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Kukushkin et al. have measured the electron spin polarization versus magnetic field in the fractional quantum Hall states. The
polarization curves show wide plateaus and small shoulders. The 2D electron system is described by the total Hamiltonian (Hp,+H;).
Therein, Hy, is the sum of the Landau energies and classical Coulomb energies. H; is the residual interaction yielding Coulomb
transitions. It is proven for any filling factor that the most uniform electron configuration in the Landau states is only one. The
configuration has the minimum energy of Hj,. When the magnetic field is weak, some electrons have up-spins and the others down-
spins. Then, there are many spin arrangements. These spin arrangements give the degenerate ground states of H;,. We consider the
partial Hamiltonian only between the ground states. The partial Hamiltonian yields the Peierls instability and is diagonalized exactly.
The sum of the classical Coulomb and spin exchange energies has minimum for an interval modulation between Landau orbitals.
Using the solution with the minimum energy, the spin polarization is calculated which reproduces the wide plateaus and small

shoulders. The theoretical result is in good agreement with the experimental data.

1. Introduction

In this paper, we examine the electron spin polarization in
the FQH states with the filling factor v < 2. Before the
examination, we see here the investigations on the FQHE
briefly.

The fractional quantum Hall effect was discovered by
Pan et al. [1, 2]. The quasi particle with a fractional charge
and its wave function were introduced by Laughlin using
the variational method [3, 4]. Many physicists developed it
[5-7]. Jain proposed the composite fermion theory [8, 9].
Thereafter, the FQH states with the nonstandard filling factors
have been investigated by employing various methods as in
the references [10-14]. These theories assume the various
types of the quasi particles and their mixing. On the other
hand, Tao and Thouless [15, 16] examined the case that the
lowest Landau levels are partially filled with electrons. Their
method is very important to investigate the FQH states. We
have developed the Tao-Thouless theory and have found the
most uniform configuration of electrons. It has been proven
that the configuration is unique for any filling factor [17]. The

configuration minimizes the expectation value of the total
Hamiltonian.

The Coulomb transitions conserve the x component of
the total momentum where the x-direction indicates the
current direction. The conservation law produces energy gaps
for the specific filling factors. For the other filling factors, we
have found the gapless structure and peak structure [17-23].
The theory can well explain the behaviors of the FQHE at
v < 2 without any quasi particles.

On the other hand, the electrons in FQH states with v > 2
occupy the higher Landau levels. Therein, many experimental
and theoretical investigations [24-43] are carried out and
various interesting phenomena are discovered. Also, the
electron spin polarization is investigated for the FQH states
with » > 2 by the papers [44-49].

Although the function form of the spin-polarization
versus magnetic field is very important for investigating the
FQHE, there is no theoretical calculation of the function
shape quantitatively. In this paper, we calculate the spin-
polarization versus magnetic field at v < 2 by developing the
previous method in the references [17-23].
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FIGURE 1: Experimental data of the polarization for the FQH states [50].

Kukushkin et al. have measured the electron spin-
polarization versus magnetic field [50]. They clarified the
function forms at twelve filling factors in v < 2. Although

their experiments are rather old data, the obtained function

forms give us the important knowledge.

Their results are shown in Figure 1. Hereafter, we describe

the electron spin polarization by the symbol y,. Then, y, = 1

means a fully polarized state. The experimental polarization

curves have the following properties.

(1) The wide plateau appears at y, = 0 for v = 2/3 and

2/5.

The wide plateau appears at y, = 1/3 for v = 3/5 and

3/7.

The two wide plateaus appear at y, = 0 and 1/2 for

v = 4/7 and 4/9.

(2) The small shoulder appears at y, = 1/2 for v = 2/3

and 2/5.
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The small shoulder appears at y, = 2/3 for v = 3/5
and 3/7.

The two small shoulder appear at y, = 1/4 and 3/4 for
v = 4/7 and 4/9.

As shown in Figure 1, the v = 2/3 polarization curve
resembles the v = 2/5 curve. The v = 3/5 polarization
curve resembles the v = 3/7 curve. Also, the v = 4/7
curve resembles the v = 4/9 curve. The characters mentioned
above indicate that the shape of the spin polarization curves
depends mainly upon the numerator of the filling factor. The
numerator means the electron number per unit configuration
(see [17]). Therefore the polarization belongs to electrons (not
holes). In this paper we clarify the origin of the polarization
curve.

We shortly describe the fundamental properties of the
quasi-two-dimensional electron system below. We illustrate
a quantum Hall device where the directions of the axes x, y,
and z are taken, as in Figure 2. Then, the vector potential, A,
has the components:

A =(-yB,0,0), )

where B is the strength of the magnetic field.
The Hamiltonian, Hy, of a single electron in the absence
of the Coulomb interaction between electrons is given by

2
=M+U(

H,
0 2m*

y)+W(2), )
where U(y) and W(z) indicate the potentials confining
electrons to an ultrathin conducting layer in Figure 2. Therein
m”" is an effective mass of electron, and p = (p,, Py p.) is
the electron momentum. The effective mass m” differs from
material to material and the value in GaAs is about 0.067
times the free electron mass. The eigenvalue problem of this
Hamiltonian is solved and the single electron wave function
Yy s is expressed as follows:

vy (% 3,2) = \/g exp (lp7x> u Hp < \]@ (v~ 0‘1))

*

><ep< me
xp [ —
2

(3)

where «; is given by

p [ 2mh

~ | (¢eB)

a = @ = ] J,  €:length of 2D electron system.

(4)
Therein, ¢(z) is the wave function of the ground state
along the z-direction, H; is the Hermite polynomial of Lth

degree and u; is the normalization constant. We call L the
Landau level number. Also, the eigenenergy is given by

ELJ:A+U((x,)+ha)(L+%>, (L=0,1,2,3,...), (5

y Magnetic field Hall probe
x
!/ Current
LK =
=
Potential probes Gate

¢ : length of 2DES

FIGURE 2: Quantum Hall device.

where A is the ground state energy along the z-direction
Ul(qa;) is the potential energy in the y-direction.

