) oscilador quantizado

E = nhv

hv hv
hv O Einstein:
v  O— n = nimero de fotons
h . ,
O— e Y hv = energia de um foton

C.E. Aguiar / Mecéanica Quantica / 2010



O efeito fotoelétrico

foton: elétron:
E=hv E=hv—-A
o /
\
\
\ O
\ ,/
\ 7/
7
O
metal

A, =W < fungao trabalho [> E . ..=hv—W

min

v, = W/h = frequéncia de corte
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O efeito fotoelétrico

;g yqe R.A. Millikan, A Direct Photoelectric Determination of
Sodio metalico Planck's "h*, Physical Review 7, 355 - 388 (1916)
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Massa do féton

E

P

2

\/l—vz/c2
> E2:C2p2+m204
mv
\/I—Vz/c2 Y,

v=cCc = m=0 = EZCp
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Momentum do féton

numero de onda
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O efeito Compton

9

S

O——@.
elétron
O

N

foton

p<p = A'>A

A. H. Compton, The Spectrum of Scattered X-Rays,
Physical Review 22 409 (1923)
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O efeito Compton

foton

conservacao da

elétron
O

) X'—KZL(I—COSG)

energia € momentum m c
c

C.E. Aguiar / Mecéanica Quantica / 2010

h/m_c¢ = comprimento de onda Compton = 0,024 A
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Ondas de matéria

Louis de Broglie

(Louis-Victor-Pierre-Raymond,
7° duque de Broglie)
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Relacoes de de Broglie

onda
cletromagnética
V
Einstein 2 ﬁ>
(1905)
particula
E
de Broglie ﬁ>
(1923) p
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particula

E =hv
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Interferéncia de particulas

Experimento de Young

interferéncia construtiva: L1 — L2 =nA

C.E. Aguiar / Mecéanica Quantica / 2010
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Experimento de Younq: elétrons
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1 fenda 2 fendas 5 fendas

C. Jonsson, Electron diffraction at multiple slits, Am. J. Phys. 42, 4 (1974)
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Elétrons (um a um)
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A. Tonomura et al., Demonstration of single-electron build-up
of an interference pattern, Am. J. Phys. 57, 117 (1989)
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Experimento de Young: néutrons

L 1\ F\
oAl
T AV

SCANNING SLIT POSITION
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R. Géhler, A. Zeilinger, Wave-optical experiments with
very cold neutrons, Am. J. Phys. 59, 316 (1991).
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Experimento de Young : atomos de neonio

i ] 1mm

F. Shimizu et al., Double-slit interference with ultracold
metastable neon atoms, Phys. Rev. A 46, R17 (1992)
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Experimento de Young : moléculas de C-60

400 ————1—

Counts in 100 s

450 100 50 O 50 100 150
Detector position in pm

O. Nairz, M. Arndt, A. Zeilinger, Quantum interference experiments
with large molecules, Am. J. Phys. 71 , 319 (2003).
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Em suma:

* Ondas eletromagnéticas podem ter
comportamento corpuscular

« Particulas podem ter comportamento
ondulatorio

C.E. Aguiar / Mecéanica Quantica / 2010
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Dois “mistérios”

* Quantizacdo da energia
« Dualidade onda-particula

Esses dois “mistérios” estao relacionados.

C.E. Aguiar / Mecéanica Quantica / 2010

52



A Dualidade Onda-Particula e a Quantizacao

C.E. Aguiar / Mecéanica Quantica / 2010
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A energia do atomo de hidrogénio

interferéncia construtiva
(onda estacionaria)

2xr=nA

27zr:nD

p

h
r=nNn— =nh
P 27T

Momento angular quantizado! <:> L — nh
Bohr (1913)
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A energia do atomo de hidrogénio

2 2
: .. \" C
mecanica classica (F=ma): m-— = — = mv°r = e
r 1§

\
mv’r = e* nn

2
mvr = n/ | /I
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A energia do atomo de hidrogénio

N=00 - - - e - - -
n=4
n=3
n=2
4
b= _l mi 12
2 h° n
_ 136eV
n2

n=1
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E=0
E =-0.85eV
E=-151eV

E =-3.40eV

E=-13.6 eV
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O espectro do hidrogénio

foton com energia hv =E, - E;
—_———— .O_y

l_lme“( 11 ]
Bohr, 1913 A 2 7c{n’ n/

C.E. Aguiar / Mecéanica Quantica / 2010
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O espectro do hidrogénio

espectro visivel

1 1 1
Balmer: > = Ryl =5 —— R,;=109,677 cm™!
constante de Rydberg

Bohr: RH = — m = massa reduzida e-p

C.E. Aguiar / Mecéanica Quantica / 2010
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O espectro do hidrogénio
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Particula em uma caixa

