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Summary

The complex and frequency-dependent dielectric function e(w) describes how light
interacts when propagating through matter. It determines the propagation speed, disper-
sion effects, absorption, and more esoteric phenomena such as Faraday rotation when a
DC magnetic field is present. Of particular interest here is the description of e(w) in con-
ductors using quantum mechanics, so that intrinsically quantum mechanical systems can
be described. The goal is an appropriate understanding of the contributions from band-
to-band transitions, such as in metals and semiconductors, with or without an applied DC
magnetic field present.

Part A discusses the general theory of e(w) for a medium only in the presence of the optical
electric field. The approach is to find how this electric field modifies the density matrix.
It is applied to band-to-band transitions in the absence of an applied magnetic field.

In this Part, the effect of a DC magnetic field is discussed generally, with respect to
how it causes Faraday rotation. For free electrons, it causes quantized Landau levels for
the electrons; the dielectric function is found for that problem, and related problems are
discussed.

In Part C, the important problem is how to include the effect of a DC magnetic field on
the band-to-band transitions, such as those in metals and semiconductors. Results are
found for 1D and 3D band models, with and without a phenomenolgical damping.

Taken together, these theories should be complete enough to describe Faraday rotation
effects in gold, whose dielectric function is strongly dependent on band-to-band transitions
for wavelengths below 600 nm.
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3 Dielectrics in a DC Magnetic Field

Here is the main topic why I am interested in dielectric response: I want to understand what
happens in the presence of a constant magnetic field, in addition to the optical field, because many
interesting and curious effects then take place. Classically, the electrons tend to move in circular
cyclotron orbits. But in the combination of the DC magnetic field and the AC fields of light, there
is a competition, especially if the light is circularly polarized. So I want to get an accurate QM
theory of the dielectric function, e¢(w) for this situation. It will be important for describing mainly,
the Faraday rotation. It should provide input into describing FR in small metallic and magnetic
particles in composites.



3.1 Classical electron motion in a DC magnetic field

For simplicity consider the case where an EM wave is incident on electrons in a metal. The electrons
are assumed to be damped (parameter ) and bound by some local harmonic potential (spring
constant m.ws). The DC magnetic field, denoted by B to distinguish it from the field in the EM
waves, points in the same direction (along 2) as the waves are propagating. This is the situation
that leads to Faraday rotation. Assume the usual e~** time dependencies for the optical field. The
transverse EM waves have x and y components. We concentrate primarily on the motion of an
electron in the zy plane. The electron position is r = (x(t), y(¢)). Its equation of motion is

‘rxB- mewar +meyiwr. (3.1)

. €. = .
melr =cE+-1rxB —mewgr—mevr, or —mw’r=eE+
c

The force of the optical magnetic field on the electron can be ignored in a first approximation. It is
convenient to re-arrange so that the applied E is the source on the RHS,

we =
Me(wh — w? —iwy) — —Bx | r = ¢cE (3.2)
¢
In terms of components, this simple situation gives a matrix eigenvalue problem. That a matrix is

helpful can be seen because of the presence of the cross product operator with B. Note that the
magnetic field has only a z-component, B = BZ. Then by components, there is

along &1 me(wd —w? —iwy)z +iwLy = ek, (33)
along §:  me(w§ —w?® —iwy)y —iwLe = ek, '
Put this into a more usual matrix form:
Mme(wd — w? —iwy) iw<E x eE,
—iweB Mme(wd — w? —iw T | eE (3-4)
c e\Wo ) Y €Ly

Now, so far it is just mathematics. We could grind along and solve for the position by inverting
the square matrix on the LHS. While that would work for any source field (E,, E,), it is not very
enlightening. It is more interesting to suppose that the applied field is arranged in such a way that it
is an eigenvector of that square matrix. If that were the case, the solution for the position is trivial.
Eventually, knowledge of r(¢) will give the electric polarization and hence the dielectric function.
Before doing that, do note one thing, the appearance of the classical cyclotron frequency,
wp = B (3.5)

MmecC

With that, it is convenient to rewrite the matrix relationship as

(W —w? —iwy) dewp ] [ z ] _ { m? ] (3.6)

—iwwp (Wi — w? —iwy) y

me Y

The matrix M on the LHS contains only different frequencies; the source on the RHS is scaled with
the charge to mass ratio of the electron.

Look for the eigenspectrum of the matrix on the LHS, call it M. Denote the factors on the
diagonal as D = w? — w? — iwy. Look for eigenvectors u of

M-u=\i, M= { _ifwB "*’5"3 ] . (3.7)
The determinant needed is
det(M — \I) = (D — \)? — (—iwwp)(iwwp) = (D — \)? —w?w% = 0. (3.8)
The eigenvalues come out trivially,
A =D+ wwg, X =D —wwp. (3.9)



For the first eigenvalue, the components of its eigenvector are found from,
(D — M)ug +iwwpuy =0, or —uz+iuy =0,= uy = —iuy (3.10)

For the second eigenvalue, the components of its eigenvector are found from,
(D — A)ug +iwwpuy =0, or Uy + iuy = 0,= uy = iu, (3.11)
Therefore the normalized eigenspectrum is summarized:
i = =(&—1i9), M =D+wwp, 4 -01=1, a5 -0 =0,
w—%iwﬂz; M =D —wwp, i-in =1, g = 0. (3.12)
We are solving the matrix equation,
(3.13)

M-r=-"E
Me

But what is the source field E is already known in terms of its eigenvector components, that is, we
have the expansion,

E = El’lll + EQﬁQ, where El = ’lljf . E, EQ = ﬂ; -E. (314)
Then the solution r also could be expanded in the eigenvectors the same way, like r = 7101 + T2Us.

The orthogonality of the two eigenvectors leads to some trivial dynamics solution:
M . (Tlﬁl + TQ'ELQ) = ()\1T1ﬁ1 =+ AQTQﬁQ) = %(Elﬁl =+ EQ'ELQ) (3 15)

r = eEl/me)\l, T9 = €E2/me)\2.

The solution is essentially separated. Let write it out as if the original EM waves were specified by

their x and y components. Then we have
1 1
Ei=4] -E=—(&—1i))" - (B2 + E,§) = —=(E, +1iFE 3.16
By =i} B = — (& +i§)" - (Eait + Eyj) = —=(Ey — iE,) (3.17)
= Uo * = —(X 7 . xL = —F= x — 1 .
2 2 NG Y vY /2 Y
It means we are expressing the field as this combination, which obviously works out:
E = Eyin + Boity = —=(Ey +iE,) - —=(& — i§) + —=(Es — iB,) - —= (i + if) (3.18)
= u Uy = — T 7 s\ — 1 = x — 1 =\ 7 .
1U1 2U2 NG Y NG Y /32 y 5 )
Then the corresponding position of the electron is doing the following;:
€E1 “ €E2 N
3.19
' me)\l e me)\2 12 ( )
e/me 1 ) 1, . e/me 1 , ..
= ——————(E,+iE)—=@ —i)) + ————————=(FE, —iE)— (¢ +1
( y)\/i( 9) D—wa\/i( y)\/i( 9)

 D+uwwp 2
It’s a mess because going back to the Cartesian coordinates isn’t really natural for the problem, the

eigen vectors make more sense and simplicity, that’s what they are there for. Nevertheless, look at

its Cartesian components, if you like:
) e [E,+iEy, E;—1iE, e [(Ey+iEy)(D—wwp)+ (Ey —iEy)(D + wwp)
€T = =
2me | D+ wwp 2Me D? — w2w%
(3.20)

D —wwp

Finally it simplifies to
c < ) (3.21)



Similarly for the y component,

) ie [—(E,+iEy) E,—iE,| e [—(E;+iEy)(D —wwp)+ (E; —iEy)(D +wwp)
i = 2me | D+ wwp D —wwp| 2me. D? — w2w%
(3.22)
This simplifies to
e (iwwpk, + DE,
)= S (LB T oy 2
W) = - () (3.23)

But these last expressions really aren’t totally enlightening. Yes they tell you the motion. No, they
don’t give much insight. However, these do show that the induced dipole moment d = er is not
parallel to the applied field, instead, the relation involves a matrix:

A Ryl P E (3:24)

me(D? —w?w%) | wwp D E,

The 2x2 array (along with pre-factors) is the microscopic polarizability for one electron, d/E, so in
fact, this calculation does show how that matrix relation arises. Note that the terms on the diagonal
are the same, and the off-diagnonal terms are not complex conjugate of each other, but they are
of opposite signs. When the DC magnetic field is zero, the matrix returns to diagonal form, and
becomes equivalent to a scalar. Further, the response gets large if the optical frequency w matches
the cyclotron frequency wg, especially in the limit of no damping and no binding (wg = 0).

IF the applid field, however, only had one of the eigen components present, say, the 4; comonent,
then the solution is very simple: the solution for r is directly proportional to that applied field
component F;. It would imply a separate polarizability for the two different eigen solutions. These
solutions are present only when the applied field is rotating, as in a wave of circular polarization.
See this as follows. Look at the Cartesian components in time. For the A; solution, the space and
time dependent field is

Eo
V2

When viewed looking back towards the source of these waves, at a fixed point in space, the electric
vector rotates clockwise with time. If you point your right thumb towards the source, your right
hand fingers curl the same way as E is rotating, which is why it is called a wave with right circular
polarization. However, its angular momentum points opposite to its wave vector. So it has negative
helicity, h = k-L=—1. Also, if you point your right thumb along i€, your right-hand fingers curl in
the sense that E does through space, at fixed tme. The amount of induced electric dipole for this
wave is

E(r,t) = Re { (& — igj)ei(kz_“t)} = % [Z cos(kz — wt) + gsin(kz — wt)] (3.25)

2 2
e e”/me
dy = = = 3.26
1=en MeAl '“D + wwp ( )
This means the microscopic polarizability for right circular polarization is
2
e*/me
— = 3.27
a1 R D+ wwp ( )

I use an R subscript to indicate that it applies only to right circular polarization. Note that in the
limit of zero binding (free electrons, wy = 0), the parameter D becomes

D= —w(w+iy) (3.28)
Then the corresponding result for this polarizability is

= _% (3.29)

R w(w+iy—wp)

The negative sign shows that the induced electric dipoles are opposite to the applied field, no matter
what the sign of the charges e. There may be a phase shift, however, due to the presence of the
complex term with «. The behavior of ar with frequency is shown in Fig. 1.
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Figure 1: The microscopic polarizabilities versus frequency, showing the differences that might be
expected for the two circular polarizations. The real parts are bold curves, the imaginary parts are
the finer curves. The magnetic frequency wp = 2 is set at a very large value so that the differences
can be enhanced. The damping parameter is v = 0.2. Note that the polarizability for right circular
polarization is affected the most.



On the other hand, the other eigensolution corresponds to circular motion in the opposite direc-
tion, because it gives
E(r,t) = Re {@(ﬁ; + igj)ei(k‘z‘“t)} ) [ cos(kz — wt) — g sin(kz — wt)] (3.30)
’ V2 V2
Now you can point your left thumb back towards the source, then your left hand fingers curl in the
sense that E rotates with time at a fixed point in space. This wave has left circular polarization,
and its angular momentum is parallel to its wave vector, hence the helicity is positive, h = k-L = +1.
By analogy, the microscopic polarizability is now different,

¢*/me (3.31)

a2 AL = D —wwp
Again, the subscript L indicates that this applies only to left circular polarization. Because this is
different from the other polarization, it leads to a different speed of propagation for the two different
polarizations, if one analyzes Maxwell’s equations with the complex dielectric function that results.
In the limit of zero binding, with the limiting value of D substituted, there results
2
g = ——&me (3.32)
w(w+ iy +wp)

This is still generally negative, regardless of the sign of the charges. Also keep in mind that the
optical frequency is typically much greater than the magnetic frequency wg. The only difference
from apg is that the sign on the magnetic frequency is reversed. We will see that this is generally
true for all the formulas. When switching from a formula for right circular polarization to the
equivalent one for left circular polarization, change the sign on wp. The polarizabilities for the two
polarizations are compared in Fig. 1, for an unrealistically high value of the magnetic frequency, so
that their differences can be noted. One sees that ap is affected much more by the magnetic field
than oy is affected.

3.2 Classical dielectric function with a DC magnetic field

The resulting dielectric permittivity tensor € is hinted at in the previous part, see the result (3.24) for
the induced dipole moment of one electron. The resulting electric dipole moment per unit volume,
for N electrons in volume V, is the electric polarization
N . - -
P:Vd:x-E7 € =1+4ryx. (3.33)

This implicitly defines the susceptibility, which then gives the dielectric function. One can see here
the matrix for the transverse suscpetibility, for n = N/V electrons per unit volume, is

>~< _ 7’L€2 D _iwa _ Xzz wa _ Xzz ZXLIJ’U (3 34)
me(D2 - w2wQB) iwwp D ~Xzy Xazz —iXzy Xz .

There are only two numbers needed to define the matrix, the diagonal and off-diagonal elements:

ne?D ne? wd —w? —iwy
X = _— = . -
o me(D? —w2w%)  me [wE—w? —iwy]? — w2
. 2 2 .
—ine’ wwp ne —ilwwp iy
Xey = —r5——oge = C—5 5 = iy (3.35)

me(D? —w?w?) me  [wE—w? —iwy]? — wiw¥
The factor of 7 is taken in this definition because it simplifies later results. Then it is clear that the

dielectric tensor has a similar structure,

E=1+4ry= { Cow Cay ] - [ Coa i€y } (3.36)

_Ezy €xx _ngy [



The elements are obviously defined as

144 14 4mne?D 14 4mne? W — w? —iwy
€ = T = _—m = .
o Xaa me(D? — w?w) me  [wi —w? —iwy)? — w2w?
—4mneiwwg 4dmne? —lwwpg
- — | — = . 3.37
Cry Y Xy me(D? — wzw%) Me [wg —w? —wy]? - wzw% ( )

For future reference, also give the result when the binding frequency is not present (free electrons).

4mne? w + iy
€pe = 1 — : ; 3
mew (w4 1iv)? —wj
4 2
Cay = 160y = —i . “5 (3.38)

mew (w+1i7)? —w%

One can see that the diagonal part (e;,) goes to the correct limit when wp = 0. The off-diagonal
part (egy) is approximately proportional to the magnetic field at weak field strength.

The off-diagonal elements go to zero when the magnetic field is turned off. When it is turned
on, the permittivity tensor causes an anisotropic response to the electric field. Note, however, that
this works in a simple way, if the applied electric field is expanded in the eigenvectors of €. But we
already know those eigenvectors. They are actually the 41 and s vectors found for the M matrix.
Check this! The eigenvalue problem is

[ —i€uy  Eaa ] [ By ] _/\{ Y } (3:39)

The determinant needed to get the eigenspectrum of € is

D' = (exx — N)? = (—i€y)(i€2y) = (€22 — N)* —EZ, =0 (3.40)

zy
The eigenvalues are found as

A=€a Tty = M =€ +Ey A2 =€sx— Epy. (3.41)
Then one sees that for each choice of eigenvalue we get it eigenvector. Change the notation slightly:

1
M = €r=¢€p+Ey: Ey=—iE;, Gp=—(&—1y), (right circular)

-5

Ao = €L =€ —Epy: Ey=+ilk,, up= ﬁ(i +1ig). (left circular) (3.42)
The eigenvalues themselves determine how light propagates. They determine the complex wave
vectors for a given frequency, for the two independent circular polarizations. Generally, the off-
diagonal term is small, because it is roughly proportional to an applied magnetic field. But that
small correction leads to differences in the propagation of the two polarizations, which is what causes
the Faraday rotation. The wave vectors for the two polarizations are

w w
k = - = — TT g;ﬂ
R - HER C N(E + y)
w w
kr, = —VHeL = - wlezs — Exy) (3.43)

Without saying how B points, one cannot say which wave vector is larger, besides, they are complex.
But the important thing is that these two components will gradually get out of phase as a wave
propagates; they have slightly different phase velocities and wave lengths.



3.3 DMatrix algebra for circular polarizations

The unit vectors for right and left circular polarizations already appeared twice. Here I summarize
their properties and the transformations between linear and circular polarization bases.
The right and left circular basis vectors are repeated here, along with the reverse tranform,

ﬁR:%(f—iﬁ)a i?:%(ﬂﬂc*—f%),
ay = %(i—l—i@), j= %(aR—aL). (3.44)

As already mentioned, either basis can be used to express the transverse components of an electric
field (in an EM wave).
E=F, 2+ E,§= Ertur+ Erlr. (3.45)

Because the basis vectors are complex, they have interesting algebraic properties that must be kept
in mind when finding components. The normalization scalar products are

W g =) -ty =g AL =1,  -iL =g 4 =g Gr =g iz = 0. (3.46)

Then applying either 4} or @} onto the electric field expression pulls out the desired circular polar-
ization component:

- T . . . 1 .
Er=1uy E= —2(x — i) - (ELd + Eyy) = E(Ex +1iE,) (3.47)
Ep =i} B = (& +i§)" - (Bait + Byj) = —=(E, — iE,) (3.48)
=u; - E=—(2+1w)" (E,2 =—(E, —1 .
L L NG Y yY /2 Y
Can go the other way obviously by scalar products with & and g,

1
E,=2-E=2- (ERﬁR-I—ELﬁL) = —2(ER+EL) (3.49)

. . . . —1i
Ey :y-E:y~(ER’U,R+EL’U,L) = —(ER—EL) (350)

V2

The relations can be expressed using matrices. Let me call the matrix that gives the circular
components in terms of the Cartesian components, matrix 7. One has

1 [
Er i 2 E;
— , oo E'=T-FE (3.51)
1 —1
b i 7w\ B

In the last form, the prime indicates the column vector of circular polarization components, and
unprimed is the column vector of Cartesian components. One can see that the T-matrix is composed
from the R/L components of the Cartesian basis vectors, as column vectors:

1 4
V2 V2 TR YR
T = =(z 7). (3.52)
1 —1
Vi V2 Lo YL

The inverse transformation matrix can be seen to be composed from the Cartesian components of
the right/left basis vectors, as column vectors:

1 1
E, 2 Er
= - , o E=T'F (3.53)
E, v 120



The inverse matrix is

1 1
7§ E URx UL,x

71 = - . = = ( ur U ) (354)
Vi VE URy ULy

The matrix T' is unitary, its inverse is its Hermitian conjugate (the complex conjugate of its trans-
pose), T—1 = T*. The determinant of T is —1, complex but of unit magnitude.