When there are many electrons, the total Hamiltonian is
given by

N-1 2

-1 N
e
i=1 é 2 2 2
P ane\(x =)+ (- ) + (5~ 2)
(6a)

where N is the total number of electrons and Hy; is the single
particle Hamiltonian of the ith electron without the Coulomb
interaction as

(p; + eA)z

*

Hy; = +U () +W(z). (6b)

2m
The many-electron state is characterized by a set of Lan-
dau level numbers L,,L,,...,Ly and a set of momenta
DPi> Pa>---» Pn- The complete set is composed of the Slater
determinant as

W(Lys.., L prs-- > P)

Yi,p (%1, 71>21) Yi,p (%N Yo 2)

1
VN!

Yipn (x5, y121) - Yipy (x> Yo 200)

7)

This state is the eigenstate of Zf\:jl Hy;. The
expectation value of the total Hamiltonian is denoted
asW(Ly,...,Ly; py»---» py) which is given by

W(Ly,.... L5 Prs-- 5 PN)
(8)

Ep, (P)+C(Lyseo s L3 Proe- o5 P>

™=

Il
—

1

where C is the expectation value of the Coulomb interaction
defined by

C(Lyseeis Ly Pro-eor PN)

= J.--J\I/(Ll,...,LN;pl)-~')pN)

*



N-1 2

e

4”8\/("1‘ - xj)z + (i~ yj)z +(z- Zi)2

XW(Ly,....,Laspys- -

X

i=1

Y=z

, py) dx;dy dzy,. .., dxydyndzy.
)

Hereafter, we call C(L,,...,Ly;Py>--->Pn) classical
Coulomb energy” We divide the total Hamiltonian Hy into
two parts Hp,, and Hj, as follows:

HD: Z Z |"IJ(L1,,LN:p17’pN)>
Ly,...Ly PPN
10
KW (LyseooLgs oo py) 00
><<\I—’(L1,...,LN;P1"-~>pN)|
H, = H; - Hp, (11)

where H; is constructed only by the off-diagonal elements
and depends upon only the relative coordinate. Therefore, the
total momentum of the x-direction conserves in this system.
That is to say, the sum of the initial momenta p; and p; is

equal to the sum of the final momenta p; and p;. via Coulomb
transition as follows:

P+ p; =i+ pj. (12)

At a filling factor smaller than 1, the ground state of Hp,
satisfies the following properties.

(1) N electrons exist in the lowest Landau levels with
Ly=L,=--=Ly=0.

(2) The electrons most uniformly occupy the lowest Lan-
dau levels. Then, the classical Coulomb energy takes
the lowest one. The electron momenta p;, p,, ..., Py
are related to each centre position as in (4).

For any filling factor, we can find only one electron
configuration in Landau states which is the most uniform
and has the minimum energy of Hp,. The proof is done in
[17]. When the magnetic field is weak, there are many spin
arrangements for a given configuration. These spin arrange-
ments construct the degenerate ground states of Hp,. The
interaction Hamiltonian H; yields the quantum transitions
among the ground states. We examine the interaction in the
next section.

2. Coulomb Interaction between Up- and
Down-Spin States (Equivalency between
Coulomb Transition and Spin
Exchange Interaction)

The degenerate ground states have the same momentum set

corresponding to the most uniform electron configuration.
The Hamiltonian H; given by (11) acts between two electrons.

ISRN Condensed Matter Physics

We indicate the spin states by T and | for up- and down-
spins, respectively. Then, all the initial spin states with the
momentum pair p,, p, are described as

|P1 Lpl)s
Ipy Lps L)

|P1 L),

(13)
|P1 Lp 1)

When these states transfer via Hy, their final states are
described as follows:

Pt 105 1)
|pi Lps 1)

|pi 1.5 1) s

(14)
! !
P Lps L)
where p; and p, indicate the final momenta via the Coulomb
interaction. We consider the transitions only between the
degenerate ground states. Therefore, the final momentum set
should have the minimum energy of Hp,. Accordingly, the
final momentum set is equivalent to the initial momentum
set because of the uniqueness of the electron configuration
for the ground state of Hyy:
! !
P = P P =P (15)

The case of (p} = p;,py = p,) is removed because the
diagonal matrix elements of Hj are zero. Applying (15), the
final state | p{ T, p; 1) becomes |p, T, p; T) which is the same
as its initial state. Also |p] |, p5 |) becomes |p, |, p; 1)
In the two cases, the final state is identical to the initial state,
and therefore the matrix elements of H; are zero. Accordingly,
nonzero matrix elements are

(p .o U Hi|py s 1) (16)
(p, ;s T| H |P1 Lp 1), (16b)

where
(p, Lp T| H1|P1 L) ={p, T ll H1|P1 T, P %) )
17

We examine the following three cases.
Case 1. Consider p, — p, = £21h/€

E=(p, Lo U H|p .o 1) (18a)
Case 2. Consider p; — p, = +4nh/¢

n={ps 1P ll H; |P3 Tpal)- (18b)

Case 3. Consider p; — p, = +6mh/€
¢={ps 1-ps | Hi|ps T.ps 1) - (18¢)

The Coulomb transition in Case 1 is shown in Figure 3.
The open circle indicates the up-spin state and the filled
one the down-spin state. We describe the momenta after the
transition by the symbols p; and pj which are given by

2mh

P;=P2—T=P1- (19)

27th

P1=P1+7=Pz>
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i i transition H
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FIGURE 3: Equivalence of a specific Coulomb transition and spin
exchange interaction for Case 1.

ps Ps P3 ‘ Pa
i Coulomb |
] transition ]
e [ e o

Initial state Final state

FIGURE 4: Equivalence of a specific Coulomb transition and spin
exchange interaction for Case 2.

This Coulomb transition is equivalent to the following
process: The spin at site 1 flips from up to down and the spin at
site 2 flips from down to up simultaneously without changing
the momenta. Thus, the Coulomb transition of Case 1 is
equivalent to a spin exchange process which is described by
the interaction {0 0, . Therein, o is the spin transformation
operator from down- to up-spin state and ¢~ is the adjoint
operator of o*. There is another Coulomb transition given
by (16b) which is equivalent to £o)0,. Accordingly, the
Coulomb transition between the two electrons at sites 1 and 2
is expressed as

¢(oy0; +0/0,), (20)

where & was already defined by (18a). In this Coulomb
transition, the classical Coulomb energy in the initial state is
exactly equal to the one in the final state.

