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In this work we studied the properties of a two-dimensional electronic gas subjected to a strong magnetic field
and cooled at a low temperature. We reported exact analytical results of energies at the ground state. The
results are for systems up to N = 10 electrons calculated in the integer quantum Hall effect (IQHE) regime
at the filling factor v = 1. To accomplish the calculation we used the complex polar coordinates method. Note
that the system of electrons in the quantum Hall regime relied heavily on the disk geometry for finite systems of
electrons with arbitrary values of N, = 2 to 10 particles. The results that we obtained by analytical calculations
are in good agreement with those reported by Ciftja [Ciftja O., J. Math. Phys., 2011, 52, 122105], where the
representation for certain integrals of products of Bessel functions is obtained. In the end, we have studied the
composite fermions energies for the excited states for several systems at v = 1/3 and the correspondence
between the fractional quantum Hall effect (FQHE) and the IQHE.
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1. Introduction

A discovery of the integer quantum Hall effect (IQHE) [} 2] was the beginning of a big revolution
in the field of condensed matter. It is interesting to study theoretically and numerically the phases of the
integer and fractional quantum Hall effect (FQHE) in a two-dimensional geometry in order to consider
various aspects of this problem. In this article, we give some details of the formalism used to treat the
IQHE and FQHE problem on the disk geometry [3H5]. As an hypothesis, Laughlin (1983) [6] considers
that the electrons are confined on the plane in a central symmetric potential, so that the Hall droplet forms
a disk of uniform density in the volume with the correct density of states per unit area. This area 2nml§
is a circle where the radius contains m flux quanta.

We solved the problem of the motion of a confined two-dimensional electron in a uniform magnetic
field. This field is perpendicular to the motion of electrons. That presumes that the electron system is fully
spin polarized. The shape of the system is a disk. Let us first consider free electrons, for a homogeneous
uniform magnetic field B = (0, 0, B). The symmetric gauge is defined by the vector potential A

A= %(—y,x,O). (1.1)

In this gauge, the vector potential A is invariant by rotation about the axis z, and in the canonical
momentum p = —i#V. In the presence of a magnetic field, the Hamiltonian can be written as follows:

1 [} 2
- —(p + —A) : (1.2)
2m c
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By introducing the complex variables

x—1i x+i
=22 AT (1.3)
lo lo

The characteristic magnetic length on the disk Iy = /7i/eB that will be taken equal to 1. The wave
function in the lowest Landau level (n = 0) is denoted by ¥,

o = [ | (@ = 2)" e 2 el (1.4)

i<j

Let us consider a system of finite size such as a disk of radius R, and we can count the number of
states in the lowest Landau level included in this disk. The probability of presence of the state |0, m) is
defined by

2 1 rim —%
[Wo,m(z.2)| e (1.5)

The wave functions in the lowest Landau level are simple monomials in z. Thus, any state in the
lowest Landau level (LLL) is given by a polynomial equation dependent only on z. The probability of
presence of the state |0, m) is maximal over a circle of radius r;, = \/ﬁlo, such that the radial extension
of the wave function is of the order of /y. When m increases, the particle moves symmetrically away from
the origin. The last state inside the disk of radius R corresponds to m = R?/ 213 electronic orbitals, which
is also equal to the total number of states in this disk.

The very good approximation of the true fundamental of equation (harmonic oscillator) of our system
is that of Laughlin, but is not exactly the wave function of this fundamental which is written for odd
integer m in equation (I.4). This wave function describes a filling state. The basic state used in our system
is described by Laughlin [6] in terms of Slater determinant in the first quantification which could be used
to guess a test wave function for the ground state of the fractional quantum Hall effect. We proceed to
study the systems N, = 10 of the composite fermions (CF) wave functions and we have to compare them
to the exact wave functions in the disk geometry.