Now one wants to know how the dielectric tensor changes with this transformation. The dielectric
function gives the electric displacement, as a column vector of Cartesian components, as D = eF.
Can apply the transformation into this equation as follows:

D' =TD=TeE=TeT 'TE = (TeT ") (TE) = €E’, where ¢ =TeT ™. (3.55)

The matrix € is the dielectric function as represented in the circular polarization components. This
is a usual similarity transformation. One can check exactly what comes out here, using the matrices:

A . 1 1

i3 oz 1Eny Vi3
e = (3.56)

- —i€ € S

This becomes
1 1 7 €rp + g;l;y €xx — g;vy €xz T+ g;vy 0
e — 5 = (3.57)
1 —i —i(€xz + Exy)  i(€xz — Euy) 0 €ox — Exy

The array is diagonal, as expected, and the diagonal elements are just eg = €55 + Egy = €3z — T€y
and €1, = €45 — Egy = €ga T i€gy, for the two independent (and somehow, fundamental) circular polar-
izations. These were the eigenvalues already encountered for the dielectric matrix. Transformation
to circular polarization components brings the matrix to diagonal form, as it should! The circular
states are the eigenstates, and propagate unchanged. On the other hand, the linear polarization
states are superpositions of these two different eigenstates, hence, a linear polarization state evolves
as it propagates, because the eigenstates interfere with each other.

3.4 Faraday Rotation

Suppose an incident wave enters a medium, travelling in the z-direction, and polarized in the z-
direction. It can be considered as a linear combination of equal amounts of right and left polariza-
tions. This is represented by the mathematics,

N 1 N
Einc = Einc® = Einc 75(”1% +az) (3.58)
That is the wave at a point z = 0. After it propagates some distance z, over a time interval ¢, each
part gets a phase shift by e/**=«%) using the appropriate wave vector for each polarization. The
result arriving at a receiver at position z is

Einc ~ ] — ~ ; _
E(Z) _ [uRez(kRz wt)+uLel(kLz wt):|

1 ) ) .
_ L [(JA? _ iﬂ)eZkRz + (jj + ,L-y)ezkl,z] et

©

1 .
Eine (ekRZ _’_ekLZ):i._i_ __(ekRz _ekLz)y:| e iwt (3'59)
7

N | =
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This shows the amount of light still polarized along &, versus the amount that now is polarized along
7. It helps to make some definitions or notation,

- 1
kE§(kR+/€L), Ak =kr — kL,
-1 — 1
Then the signal becomes
1 1, , , , o
E(Z) — §Einc |:§(61A2kz +e—z%z)jj + Z(ez%z _ e—z%z)j ezkze—zwt
k Ak -
= Einc [m cos -2 + g sin -2 eithz=wt) (3.61)

One can see from this that the electric field is now polarized at angle %z to the z-axis. This is the
simple calculation, assuming that the wave vectors are real. The Faraday rotation angle is then

Ak 1
0=—2z=—2
2 2(
Another way this is sometimes written would be in terms of the indices of refraction for the two
polarizations, ng = \/pegr and ny = /e,

0= %(nR —ng)z. (3.63)

The farther the wave travels in the medium, the greater is the rotation. This happens because a
linear polarization state is not an eigenstate of the EM field. Only the circular polarization states
are the eigenstates, and they propagate unchanged.

One would like to know, most importantly, how the rotation of the polarization depends on the
applied magnetic field. Do an expansion of the wave vectors, assuming the off-diagonal part of the
dielectric tensor is small, and €, and &g, are real (this is not exactly true, I will correct this later):

kr —kp)z. (3.62)

A Z W
0 = Slhr—k) =220 [\/em &y — \/on — sxy}
ZWw 1€ 1€ w [ p
~ 29 el (1) (1o =2 [ A 64
9 VHe [(+2em) ( 2em>] s\ e G ® (3.64)

Since &, is approximately proportional to the magnetic field, for small fields, the Faraday rotation
is also proportional to the magnetic field strength along the propagation direction of the light. The
approximate expression could be found from using the results for e.

In the more general case where the wave vectors are complex, because there is absorption, one can
show that not only is there a Faraday rotation, but also an ellipticity is generated in the polarization.
This means that the polarization is not circular when it arrives at a receiver. Instead, the ratio of its
semi-minor axis b to semi-major axis a is different from 1. The ratio is characterized by an ellipticity
angle xy = tan~!(b/a). Then, one gets a complex rotation angle, where the real part is the usual
Faraday rotation €, and the imaginary part is the ellipticity angle x. The relation becomes

0+ix= % z= %(Ak’ +iAK") 2 (3.65)

The prime and double prime indicate the real and imaginary parts. Those also can be translated
into the real and imaginary parts of the indices of refraction. To prove this is an excercise in the
plane geometry of ellipses, which I will not do here! It is still true, however, that this leads to

0+ iy~ %1/6& Eay 2. (3.66)

To apply it requires inserting and evaluating with the real and imaginary parts of the dielectric
functions.

All of this has been classical mechanics. The rest of these notes is concerned with how dielectrics
in a magnetic field work in the quantum world.
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4 Quantum electron dynamics with a DC magnetic field

An electron in a uniform DC magnetic field plus an applied optical field will have a Hamiltonian as

discussed previously

e [p - ZAm(r,t) * ed(r,t) + Ur). (4.1)

T 2me,

Now, however, the vector potential must include both that due to the optical field and that due
to the DC magnetic field. Further, for simplicity, we take the scalar potential as zero (Coulomb
gauge for the optical field). The crystal potential U(r) leads to states in bands, however, we try to
ignore that for the time being. This will lead to something analogous to the classical treatment just
discussed (quasi-free electrons).

I can consider the vector potential as a sum of DC part A plus AC part A:

A=A+ A (4.2)

Then each of these can interact with the momentum operator, as well as with each other when the
square is taken. I'll ignore those quadratic interaction terms, but keep the term due to squaring
the DC vector potential. The reason is, we suppose the DC magnetic field is much much stronger
than that in the light waves. The DC field leads to the so-called Landau levels which can resemble
classical cyclotron motion. They have an energy scaled dependent on B and we really want to take
them into account. The optical field here will be first treated as a classical time-dpendent field. So
the Hamiltonian to currently consider is

Jra— (p—SA)2— ° A-p (4.3)

MeC

The first term is considered the original Hamiltonian Hy, the second term is a perturbation.

4.1 Landau Levels

One wants to understand the eigen states of the system before the optical field is applied. It is
assumed that the DC magnetic field B points along the z-axis. Then its vector potential only needs
to depend on x and y coordinates, at most. It makes sense to write Hy using the dynamic momentum
operator,

1 . e
Hy = 2meﬁ2’ =p--A (4.4)

This operator is very interesting because its components do not commute with each other! That is
because the vector potential depends on position. One gets commutators

e e e
[Tz, Ty = [Po — EAxapy - EAy] TG (P2, Ayl + [Az, py]) (4.5)
In the coordinate represention, the momentum operator is p = —ihﬁ, so the action on some arbitrary

wave function 1 is
[Pz Ayl = (=1h0s)(Ay) — (Ay)(—ih0x))
= (i) (@A + Ay (0,0) — Ay (D)) = —iR(D, Ay )0 (4.6)

The other one is

[Az, pyl¥) Ay (=ihdyy) — (=ihdy)(Az1))

= (=ih) [Aa(0y1) — (0, Au)tb — Au(Dy1)] = ih(, Au)ib (4.7)

Then the commutator of two components of 7 is

s my] = == (=000 Ay — B, 4] = G« A). =P (4.8)
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Note that in fact, the combination eB/m.c is the classical cyclotron frequency,

eB
pr— 4.9
Wb MeC (4.9)
So the basic commutator here is
[Tz, Ty] = thmews. (4.10)

This is curiously very much like the fundamental canonical commutator [z,p,] = if, except for
the scale proportional to the applied magnetic field. Further, this Hamiltonian bears a very close
mathematical resemblance to that of a simple harmonic oscillator:

1

1
H = 2 2 M H =
0 2m€ (Trw + ﬂ-y)a SHM 2me

(2 + m2wa?). (4.11)

This means that the electron in B, can be quantized just the same way that a harmonic oscillator
is quantized. The easiest and best approach is to re-arrange Hy so it can be written in terms of
creation and annihilation operators. Based on the structure, try the following (operator version of
taking the square root):

1 . . ; ;
s 3 (g + i1y ) (7p — imy) + (M0 — imy) (T + i7y)] (4.12)

Then this is symmetrized, and introduce creation and annihilation operators that must be scaled
correctly to give a unit commutator,

a = No(mz +im,), a' = No(m, —im,), [a,al]=1. (4.13)

Np is the normalization factor, and is found by applying (4.8):

[0.a"] = Ni[mo + imy, m = im,] = N§ (=ila, 7] + ilmy, ma]) = N3(=20) (inSB.) = 1. (4.14)

C C C
=\ 2neB "\ 2heB (M +imy), @ \/ 2heB (my = imy) (4.15)

The factors on the creation/annihilation operators involve the cyclotron frequency and take the same
form as those on the momentum in the SHO.

[ 1 ) / 1 .
a = m (ﬂ'g; + ’Lﬂ'y)’ CLT = m (7Tz — Z7Ty). (416)

The inverse relations are

[meh 1 [meh
Ty = = 2wB (a"’_aT)? ﬂ-y = ; - 2wB (a_a’T)v (4]‘7)

Then the Hamiltonian is

This gives

1
Hy =

T 4m,

1
- (2mehwp)(aa’ + ata) = §hw3(aaT +a'a). (4.18)

It can also be expressed in terms of the usual number operator, a'a, via the commutation relation,
as

1
Hy = hwg (aTa+ 5) . (4.19)

The quantized states of this Hamiltonian are the Landau levels. Since the eigenvalues of the number
operator are positive integers (and 0), the energy levels are just like those of a harmonic oscillator,

1
E, = (n+ 5) hwg, n=0,1,2,3,.. (4.20)
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The derivation implicitly assumed the product eB > 0. Normally we would be interested in
electrons, then, it would make sense here for the magnetic field pointing in the —Z direction. If you
did do the problem of a negative charge with B in the positive 2 direction, you’ll find it useful to
swap 7, and 7, in the definition of the creation/annihilation operators, and see that the sign of wp
is negative, and there results Hy = —hwp (aTa + %) So the most general result is to put absolute
value on wpg, and then (4.19) works for any choice of sign of charge or direction of B.

4.1.1 Landau Levels and Constants of the Motion

I don’t want to discuss all possible aspects of Landau levels, just those ideas I need to talk about
their effect on the dielectric function e(w). Because they can have a role due to transitions between
them, we need also to discuss their degeneracy. This is not so obvious. The states of a 1D harmonic
oscillator are non-degenerate. But here, the system is two-dimensional, yet the Hamiltonian appears
to be like a 1D Hamiltonian now. It’s as if a dimension was lost, but it’s not actually lost, it’s
just that these levels have a degeneracy. It can be seen because there are constants of the motion
associated with an arbitrary choice of the center of the cyclotron motion. This is probably easiest
to see from looking at the classical problem. A classical electron affected just by a magnetic field
has dynamics from

Moty = “vyBa, Moy = ——v, B, (4.21)
C &

This is the same as writing
Uy = WBYy, Uy = —WBUy (4.22)

And the combination of the equations gives usual harmonic motion:

o 2 o 2

Uy = —WHYL, Uy = —whYy (4.23)
An integration as follows gives two constants of the motion (two integration constants):

/dt Uy = wB/dt vy = (1) =wp(yt)-Y) = Y =y) - or (4.24)
/dt Uy = —wB/dt vy = () =wp(zt) - X) = X =uz(t)+ UZ(;). (4.25)

These integration constants X and Y don’t change during the cyclotron motion. Indeed, the solution
for the velocities is found easily. Try harmonic functions:

vy (t) = v1 coswpt + vasinwpt, = Uy = wpvy = wr(—v1 sinwpt + v2 coswpt) (4.26)

Then it is easy to see that the constants here are just v; = v4(0) and vo = v,(0). The solution for
velocity and position is then

vz (t) = v5(0) coswpt + v,(0) sinwpt, vy (t) = —v,(0) sinwpt + vy (0) coswpt,
z(t) = = [v(0) sinwpt — v, (0) coswpt] + c1, y(t) = ﬁ[vm(O) coswpt + vy (0) sinwpt] + ca.
(4.27)
Try to evaluate the above constants of integration in terms of the initial velocities and these new
integration constants ¢; and c3. One gets

B

= (T 1
Y =y(t) — Uw—gg) = E[%(O) coswpt + vy (0) sinwpt] + co
1
— —[vz(0) coswpt + v,(0) sinwpt] = co. (4.28)
wB
t 1
X =a(t) + UZ:( ) = w—[vx(()) sinwpt — vy (0) coswpt] + ¢1
B B
1
+ . [—v2(0) sinwpt 4+ vy (0) coswpt] = c;. (4.29)
B
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Of course, the point (X,Y) = (c1, ¢2) is the average position, which is just the center of the cyclotron
orbit! It does not change with time, it is a constant of the motion. In addition to this, the size of
the orbit is determined by the initial velocity components. Consider the deviation of the position
from its average:

pPo= fa(t) = X+ [y(t) - Y)?
= wiQ {[v2(0) sinwpt — vy(0) coswpt]® + [v(0) coswpt + vy, (0) sinwpt]*}
B
_ %%”“(0) e V(0)] = wpp. (4.30)

It shows that the initial speed determines the size (and energy) of the orbit.

Now how to find the equivalent conserved objects like X and Y for the quantum problem? The
simplest approach is to construct the corresponding quantum operators, and see their properties.
But be careful: the velocity is connected to the kinetic momentum 7, not to the canonical momentum
p- Replacing velocity by kinetic momentum over mass, one can define new quantum operators,

Ty T

X=z+ ) Y=y— . (4.31)
MeWB MmewWp
Check the commutator between them:
_ Ty T - 1 _ B 1
Y=ot Py o I ) o (] ] - ey
1 —ih
= —ih —ih — —ihme = (432
mewWpB |: ! ! mewB( v WB):| mewWpB )

This is similar to the non-commutation of 7, and 7,, except that the sign is negative, and, the

magnetic field is in the denominator! This non-commutation gets weaker with increasing magnetic

field. This also shows that these objects cannot be simultaneously specified to arbitrary precision.
Check also some other commutation relations. Try these with the kinetic momentum.

1
(X, 7] = {x + m:-sz, wz} =[x, my] + P [Ty, Tz] = ih + p— (—ihmewp) = 0. (4.33)
T
X _ Yy — =0. 4.34
R e Il (e e LY (434
Then the other two like this are also zero: [Y,7,] = [V, 7] =0. So X and Y are new operators that

can be specified independently of the kinetic momenta. Furthermore, since they commute with the
kinetic momenta, they commute with the Hamiltonian, so they are constants of the motion. They
lead to the degeneracy of the Landau levels.

Based on their mutual commutator, X and Y can be combined into another kind of creation and
annihilation operators. Consider the obvious combinations that form the squared central position
of a cyclotron orbit, denoted with AZ:

A*=X2+Y?= % [(X —iY)(X +iY) + (X +iY)(X —iY)] o< (b7 + bTb) (4.35)

Then the new operators are
b= My(X —iY), bl = My(X +1iY) (4.36)
The choice of signs is based on the negative sign in the result, [X,Y] = —ih/mewp. My is the

normalization to be chosen so that [b,b'] = 1. Let’s determine that:

[b,bT] = M2[X —iY, X +iY] = iMZ([X,Y] - [V, X]) = iMZ(—2ih/m.wp) = 1. (4.37)
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This leads to My = \/mewp/2h, and the creation/annihilation operators are

MeWB . mewWpB .
b= X —iY bt = X +iY). 4.
\ on ( iY), \/ o7 (X +1iY) (4.38)

What do they do for us? For one thing, they determine the location of the center of the cyclotron
motion, which is the operator A2. It can be expressed

1 2h 2h 1
A= X24Y? = o (bbT + bTb) = — <bTb+§). (4.39)
eWB e B

This isn’t a Hamiltonian, yet it resembles one. The b! operator will raise the amount of A? in the
system, and b reduces it. The minimum is the zero point value seen here, A2 > h/m.wp, the same
number as that appearing in the commutator of X and Y. As (X,Y") classically is the center of the
cyclotron motion, one can see that different values of this position will all have the same energy,
hence there is great degeneracy. But the size of 2i/m.wp determines the scale of that degeneracy.
Also, it’s seen that all the Landau levels will have the same degeneracy, because they all have the
same choices for possible centers.

4.1.2 What about angular momentum?

Before figuring out the amount of degeneracy, consider what else is physically related to b and b'.
Classical cyclotron motion is clearly associated with an angular momentum. Look at the angular mo-
mentum for the quantum problem. But again, it seems a little tricky, because there is the canonical
momentum and the kinetic momentum, and each could be used to construct an angular momentum.
This is really confusing and for certain problems those things are the same, for other problems they
are different. But generally, canonical momentum is not physical (or kinetic) momentum, rather, it
is more of a device for calculations.
Consider an angular momentum based on the kinetic momentum,

L=rxT, L=1L,=uxm, —yn,. (4.40)

Only the z component is important for this effectively 2D problem. Check if it commutes with the
Hamiltonian (maybe, based on the rotational symmetry in operator 7), via the following:

[L,7p] = [xmy — yMp, a] = [27y, M| — [YTz, Ta] = x]my, M| + [z, om0y — [y, Ta]me  (4.41)

x(—ihmewp) + (ih)my — 0 = ih(—mewpx + Ty).