The Coulomb transition of Case 2 is illustrated in Fig-
ure 4.

The momenta after the transition are described by the
symbols pj, p;, the values of which are given by

’ szﬂh_ ]

o= py 2x2mh
37 3 -

T—h» P4=P4—T ps-
(21

The Coulomb interaction of Case 2 is equivalent to the
following spin exchange interaction between an electron pair
placed in second nearest-neighboring orbital pair:

n(oy04 +050,), (22)

where # is the coupling constant defined by (18b).

The Coulomb transition of Case 3 is illustrated in Figure 5.
The momenta after the transition are described by the
symbols pt, pe:

i 3 x2rth ] 3 x2rth
P5:P5+T:P67 PsZPG_szs-

(23)

5
bs Ps P P
T Coulomb+#>
| | | | transition | | | |
I ! —_—> I ] !

Initial state Final state

FIGURE 5: Equivalence of a specific Coulomb transition and spin
exchange interaction for Case 3.

Figure 5 shows that the Coulomb interaction of Case
3 is equivalent to the following spin exchange interaction
between an electron pair placed in third nearest-neighboring
orbital pair:

¢(os0f +oi05). (24)

We show the most uniform configuration of electrons for
the two cases of v = 2/3 and v = 2/5 in Figures 6(a) and 6(b),
respectively, where the spin-states are numbered sequentially
from left to right, as indicated by the green color.

In the v = 2/3 state, the nearest electron pairs have the
coupling constant £ and the second nearest electron pairs
have the coupling constant 1. At v = 2/5, the nearest electron
pair is placed in the second neighboring orbital pair, and so
the coupling constant is #. The second nearest electron pair
is placed in the third neighboring orbital pair and so the
coupling constant is { as shown in Figure 6(b). Thus, it is
noteworthy that the site number (namely, electron number)
is different from the orbital number.

In the third or further nearest electron pair, another
electron is inserted as in Figures 6(a) and 6(b). Therefore the
interaction between the third nearest electrons is quite weak
due to the screening effect of the interposing electron, and so
may be neglected.

At v = 2/3 the most effective interaction is obtained as
follows:

H

effective —

. DL (U;j—l%_j +031,10%)
j=1,2,3,... (25)

+ - -+
+n (‘72]"72]41 + 02j02j+1)] :

where the operator o, j-1 indicates the transformation from a
down- to up-spin state of the electron at the (2 j—1)th site. This
Hamiltonian, (25), yields the quantum transition between the
degenerate ground states. When the external magnetic field is
applied in the z-direction, the Hamiltonian becomes

_ + - - +
H= Z [E (02].7102]. + (72]'71(72]-)
j=1,2,3,...

7 (a;jaz_j+1 + 02_j0;j+1)] (26)

* 1 z
+ Heg B(g)ﬁp

i=1,2,3,...

where g* is the effective g-factor, B is the magnetic field,
(1/2)0® is the electron spin operator in the z-direction,
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(b)

FIGURE 6: (a) Coulomb transitions for first and second nearest pairs at v = 2/3. (b) Coulomb transitions for the case of v = 2/5.

and yy is the Bohr magneton. The matrices (the Pauli spin
matrices) are explicitly indicated below:
o° = < é 0 ) (27)

. (01 ~ (00
9 =loo) 7 \10)

We can obtain the Hamiltonian H for other filling factors.
The Hamiltonian for v = 3/5 and v = 4/7 is given,
respectively by;

_ + - - +
H= Z [f (‘73;'—2‘73;'—1 + 03;—203]'-1)
j=1,2,3,...

+ - - +
tn (‘73]'—1‘73]‘ + ‘73j—1‘73j)

+ - -+
+n (03j03j+1 + 03j03j+1)]

1
5(3)0
+ ) g B(3)o

3
forv= -,
i=1,2,3,... >

+ - - +
[f (04]‘7304,‘72 + 04]‘7304]'72)
j=1,23,...

+ - - +
tn (‘74]'—204]‘—1 + 04]‘—2‘74]'—1)
+ - - +
1 (‘741'71‘74]‘ + ‘74]'71‘74]')

+ -~ -+
1 (04j‘74j+1 + ‘74j04j+1)]

v Y usa'B(5) ok

i=1,2,3,...

4
forv= -

(28)

The three Hamiltonians, (26) and (28), can be exactly
diagonalized by using the method of [51].

3. Isomorphic Mapping from the FQH State to
One-Dimensional Fermion State

We examine the following mapping from a single spin state
to a fermion state. The down-spin state | |) is mapped to the
vacuum state |0), and the up-spin state | T) is mapped to the
one fermion state ¢*|0), where c¢* is the creation operator

T —cx10), [l) —10). (29)

Then the spin operators 0¥, 0~, and ¢° are mapped to the
operators of the fermion system as

o — (2c"c-1). (30)

+ P
g —Cc, 0 —/¢,

Next, we find the isomorphic mapping from many-spin
states to many-fermion states. Two examples of the mapping
are written as follows:

|T1,T2’l3,T4a ls: le> T7’Ts>l9)T10> — C:c;C:C;C;CI*O 10)

|ll’ T2 135 Las Lss Teo Lo Lgs Lo T10) «— 52*63*‘:6*510 10) .
(31)

It is noteworthy that the multiplying order of creation
operators is the same as the order of the up-spins. The
operators ¢; and ¢" satisfy the anticommutation relations as
follows:

{c,-,c;} =GXC +e X =0 (32a)
{ci,cj} =GXcitexg=0,
(32b)

{ * *} _ % * * * 0
G.cip=¢ X¢ +¢ xg =0.
. + - - +  + -
The products of the spin operators o, 12102 02,102 03,0511
. .
and 0,0, are mapped to the products of fermion operators
as follows:

+ - * = + *

025102 < 6 1G)» 05105 < —Gj1G) (33a)

+ - * - _t * b

02j02j41 < SjQj1 03j02j41 < ~0jGjy>  (33D)
> 201

o; ¢ G- 1. (33¢)

It has been verified that the mapping ((33a), (33b), (33c))
is isomorphic (see [51]). Accordingly Hamiltonian (26) is
equivalent to the following form:

H= ) [8(5m9-ai;)

=123,
+n (Cz*jczjn - szcz*jﬂ)] (34)

+ Upd B< )(Zci*ci—l).

i=1,2,3,..

