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Orthonormal wave functions for periodic fermionic states under an applied magnetic field
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We report an infinite number of orthonormal eigenfunction bases for the quantum problem of a free electron
in presence of an applied external magnetic field, suitable to describe doubly periodic electronic densities. The
completeness of these bases is shown here and so, a single basis, labeled by the number of magnetic fluxons
trapped in the unit cell (integer p), expands any function in the unit cell. The present framework unveils for
the electronic density an egg-box pattern that displays fractional charge and magnetic flux. In case of electrons
confined to the lowest Landau level we obtain an analytic expression for the local magnetic field created by
their own motion and find that it yields an attractive magnetic interaction. The well-known de Haas—van Alphen
oscillations are retrieved, thus showing the correctness of the present theoretical framework.
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I. INTRODUCTION

“There is hardly a single-electron problem in quantum
mechanics which has attracted so much and continuous in-
terest for about seven decades as that of Bloch electrons in
a magnetic field,” according to Rossler and Suhrke [1]. The
problem of free electrons in a magnetic field has been in-
vestigated since the early days of quantum mechanics when
Landau explained the diamagnetism of metals [2]. They are
part of the educational training of any physics student [3-7]
and remain of direct interest to explain many measurements,
such as magnetotransport and the de Haas—van Alphen effect,
the latter allowing for the determination of Fermi energy
properties [8—10]. New and startling phenomena [11], such
as the quantum Hall effect [12,13], keep a vivid interest in the
understanding of the behavior of electrons in presence of an
applied magnetic field. The Bloch electrons are more complex
than the free electrons as they fill states that are eigenfunctions
of a Hamiltonian with a periodic potential, whose lattice rep-
resents an underlying solid. Interestingly, periodic states can
be formed from electrons that are not submitted to a periodic
potential and are nearly free. They are found in nature, such
as the Wigner crystal [14,15] that also exists in the presence
of a magnetic field [16].

The search for Wannier functions for electrons in presence
of both a periodic potential and of an applied magnetic field
has been the subject of investigation in the past [17-21]. The
Wannier functions are sums over Bloch states which form a
complete set of orthonormal functions associated to the unit
cell of the underlying lattice. They are localized in the unit cell
and rapidly go to zero away from the cell. The construction
of Bloch-Wannier states in the limit of a vanishing periodic
potential [17,19,20] is useful since in this limit the task of
deriving the states is simplified. From this perspective the
free-electron Schrodinger Hamiltonian in a magnetic field is
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the limiting case, however, not all of its solutions are periodic,
only selected ones are. Hence, general properties of the Bloch-
Wannier states [21] do not generally apply for the free case as
periodicity is absent at the Hamiltonian level.

Wannier [20] and Thouless [19] found that Bloch-Wannier
functions for free electrons only exist for selected values of
the applied magnetic field, but not in general. Their analysis
was done in the symmetric gauge [A' = (—H3x2/2, H3x1/2),
the magnetic field Hj is along the direction X3, which is per-
pendicular to the plane of motion (x;, x)]. From this point of
view their choice of the symmetric gauge is a natural one since
the eigenfunctions are based on theta functions, which feature
a Gaussian behavior along both the x; and x; directions, there-
fore being localized in the unit cell.

In this paper we obtain the eigenfunctions, orthonormal in
the unit cell, using the Landau gauge [fT = (—H3x,,0,0)]. We
do not call them Bloch-Wannier states because our analysis is
restricted to free electrons. It is well known that free-electron
solutions of the Schrodinger Hamiltonian in the Landau gauge
display periodicity only along one of the directions but not
in the other one, where they are harmonic oscillator eigen-
functions [see Eq. (9)] and, so, expressed in terms of Hermite
polynomials. In other words these eigenfunctions are plane
waves along one direction (x;) and display Gaussian behavior
in the other one (x;). This lack of periodicity along one of the
directions has been an impediment to the use of the Landau
gauge for the purpose of obtaining Wannier-type functions,
but this is just an apparent difficulty which is overcome here.

The orthonormal bases found here can only exist for se-
lected values of the flux trapped in the unit cell, similarly to
Wannier’s and Thouless’ eigenfunctions [19,20]. The Wannier
and Thouless investigation is limited to electrons confined to
the ground state, namely, to the lowest Landau level, whereas
here all Landau levels are included. From this perspective the
present orthonormal bases do form complete sets whereas the
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FIG. 1. The spatial electronic density in the unit cell (x;/L;, xo/L,) for the case of the completely filled first Landau levels (n = 0, sum
over g). The number of trapped magnetic fluxons is equal to the number of electrons p, and the plots are shown from left to right according to

p=1, 2, 3,and 4.

Wannier and Thouless bases do not since from the very be-
ginning the contributions of higher Landau levels are missing
in their work. In power of these bases we unveil proper-
ties of the electronic density, i.e., doubly periodic spatial
arrangements with fractional charge and flux patterns. Hence,
the present Landau gauge orthonormal bases, expressed in
terms of Hermite polynomials, bring a different insight into
the understanding of doubly periodic free-electron states in a
magnetic state that advances over previous studies [17-21].
In this paper we show the remarkable fact that fractional
effects arise from free electrons in a magnetic field under the
sole hypothesis of double periodicity. These properties have
not been reported in previous studies [17-21]. We also report
another property, i.e., of an attractive magnetic interaction in
case the electrons are confined to the lowest Landau theory.
There we show that the local magnetic field also displays
fractional patterns. The correctness of the present theoreti-
cal approach is confirmed by the derivation of de Haas—van
Alphen oscillations from it. The fractional effects can be di-
rectly visualized in the spatial electronic density. Figures 1
and 2 summarized these results through the examples of p
electrons and a single electron in the unit cell, respectively.
The former corresponds to a completely filled lowest Lan-
dau level and the latter to a partially filled lowest Landau
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level with only one electron present. In both situations there
are p trapped magnetic fluxons in the unit cell (& = pP,,
®( = hc/e, e the electronic charge); the applied field is H3 =
®/(L|Ly) and (L;, L) are the lengths of the unit cell. Re-
markable egg-box patterns are seen in Figs. 1 and 2 which
show the existence of fractional structures, which correspond
to the p* and p maxima (minima), respectively. Each of the p?
structures seen in Fig. 1 can be regarded as 1/p of an electron
(or flux) as their sum must recover the p electrons (fluxons)
present in the unit cell. Similarly, the electronic density in
Fig. 2 shows p zeros although there is only one electron in
the cell. Thus, each zero of the electronic density corresponds
to the 1/p fraction of an electron and since there are p of
them, the single electron is recovered. Figure 3 just extends
the results shown in Fig. 1 to higher Landau levels. There
are n+ 1 fully filled Landau levels, and still the electronic
density shows p?> maxima (or minima) independent of n.
The total number of electrons (and fluxons) is N = (n + 1)p.
Hence, the ratio between the total number of electrons and
the number of observed electronic density maxima (minima)
N/p?is (n + 1)/p. Notice that the number of electrons N and
the number of fluxons in the unit cell p are two independent
variables.
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FIG. 2. The spatial electronic density is shown in the unit cell (x;/L,, x»/L,) for the case of the partially filled first Landau levels (n = 0,
q = 0). The number of trapped magnetic fluxons is p whereas there is only one electron in the unit cell. The plots are shown from left to right

