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Abstract: Based on the potential energy expression for carriers in magnetic field, and
two stability conditions of circular harmonic oscillator and linear harmonic oscillator, a
new energy levels formula of Hall effects was founded, and then the unified
interpretation for quantum Hall effects of integer and fraction can be obtained. The
“filling factors” of integer quantum Hall effect and “fraction charges” of fraction
quantum Hall effect all have a corresponding energy level in new formula. The
corresponding connection between the energy level with filling factors or fraction
charges are showed by a table; the fundamental parameter of carriers on different
energy level are figured out; three models of quantum Hall effects are differentiated;
the interpretation of Hall resistance plateaus are obtained by use the velocity
distributions of carriers; further, a new viewpoint that the samples of quantum Hall
effect are the Quantum Superconductor at the same time was put forward. Based on the
spin of electron, an inverse Hall effect shall be produced when the carrier is electron.

Keywords: quantum Hall effects, energy level, filling factor, fraction charge, Hall

resistance plateaus

1 Introduction

As known, general Hall effects (GHE) can be analyzed according to Lorentz force;
the integer quantum Hall effects (IQHE) must count Landau energy level [1-9]; the
fraction quantum Hall effects (FQHE) must count the strong interaction between the
electrons, assuming existence of fraction electric charge [5-8], although different Hall
effects (including GHE, IQHE and FQHE) are very harmonious on same experimental
curves [6-8]. All unified explanations so far are unsatisfactory [9-12] because there
are no unified mechanism and calculation methods. A significant amount of
experimental and theoretical researches are continuing today [13-19]. Our new

explanation preserves the traditional theory, overcomes the shortcoming in explaining
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quantum Hall effects, and proves that the assumptions on filling factor and fraction

charge are no longer necessary. We conclude that Landau energy level formula (LELF)
is not suitable to describe quantum Hall effects because it is only based on the model
of linear harmonic oscillator (LHO). Only the LHO model is different from true motion
of electrons in uniform magnetic field. This paper indicates that a moving electron in
magnetic field can obtain additional momentum and energy, which depends only on
magnetic potential A (section 2). In fact, true motion of electrons is a doublet of
beeline and orbiting in Hall effects (see Fig. 1). Therefore, supplement of LELF must
be based on the doublet of both LHO and Circular Harmonic Oscillator (CHO).
Following analysis of doublet, we obtained a stability condition of the doublet and a
new LELF for quantum Hall effects (section 3 and 4). Some basic parameters of
moving electrons and formula of quantum Hall resistance are obtained for different
energy levels (section 5 and 6). The relationship of quantum Hall resistance and
superconductivity, relationship of energy levels and the filling factors or fraction
charges, and three models of quantum Hall Effects are discussed (section 7-9). We
indicate that every Hall sensor of quantum Hall effect also is also a superconductor;
therefore the quantum Hall effect can also be called Quantum Superconductivity Effect.
We proved that quantum Hall resistances are only dependent of energy level and
stability condition, and are independent of the fraction charge and the filling factor.
We find a new gquantum Hall effect model that quantum Hall resistance can be in
inverse proportion to the magnetic field. Further, quantum Hall resistance plateaus are
explained by velocity distribution of orbiting electrons (section 10). We also present
an inverse effect of Hall effects that is based on spin of electrons (section 11). In this
paper, the electrons all can be replaced by any carriers in quantum Hall effects, with
no effect on our analysis.