This article deals with the physics of the path connecting the fractional quantum Hall effect to the
integral quantum Hall effect. In section [2] the model of interaction as well as the Coulomb interaction
are presented. In section [3] the method of analytical results for IQHE at v = 1 is shown. In section[d] we
study the excitations of the CF states. In section[5] we give the results of our calculus. The conclusion is
presented in section [6]

2. Model of interaction

The many-electron system is described by the Hamiltonian

P P

H=K+V, 2.1)

where K is the kinetic energy operator, 7 is reduced Planck’s constant, w = egB/m is the cyclotron
frequency, and the Coulomb interaction 1% projected in the LLL is obtained starting from the electron-
electron interaction, electron-background and the background-background potentials. When all electrons
are confined in the LLL, their kinetic energy is then constant ( N > = lha) [7]. We consider N, = 10
electrons of charge (—ep) embedded in a uniform neutralizing background disk of an area and a positive
charge N, eg. Moreover, the disk is a part of the xy plane subjected to a strong uniform magnetic field,
in the z direction, B = Be,, and lower temperatures.

The total potential energy operator is defined by

V = Vee + Vo + Vip, 2.2)
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with Vee, ‘Zb and Vbb denoting the electron-electron, electron-background and the background-background
interaction potentials, respectively. Their corresponding expressions are given by

P N 62
Vie = °_, 2.3
e Zmﬂﬂ 23)
i<j

m—pZJ = 4
2
Vbb = % J d2r ‘[ dzr' 0
|r
Sy Sw

where #; (or r; ) indicate the electron vector position while r and r’ are background coordinates. Sy is
the area of the disk and p is the density of the system (the number of electrons per unit area) that can also
be defined by

2.5)

1%

, 26
2ml3 (2.6)

p=

The integer quantum Hall effect is perfectly explained without invoking interactions: only non-
interacting particles fully occupying Landau levels. The interaction is crucial for fractional quantum Hall
effect. The many-body wave functions will be of the form of the equation (T.4). The theory of the CF is a
generalization of those considered by Jain [§]] with the found states at v = p/(2pm + 1) with integer m and
p- This theory of the composite fermions immediately describes the elementary collective excitations by
the promotion of a CF towards the states in higher Landau levels [9]].

WG, on) = P | (- ) o 2.7)
Jj<k

Here, @&’ represents the incompressible IQHE ground state at filling factor v = 1 (for noninteracting
electrons), and Py is an operator that projects the state onto the LLL. The factor [] i<k (z,- - Zk)zs is
the Jastrow factor, binds 2s vortices to each electron to convert it into a composite fermion (CF), for two
vortices s = 1 [7]. The method for LLL projection is given in appendix [A]

N,

o = l_[ (zj — z) exp ( - - Z |zi] ) (2.8)

j<k

This can be compared directly with exact numerical diagonalization results to test the applicability
of CF trial wave functions to the system in each sector with a given number of particles N, and angular
momentum L = mN,(N, — 1)/2, with the basis formed by antisymmetrized functions of the form (1.4).
The background-background interaction potential Vi can be classically calculated without using the wave
function of the electron system. Its value is simply determined by calculating the elementary defined
integral (2.5) and is given by reference [10].

~ . 8N, [uN.€}
= T, 2.
(o) =57 % 29)

For a given wave function W(ry, . . ., rn, ), these energies are determined using the following formulae

Vel V) 5\ _ (Ve V)

, = 2.10
< ee> <\{, |“P> < eb> <‘I’ |‘I’> ( )
The term ‘7ee is written as follows:
2
=~ N.(N, — 1 e
(Vee) = Ne(Ne = 1) Idzrl ey, —— |, @2.11)
2 lry = 12|
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Similarly, for the Veb interaction, we have

with

(\Zb> = —pN, szrl .. .dere

(o)

2

NY;

2
Yri,....rn,

€ dg q
d*r =2nRN | = J1(q) ol =—r1),
J o NOJ . 1(9) O(Rer)

2.12)

2.13)

where is the J;,(x) n-th order Bessel functions. A detailed description of the ground state obtained by an
analytical method is given in our earlier works [[11} [12].