according to p =1, 2, 3, and 4.
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FIG. 3. The spatial electronic density (®|p,|®P), obtained from Eq. (41), is shown in the unit cell x; /L, (x,/L,) for the case of completely
filled Landau levels. The rows correspond to the sum over Landau levelsn’ =0, 1,n' =0, 1,2, and »’ = 0, 1, 2, 3 from top to bottom, and are
associated to the maximum Landau level n = 1, 2, and 3, respectively. The columns run from left to right the number of electrons in the unit
cell, p=1, 2, 3, and 4, which is the same as the number of trapped flux. Then the plots are labeled by (p, n) where p and n are integers and the
total number of electrons associated to each one is N(p, n) = (n + 1)p. Interestingly, the density shows p? maxima (or minima) independent
of n, the number of filled Landau levels. Hence, the ratio between the number of electrons and the number of density maxima (minima) is
given by (n + 1)/p. The ratios of each of the plots displayed are given in Table I.

An interesting attempt to understand periodic single-
electron solutions in presence of an applied field and of a
periodic potential has been developed by Harper [22], who
proposed a tight-binding model, which is a simplified version
of the Schrodinger equation. The position space is discretized
and one seeks solutions just at the points of this tight-binding
lattice. The tight-binding lattice adds an extra parameter inde-
pendent of the periodic length of a possible periodic potential.
The Harper’s tight-binding lattice can be regarded as a way to
solve the Schrodinger equation in the limit that the involved
distances are much larger than the tight-binding lattice. This
means that the true Schrodinger equation solution must be

retrieved, in the limit that the tight-binding cell shrinks to
zero, but this limit is not well defined in Harper’s equation.
In case the magnetic flux trespassing the tight-binding cell
is a rational number, this equation yields the so-called Hof-
stadter’s butterfly spectrum [23,24]. The obtainment of the
Hofstadter spectrum directly from the Schrédinger equation
in the presence of a periodic potential is possible [8] but this
hardly proves that the study of solutions of Harper’s equation
exhausts those of the Schrodinger equation.

The paper is organized as follows. In Sec. II we ob-
tain the orthonormal in the unit-cell eigenfunctions of the
Scrodinger equation. Section III provides the diagonalization
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of the free-electron Hamiltonian using the second quantiza-
tion formalism. The second quantization formalism is the
venue to obtain the spatial electronic density. In Sec. IIT A
the many-electron wave function is obtained and formulas
for the spatial electronic density are given. Section IV studies
the curious case when the local magnetic field created by the
motion of the electrons is taken into account. In case the
electrons are confined to the lowest Landau level (n = 0),
the magnetic energy due to their motion is found to give a
negative contribution. This shows that for this situation there
is a magnetic attraction between the electrons. For this study
we apply the so-called first-order equations [25], first used
by Abrikosov to discover vortices in superconductors [26]. In
fact, the present orthonormal functions stem from Abrikosov’s
solution for the vortex lattice [26]. Finally, in Sec. V we
present our conclusions. We leave for the Appendices the
treatment of some aspects of the problem. The proof that the
eigenfunctions form a complete set is given in Appendix A.
In Appendix B we show that the boundaries of the unit cell
do not contribute to the kinetic energy due to the periodicity
of the lattice. Finally, in Appendix C we retrieve here the
well-known properties of the de Haas—van Alphen effect, such
as the periodicity of the energy with respect to the applied field
Hj3, and also with respect to 1/Hj, that allows for the measure-
ment of the Fermi surface area [27,28]. We also retrieve the
magnetization M, which is a thermodynamic function of state
[4-7].

II. PERIODIC SOLUTIONS FOR THE SCHRODINGER
EQUATION OF A FREE ELECTRON
IN A MAGNETIC FIELD

In this section we obtain the doubly periodic Landau gauge
orthonormal eigenfunctions for free electrons in presence of a
magnetic field Hs. Electrons are taken as spinless fermions for
simplicity. The Schrédinger Hamiltonian is well known and
given by

By = Ey, M
2m

where D = X1D1 + XD, + X3D3. The covariant derivative is
Dj = —ihV; — (e/c)A;, j=1, 2, and 3, e is the electron
charge, and A; is the vector potential V x A = #;H;. Uniaxial
symmetry is assumed and so, there is no derivative along
X3 since A3 = 0. Only the derivatives D; and D, remain
and so, the index is limited to j = 1 and 2. We assume the
simplest possible behavior along the third direction, namely,
of no dependence on x3: D3 = 0. Hence, states are solely
described by the coordinates perpendicular to the direction
of the applied field ¥ = v (x1, x2). A rectangular unit cell
in this plane (x;, x») is assumed with dimensions L; and L.
We seek periodic states on this lattice and for this reason the
translations x; — x; + L; and x, — x; + L, are studied such
that the electronic density |y (x1, x2)|2 be periodic. This means
to impose quasiperiodicity along the coordinate x;,

Y1+ Li,x2) = €M (x, x2), )

as the phase e does not affect the periodicity condition
| (x; + L1, x2)|> = | (x1, x2)|%>. Similarly the periodicity
along the coordinate xy, |V (x1, X + L)|> = | (x1, x2)|%, is a

consequence of the demand that
Y (x1, x4 L) = €™ (x1, x2), (3)

where ¢ is an arbitrary phase.

