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ABSTRACT

The thermal transport properties of two--dinentional electron gas
systemin a uniformmagnetic field, specifically the thernopower is
cal cul ated using the thermal response coefficients in which the effect

of disorder has not been considered.

In addition it has al so been shown that;the IQHE is not due to the
effect of ir.purities, but as an independent el ectron phenonmena in which

coulonb interaction is ignored.
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CHAPTER 1

INTRODUCTION

In the last fifteen years or so, there has been a lot of interest
in the study of two-dimensional electron systems. Such systems were
recently reviewed by Ando and co-workers (Ando, et al, 1982). This
interest has been motivated partly by the relevance of two-dimensionzl
systems to the properties of surfaces and thin films: The inversion "
layers of semi-conductor surfaces are a good example of two-dimensic-:z
systems. When a sufficiently strong electric field is applied acrcss
the interface of an insulator and a P-type semiconductor, and the ce-Zuction
band edge is bent below the fermi level in the bulk, an n-type invers:ion
layer is formed. The motion of the carrier ir the direction perpenc::ular
to the surface is quantized and the energy levels of the electrons zare
grouped in electric sub-bands, each of which corresponds to a quantized
level of motion in the Z-direction, with a continuum for moticn in the
Xxy-plane parallel to the surface. It is possible for only the lowest

electric sub-bands to be occupied at sufficiently low fimperatures, &nd

one can regard the invgrsion layer essentially as a two-dimensional svstem.

Typical behaviour of the two-dimensional system appears especizlly
wher. a strong magnetic field is applied perpendicular to the surface.
The orbital motion.of the electrons is perfectly quantized and the erergy
spectrum becomes discrete and are called Landau levels. The transport
properties of such systems have attracted even a lot more interest since
the experimental discovery by von Klitzing, Dorda and Pepper (von Klitzing
et al, 1980) that the Hall conductivity of a metal oxide semi-conductoer
interface (MOSFET) is quantized. This is the integral Quantum Hall

effect (IQHE) by which the Hall conductivity assumes the value .,



where i 14s a non zero integer

Thus, the quantized values depend only on the fundamental constants.
Although some'aspects of this phenomenon had been predicted 1n‘19?5 by
Ando, MatsumoLo znd Uemura (Ando et al, 1975), the precision of the
quantized Hall plateaus was completely unexpected. This new interest has
led to a flurry of theoretical and experimental activities, some of which
include Aoki and Ando, 198l; Baraff and Tsui, 1981; Girvin et al, 1982,
Classer 1983; Niizaki et al, 1983; Laughlin 1981, Elegba 1987, Apel, 19£7;
and many othe;s. Most aspects of the effect, which occur in particular
when the Fermi level is between two Landau levels of the sample, can be
understood with &n essentially single-electron description, in which

the electron-electron interaction has only a secondary role. The approach
folloyed by most of these authors (except Laughlin 1981) is that the

intergral quantus Hall effect is due to the effect of impurities which

result in the localization of the electrons.

Subsequent to the experimental discovery of von Klitzing et al (1980),
Tsui, Stormerfand Gossard (Tsui et al, 1982) used high-carrier-mobility

As and discovered ﬂ- "plateaus similar

heterojunctions, GaAs-Aleal_x Xy

to those of von Klitzing et al but at fractional, instead of integral
values of i, .

i.e. i = Plq
where P is a smzll integer 1,2,3, ... and q is an odd integer 1,3,5,7, ... .
This is the fractional quantum Hall effect (FQHE). Here again, there have
been a lot of theoretical effort to explain the phenomenon but none vet
is conclusive. Some of the works on the FQHE include Laughlin, 1983b,
Haldane, 1983; Halperin, 1983; Girvin and Jach, 1984; Priusken, 1984;

Levin et al, 1984a; 1984b; 1984c; Rasolt and MacDonald, 1986 Girvin et al,
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1985; 1986; Apel, 1987a, 1587b, Lee et al 1987, Ga’els, i987; Chui, 1::73

Kivelson et al, 198! and many more others.

Althoupgh the thrust of the present work is corn the thermal prope::ies
of the integral quantum Hall effect, the comment o= thé fractional gur-tur
Hall has been added only for the sake of completeress to highlight t=e
present state of difficulty in the development of z thecretical explaz.ztion
of the quantum Hall effect. Before going to the subject matter of thirs
work it is vital to state hére that the theof{tica‘ model used for t::=
explanation of the integral quantum Hall effect "here is comceptually
different from all those cited above in the sen;e that the phenomencs Ioes
not require the presence ﬁf impurities. Rather, it is based on a meszg=-
symmetry breaking operation for a finite number of electrons, still
without ircluding eiectron-electron interaction. Thies =odel was firs-<
proposed by Elegha et al, 1¢87; and ;ill be discussed in greater details

in chapter ‘3.

This is the basis of the formation of the Lzndau electron clusz:zs.
This result is then used to study thermoelectric effect which has alw=xs
been vsced as a sensitive probe of transport mechanisms in metals and

semiconductors. . '

Based on the relationship between the varicus trznsport coeffi-Ients
(Luttinger, 1964; Mahan, 1981), the thermopower was caiculated and czzails
of this calculation are presented in chapter 3.With thece results, c=--er
important informations caa be oktained {(at least in principle). InZizTmation
about the structure.of the energy spectrum, can be deduced from measzTements

of thermodynamic properties such as enthropy and heat capacity.

