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Up us¥) now, we have been ]3n0rimj Spin . Lets include if.

$ T Fe,x) X . Refer 4o sechon 4.9.3  Additon of
k——?_——-. L s
spatial  Spin ;  Spin Anqular Momen‘hmg,.

\
Two spin T parkicles, ed's assume electrons for now:

- - :!5 5%2 |
| - 11 | o
54 (diplet) (L +Lt) 10>
B A A 2 -

$ =0 (s'ns\d') (T\, l'?> e o>

zmhsjw‘w‘d" Le

Pauli € xelusion Principle (“725) wealker condiHon

Ta z wultielectron atow there can never be wmore than

- one electron in the same c)uzw"'um state

Stvenger condition — A system am‘)'z?nin? several electrons must be

described by an zn’757mm¢i'nc total eujgnﬁanchon .

What bappens o B when x(x T ha0 ()
n other words — ‘l’nmn: ) "Z | rous? beﬁm
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Fermions and Bosons

Table 9-1 The Symmetry Character of Various Particles

Particle Symmetry Generic Name Spin (s)
Electron Antisymmetric Fermion 1/2
Positron Antisymmetric Fermion 1/2
Proton Antisymmetric . Fermion 1/2
Neutron Antisymmetric Fermion 12
Muon Antisymmetric Fermion 1/2
o particle Symmetric Boson 0
He atom (ground state) Symmetric Boson 0
7 meson Symmetric Boson 0
Photon — Symmetric Boson 1
Deuteron Symmetric " Boson 1

what about 3 e!eé*}'rons? How do 90{4 construct an én'}'»:cjmme-}r}c w.f ?

Example 9-2. Determine the form of the normalized antisymmetric total eigenfunction for a
system of three particles, in which the interactions between the particles can be ignored.
» This is easy to do if it is noted that the two-particle antisymmetric total eigenfunction

1
Va= 7 W 5(2) — Yp(LVe(2)]

can also be written as a so-called Slater determinant
V= BN Yo(l) Vi2)
AT 2 1) )

where 2! = 2 x 1 = 2. The identity of these two expressions can be verified by expanding the
determinant. In determinantal form, the extension to three particles is obvious

) V1) Va2 Va0
ll/A:—;“‘ \//p(l) llfﬁ(z) ‘l’/}(3)
e @ )

where 3! = 3 x 2 x 1 = 6. Expansion of this determinant yields

1
Va= VA (W 520,(3) + ¥, (2W03)

+ U (DWW 5(3) — (1 4(20W(3)
— DV (20,3) — Vel DV, 20 53)]
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. ,V,M\ls?‘_kave?‘anﬁ symwme¥ric spatal wave funcHon

';k‘d'ht - L[:gme'l-lfm XS:‘m;dg‘}r‘l( :
~ antisymmetee |

@ Elecyrons  in Fhe ;sing\ve‘f spin state ah‘i'is:‘mm_'}ric

must have 2 symmeteic  spatial wave funchion. L
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Atems

A ,A.",,‘G“‘_}"&)M atom ,os',z*,b'"“ numbes  F consists og a. hezvj nucleus.
. ,,W;ﬂ,,.;e\ec*ﬁc_ c\mrje., te mnomdea' bj Z electrons ezl Cotf“!
~ charye -e

2. The VamiMonian for Yhis systewm =

W= L .f.’_‘i‘.Yj - <_,'.~ ,Z_e: ”z‘("'“ 3 £
R B ,‘*“ff A RS ETR LS AR
 H¢ = [T Sewidinger Equaten
+° Sc} +h€ els@ﬂ{w&t*bﬂ (1“- 2 electwns.
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2 L
W= g".‘»__ vl - v 2t {at v, 2L et
. -»
2w / “.,R?" " 2m IR B ,(F:"":‘

X we ignered ﬂ,w,.‘,!agf‘,,’;‘em“_, we weald Wave 2 electrons that interact

Oﬁ\jws'“n the nudeas and we could weite the hfal wavefunction as.

4/ (52 <&, () %,&, @)

w\Aere \'\ne “'o“a[ u\erc” o? ﬂme Z e‘ec"rons us

EptEn = -13LeVZ -13.LeV Z
N n? n'?