And the square,

[I:J, ﬂ'i] =T, [f), o] + [f), Ty = mg[th(—mewpx + my)] + [ih(—mewpz + my)| Ty
= th[-mewp(amy + mx) + (Temy + my7y)] (4.42)
[IN/, 7Ty] = [xﬂ'y - ywwvﬂy] = [xwyvﬂy] - [y, 7Ty] = [xaﬂy]ﬂ'y — Y[, 7Ty] - [yvﬂy]ﬂw (4.43)

= 0-—y(ihmewp) — (ih)m, = —ih(mewpy + 7).
[l~/, 772] =Ty [Eﬂry] + [L”y]ﬁy = my[—ih(mewpy + )] + [—ih(mewpy + 73)]my
= ih[-mewp(ymy + Tyy) — (Tamy + TyTL)] (4.44)
So somewhat surprisingly, the total of these is not zero, and this L does not commute with Hy:
[L, 7% + wi] = —ihmewp(xmy + Tpx + ymy + myy) # 0. (4.45)
Instead, try the usual (canonical) angular momentum. Let

L=rxp, L=1L,=2xpy — ype. (4.46)
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Let me use the basic fact about the momentum operator in coordinate representation, that is

e, f(@)] = ~ihOL = —ihd.f = p.f (4.47)

and the fact that, for example, 7, = p, — (¢/c)A;. Then the first commutator we need is

[Lv T‘—I] = [xpy — YDz, Wm] = [xpya Wm] - [ypm,m]
= x[py, Tz + [, TPy — Y[Px, T2] — [Y> Ta|Pa

= 2(—ih—S0,A,) + (ih)py — y(—ih— 8, Ay) — Opy
C C
= ilipy — ih— (20, — yBa) Ay = ifip, — —(LA,) (4.48)
C C

The operation rotated p, into p, and affected the vector potential That is also the expected action
of the angular momentum operator in the coordinate representation. Continuing,

(L, 72) = o[, 0] + [L, o) = ihi(mapy + pymra) — < [ma(LAL) + (LA (4.49)
c
Doing some similar algebra for m, we have

[Lvﬂy] = [Ipy - ypm,ﬂy] = [‘prvﬂy] — [YPa, Wy]
= zlpy, my| + [2, 7ylpy — Y[Pus ] — [y, Ty |2
- x(_m%eayAy) +0p, — y(—ih%e[?sz) — (ih)ps

= —ihp, — m%e(xay — yBy) Ay = —ilipy — Z(LAy) (4.50)
Then with the squared,
(L, m3) = my (L) + [Lymylmy = —ih(myps + pamy) — =[my (LA,) + (LA, ). (4.51)
Put it all together,
Low2+m) = ih— [Aapy +pyAs = Ayps — PoA)]
—%[wz(LAm) + (LA, + my(LA,) + (LA,)m,). (4.52)

At this point, I can’t get a simple result. This is too much algebra without thinking.

4.1.3 Choices of vector potential

The difficulty is, that the Hamiltonian, in general, is not rotationally invariant, because of the
presence of the vector potential. Hence the algebra above is not simple. The both weird and
beautiful thing about this problem, is that this dependence on the vector potential means there are
different solutions to the problem, depending on the choice of the gauge. The simplest would be to
choose a gauge that is rotationally invariant. Let me consider that.
The (uniform) magnetic field is derived from the vector potential, and in circular coordinates,
the equations needed is
B.=B=(VxA), = L19 (rAd,)—a%)Ar

=T r|or

(4.53)

There is an infinite family of solutions. Two of the simplest are either to choose a solution where
only A, is present or where only A, is present. Suppose you tried Ay = 0, then solve

10

B= _;6—¢AT — A, = —Br¢ +C. (4.54)
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This is not rotationally invariant, although it gives a uniform magnetic field. Try instead with
A, =0, and solve

B=—-—— (T‘A¢) — A¢ = %BT‘ +C. (4'55)

This is ”better” in the sense that it is invariant under rotations around the origin. Drawn out, the
vector field looks like a whirlpool, with longer arrows farther from the origin. But really, it is just
another arbitrary choice that will give the uniform magnetic field we want. Usually it might be
quoted in Cartesian coordinates. Then we have the ”symmetric gauge”,

1 1
A, = Arcos¢—A¢sin¢:—§Brsin¢:—§By
1 1
A, = Arsinqﬁ—i—Ad,cosqS:+§Brcos¢:+§B;v (4.56)

Also note the action of the canonical angular momentum on this. In circular coordinates, the angular
momentum operator is L = L, = —ih(9/0¢). Then it is interesting that

LAy =0, LA, = —ih <%Br coS ¢> =1ihA,, LA,= —ih (%Br sin ¢> = —ihA,, (4.57)

So even though the original Ay is a zero eigenfunction of L, the Cartesian components are not. In
fact, one can form some linear combinations, that are other eigenfunctions of L, namely,

L-(x+1iy) = —iﬁ%(r cos ¢ + irsin ¢) = —ih%(re““t’) = +h(re™®) = +h(x +iy). (4.58)

0 o ) )
L-(z—1iy) = —iha—(b(r cos ¢ — irsing) = —iha—gb(re*“b) = —h(re” ") = —h(z — iy). (4.59)
There are also asymmetric choices for the vector potential, for example, one with only an A,
component is sometimes a popular choice:

A =(A;,A)) = (—By,0), then B, = (0,4, — 0,A;) = B. (4.60)
The other simple choice is one with only an A, component,
A = (A; Ay) = (0,Bx), then B, = (0,4, — 0,A;) = B. (4.61)

Or, you could even choose a vector potential that only has a component perpendicular to an axis at
angle 3 to the z-axis. This would be a rotation of one of these last choices, like

A=(A;,4) = (—B(cosp)ycosf + zsinf], —B(—sinF)[y cos [ + = sin 5])
= —B([ycos® B+ xsin Bcosf], [~xsin® B — ysin [ cos 3]) (4.62)

This was performed by rotating the vector and rotating the coordinates. Check the field it produces:
B. = (0, Ay — 0yA;) = —B (—sin® 3 — cos® B) = B. (4.63)

In fact, there are extra "un-needed terms” after the rotation. But for example, if you remove the
un-needed terms, and say, put the angle 8 = 45°, then this vector potential becomes the same as
that in the symmetric gauge. But with the un-needed terms, it is another form for A that does not
look like a whirlpool, but rather, a set of parallel arrows whose length increases away from the line
at angle 3 to the x-axis.

Just for curiousity, what do you get if you do this same g-rotation of the vector potential of the
symmetric gauge? There results under the same operations, for example, to be more specific how
the rotation is done,

Ay (2'y) = AgcosfB+ Aysing =

o | O

(—ycos B+ xsin f)

= g (—[y' cos B+ 2’ sin 8] cos B + [z’ cos B — y sin (] sin 3) = %y’. (4.64)
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Ay (2'y') = —Assinff+ AycosfB= g (ysin 8 + z cos 3)
= g ([¢y/ cos B+ ' sin B] sin 8 + |2’ cos 3 — y' sin 8] cos 3) = g:r’. (4.65)

This is what is meant by rotationally invariant. The form of the potential in the rotated coordinates
is unchanged from the original coordinates.

These different choices of vector potential all give the same magnetic field. They can give different
wave functions for the Landau levels, although once expectation values of real problems are taken,
the results should not depend on the specific choice of gauge.

4.1.4 Connection between angular momentum and b, b1?

We know from the form of (4.39) that b and b control the squared position of the center of the
motion. Here I consider a commutation relation between canonical L and b or b, just to see what
comes out. To do that, it is easiest to consider a particular gauge. First suppose we are in the
symmetric gauge. Look at the expressions,

b_MO(X—iY)_MO{x—i- Ty —i<y— o >}—M0{x—iy+ ! (wx—my)} (4.66)
MeWB MeWpB MmewWpB

b*:MO(XHY):Mo{gcJr Ty —l—i(y— T )}zMg{x—i—iy—

MewWpB MmewpB

(e + my)} (4.67)

MmewWp

The commutators of L with x + iy were already found. We also have

. . € . . € . e .
[L, 7y — imy] = ihpy — E(LAz) —1 [—zhpz - E(LAy)} = —h(py —ipy) — EL (Ay —1Ay) (4.68)

[L,mp + imy) = ihip, — S(LAI) +i [—ihpz - S(LAy)] = +h(pe + ipy) — SL Ay +idy)  (4.69)

Now one sees that these linear combinations of components of A could give simple results, if, for
example, they were eigenfunctions of L. Imagine if that is enforced. The best choice would be

L (Ay —iAy) = —h(A, —id,),  L-(Ay+id,) = +h(A, +iA,), (4.70)

because these will give back the kinetic momentum components on the RHS of (4.69) and (4.68).
But these linear combinations are the same as

Ay —iA, = (A, cosp — Agsing) —i(A,sind + Ay cos ) = (A, —iAg)e ™ (4.71)

Ay +iA, = (A, cosp — Agsing) 4+ i(A,sind + Ay cos p) = (A, +iAy)e™ (4.72)

The first will have eigenvalue —h and the second will have eigenvalue +h, if the combinations
(A, £iA4) are independent of ¢. The simplest way to accomplish that would be to choose A, =0,
then we are forced to the symmetric gauge with A4 o< r. So for the symmetric gauge, relations
(4.70) hold, and there results commutators

[L, 7y —imy| = —h(my — imy), [L, 7y + tmy] = +h(my + imy). (4.73)

Finally, the commutators with these creation/annihlation operators are now determined, in the
symmetric gauge,
[L,b] = —hb, [L,b] = +hb. (4.74)

These then show that b destroys one quantum of angular momentum, while b! creates one quantum
of angular momentum. For instance, if the state |I) has L-eigenvalue of I, then for the state b |),

L(bT|1)) = (LT — T L+ bTL)|1) = (+hdT +bTL)|1) = (1 + 1)R(bT|1)). (4.75)
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So bf|l) is the raised state with one more quantum of angular momentum. Similarly, b|l) is the
lowered state with more less quantum of angular momentum. Therefore, one sees also that for this
gauge, changing the angular momentum is associated with changing A2. But these do not involve a
change in the energy.

What about one of the non-symmetric gauges, like (4.60), where there is only an z-component
to the vector potential? With A = (—By, 0), one has

L-(A; —iA) =L (A, +iA)) =L -(—By)=L-(—Brsin¢) = —ih(—Brcos¢) = ihBzx. (4.76)

This doesn’t give a simple commutation relation between L and b or bf. This leads one to believe,
that the properties to do with the canonical angular momentum for this problem, are not physically
too important, because of this gauge dependence.

4.1.5 Relation between a, b, and L operators?

Now I assume the discussion only concerns the symmetric gauge, so that the action of b and b' is to
reduce or increase the angular momentum. Also, by the above derivations, we can see immediately
that a and af not only change the energy, but they also change the angular momentum. Since
a « (m; +im,) is a positive angular momentum eigenfunction and a' o (m, — im,) is a negative
angular momentum eigenfunction [the result (4.73)], one can see that

[L,a] = +ha, [L,al] = —ha'. (4.77)
This is in contrast to the action with the b and b' operators, which I repeat here:
[L,b] = —hb, [L,b'] = +hb. (4.78)

This is somehow very curious. If there was a ground state of a of zero angular momentum, then by
acting with a! on that state to raise the energy, its action of lowering L would bring it to a negative
angular momentum component along z. On the other hand that original ground state of a could
be acted upon by the bt operator, raising its L, without changing its energy. It means there are
multiple ground states of the a operator, that differ in their angular momenta, which is equivalent
to differing in their squared radius, A%2. When they get acted on by a', their energy is raised while
their L is lowered to a more negative value. But because there are many different states of different
L, for the same energy, there is degeneracy. However, the energy of the system is not dependent on
its canonical angular momentum.

Keep in mind, however, based on their construction, the a and b operators commute as follows:

[a,0] = [a,bT] = [a,b] = [af,bT] = 0. (4.79)

But of course, within each family,
[a,a'] = [b,bT] = 1. (4.80)

To summarize this, both the a and b operators change angular momentum. But only the a operators
change the energy, without changing A2, while only the b operators change A2, without changing
the energy.

4.1.6 Counting the degeneracy

Consider some eigenstate of the Hamiltonian, i.e., and eigenstate of the number operator a’a, denoted
as |n), with energy E,, = hwp(n—+1/2). We can already see that this enough enough to fully specify
the state, because there are many such states, with different eigenvalues corresponding to the A2
number operator, b'b. We originally solved this problem as if the system is infinitely extended in the
x and y directions. If that is the case, then A2 has no upper limit. But in a real system, there will
be a limit, because A% cannot be larger than the size of the system squared. So without actually
trying to solve exactly for the states in a finite system, one can still estimate their degeneracy.
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For greatest simplicity in this, suppose the system is circular, of radius R. Then it can be roughly
expected that there is a limit on the expectation value of the operator A2, according to

2h
MmewWp

(A*) < R*,  or < (bTh + 1/2)> < R%. (4.81)

Suppose the eigenvalue of the number operator bb is n. Then ignoring the factor of 1/2. this shows
that the maximum value for n; is on the order of

MmewpR? R? 2h
max ~ T o7z — 5, = . 4.82
b, 2h T% "o MeWR ( )

This is then the estimate of the degeneracy of any energy eigenstate. The parameter r( is the scale
of the squared radus operator A2. It is very interesting to express the degeneracy in terms of the
magnetic flux @5 = [ dS - B passing through the cross section of the system.

me-<E mR? e e o
max A — el — (TR?B) = — - ®p = —2. 4.83
b, 27h 2mhe ( ) he P Py ( )

This is written in terms of the fundamental quantum of magnetic flux!

Py = (@> = (ﬁ) ~ 4.136 x 1071 Tm?. (4.84)
€/ (cas) €/ (sn

Note that for ST units the cyclotron frequency needed to be substituted as wp = eB/m,. It is clear

that for even small magnetic field strength, the degeneracy is going to be very large. It corresponds

vaguely to having the center of the cyclotron motion in many differeny locations in the system. With

stronger magnetic field, there is even greater degeneracy.

What is the effect of this degeneracy, in general? We are talking about electrons, which are
fermions. Therefore, including spin, only two electrons can be placed into any fundamental Landau
level, specified by the quantum numbers n and n,. However, each Landau energy level (specified by
only n), when degeneracy is included, can hold an enormous number (np max) of electrons. There-
fore, if the system has few electrons, in some sense, a large fraction of them can be in the lowest
energy Landau levels. This can lead to interesting behavior, that changes with the strength of the
magnetic field, as the degeneracy is changed. At very strong magnetic field, most electrons can
be allowed to stay in the lowest energy level. As the magnetic field becomes weaker, the electrons
are forced to populate higher energy Landau levels. Obviously, these effects will be more apparent
at low temperature, where the tendency will be to populate only the lowest energy levels. Higher
temperature would already cause the higher Landau levels to be thermally populated and smear out
the interesting quantum effects. This behavior leads to the ”quantum Hall effects”, but I will not
delve into the details of that here.

The existence of the flux quantum ®(, and its appearance in this problem, is intriguing. The
result suggests that at very weak magnetic field, the electron’s wave function is very spread out,
trying to fill up a large area of the system. An individual electron (for each choice of spin, up
or down) is ”allowed” to spread out over an area through which one quantum of flux passes. At
stronger magnetic field, the electron has to fill a much smaller area. It is as if each electron has to
stay close to one "line” of the magnetic field passing through the system. The electrons get squeezed
closer together as the magnetic field strength is increased.

4.1.7 Landau level state and wave functions

The actual wave functions of electrons in Landay levels will depend on the choice of the gauge for
the vector potential. Even so, it is interesting to see their form in some situations. Here I use
the symmetric gauge. Some expressions for the general state vectors can also be found, that don’t
necessarily depend on the gauge.
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Suppose state vectors are written as |n, np), where n is the eigenvalue of a'a and determines the
energy, and ny is the eigenvalue of b'b and determines squared radius A?. Because the destruction
operator has a lowest energy eigenstate, use it to define a ground state, specified by energy quantum
number n = 0, and A? quantum number ny:

al0,np) =0 (4.85)

Of course, this ground state has degeneracy and is not unique. Thus the presence of the second
quantum number ny, the eigenvalue of bTh, which plays no role in determining the energy. Suppose
in fact one starts with also n;, = 0. Then application of b' will keep the energy fixed, but raise the
A? and the angular momentum. This can be done a number of times, and make use of the basic
identity, as would be found for any harmonic oscillator operator,

bin,np) = vy + 1 |n,np + 1) (4.86)

This follows from the basic commutation relations, and the fact that b' is a raising operator. Doing
this repeatedly on the state with n, = 0, one will have

()"
V!

or more specifically, the different ground states (with n = 0) can be found this way by acting on the
ground state of smallest A2, that has n, = 0,

|, np) = |n, 0) (4.87)

Fyno
(\b/i_b! 10,0) (4.88)

Further, the other creation operator can also be applied to raise instead the energy, thus a general
state vector can be obtained from this lowest ground state:

(al) @)
\/ﬁ vV nb!
The operators a' and b' commute, so the order here is unimportant.

The wave functions give more physical insight, perhaps. In the coordinate representation the a
operator can be expressed

|07nb> =

10,0) (4.89)

|TL,7’I,b> =

T +im 1 _ e .
“= oam ij = mhog {Px +ipy — — (4 +2Ay)} (4.90)

Now consider some different coordinate systems. The problem has some circular symmetry, especially
in the symmetric gauge. And these kinds of combinations also tend to help. Recall some different
transformations, just for the record. To go to polar coordinates, we need

(z,y) = (rcos ¢, rsin ), (r,$) = (V22 + 32, tan" " (y/x)) (4.91)

To transform the derivatives, we need

or o  —y/a? —y —sin ¢
— = — = c0s ¢, — = = = ,
Jdx or  y?>+a2 22+ y? r
or y ) 0¢ 1/x T cos ¢
. . = = = . 4.92
oy r sin ¢, Oy  y2+a? a2+ y? r (4.92)
Then there are the relations,
0 oro 040 O sing 0
% =% = zor Toxoe %% T 99
0 or 0 0¢ 0 . .0 cos¢ O
% =73, ayar T ayae %t T as (4.93)
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Using polar coordinates, this is fairly simple, because

pe +ipy = —ih(9, +i0,) = —ihe™ (ar + ;m) (4.94)
Now with the vector potential of the symmetric gauge applied, there also is

Ay +iA, = %(y i) = %(m +iy) = %w‘# (4.95)

So the destruction operator can be written some different ways, for instance,

1 ieB e i ieB
_ Y+ ipy — =2 ; =—— in(o +-0s) - — 4.96
“ V2mehwp {p Py 2c (:c—i—zy)} V2mehwp { ' ( - r ¢> 2c r} ( )

4.1.8 Ground state wave functions

The last is not so pretty, however, consider it applied to a wave function v, which gives zero. The
ground states are its solutions:

i eB
A circularly symmetric solution would be a good place to start, with 9y = 0. Then the equation
is easy to integrate,

dy eB dy eB B

= — = ——7rd = 74567«2. 4.
= 2hcr1/) = ” opa’ & = P(r)=Ce (4.98)

That is a beautiful solution that is localized over a radius of the order of ry = /2hc/eB. With greater
magnetic field, 1) gets more strongly localized, as was suggested earlier based on the degeneracy
arguments. Another way to write this length scale is \/2%i/mewp, it is the same as the scale r( that
determines the squared radius operator A2. Because 1 is circularly symmetric, it has zero angular
momentum. Get the constant for normalization:

o _r2 o 2 2 1
/dzr |y)? = 02/ 2rrdr e "0 = C27r7°3/ d(T—2)e B =C*rri=1 = C=
0 0

So this normalized ground state is

1 r? 2hc
_ _ _ ) 2he 4.100
Yo VT o P { 2r2 } ’ "o eB ( )

Based on the differential equation (4.97) for ayp = 0, there should also be solutions with az-
imuthal dependence on ¢ varying as ¢%?, where [ is an integer (the quantum number for the angular
momentum). So with the separation of 1(r, ¢) = /%4 (r), other ground states must satisfy

d l B d l
{——;ﬁ—r}wl(r):o, or {d—p—;er}wz(p):(L pZ%- (4.101)

Luckily, this equation is very easy to solve! Since we know the solution when [ = 0, try a slight
modification with an unknown power s:

2 diy s
— s,—p°/2 ol _ [ 2
Pi(p) = Cp’e , then 7 (p p) Y. (4.102)

Inserted into the ODE, the function works exactly if s = . Now get the normalization also,

/dzr [v)? = 02/ 2nrg pdp pﬂ(f”2 = 027'(7"(2)/ du ute™ = C?*mr2 (1)) = 1 (4.103)
0 0
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The variable u = p? was used, as well as the basic integral that will be used various times,

/ du ule™ = 1! (4.104)
0
Then this normalization constant is 1
C=—n. (4.105)
W(l') To
Then the general ground state wave function that corresponds to the state vector |0,1) is
! i zef,ﬂ/z, ! elople=r?/2rg, (4.106)

wz(p#b)zme p wl(ru¢):W

The solution is valid only if [ > 0. Its angular momentum is clearly +IlA. Then there are no
negative angular momentum ground states! If desired, one could have obtained ; from applying
the coordinate representation of operator bf onto 1)y. I'll assume that all works out; this way was
much simpler.