The mechanism and calculation methods of quantum Hall effects are based on
the doublet of the CHO and LHO on Hall surface. Unifying the explanations of
quantum Hall effects is not only possible, but is also independent of the assumption
on fraction charges and filling factors. Finally, the reason that people could not

obtained a unified explanation of quantum Hall effects stems from the fact that some
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basic laws of moving electron in magnetic field were not well used in electromagnetic

theory.
2 Obtained potential energy by orbiting electron in uniform magnetic field

Imagine an orbiting electron in uniform magnetic field, we have v/R=eB/m,
when V LB and Lorentz force eVxB equals to centripetal force mv?/R [13, 14],
where V represents electronic velocity, B magnetic field and R orbit radius of
electron. The flux ¢ parses through orbit face can be shown with ¢=7R’B=27RA,
then where is RB=2A and myv=2eA where A represents magnetic potential, its
direction is same with that of V. We transform m,v=2eA into meV:ZeA and
myv?/2=eV-A, where myv?/2 is kinetic energy of the electron, eA additional
momentum of the electron according to Hamiltonian [20-22], and ev-A additional
potential energy of the electron according to Lagrangian [20-22]. Therefore, the
orbiting electron not only has kinetic energy mev2/2 but also obtain additional
momentum additional momentum and additional potential energy ev-A in uniform
magnetic field. The characteristic of two energy is different because mev2/2 is
mechanics quantity, ev-A electromagnetic quantity, although mev2/2 equals to
ev-A. On the other hand, Lorentz force, can be uniform from potential energy ev- A
and momentum e€A. Therefore, an orbiting electron not only is subjected to Lorentz
force, but also can obtain additional potential energy and momentum in magnetic field
at the same time. Further calculation Hall effects still can use the additional potential
energy and momentum.
3 Stability condition of CHO

Although stability condition for LHO is /=nA, stability condition for CHO or
orbiting electron can be written as 2izR =nA because the orbiting electron has no
border on orbit, where 1=1,23,...... , ¢ represents linear length and 4 wavelength of
electron that produced by additional momentum. The meanings of two stability
conditions are different. In expression 2izR =nA, the length of nA exactly equals to
that of i times orbiting. Such as, n=1,i=3 i.e. 67R =1 is that length of three times
orbiting exactly equals to one wavelength; n=3,i=1 i.e. 22R =31 is that length of

one times orbiting exactly equals to three wavelengths, and so on. The peculiarity of
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stability condition of CHO is that i not only equals to 1 but also can equals to

2,3,.......

4 Doublet of harmonic oscillator and New LELF

Imagine a moving electron on quantum Hall effects show in Fig. 1, its orbiting
frequency equals to eB/m, in uniform magnetic field [23, 24]. In fact, the moving
electron will obtain an additional potential energy ev-A according to Lagrangian. By
mv=h/A, A=®/27R , ®=7R’B and the stability condition 2izR=ni, we can
transform the evV-A into e#nB/2im,. Let E_ denotes energy level, we obtain

E, =eAnB/2im, (1)
Eqg. (1) is energy level formula of orbiting electron in uniform magnetic field when the

orbiting is steadied. But the Eq. (1) is independent of the LHO.

Fig. 1 A orbiting carrier in uniform magnetic field moves on Hall face. Where V is mean value of
moving velocity of carrier; V is revolving velocity of carrier; and A is magnetic potential that

produced by magnetic flux that pass through revolving face of carrier.

The LELF E, =(k+1/2)enB/m, is based on LHO. In this formula, although eB/m,
is the angle frequency, electronic motion is linear, and then eB/m, is electron wave
frequency and the LELF is independent of the CHO. The difference between the LELF
and Eqg. (1) is only coefficients n, i and k+1/2. Two energy level formulas are
important because the true energy level formula must be based on LHO and CHO.
They shall be considered at same time. By two energy level formulas, we have
n/2=(k+1/2) in Eq. (1), and then new LELF can be shown with

E, =(k+1/2)enB/im, =enB/i,m, (2)

where i, =i/(2k+1) is energy level coefficient. Eq. (2) is just a formula of doublet
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energy levels that LHO and CHO. The stability condition of doublet is 27ziR =(2k +1)4

or 2iiR=41.