We exactly solve the eigenvalue problem of this Hamilto-
nian.

New operators a; and b; are introduced as follows:
611 = CZ*j—l’ b]* = Cz*j’ (35)

=61  b=0q;
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where j is the cell number. Then the Hamiltonian (34)
becomes

H= Z [E (a;bj - ajbj*) tn (b] Ajr1 ~ bJaJH)]

j=1

+ Z U9 B( )(Za;aj +2b;b; - 2),

j=1

(36)

where ] is the total number of cells given by ] = N/2
for the total number of electrons N. We apply a Fourier

transformation given by (38) to the operators a; a; i b], and

bj and obtain
H = ; (@@ (p)b(p)+b" (p)a(p))
+11 (€707 (p)a(p) +ea” (p)b(p))]
+ Y g B(3) Ga (p)ap)+ 26" (P)b(p)-2),

(37)
where a, = % ;eipna (p), b, = % ; e?"b (p),
(38)

and p = (2nr/]) x integer, - < p < 7.
In the summation in (37), the single term with a value of
p is expressed by the following matrix:

upg'B & +f1€‘“’>
(5 +ne?  ugg'B )’ (39)

This matrix has two eigenvalues A,(p) and A,(p) which
are given by

A (p) = ppg™ B - \/f2 +1% + 2&n cos p, (40a)

Ay (p) = ppg B+ \/f2 +n? + 2En cos p. (40b)

Using new annihilation operators A, (p) and A,(p)

1 E+ne®
A, (p) = —zalp) - b(p)
1 V2 \/2 (& +n? + 2&n cos p) )
1 E+ne ™
Ay (p) = —zal(p)+ b(p).
’ V2 \/2 (&2 + 1 + 2&n cos p) (41b)
the Hamiltonian (37) is expressed as follows:
H = Z (p) A7 (p) A, (p)
(42)
+1, (p) A% (p) Ay (p) — ppg™ B).

Thus, we have succeeded in diagonalizing the Hamilto-
nian (26).

4. Magnetic Field Dependence of
the Spin Polarization

The electron spin polarization y, depends upon the tempera-
ture. We calculate its thermodynamic mean value as follows:

< $)-2 (S )

> (2a7a; +2b]b; - )>

Il
z|L
(\
gy

(43)

-l <z<za* (p)a(p)+ 26" ()b (p) —z>>
p

- (Z(Zexwaim-n)).
P s=1

where (-) is the thermal average and the minus sign comes
from the negative charge of an electron. In deriving (43),
we have utilized (33c), (35), (38), (4la), and (41b). The
diagonal form, (42), indicates that all the eigenenergy states
are expressed by the direct product of the creation operators
A’ (p). Therefore, the eigenstate is identified by the eigenvalue
of the fermion number operator nyp) = AL(p)A(p).
Equation (42) shows that the eigenenergy for n(p) = 1
is A{(p) and the eigenenergy for n(p) = 0 is zero. Then,
the Boltzmann factor is exp(=A,(p)/kgT) for ny(p) = 1
and exp(-0/kgT) for n(p) = 0, where ky is the Boltz-
mann constant and T is the temperature. Accordingly, the
probability for n.(p) = 1 is given by exp(-A,(p)/kzT)/(1 +
exp(—A,(p)/kgT)) and the probability for n(p) = 0 is given
by 1/(1 + exp(-A,(p)/kgT)). These probabilities yield the
thermal average of A%(p)A,(p) as

exp (A, (p) /ksT)

AP = e ey Y
which gives
(24 () 4, (p) - 1) = 2 (Q zfi) ff,)fi 5
s i 45)

_ A (p)
= —tanh ( ) ) .
Substitution of (45) into (43) derives
1 : A (p)
Y, = 27 ) (s_zltanh< w7 ) ) (46)

Since the total number of electrons is a macroscopic value,
we can replace the summation by integration as

Yo = ﬁj dp<Ztanh( S(P)>>. (47)




0.8

0.6

0.4

0.2

1 2 3 4 5 6 7

FiGUre 7: Calculated spin polarization curve for v = 2/3 n/& =
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Thus, the electron-spin polarization at the filling factor of
2/3 is expressed by (47).

First, we study the low field behavior of the spin polariza-
tion.

Equation (40a) indicates that A,(p) is restricted to the
following region:

g B=[E+n <A (p) <ppg™B-[E-n|.  (48a)
Also, A,(p) is in the region:
g B+[E—nl <Ay (p) <upg"B+[E+n|.  (48b)

When the magnetic field takes a value between 0 and
1&—nl/(ugg™), A,(p) is negative and A, (p) is positive for any
value of p:

[€-7
(upg*)

Therefore, tanh(A,(p)/2kgT) is nearly equal to —1 and
tanh(A,(p)/2kgT) is nearly equal to 1 at very low temper-
atures (' = 0). Then, the spin polarization is almost zero
because the summation in the right hand side of (47) is nearly
equal to zero. When the magnetic field increases beyond
the value £ — #|/(ugg”™), the spin polarization increases
continuously until it reaches the maximum value of 1. This
behavior is in agreement with the experimental data in
Figure 1.

When the quality of a quantum Hall device is bad,
many random potentials are produced by the impurities
and lattice defects. Then, the plateau in the Hall resistance
curve is rounded at both ends. Also, the wide plateau in the
polarization curve is rounded by the random potentials. The
effect resembles that of the thermal vibration. Therefore, we
include the random potential effect into the value of T'.

The spin polarization is evaluated by integrating the right
hand side of (47). The integration has been done by using a
computer program. The result is shown in Figure 7 for the
parameter /& = 0.2 and kzT/E = 0.1. Experimental data
[50] are plotted by red dots in the figure. We find that the
theoretical result reproduces the experimental data without
the small shoulder.

for 0 < B<

Ai(p) <0, A, (p)>0 . (49)
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FIGURE 8: Coupling constants of interactions caused by distortion
with double period.