The probability of finding the electron at some scaled radius p is proportional to 2mpdp |¢|%. A
short calculation shows where this peaks:
{pQHle*pz} = [(2l+ 1)p* — 2pp2l+1} e = P 214+ 1 —2p7] e =0 (4.107)

d d
d_p [P |¢z|2] X d_p

Thus the most likely place to find the electron is at

1 1
Pmax = l+§, or rmaxzwl+§ro. (4.108)

This increases with the canonical angular momentum in the state.

What about some of the ground state properties or expectation values? Look at the value
of its squared radius. Its center is clearly at the origin. So 72 can be averaged, which should be the
same as doing the average of A%, By design, however, we should have

A2)0,1) = r2(bTb +1/2)|0,1) = 72(1 + 1/2)0,1). (4.109)

That is, it is an eigenstate, and the eigenvalue is (I + 1/2)rZ. Check if that works out by the more
elementary approach, actually calculating

—r2r2 oo
02 = [ @ wirten = [2mrar 2 T[T gy e By = 12
= Freyy = [ 2mrdrr SO = wu e == (1+ 1) = (14 1)rg.
w(@)yrgH 1 o !

(4.110)
Curiously, this is not the same as the eigenvalue of A2. However, we could also check whether indeed
this is an eigenstate of A2. This takes more work. Look at the definition,

2 2
A2_X2+Y2_<x+ Ty > +(y— T > (4.111)

MmewWp mewWp

The squares can be easily expanded because the operators inside them commute. Then we get some
interesting parts,

2
Y

A2 — (22 + 2 +
( v) m2w% Mewp

(2 4+ 72) + [(xpy — Yps) — Z(xAy - yAz)} (4.112)

The first factor is just 72, the second is related to the energy operator, so v is an eigenfunction of
that, the third part is the angular momentum operator, and again v is one of its eigenfunctions.
But the last part is, in the symmetric gauge,

_ (B —B\N_B o, o B,
TA, yAI—$(2.’[:) y(2y>—2(:v +y)—27°. (4.113)

24



Then the total for the squared radius operator is

1 2 e B 2
A? =2 2m.H, L—=-=¢2 = H L). 4114
" +m§w]23(m 0)+mew3[ c 2" mew%( 0 +wsl) ( )

The dependence on coordinate r2 cancelled internally. Write this in dimensionless format,

2h Hy L Hy L
A? = — 4+ ) ==+ 2). 4.115
MeWp <hw3 + h) "o <hw3 + h) ( )

Now the state with wave function v; found above has the minimum energy eigenvalue, Hgy; =
(hwp /2)1, and it angular momentum eigenvalue is I7i. So it is indeed an eigenfunction (or eigenstate)
of A%, and that eigenvalue is

hwp/2 Ik
A? =q2 ( Ton + E) =(+1/2)0r2. (4.116)

So indeed, the expectation of 72 is actually different (and larger) than the eigenvalue of A? for these
states. But they measure different things. (r?) is the spread of the probability for the electron around
the origin, while A? relates to the its center position (X,Y’) for the cyclotron motion. Regardless
of which average is looked at, it increases linearly with [, the angular momentum. One might also
consider further at a later point, how to construct other ground states where X and Y are somehow
separately controlled (probably by some linear combinations of the states found here).

From the Hamiltonian and the original expression (4.39) for A%, compared with these last results,
we can find the following for the angular momentum,

A2 1 L 1
— =dlat s+ =bb+- = L=n(b—dla). (4.117)
g 2 h 2

Thus here is the explicit demonstration that the angular momentum is determined by the number
of "b-quanta” (this is np) minus the number of "a-quanta” (this is n). Starting from the ground
states, and then acting with a' to go to excited states, involves going towards more negative angular
momentum. Also the angular momentum eigenvalue is then

l=mnp—n. (4.118)

The number eigenvalues n, and n are both greater than or equal to zero. So one sees an interesting
result, that the angular momentum can only be positive in the ground state (n = 0). To get
a negative angular momentum (clockwise motion in the zy-plane for a positive electron) requires
n > 0, i.e., an excited state.

Some good questions to ask at this point are: Is there motion of the electron in the ground
states? In which direction? Does it agree with the direction for classical cyclotron motion? Does
the motion correspond to an electric current? Do the ground states with higher [ (or higher n;) have
a higher current? To answer these, one needs to consider the velocity operator, which is v = 7/m..
Expand it out to get the components, in the symmetric gauge,

bt bt ()

Due to the symmetry of the solution, it would make sense to look instead at the velocity components
in circular coordinates. Let me just check the transformation carefully. The transformation is based
on the transformation of the unit vectors,

7 = Z cos ¢ + ¢ sin ¢, :%zf“cosqﬁ—ésin(b,
¢ = —@sing + §cos e, § = Fsing + ¢cos . (4.120)
Any vector can be expanded in either system,

V = Up + vyl = P + Vs (4.121)
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So then transforming from Cartesian to circular,

v Vg (f“cos¢—q3sin¢)+vy (f“sin¢+q§cos¢)
= (vycO8¢ + vy, 80 @) 7 4 (—v, sin ¢ + v, cos @) b (4.122)

So the radial and azimuthal components can be read off this last line. Now applying these, together
with x = rcos ¢ and y = rsin ¢,

1 .
— [cos ¢ my + sin ¢ ]

v =
me
= % [cosqb (pz + %y) +sin¢ <py - %x)] = mie[coub Px +sing py] (4.123)
_ih . L T
= ’ {cosgb(cosgb 8T—Sm¢8¢>+sin¢<sin¢ar+cos¢3¢>} _ ﬁzp_'
Me r r me O me
1 .
Vo = [—sin¢ 1, + cos ¢ my]
1 B B 1 B
= Fe {—singf) (pz + 62_cy> + cos ¢ (py — 62—0;1;)} = m_e [(—Sin¢px +cos¢py) _ ‘;_CT
_ih . 5
e r r 2mec
_ —th 9 eB L) eB . 1 1 eB
 merdo  2mec  me  2mec  me (TLZ % r) : (4.124)

Here the obvious radial and azimuthal momentum operators come out, as could be expected, but
there is an extra azimuthal contribution due to the vector potential. Furthermore, to apply these,
however, one needs to remember that the physical current is real, and the quantum probability
current is determined from the real part of a product. So the electric current density components
in the ground states (4.106) found above are given by

Jr = Re{¢"(evr )b}, Jo = Re{™ (evy)9}. (4.125)

Look first at the radial component, which naively might be expected to be zero, because classically
one would think there is just some orbital cyclotron motion of the electron. I can get the radial
derivative from the differential equation for v;, and find

_ —ithoyy, —ih (1 eB
’U’rwl = . E = . (; — %T) ’(/Jl (4126)
Combining with ¢* gives
. _ —ih (1 eB 9
sivn =2 (L ) (4.127

OK, the result is pure imaginary. There is then no radial current density in any of the ground states.
Naive intuition was correct. Now for the azimuthal component, the ground states are eigenstates of
L, so this is simple:

1 (Ih eB
=— === . 4.128
vyt p~ (T e 7‘) (O ( )
Then the result for this component is indeed nonzero:
B . e (lh eB 9 eh N\ 7o, o
Jo = Re{yj (evy) i} = p (7 - %7’) i = p— (l - %> il (4.129)

This is a remarkable result! Near the origin, the current density is in the positive sense (for [ > 0).
[The positive sense is counterclockwise when viewed looking down onto the usual zy-plane, with
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the z-axis and magnetic field towards the observer.] But beyond the radius r > V1rg, the current
flows in the negative sense around the origin. This negative sense is what is expected for a classical
electron (positively charged) with the magnetic field in the positive z-direction. So over most of the
area of the zy-plane the current goes in the same direction as in the classical system. It is somehow
forced to go "backwards” over a small region near the origin with an area of about wlr3. Obviously,
for [ = 0, the current only flows around in the expected negative azimuthal direction. But it is very
curious that all of these different configurations end up having identical energies.

Obviously for large enough radius the current is practically zero, due to the exponential factor.
The functional dependence on radius can be summarized:

eh 1p2le_”2 eh 2
Js(p) = — (1 — p?) = = 1—p?) pHte . 4.130
»(p) MeTo ( P ) pr()rd  w(l)merd ( P )p c ( )

Consider the current direction at the most probable radius to find the electron. That is at the radius
p? =1+ 1/2. At that point, it is seen that the current flows in the negative sense, as expected from
classical considerations.

These ground states should create a magnetic dipole, due to the circulating current. That is
defined by the current times the area it encircles ((1/c)imr?, scaled by ¢ in CGS units). This
can be found here, by summing over the circular current contributions at each radius. This current
”density” has dimensions of current per length. The current travels in the ¢E direction, perpendicular
to 7. So the element of current is di = Jydr. Then the total magnetic dipole y; in one of the ground
state wave functions is

1 J e h
— /di ar? = /dr 2O mr? = / dr 7T7“2673 (l — p2) p2l_1e_p2.
c ¢ 0 m(I)meerg

M=
_ eh = 9\ ai41,—p2 €D /OO IR
- (l!)mec/o dp (1—p?) p*tle ™ = 2mecdl) J, du (I —u)u'e (4.131)
eh eh
= —[I)—-({U+D]=-— . 4.132
el =+ 1 = 5o (4.132)

(The transformation u = p? was used to do the integrations.) That’s also an amazing result: it
doesn’t depend on which ground state [, and the value is exactly negative one Bohr magneton (ug),
the atomic unit of orbital magnetic moment. This value of p would usually be associated with an
electron moving with an orbital angular momentum of #. The negative here is the sign expected for
the direction of the classical cyclotron motion in the clockwise sense.

4.1.9 Excited state wave functions

There are some different ways to find the excited states. One way is to apply the raising operator
a' to any of the ground states, a number of times equal to the energy excitation quanta that are
desired. The expression for that is somewhat complicated:

P me—imy 1 e e iy i ieB
= T~ Vo PP (e i} = { . <8T ra¢> iz r}
(4.133)
Applying this many times to any function could be tedious. It may actually be simpler to find the
excited states by solving Schrodinger’s equation. Using the symmetric gauge, it is simple to write

the Hamiltonian out,

R o o o iheB eB\* ,
Hy = e~ oo {—h 0z +0,) + (xﬁy—yaz)+<%> (x*+9y°) ¢ . (4.134)

The first operator is the Laplacian, V2. The operator in the middle is the angular momentum. The
last part is just squared radius. It is clear, for this gauge, that Hy commutes with L = L,. So the
eigenstates will have again an index [ related to the angular momentum, and a separated form like
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Y(r, ¢) = ¥, (r). Here the radial w.f. can depend on two indices, one that determines the energy
and the other for the angular momentum.
This is probably easyist to look at in circular coordinates, where we want to solve Hyyp = E,

32 22
[ n (aﬁ+lar+i2a§)— B B rﬂw:w (4.135)
T T

z
2Me 2mec M2

The angular momentum is L = [h. This also appears as part of the Laplacian. Further, the energy is
known to be E = E,, = hwp(n + 1/2). If needed, this can be helpful for finding the wave functions.
For just the radial wave function, there results,

—h? 1 & eBlh  €?B?
02 -0 -] -—+t— 2 =F 4.136
{2me < T+r 7°2> 2mec+8m602T ]1/) v ( )

It is put into a convenient dimensionless form by multiplying by 4/hwp, and using the variable

p =r1/r0, where rg = +/2h/m.wp:
1 12 4E
P o = —— =4 4.137
|: P p P+ p2 +p :| w th"/] 6¢ ( )

Here € is introduced as the2 energy in units of iwg. The asymptotics of this equation call for a
solution varying as v ~ e~# /2 for large radius. This suggests making a transformation to a different
form,

Vo= e W = (= pNe R = (" = 2pf — [+ p )e "/,
v+ %1// = [f” + (% —20)f' + (0 - 2)f] ek (4.138)

With that, the asymptotic dependence is removed, and the ODE becomes

—f"+ <2p— %) I+ i—if = (de+20-2)f (4.139)

Although it may look intimidating, this is actually a fun equation to solve. A single power of p does
not work. But a power series in p sounds like a good idea. Let that be

Flp) =" arp”, f=>"arkp*, 1= ak(k —1)p*2 (4.140)
k k k

This produces in the ODE

> an [(—K + k= k+1%)p" 2+ 2kp"] = " axde + 20 — 2]p" (4.141)
k k

Shifting k — k + 2 on the term with p*~2, this leads to a recursion relation for the coefficients,
[ — (k+2)%] aps2 = 2[2¢ + 1 — 1 — K]ay. (4.142)

This recursion could go in either direction: towards higher k or towards lower k. But for that to
work, the terms in the brackets can’t be zero. Of course, if one of them goes to zero, it leads to
a terminatin of the recursion, and an end to the series. This is a good thing when it happens,
because it will lead to constrants on the solution that determine both the energy eigenvalues and
the limitations on the allowed k. Also, it is clear, k always jumps by 2. So the solution either has
all even or all odd powers of p. However, one thing to be aware of: in the end, the solution for 1
cannot have negative powers of p, which would diverge at the origin.

Angular momentum parameter [ is already some chosen integer (positive or negative). Look at
the bracket on the LHS of (4.142). It will go to zero at index value k =1 —2 and k = —] — 2. These
two solutions means we need to be a little careful.

28



Positive angular momentum solutions. Suppose first that [ is positive, then the important
solution is k = [ — 2 (the other is a negative power, not allowed). The equation then says a;_o = 0.
That is one end of the series. This means the first nonzero coefficient is for k = knin = [. So the first
nonzero term in the series has to be a; # 0. For a state of angular momentum #%l, the lowest power
of p is p!. That is consistent with the ground state solutions (4.106) already determined earlier.

Now consider iterating to larger values of k. That iteration will terminate when the bracket on
the RHS of (4.142) is zero, at some particular k = ky,ax, which gives

e tl—1— ke =0 —> e:%(kmax—l—i—l). (4.143)
This is basically what was wanted. [ is already chosen and k.« is another integer that differs from
I by an even integer (k is incremented in steps of 2). Check that this works correctly if I = 0:
The energy is found to be € = (kmax + 1)/2. But kmax has to be an even integer, so the correct
energy levels will indeed come out. For the general case, suppose there are n ”steps” of the iteration
(incrementing k by 2) to generate ay, .. starting from a;. Then write this as

kmax = kmin +2n =101+ 2n (4144)

where n is a positive integer, and including zero. This gives the dimensionless energy as

€ =

1
(+2n—1+1)=n+ (4.145)

DN | =

which is the expected result.

Negative angular momentum solutions. Now what if [ is a negative number? Then the
termination on the LHS of (4.142) is due to k = —I — 2. The first nonzero term should now be
Emin = —[, which is a positive power. The first term in the power series is a_;p~!, but because
[ < 0 there is no divergence at the origin. These states cannot be ground states, but still one can
determine their wave functions via the power series. Their solution can be found almost the same
as that for positive . But there is one caveat. The minimum index can be written kpyi, = —1 = |I|.
The maximum iteration index is then

kmax = kmin +2n = |l| +2n (4146)
Then for the negative [ solutions, the energy formula is different than for positive I:

€= g lhma 1+ 1) = gl +20~ 1+ 1) =n il + 5 (4.147)
The formula, however, is the same as that for the positive angular momentum solutions, if we rename
n + || as the principal quantum number ”n”, and, make the stipulation that this new n must be
at least as large as |l], ie, ¢ = n + 1/2, with n > |l|. This is an interesting restriction only on the
negative angular momentum states. However, one can see it makes sense, if really the new n
is n = nyp + |I|, meaning, the original n that counted the steps of the iteration was actually ny, and
then the principle quantum number is related to I by the expected relation, n = ny — 1 — np + |1].

Now this all shows that the energy levels come out as one would like:

€ =

DN | =

1 1
ll+2n—-14+1)—»n+- = E,=hwp|(n+-=|. 4.148
2 2

That the energy levels come out correct is a good check of the solution. Indeed, there is no explicit
dependence on [. But there is an implicit dependence on [, because the negative [ states must have
n > |I|. This is a really subtle and interesting point.

The construction of the wave functions is summarized as follows.

1. Choose [, it could even be negative. But if it is negative, the state being constructed cannot
be a groud state.
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2. Choose the number of energy quanta to put into the system, n > —I (see pt. 4 below). The
power series will start with the term amp'” and end with the term a‘l|+2np|”+2".

3. Generate the expansion coeflicients starting from a; = 1 by iterating the recursion relation,
which can be expressed as

—22n+1—k  —2[kmax — K]

_ een e e mex TR 4.149
B (A, Py P Y () Py PR (4.149)

The terms oscillate in sign.