The general solution of Eq. (1) in the Landau gauge is well
known [3-7]: ¥ = ¥,x(x1, X2) = €1 £,(x) where f,(xy) is
obtained below. We briefly review its derivation for later pur-
poses. There are two quantum indices, k and n, where the latter
index defines the Landau level. Equation (1) acquires the form

/i L B L2
_%8_)65 + Emﬂ)c(x2 _xz) Ju(x2) = Epfu(x2), “@
where x), = —(hick)/(eH3) and w, is the Larmor frequency
given by
€H3
w, = —. 5)
mc

The analogy of Eq. (4) with the harmonic oscillator yields the
eigenvalues as

E, = ha)c(n + %),

and shows that the Landau levels are equally spaced in energy
and separated by iiw.. The solution for f,(x,) is given by

fa(ra) = A Hy(%y)e 72, )

where A, is a constant to be determined, H,(X,) are the Her-
mite polynomials, and the variable ¥, is defined by

_ eH, n ch k @)
H=,—x+—k).
2 hic 2 eH;

Hence, the wave function is given by

n=0,1,2,3,... (©6)

Vi (31, 12) = Ane™ Hy(%p)e 3% 9)

The wave functions ¥, x(x1, x2) [Eq. (9)] are orthogonal, and
satisfy the following condition:

/dzx w;:;,k’ 1pn,k = 8(k - k/)(snm- (10)

Notice that the orthogonality expressed in Eq. (10) refers to
integration in the whole plane space and not to the unit cell.
Nevertheless, we check its validity by taking v,  and ¥, ,
and computing the integral

/dzx w;;,k’ lpn,k = AmAn1x| 1){27 (11)
where
+oo ) )
L, = / dx;e'*=km (12)
—00
and
too 122, 22
L, = f dxoH,, (%)) H, (%) 22 10, (13)

such that %, is given by Eq. (8) and X, is equiv-
alent to Eq. (8) for k’. The integration in x; yields
that I, = 278(k — k’). Then, X; =X, and deriving both

sides of Eq. (8) gives that dx, = ‘/e%d)‘cz. Hence, I, =

/e% [72, dx,H,, (%2)H,(%2)e™%. One obtains that I,, = 0 if
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m#n and I, = ,/%Z”n!ﬁ if m = n. Combining these
results in Eq. (11) gives the constant of Eq. (9):
eHy \ /4 1
A=) @nuym) V2 14
(471%) 2"n!/7) (14)

We search for periodic eigenfunctions in both directions
that must stem from linear combinations of Eq. (9) and
for this we must introduce the free parameters o), ;. Along
x; the quasiperiodicity is easily checked: ¥, (x; + L1, x3) =
ey, (x1, x0) = Ayl Y, ot,,,ke"k"‘H,,()’cz)e_%x%, and M =
¢*1 The quasiperiodicity along x, is only possible in case
there is a sum over &,

Yax1,%2) = Y s¥nk (¥1, X2). 5)
K

However, the quasiperiodicity along x; limits & to the follow-
ing values:

2

k=—I1, [=0,%1,£2,.... (16)
L

In this case, ¢/ = 1, and the coefficients are reduced to the
discrete set o, x = oty ;.

Remarkably, the quasiperiodicity condition along x, de-
mands the quantization of the magnetic flux in the unit cell
and, so, the integer p enters into the theory at this point. Then,
the number of coefficients in Eq. (15) becomes limited to just
p free coefficients since it must hold that

Qp lyp = Upl. (17)

To check this, write the wave function as

Va1, X2) = ) @11, X2), (18)
!

where

S 2m
Ynt (1, %) = Ane‘ﬁ”“Hn(gz<xz>)e—%<g'°‘2”2 (19)

with g;(xp) =

(x1, %2 +

L), first notice that under the ﬂux quantization condition one

obtains that L2 + ((D()/Hg,L])l = (@0/H3L1)(1 + p) Next,
L2 Lo

e P PN obtain that ¥, (x1, X2 +

write €' ’1 as e
pxi no IE+px gy s — @)
L)=¢ L' A, Zz Crip€ h H,(g1(xy))e 2812

with  g(x) = \/%(xz + (4 p)). Define I'=1+p
to retrieve the original form, namely, ¥, (x;,x + L) =
oL Yn(x1, x2). Thus, it holds that 1, = —2L—’l’px1. For this
reason we introduce p and [/’ — [ into the wave function.
Thus, under the assumption that the coefficients are limited to
a set, as stated in Eq. (17), the wave function can be expressed

in terms of p instead of H3. Then the wave function, as given
by Eq. (18), becomes

I/fn(xl,xb p) = Zan,lwn,l(xlyx29 p)a
1

where

[ 2T _ (s 2
Y1 (X1, X2, p) = Ape' B H, (g1 (xp))e 2102

and g(x,) = /7 + D).

LiL,

Next, Eq. (17) must be solved in order to to fully deter-
mine the set of p wave functions in a given Landau level
n. Notice that p is fixed and this defines ¢, 4(x1, X2, p),
such that ¢ =0,...,p— 1. For p=1, Eq. (17) becomes
oy 1+1 = oy, and this means that all coefficients are equal
regardless of /. We choose to express all of them in terms
of o0, namely, o,; = a,0. For p =2, Eq. (17) becomes
Oy +2 = oy and in this case there are two free coeffi-
cients, chosen to be «, ¢ and «,, ;. Hence, solutions split into
two sets for / even and odd ones, respectively. Therefore,
ap; = oo for 1 =0, £2, £4, £6, ... and «,; = o, for
| =41, £3, £4,.... For the next case p = 3, Eq. (17) be-
comes «, ;+3 = oy, and there are three free coefficients at
each Landau level n. Similarly, the choices of free coefficients
are oy, o1, and o, . This gives that «,; = o, for [ =
0, £3, £6,..., oy =0, for I ==£1, £4, £7,..., and
ay; =appforl =+£2, £5, £8, ... . The last case explicitly
treated here is p =4, and in this case, Eq. (17) becomes
Oy 144 = oy . There are four free coefficients, namely, 0,
a1, 0y 2, and a, 3. Hence, we introduce the general notation
an,q for the coefficients, such that ¢ =0, 1, 2,...,p—1,
represent the p free and independent coefficients. The co-
efficients «, , satisfy conditions. Let us look for the first
four cases, namely, p =1, 2, 3, and 4. For p =1 there is
only one (¢ = 0) free and independent coefficient: o, ; = &y 0-
For p = 2 there are (¢ =0, g = 1) two coefficients: o, 2 =
0.0, On2i+1 = Oy, . For p = 3 the three free coefficients are
associated to ¢ =0, 1, and 2: o, 3 = 00, Xy 3i+1 = A 15
Q3142 = Oy 2. Lastly, for p = 4 the four free coefficients are
associated to ¢ = 0, 1, 2, and 3: o 41 = otp.0, Wpa1+1 = Up 1,
Opal+2 = Oy, Op4143 = Oy 3. In power of such information
we write the most general quasiperiodic ¥, function as

p—1
VX1, 2) = D g g (X1, X2, ), (20)

q=0
where the functions ¢, 4(x1, x2, p) are defined below,

+00
2 2
Png(r1. 32, p) = A N ST (fiyem e, 21)

I=—00

such that fj, is defined by

2
fia = /L”L’: |:x2 + —(pl + q):| (22)

The functions ¢, , form a set orthonormal in the rectangular
unit cell for a given p:

/ dzx qb:l,q’(xl » X2, p)¢n,q(xls X2, p) = Sqq’(SHM' (23)
LiL,

To prove it we introduce the explicit representation of the
functions ¢,, , and ¢, ,4:

2
ILle = [ d°x ¢:1,q’¢n.,q
LiL,

+o00 +o00
= AnA, Z Z Lb, (24)
I'=—00l=—00
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where
L 2 '
I = / dyé PO+l 25)
0
and
Ly
h= / dvsH(f Ha(fie 2, 6)

such that f} , is given by Eq. (22) for /" and ¢'. The in-
tegral I; differs from zero only in case [ =1' and g = ¢'.
Then, one obtains that I} = L;J,, and this yields that fl’,q/ =
fig- A change of variables y = f}, in Eq. (22) brings a

Lle

change in the integration variable dx, = dy and, so,

L=,/ ngL; f;,f dy H,,(y)H, (y)e’yz, with the limits of integra-
tion given by

2L 2n L
= 2(pl+q) and y; = 2(pU + 1)+ ql.
le le

Hence, the integral of Eq. (24) is expressed as

/L3L
IL]Lz A A 2 Z /dyH (Y)H (y)é’_y . (27)

l——oo Yi

Through this trick, the integral along the x, direction, limited
to the unit cell, is extended to the whole axis. According
to the change of variable, y; and y; run from [ until / + 1,
that is, the integrand becomes independent of /. Therefore,
we write that Zl__oo fyf dy = ff;o dy, and in this way,
fioo dyH,()H,(y)e~ v = 2"n) /T 8. Substituting this re-
sult into Eq. (27) leads to the conclusion that the functions of

Eq. (21) are orthogonal. They become orthonormal according
to Eq. (23) by choice of

27p 4 -1/2
A== @nr) 2. (28)

L3L,

The set of orthonormal functions ¢, , carry the index p and
correspond to degenerate eigenfunctions of the free Hamilto-
nian with eigenvalues labeled by n, the Landau level index:
s-D%¢, 4 = hiwe(n + )¢y 4. For the first Landau level n = 0,
0,4 satisfies the condition D ¢y , = 0, where this operator is
defined by Eq. (45).

The orthonormality relation was also found to hold through
a direct numerical verification of Eq. (23). We stress that any
two functions with distinct values of the trapped flux, say p;
and p,, do not belong to the same set of orthonormal functions
and so are not orthogonal, as numerically checked. In fact,
they belong to two distinct sets of orthonormal functions.

III. KINETIC ENERGY OF FREE FERMIONS
IN A MAGNETIC FIELD

In this section we introduce the second-quantization for-
malism to treat the free fermions in a magnetic field under the
second-quantized field W,(x;, x,), which carries the index p.

Thus, there are p fluxons trapped in the unit-cell area L;L,.
This formalism, although of straightforward derivation, is im-
portant for the obtainment of the doubly periodic electronic
density which shows fractional effects:

oo p—1

W, 0) =Y ) Cugbuglri,xa,p). (29)

n=0 ¢g=0

The c, 4, are operators intimately connected to the eigenfunc-

tions ¢, 4(x1, X2, p) and, so, carry the index p: c,(l’_’;. However,

this dependence is hidden in order to keep the notation simple.
The second-quantized field W,(x;, x) satisfies the anticom-
mutation relation

(W1, ), W(x), x0)) = 8(x1 —x()8(x2 —x3)  (30)
and
{‘-I’,,(X],Xz), lpp(X;,Xé)} = 0’ (31)

assuming that the operators ¢, 4, obey the conditions
{cn,q , C;n,q/} = 8qq’8nmy (32)

{crg» Cmg)} =0. (33)

The completeness of the ¢, ,(x1, x2, p) set is the key ingre-
dient to prove that the anticommutation relations hold in real
space, as shown in Appendix A.

For noninteracting fermions the Hamiltonian is given by
the kinetic energy H = K, where K is

- / dzxi(D\If)T(D\p). (34)
2m

For simplicity we drop the index p on the second-quantized
field. In Appendix B we show that the boundaries of the unit
cell do not contribute, and using this, the Hamiltonian acquires
diagonal form

oo p—1

1 o
H = % /dzx(\IJTquj) = Z ZE Cn qc’l q> (35)

n=0 g=0

where E,, is given by Eq. (6). The number of electrons is also
diagonal and given by

oo p—1

N=[dxvw=3"%"cl cug. (36)

n=0 ¢g=0

Although the above expressions are the standard ones, the
electrons are associated to the new functions ¢, ,(x1, X2, p).

A. Wave function and the spatial electronic density

The fermions fill the first n’ Landau levels, n =
0,1,2,...,n — 1, each with p electrons, and the last Landau
level n’ is partially filled with p’ electrons, hence p’ < p.
Therefore, the wave function | D) representing this state has
the form |®) =[], ¢ 4 Cn q|0) where c 4 18 a creation operator,
the index n € [0, n'] represents the Landau levels, and the
index g, 0 < g < p — 1, runs over p, which is the number of
electrons in each Landau level n. An explicit version of the
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wave function is given as follows:

(level n = n' — 1 complete)

(level n = 0 complete)

— tor T i oot Pt
| D) = Co et Co 1€ .0 Cwr—1,p—1 ++* Cr—11Cw—1,0 -+ - €1 p—1 - - - €1,1€1,0 €0,p—1 - - €0,1€0,0 |0). (37)
—_— ——

(level n = n’ incomplete)

The state | ) is automatically normalized, (®|®) = 1 and has
a fixed number of electrons [Eq. (36)] since

N|®) = N|®), whereN =n'p+p. (38)

From the second-quantized formalism we obtain the elec-
tronic density, which is given by the expectation value
(@pp|P), thare.p[, = \.IJ;\I’,, and \Il,., is the operatgr associ-
ated to the periodic density, that acquires the following form:

Iop(-xl ) x2)

oo oo p—1p-1

=D YD g g 1 X2 g (X1, X2). (39)
m=0

n=0 ¢'=0 ¢=0

Then, the expectation value is obtained used the anticommu-
tation condition of Eq. (32):

(Plpp(x1, x2)|P)

n'—1 p—1
= | q(x1, X2, P
n=0 g=0
p—1
+ ) 1bwg 1, x2, P (40)
q=0

In power of the above expressions one can numerically calcu-
late the electronic density and observe some original features
of free-electron states.