5. Modulation of the Intervals between
Landau Orbitals

If we observe carefully the experimental spin polarization
curves, namely, Figure 1, we find small shoulders in it. The
structure has not been considered in the previous sections.
We examine the origin of the small shoulders in this section.

Peierls studied an electron system in a one-dimensional
crystal and considered the lattice distortion with the period
doubling the unit cell. This lattice distortion produces new
band gaps and the energy becomes lower than that without
the distortion. This effect is called spin Peierls effect [52].

In the present theory, the spin polarization of FQH states
is derived from the Hamiltonians (26), (28), and so on. If
we consider a new modulation of the intervals between the
nearest Landau orbitals with the period doubling the unit
configuration, the spin chain Hamiltonian of FQH system
resembles the one with the spin Peierls effect.

As an example, for v = 2/3 we change the distance
between nearest orbitals in the first unit-configuration longer,
the one in the second unit-configuration shorter, and so on.
Then, we have the four kinds of the coupling constants &, & !
#, and 5’ as shown in Figure 8.

The value of ' is larger than that of & because the distance
for the &' interaction path is shorter than that for £. Also, 7 >
1 holds. This distortion with the double period of the unit-
configuration produces additional energies via the classical
Coulomb and spin exchange interactions. We call it “interval
modulation” We calculate the total energy of this system.

We express the distance between the nearest orbitals
by the symbol r, for nondistortion case. We consider the
distortion that one of the distances between the nearest
Landau orbitals becomes r,+d for an odd cell number and the
other one becomes r,, — d for an even cell number. Then, the
classical Coulomb energy W increases. The increasing value
per electron is proportional to d* as

AW fc<i>2, (50)

where f is the constant parameter.

Next, we examine d-dependence of the coupling con-
stants £ and £'. When d > 0, the coupling constant € is weaker
than & because the £ interaction path is longer than that of &',
When the other case d < 0, £ is stronger than & because the
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¢ interaction path becomes shorter than that of £'. Therefore,
there is a linear term of d in € and & as follows:

=6-(2) e-trn(d) @

where & is the coupling constant in the non-distortion case
and f; is the proportionality constant. In order to simplify
(50) and (51), we define a new dimensionless quantity ¢ as

NI

Then the coupling constants & and & " are expressed as

E=§0-1), =&+t (53)

The increasing value of the classical Coulomb energy AW
is also expressed by this dimensionless parameter t as follows:

AW

T = €0Ct2, (54a)
where C is the dimensionless coefficient as
&
c= e (54b)
fe

6. Total Energy due to the Interval Modulation

Now we calculate the spin exchange energy. Using the cou-
pling constants in Figure 8, the spin exchange Hamiltonian
for v = 2/3 is given by

_ + - - +
H= Z [E (‘74;'—304]'—2 + 04j—3"4j-2)
j=1,23...
+ - - +
7 (‘74j—2‘74j—1 + ‘74;'—2(74]‘—1)]

( + - - +
+ [E (‘74]'71(741‘ + 04j7104j)
j=12,

[

rees

I( + - - _+ )]
T (04j04j41 T 040411

1
* z z z z
+ Z Ug9g B(E) (041;3 + Oy Oyt a4j).
j=12,

[

rees

(55)

This Hamiltonian equation (55) is rewritten from (33a),
(33b), and (33c) as

% %
H= Z [E (c4j_3c4j_2 - c4j_3c4j_2)
j=1,2.3,...

* *
1 <C4j—2C4j—1 - C4j—2C4j—1)]

! * *
+ [5 (c4j—1c4j - C4j—lc4j)
=12,

w

yeee

! * *
+7 (C4jc4j+1 - C4jc4j+1)]

* 1 *
Hpg B(z)(chf—l)-

>

i=1,2,3,...

(56)

Using the cell number j, we introduce new operators a,_ i
a, j» a3 j» and a, ; as follows:

ay,j = Cj-3 A = CGj-2 a3 j = C4j1s Ay = Cyj-
(57)

Fourier transformation yields

1 ipj 1 ipi
al)jzﬁgewal (p), %:J:W;ewaz@)»
(58)
1 ipj 1 ipi
a3)j=W§ePJa3(p), a4,j=W§ep]a4(P),

where ] is the total number of unit cells (unit configurations),
namely, ] = N/4, and p = (2n/]) x integer (- < p < 7).
Substitution of (57) and (58) into (56) gives

H=Y [E(a (p)a, (p)+a; (p)a (p))
P
+1(ay (p)as (p) +a; (p)a, (p))
+& (a5 (p)a, (p) +a; (p)as (p))

+11' (e?a; (p)ay (p) +ea; (p)ay(p))]
+;%f%9a@@mwn@@%@

+a; (p)as (p)
+ay (p)as(p)) —4).
(59)

For one value of p, (59) is expressed by the following
matrix M:

upg'B & 0 ne?
_ § wugg'B 7 0
ﬂ,elp 0 gl [/LBg*B

The four eigenvalues of M are denoted by the symbols
A(p), Ay (p), As(p), and A, (p) (A, < A, < A3 < Ay) which

are given by
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A (p) = ppg™ B -

\
A5 (p) = upg™ B - \j
\

As (p) = pupg™ B+

Ay (p) = ppg" B + \/

Therein, we have assumed &'/€ = #'/n because the
interval modulation is expected to give almost the same effect
to the coupling constants & and #. Then, ratios between the
coupling constants are expressed as follows:

ﬂ:”_':@ 62
ETET g (622

o =

g
_s (62b)
P n

3
Equation (53) derives the following relation:

_E_':q_':(1+t)
ﬁ_ﬁ no (-t

(62¢)

We show the two eigenvalues A,(p) and A, (p) by red and
black curves for § = 1, blue curves for f = 1.2 and green
curves for § = 1.4 in Figure 9.

The difference A,(p) — A, (p) is minimal at p = 7 as seen
in Figure 9. When f is equal to 1, namely, nondistorted case,
the energy gap A,(m) — A, (7) disappears. Equation (61) gives
the difference between A,(p) and A, (p) at p = m as

A, () = A (1) = V1 + a? |§'—£| = V1+a2§2t, (63)

where we have used (53). Thus, the difference is proportional
tot.