3. Analytical results for IQHEatv =1

In this section, we obtain the analytical expressions for the total energy per particle (in units e(z) /lp) and
related quantities corresponding to IQHE system of electrons in a disk geometry at v = 1. The ground
state interaction energy per particle can be written as follows:

E = &ee T Eeb T Ebb >

(3.1)

where € = <\7> /Ne, Eee = (\766> /Ne, €ep = (\Zb> /N, and &pp, = <\7bb> /Ne. The energy of the interaction
between electrons-electrons, electrons-background and the background-background is given by

N, =

&2 e2
Eee = WD = 0.22155673%2
0 N 0
£op = 0.49007013 7
2
geb = =22 [31o(1) + 511 (1)] = ~1.52705731 2
62
& = ~0.45667421 7
foo = %ﬁ—g = 0. 40157158—
eop = 1. 03959573—

82
geb = —YZE[975(3 )+4111(§)] = ~1.925014907>
& = ~0.48384759 7

_ 5147vR €}
foe = ST D = 0, 55681274—
Ebp = 1.20042175%
62
Y(791(2) - 51511(2)] = ~2.25835527 7
82
& = -0.50112077 7
Eoo = 1IN j—o =0. 69519780—
ebp = 1. 34211232

M
<]
o

1l

2
Eeb = 72;’257;2 [85110(%) — 186911 (3)] = —2.55064421 3

e =-0. 51333409

_ 15545879\F€
Eee = W‘an—g 0. 82118371—

&pb = 1. 47021039

Eeb = 256067 .
&= —0.52255605%’

eZ
3Vam [1662910(3) ~ 253971(3)] = ~2.813950152
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283985723 €2
Eee = W(DIZN 102— 0 93756539—
N, =7 Epp = 1.588008723 2
Eeb = G (775265 Io(3) - 1007359 1; (1)] = -3.05541141 2
€= —0.52983730‘;—3
_ 81126302255v® €5 &2
Eee = 3235953073 10 1.046229067;
N gl o= 1. 6976527360
e = ) 2
Eob = Tl [217069951 Io(4) - 260821371 I;(3)] = ~3.27965711 %
= -0. 53577533
1424926487975f e &2
Eee = 2199023255552751_0 = 1.14851739 "
No= 0 &pp = 1. 80063263
= 5 2
‘ Eap = —228 [358919853 Io(3) - 4139366591, (3)] = ~3.48988824 2
2293760¢ 3
e =-0. 54073822 ]
395560272250157\f e e?
Eee = 562949953421312nl_0 1.24542568 7
Epp = 1. 89803345
N, = 10;

62
Eeb = oL s[275138757110(5) 309879461911 (5)] = ~3.68842587

=-0. 54496674

4. The quasielectron (ge) energies

Nowadays, there are two universally accepted theories in the field of FQHE, the theory of Laughlin [6]
and the theory of Jain [8]]. An early trial wave function proposed by Laughlin for the ground state at the
filling factor v = 1/m, m odd, turned out to work well [13]]. The CF theory applies to a broader range of
phenomena, while also providing a new interpretation for the physics of the v = 1/m state, as a state of
CF at an effective filling of v* = 1 [8}[13]. While the wave function for the v = 1/m ground state from the
CF theory is the same as that in reference [6l], the wave functions for the excitations are different, which
gives an opportunity to test the validity of the CF theory at v = 1/m itself. We note that when speaking
of “quasielectrons” in this paper, we really mean “quasielectron excitations” of an incompressible FQHE
state. Our objective in this work is to compare the two theories for systems containing (N, — 1)ge.

4.1. Laughlin's N, — 1 quasielectron wave function

We concentrate herein below on v = 1/3, with one quasielectron in the disk geometry. Note that the

wave function ‘PﬁNe_l)qe corresponding to the (N, — 1) quasielectron states of Laughlin to the filling
factor v = 1/3. The trick of piercing a flux quantum adiabatically through the system motivates the
following wave functions for the quasielectron[6]

2
N.-1)ge - |z
i =i w3 2]

J

file-slmer] o

Jj<k

In physics, this equation describes the creation of (N, — 1) quasielectrons located at the origin.

4.2. The compact states [1,1, ...,1]

In this subsection, we have used only one consequence of the CF theory for the quasiparticules in
occupation [1,1, . ..,1] presented in [13H16]. The CF basis consists of Jain wave function [[17], where the
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derivatives do not act on the Gaussian factor [[15]], and one will derive only the polynomial part of the wave
function from. The composite fermion wave function for the quasiparticle at v = 1/3 is then given by

‘_I_,lqe

CF

N

= PLLL 1_[ (zj - Zk)2

j<k

Z1 72
1 1
21 2
No—2 _N.-2
2 )

