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Spin Peierls Effect in Spin Polarization of Fractional Quantum Hall States
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Electron spin polarizations have been measured in the fractional quantum Hall effect. In
experimental curves, a number of plateaus appear, some that are wide and others that are
narrow. In this paper, theoretical calculations are presented to explain these observations. In
the Landau gauge, single electron orbitals have the shape of equally spaced parallel lines.
When a specific electron configuration of these orbitals is considered, the minimum classical
Coulomb energy is obtained. Residual Coulomb interactions produce spin exchange
interactions. If the spin-Peierls effect (modulation of the intervals between orbitals) is also
taken into consideration, a new small energy gap appears. The total energy resulting from this
modulation is smaller than the total energy in the non-modulated case, indicating that the
modulation actually occurs. Eigenenergies are calculated under this modulation. The
calculated spin polarization curves then exhibit both narrow and wide plateaus, and are in
good agreement with the experimental data.

Keywords:  Equilibrium thermodynamics and statistical mechanics, Many body and
quasi-particle theories, Hall effect, Magnetic phenomena, Surface electronic phenomena,

Semiconductor-semiconductor heterostructures



1. Introduction

I. V. Kukushkin, K. von Klitzing and K. Eberl have measured the electron spin polarization
in the fractional quantum Hall effect (FQHE) for twelve filling factors [1]. The results exhibit
wide plateaus and small shoulders on the magnetic dependence curve of the spin polarization.
Explaining this complicated spin-polarization behavior theoretically is difficult, although
many theoretical investigations have been conducted into the fractional quantum Hall effect
[2-5]. This behavior is investigated in this paper.

In the integral quantum Hall effect, Laughlin et al used the Landau gauge and clarified the
quantization of Hall resistance [6, 7]. Tao and Thouless [8] adopted these states in FQHE, but
the lowest order ground states were degenerate, so diagonalizing the Coulomb interactions is
difficult.

In a previous paper [9], we divided the total Hamiltonian H, into two parts as
H; =H,+H,, where the new 0" order Hamiltonian H, includes the classical Coulomb
energy. Therefore, the 0™ order ground state of many electrons has the minimum classical
Coulomb energy, and is not degenerate in the eigenstates of H. For the filling factor v =2/3
as an example, the most uniform distribution of electrons in the orbitals is the electron
configuration shown in Fig. 1.

=== F|g]_ ===

This electron configuration has the minimum classical Coulomb energy. The most uniform

electron configuration at each filling factor can also be determined.



2. Spin-Peierls effect and spin exchange interactions

As seen in the previous section, the most uniform electron configuration has the minimum
value of the classical Coulomb energy, namely the diagonal elements of the Coulomb
interactions. The residual Coulomb interactions produce the spin exchange interaction. We
consider the nearest neighbor interactions, the strengths of which are & and 7, as illustrated
in Figure 1. Next, the mechanism of spin-Peierls transitions [10] is taken into consideration.
For v=2/3, there are two electrons inside each unit cell, as shown in Figure 1. We make the
intervals between electron orbitals wide in the first unit-cell, narrow in the second unit-cell,
and so on. The coupling constant of the nearest orbital pair then changes from the original
value to two different values & and &', and the coupling constant of the second nearest
orbital pair also changes from the original value to two values 7 and 7/, as illustrated in
Figure 2.

=== F|g2 ===

The form of the spin exchange interactions is (;o; +o;0;) Where &* is the transformation
operator from a spin down state to a spin up state, and o is the Hermitian conjugate operator

of &*. Therefore, the explicit form of the spin exchange interactions for v=2/3 is

_ + - - + + ~ - +
H= Z [5(‘74 =30 4j-2 T 04304 j—2)+ 77(‘74 i-204j1 104204 j—l)] +

j=12,3-

+ Z [égl(o'zj—laij + G;j—lojj)—i_ 77’(01102141"‘0;]02]%)]"‘ 1)

=123

Hgl 1 z z z z
+ D _BE(O_M—B+O—4j—2+a4jfl+o-4])

j=1,2,3-- luo

where g is the g-factor, B is the magnetic field strength, o* is the electron spin operator in

the z-direction, x, is the permeability of free space and , is the Bohr magneton. When



the interval modulation value d is small, the increasing value of the classical Coulomb
energy is proportional to d?, and the decreasing value of spin exchange energy is proportional
to |d| because of the gap production. Therefore, the total energy with the modulation present
is smaller than in the non-modulation case for small modulations d. Consequently, the
modulation actually occurs.