4. From the series that is formed, normalize the wave function. The wave function that results
corresponds to the state vector |n,l) introduced earlier. The value for the squared central
position will be

1
A? =r? <n+l+§) (4.150)

The number of ”a-quanta” is n and the number of ”b-quanta” is n 4 [. This looks like another
constraint, n + 1 > 0. Or, in fact, one needs to choose n > —I to get allowed states. But this
has no bearing on the positive [ states, and is the same as the constraint found for the negative
I states, n > [|I|. In other words, if it is a negative angular momentum state, it has to have
a number of energy quanta at least as large as the number of negative angular momentum
quanta.

Example: n =1 for any [. The solutions for negative [ look technically the same as those for
positive [, the only difference being what values of n can be chosen. For n = 1, the only allowed
choice of negative [ is | = —1. For any value of | the beginning term is Ky, = |I|]. The first
term is amp“'. There is only one iteration step, which will generate a‘l|+2p“|+2. With k& = |I] and
kmax = || + 2, that iteration gives

—2x2 —4CL|” —2CL|”

=— """ _ay = = ) 4.151
W= 22— T (i +2) T i +2 (4.151)
Then the solution for the radial w.f. becomes
2 2
_ 1— 02 ) pltle=r7/2 4.152
1#(7”) a|l\ ( |l| +2 > pe ( )
and the total w.f. would be ¢ = 9(r)e??. To get it normalized one has the integral,
I= /27rr2pdp a? (1 _ 1 0t + 1 p4) p2|”67”2 =1. (4.153)
0 . ] +2 (1] +2)?
With u = p?, this is
o 4 4
I = 2 2 / d (1 _ + 2) 1 ,—u
Troay ; U T +2u 0 +2)2u ul’le
4
_ 2 2 _ 2.2 _
1
Then the normalized w.f. for the n = 1,1 > —1 excited states is
e“‘i’ |: 2p2 ] 2
L P) = - He=p"/2 " for | > —1. 4.155

Apparently w.f.s for higher n can be found the same way, and it just becomes a matter of tedious
calculations. Probably with some more elegant mathematics, the solutions could be analyzed and
organized into a simpler format, in terms of some standard polynomials.
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To check some property of the solution, look at its current density and then its net magnetic
dipole moment. The current density is given from (4.129), which becomes in this case

ch 21— 202 12
Jy = 2 1— 4.156
¢ MeTo ( ) le' MeTo ( ) m(|l|N)rd [ 1] + 2] ( )
R 4p*
w|l[!merd |l|+2 (1] +2)2

eh 2|1|—1_—p? { < 41| > < 4 417 > 4 4 6
= — I— (14— )p?+ + -
witmerd? € +2)” 2 (+22)” " qrr22’

Do a little more arranging of the part in brackets,

_ 41| 8(lf|+1) 4
Jy~[] = 1— (1+ m) P+ (|l|+2)2p4— (|l|+2)2p6 (4.157)

Multiplication by 7r?/c and integration over radius gives the magnetic dipole moment,

J h h s
w = /dr 2= / dp p2ll+te=r" [..]= 67/ du ulle™[...] (4.158)
(& - Jo 0

2mecll]!

It’s ugly and I hope there isn’t an error. Somehow some magic cancellations might occur. All the
integrals are of the standard form (4.104), giving different factorials,

= g = (1 e v S -

|t +2 [+ 2)2 (|l|+3)!} (4.159)

(I +2)?

Some cancellations take place in the braces,

+1 (| +1)? I+ 1
= = =l +1) -4l +38 -4l +3) 75—
{h =1 (1 1) = 4l + 850 — 401+ 3)
|l|+1
I—|l|]-1-4 0=20l+1)++3
=1 = a5 =201+ 2) + 1+ 3
7]+ 1
= [—-|l|-1-4—+—. 4.160
=14 (4.160)
Then the result for the magnetic dipole in first excited states (n = 1,1 > 0) is
eh 7] +1
= I—l|-1-4 +—— 4.161
=g i i) (4.161)
I am not sure of this result, it does not have any beautiful simple form. It can be summarized also
as
I+1 eh >
= 1(71 +ﬁ4 l+2) 5mcr for 1 >0, (4.162)
3 Tmce for | = —

This is so weird I doubt that is correct. It does give, however, —3up for I = 0, and no more
than —bup at large I. It is interesting, though, that all these values are negative, which might be
encouraging.

4.2 AC fields acting on Landau levels?

The point of these calculations is to understand how EM waves induce electric (and magnetic)
polarization into the electron system, in the presence of the DC magnetic field. Thus, the next step
is to see the effect of an AC field on the electrons in Landau levels. The AC field to consider is the
oscillating optical electric field due to an electromagnetic wave passing through the system.

31



Before proceeding on that program, let me consider the degeneracy of the Landau levels—how
large is it, typically, in an experimental situation where Faraday rotation might be measured? How
many electrons can occupy each level? This is important for the counting of state occupancy, when
given a certain number density of electrons as in an electron gas.

Let’s suppose the DC magnetic field strength is 1.0 tesla. Then the cyclotron frequency in SI
units is ( 190)( )

eB 1.602 x 10~ 1.0T
=—= = 1.76 x 10" rad/s. 4.163
YB T e 9.11 x 10-3kg rad/s (4.163)
This corresponds to a frequency f = wp/2m = 28 GHz, well below optical frequencies. Then the
Landau length scale 7y is

oh 6.626 x 10-34Js/7
Y — 36 nm. 4.164
"=\ mews \/(9.11 » 10—31kg)(1.76 x 101 rad/s) o (4.164)

This is much larger than I expected! If the magnetic field were smaller, this size would be even
bigger. For instance, at B = 0.1 T, using the alternative form in SI units,

2h 6.626 x 10-34Js/7
"=VeB T \/(1.602 < 10-C)(0.1T) Lo mm (4.165)
This is much larger than the typical size of nanoparticles that I might be interested in.

The degeneracy of any Landau level is np max &~ (R/70)?, for a system of radius R. Suppose the
system is a particle with a radius of 1000 nm, in the 1.0 T field. The degeneracy is then about
(1000/36)% ~ 800. Many electrons could squeeze into each level. On the other hand, suppose the
system is a nanoparticle with a radius of only 10 nm, then, the degeneracy comes out (10/36)% ~ 0.08;
what does that mean?? It could only mean that the system constrains the electrons so much, that
the effects of the boundaries are important. The sense of Landau levels as discussed in these notes
would not really apply, it seems. Then what? Further, the size of rg is much much greater than
the electron displacements expected due to moderate sized electric fields in an optical pulse (on the
order of 10714 m for 500 nm wavelength light of electric field amplitude 1.0 MV/m). If the Landau
level wavefunction does not fit into the system, then these solutions are incorrect. So there has to
be some different theory for the effects of the DC magnetic field in this situation.

4.3 Magnetic states in confined cylindrical geometry

So for the moment consider this situation of a nanometer-sized system, much smaller than ry for
the given applied DC magnetic field. Then the Landau ground state wavefunction does not fit into
the system, it does not apply. Instead, what are the states when the boundary condition is that the
wave function goes to zero at the boundary of the system? Let me assume a circular system of radius
R. Essentially, this is a cylindrical particle. It could still have a long dimension along the z-axis,
parallel to the magnetic field. That may not be totally realistic, however, it can give some idea of
the differences encountered, compared to using the Landau levels in an unconstrained geometry.

One can start from the differential equation (4.135) used to find the excited Landau levels. The
critical assumption to make is that the scaled radius p = r/rg < 1. Then the term in r? in the
potential an be ignored. Taking the wave function in the separated form, ¥(p, @) = e®1(p), the
angular momentum is L = [h, and the radial equation is reduced to

—h? 1 (il)? eBIh
O+ =0+~ | — =E 4.166
[2me<r+r +r2) 2mec}¢ v (4.166)
With some re-arranging this becomes Bessel’s equation, following these steps,
—n? 1 & eBlh
%+ -0, — = = E 4.167
2me< T+r r2>w < +2mec>¢ ( )
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Move things around some more,

1

1 2
IS S S PSR A DV
2me (E—i— eBm) (67" + TaT Tz) Y=-9 (4.168)

2mec

Define a new position variable,

2me eBlh
T = ar, o= \/ 2 (E + 2mec) (4.169)

Then the equation is indeed Bessel’s equation:

2
<a§ + iaz - % + 1) Y =0 (4.170)

The solutions that are finite at the origin are the Bessel functions of the first kind, J;(x). To get the
wave function to go to zero at the system boundary, » = R, one needs to do

J(@R) =0 = a= %, n=1,2,3,.. (4.171)

So the o must be chosen based on the zeros of the Bessel functions, where x, is the n'® zero of
Ji(z). Then once « is determined for some particular solution, it allows calculation of the energy,

2 2, 2
5 Thy _ 2Me (E+ eBlﬁ) . B eBlh hxi, (4.172)

¢ TR T iR 2Mec C 2mec | 2moR%

For the solution to be valid, the energy must be greater than 0. It seems this could put a restriction
on the size of [ for a chosen n, but that is hard to see by inspection. One can see from the assumption
of r < R < rp, the following

2he h? h*-eB 1
RRr<« ™= — =-h 4.173
<ZB moR2 ~ 2my,2he 4P (4.173)
The energy and the wave function can be written also as
Rx? 1 . r
— n_ _ — ilg I
Bip= gttty = ghop,  thn = Ce'J (:cm R) . (4.174)
This means that the energy has to be larger than (approximately)
1 l x2n hwp
Ep > Zthxfn — hws = <% - l) - (4.175)

For small [ this will be easily satisfied, and the only question might concern large values of [. For
example, if [ = 50, probably the first root of J50(x) is not as large as 10?? It would require a value
of x, > 10 for the energy result to be positive. This could imply a minimum value of n for any
chosen [, which seems reasonable, based on the solutions found for the excited Landau levels.

The energy can be written in a better format, for example, using r¢ = 2%i/m.wp,

h2a? ro\2 [ T2 7o) 2 hwp
B, = 1% (_) ~ s = ﬂ(_) | B 4.176
" ma \R) T 2"PT |2 \R 2 (4.176)

This solution makes better sense when the magnetic field is weaker and then ro/R is larger. But
even at the example parameters for B = 1.0 T, we might have ro/R = 36/10, and energies given by

h
B = (6.527, — 1) % (4.177)
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Now to check the validity of these solutions and the energies, I could try an approximate asymp-
totic expression for the zeros of J;(z). T am not sure of its accuracy for large [, but it should be good
for large n. Based on the asymptotic formula,

, (4.178)

then the zeros can be approximated from the zeros of the cosine, which occur when its argument is
an odd integer times /2, i.e., (2n — 1) /2, for the different roots, n = 1,2, 3... So there results

1
Check the case mentioned above, I = 50; the formula gives x59,1 ~ 81. That is much greater than
the “10” we had wanted, so that solution should be good.
Now the worst case to test should be when [ is large, and we want to see if the first root, n =1,

will give a positive energy. So put n = 1. The energy is dependent on :vfn — 2l. T have

3 22
o} = (5 +z> (g) > 212, (4.180)

That is certainly true (for positive [) by ignoring the 3/2 and approximating (7/2)? a~ 2. Then this
gives a good bound on the energies for all the positive [ states,

h h
25 S ol - 1)% > 0. (4.181)

E171 > (517121 — 21)
In fact, for any [ this gives a number greater than or equal to zero. It is a reasonably good demon-
stration that the solutions found work for all choices of [ and all n > 1. It does have the weakness,
however, of depending on the asymptotoic form of the Bessel functions and their roots.

4.4 Magnetic states in confined spherical geometry?

One could even better, try to solve the same problem (igonoring again the r2 term in the potential)
with a spherical boundary of radius R. This is more realistic for a spherical nanoparticle. The
differential equation is nearly the same, just with the Laplacian for polar spherical coordinates,

while the z-component of angular momentum is still the same formula, L, = —ihdy. But it helps
to use a known fact from QM, that the KE depends on
L2 2o (4,0
2 2 L 2_ N9 20
P =Dy + T'2 ) yg= T2 87" (T 87’) . (4182)

So the KE term depends only on the magnitude of the angular momentum, and the Schrodinger

equation is
32 72
{ W19 <r2g>+L——£Lz}1/;_E1/J (4.183)
or eC

2m, 12 Or 2m.r?  2m

Now in this case, the solutions can be written using the eigenfunctions of L? and L., which are the
spherical harmonics Y}, (6, ¢), with eigenvalues (I + 1)h2 and mh, respectively. So the solutions can
be written ¢ = Y}, (0, ¢)1(r), where the radial equation is

{—h21 a<za> I(14+1)h*  eBmh
- _

2me 2 Or or 2mer? 2mec

}wm — Bo(r) (4.184)

I can do a similar re-arrangement as that done for the cylindrical problem,

2me eBmh
h2 (E+ 2mec
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This suggests a new radial variable,

2me Bmh
x = ar, a=\/ﬂ(E+e m ) (4.186)

2mec

Then the differential equation becomes

Conveniently, this is also an equation whose solution is known (because we removed the potential).
It can also be expressed as

92 20 Il+1) B
{W—FE%— ) +1}1/)($)—0 (4188)

If the “2” was a 1 it would be Bessel’s equation. But that can be arranged. It helps to transform to
a rescaled radial wave function by 9 (x) = u(z)/+/z. Then there are the derivatives,

0 u 1 , 1 % u 1 s 1, 3 u
v AURE T N =3 Sk 1 ARETRE 1 1= )

1
T 2

[82 20

-+ = - 2 u/_iu +L u”_lu’+l § u
0x2  z x|z x

2x VT

1
VT
1 1
"+ —u — —u} (4.190)
T

1
— |u
N [ 4x2
The transformation changes the 2 into a 1, but adds an extra term. Now the differential equation

has become
1 B (l-1)

422 2

The factors 1 + 1% +1 = (I 4+ %)% Then this is a Bessel equation at a half integer order, v = [ + 1:

1
u’ + = u+u=0 (4.191)
T

1 I+3)?
w4+ = — %u +u=0 (4.192)
x x
So the solutions are basically
1
P(x) = —= Jipa (o), (4.193)

VT

which are the spherical Bessel functions, except for a constant of /7/2. That statement is not too
enlightening, as I like to see how things behave in terms of something more concrete. If in fact, one
went instead to the more usual transformation, ¢(x) = f(z)/x, then the needed derivatives are

1 1 1 2 2
1/)/—_[f/—_f:|7 1/}//__{f//__f/+_2f:| (4.194)
x T T T T
2 2 1 1 1 2 2 1
_wl‘f'w”:_'_[f/__f]'i__[f//__f/+_2f]:_f” (4.195)
T T T x x x T
Then the differential equation is really simple:
I(l+1
f”+<1_ (;; ))f_() (4.196)

This is an ODE whose solutions ) = f/x are some spherical Bessel functions. These may not be
the usual spherical Bessel functions in scattering theory, because there the solution should be finite
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at large x, whereas here, we want solutions finite at £ — 0. At [ = 0 one sees the solutions for f(x)

are sinz and cosz functions. What about for general [?7 The power series solution works well here,

because it results in a finite series. But it helps to first take out the oscillatory behaviour. So let

f(x) = e*®g(x), where s = 1. Then with f' = e*%(g’ +isg’), and f" = e'*(g" + 2isg’ — g), there

results now,

I(l+1)
22

g’ + 2isg’ — g=0. (4.197)
Although it seems we are going in circles, that got rid of the term with just f or g. Now look for
solutions finite at the origin, the center of the nanoparticle. Do a power series, which is always fun,
ha ha, In this case, it requires negative powers to get a simple solution!

g9=> arz* g == arkaF g = ark(k+ 1)z, (4.198)
k k k

Shifting the indices so that all are the same powers, 2~*~2, the recursion relation is
apk(k+1) — 2isapr1(k+1) =11+ 1)ar =0 (4.199)

This can be expressed as
k(k+1)—1(+1)
2is(k+1)

The numerator goes to zero when k = [, which defines the end of the series. That would imply
a;4+1 = 0. This suggests that a; and all coeflicients at lower indexes are non-zero. They can be built
up, starting from assuming ag = 1.

For [ = 0, one can choose ag = 1/2, and the solutions for ¢ are just 1 = e***/2z. One can
form linear combinations, which obvious could be cosz/z and sinz/x, only the latter is finite at
the origin. But it will have zeros determined by the sine, which makes fitting the desired boundary
condition very easy, I think.

Ap+1 = ag. (4200)

For I =1, select ag = —1/2, then as and above will be zero, but
-2 . elsr 1S
a1 = —ag = 18ag, Py = 14+ —]ag, s=1. (4.201)
218 x T

By themselves these diverge at the origin, however, their difference is

isinx  1cosx
+

= — = 4.202
Y=gy =+ (4.202)
and their sum is .
cosx  sinzx
Y=9¢_+9Y;=— 5 (4.203)

x
The sum is both imaginary, and divergent at the origin—not a solution desired for the NP problem.
The difference is an acceptable solution, in fact, it is the usual spherical Bessel function j;(x).

Try one more, at [ = 2, with ag = —1/2. The iterations give

a] = _221(83) ao = 3isag, as = %(22)(3)@1 =isa; = —3ag. (4.204)
Then the solutions are
e = (1 L %) ap, §= -+l (4.205)
T T T
Their difference is o ] .
1/}:1/}7_¢+:zs1nx+3zcosx_3zsmx (4.206)

x 2 3

and their sum is 35l 5
cos T sinx coszT
R e

T

(4.207)

3
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Now this is curious. In this case, the difference is divergent at the origin, due to the last term. The
sum is convergent at the origin, and is proportional to the spherical Bessel function js(x).

Obviously the mathematicians have categorized these functions,so I don’t need to derive more
on that here. In the end what we will use, is that the solutions regular at the origin at the set of
spherical Bessel functions, ¢(z) ~ j;(z). These are also expressed as

i) = \/g Jip1(@). (4.208)

Then the wave functions for the energy eigenstates are
¢(7°a 97 ¢) = C.?l (O”.) lem (97 ¢)7 with jl (OéR) =0. (4209)

The boundary condition at the surface of the sphere, r = R, will select the correct values of o that
fits the solution into the sphere. That will relate to the zeros of the Bessel functions, aR = x;,, n =
1,2,3..., similar to the problem solved in cylindrical coordinates. In this case, of course, the zeros
of the spherical Bessel functions need to be used. Then the relation between o and energy can be
inverted and gives the energy eigenvalues, very similar to the cylindrical problem,

h*a?  eBmh ﬁ2xl2n eBmh

Elmn = — = — 4.210
tm, 2me. 2mec 2m.R? 2mec ( )

With the definition of the Landau length r2 = 2h/m.wp, and wp = eB/mecc, this is also arranged

as
RAx2 roN2 m 22 1o 2 hw
B = gt (7) = 5w = [ (3) -] 557 (a2

The similarity to the solution in cylindrical coordinates is somewhat surprising. Now I have an extra
quantum index, but only because I had left out a longitudinal quantum index for the KE associated
with p, in the cylindrical problem. My belief at this point, is that all the possible choices of [, m,n
will give acceptable solutions with energies greater than zero, as long as the system is smaller than
the Landau length, R < rg. To go much further here, seems to require some numerical evaluations.