Figure 1 shows the spatial electronic density of the com-
pletely filled first Landau levels (n = 0). In this case the wave

function (37) is [®) = ¢ ,_; ... ¢} 1¢{ 40), and so the spatial

density becomes (®|p,|P) = f;;(l) |¢>Q,q(p)|2, obtained from
Eq. (41). The number of trapped flux and the number of
electrons is the same and equal to p. Interestingly, the density
displays an egg-box pattern with p? maxima (minima). Hence,
each maxima (minima) can be associated to a fraction 1/p of
a electron. Notice that as p increases, the difference between
the maximum and the minimum density shrinks. This is a
consequence of the sum over the |¢0,q(p)|2 wave functions
which adds more positive contributions as p increases. For
this reason the first plot, which corresponds to p = 1, is able
to reach zero density, as the sum over g is absent.

Figure 2 shows the spatial electronic density for the par-
tially filled first Landau levels (n = 0) such that only the ¢ = 0
state is present. In this case the wave function (37) contains a
single electron |®) = cg’()lO), and the spatial density becomes
(Ppp|®P) = |po.0(p)|?, obtained from Eq. (41). The number
of trapped flux and the number of electrons is not the same:
the former is p whereas the latter is one. The density displays
p zeros, which is the number of trapped flux in the unit cell.
Thus, each zero in the density is associated to 1/p electrons.

(level n = 1 complete)

(

The first plots of Figs. 1 and 2 coincide as both correspond to
p=1landg=0.

Figure 3 shows the remarkable fact that the electronic
density of N = (n + 1)p electrons displays an egg-box pattern
with p? maxima (minima). There are p electrons (and fluxons)
in each Landau level and 7 filled Landau levels, thus making a
total of N = (n + 1)p electrons (fluxons). From top to bottom
the sum is over the Landau levels n' =0,1, ' =0, 1,2,
and n' =0, 1, 2, 3, thus defining the maximum Landau level
n=1, 2, and 3. Hence, the unit cell is shown in units of
(x1/Ly, x2/Ly), such that the last level of Eq. (41), n’ = n, is
also filled, p’ = p. The columns run from left to right and the
number of electrons in the unit cell ranges p = 1, 2, 3, and
4. Notice that the scales of the plots do not coincide although
the same set of colors is used. The case where only the lowest
Landau level is considered, n = n’ = 0, is treated in Fig. 1.
Therefore, the first, second, and third rows correspond
to the densities  (®[p,|P) = [po.o(p)* + |Pro(P)I,
(®[ppl®) = |p0.0(P)* + [Pr.0(P)* + |p2.0(P)I*, and
(@[p,p|®) = |do.0(P)I* + |d1.0(P)I> + |92.0(P) 1> + 1¢3.0(P)I%
respectively. Remarkably, the ratio between the total number
of electrons and the number of maxima (minima) is fractional,
and given by (n + 1)/p, as shown in Table I.

IV. ATTRACTIVE MAGNETIC INTERACTION AMONG
ELECTRONS CONFINED TO THE LOWEST
LANDAU LEVEL

In this section we include interaction among electrons con-
fined to the lowest Landau level. The motion of the electrons
due to the external field makes them generate currents which
create a local magnetic field causing a mutual interaction
among them. We prove here that this magnetic interaction is
attractive and to treat it the field energy is incorporated into

TABLEI. The (n, p) above elements are associated to the Landau
level n, and the number of electrons in each Landau level p. Indices
runn =0,1,2,3and p = 1, 2, 3, 4, respectively. Notice that all lev-
els are filled up to n which gives for the total number of electrons
p(n+1). The number of density maxima (minima) observed in
Figs. 1 and 3 is p?. Therefore, the ratio between the total number of
electrons and the observed maxima (minima) is fractional and given
by (n+ 1)/p.

p=1 p=2 p=3 p=4

n= 1 1/2 1/3 1/4
n=1 2 1 2/3 1/2
=2 3 3/2 1 3/4
n=73 4 2 4/3 1
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the Hamiltonian, and added to the kinetic energy such that
H=K+F. 4D

We emphasize that the present approach only applies in case
the system has uniaxial symmetry which means that the ki-
netic energy K is

2

K= /d*x— > (D;w) (D;W), (42)

j=l1

and the field energy F is
3 1 2
= | &’x—[h3(V) — H3]". (43)
8w

The local magnetic field h(W) is also a second-quantized field
solution of Ampere’s law,

v x W) = T Tw), Tw) = WD+ e, (@44)

c 2m
by knowledge of the current J. A special attention must be
paid to the dimensionality of the fields, as the magnetic field
and the the current are tied to each other through Ampere’s
law, which assigns to W the dimensionality [V] = 1 /W s
where V = ALj3 is a volume, the product of the unit-cell area
in the plane, A times a length along the direction of the applied
field Ls. This is consistent with the energy being an integral
over three-dimensional space, but uniaxial symmetry along
the direction of the external applied field renders the problem
two dimensional. All the fields only depend on (xi, x»), in-
cluding the local field E(W) = X3h3(V), hs = V1A; — V,A;.
For the applied field we choose, as before, that A3 = 0 and
H = % H.

Remarkably, Ampere’s law is solved exactly and the local
magnetic field 43 (W) fully determined under the lowest Lan-
dau level condition. To show this consider a dual view of the
kinetic energy that requires the operators

Dy =D, +iD,. (45)

We use the identity

2
> (D;w) (D) +iW Dy, Dy]W
j=1

(DL W) (D, W) =

hm
- 7(V1J2 — VaoJy), (46)

where the current components J;, i = 1 and 2, are given by
Eq. (44), and the commutation relation is given by

eh
[Dy,D;] = —Eh} 47

Combining Egs. (42), (46), and (47), and using that

hm ooy
— (Vila = Vali) = V(W) (48)

one obtains that

D, W |?
K:/d3 1D 1 —hg\lﬁ
om 2mc

R’ .
b+ / dPx VI (UTW), (49)
4m

where the last term is a surface term. The dual formulation
of the kinetic energy also leads to a dual formulation of
the current, which is obtained by varying the kinetic energy
with respect to the vector potential 6F; = - % i d*xJ -
SA. T herefore, one obtains the components of the current in
the plane:

e eh .
N = oW D) + (D W)W — V(W) (50)
2m 2m
and
e . 5 eh ¥
ho= 5= (W (D) = (D4 W) W] + -V, (¥TW). - (51)
2im 2m

The confinement to the lowest Landau leads corresponds to
DV =0. (52)