The Hamiltonian (1) can be rewritten by replacing the spin down state |~L) with the

vacuum state |0), and the spin up state [1) with the one fermion state ¢ *|0), giving

H= 2[5(04 j—3C4 -2 C, j—3C4 j—2)+ 77(C4 j—2C4 17 C, j—2C4 j—l)]+

j=1,2,3---
* * * * * (2)
+ Z[g'(C“—lCM - C4j—1C4j)+ 77’(C4].C4j+1 - C4jC4j+1)]+ Z ’uig B%(ZCI C, _1)
1=123- i-12,3.. Ho

where the operators ¢, and c; are the annihilation and creation operators of a fermion.
These procedures are described in reference [11]. The operators ¢, and c; are renumbered
using the cell number j as follows:

& =Chia 8y =Cyjp A3;=Cyj 1y 84 5=0Cy (3)

Fourier transformation gives

1 ipj _ 1 ipj
a ;= 3 Zp:e al(p)l ;= 3 Zp:e az(p), “
_1 i _ 1 ij
o= 5Eea0) o= 5T

27 . : . :
where p= sz xinteger, -z < p<x andJis the total number of cells. Substituting (4) into

(2) gives:
- Z ég(ai*( p)az( p)+ a;( p)a1( p))+ n(a;c( p)as( p)+ as*( p)az( p))+ |
R0 RO PR "SR () |

(5)
S8 e (pIa(p)- PRP) PP L PR(P)-4)



The eigenenergies of Hamiltonian (5) for each wave number p are equal to the eigenvalues of

the matrix M as

(e9Blu, & 0 ner
B 0 |

M — g 1598/ 1, n , (6)
L 0 n 1598/ 11, 4 J
n'e’® 0 & 1598/ 1,

The eigenvalues 4,(p), 4,(p), A(p) and A,(p) of this matrix M give the following

electron spin-polarization y, (see reference [11] for details):

1 4 A
e T dp{étanh(ﬁs( p)/ZkBT)). 7)

There are random potentials in real Hall devices, which produce some fluctuations in the
eigenvalues. Replacing the random potential effect with a thermal vibration effect is assumed
to be a good approximation. Effective temperature T is then introduced. Next, we assume that
the ratio &'/& is equal to the ratio 77/, because the modulation effect on the coupling
constant & may be the same as for 7. Adopting the values 7/£é=0.1 &'/E=17/n=1.4 and
(keT /£)=0.05, a small energy gap appears owing to the interval modulation and then a small
shoulder occurs in the electron spin-polarization curve, as shown in Figure 3.

=== F|g3 ===
Experimental data shown in this figure was measured by I. V. Kukushkin, K. von Klitzing
and K. Eberl [1]. The theoretical curve agrees well with the experimental data. In the next

section, electron spin-polarizations are calculated for other values of filling factor.

3. Values of electron spin-polarization calculated for various filling factors



The most uniform distribution of electrons is found for the filling factors v=3/5and v=4/7.
The electron configurations are shown in Figs. 4a and b.