N,

ZN,
1

ZN" 721'[11 IZj|2/4

€

Ne-2

and the CF wave function for the N, — 1 quasiparticle at v = % is then given by

= [ -

N

Jj<k

@Mt (Z)Ne!
@Z)Ne2 (zp)Ne?
@)? (z2)?
21 2
1 1

(zn, YNe=
@n,
(N, )

ZN,
1

)Ne -2

1

S

~5N Iz P4

4.2)

4.3)

We have studied the Laughlin and CF energies for the excited states for several systems at v = 1/3
and the correspondence between the FQHE and the IQHE. These energies are given in table [I] where
W represents the electron-electron interaction energy of Laughlin’s wave function, V¢ is the electron-
electron interaction energy of Jain’s wave function, and Vgx, is the electron-electron interaction energy

of exact analytical expressions [[18]].

Table 1. Comparison between the energy of Laughlin wave function and the energy of the CF wave
function in disk geometry. Energies are in units of e(z) /o .

CF 1 ge=[Ne-1,1] 2qe=[Ne-2,1,1] 3qe=[Ne-3.1,1,1] 4qe=[Ne-4,1,1,1,1]
N, 149 Vcr |49 Vcr |49 Vcr 149 Vcr
N 0.443114 0.443114 _ _ _ _ _ _
3 0.891204 0.891204 120472 1.20472 _ _ _ _
4 1.50139 150172 1.78598 1.78512 222725 222725 _ _
5 224874 2.24905 253811 2.53707 292117 2.91876 3.47599 3.47599
6 3.11368 3.11219 3.42216 3.41913 3.79696 3.79441 426863 426452
7 4.08010 4.07622 4.41587 4.40773 4.80306 479646 55455 5.27973
CF 5qe=[Ne-5.1,1,1,1,1] 6 qe=[1,1.1,1,1,1,1] IQHE
N, VL Vcr L Vcr VExact[18]]
2 _ _ _ _ 0443114
3 _ _ _ _ 1.20472
4 _ _ _ _ 222725
5 _ _ _ _ 3.47599
6 492710 492710 _ _ 492710
7 5.80798 5.80254 6.56296 6.56296 656296

Our study confirms the description of quasielectrons as (CF) in an excited (CF) quasi-Landau level.
This wave function contains one excited (CF) in the second CF quasi-Landau level but the other in the
(N, — 1) CF quasi-Landau level, as indicated by the notation [1, 1,. .., 1].

5. Results and discussion

Within this work, we considered two systems. The first one for the ground energy with up to N, = 10
electrons at the filling v = 1 and the second one for the exited energy with up to N, = 7 electrons at the
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filling v = 1/3. Several researchers used the disk geometry in their works [31 5 6] [11]]. The mathematical
derivations as well as the Mathematica code [19]] are used to calculate the interaction energy to perform
the analytical method for N, = 7 particles. The code of the electron-background interaction energy
computation &g, is shown in appendix [B]

This result is consistent with previous studies, the Laughlin wave function for N, quasiparticle is

increased and approaches about Jain states in occupation [1,1, . . .,1]. Figure[I|shows that the energies of
Nge quasielectrons for Ny = 2 to 7 particles, in the disk geometry for v = 1/3, and the FQHE are equal
to those for the IQHE, where we denote the compact states by [Ny, Ny, ..., N7], where one composite

fermion occupied one Landau level [14} [15]].

Ne= 210 10 electrons

<\; ee>(Ne—l)qe 6: @)

-
\,'
!

\ ]
7/ 7

0.1 0.2 0.3 0.4 0.5

Figure 1. (Colour online) The N, — 1 quasielectron energies for N, = 7 in disk geometry at v = 1/3.
The green thickness represents Laughlin’s states ‘I/L(N e=1ap_The dashed circle represents Jain’s states
‘I‘CF[L L--11 The blue rectangle represents IQHE states at v = 1.

In figure [T} we can see that the results derived by the present exact analytical calculation at the filling
v = 1 and v = 1/3 (the excited states) compare well with the results of [18] obtained using the method
of Exact analytic solutions. For N, quasiparticles, the energies for N, = 7 in disk geometry at v = 1/3
of Laughlin states correspond to occupation [1,1, ... ,1] of Jain states.