One could ask, however, if the creation/annihilation operator algebra works in the confined
geometry. At this point, I don’t know the answer to that question—except that it certainly does not
give the correct energy eigenvalues, without some kind of modification. One would need to account
for the dropping of the r2 term in the potential, due to A? being ignored here.

One can check the ground state energy for this problem. I will guess that is associated with an
[ = 0 state, only because then there is only left the p? and pz KE terms. If [ = 0 then the only
choice for the azimuthal number is m = 0. Then there is no angular dependence and the actual
wave function will look like

sin ar

1/’0,0,1(73 67 ¢) =C

The zeros occur where aR = x = nmw, n = 1,2, 3.... The energies in the set of spherically symmetric
states are

(4.212)

n?m? 11\ 2
Eoom =21 (—) hwp. 1.213
0,0, 1 R WR ( )
The lowest choice for an eigenstate is x = xg; = 7. So the ground state energy is
7T2 To 2
Foo1 = — (—) hwp. 4.214
0,0,1 1 \ B WR ( )

Consider a setup where 9 &~ 115 nm (at B = 0.10 T) and the particle size is R = 11.5 nm. Then
the spacing of these energy levels is determined by the factor (72/4) x 10% x hwp = 250 hiwp. In these
units, this looks large. It is a situation where the quantum confinement effects are overpowering the
magnetic field effects. For a real electron living in electron bands, it is not totally clear how the
effects of confinement and the local potential responsible for the bands work together to produce the
total energy. This calculation suggests that also the general theory for the bands must be modified
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slightly, and the confinement potential could become large in nanoparticles. However, that depends
on the actual numerical values for the band energies and fiwp. The latter is not very large at 0.10 T,
being only hwp =~ (1.054 x 10734J 5)(1.76 x 10*°rad/s)/(1.602 x 1071°J/eV) = 1.2 x 10~° eV. The
band energies, will be from tenths of eV to eV, hence they still dominate the dynamics. Furthermore,
the confinement energy does not actually depend on B, see expression (4.210). So in the end, it will
probably not significantly affect magneto-optical properties like the Faraday rotation. That will still
be determined just by the term coupling B to the angular momentum quantum number m.

If T go to the limit where these solutions should start to break down, that is when the system
radius is equal to the Landau length, R = ry. There the ground state energy becomes

2
Eoo1= %th ~ 2.5hwp. (4.215)

That is good, because we should not get a result less than 0.5hwp, or there would be something
really wrong. This shows that the approximations used are reasonable.

For comparison, consider [ = 1 states. Now one can have m = 0, 1, leading to energy shifts of
+0.5hwp. For the wave function ¢ ~ ji(x), the first few zeros are at

T1n ~ 4.49, 7.73, 10.9, 14.1, 17,2.... (4.216)

which I got from a calculator at http://keisan.casio.com/has10/SpecExec.cgi. In this case, the lowest
state of the [ = 1 family will be

B 4.49% rrp\2 hwp 70\ 2 hwp
E1,1,1—|: . (E) _I]T” [10.1 (E) -1 =E (4.217)

For R = ry, this gives E; 1,1 = 9.6hwp. So it is higher than the lowest [ = 0 state.

One could also, ask, shouldn’t the energy levels change by +hwg? It is a reasonable question,
but the difficulty is that there are different effects producing the total energy, not just a magnetic
effect. The confinement causes the energy levels and spacing to change dramatically. Also, my
way of writing the energy in units of hwp is misleading. In fact, the confinement term does not
depend on B, as already mentioned, and the magnetic term is —mhwp/2. The magnetic spacing
is actually hiwp /2. The real curiousity might the factor of 1/2 here! However, that actually makes
sense, because the same factor of 1/2 appears in the definition of the Bohr magneton, up = efi/2me,
and this magnetic emergy is just —ii - B = —anz B, = —mupB. Indeed, in the usual Landau levels
of an infinite system, this term due to L, is cancelled by another term, so the total energy appears
mostly independent of L, (except for the constraints between n and I when ! < 0 there).

4.4.1 A classical particle in a confined geometry?

For comparison, what if a classical charge e were confined to move around inside a small sphere or
cylinder? What would be the typical energy? This may not be a well-defined question, since we
know at some level that classical mechanics will break down in small systems. But it could be good
for a comparison of the order of magnitude of the energy.

The classical Larmour frequency is still wg = eB/me. With v = wpr, the kinetic energy of the
particle in a cyclotron orbit of radus r is F = %va = %mw%r? But now the radius can’t be larger
than the particle. Consider a particle of radius 10 nm in the 0.10 T magnetic field. The Larmor
angular frequency for an electron is wg = 1.76 x 1019 rad/s. If it were in an orbit of 5 nm radius,
its speed is only 88 m/s! Then its kinetic energy is only 3.5 x 10727 J, which is ridiculously small.

On the other hand,the QM energy unit would be considerably larger, hwp = 1.9 x 10724 J. It is
clear a classical description would not be valid. The de Broglie wavelength would be on the order of
h/mv ~ 8 x 1075 m. One can forget about any kind of semi-classical limit here. Then a comparison
with classical mechanics is not of much use. Still, it was interesting to see how the numbers work
out. Further, it gives some credence to the widely spaced energy levels that come out if cases like

this, with R/ro ~ 115/10 ~ 11.
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4.5 An adequate theory for coupling to the DC magnetic field?

It is shown already that the concept of Landau levels does not apply if the system is too small.
Still, the primary effect of the applied DC magnetic field is to cause splittings of the orbital angular
momentum states, labeled by the quantum index m. The fact that the band states are getting
confined is true, but not so important in terms of their dependence on magnetic field. The splitting
into subbands due to confinement occurs even in the absence of B, see (4.210). These splittings
are two separate effects. Since I am mainly interested in Faraday rotation effects, I can ignore the
confinement effects on the energy bands. That just gives a set of subbands, still, the important
perturbation on them due to the DC magnetic field is

(A -

L. (4.218)

AE, = —jir, -B=—mupB, fr = 5

MeC

This involves the orbital angular momentum and the component of its related magnetic dipole

moment fi; along the DC magnetic field. The component of [i;, along B is just mup, where

up = ZEZC is the Bohr magneton, the atomic unit of orbital angular momentum. This term comes

directly from the cross term of squaring p — £A in the KE. It is already included intrinsically in the
Landau level Hamiltonian.

In the paper on “Faraday effect in semi-conductors,” by Boswara, Howard, and Lidiard? they
have included an energy for Landau levels, fiwp(n + 1/2), and also, the above term. That is wrong!
That would be counting this interaction twice, it does not make sense. In what I want to do here,
I am already going to forget about the Landau levels, because they do not apply in nano particles,
but I do need to include this orbital angular momentum term. It will be the term most responsible
for causing Faraday rotation, I believe.

So in the end, after much study of Landau levels and confined states, I will not really need any
of that to make a simplified QM model for the Faraday rotation. The simplified model has electrons
in band states, together with this angular momentum coupling. I think spin can be ignored, because
the transitions caused by the optical field do not couple to spin. The transitions do couple to L.,
because the photon carries +7 of angular momentum along the propagation direction, which is the
z-direction in the Faraday setup. That means, as stated in BWL, that the electronic transitions
needed must follow the transition rule Am = £1. These correspond to either right or left handed
circularly polarized photons. I'll clarify the polarizations later.

There may also arise questions about the degeneracy of certain terms involving transitions, and /or
counting of initial and final states. That counting should be associated with any corresponding
counting of the density of states for initial final levels of an electron. I will apply the theory for
the dielectric function as developed in the previous set of notes, especially as concerns band-to-band
transitions. However, the response of free conduction electrons should not need the interband theory.
It may be very simple and comparable to the plasma response encountered earlier, as caused only
by the oscillating vector potential of the optical field.

If the sets of subbands caused by confinement were taken into account, supposing they are
orthonormal, there would not be any allowed transitions from one to the other. Then, we can
suppose we are doing a theory where all electrons considered are in the lowest of the confined
subband states. If we consider transitions from valence to conduction band, still, suppose they are
both in the lowest of the confined bands. Really, this means ignoring the energy structure due to
geometric confinement. The only sense of the geometric confinement, is that the Landau energy
levels are not used at all. The splitting due to geometric confinement is likely to be large compared
to the magnetic splitting, hence, it should make sense to ignore it.

5 Quantum dielectric function with DC magnetic field

The paper BWL finds expressions for the Faraday rotation angle in terms of B. Instead, here I want
to get the dielectric function €(w) and its dependence on B, a result that I will use in more complex

2Proc. Royal Soc. London, Series A, Mathematical and Sciences, Vol. 269, No. 1336 pp. 125-141 (Aug. 21, 1962),
also at http://www.jstor.org/stable/2414441
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geometry situations. Thus I want the bulk € but I do not want the bulk Verdet function or Faraday
angle directly at this point.

In part A of Dielectrics the response theory via density matrix was used to get € mainly from
averaging of the electric polarization operator P = nd = ner, and also from the current density
operator, J= nev, for n = N/V electrons per unit volume, and velocity operator

v:i[p—E(A—FA)} (5.1)
Me c
The first vector potential is of the DC magnetic field, and the second is the oscillating optical field,
which is the perturbation. When this is averaged, it gives the current density averaged over the
whole volume of the system. Once we know the part of J that oscillates at the same frequency as
the optical source, it can be used to get the dielectric function. The electric polarization and the
susceptibility and associated current density are related to the electric field by

P =x(w)-E, J = —iwP. (5.2)

Then there is a direct connection between the current density and electric field, which ends up giving
the susceptibility and permittivity,

J = —iwx(w) - E, €w) =14+4rx(w). (5.3)
Thus the approach generally rests on finding the current density, then getting the susceptibility,
including the damping constant, from the symbolic division,

J

X(w) = R (5.4)

The main steps of finding the dielectric function from the current density are summarized here.
The DC vector potential here will not produce a current oscillating at frequency w. Therefore it
may be OK to ignore it in the calculation of J. In any case, based on finding the averaged current
density, that averaging via the perturbation of the density matrix by A gives an expression,

J = (nev) = Tr{nev(po + p1)} = ne (Tr{pov} + Tr{p1v}) = Jo + J1. (5.5)

The unperturbed density matrix pg is associated with the Hamiltonian that includes the normal KE,
the band’s potential, and the DC magnetic field,

2

P e

Hy = U(r) — A- 5.6

0 2me +U(r) MeC P (56)

The last term, in the symmetric gauge, is the same as —ji;, - B = —mpupB that was mentioned

earlier. These states are labeled by a band index b, a wave vector k, and the angular momentum
quantum number m, and have energies F;. The DC field enters in these energies.

The perturbation is the AC EM field, as it interacts with momentum and with the DC vector
potential! The term in the Hamiltonian is
e ~ ~

A7, A = A eilar—et), (5.7)

Hy =

mecA . (p B ZA) MeC

Here I am using 7 as an operator containing the DC vector potential but not the AC part. The
corresponding variation caused in the density matrix is

N (Wi —wp) L) (P ) G
pr= ; hw + i) + (B; — Ey) (58)

The factor v is a somewhat artificial damping constant, written here as a frequency, introduced for
convergence. It is supposed to represent the slow turning on of the perturbation for times ¢ < 0.
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Alternatively, its presence means the solution is found with the retarded Green’s function. It has to
be the same ~ that is damping the electron motion in the expression connecting J and E.

One can see that terms depending on the square of the vector potential (and cross terms between
A and A) are ignored. Ignoring the square of the DC vector potential is exactly the same as the
approximation we made that the system is very small compared to the Landau length. Ignoring the
square of the AC vector potential means that nonlinear optical terms are excluded. It is useful to
express the perturbation in terms of its electric field, in the Coulomb gauge,
10A  i(w+iv) « e

i L0y QO - A
c Ot ¢ ! i(w 4 iy)me

AL

(5.9)

Note: I included the imaginary damping part of the frequency here. It is said to represent the
turning on of the perturbation for negative times. The damping in the system is phenomenological
and causes a phase shift between the applied field and the response of the current. This factor of
is needed here if the results are intended to agree with the classical physics calculatons. Further, it
is needed so that results from averaging of electric polarization agree with those from averaging the
current density.

This means the required matrix elements of the perturbation are

e

WUKENATCE + Eyfty)e' i) (5.10)

(flH:]i) = —
Generally one will do the dipole approximation and take e’d* = 1.

5.1 The averaged polarization

For polarization averaging as was done in Part A, the calculation is fairly simple, but remember
it does not seem to include the plasma current term, curiously. We want the following statistical

average:
P = (ner) = Tr {p1 ner}. (5.11)

This is equivalent to a matrix product followed by summing over both indices,

P=ne» pusiti. (5.12)
fi

Even with the DC magnetic field, this calculation is the same as without it. The effect of B is only
to change the energy levels. Inserting the required matrix elements, this is

P=ney h((“’i — DU 15 1y (5.13)

We can transform into velocity matrix elements, or equivalently, matrix elements of the 7 kinetic
momentum operator. Try the usual trick. Look at the commutator of r with the Hamiltonian,

2 .
e eB —ih eB .
H = — L, x]= z — h 5.14
(Hova] = | 20| = S Lesal = s = 2 (i) (5.14)
That can be simplified to

—ih B —ih —ih
[H07:E] = - (pm + e_y> = - (p;v - EAm) = - Ty = —thi,. (515)

Me 2c Me c Me

That’s very good, it shows the velocity operator! (As it should.) Check the same for the y-
component,

2 .
p eB —ih eB .
H, — Y _ Lz — — —h 5.16

[Ho, y] l—me,y] 2mec[ Y] — 2mec( ih) (5.16)
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This one simplifies to

—1ih eB —1ih e —ih o
[Ho,y] = E (py - 2—55) = (py - EAU) = Ty = —ihiy. (5.17)

MmeC Me Me

It means that one really should include the vector potential terms, and then the matrix elements
are much easier! This even includes the effects of correctly averaging the vector potential over the
volume of the system. For example, between two states we have

1Me

o (Er = Bi){flli) (5.18)

zme

(fl72li) = (fl—=—[Ho, z]|i) =

The same can be done for y, and for z it works too although there is no A.. So the momentum
m.e.s become dipole m.e.s and vice-versa. The matrix elements needed can be expressed from

(flrli) = imeogs (fIrli),  wp= (5.19)

Also, instead of 7, one can use @ = m,V,

(fIvli) = iwyi (f]r]), (5.20)

Now we have all that is needed to get the polarization averaging expression. One gets in terms
of the 7 variables,

p ey - UGt BT hife)

~  hwtiy+(Ei—Ey)  im(Ei — Ey) (5:21)
This is usually expressed using the transition frequencies,
b= R(w + iy)m2 Z |Z|—J|c—>z<j|—i]-3w;| L (5:22)
Instead, in terms of the velocity it is simpler, but nearly the same.
_ s () (VAU ) 523

h(w + i) 7 wif w+ iy + wif

Factoring out the electric field, the result for the susceptibility components is the same expression
as found in the absence of the DC magnetic field, using either the 7 or velocity operator, from
polarization averaging,

_ ne? (wi —wy) (i|7al £){f|7]3)

Xab = m2h(w + iv) Z wif w4 iy + wiy (5.24)
_ ne? (w; —wy) (@|0a] f){f]06]1)

Xab = T“L(w—i-iv) Z wif w+i’7+wif . (5.25)

Note that there does not appear to be the plasmon term. Or, perhaps it is hiding in there?!
It is convenient to write this in a form with dimensionless factors times a dimensionless sum, like

2
—ne
T " 2
Xab mew(w—i—i’y) xS b (5 6)
5, = — Z (w; —wy) <1|Wa|f><f|7rb|l> (5.27)
meh = Wif w+ vy + wif
Sap = —mewz (w; —wy) <z|va|f><f|vb|z> (5.28)
A T wif w+ 1y + wif



Eventually we need the susceptibilities and permittivities for left and right circular polarizations.
These susceptibilities come from the combinations,

XR = Xzz — iXﬂcya XL = Xzz + iny- (5'29)

We can see that each polarization needs a slightly different sum,

mJL - Wi Wiy + wir
- (i 7| f) (|7 + iy |0)
S, = . 5.31
L meh Z wif w4y + wir ( )
There appears an assymetry here between z and y indices. But we know Xzz = Xyy. S0 we

should be able to arrange this differently, if desired. We could have done xgr = Xyy — iXzy OF even
XR = Xyy + *Xyz, and similarly to get xr. If we did a symmetrical sum:

1 .
XR = 3 [Xax + Xyy — 1 (Xxy - Xyz)] ) (5.32)

2

the matrix element factors would be
= (ilFa| [)(fIFali) + (ilay | /) (FRyl0) — iilFal ) IRy i) + @il 7y ) f 1 Fald)
= (il(fn + iy | ) f| (o — 17y |i) = [(f| (R — ity )|} (5.33)

There is the opposite sign on all the 7, for the left polarization result. Remembering to divide by 2
because this is a double counting, we get now, for polarization averaging,

- i = wy) [(f e — ity |i)
Sp = - 5.34
p Qmehz T oy (5.34)
_ - Z —wf [(f | + ity i)
Sr = 2meh Wiy Fwip (5.35)

When right polarization is identified by helicity ¥ = —1 and left by helicity v = +1, these can
be combined into one formula,

_ = (wi — wy) [(f|fa +iviy|i)*  [v=+1=L
S, = SR ; o : (5.36)

w + 1y + wif v=-1=R

We can also do the symmetrization into occupied (i) and unoccupied (f) bands, which makes
more sense at low temperature. This is really just splitting the sum into two, and swapping the
indices. The 7 index is about half of the states, and the f index is the other half of the states, so
this is not double counting. We've done this before. It gives initially

w; —w Va (% Va v
; - Z Zj: : wir . u|1+|{7 ﬂwb'f Z Z o lJ{ﬁ'wy (5.37)
Switching the names ¢ <> f in the second sum, and then reversing wy; = —w;y, etc., gives two terms
that add with the same sign, so the susceptibility from polarization averaging is
Y= ZZ ) (RPN | RO, (g
or o B o
Xeb = 5T Z Z { i'fi'{ i@z? + <Z|Jvi|‘£>7<f |Z"|:> } . (5.39)
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In a form with dimensionless factors times a dimensionless sum, this is

Xab = (7) X Sab; (540)

o _ - ZZ -—w, {<z’|ﬁa|f><f|ﬁb|z'>+<z‘|ﬁblf><flffali>}, (5.41)

w + 17y + wif W+ 1y — wir

o _me ZZ { |va|f><f|vb|>+<i|@b|f><f|@a|i>}' (5.42)

w—i—w—i—wlf W+ 1Y — Wiy

Also going to the formulas for rlght (v =—1) and left (v = +1) circular polarizations, we have

5= =2 Sy wimwg) [WlRe +m i e ol fr=ti=Lo
2mch ey wif w1y + wir W+ 1y — wif v=—-1=R

5.2 Current averaging: The plasma current term due to py

For the first term in the current density, it seems to be the same as the plasma term found earlier.
1 . e . 1
(v)o = — [Tr{op} — “Tr{po(A + A)}] (5.44)

The averaged momentum in the unperturbed state is zero. Further, the average of the DC vector
potential (symmetric gauge) gives something that does not oscillate. That leaves only the average
of the oscillating field, performed over some volume smaller than the wavelength, so that the dipole
approximation is valid. Let me look carefully at the averaging of the vector potential terms. If we
did this by first finding the local space-dependent current density, one would need to use the local
operator, as shown in other notes,

2 X
|7)(r| Aot (7, 1) (5.45)

MmeC

jA(T‘, t) =

It’s expectation value gives the current density at some point (not averaged over volume yet)
jat) = Tr{pojaf =D (kD wilidi
k i

2
—¢ i(qr—(wti
_ m_Amt E:wu (r|k)[2 [A+Aqe (ar—( +v>t>} Zk wys [ () (5.46)

|—— I r|Avos (7, DIR)

€

mec

Then the averaging over the system volume of interest is made at this point, using the dipole
approximation. Adding up the response of N electrons, the result for the part that oscillates at
frequency w is

N —ne? . .
Ja=7 / &Prja(rt) = ”ec A i mi i (5.47)
where r. is the center of the system. That gives
(V) = A el Teemi Wit (5.48)

Cmec
The averaged current density is only due to this term,

TL€2

Jo=Js = A, e~ Hwtin)t — _ R
0 AT e et mec  i(w+ i)

TL€2 C

E = —iwyxo(w) - E (5.49)

This uses the electric field at the center of the system. This leads to one contribution to the
susceptibility,

7’L€2

S —
mew(w +i7)
The 1 means the matrix is diagonal. That is the same plasmon term as found earlier, including the
effect of electron damping. There is no effect due to the DC magnetic field here.