The eigenenergies (61) give the diagonal form of the
Hamiltonian as follows:

H =23 (A (p) AT (p) A, (p) + A, (p) A5 (p) A, (p)
p

+ 15 (p) A3 (p) A5 (p) (64)

+4y () Ay (p) Ay (p) - 2659"B) .

% ((1+0) (@ +82) + (1 + 02 (8 +82) -4 (1 + @) 287 - 20288 cos p) ),
1 2 2
(4 0) (@82 =1+ 02 (@ 4 82) - 4((1+ ) 287 - 2028287 cos p) ),
(61)

1 2) (£2 4 EI2 2)\2(£2 4 £12)? 4) £2£12 282512
(@) @+ E) - @@ ) (14 ) 287 - 202887 cos p) ),
1 2 2
3 ((1+0) @ +82) + (1 + 02 (@ + 82 - 4((1+ 0 287 - 208287 cos p) ).

M (upg™)

0.6

v=2/3
o4 A2/ (upg™)

- A/ (upg”)

FIGURE 9: Eigenvalues of spin interaction via interval modulation.
The red and black curves indicate the eigenvalues A,/(pzg") and
A, /(ugg”) at B = 1.0. The blue curves indicate the eigenvalues
A /(ppg”) and A,/ (ugg™) at B = 1.2. The green curves indicate the
eigenvalues A, /(uzg”) and A, /(uzg™) at f = 1.4.

We calculate the thermal average of this Hamiltonian. The
thermal average has been already examined in (44) which
gives

exp (=A, (P) [kgT)
[+ exp (A, (p) /g T)

A
~ 1 (1 - tanh A (p) :
2 (2kgT)
Then the thermal average of the spin exchange energy is

- 3§02 (22)

—24pg" B

(AL (p)As(p) =

(66)
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Since the total number of electrons is a macroscopic value,
we can replace the summation by integration as

(H)

i
EIMICEHCEE)

—ZMBg*B} ] dp,

(67a)

- (30)-o(42)

N N (67b)

We numerically calculate the integration in (67a). The
dashed red curve in Figure 10 shows the calculated result of
the spin exchange energy for B = 2.2[T]. The dashed black
curve shows the classical Coulomb energy for the parameter
C = 0.5 (see (54a), (54b)). Their sum AEq,, /N is the total
energy which is expressed by the blue curve. Then, the total
energy has a minimum at a nonzero t as shown in Figure 10.
Consequently, the interval modulation actually occurs.

Further calculations are carried out for various values of
the magnetic field in the case of C = 0.5. The results are shown
in Figure 11. The interval modulation occurs in the region of
1.86[T] < B < 2.51[T).

We calculate the total energy for another case v = 3/5.
The coupling constants are illustrated in Figure 12.

These coupling constants in Figure 12 produce the v = 3/5
Hamiltonian which is described by the following matrix:

ugg B & 0 0 0 #He®
§ wgg'B 1 0 0 0
0 n usg'B 7 0 0
0 0 n ug'B & 0
P, 0 0 & mg'B A
ne 0 0 0 n ugg B
(for y=—

This matrix has the six eigenvalues A,(p), A,(p), A5(p),
Ay(p), As(p), and Ag(p), the p-dependences of which are
shown in Figure 13.

Figure 13 indicates the energy gap between A,(p) and
A,(p) at p = 7. Then the interval modulation with the double
period of the unit-configuration produces additional energies
for the classical-Coulomb and spin-exchange interactions,
respectively, as follows:

AW

W = EOCtz, (69&)

11
Energy Classical
Coulomb energy
/// Totalenergy
t
Spi\n\exchange
energy
FIGURE 10: Dependence of total energy upon t.
(H) 1
N 6
1 (7| 1 -\
X—J Z A, (p) = | 1-tanh A (p)
2 Jp=0 | |5 2 2kgT
—3upg" B H dp,
(69b)
AE
—_Total _ (A—W) +A <—<H> ) : (69¢)
N N N

The sum of AW/N and A({H)/N) is numerically calcu-
lated and the result is shown in Figure 14.

Therein, we have used the parameter C = 0.5 which is the
same as in the case of v = 2/3. This value of C affects the shape
of the polarization curve near the small shoulder as will be
discussed in the next section. We have shown the dependence
of the total energy upon t for two examples. Therein, the
total energy has a minimum at a nonzero ¢ in some region,
of the magnetic field. The nonzero ¢t yields the stable state
with the distortion (interval modulation). This mathematical
mechanism is the one resembling the spin Peierls effect.

7. Spin Polarization in the Case with the
Interval Modulation

We calculate the spin-polarization y, for the Hamiltonian
(64) of v = 2/3. y, is obtained by the integration as

Lo (s A (p)
v=gse | de (S_zltanh( it )) (70)
where the four eigen-values A,(p), A,(p), A;(p), and A,(p)
are given in (61). We numerically calculate the spin-
polarization y, by the following two methods, namely, easy
method A and precise method B. Method A is the rough cal-
culation under the fixed value of the distortion parameter ¢.
This method has been studied in the previous papers [53, 54]
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B=253(T)

B=2.50(T)
B =247 (T)
B=243(T)
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B=2.20(T)

FIGURE 11: Dependence of total energy upon ¢.
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F1GURE 12: Coupling constants for v = 3/5.
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g O
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A2/ (upg”)
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FIGURE 13: p-Dependence of the six eigen values for v = 3/5.

where the ratio &' /€ = #' /i is treated to be a constant value as
in (62¢). Method B is newly performed in this paper.

Method A. We use the fixed value &'/§ = #'/n = 1.4. The
other parameters are adopted to be /& = #'/&' = 0.1 and
(kgT/&,) = 0.05. Then, a small energy gap appears between
A, and A,. We numerically calculate the integration in (70) by
using the Mathematica program and draw the graph of spin-
polarization versus magnetic field. A small shoulder appears
in the theoretical curve of the electron spin-polarization as
seen in Figure 15.

This curve is slightly different from the experimental data
near the sharp corners P and Q. So we choose the different
value as (kgT/§,) = 0.1 in order to make the curvature small
in the corners P and Q. Then the small shoulder disappears.
In order to maintain the small shoulder, we take a larger
value &' /€ = #'/n = 1.8. The calculated curve is shown in

Figure 16. The result is also different from the experimental
data. Accordingly, method A has some difficulty in explaining
the experimental data. This inadequacy is improved by using
the precise method B.