6. Conclusion

We conclude that the analytical expression for the Coulomb interaction energy in disk geometry at
filling factor 1/3 permits us to obtain a correspondence between the fractional quantum Hall effect and the
integer quantum Hall effect. The coinciding energies of the IQHE and the (N, — 1) quasielectron of the
FQHE states are expected, where the FQHE and the IQHE can be unified. The FQHE is explained as the
IQHE of composite fermions. This physics not only gives the best available microscopic wave functions
for the quasiparticles but also brings out new qualitative structures for multi-quasiparticle states. These
quasiparticles may be classified in theory as composite fermions, which allows us to understand the
fractional quantum hall effect of electrons as an integer quantum hall effect of these composite fermions.

A. Lowest Landau level projection operator £,

In the CF theory, the wave function for the ground state PGS at v = 1/3 takes the form [§]

YOS (21, zn,) = PLLL l_[ (zj - Zk)2 N (A.1)
j<k
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where @ represents the wave function of noninteracting electrons

N N
1
®, = l_[ (zj — 2x) exp ( -1 Z |Zi|2)~ (A.2)
]<k 1
The CF wave function for one quasielectron (1ge) at v = 1/3 is then given by
z1 2 - IN
N 5 1 1 - 1 |
\yéqu =PLL l—[ (Zj - Zk) 21 - - IN |exp ( ~2 Z |Zj|2) . (A.3)
Jj<k . . . . 7
Z{V—Z Zév—z .. le\\{—z

The #111 is an operator that projects the state onto the lowest Landau level, where the LLL projection
of any wave function can be obtained by normal ordering the wave function followed by replacing
Zi — 20/0z;, where the derivatives do not act on the Gaussian factor.

For example, for N, = 4 electrons

N Ao [N
lgp _ L _— 12
PP =Py ]_[ N exp( 2 Z |71 ) (A4)
j<k % 3oz J

where
N 2
o, = l_[ (27 — =)
j<k
= (21 -2 (@ - )22 - 23)2 (21 — 20)* (22 — 24)* (23 — )™ (A.S5)
The CF basis functions of LLL projected wave functions ‘I’é‘]’ép , then take the following form:
Lo} oD, Lo} D) oD,
lgp 2 1 2 1 2 2 1 2 1
¥ = — - -— - + +
CF (1213 aZI ZZZ3 C?Zl Z2Z4 321 Z3Z4 621 Z2Z4 aZl
D) Lo} Lo} Lo} oD
29 2 1 29 2 1 2 1
—BRY—— B — tUBET— t U —BU—
0z 10 M8, T e, T Mg,
Lo} Lo} oD, o, D)
1 2% 2 1 29 2 1
—UY— +BY— +t D UL — U —
P48z, TP, 1% e e g
AP AP AD AP AP’
2 1 2% 2 2 1 29
+ — + —_— = —_— = — + B —
2224 8Z3 Z]Z4 8Z3 Z2Z4 8Z3 ZIZZ 614 Z1Z2 614
oD, Lo} Lo} Lo}
2 1 2 1 29 271 (2422422 +22) /4]
+ B — B3 — UG + 75— |e BT TN A.6
%9, 290 180 Ty (A0

B. The &g}, calculation

(+SetDirectory["directory name"]x)
SetDirectory["C:\Users\Hmida\Desktop\4-particles-electron-background"];
Directory[];

Module[{Ne, Nu, R, SN, Rho, Polyz, CoefPoly, CoefPolyMin, PolyExpand,
RePoly, CoefPolylList, Clist, Inner1, Inlist, I1, I2, I3, I5, I6,
DenomiIntegralr1, SumDenomi, SumNomi, Ke, KeN, KeM, CoefPoly1, SumGloVeb,
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EnergyVeb, strm}, Ne = 4;Nu = 1;R = 1[0]*Sqrt[2+xNe/Nu];SN = PixRA2;

Rho = Nu/(2+Pi*1[0]A2);

Polyz = Product[Product[(z[i] - z[j1), {j, 1 + 1, Ne}]l, {i, 1, Ne - 1}];
CoefPoly = Exponent[Polyz, z[1]];

CoefPolyMin = Exponent[Polyz, z[1], Min];

PolyE = Expand[Polyz];

RePoly = Flatten[Table[ Coefficient[PolyE, z[1], i], {i, CoefPolyMin,CoefPoly}11];

CoefPolylList = Plus @@ Select[RePoly, #1 =!= 0 &];