— ] e

h A

de Broglie: P = — onda estaciondria: |, = n —

2

2 2
:—hn Enzp“: h2n2
2L 2m 8mL

)b,
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Particula em um potencial V(x)

2

V(X)“\ / E E=2pm+V(X)
\—/ p=£p(x)

p(x) = /2Mm[E =V (X)]

C.E. Aguiar / Mecéanica Quantica / 2010
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Particula em um potencial V(x)

h _ h
p(x)  2m[E -V (x)]

A(X) =

k(= P - J 2ME V(0]

Caixa:

b d
Potencial: ar))(()=g () Lbk(X)dxznﬂ'
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Regra de quantizacdo de Bohr-Sommerfeld

4D + p(x)

a

— p(x)

=)
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b X ﬂ
Lb p(x)dx =nzh =

f_/\ [ k(x)dx=nz
\J :

§pdx:nh

nh
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Regra de quantizacdo de Bohr-Sommerfeld
A D

@ " x fpdx:nh

Orbitas

de fase = “acao”

a

w > < a acdo ¢ quantizada

h € o quantum de agao
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Oscilador harmobnico via Bohr-Sommerfeld

. V(X)==-Kx’

2 2 2 2

p X P X elipse no
+ — + =1 espaco de fase
= DME 2E/K B2 A’ pago de f
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Oscilador harmobnico via Bohr-Sommerfeld

Sﬁpdx:nh

“p elipse

5 area da elipse =m A B = nh
K\ A=V2E/K B=J/2mE
i \JA ’ N
2E m
R\F\/sz = Zn\fE =nh
B K K
Il

h |K
postulado de Planck () E=n =N
2\ m

C.E. Aguiar / Mecéanica Quantica / 2010 66




Momento anqular via Bohr-Sommerfeld

C.E. Aguiar / Mecéanica Quantica / 2010

§>pdq:nh

Il
ﬁLdO:nh
Il
L x2m=nh
Il

L =nh

P e g: variaveis “conjugadas”

—

postulado de Bohr
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Particula quicando via Bohr-Sommerfeld

p2
1 E=m9H=%+mgz
iy
5 & pdz =nh
)| @ a
im H** =nh
e @

1/3
H _ 9h n1/3
32m*g
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Néutrons no campo gravitacional da Terra

H =an*"

4.0

1/3

Oh*
32m°g

-

POTENTIAL ENERGY W (peV)
[

a=16,5um

H, =16,5um
H, =26,2 um
H, =343 um

,_
—
]

1 101 ) 30 A
HEIGHT & (pm)
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Néutrons no campo gravitacional da Terra

Ii' | g

10—=-

10}

NEUTRON FLUXN{counts/s)

[l 1] ) 30 4i)
GAP HEIGHT{ pum)

V. V. Nesvizhevsky et al., Quantum states of neutrons in the
Earth's gravitational field, Nature 415, 297-299 (2002).
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Mais Consequéncias da Dualidade Onda-Particula

C.E. Aguiar / Mecéanica Quantica / 2010 73



Tunelamento

V(x) Vi

Po = \/2m(E V)

momentum 1maginario,
P, = JZm(E -V,) = i\/Zm(\/1 —E) [ | energiacinética negativa:

proibido “classicamente”
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Tunelamento

Po = \/2m(E V)

o) k,=+2m(E-V ) /h
) onda de de Broglie= Asen(k,X) + B cos(k,X)

P, = \/2m(E —V))

D k =2mE-V,)/h=ix,, & =+2mV,—E)/h

) onda de de Broglie = Asen(k, X) + B cos(k,X)

= A'exp(ik,x) + B'exp(—Ik,X)
= Alexp(—x;,X) + B'exp(x,X)

C.E. Aguiar / Mecéanica Quantica / 2010
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Tunelamento

A onda de de Broglie penetra em regides onde, pela
fisica classica, a particula ndo poderia ir.

sendide

\A ‘ / -
ey N
TV VT o

Vo
>
X
penetragdo na regiao Ax — . h
) X=1/K, =
classicamente proibida : \/ 2m(V, - E)
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Tunelamento

O—

m

atenuacao da onda

de de Brolglie:

C.E. Aguiar / Mecéanica Quantica / 2010

v

ANT
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«<—d—

™\ / N\ /\\E

~ exp(—ka) = exp(—

<V

a./2m(V — E)j
7
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Decaimento alfa

742, A+2

C.E. Aguiar / Mecéanica Quantica / 2010
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Decaimento alfa

C.E. Aguiar / Mecéanica Quantica / 2010

'H

s

V <<

29H
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Microscopia de tunelamento

ponta de prova

I

superficie do material
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Microscopia de tunelamento

vacuo
superficie 1

/\A/ N A\ A\ g
VYA I -

ponta de prova

(/
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Microscopia de tunelamento

superficie de niquel

http://www.almaden.ibm.com/vis/stm/gallery.html
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Microscopia de tunelamento

ondas de elétrons em
superficie de cobre

http://www.almaden.ibm.com/vis/stm/gallery.html
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Elétrons numa caixa circular

“curral” feito com 48 atomos de ferro sobre uma superficie de cobre

http://www.almaden.ibm.com/vis/stm/gallery.html
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Elétrons numa caixa retanqular

http://www.almaden.ibm.com/vis/stm/gallery.html
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O uUnico mistério
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Experimento de dupla fenda com particulas

C.E. Aguiar / Mecéanica Quantica / 2010
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Experimento de dupla fenda com particulas

~ -
-
-
-

-~
-
-
-~ —
-
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Experimento de dupla fenda com particulas

Particulas “classicas”

Cada particula passa ou pela fenda 1 ou pelafenda2 = N=N,+N,

C.E. Aguiar / Mecéanica Quantica / 2010
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Particulas classicas

Cada particula passa ou pela fenda 1 ou pelafenda2 = N=N,+N,

NI(X)‘/\_

—_— %

- _ apenas a fenda 1 aberta

=, X

_ - apenas a fenda 2 aberta

+«— N(x) = N,(x) + N,(x)
N(x)

- - fendas 1 e 2 abertas
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Experimento de dupla fenda com particulas

Elétrons, néutrons, P
atomos, ...
—
—
1
e | B
Q:: _________________________________________
““2 ““““ —
—
—
N #N, + N,
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Experimento de dupla fenda com particulas

Elétrons, n€utrons, atomos, ...

C.E. Aguiar / Mecéanica Quantica / 2010
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Elétrons, néutrons, atomos, ...

Nl(X)“_/\_

— X

- _ apenas a fenda 1 aberta

=, X

_ - apenas a fenda 2 aberta

L\ s

— X
. l l l I l l . fendas 1 e 2 abertas
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Elétrons, néutrons, atomos, ...

N(x) # N, (x) + Ny(x)

1

A afirmativa

“cada particula passa ou pela fenda 1 ou pela fenda 2”

¢ falsa.

... a phenomenon which is impossible, absolutely impossible, to explain
in any classical way, and which has in it the heart of quantum mechanics.
In reality, it contains the only mystery.

R. P. Feynman, The Feynman Lectures on Physics, v.3, p.1-1
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E se observarmos por onde passa a particula?

C.E. Aguiar / Mecéanica Quantica / 2010
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E se observarmos por onde passa a particula?

A terferéncia desaparece!
-- complementaridade --

C.E. Aguiar / Mecéanica Quantica / 2010 98



E se observarmos por onde passa a particula?

N(x) = N,;(x) + N, (x)

\

N(X) A
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Experimento sobre a complementaridade

Desenhos: Niels Bohr
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Experimento sobre a complementaridade

=

impulso no M = massa do
anteparo anteparo superior
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Experimento sobre a complementaridade
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Experimento sobre a complementaridade
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Experimento sobre a complementaridade
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diferenca de caminhos (ajustavel)

P. Bertet et al., A complementarity experiment with an interferometer
at the quantum-classical boundary, Nature 411, 166 (2001)
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Experimento sobre a complementaridade
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P. Bertet et al., A complementarity experiment with an interferometer
at the quantum-classical boundary, Nature 411, 166 (2001)
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Experimento sobre a complementaridade
a M a g '
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P. Bertet et al., A complementarity experiment with an interferometer
at the quantum-classical boundary, Nature 411, 166 (2001)
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Proximos passos (nao estao em ppt)

2. Os principios da mecanica quantica: sistemas de dois
estados.

Sistemas de dois estados: aplicacoes.

Sistemas de N estados.

Particulas idénticas.

Simetrias.

Posicao e momentum.

Equacao de Schroedinger em 1 dimensao: aplicacoes.
A soma sobre caminhos.
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