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We discuss the exact solution for the Zeeman effect using the Kronecker product

The Hamiltonian is given by
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The magnitude of the spin-orbit coupling and the Zeeman energy for atom with Z
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The ratio is given by
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We have the ratio k as
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Note that
k=1

at the characteristic field,
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B =B, = 6.25845 [T]

ForNa(Z=11,n=3,1=1)
B, =1131.23 T.
((Examnple-2))
ForH(Z=1.1=1,n=2),
k = 3.83482 B[T]
ForNa(Zz=11.1=1,n=3),

k =8.83991x10*B(T)
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For simplicity we use the unit of 7 =1. The the Hamiltonian is obtained as
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Eigenvalues Eigen vectors:
1
E(a —4b), {0,0,0,0,0,1}
1
E(a + 4b) {1,0,0,0,0,0}

%(—a—Zb—\/Qaz ~4ab+ 4b°)

%(—a— 2b + /98’ — 4ab + 40

%(—a+ 2b —+/9a? + 4ab + 4b?)

a—2b—+/9a% — 4ab + 4b?

0,0,0, 10
{ 2\/2a }
a—2b++/9a% — 4ab + 4b?
0,0,0, 10
{ 2\/§a }
_ _ 2 2
—a—2b—+/9a2 + 4ab + 4b 1000}

o 2+/2a



A 2 2
L Ca+2b++/9a% + 4ab + 40%) 0,2 2 ++/9a’ + 4ab+ 4b 10,0,0}
4 24/2a
Suppose that
H
A, =(L,®S,+L,®S, +L,®S,)+k(L,®1,+1,88S,)
e

We make a plot of the eigenvalue as a function of k, where Kk is proportional to the magnetic field.
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out[47]=

((Mathematica))



Clear["Global +"];L=1;a=1;S=1/2;
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exp_*:=exp /. {Complex[re , im_] = Complex[re, -im]}; ¥l = (1);
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0 1 0 0
Y2 = ( );qbl: (O] ;P2 = (1] ;93 = [0]; 13 = IdentityMatrix[3];
1
0 0 1
12 = ldentityMatrix[2]; J =1;

A
IX[J ,n ,m]:= E\/ (J-m) (J +m+1) KroneckerDelta[n, m+1] +

h
> vV (J+m) (j-m+1) KroneckerDelta[n, m-1];

h
Jy[j ., n ,m]:= -5 iV (j-m) (j+m+1) KroneckerDelta[n, m+1] +

h
> iV (+m) (J-m+1) KroneckerDelta[n, m-1];

Jz[j , n_, m ] :=hamKroneckerDelta[n, m];

Lx = Table[Ix[j, n, m], {n, §, -3, -1}, {m, §, -§, -1}1;
Ly=TabIe[Jy[j1 n, m], {n’js _.j’ _1}’ {m, j! _js _1}];
Lz = Table[Jz[j, n, m1, {n, §, -§, -1}, {m, §, -J, -1}1;

A A
SX = > Paul iMatrix[1]; Sy = > Paul iMatrix[2];

h
Sz = E Paul iMatrix[S] ,



ES[a , A ] = Module[{al, B1, Al, eql}, al =a; Bl =73;
Al = al (KroneckerProduct[Lx, Sx] + KroneckerProduct[Ly, Sy] +
+KroneckerProduct[Lz, Sz]) +

/4 1 (KroneckerProduct[Lz, 12] + 2 KroneckerProduct[I13, Sz]) ;
eql = Eigensystem[Al] // Simplify; sl =eql[[1]]];

pl=ES[1, K];

pl

{

2k, %+2k, % (—1—2k—\/9—4k+4k2), % (—1—2k+\/9—4k+4k2 ,

AR NP

(—1+2k—\/9+4k+4k2), %1 (—1+2k+\/9+4k+4k2>}

Plot[pl, {k, 0, 0.2},
PlotStyle -» Table[{Hue[0.151], Thick}, {i, 0, 10}]]
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Plot[pl, {k, 0, 1}, PlotStyle » Table[{Hue[0.151], Thick}, {1, 0, 10}]]

Plot[pl, {k, 0, 5}, PlotStyle » Table[{Hue[0.151], Thick}, {i, 0, 10}]]
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Plot[p2, {k, O, 10},
PlotStyle » Table[{Hue[0.151], Thick}, {i, 0, 10}]]

20+

10+

—-10+

20+

KroneckerProduct[¢l, ¥1] // MatrixForm
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