The IQHE is dependent of the energy level that k=0 or i, equals to integer.
The energy level formula of IQHE is E, =enB/2im, where 1/i is just filling factors.
The stability condition of IQHE is 27iR=A1. Let energy level is E, =eiB/2m, when
=1, it is that the filling factors equal to 1. If energy level is E;,, =E, /2 when i=2,
it is that the filling factors equal to 1/2, i.e. the coefficient of IQHE equal to 2, In this
case, the stability condition is 472R =4 i.e. the double orbiting length exactly equals
to one wavelengths.

The FQHE is dependent of the energy level that i, equals to fraction. The energy
level formula of FQHE is E, =(2k+1)enB/2im, when i/(2k +1) is not integer, where
i1/(2k+1) is just coefficient of fraction charge. The stability condition of FQHE is
271R =(2k +1)A4 which the i/(2k +1) also is not integer. As i/(2k+1)=1/3, the energy
level is E, =3E,. It is that the coefficient of FQHE equals to 1/3, coefficient of fraction
charge 1/3, and stability condition 27zR =31 i.e. one times orbiting length exactly
equals to three wavelengths.

It is very important that the motion of orbiting electrons in IQHE or FQHE must
satisfy the stability condition in actual sample. In fact, the GHE is produced by that
the orbiting electrons which do not meet the stability condition in actual sample. By
the new formula, all Hall effects shall obtain unified interpretation, and every quantum
Hall resistance will have its own energy level.

5 Some basic parameters of moving electron for different energy level

According to myv=2eA, myv=h/A, A=®/22R and 22R=A/i,, then

®, =h/2ie (3)
where @, represents magnetic flux passes through the orbit surface. Eq. (3) shows
that magnetic flux must be quantized when the orbiting is steadied, and ®, =h/2e is
known fluxon when i, =1. By ® =7R’B, we can obtain

R, =(n/i,eB)"? (4)
Eg. (4) shows that the orbit radius of orbiting electron also is quantized when the

orbiting is steadied. According to Eq. (4), myv=h/A and 27R=A1/i,, the velocity



II' E ﬂ ﬁ iE i E ﬁ http://www.paper.edu.cn

formula of orbiting electron is

v, = (heB/i, )"/ m, (5)

Eg. (5) shows that velocity of orbiting electron is quantized when the orbiting is
steadied. By Eq. (3), (4) and A=®/27R, we have

A, =(nBlie)"* /2 (6)
By Eq. (4) and (5), the law of orbiting electrons in uniform magnetic field will be
v, /R, =eB/m,. By Eq. (2) and (5), we have B=m22i, /he. Since myV2/2=¢eV, -A,,
the Eq. (5) can be rewritten as E, =m.v; or E, = 2eV, - Aik or

E, =mV2/2+eV, -A, (2%)
The m,v2/2+eV, -A, is energy sum of kinetic energy and additional potential energy.
Thus the energy level E, can be called quantization energy sum of orbiting electrons.
The parameters of orbiting electron all can be calculated by Eq. (2)-(6).
6 The formula of quantum Hall resistance

In Fig. 1, the total velocity of electron is equal to that the straight line velocity v
at x direction and orbiting velocity v are added. Thus the electric potential V-A of
electron on different point of orbit is different. The maximal electric potential
difference equals to 2vA and at y direction. Let &, represents this electric potential
difference, we have ¢, =2vA or ¢, =2v®@/27R . The Hall mef & equals to total
electric potential difference that obtained by electrons on surface; it can be written as
&, =5yCN where N represents effective numbers of electrons that are stably orbiting
on Hall face at the same time. The N is dependent of the electrons density Ng,
sample size d,/, and electronic velocity v , and then it can be written as
N=x(d,/,,Ns,v) where y represents a coefficient and can be established by
experiments. Thus we have

g, =6, ,N=0p/7R (7)

On the side, the current intensity on orbit is equal to the product of line charge
density and revolving velocity of the line charge because the current intensity must be
the electric charge that has flowed inside unit interval, thus the current intensity can

be written as |, =ev/2zR . The total current intensity at x direction can be

|, =1,N=epn/27R (8)
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By Eq. (7), (8) and (3), we can get

Pui =&, 11, =2®, [e=hlie* (9)
where p,, represents quantum Hall resistance. It is p,, =h/e® when i =1. The
Puic is dependent of h and e, but independent of ample size.