Xo(w) = — (5.50)
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5.3 The current terms due to p; and the perturbation

Next, consider the other contributions. p; already oscillates at frequency w. It involves a sum over
“initial” and “final” states. Also, the only averaged velocity terms that can oscillate at frequency w
are the terms from averaging of p and A, the DC field. One ignores the terms that would involve
averaging of A using p1, because both of these oscillate at w, giving a term oscillating at 2w, which
we don’t care about here (a nonlinear term). So the desired average is

v = = [irp) - STe{p(a+ A))] - o [op) - STe(mAl]  G5D)

Do the second term using local space-dependent current density operator, involving only the DC

vector potential this time,
2

) (r|A(7) (5.52)

MeC

ja(r) =

The expectation value is the current density at point r. Need to use the change in the density
operator:

satri) = T {puia} = 3 k|z —WDGIRIDE =) 0 5y

w+w (Ei — Ey) mec

2

_ e (wi—wf)<f|H1|z><z|r><r|f>
mecA(r) 2 h(w+iv) + (E; — Ef)

i
_ e (wi —wp){r|f)(f|Hl|i)(i|r)
AT D h(w + i) + (E; — Ey)

fi
_ = (wi — wp)y () (fIHLliYy; (r)
meCA(r) Z Tl(u} + Z’}/) + (El — Ef) (553)

fi

The state & had to match state f to get the second line. We want the volume average of this. The
vector potential is proportional to B. The difference of probabilities, for pairs of states that might
contribute, is either large (for band to band transitions) or of the order of B (for an intraband
transition where Am = =£1). So this term is hard to evaluate in the most general case. My
expectation is that it comes out small. If it could be shown to be an odd function of position, the
average would be zero. Or, if some symmetry between the indices might show that swapping 7, f
gives the opposite sign??

But, it can be looked at another way. The trace can be performed using the matrix elements of
the operators. These are

(wi — wy)(f|Hli) . _e?

ﬁl;.fi = ﬁ(w—l—i'y) + (Ez — Ef)’ JAif = mec<z|r><T|A(f‘)|f> (554)

Then the trace is matrix multiplication and summing on the diagonal,

)= prrijais (5.55)
7

Do the averaging over the volume V in this expression, scaled for N electrons, assuming the dipole
approximation for the perturbation term Hj,

N [, o N . .
Jaq = V/d r ;Pl,ﬁ Jaup = V; pl,fi/d T JAf (5.56)

This averaging of the current operator contains an identity operation,

2

[ inss = [ @ ZnelA@ln) = ZSGAGL) (5.57)

€
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Then the desired current expression is rather simple!

Jag = TLZM fi— |A(7A°)|f>

2

_ "ne (wi—wf)<f|H1|i><i|A(f)|f>
MeC Z I(w+iv)+ (E; — Ey) (5.58)

One can also insert the perturbation matrix element, and get

2

e e (wi = wp){F(Eatta + Byiry)[i) (il A(R)|£)
Jar = mee  i(w+iy)m Z h(w +iv) + (E; — Ef)

(5.59)

There is also the term due to the momentum current. Follow the same approach. The operator
to be averaged is the symmetrized one,

() = g I ol + B ] (5.60)
Its matrix elements are surprisingly simple,
s = gy il I 1B + DI} 1] 1) (5.61)
such that the averaged matrix element is
N A
o [ @ dnir = 2wl (5.62)

The averaging works as follows:

Jna = 0 [@rre{pin} =nY s [ i =
Fi

S (Igz'(—Wf)<f|H1li><i|ﬁ|f> (5.63)

me < w+iy)+ (E; — Ey)

At this point one can see this isn’t much different from the previous result. Both can be combined
into one expression that involves the operator p — £ A, that is

ne s~ (wi —wy) (f|Huli) (ilD — SA()|f)

hoo= ~ hw +iv) + (B — Ey) (5.64)
= W) (fI(Baie + By} [p— <A 1)
- w+w Y2 Z W+ i)+ (B, —Ep) (5.65)

Need to keep in mind, this involves only the DC vector potential. Also, note that the 7 operator is
the same as p — SA(7)!

5.4 Finding the susceptibility and permittivity — Current averaging

It was found above that Jy is a diagonal response, while J; has off-diagonal response. In other
words, write out the currents in z and y directions, as caused by E, and £, in the optical field.
Consider the total volume-averaged current density, J = Jo + J1. One has for the z-component of
current density due to F,,

o e Ly~ w)im D000 | g

__n 1+ — :
’ i(w + iy)me Me h(w+iv)+ (E; — Ef)

fi
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In the same fashion, the current density along = due to Ej, is

2 | A A A A .

- 1 i T

foyz oy L win@ninmn | oo g
T d(w+iy)me me < h(w+iv)+ (E; — Ef) ‘

(I swapped the order of matrix elements to give them the same ordering as the indices on J.) That’s

a clean expression. Let me switch to the notation ¢ — k and f — &/, and use 4,j for coordinate

indices to write it generally as

—ne? 1 (wi, — wyr ) (k|7 |k (K |75 k)
Jij = F—— 10 — - . J E; 5.68
R { N Ly P (5.65)

Then with a division by —iw and removing the electric field, gives the susceptibility,

Xij(w) = i {5” + 1 Z (wg — wkf)<k|ﬁi|k'><k’|ﬁj|k>} (5.69)

mew(w + i) me 4 h(w+iv) 4+ (Ex — Ex)

Then one can read off the dimensionless sum as defined earlier,

2
—ne
- Sii + 5ii) 5.70
XJ Mew (w—l—i'y)( ]+ ]) ( )
Sy = Ly e ) () (0 g ) 1)
) meh £ U}+Z'y+(,()kk/ .

This then leads to the dielectric function by e(w) = 1 + 4mx(w),

sne? { 1 (wk—wk/><k|ﬁi|k’><k’lﬁjlk>} (572

€ilw) =0, — —————— -
(@) =0 mew(w + ) me &= h(w+1iv) + (B — Ey)
One can check that the terms in the sum are dimensionless.

For circular polarization problems, however, we want to get €r = €34 — i€z and €1 = €54 + i€4y,

as was shown in a previous section. For reference, these are seen to be

_ . Amne? 1§ (Wi — wp) e | £) (7 — ity 1)

er(w) =1 o R 1+ o ; ot i)+ (B F) (5.73)
. 47ne? 1 —wf V| T | f){f | 7ra + 070y |7)

crlw) =1 mew(w + i) m8 Z h(w+iy)+ (E; — Ef) (5:74)

There isn’t really any lack of symmetry between = and y, with the transformations done earlier we
know that this is equivalent to using the dimensionless sums as

g Z - wf (a7 f)(f 7z — ”Tu| Z — wy) ) [(f17rz = ”ATU|Z>|2 (5.75)
R= mJL w1y +wif ZmJL w1y + wir '
w; — wy)(ilfe | f){f|Fa + ifry|i) ) [(Fl7a + ity li)|”
S 5.76
L= mJLZ w iy + wiy 2mehZ w—i—w—i—wlf ( )

Combined into a single equation,

R a2

;— . =+1=1L

s, Z wy) [{f |7 + ivity|i))| 7 V_+ _ (5.77)
2mJL w iy 4w v = =
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5.4.1 Symmetrizing for occupied and unoccupied bands

In all the above expressions there are unrestricted sums over the states. But in a common situation,
some states can be considered ”occupied”, with values of wy near one in equilibrium, and some other
states are considered ”unoccupied”, with values of wy, very near zero. Even without this distinction,
the sums can be re-arranged, by defining k& and k' as belonging to two different categories (i.e.,
lower energy occupied states and higher energy unoccupied states). Then explicitly writing the term
where k is occupied and k' unoccupied, and, another term where k is unoccupied and k' is occupied,
we have for the sum appearing in the susceptibility x;; or the permittivity €;;,

klmlk k’lﬂalk - <k|m|k><k’|ﬁj|k>
5.78
3 303 o (PN 53— NI, o

kk’ k

Here I inserted also the definition of the transition frequency,

By — Ey
Wk = % (579)

The labels k and k' can be swapped on the second term, which reverses the overall sign and the sign
of the transition frequency. The two terms then can be combined, and this gives

Gkt ) K ) Gkt ) (')
ZH—ZZ { W+ 1y + W - W+ Y — W } (5.80)

kK’

Generally one would apply this with the occupieds being those states below the Fermi level and the
unoccupieds being the states above the Fermi level. This separation only really makes good sense at
low temperature (compared to the Fermi temperature, which is usually very high). Finally it means
the sums for the two polarizations are

Sy = S Sy gy { R (1 i fr= 1= L
2mehi 7 ' w4y 4+ wis w1y — wip v=-1=R

(5.81)

5.5 Application to free or quasi-free electrons?

The simplest test is to apply the last formula to a free electron gas, possibly in a confined system,
where one is not using the usual Landau levels. Instead, the electrons have kinetic energy and the
coupling of angular momentum to the magnetic field. There is no potential U(r) (although in some
sense I want the electrons confined within some radius). It is as if there is a single band, split by
the magnetic field according to the energy term —mypupB. The electrons could be in something like
the confined states of a spherical system as discussed earlier. Or they may be in a single band with
some effective mass, hence the idea of quasi-free electrons. But to have truely free electrons, they
could be in plane wave states in an unbounded system.

The states k& and k' can be any two states of the band, distinguished by whatever quantum
numbers are necessary and azimuthal quantum index m. We restrict the sum to terms when m
changes only by +1, in accordance with a selection rule for absorption/emission of photons (due
to matrix elements of the momentum operator). So considering just the parts due to momentum
currents, the states must change m by +1. For the moment, ignore the m.e.s of the A operator.

So the states needed should be simultaneous eigenstates of p? and L? and L, for a Hamiltonian,

p? eB
2me  2mec

Hy = L.. (5.82)

But we know the eigenstates here. They are products of spherical Bessel functions and spherical
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harmonics. The allowed states, in an unbounded system?®, can be written,

Vrim = Chi(kr)Yim (0, ¢), Eim = o mupB. (5.83)

e

The energy does not depend on the magnitude of L, only on its z-component. There is a radial
momentum energy and a magnetic energy. The radial momentum is a continuum of states in an
unbounded system, unlike what was found for the confined system. For any chosen [ > 0, the
magnetic quantum number is m = 0,+1,+2, ... + .

It will be useful to know the currents in the state, in the sense of what is the action of the mo-
mentum operator p = (ps, Py, P~) on them. This can probably be done most efficiently instead using
the spherical components, p = (py, pg, ps), and transforming the results to Cartesian components.

But really, need the matrix elements of p between these states. From the trick used earlier, we
know the following matrix elements between two states:
1Me

o (Er = Bi){fl]d) (5.84)

1Me

(Vali) = (1 Ho, alli) =

The same can be done for y, and for z it works too although there is no A,. So the momentum m.e.s
become dipole m.e.s. Then when these are evaluated within the spherical harmonics, the selection
rules come out: Al = +1, and Am = 0,+1. Further, if there was a transition at fixed k, the energy
would not change unless m changes, too. So Am = 0 can be allowed only if k& also changes. The
matrix elements needed can be expressed as

E;—E;

- (5.85)

(fl7le) = imewyi (flr i), wri =

The energy splittings due to the magnetic field come in due to changes in m, and those energy

changes are linearly proportional to B. However, that is only true when considering transitions at

fixed wave vector k. So without getting the matrix elements and their total dependence on k, %/,
and [, m, it is not easy to see the main change in dielectric function with magnetic field.

5.5.1 Transition matrix elements—States of defined [ and m

True “free electrons” in a magnetic field are in Landau levels. However, electrons in bands in
a nanoparticle are believed to be in states with a well-defined angular momentum. This section
applies to that kind of situation. See a later section for the calculation for electrons in Landau
levels, that can be solved exactly.

One can try to get the general dipole matrix element, which is a “standard” QM calculation.
The matrix elements have an angular part and a radial part. Let the final state have wave vector &/,
angular momentum [’ = 1, some m’ = —I’... +1’, and similarly for the initial state. In some notes on
Legendre functions and spherical harmonics I figured out the angular part of these matrix elements.
Let the states’ wave functions be described in some general way (not necessarily just truely free
particles) as products of radial and angular parts,

Vrim = Ryt (1)Yim (Q) (5.86)

For the free particles the radial functions are the spherical Bessel functions. The typical general
matrix element needed is

<k’l’m’|r|klm> = /dr 7“2 Rk’l’ (T) T‘Rkl (T‘) / dQ) Yl/m/(Q) f(Q) Yim(Q) = Ik/l’kl IQ. (5.87)

3An important caution. This model really does not work! In a truly unbounded system the correct states are
the Landau levels! So this needs to be done with more care. One can see that the Hamiltonian (5.83) is unstable in
the sense that there is no well-defined ground state. It has states of very high | and large m with arbitrary negative
energy. But that is inconsistent with the original KE Hamiltonian from which it was derived, whose energies are all
positive. This present Hamiltonian really only can be applied for a system confined in some volume, so that there are
only discrete wavevectors k allowed. The k should really be those produced from the zeros of the Bessel function.
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The angular kernel is the unit vector with components (r,ry,7.), given by

7(Q2) = Zsinfcos ¢ + §sinfsin ¢ + 2 cosf = Try + gry + 2r,.

(5.88)

The angular matrix elements (I) were found as follows, depending on which component is consid-

ered. The definitions are like this, and similar for r, and 7.,

These are

1
{+1,m+ 1lrg|lm) = +—\/

1
(I—1,m+ 1rgllm) = —5\/

T = (U rofim) = [ 492 ¥ (©) (sinf cos 6) Vi (9)

l+m+1){I+m+2)

2

(214 1)(20 + 3)

(l—=m-=1)1—-m)

20 —-1)(20+1)

l=m+1)l-—m+2)

1
{I+1,m—1rg|lm) = —5\/

1
(I—1,m —1|rg|lm) = +§\/

(214 1)(20 + 3)

(+m—1)(1+m)

(20—-1)(20+1)

(5.89)
Al =+1, Am = +1. (5.90)
Al=—1, Am = +1. (5.91)
Al =41, Am = —1. (5.92)
Al=—1, Am = —1. (5.93)

Obviously these determine the selection rules. For r, the results are very similar, but due to the
relation between sine and cosine, i.e., cos¢ = %(e“" +e7?), and sing = %(e“" — e~ ?), there is a
simple symmetry. The matrix elements of r, are those of r,, but multiplied by Fi¢ for Am = %1,

respectively:

(I4+1,m+ 1rylim) = —%\/

(l+m+1)({I+m+2)

20+ 1)(2l+3)

(l—l,m+1|ry|lm>:+%\/

(l—m-1)(1-m)
(20 —1)(21+1)

(I4+1,m—1|rylim) = —%\/

(l—m+1){l—-—m+2)

20+ 1)(2l+3)

(I +m—1)(I+m)

(L= 1,m — 1lry|lm) = +%\/

Finally for r, = cos#f, the basic integral is

I, = (U'm/|r,|im) = / dQ Yy, () (cos 0) Yin (Q)

And this gives two results,

(2l —1)(20+ 1)

(I+1,mlrs|lm) = \/

(I =1, mlrs|lm) =

(l—-m+1{I+m+1)

(214 1)(20+3)

(l—m)(l+m)

(20-1)(2l+1)
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Al =+1, Am = +1. (5.94)
Al=—1, Am = +1. (5.95)
Al =+1, Am = —1. (5.96)
Al=-1, Am=—1. (5.97)

(5.98)
Al =+1, Am = 0. (5.99)
Al=—1, Am = 0. (5.100)



5.6 Permittivity for circular polarizations—States with defined [ and m

This section applies to electrons in states of specified angular momentum, but not in Landau levels.
It could apply to electrons in band states.