Method B. We carry out more precise method B where we
calculate the t-dependence of the total energy per electron.
We find the minimum point of the total energy for various
values of the magnetic field. Some examples have been
already shown in Figures 11 and 14. Therein, we obtain the
t-value of the minimum point. The t-value gives &' /& = 1/
from (62c). We numerically calculate the spin-polarization by
using the magnetic field dependence of the minimum point.
The theoretical curve is shown in Figure 17.

Therein, we have used the parameter values /& = ' /&' =
0.2, (kgT/&,) = 0.1 and C = 0.5. Thus, the calculated result is
in good agreement with the experimental data. The reason is
simply discussed below.

The magnetic field is sufficiently strong near the corner
P in Figure 15. In this region, almost all the spins have
a down direction. Then the number of up- and down-
spin pairs decreases and the spin exchange energy becomes
small. So the increment of the total energy (67b) is nearly
equal to that of the classical Coulomb energy. Then, the
energy minimum appears at t+ = 0, namely, non-distortion
(noninterval modulation). Thus, the distortion appears only
near the small shoulder as in Figure 11. Due to this situation,
the theoretical curve via method B is in good agreement with
the experimental data.

It is examined how the shape of the polarization curve
depends on the parameter C. We calculate the polarization
curve for the following two cases: C = 0.4 and 0.65 in
Figure 18. These calculations make it clear that the shape
of the curve varies only in the neighborhood of the small
shoulder when changing the parameter C.

We study the case of v = 3/5. The spin-polarization y, for

v = 3/5 is given by
A (p)
2kgT )) L
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B =356 (T)

Energy
C=05
v=3/5
B =3.59(T)

t
B=3.63(T)

B=3.69 (T)

B=3.85(T)

13

B=4.13(T)
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B=3.85(T)

FIGURE 14: Dependence of the total energy upon ¢ at v = 3/5.

where the eigen-energies A, for s = 1,2,3,4,5,6 are numer-
ically obtained from the matrix (68). The two calculated
curves via methods A and B are shown in Figure 19. In the
method B we have applied C = 0.5, same as in v = 2/3. As
seen in the right panel of Figure 19, the theoretical result via

upg' B § 0 0 0
§ wg'B 71 0 0
0 no ugd B 1 0
0 0 n ugg'B 7
0 0 0 N ugg B
0 0 0 0 &
0 0 0 0 0
qe? 0 0 0 0

The spin polarization y, is given by

L (" g[S A (p)
| (S;tanh( i )) 73)

Therein, the eight values A, for s = 1,2,3,4,5,6,7,8
indicate the eigenenergies of the matrix (72).

The spin polarization can be evaluated from the eigen-
energies. The results are shown in Figure 21. Method B has
used the same value 0.5 for the parameter C.

1
ye=§><

usg' B om0
no Hgg B ¢
o S Mpg B
c!ezp 0 ;1[
ugg' B om0 0
no WggB om0
0 no wusg B ¢
0 0 S mpg B
0 0 0 7
Jdeé? 0 0 0

method B is in good agreement with the experimental data.
We next examine the case of v = 4/7. The most uniform
electron configuration is illustrated in Figure 20.
The electron configuration yields the v = 4/7 Hamilto-
nian described by the following matrix (72):

0 0 ne?

0 0 0

0 0 0

0 0 0

¢ 0 0 , (for V= ;) (72)
wg'B om0

o Heg B oM

0 N upg B

8. Effect Resembling Spin Peierls One in

Various Filling Factors
We examine the cases of v = 2/5,v = 3/7, and v =

4/9 with the interval modulation, the most uniform electron
configurations of which are illustrated in Figures 22(a), 22(b),
and 22(c), respectively.

These electron configurations and their coupling con-
stants yield the spin-exchange Hamiltonians for v = 2/5,
v = 3/7,and v = 4/9, which are represented by the following
matrices, respectively:

cIe—ip
0 (for v = —) (74a)
71’ > >
Upg B
0 Jle7P
0 0
0 0 3
Ugg'B 1



14

w

=
W
Q. nN oo o

cocoox@Q = o
5
ooonQ*: o o
oo

o o=

1 P °® ° o e 00 0 009 o
[ ]
0.8 °
v=2/3
0.6 nlE=n'1g =01
oa kpT/E, = 0.05
Ele=y'ln=14
02 Q
... 1 1 1
2 4 6 8

Magnetic field strength (T)

FIGURE 15: Method A: theoretical curve of the spin polarization for
v = 2/3. Blue dots are experimental data [50].
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FIGURE 16: Method A: calculated curve of the spin polarization for
v = 2/3 (the parameters are chosen as (kzT/&)) = 0.1 and &'/E =
7 [n=18).

The average value of £ and &' is equal to &,. Also 7, =
(7 +1')/2. Accordingly, we obtain

n=n(1-1), # =n(l+1). (75)

The ratios between the coupling constants satisfy the
following relations:

!
St (76a)
non Mo
! !

Sy
=
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0 0 ¢'eP
0 0 0
0 0 0
0 0 0
o 0 0 , (for Y= —) (74¢)
9B 7 0
! * !
() B .
0 N pgg B

1 ..'..ooooo'o

0.8
0.6 n/& = ’1’/‘5’ =02

kpT/&, = 0.1
0.4
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0.2

2 4 6 8

Magnetic field strength (T)

FIGURE 17: Method B: calculated curve of the spin-polarization for
v=2/3.

In order to compare the spin exchange and classical
Coulomb energies, we reexpress the t-dependence of the
classical Coulomb energy by using the coupling constant #,,

W = }10Dt2, (77)

where D is a new coeflicient. Using the eigenvalues of the
matrices, the spin polarization is given by

11 (" A (p) _2
ye_A—Lx%J_ndp<;tanh<2kBT , <forv—g>,

(78a)
11 (" 6 A, (p) 3
ye—gXZJ'ndp<s=zltanh<m>>, <forv—;>,
(78b)
11 (T 8 A (p) 4
ye—gxﬂj_ndpigtanh(ZkBT)>, <forv—§>.
(78¢)

We numerically calculate the spin-polarization curves via
method B, the results of which are shown in Figure 23.