The Hall resistances can all be calculated by Eq. (9). It is the resistance of IQHE
when i, is integer. It is the resistance of FQHE when i, is the fraction. Other cases
are the resistance of GHE except the IQHE and the FQHE. The different quantum Hall
resistances shall be obtained by different i, .

7 Physical meaning of quantum Hall resistance and superconductivity effect

According to Eq. (7), (8) and (9), the Hall mef and Hall current all may be
changed by effective electron numbers N or sample size, but the Hall resistances

can not be changed. In fact, we also have the p, =¢, /1, =2®/e where ¢, =2VA is

y
just the electric potential of one orbiting electron that obtains in magnetic field;
I, =ev/2zR is just current intensity that produced by this orbiting electron on orbit.

The quantum Hall resistances are a ratio between ¢, and ., and independent of

er
resistance force that produced by moving electron in sample. On the other hand,
since ®/e is the magnetic flux per unit orbiting charge, then quantum Hall
resistances 2d/e is just double magnetic flux per unit orbiting charge.

The resistances of X direction will equal to zero suddenly, i.e. the energy loss of
moving electrons in X direction will be zero, when the Hall effects transforms from
non-quantum to quantum. When Hall effect is non-quantum, the motion of orbiting
electrons is not steady; therefore the loss of energy of electrons will not be zero. The
electrons are steadily orbiting in quantum Hall effects. The orbiting electrons will be
moved in y direction by electric potential difference that obtained by the electrons
themselves. The orbiting electrons also will be moved in x direction by external
electric potential difference. It is possible that the two cases both have no energy loss
because the electrons are always steadily orbiting. [Note: (1) the electrons can only
be orbiting by Lorentz force, but can not be moved along a beeline; (2) the sample

size is nearly 10° times greater than orbit radius of electrons.] As a result, the

samples of quantum Hall effect can be called Quantum Superconductors because their
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have quantization superconductivity. Therefore, the quantum Hall effect can also be

called the Quantum Superconductivity Effect.
8 Relationship of energy levels and the filling factors or fraction charges

It is very necessary to consider the relationship of energy levels and the filling
factors or fraction charges. The table 1 shows the energy levels, stability conditions
and quantum Hall resistance for filling factors and fraction charges.

Every filling factors and fraction charges have an energy levels and stability
conditions according to new LELF. The smaller the filling factors, the lower the energy
levels. The smaller the fraction charges, the higher the energy levels. The LELF
E, =(k+1/2)enB/m, can only be suitable in filling factor 1 and fraction charge 1/3 in
table 1. We think that other filling factors and all fraction charges can only be the
replenishments of LELF in the now available theory because they all can not be true.
Since the assumption of filling factor and fraction charge are not necessary after

obtained new LELF.

The table 1
filling factors 1/4 1/3 1/2 3/5 5/7 1
fraction charges / / / / / /
i 4 3 2 5 7 1
k 0 0 0 1 2 0
1/(2k +1) 4 3 2 5/3 7/4 1
energy levels E./4 E./3 E../2 3E,,/5 5E,, /7 E,=enB/2m,
stability conditions  87R =1 6rR=A1 4R=1 10R=31 14R=51 2R =14
Pik Purl4 Purl3 Prrl2 3pum !5  Spu,l7 Pu1= h/e?
The table 1 (continue)
filling factors / / / / /
fraction charges 4/5 2/3 3/5 3/7 2/5 1/3
i 4 2 3 3 2 1
k 2 1 2 3 2 1
i/(2k +1) 4/5 2/3 3/5 3/7 2/5 1/3

energy levels SE, /4 3E,, /2 5E,, /3 TE /13 SE,, /2 3E,
stability conditions 87R=54 42R=31 6s4R=54 67R=714 4-R=54 27R=31