I imagine the situation of high symmetry where the light is propagating along the z-axis. In
that case we don’t have any need for these z components. Further, it gives an obvious symmetry
between the matrix elements for r;, and r,. Especially, we want some simple combinations to produce
€R = €z — 1€zy aNd €1, = €,y + t€5y, Where there are the following needed symmetry relations

(flryli) = —tAmM(f|ry|d), Am = +1. (5.101)
The same kind of relation applies to matrix elements of the velocity,

(floyl3) = —iAM(f|05]1), Am = +1. (5.102)
The product that appears in the sum for defining €, is

e~ Y gpi | (Floali))? (5.103)
fi

On the other hand, one sees the similar factors needed for €,,,

€xy ~ O 9rililoal Y FIoyl) = graliliel £)(=iAm)(floa]i) = Y ggi(—iAm) [(f|0a]i)]* . (5.104)
fi fi fi

These are the same terms but just modified by (—iAm). When these two parts are combined to get
the dielectric function for right circular polarization, one has

€R = €ra — i€y ~ Y gpi [L — i(—iAm)] |(f]ix]i)] Zgﬁ (1 — Am) |(f]0]3)|* . (5.105)
fi
As the only choices are Am = 41, it is seen that only the terms with Am = —1 contribute here.

This is due to the fact that right circular photons have negative helicity. For left circular photons
the situation is opposite, they have positive helicity, and only the terms with Am = +1 contribute:

€L = €qp +icay ~ > gps [+ i(—iAm)] [(floa]D)* =Y g (1 + Am) [{floa]i)* . (5.106)
fi fi
5.6.1 From averaging the current density

So now, based on these results, combine them to get something useful to summarize how to calculate
these permittivities. The previous expressions for ez and €y, based on averaging the current
density, become as follows:

47ne? Me (w; — wf)(l - Am)|<f|f’z|l>|2
L L4 e 5.107
R mew(w + 1) + h ; w41y + wif ( )
4 2 e [ )(1 A Az /)|
e —1— e ' 14 Me (w; —wy)( + m)|(f|0z]7)] (5.108)
mew(w + 1) h T w1y + wi

One can see that the factor 1 — Am is twice a Kronecker delta function. When Am = 41 it gives
zero, but when Am = —1, it gives a value of 2. The factor 1+ Am is equal to 2 only in the opposite
case. These are both represented by

14+ vAm = 20am=0 (5.109)
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So these two formulas are equivalent to the one formula for the sum,

2m. (w; — wf')5Am,V|<f|f)z|i>|2

h T w1y + wir

S, = (5.110)

Now I want to write this for the case of occupied and unoccupied states. Let me consider first the
permittivity e for right circular polarization which is controlled by the constraint Am = my—m; =
—1. Of course, which is "final” and which is ”initial” is somewhat arbitrary. So doing the change
to i — k = o for occupied and f — k' = u for unoccupied, and vice-versa, as presented earlier, we
have an expression for the dimensionless summation Sg that is needed,

1 Me e R 1—(mg —mg) 1—(mk—my)
_ e — wp ) |(K 62| k) |2 — 5.111
S R e vl (o) el )

Really the funny factors involving Am are meant to be delta functions enforcing the selection rules.
But by this symmetrization, one sees that he first term has Am = my —my = —1, while the second
has Am = my — mj, = +1. When either one is satisfied, these have the value 1 = Am = 2. So
instead I’ll take the 2 out front and write them as Kronecker delta functions:

1 2m My =mp—1 5771 =mp+1
Sp = E 62(2( — wp ) [(K |0 k)| bk — BTk 5.112
R Me ~ Wk wk |'U | >| {w_’_l,y_i_wkk/ w+i’y—wkk/ ( )

These deltas don’t do anything special within the braces, however, they select out different possible
transitions from the sum. So the two terms can’t be any further combined until the actual transitions
are specified. For example, this requires one to say if the transitions are from a p-band to an s-band
or a d-band. Then the particluar Am that are present can be analyzed for their contributions in
these terms. Then the dielectric function is calculated from the expression,

47ne?

= 1 -_—_—
o mew(w + i7)

(1+ Sg). (5.113)

For the permittivity associated with left circular polarization, in the original formula only the
terms with Am = +1 contributed. Now the organization into occupied and unoccupied states leads
to a similar expression for sum Sy, but only with the sign of Am reversed,

1 2m myr=mg+1 5m =mi—1
S; = © wi — wir )| (K 0,k KR — KR } 5.114
b= zz = (Ko g { Smemmetl Szt A (g 1)

Then obviously this produces the related permittivity according to

4rne?

R (1+5L). (5.115)

ELZI—

Apparently the two polarizations can be combined into one formula depending on v, the symmetrized
sums needed are

2 8 mpr=m v 5m r=miy—v
m ZZ wi, — wi )| (K |0 |k |2 { i A il } (5.116)

w + 1Y + Wik W+ 1Y — Wik

Keep in mind: the only terms that contribute must have angular momentum [ change by +1.
There are slightly different matrix elements for those two cases, as shown above. One can say that
therefore, only terms related to interband transitions are present. If there is only a single band (i.e.,
only one value for [), then there is nothing in the sums. To proceed further, it is best to do a more
concrete example.
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5.6.2 From averaging the electric polarization

By using averaging of the electric polarization, if we start from the sums needed, in terms of the
velocity operators as,

5, < s ZZ {<|vz|f><f|m+my|i>+<z‘|@z|f><f|ﬁz—myli>}, (5.117)

w + 1y + w;ir W+ 1y — wir

and do the same kinds of operations, we get that the first term applies for Am = +1 and the second
for Am = —1. That is, we have very simply, mostly repeating some previous algebra,

(Fls + iy |i) = (Floali) + () (=idm) (Flooli) = (1 + vAm)(f]o.]i). (5.118)
That again has the same Kronecker delta as encountered earlier. The second term is similar,
(10 = ivy|i) = (fl02]i) — (i) (=iAm)(f|0z]i) = (1 = vAm)(f|o]i). (5.119)

So again applying
14+ vAm =0am=r, 1—VAM =0Am——v, (5.120)

the sums needed for electric polarization averaging are

— 67” =m;Tv 5771 =m;—V
2m€ E:E: fWA)I{ e v ”}, (5.121)

WFryFwiy WAy — wiy

Note the differences compared to the current density approach: 1) opposite overall sign; 2) factor
w/w;r; 3) same signs on the two contributions.

5.7 Permittivity of Landau level free electrons—from current density

In the last couple of sub-sections I studied the matrix elements for quasi-free electrons, where
an approximate Hamiltonian was used. However, as mentioned there, really one has a different
Hamiltonian for the electrons, that must be positive definite. The Hamiltonian (5.83) has negative
energies, which is a serious problem with it. The only way to use that type of Hamiltonian is if the
system has some geometrical confinement, so that instead of arbitrary continuum of k, there are
band values like k;,, = 2,/ R, determined by the zeros of the spherical Bessel functions for electrons
confined in a system of radius R. This would insure positive energies. At some point that calculation
could be useful, so I have not cut it out of this document.

Now I consider an unbounded system, where the electrons really should be described by Landau
levels. These states actually are very well defined, and have all positive energies. In addition, the
needed matrix elements for the Faraday rotation problem are easy to find. I should have done this
calculation first! The energies of the states, including their motion along the z-axis (parallel to B)
are
R k?
2me

where n is the principle quantum number, [ = n, — n where n; is the number of b-quanta, giving
the angular momentum component [/ along z, and p = p, = hk is a continuous conserved quantity,
being the component of momentum parallel to the B-field. The corresponding wave functions in
real space vary as

1
Eoir = <TL+ ) hwp + (5122)

Uik = Rui(p)ei®et™ for state  |nlk). (5.123)

The main thing one needs to be able to calculate are the matrix elements of 7, and 7, between two
of these states. But these states are eigenstates of the number operator N = a'a (with eigenvalue
n) and M = b'b (eigenvalue ny), as well as the angular momentum operator L = h(b'b — a'a) (with
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eigenvalue 7, where | = ny — n). The states are essentially harmonic oscillator-like, and can be
constructed from the n = 0, n, = 0 ground state as shown earlier,

_ (ahyr oty
Val ol

Either ny or [ must be specified. In terms of angular momentum, there is a simple change,

10,0) (5.124)

|TL, nb>

_ (ah)™ ()
Vil i+ 1)

but then one must remember the constraint that n +1{ > 0.
The 7 operators, though, are expressed in terms of the energy creation and annihilation operators:

In, 1) |0, 0) (5.125)

h 1 h
mhws (a—i—aT), Tty =~ miws

5 - 5 (a—al), (5.126)

Ty =

These don’t have any dependence on [ (or np) and not on the longitudinal motion, k. So those
quantum numbers are conserved in the transitions. This makes finding the required matrix elements
fairly trivial. For harmonic oscillator operators we have the usual relations,

aln) = vn|n—1), a'ln) =vn+1 |n+1). (5.127)

Then here the results for matrix elements are (treating k as discrete although really it is continuous)

)
(UK |7 |nlk) = \/% (V7 S n1 4 V1 F 1 prnsr] s O (5.128)

o
(VK |7, k) = —iy] — 2“’3 (V7 61 — VA F 1 S min] S S (5.129)

We also know that for eg it is good to know the matrix elements of (&, — i7,), whereas, for €, is it
good to know the matrix elements of (7, + i7,). But these are also very easy, because recall that
these operator combinations are proportional to the creation/annihilation operators:

[ 1 . N [ 1 . .
a= Imohwn (T +i7ty), al = Imohwn (fz — ifty). (5.130)

Then these matrix elements good for er are found to be

(VK (g — i7y) |[nlk) = /2mehwp (n'UK |aT|nlk) = \/2mchwp Vi + 1 6pr 16 grr . (5.131)

That shows the final state must have one more energy quantum than the initial state. Since ny; did
not change, the final state has one quantum less of angular momentum. The matrix elements good
for €7, are found to be similar,

(N UK |(Fy + i7y)|nlk) = v/ 2mehwp (n'U'K |a|nlk) = /2mchwpv/n 8ps pn—101 O - (5.132)

and of course now the final state has one quantum less of energy, but one quantum more of angular
momentum. These are really unusual requirements. Again, though, the distinction of “initial” and
“final” isn’t a physical one, once the sums are evaluated that give the susceptibility, etc.

For ep, the combination that appears in its sum can be written, taking state |i) as |nlk) and
state |f) as [n/l'K'),

o
(nlk|ia W UK YW UK |(fe — i7y)nlk) = 4/ % [\/n_ Snr—1 + vV +1 5n,n/+1] S
vV 2mehwpvn + 1 5n/,n+15ll/5kk/- (5.133)

X
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In the first part I had to swap the n and n’ indices. But now one sees that the only part that can
survive is where n’ = n + 1, so this reduces to

(nlk|ﬁ'm|n’l’k’><n’l’k/|(ﬁz - zfry)|nlk> = meth (TL + 1) 5n’,n+1 5ll’5kk/- (5134)

Doing the same thing for the product that will appear in €, one has only a contribution from
n' =n — 1 and the result is easily found,

<nlk|ﬁz|nlllkl><nlllk/|(ﬁ'x + zﬁ'y)|nlk> = meﬁwg (n) 571/7”,1 5ll/5kk’- (5135)

Then next, figure out the sums Sg and Sy. Here I will not yet try to do any expression using
occupied and unoccupied states. Go to the original expression for eg, we need the following sum,

1 Wy, — Wy
S - Ui, eﬁ 1 5n’n 5 /5 ’
’ meh ;,Zw+z’7+wnn/ (mehwp (n+1) o o1 0w Ok )
1 - Wn
SR = wp Z ’II—F w. Jrl)7 where Wnn! = Wnntl = —WRB. (5136)

wHiv—w
nkl +7 B

Then the associated permittivity is

47ne?

€r= (1+ Sg). (5.137)

 mew(w + i)

There is not much difference for the other polarization, except that the transition is downward
instead:

— Wy
S, = — = (m.h On’ n—1 0117 Ok’
L w+w+wnn (mehwp (1) 0nr n—1 0w Sk )
k'l nkl
S, = wp Z—_wnl), where Wy = Wnno1 = +WA. (5.138)
w41y +wp ’
Then this associated permittivity is
4mne?
=1- 14 SL). 5.139
€L mew(w+w)( +5L) (5.139)

5.7.1 The summands for €,, and ¢,

For completeness also write out what is needed for the Cartesian elements of the permittivity matrix.
Here instead we need the following products of matrix elements. For €,,, there is

(nlk|7p |0/ UK Y (0 UK |7t Inlk) | UK |7 |nlk))? =

/ eh =1
| Heos [\/_ 571 n—1 +vn+1 577,’ n+1} 5ll’5kk’

1
gmeth [(TL + 1) 5n’,n+1 + ndnlyn,l] O Ok (5140)

2

The two terms are mutually exclusive, which is why there is no cross term in the square. For €,
there is

o
(k| | VK'Y (/UK |7 |nlk) = w/m s {\/_ St + VW + 1 6nn+1] S O

mehw
(=i —5— B[V 61 — V1 8] O S

= %meth [+ 1) S mgt — 1080 1] O St (5.141)

X
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Then the sums that are needed to get these e components are clearly related to those for the circular
polarizations,

1 Wy, — Wy 1
S;E;E = - . {3 eh 1 6n’n 571/71— O Okerr
mehn;w%wﬂLwﬁme/ (2m wp (1) Onvna 4 O] O kk)
1 n — Wn n — Wn—
Soe = BV (n+ D(wn = wns1) | 1w = wn1) (5.142)
2 — w+1y —wp w+1iy+wp

The values of wy,,, are opposite on the two terms, because the first is an upward transition and the
second is a downward transition. Find a similar result for the sum for e,

— Wy i
Sz = - eh 1 5n/n — 5n’n7 811100t
meh %;z/%w"‘w-i-wnn/ <2m wp [(n+1) Gnr 1 =1 Gnrn—1] kk)
. D) (w, — w, w
Spy = “”_BZ (n + )(I'U Wnt1)  n(w —w 1) (5.143)
2 w1y —ws w+iy+wp

That these are correct is clear, because they are related to the circular polarization sums by the
simple relations,
Sk = Szz — 154y, St = Sgz + 1Sgy. (5.144)

5.7.2 Finding the sums

In all of these sums, the denominators are constants that can come out front. Recall also that
the w,, are the state probabilities, with Zi’f:o w, = 1 and w, = e‘ﬁE“/Z where ( is the inverse
temperature and Z is the partition function. The state energies depend only on n. So these sums
are related to expectation values of the number operator, N = a'a.

Consider first the sum Sy, for left polarization, expression (5.138). One part of it is the following
sum:

ann = (n). (5.145)

The other part is a sum that can be transformed into this also, because its n = 0 term gives nothing.
So the other term has its sum really start at n = 1. Doing a shift of its index, there is

ann 1= Z(n—l— Dw, = (n) + 1. (5.146)

n=0

But Sy, involves the difference of these two sums. So there is a cancellation, and the result is too
simple!
wB

—wpg

SL—ijmjLwB%:[W (<n>+1)]—w+m+w3%:1 (5.147)
The last sum over [ and &k I am going to take as some constant g, which is probably unity (although
technically it should be the degeneracy of any Landau level, which is enormous and depends on the
system volume). The reason is the way the normalization has been set up, that this sum is normalized
for an individual electron. This may seem mathematically absurd, but we have already accounted
for N electrons in a factor contained in the density of electrons per unit volume. This seems a little
suspicous, only because I have some lack of total understanding about the normalization that was
given to the density matrix. This should be clarified better at some point. So ignoring those slight
“technicalities”, the left polarization sum should be

—49wB

S, = —"——"—. 5.148
L w+iy+wp ( )

56



Consider next the sum Sk in (5.136) needed for er and right circular polarization. One has very
directly

o0

>+ 1w, = (n) +1. (5.149)

n=0

The other sum needs the index shifted, which makes it effectively start at n = 1:

i(n—i—l)wnﬂzinwn:inwn:(m (5.150)
n=0 n=1 n=0

This is true because the n = 0 term makes no contribution to the sum. So now we have

wpB “+w

SR=72[<n>+1—<n>]=7fu}BZl (5.151)
Ik

w+1iY —wR T w + iy
Again with the final sum set to some value g, the result is very simple,

[ L (5.152)
W+ 1y —wpB
The two results for S and Sy, are related one to the other by switching the sign of wp.
For the Cartesian components, we have

Sr+ S 1 - 2
2 2 |lw+ivy—wp w+iytws (w+1y)? —wy
Sp—S i — ) )
Szy ) L L = 1 +-QWB - -QWB = lng'(w ki Z’)/)2 (5154)
2 2 |lw+ivy—wp wHiy+wg (w+1iv)? —wg
5.7.3 Results for Landau-level free electrons
Now the right-circular polarization result for permittivity is seen to be
4mne? 4mne? 1
n—1- e’ [ 9wn } _q_ Amne” . (5.155)
mew(w + i) w+iy—wp Mew W+ 1y —wp

The last expression is the limit when g = 1, which is the value I think it should have. Then for left
polarization there is similarly,

Amne? dmne? 1
e =1-—1"¢ |3 95 o (5.156)
mew(w—i—w) w+ 1Yy +wp MewW W+ 1Y+ wWpB
The Cartesian components are also found quickly,
4 2 2 4 2 ;
SRS D Loy L B R W UL S (5.157)
mew(w + i) (w+1i7)? — w3 mew (w+17)? —wy
4mne? ) ) 4rne?
oy = 0 — me” |, zng'(wQ—i— 27)2 _ ., Amne” -WBQ i (5.158)
‘ mew(w + i) (wH+1iv)? —wg mew  (w+1i7)? —wg

Now one can see that curiously, after all this work to do the quantum mechanics correctly, these
last two results agree exactly with the expression (3.38) found with the classical theory for damped
electrons! But it was necessary to include the damping factor iy with w in the relation connecting
J and P, as well as using the limiting value of the Ik sum, g = 1. Still, this was a good test problem
for getting all the details correct.

Also, a caution is needed. In the theory to this point, I did not worry about the sign of e, the
charge of the carriers. It is contained in the definition of wg, which is linearly proportional to e.
If the carriers are really negative electrons, then keep in mind that this would make wg a negative
number, when comparing with experimental results and especially comparing the results at right
and left polarizations!
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6 Band to band transitions in a semiconductor/metal

So far the general theory for e and €7, was derived. The result is seen to depend on the transitions
that change angular momentum magnitude by #, due to the magnitude of the photon angular
momentum. After checking that all works out well for free electrons living in Landau levels, one can
also look at some simple models where there are transitions only between a pair of bands.

That is presented in Dielectrics: Part C. Go there for the story of how the magnetic field enters
and gives a simple contribution, or in fact, a simple modification of the expression for the dielectric
functions for the two circular polarizations.
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