Under this condition the current components become J; =
—%Vz(\y’“l!) and J, = %V](\IJT\I/). Ampere’s law, given
by Vyhs = (4 /c)J; and Vi hs = —(4m /c)J>, is solved and
hy + (2meh/mc)|¥|* = constant obtained. The constant is
determined by the condition that the local field must be equal
to the applied field 73 = Hj in case that ¥ = (. Hence, there
are first-order equations that link W to &3, namely, Eq. (52)
and

h3(W) = Hy — 4 W' W, (53)
where pp is Bohr’s magneton
eh
wp=—. (54)
2mc

Next, we find approximate solutions for these first-order equa-
tions that result in the determination of ¥ and h;. First,
Eq. (52) is solved for W assuming that the vector potential
is only due to Hi. Second, Eq. (53) is solved. The general
solution for W, given by Eq. (29), is the n = 0 part of the
general solution since D W , = 0:

pP—
Wy, p(x1, X2) = \/__ ZCO,q¢O,q(xlv X2, P), (55)
=0

where

2]T 7 Foo 2
@o,4(x1, X2, p) = <%> § : elil (pl+<1)x1e—%f,§i’ (56)
172 I=—00

Bl

with f, defined in (22) since D¢ 4 = 0. Once in power of W
the local field follows from (53) by computing the expectation
value (®|h3(Vy ,)|P) for a state |P) constrained to the first
Landau level. Hence, one obtains that

p—1

4
H; — u3—2|¢oq(x1,xz pIIF. (57)
s

(@lh3(Wo,p)|P) =

Next, we consider the attraction among electrons confined
to the lowest Landau level that stems from the first-order
equations. Introduce Eq. (52) into the kinetic energy,
given by Eq. (49). The Hamiltonian (41) becomes H =
pp [dPxh3WiW 4 I fd3x V2(WW) + & [ dPx (hs —

H3)?, that once combined with WIW = —(1/4nu3)(h3 Hy)
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from Eq. (53) renders that

H = /d3 ( - 8—h3(\11)2

Next, we express H by introducing Eq. (53) into Eq. (58):

R
— V(' \y)). (58)
m

) / 3 [nghp A %z(ww)]
H=2ruy | &’x| —— — (V'¥)" + —— |, (§9)
27 277,
where Bohr’s magneton is related to the electron’s classi-
cal radius by /2 /4m = u3/r. — r, = e*/mc*. Equation (58)
shows that the magnetic field energy is negative —h3 /87 and
so able to lower the energy by becoming more intense. In
other words, it causes attraction among the electrons. No-
tice that the total energy must remain positive, as initially
assumed according to Eq. (41). For the periodic state the last
term vanishes [ d*xV2WiW = 0, as previously shown. Since
upH3 = liw. /2, the Hamiltonian can also be expressed as

Fio,
H = /d%[%\wxy — 271“;(\1:*\11)2]. (60)

The second term is evidently attractive although, in compari-
son with the first, very small.

By turning the three-dimensional integration into a two-
dimensional integration, a new parameter L3 is introduced:
[ dx/Ls = [ d*x. For this reason Eq. (55) carries L3 that
also appears in the local field, given by Eq. (57). Hence,
L; is a phenomenological parameter that sets the scale of
the difference h; — H3, and so, cannot be determined within
the present approach. L3 limits the validity of the first-order
equation approach since h3 — H; must be very small, and
according to Eq. (53) this requires that Hz > 4w uz WiV or,

equally,
2
Ly> |\ [—Te.. (61)
4

This is easily reachable for any reasonable L3, considering that
ro = 2.8 x 1075 m. This relation is obtained by assuming
that WTW ~ /27 p/(L3A), where the area A = L,L, is asso-
ciated to the flux quantization in the plane H3A = p® . Bohr’s
magneton, the magnetic flux, and the classical radius are con-
nected through up = 0’* , and from it the above condition
for Lj is stralghtforwardly obtained. In summary, once the
deviation Hs — h3 is adjusted by an external argument, such as
a measurement, the parameter L3 becomes known. Apart from
the choice of L3 the theory can be treated two dimensionally
in the plane (x|, xp) due to its uniaxial symmetry along the
applied field.

The deviation of the local field to the applied field is shown
in Fig. 4, and is given by —(®|h3(Vy ,) — H3|®)L3/up. This
deviation shows the existence of maxima and minima in the
unit cell (x;/L;, xo/L,). The lowest Landau level is assumed
totally filled and the figure shows the cases p = 1 (left, up),
p = 2 (right, up), p = 3 (left, down), and p = 4 (right, down).
Notice that while this figure shows the density, Fig. 4 displays
the local field &3, and they are connected to each other by
Eq. (57). An egg-box pattern emerges with p?> maxima (pink)
and p? minima (black) in the magnetic field pattern. The
ratio between the maxima (minima) of the local field and the

W N

‘ . ‘—8.0
AHNSEOOOOL

-9.97
’..‘ DQOQG_W
D 0 0 . 1
’ . . ‘ 8.8 -10.05
D 0 0 0 l
l a ‘ ‘

FIG. 4. The deviation of the local magnetic field to the applied
field —(®|h3(Wy,,) — H3|P)L3 /g is shown here in a unit cell. The
unit cell (x; /Ly, x,/L,) is displayed for the cases p = 1 (left, up), p =
2 (right, up), p = 3 (left, down), and p = 4 (right, down), respec-
tively. The number of electrons for the totally filled lowest Landau
level n =0 is N = p. Thus, there are 1 (top-left), 2 (top-right), 3
(bottom-left), and 4 (bottom-right) electrons (fluxons), respectively.
Remarkably, the ratio between the number of maxima (minima) of

the local field, as seen in the above plots, and the number of electrons

is 1,14 7 3, and <, respectively.

~9.0 l ‘ ‘ - ‘ ~10.10

number of electrons is fractional, and given by 1/p, as found
in Table I.

V. CONCLUSION

The set of orthonormal bases developed here yield wave
functions for the well-known Schrddinger equation problem
of a electron in a magnetic field that features a periodic den-
sity probability. These wave functions display a fixed number
of p trapped magnetic flux per Landau level. The second-
quantization study reveals that the number of electrons N and
the number of fluxons trapped in the unit cell p are indepen-
dent. For N fermions distributed among n + 1 Landau energy
levels we find the remarkable property that the density of
electrons presents p> spatial maxima (minima) in the unit cell
for any n. In case the highest Landau level is completely filled,
and so with N = (n + 1)p electrons, there are (n + 1)/p elec-
trons per maxima (minima). We have shown that in case that
electrons fall in the lowest Landau level (n = 0), the magnetic
field produced by the electrons yields a residual attractive
interaction among them. The present set of orthonormal func-
tions retrieves the de Haas—van Alphen effect results, namely,
the total magnetization displays a periodicity with respect to
the inverse of the applied field which is proportional to the
area of the Fermi surface.
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APPENDIX A: COMPLETENESS OF THE
ORTHONORMAL WAVE FUNCTIONS IN THE UNIT CELL

In this Appendix we prove the completeness of the or-
thonormal set defined by p, which is given by
oo p—1

D bugxi %2 PP, (x1. x5, p)

n=0 g=0
= 8(x; — x})8(x2 — x5). (A1)