=== F|g4a === === F|g4b ===

These spin-exchange interactions give matrices (8) and (9) as

(1s0B/py & 0 0 0 e’ )
| & u9B/u 7 0 0 0 :
0 n ue9Bluy 7 0 0 | (for v=3/5) 8)
| 0 0 n 1598/ 1, g 0 |
L 0 0 & ugOBluy 1 J
e’ 0 0 0 n ,uBgB//uo
(ueBluy & 0 0 0 0 0 e )
: & mWBluy, 7 0 0 0 0 0 I
0 n 1598/ 14 n 0 0 0 0 —
I 0 0 n o u9Blu, 7 0 0 0 I (for v=4i1) ()
| 0 0 0 n 598/ 1, g 0 0 |
| 0 0 0 0 ¢ 1598/ 1y 7l 0 |
| 0 0 0 0 0 n 9B/, 7|
\ e 0 0 0 0 0 7 ue9Bluy)

Electron spin polarizations are calculated from the eigenvalues of the matrices, and the results
are shown in Figs. 5a and b.

===Fig. 5a=== === Fig.5b ===

When we search the many electron states with the most uniform distribution for the three
cases of v=2/5, v=3/7 and v=4/9, we find the electron configurations shown in Figs. 6a, b
and c. As can be seen from Fig. 6a, one empty orbital exists between the first and second
electrons from left to right, and then two empty orbitals exist between the second and third
electrons. Four different coupling constants, n, 7, ¢ and ¢’, thus exist under interval

modulation, namely the spin-Peierls effect.



=== F|g 6a ===
=== F|g 6b ===
=== F|g 6c ===

In these three cases, we write the matrix for v=3/7 as an example:

(ﬂBgB/ﬂo n 0 0 0 ce™®
| no He9B/u, n 0 0 o |
0 no @Bl ¢ 0 0 I (for v=3/7) (10)
| 0 0 s Hg9B/u, n 0 |
0 0 0 7l 1598/ 1, n
L e 0 0 0 n usgB/qu

The calculated electron spin polarizations are plotted in Fig. 7a, 7b, and 7c.

=== F|g7a === === F|g7b === === F|g7c ===

The three cases of filling factors v=4/3, 7/5, and 8/5 are also considered. In these cases, the
most uniform distribution is realized by the electron configurations shown in Fig. 8.

=== Fig.8a ===

=== Fig.8b ===

=== Fig.8c ===

As can easily be seen from these figures, pairs of electrons with up and down spins occupy
single orbitals in the orbitals drawn as double lines. Spin cannot flip in the double line states
because of Pauli’s exclusion principle. Therefore, spin exchange forces act only between pairs
of electrons in single line orbitals (see Fig. 8). Taking these situations into consideration,
electron spin polarization curves can be calculated. The results are shown in Fig. 9.

=== F|gga === === F|g9b === === F|ggc ===



4. Results and discussions

As can be seen in Figs. 3, 5, 7, and 9, the calculated electron spin polarization curves have
small shoulders, which are caused by interval modulation, namely the spin-Peierls effect.
Small shoulders also appear in the data of Kukushkin et al [1], and our calculated curves are
in good agreement with the experimental data. Thus, the spin-Peierls effect can be concluded

to appear in the electron spin polarization of the fractional quantum Hall effect.
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Figure captions

Fig.1 Electron configuration at the minimum Coulomb energy for v =2/3 (dashed lines are

empty orbitals)
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2 Coupling constants of spin exchange interactions caused by interval modulation

3 Calculated curve of the spin-polarization for v=2/3 (Dots are experimental data)
4a Coupling constants for v=3/5. Fig. 4b Coupling constants for v=4/7.

5a Spin polarization for v=3/5. Fig. 5b Spin polarization for v=4/7.

6a Electron configuration for v=2/5

6b Electron configuration for v=3/7

6¢ Electron configuration for v=4/9

7a Spin polarization for v=2/5

7b Spin polarization for v=3/7

7¢ Spin polarization for v=4/9

8a Electron configuration for v=4/3. Double lines present pairs of electrons with up and

down spins.

Fig.

Fig.

Fig.
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8b Electron configuration for v=7/5

8c Electron configuration for v=8/5

9a Spin polarization for v=4/3
9b Spin polarization for v=7/5

9c Spin polarization for v=8/5
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Fig.6b

Fig.6c
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