Clist = CoefPolyList /. Plus -> List;

Inner1 = Inner[Times, Clist /. {z[2] -> 1, z[3] -> 1, z[4] -> 1}, Clist, Plus];
Inlist = Inner1 /. Plus -> List /. {z[2] -> r[2]72, z[3] -> r[3]72,

z[4] -> r[4]1/72};

I1 = Integrate[ Inlist#r[2]+r[3]+Exp[-r[3]72/(2 1[0]7~2)]1, {r[3], 0, Infinity},
Assumptions -> (1[0] > 0)];

I2 = Integrate[ IT+Exp[-r[2]72/(2 1[0]72)]1, {r[2], O, Infinity},

Assumptions -> (1[0] > 0)1;

I3 = Integrate[ I2+r[4]+Exp[-r[4]A2/(2 1[0]~2)], {r[4], O, Infinity},
Assumptions -> (1[0] > 0)] /. Plus -> List;

Ke = 0;KeN = 0;KeM = 0;CoefPolyl = CoefPoly + 1;

Do[

I5 = Times[I3, i];

Ke = Ke + I5;

I6 = Integrate[ r[1]17(2 i - 1)*Exp[-r[1]72/(2 1[0]1~2)], {r[1], O, Infinity},

Assumptions -> (1[0] > 0)];

KeN = KeN + I6;

KeM = KeM + FunctionExpand[(2 1[0]A2)AixMeijerG[{{1}, {1}}, {{1/2, i}, {-1/2}},
NexNul/4]1,{i, 1, CoefPoly1}];

NomiIntegralr1 = Reverse[Plus @@ Ke /. Plus -> List];

KeN = Plus @@ Flatten[KeN] /. Plus -> List;

KeM = N[Plus @@ Flatten[KeM]] /. Plus -> List;

SumNomi = N[Plus @@ Flatten[ Inner[Times, NomiIntegralr1, KeM, Plusll];
SumDenomi = N[Flatten[ Inner[Times, NomiIntegralr1, KeN, Plusll];
SumGloVeb Divide[SumNomi, SumDenomi];

EnergyVeb N[Times[SumGloVeb, (-2%*Rho*SN/R) e[0]A2], 8];

strm = OpenWrite["EnergyVeb"];

Write[strm, EnergyVeb];

Close[strm];

Print[EnergyVeb];] // Timing -2.25835527 e[0]72/1[0].

References

Klitzing K.V., Dorda G., Pepper M., Phys. Rev. Lett., 1980, 45, 494, doi:10.1103/PhysRevLett.45.494.

Morf R., Halperin B.I., Phys. Rev. B, 1986, 33, 2221, doii10.1103/PhysRevB.33.2221.
Fano G., Ortolani F., Phys. Rev. B, 1987, 37, 8179, doi:10.1103/PhysRevB.37.8179.
Ciftja O., Wexler C., Phys. Rev. B, 2003, 67, 075304, doi:10.1103/PhysRevB.67.075304.
Laughlin R.B., Phys. Rev. Lett., 1983, 50, 1395, doi;10.1103/PhysRevLett.50.1395.

Jain J.K., Composite Fermions, Cambridge University Press, Cambridge, 2007.

Jain J.K., Phys. Rev. Lett., 1989, 63, 199, doij10.1103/PhysRevLett.63.199.

Ciftja O., Physica B, 2009, 404, 227, doi:10.1016/j.physb.2008.10.036.
Ammar M.A., Bentalha Z., Bekhechi S., Condens. Matter Phys., 2016, 19, 33702: 1-9,
doii10.5488/CMP.19.33702

A R

—_

Tsui D.C., Stormer H.L., Gossard A.C., Phys. Rev. Lett., 1982, 48, 1559, doi:10.1103/PhysRevLett.48.1559.

Morf R.H., d’Ambrumenil N., Das Sarma S., Phys. Rev. B, 2002, 66, 075408, doij10.1103/PhysRevB.66.075408.