This completeness relation is behind Eq. (30) through
Eq. (29). Using Eq. (32) it follows that

(W, (x1, x2), Wi (x), x5)}

oo p—1
=3 b1 32, P)B; (41, %5, p). (A2)
n=0 g=0
To prove it one must calculate
{\ij('xl ’ x2)7 \Ij;('xi ’ x;)}
27‘[p p—1 +o0 s 400 ,
_ i7H (pl+q)x, =i (pl'+q)x|
- L3L2 Z en Z et
1 q=0 |=—00 I'=—o00
s 1Log2 12
X Y A (fig) Ha(f7 e 2 Vit o). (A3)

n=0

The latter is obtained by using ¢, ,(x1, X2, p), defined
by Egs. (21) and (28), where b, = (2"n!/m)" /2.
First, consider the sum in n, which is essentially done
over the normalized wave functions of the harmonic
oscillator l/fn(x)z(Z”n!ﬁ)’l/an(x)e%"z, where H,(x)
are the Hermite polynomials. Hence, the ,(x) satisfy
ffooo dx ) (x)Y,(x) = 8, and the corresponding complete-
ness relation is Zzio Y, ()Y, (y) = §(x — y). Thus, the sum
over n in Eq. (A2) becomes

oo
, _l(p2ypm
> B2 H(fiHu(fr e Yt = 8(fig = fi).
n=0
and using Eq. (22), one obtains that

[o¢]

_ 12 2
> B H(fig)Ha(fh e 2Vt
n=0

_ 5( 27 (e — %) + La(l — l/)>.

LiL,
Considering that x, and / are independent variables it holds

that the delta function is centered at x, = x} and / = [’. There-
fore, we have the following completeness relation:

ad | 2 LiL

/ — Lt // 12
2 b fipHn e 2T = | [ sn —x). (Ad)
n=0

where we have used the property 8(a(x, —x5)) = %8(x2 —

xh),a = %. Using Eq. (A4), Eq. (A2) becomes

1
(W) (x1, x2), Wix), x))} = L_ISp(-xl —X)8(x2 — x5),  (A5)

—1 -+ i % (pl+q)(x1—x})
where S, (x; —xi) = ZZ:O l=oioo oo Pl —x)
analyzed.

For p =1, 2, and 3 the sum becomes

must be

+00

S = Z (ei%l(xlixg)),

[=—00

S, = Z (ei%’]'(Zl)(mfo)_'_ei%’l'(ZlJrl)(xlfx’l))’

[=—00
+o00
S5 = Z (Eii’]'@l)(xlxj)+eiﬁ(3l+1)(x1x{)

|=—00

I=—00

+00
e v .
+ Z e B x‘)>, respectively.

Notice that the total sum runs over all integers, and in this way,
one can write that

p—1 o0 ) +oo
S _Z Z eiﬁ(pl+q)(x1—x;)_ Z eiﬁr(xl—xé)
p = = .
q=0 l=—00 r=—00

Hence, we have reached the second completeness relation

+00
-2 ’
Sp= D TV = Lisgm —x), (A6)
r=—00

that once added to Eq. (AS5) gives the anticommuting relation
given by Eq. (A1) and so to Eq. (30).

APPENDIX B: KINETIC ENERGY AND THE BOUNDARY
OF THE UNIT CELL

The kinetic energy is expressed in a more convenient way,

1 . i -
K= > d*x(V'D*W) + . /dzx V2p, (B1)

where p = W, In this Appendix we show that the second
integral vanishes due to the periodicity of the state. To derive
Eq. (B1) we write (DW)"(DW) = (ihVW¥' — (¢/c)AVY) - &,
with@ = DW. Using that V¥ . @ = V . (Wia@) — wH(V - @),
one gets that

DY) (DY) = U(—inV — (e/c)A) - @ + ikV - (¥ @).
The kinetic energy becomes
1 PRy ih ) R
K=— [dx(¥'DV)+ — [ dxV - -(V'DV), (B2)
2m 2m
and its complex conjugate
1 — ‘h =3 — .
K* = —/dzx(DZ\If)*\If — l—/dsz - (DW)TW).
2m 2m
(B3)
The kinetic energy is real, thus summing Eqgs. (B2) and (B3)

and dividing by two gives that

1 . .
K = —fdzx VDV + (D*0)'w
dm

ih - . L
+ l—/dsz (VDY — w(DW)").
4m
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A
X)

0 l L, X
Fi=-

FIG. 5. The integration scheme and the definition of the vector 7
perpendicular to the surface.

The two terms in the first integral are shown to be equal
WID2W = (D*W)"W, and in the second integral it holds that
ViIDW — (D)W = V(UTW). In this way we obtain the
symmetrized kinetic energy given in Eq. (B1).
The second integral (B1) simply vanishes in case of a
periodic state, as shown below. We write it as a surface integral
2 2
" d*xV?p = L f(%p) Adl, (B4)
4m 4m
where 7 is a vector normal to the border lines of the unit cell
where the above integration is taken and performed, using the
theorem ¢, F - 7idl = [ V - F d?x for a vector function F in
the plane (x;, x;). The integral of Eq. (B4) is illustrated in
Fig. 5. Notice that the line integrals along the path d/ = dx;
are obtained by taking # = —%, for x, =0, and # = %, for
xp = Lp. The integrals along the path dI = dx, have i = —%,
for x; = 0 and 7i = X for x; = L, then Eq. (B4) is written as

o[

— ®(Vp)-iidl

Im ?g( p)-n

_® /Ll g (YPG1:L2) Vo1, 0)
dm | Jo ! Vx, Vx,

L,
+/ dxz(Vp(Ll,xz)_Vp(o,m)} ®5)
0

V)Cl Vx1

Recall that p is periodic and, so, the integrals in opposite sides
of the rectangular unit cell annihilate each other, resulting that

K2 .
E?é (Vp)-iidl =0. (B6)

APPENDIX C: de HAAS-van ALPHEN OSCILLATIONS

In this Appendix we show that the present formalism
describes the well-known results of de Hass—van Alphen os-
cillations, which essentially describe how the energy and the
magnetization change according to the magnetic field. There
are N spinless fermions distributed in n’ + 1 Landau levels,
the first n’ ones, n =0, 1,2, ...,n" — 1, are totally filled and

the highest one n’ can be partially filled with p’ electrons.
Previously we have developed a set of orthonormal wave
functions ¢, ,(x1, x2, p), defined by Egs. (21) and (22), where
p is the number of trapped magnetic fluxons in the unit cell.
The second-quantization formalism shows that there are p
available states in the Landau level since ¢ =0,...,p— 1,
but not all of them have to be filled. Therefore, the number of
fermions is a free parameter and for this reason A is introduced
and is associated to the highest Landau level »/, that is only
partially filled:

p =Ap, where A € [0, 1). (CD)

We define a filling variable

Vv

S |=

(€2

that determines the number of occupied Landau levels accord-
ing to the number of electrons

v=rn+ A (C3)

Notice that v and A are continuous variables whereas n’ is a
discrete variable. A new critical field Hj is defined associated
to the density of electrons N/A,

N
H. = —d,, C4
3= (C4)

where A = L,L, is the unit-cell area. As the applied field H;
is associated to p, one obtains that

_

==, C5
"= A (C5)
A new way is obtained to write the filling factor v:
27N 1 ©6)
V= .
Am  ho,

The Landau levels are filled in multiples of Hj since n’ = [Z—é ,
and the incomplete filling A becomes ‘

H; [Hé]

A=—=—|—=| (C7)
Hy | H;

The notation [«] means to take the largest equal or smaller

integer contained in a number «.