Phi 5P /4 3P, /2 5Py, /3 7Py, /3 5Py, 12 301

9 Three models of quantum Hall Effects

According to the Eq. (2)-(9), we have three models of Hall effects: In model (A),
the magnetic field B is constant, different quantum Hall resistances can be produced
by different gate vlotage V, . Klitzing’s experiment is just the model (see Fig. 1 in [1]).

8
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In model (B), the quantum Hall resistance is indirect proportion to the magnetic field

B. Stérmer’s experiment is the model (see the page 318 in [7]). In model (C), the
quantum Hall resistance is in inverse proportion to the magnetic field B when
velocity is constant. The model (C) is a new model of quantum Hall effects and has no
experiment data. Table 2, 3 and 4 show some theory data of basic parameters for
three models according to Eq. (2)-(9).

9.1 The magnetic field B is constant.

Table 2 shows some theory values for model (A). It is based on the Klitzing's
experiment result that Hall mef is 12.9mV when B=18T, | =14A and i, =2. By Eq.
(2)-(6) and (9), we can obtain E, =18en/im,, ®, =h/2ie, R, =(h/18i.¢e)"?,
v, =(18re/i)"*Im,, A, =(18%/ie)"*/2 and p,, =h/ie’ respectively. Since |, =LA,
by Eq. (7) and (8), we have &, =@, y, /7R, and |, =ey, /27R,, and that the Eq. (7)
can also be written as

sy =21,@, e (10)
The Eq. (10) is universal Hall mef formula in which @, is total flux of whole orbiting
electrons passes through the Hall surface.

*Table 2
Iy /i, B(M) EQ) @, WhH R.(m) ATM v, (m/s) e, V) LA pa@
x10%® x10™ x10° x10® «x10° x10° x10° x10*

4 1/4 18 4.173 0.517 3.024 2.721 0.957 6.45 1 0.645
3 1/3 18 5.564 0.689 3.491 3.142 1.105 8.60 1 0.860
2 1/2 18 8.347 1.034 4.276 3.848 1.354 12.9 1 1.291
*5/3  3/5 18 10.01 1.241 4.684 4.215 1.483 15.5 1 1.549
*1 1 18 16.69 2.068 6.047 5.442 1.914 25.8 1 2.581

Where h=6.62607x10*JS; m,=9.10938x10 >'K  and €=1.60218x10 °C [25]. Data in *1
are only theory results of IQHE, *5/3 FQHE.
9.2 The theory data of the model (B).

Table 3 shows some theory data of the model (B). It is based on the Stérmer's
experiment results that p,, =2.5813x10°Q when B =9.75T and i, =1. In table 3,
R and I, are constants. Let R, =R,, by Eq. (4), we obtain B, =B,/i, where
B,=9.75T . Thus we can obtain E, =E/i;, ®, =®,/i,, A =Ali, R, =R/,

Vi=V /i, ey =gl , ly=1 and py =p, /i, where E =Be/m,, ® =h/2e,
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A =(nB,/e)"?12, R =(nleB)"?, v,=(heB)"*Im , &,=21,® /e, | ,=ey/22R and

yl
Py =hle?.