Sor 222 and n=n'=1  "He sroundsf‘z“ev e

E fE, F -108.8eV | _.",°,',_‘,‘,.‘,'!?°..'3¢ﬁ','3u eleckons.

Tke_,:,.ngrégoé. state w.f. woud be:
e , —-2(1- +rt)/a
LG 4, (r>¢ @) -
wa’
4,’0 ""—7'5 3,»,_.,‘%‘3"'!‘!99'}"!9 ,wave,,,l?uucﬁon . Since both € are in the
_same o dwm stite | Heir combined ;,SP_'!Q%_..Q'_\ijar _momenfum musf be

_anBisqmmetcic . S0, the .‘3!05._!?4.,;.5’}?5& of Ke wmust have eledmns

e A si njlet,, state.

[Eo (mczso.reé) = =~ 18.975 eV
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(
equation for % =7

Table 7-2 Some Eigenfunctions for the One-El\ectron Atom

Quantum Numbers

no | my Eigenfunctions
1 (Z\*?
1 0 0 (//100 __(_) e*Zr/ao
Jr\a
1 zZ\? Zr
2 0 0 w = <___.> (2 _ _)e—ZrIZao
200 4 Jax \ao a
1 Z\* zr
2 1 0 Y210 =———~<——> e 220 o5 9
A/ 2n \%o ag
1 A 3/2 7 ZZ 2
3 0 0 VY300 = — 27~18——’:+2 g~ Z3a0
81+/37 \%o ag a3 |
2 (Z\?
3 1 0 - Y310 = V2 = 6 _Zr _Z_re—ZrIBao cos 0
81+/n \do ao ) a,
1 7\3/2 7\ 7 TR
3 1 t1 Varz1=—+=|— 6 — 2L\ 2L o= zri3a0 i g o tie
81\/7_'[— ay . ay / Qg
1 (Z\PZ
32 0 V320 = ol Jen (;g) “a%- e 7393 cos? § — 1)
' 1 Z\31? z%? ' .
2 +1 = (= ~Zr[3a0 0 otiv
3 + I ZPES 81\/7?<a0> e e sin 6 cos 0 et
1 (Z\?z? _
2 +2 = —_— —Zr{3ap 3,2 +2ip
3 * V3a2+2 1620 <a0> : e sin? 0 e
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- He\iuw
. Ea v Nee = (-109 +34)ey = -FS eV

o C.?v'\'a‘n\.:] closer Yo the -79 eV measured by experiment.
 We're sl wor&‘m} with an zppreximate w.l

_ What do the ~enerqq levels of He ool Vilke?

<
<50 |—
—_— «— aci‘“*\ ‘
-60 (- - eicited stA¥eS
- E\*Et ;‘3"”;"1 Nee
o =70 :
<
&
5 — actual
80— smal\a 5*1’”@ - ‘_1,4.3 eV
-108.5¢34° 7
- cSancbron
asy q’.oo wad
—50 | "
1688 eV _s4- _g,  Figure 9-6 Left: Helium energy levels predicted by a treat-
i — 7 '54-" g ment in which the electron-electron interaction is ignored.
K a- Right: The ground state and first four excited states of
-110~ helium, as determined from the observed spectrum.
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Figure 9-7 The low-lying energy levels of helium. Left: The leveis that would be found if
there were no Coulomb interaction between its electrons. Center: The levels that would be
found if there were a Coulomb interaction but no exchange force. Right: The levels that
would be found if there were a Coulomb interaction and an exchange force. These levels
are in excellent agreement with the experimentally observed leveis shown on the right
in Figure 9-6.
Homeworl ©  Calculafe the shft in enerqy in Yhe above 3}\3..« for
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Figure 7-5 The radial probability density for the electron in a one-electron atom for n =
1, 2, 3 and the values of / shown. The triangie on each abscissa indicates the value of
r,; as given by (7-29). For n = 2 the plots are redrawn with abscissa and ordinate scales
expanded by a factor of 10 to show the behavior of P,(r) near the origin. Note that m the
three cases for which /=1_,, =n—1 the max:mum of P,(r) occurs at rg,,, =n aO/Z
which is indicated by the location of the dashed line.
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