Further physical insight into the filling factor v is achieved
by introducing the magnetic length Iy = +/hic/eH;. This
length describes the classical orbit of the electron in presence
of the magnetic field. It stems from the origin of the centripetal
force that renders mv?/r = quHz/c, where v is the velocity
and r the radius of the circular orbit. Added to Bohr’s angular
momentum condition, mvr = ngh, where ng is an integer, it
leads to the quantization of the orbits r = ,/ngly. There are
two possible areas associated to the disk defined by magnetic
orbit 73 and to the electronic density A/N. The filling factor
corresponds to their ratio v = ang /(A/N). In case that many
Landau levels are filled, n’ > 1, the filling factor is large,
v > 1. In this limit, the electronic orbits overlap, [y >> +/A/N,
and the classical picture of an electronic orbit in this collective
state no longer holds.

The total energy of the fermionic electrons requires the
summation over all levels and this is readily obtained from the
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FIG. 6. The oscillations of the energy, normalized by its zero magnetic field, are shown here, as obtained from Eq. (C14). The left plot
shows this energy ratio as a function of the inverse of the filling factor v=! = H;/H}, whereas the right one is with respect to the filling factor
v = H;/Hj;. v describes the number of filled Landau levels and Hj is required to locate all electrons in the lowest Landau level. Notice the

periodicity in both H; and 1/H;.

Hamiltonian of Eq. (35) by computing the energy expectation
value

E, = (®|H|®) = (Eop+Eip+ -+ Ey_1p)+ Eyp
n'—1

=pY E,+Ep,
n=0

(C8)

where E, = ho.(n + %) is given by Eq. (6), and E, =

hw.(m + %). In summary, total energy FE, takes the

contribution of n’ fully filled Landau levels p ZZ:OI E,, added

to the highest level 7/, that may be partially filled E, p’. In-

troducing Eq. (C1) and the sum ZZ:OI (n+ %) =n'%/2, one
n/2

obtains that
, 1
E,= |:—2 + (n + §>A:|hwcp.

The energy E), is shown to be explicitly periodic with respect
to the filling factor v, or to its inverse v~L the latter being
proportional to the applied field H;. We combine Eqgs. (C9)
and (C2) to obtain the energy per electron as a function of the

(€9)

applied field:
E n'? 1 hw
H)=-"L=|— T+ A | —. C10
€(H3) N [2+<n+2)]v (C10)
Using Eq. (C6) one obtains that
ho,
€(Hy) = €(0) + Z-1(1 =}, (C11)
%
where €(0) is the energy per electron in the absence of field
Nmh?
€(0) = . (C12)
Am

This is done by first casting the energy as e(H3) = (n> +
2n'n + A)%, and then adding a term £A? inside the paren-
theses to obtain that €(H3) = [(n' + 1) + A — 2?1542 Next,
using that v = n’ + A [Eq. (C3)], one obtains that
e, (1= a

o (I=2).

We briefly review the derivation of the average energy per
electron without the applied field, given by Eq. (C12). This

(C13)

1
€(H;3) = Evhwc +

can be achieved by direct arguments without the inclusion
of the applied field. By integrating over the Fermi surface
disk, one obtains that N/A = k% /4m and that the total energy
per electron is Er /N = Er /2, Er = (hkp)?/2m. Hence, one
finds the zero-field energy per electron of Eq. (C12), that is,
E7 /N = €(0). Hence, the ratio between the energy in presence
of a field € (H3) and without a field €(0) becomes

€(H3) Hy\’
0 1+ (I?é) Al =),

(C14)

The above expression is plotted in Fig. 6 and shows the oscil-
lations with respect to the filling factor. Since v=! = H;/H;
the left plot shows that the period of oscillations increases
for increasing Hj;. The amplitude of oscillations smoothly
increases proportional to H; according to Eq. (C14), while A
is a periodic function of 1/H;. The same data are also plotted
in the right plot, in this case with respect to v, and both plots
show a periodicity.

The magnetization M is obtained from

de(H3)
0H;

where €(H3) is given by Eq. (C11), that once combined with
Egs. (5) and (C7) gives that

) (C15)

2w heN
€(H3) = ugp
Ae

H} (H; [H] H; [H]

—3/<—3— =2 )(1——3— =2 ) . (C16)

H;\H; | H; Hy | H3

M/ p is obtained by deriving Eq. (C16) with respect to Hj:

M 20(1 — A
—=l—2)\—(—). (C17)
B A+

Figure 7 plots the magnetization versus v = A + 1’ as given
by Eq. (C17). Notice that although the energy is a continu-
ous function of Hjz, its derivative is discontinuous when the
Landau level is totally filled. Consider the field Hz near to a
multiple of Hj. In this neighborhood there is a change in v =
X+ n’ by going from A = 1~ (slightly below 1.0) to A = 0™
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FIG. 7. The magnetization, given by Eq. (C17), as a function of
v = H;/H;, where H; = N/(A®,), according to Eq. (C4). Notice the
periodicity of the magnetization with respect to 1/H;.

(slightly above 0). A discontinuity arises in the magnetization
since A%Bl_) ~ —1.0 and %io*r) ~ 1.0, as shown in Fig. 7.

In case many Landau levels are filled, namely, case n’ > 1,
Eq. (C17) becomes

M
— &~ 1 —2A,
K“B

(C18)

which shows that the magnetization M is a periodic function
of 1/H; with the period given by

1 1 A
ANl —)=—=—.
<H3> Hy N®
Using that N = 47 /k2 (spinless fermions) we retrieve the

de Haas—van Alphen result that the oscillations are inversely
proportional to the Fermi surface area Ap = mk3:

(C19)

2me 1

A(L) = (C20)
H3 hc AF
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