Table 3

i, i B(M) E,Q) oWh Rm ATm vws) & (V) LA a©
x10® X107 x10° x10°  x10" 0%, x10%y x10°

3 1/3 3.25 1.005 0.689 8.216 2.125 0.470 2.670 3.104 0.860
2 1/2 4.88 2.261 1.034 8.216  3.187 0.704 4.005 3.104 1.291
5/3 3/5 5.85 3.255 1.241 8.216 3.825 0.845 4.807 3.104 1.549
1 1 9.75 9.042 2.068 8.216 6.375 1.409 8.011 3.104 2.581
2/3 3/2 14.6 20.34 3.102 8.216 9.562 2.113 12.02 3.104 3.872
4/7 7/4 17.1 27.69 3.619 8.216 11.16 2.466 14.02 3.104 4.517
2/5 5/2 24.4 56.51 5.170 8.216 15.94 3.522 20.03 3.104 6.453
1/3 3 29.3 81.38 6.203 8.216 19.12 4.227 24.03 3.104 7.744

Where the j has no theory result because we lack the experiment data of g, or IX. In fact, ¥,

€, and I, are independent of p,, and other basic parameters.
9.3 The theory data of the model (C).

Table 4 shows some theory data of the model (C). It is based on Klitzing's
experiment and the theory values of i, =2 in table 2. But experiment method of
Klitzing’s experiment method must be changed from i, =2. According to Eq. (5), we
have v, =(heB,/2)"*/m, where B,=18T . By v, =(heB/i,)"*/m,, we also have
B, =1B,/2 when v, =v,. Therefore, E, =E,, ®,=h/2ie, R,=2R,/i,, A =A,
ey =210, /e and py, =hlie*. By Eq. (7) i.e, I, =ey/27R, and i, =2 we have

y=2d,R, /e ie. x=168x10° where |,=1uA in table 2. Suppose the y is

constant, the Eq. (7) can be rewritten as |, =i l,,/2, and Eq. (8) &, =¢,,.

Table 4

L, Ui BT EQ) oWb R(m) ATm) v(m/s) ¢ V)* LA)* a©@Q
x10%®  x10™ x10° x10® x10* «x10° x10°  x10°

3 1/3 27 8.347 0.689 2.851 3.848 1.354 12.9 1.50 0.860
*2  1/2 18 8.347 1.034 4.276 3.848 1.354 12.9 1.00 1.29
5/3 3/5 15 8.347 1.241 5.131 3.848 1.354 12.9 0.833 1.55
1 1 9 8.347 2.068 8.552 3.848 1.354 12.9 0.500 2.58
4/7 7/4 5.1 8.347 3.619 14.97 3.848 1.354 12.9 0.286 4.52

Where data in *2 are from table 2. Although gy* and IX* will be changed by different samples,

Py is unchanged when V, =1.354x10*m/s and B, =18T are unchanged.
The model (C) can be produced on stability condition i, in same energy level.

In this model, electron velocity is constant i.e. independent of i,. It is an estimate of

10
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feasibility that the model (C) can be produced by electronic gas in vacuum, in which

electron velocity must be the constant.
10 Explained quantum Hall resistance plateaus by velocity distribution of
orbiting electrons

After quantum Hall resistance appeared, if magnetic field or grid voltage
continues changing, the quantum Hall resistance can keep unchanged as long as the
motion of many orbiting electrons still satisfy the stability condition. Based on above
case, the resistance plateaus can be explained by the velocity distribution of orbiting
electrons.

According to Eq. (5), we obtain h/i,e* =2av:m?/e’B, . Suppose &=2am?/e?®, the
Eqg. (9) can be rewritten as

Pric = EVic 1 By (11)
Suppose Vv, =V,, v is velocity distribution of orbiting electrons for i,, B,,+JB the
extension of magnetic field in which the resistance plateaus has be formed. By Eq.
(11), the condition of formed plateaus can be written as

(Vi =) [(Byo = IB) = (Vi + V)* /(By g +B) = Vi / By (12)
According to the Stérmer’s experiment result, the plateau extension can be written as
oB/B,, ~+0.1 when i, =1/3, and then the velocity distribution was v, =v,,£0.05v,,
(see the page 318 in [7]).