It is found in these figures that the small shoulders
originate from the interval modulation (distortion with
double period). The theoretical curve via method B is in
better agreement with the experimental data than the one
via method A. Here we shortly discuss the parameter values
C and D. The increasing value of the classical Coulomb
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FIGURE 18: Spin-polarization via method B for two cases with C = 0.4 and 0.65.
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FIGURE 19: Spin-polarization for v = 3/5. Blue dots are experimental data [50].
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F1GURE 20: Coupling constants for v = 4/7.

no€

energy is expressed in (69a) and (77) as AW/N = EOCt2 and
AW/N = 5,Dt?, respectively. So the parameter D may be
almost equal to

&
Mo

D=Cx (79a)

The fitting values of D are 0.65, 1.5, and 1.2 for v = 2/5,
3/7, and 4/9, respectively, as shown in Figure 23. We cannot
understand why the parameter D is small at v = 2/5.

We examine the remaining cases of v = 3/7 and 4/9.
The ratio /& = ' /&' = 1y/&, is 0.35 for v = 3/5 and 4/7.
Substituting this value 0.35 for #,/&, into (79a) we obtain the
value D as

= £:1.43

= 79b
0.35 (79b)

which is the predicted value from the cases v = 3/5 and 4/7.
The fitting values of D are 1.5 and 1.2 for v = 3/7 and 4/9 as
seen in Figure 23. These fitting values are consistent with 1.43
derived from the cases of v = 3/5 and 4/7.

Next, we examine the spin polarization at v = 4/3, 7/5,
and 8/5. The most uniform electron-configuration and the
coupling constants are shown in Figures 24(a), 24(b), and
24(c), respectively.

There are doubly occupied orbitals in these electron
configurations of Figures 24(a), 24(b), and 24(c). The spin
exchange forces act between electrons in singly occupied
orbitals. The electron pairs in doubly occupied orbitals have
no polarization because of cancellation by up- and down-spin
pairs. Therefore, the electron spin polarization is given by the
following equations:

2 1 1 S A (p)
ye = 4_1 X A_L X _7-[ j_ﬂ dp (;tanh< 2kBT 5 (80)

[\

4
<forv:§>,
T 6
pexled dp( tanh@;ff;))),
7 6 2ml), = 2kg (81)
7
<f0rv-§>,
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FIGURE 21: Spin-polarization for v = 4/7. Blue dots are experimental data [50].
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FIGURE 23: Spin-polarization for v = 2/5, 3/7, 4/9. Blue dots are experimental data [50].
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FIGURE 24: (a) Coupling constants for v = 4/3. Double line indicates a Landau orbital occupied by an electron pair with up- and down-spins.
(b) Coupling constants for » = 7/5. Double line indicates a Landau orbital occupied by an electron pair with up- and down-spins. (c) Coupling
constants for v = 8/5. Double line indicates a Landau orbital occupied by an electron pair with up- and down-spins.
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FIGURE 25: Spin-polarization for v = 4/3, 7/5, and 8/5. Blue dots are experimental data [50].
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where the coeflicients 2/4, 3/7, and 2/8 in (80), (81) and
(82) come from the fact that the up- and down-spin pairs
cancel the polarization. That is to says, two electrons per four
electrons at v = 4/3 have no polarization, four electrons per
seven electrons at v = 7/5 have no polarization, and also six
electrons per eight electrons at v = 8/5 have no polarization.

We numerically calculate the spin-polarization curves via
method B, the results of which are shown in Figure 25.

The polarization data at v = 4/3 has a very sharp change
of the curvature from B = 8.5[T] to B = 11.5[T]. Therefore,
itis very difficult for the function to fit the experimental data.
The theoretical result via method B is in good agreement with
the experimental data at v = 4/3, as seen in the left panel of
Figure 25.

The coupling constants at v = 8/5 are 7,k,7’,«’ as in
Figure 24(c). Accordingly, the coupling constants and the
classical Coulomb energy are reexpressed by using 7, as
follows:

T=1(1-1), T'=To(l+t), (83a)
AW
~ - 7,Et, (83b)

where E is a new coefficient. The fitting value is E = 0.35 for
v = 8/5. This value is different from C and D. Probably the
reason is the shielding effect of the electron pair in doubly
occupied Landau orbitals in Figure 24(c).

In the case of v = 4/3 and v = 7/5, the fitting values
of C are 0.7 and 0.5, respectively. These values are nearly
equal to C = 0.5in v = 2/3, 3/5, and 4/7. The parameters
n/&, (kgT /&), C and others may be dependent upon the gate
voltage, sample, temperature, and so on. We have used almost
same value for C. If we use different values of C, we can find a
better fitting to the experimental data than the present results.
As seen in Figures 17, 19, 21, 23, and 25, the small shoulders
are caused by the interval modulation which comes from the
Peierls instability.

9. Conclusions

(1) The v = 2/3 polarization curve resembles the v = 2/5
curve, the v = 3/5 one resembles the v = 3/7 one, and
the v = 4/7 one resembles the v = 4/9 one. Thus, the
shape of the spin polarization curves depends mainly
upon the numerator of the filling factor. Therefore, the
polarization belongs to electrons (not holes).

(2) At low field, up- and down-spins coexist. Then,
there are many degenerate ground states which are
composed of different spin arrangements for a given
electron-configuration in the Landau orbitals. These
many electron states have the same eigenenergy of
Hp. We have succeeded to diagonalize the par-
tial Hamiltonian describing the Coulomb transitions
among the degenerate ground states. The calculated
results reproduce the wide plateaus in the spin polar-
ization curves of the experimental data [50].

(3) The experimental curve of the polarization versus
magnetic field exhibits small shoulders. These small
shoulders are derived from the following mechanism.
We have exactly solved the partial Hamiltonian and
also have minimized the total energy (sum of the spin
exchange and classical Coulomb energies). The total
energy decreases by modulating the intervals between
Landau orbitals with the doubly period. Calculating
the ¢t-value with the minimum energy, we have found
that the interval modulation actually occurs. Then,
the theoretical polarization curve reproduces the
small shoulder and the wide plateau. The results of
the present theory are in good agreement with the
experimental data.
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