23701-9


https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1103/PhysRevB.33.2221
https://doi.org/10.1103/PhysRevB.37.8179
https://doi.org/10.1103/PhysRevB.67.075304
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.63.199
https://doi.org/10.1103/PhysRevB.66.075408
https://doi.org/10.1016/j.physb.2008.10.036
https://doi.org/10.5488/CMP.19.33702

M.A. Ammar

12. Ahmed Ammar M., Méthodes Analytique et Numérique dans I’Effet Hall Quantique Fractionnaire et Role du
Spin des Electrons, PhD thesis, Abou-Bekr Belkaid University, Tlemcen, Algeria, 2018.

13. Jeon G.S., Jain J.K., Phys. Rev. B, 2003, 68, 165346, doi;10.1103/PhysRevB.68.165346.

14. Jain J.K., Kawamura T., Europhys. Lett., 1995, 29, 321, doi:10.1209/0295-5075/29/4/009.

15. Dev G., Jain J.K., Phys. Rev. B, 1992, 45, 1223, doi:10.1103/PhysRevB.45.1223.

16. Jeon G.S., Chang C.C., Jain J.K., Eur. Phys. J. B, 2007, 55, 271-282,
doi:10.1140/epjb/e2007-00060-4.

17. Jain J.K., Kamilla R.K., Phys. Rev. B, 1997, 55, R4895, doi:10.1103/PhysRevB.55.R4895.

18. Ciftja O., J. Math. Phys., 2011, 52, 122105, doii10.1063/1.3672196.

19. Wolfram Research, Inc., Mathematica, Version 4.0, Champaign, Illinois, 1999.

AHaniTu4Hi pesynbTaTi 36yA>KEHNX e/IeKTPOHHUX CTaHIiB Npu
v = 1/3 ta metoamn Nadnina-keliHa MiKpOCKOMi4HOT
XBUNbOBOI PYHKLLT

M.A. AMmap

JNlabopaTtopist $i3nKM ekcneprMeHTanbHNX MeTOAIB i iX 3acTocyBaHb, YHiBepcuTeT Megei, Amxup

Y AaHili poboTi AoCNigKeHO BAACTUBOCTI ABOMIPHOro eNeKTPOHHOIO rasy, KU € Nij Ai€lo CUBHOTO MarHiTHOro
noist i OXONOAXKEHWNIA NPY HW3bKi TeMnepaTypi. [loAaHO TOYHI aHaNITUYHI pe3ynbTaTyi ANS eHeprili B OCHOBHO-
My cTaHi. Lli pesynbTaty ctocytoTbest cucteM ax 4o N = 10 eNeKTpoHiB, 06UncneHi B pexumi LinouncensHoro
kBaHToBoro epekra lona (IQHE) npu koedivieHTi 3anoBHeHHSA U =1. [Ind 34ilicCHEHHS 064YMCNeHb BUKOPUCTaHO
MeTO/ CKNafHMX NOASPHMX KoOpAMHAT. CNij 3ayBaXxuTy, WO CUCTEMA eNleKTPOHIB Yy PeXuMi KBaHTOBOTO ede-
KTy F0n1a, 3HaYHO MipO0 CMNPAETLCS Ha reOMeTPIto ANCKa ANS CKIHYEHMX CUCTEM e1eKTPOHIB 3 A0BIIbHUMY
3HaYeHHsMU N, Big 2 fo 10 YacTMHOK. Pe3ynbTaTi, OTPMMaHi 3 J0MOMOro aHaNiTMYHNX 06YnCaeHb, 4obpe
y3roaxyroTbcs 3 pesynbtatamu Yidpr'a [Ciftja O., ). Math. Phys., 2011, 52, 122105], se oTpuMaHO npeACTaBNeHHS
Ans iHTerpanis fo6yTkiB $yHKUIA Beccens. I HapeLwTi, OCNiIAKEHO eHeprii KOMMO3UTHNX GepMiOHIB 36yAXeHUX
CTaHiB ANs AeKinbkox cucteM npw v =1/3 Ta BifNOBIAHICTE MiX ApoboBrM KBaHTOBUM edekToMm lona (FQHE) i
LinouncensHUM KBaHToBUM epekTom lona (IQHE).

KnrouoBi cnoBa: aHanitndHuii MeTog, Apo6oBuii kBaHToBuii epekT lona (FQHE), yinouncenbHuii kBaHToOBUI
egekt [ona (IQHE), KynoHiBCbKa B3aEMOZisi, KBaHTOBUI egekT [on1a, 2D enekTpoHHWI ra3
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