In model (A), the resistance plateaus was from the changed of gate voltage V,
because magnetic field was unchanged. By Eq. (11), the Hall resistance p,, is only
indirect proportion to (v,,+dV)’ i.e. p., o (V,,*)>. The gate voltage can be
equivalent to magnetic field, but only change velocity (Vikoiév)z. Suppose the
electrons velocity is v,,+dv at V , (v, —Av)+dv at V —AV and (v, +Av)+dv at
V, +AV, and then the extension of plateaus will be 2AV on condition

(Vyo —AV) + 0V = (Vo + AV) — SV (13)
According to Eq. (2)-(9), only stability condition 2i,zZR =4, quantum Hall resistance
Puix and magnetic flux @, are constants respectively, other basic parameters of
orbiting electron, as velocity v, , energy level E, , orbit radius R, and magnetic

potential A, , are not constants inside plateaus extension.
11
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11 The inverse Hall effect

The orbiting electrons undergo spontaneous appearance when exterior magnetic
field equals to zero, for example spin of electrons. It is an inverse effect of Hall effects
in which spin electrons regard the orbiting electrons, and magnetic field will be
produced by current and exterior electric potential. In Fig. 1, the electric potential
difference will be appeared by current in direction |, , and the directions of maximum
difference are in directions of y and z when exterior electric field and exterior
magnetic field all equal to zero. But these directions of maximum difference must be
in directions y when an exterior electric field act in directions y, so that a priority
direction of spin magnetic field will be appeared in directions z.

Suppose @, denotes total flux of magnetic field of spin electrons passes
through the Hall surface in direction z, ¢, exterior electric potential in direction Y.
The formula of inverse Hall effect can be written as

q)sp =r<(pylX (14)
The coefficient x is dependent of temperature and characteristics of sample and
carriers. In this inverse Hall effect, exterior magnetic field must equals to zero. Eq.
(14) still shows a measure method that to measure the flux ®. use a Hall sensor.
Although inverse Hall effect also can be called spin Hall effect [26-28], our analysis
emphasizes true laws of spin of electrons. Furthermore, it is condition that have no
current and exterior magnetic field in derections of z and vy
12 Conclusion

The quantum Hall effects are the doublet of the CHO and LHO on Hall surface. To
unify the explanations of all Hall effects not only is possible, but also independent of
the fraction charges and filling factors, according to the stability condition, new LELF
and new viewpoint that the resistances plateaus are produced by the velocity
distributions of orbiting electrons. Expressly, the quantum Hall effects are just the
Quantum Superconductivity Effect. We believe that the reason that quantum Hall
effects do not have a unified explanation stems from the fact that some basic laws of
moving electron in magnetic field were not well used in electromagnetic theory. It is

very important that including more basic laws, which electrons can obtain potential

energy and CHO stability condition, helps to explain quantum Hall effects.
12



III E ﬂ H iE i E ﬁ http://www.paper.edu.cn

References

[1].
2.
[3].
[41.
[5].

[6].
[7].

8.

[a].

[10].
[11].
[12].
[13].
[14].
[15].
[16].
[17].
[18].
[19].
[20].

[21].
[22].
[23].
[24].
[25].

[26].
[27].
[28].

K. V. Klitzing, G. Dorda and M. Pepper, Phys. Rev. Lett., 45, 494 (1980).

D. C. Tsui, L. Stérmer and A. C. Gossard, Phys. Rev. Lett., 48, 1559 (1982).

R. B. Laughlin, Phys. Rev. ,B 23, 5632 (1981).

S. M. Girvin, Collective Excitations. In R. E. Prange and S. M. Girvin, ed, 1990, The Quantum Hall Effect, 2" ed,
(Springer-verlag, New York)

K. V. Klitzing, The Quantized Hall Effect, In G. Ekspong, ed., Nobel Lectures Physics 1981-1990, World Scientific,
Singapore, 1993.

R. B. Laughlin, Phys. Rev. Lett., 50, 1395 (1983).

H. L. Stormer, The Fractional Quantum Hall Effect, In G. Ekspong, ed., Nobel Lectures Physics 1996-2000, World
Scientific, New Jersey, 2002.

D. C. Tsui, Interplay of Disorder and Interaction in Two-Dimensional Electron Gas in Intense Magnetic Field, In G.
Ekspong, ed., Nobel Lectures Physics 1996-2000, World Scientific, New Jersey, 2002.

Zhang Li, Advance for Modern Physics, (In Chinese, Tsinghua Univ., Beijing 1997).

S. M. Girvin and A. MacDonald, Phys. Rev. Lett., 58, 1252 (1987).

S. C. Zhang, H. Hansson, S. Kivelson, Phys. Rev. Lett., 62, 82 (1989); 62, 980 (1989).

D. H. Lee and S. C. Zhang, Phys. Rev. Lett., 66, 1220 (1991).

Emiliano Papa and A. H. MacDonald, Phys. Rev. Lett. 93, 126801 (2004).

Stefano Roddaro, Vittorio Pellegrini, and Fabio Beltram, etc., Phys. Rev. Lett. 93, 046801 (2004).
Stefano Roddaro, Vittorio Pellegrini, and Fabio Beltram, etc., Phys. Rev. Lett. 95, 156804 (2005).
Csaba T fike and Jainendra K. Jain, Phys. Rev. Lett. 96, 246805 (2006).

Eun-Ah Kim, Michael Lawler, and Smitha Vishveshwara, Phys. Rev. Lett. 95, 176402 (2005).

Ady Stern and Bertrand |. Halperin, Phys. Rev. Lett. 96, 016802 (2006).

E. V. Deviatov, A. A. Kapustin, and V. T. Dolgopolov, Phys. Rev. B 74, 073303 (2006).

Paul A. Tipler, Physics for Scientists and Engineers, Vol. 2, Electricity and Magnetism Light, Fourth ed., (W. H.
Freeman and Compary, New York, 1999) 861-867.

A. Kovetz, Electromagnetic Theory, (Oxford Univ., Oxford, 2000) p62

F. Schwabl, Quantum Mechanics, 3rd. ed. (Springer, New York 2002) pp 147-150.

A. M. Tsvelik, Quantum field in Condensed Natter Physics 2rd. ed. (Cambridge Univ., Cambridge 2003) pp 129-131.
B. Di Bartolo, Classical Theory of Electromagnetism, 2nd ed., (World Scientific, Singapore 2004) pp 488-489.

P. L. Hagelstein, S. D. Sentuvia and T. P. Orlando, Introductory Applied Quantum and Statistical Mechanies, John
Wiley & Sons, Hoboken, New Jersey, 2004.

Jairo Sinova, Dimitrie Culcer, and Q. Niu, etc., Phys. Rev. Lett. 92, 126603 (2004).

Alexander Khaetskii, Phys. Rev. Lett. 96, 056602 (2006).

A. V. Shytov, E. G. Mishchenko, H.-A. Engel, and B. I. Halperin, Phys. Rev. B 73, 075316 (2006).

13



II' E ﬁ- H iE i E ﬁ http://www.paper.edu.cn

BT E/RYMN KIS — AR

ELFT E42
NEEMERBENO ZHRPT LT P4 203 5 (100090)
2 STM #F i3]

e S B Y A R Y 8 e R T o e WA 2o T a7 A1 B N & R G i P < Y A e
RN HIHT I RER A 30, G0 — MR T O 0 0 TR RN . DU TR R BN B 1 “ 35
P77 Ao B 7 AT AR ) 22 sCrh SR BN N e g . SCrh et TR AR: T T3 T g
PFEAZH X0 TR R RN I =P 0 7 A B o A fiRe TR KB &y $2H T
PRSI CRTEBIART A IR TR TR B, TS TR T IR
KRR BTERMN, fed, W7, 280bar, RS

14