The calculsted thermopower provides a measure of the enthropy z=
long as electronic contribution dominates - (i.e. when phonon contri=utrions

are neglected). Experimental measurements, however, still seem to b=
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scanty (Obloh et 1al, 1684; Seith et 21, 1984; Fletcher et al, 1985). This
is not say Ithat the thecry has been well developed but there is
.the need forcomparison with experiment. In this regard, some theoritical
results have been reported by 0ji, (1984);Girvir and Jonson (1982); Jonson
and Girvin (1984) and by MacDonald et al, (1986). Although the results of
the present work agree qualitatively with those obtained by Jonson and
Girvin (1984), differences still remain on the role of impurities in
the system, which in our case play to role. Furthermore, the results

of the present work agrees quantitatively with the experimental results

of Fletcher et al, (1985). The results of the present work are discussed

in Chapter 4.




CHAPTER 2

MOTIOX OF AN ELECTRON IN A MAGNETIC FIELD

GENERALISED COORDINATES AND LAGRANGES' EQUATIONS

The basis of classicalnon-relativistic mechanics in Newton's
law of motion for a single particle,

F o= of - 2.3 .
relating the forces acting on the particle to the accelaratior.
For conservative forces. the foree ic derivahle from a potentizl,

-

F =-W

2,2

where V is a function of coordinates possibly of time. Eqn (2.1)
is a second-order hifferential equation (actually, because it is

a vector equation, it is equivalent to.three equations obtained bv
resolving the vectors along three orthogonal axes) whose solutior
in terms of the initial particle position and velocity specifies
the motion of the particle for all future and past time. The
resolution of the vector equation in terms of three cartesian
coordinates is straight foward. However, in many cases the
symmetries of the problem or the constraints imposed indicated
that it would be convenient to use some other set of orthogonal
coordinates. For this purpose, one considers a syster consisting
of N particles, it thus has 3N degrees of freedor. Q(re
may chdose any converient set of "generalised coordinates"

q} (i - }l 2! 3) L jn\.) tO dESCI'ibE‘ th? Bystem-



These will be related to the 3N cartesian coordinates describing
the particle by t.e equations

xg = %i (qys G35 cecnes q3x.t)

Yi = ¥i (43, Qps evenes qax’t)

7_1 = zi (ql’ ng L q3x’t) 2-3

i= rg (qi’:) 2.4

while the coordinate transformation of Eqn (2.3) can be subtitutec
directly into Eqn (2.1), and for conservative forces into Eqn (Z._
the resulting equations are in general complex and difficult to

solve. In mechanics, it is usual to consider a function L1 of

tﬁe geperalised coordinates 9y generalised velocities 9y
aﬁd time t.

It is assumed‘ thgt the functions 9 (t) are so chesen
as to make the integral W, defined by,

J = t2
W ftl L dt 2.5

an extremum. Here t, and t, are to be considered as fixed times,

This condition on the functions q; (t) can be expressed by saying
that an arbitary small variation éq; in the function q4(t) does
not alter the value of the integral W. Th2 variations éq; are
assumed to vanish at t; and t;. In calculus of variation,

W = & f°2 L a4t
t)

OL .
= stz ; (8L 5q; + §3.) dt = 0
t) & dqy 91 Faj i 2.6

The functions ﬁi are not independent of Ay and hence
e _ d (dq))
X e i 2.7
The second term in the parentheses of Eqn (2.6) can be integrated

by parts using Eqn (2.7)

1y t)
== 83, dt -[ St L 3q, de
Sﬁ aq:l il {,3“1 dt i




~4

t
2L 5 Y S‘d dL
= q - -—-(—.)Sq dt
94 i’ dt bqi ¢ . 2.8

2
i L1

since the variations aqi vanish at t, and t2'

U “ g 2L |
= 94 dt‘-'-I )da, dt ¢ |
L 20,4 X a 53 q, ¢% 2,6

using this expression, Eqn (2.6) can be written as

Zrz = :t (b )]sqi 4, = 0 f

34, | 2.10 |
since the variations § q were assumed to be arbitrery, this

equation can be valid only if the bracketed expression vznishes:
d 2L

531 at 53, 2.11
This equation is known as the Euler equation of the calctlus cof
variation., It represents a set of differential equztions
determining the fu?ctions 9 (t) in such a way as tc minizize (or
maximize) the integral W of Egn (2.5). The derivatives i= (2.11}.

are to be formed.as though 9y and ﬁi are independert varizbles.

To obtain the equations of motion for conservative f;rces. let us
assume that

L = T=1V 2.1
For this choice of the function L, the Euler's equation tecomes

Lagrangian equations and the function L is known as the Lagrangian,

In the case of non-conservative systems, if the velocitv-dependent
forces can be related to a generalised potential functic- U by
= aU+_dDU

(% )

i 29, = 4t pa, 2.13

the Langragian function then takes the form

L = T - U
An(extrenely)important example of this kind of velocity-cepencent
force that fits this specification is that of the (Lorentz) force

acting on a charge particle in an electromagnetic field. The



force is given by,

-~ - '
F = q[E+%(‘\-r’x-§)] 2,15
the fields are expressed in terms of the scalar potential
- .

and the vector potential A.

- ]
T - _Va _ 104
C at
—y
% = Vx K 2.16

These equations do not uniguely specify € and A. Maxwells'

. b
equations expressed in terms of ¢ and A take their simplest form

-

when the scalar and vector potential are related to each other

through the Lorentz condition

9.7 . 129 |
Y. 4 + 5 - 0 2.17

Onsubstituting Zqn(2.)6) into Eqn(2.15), one obtains

- - e
F = o {96 - 128 2. 3 in _
‘ v oot T 2,18
- )
From th2 Poison bracket for A ore obtains
* - - - [
da A A - a '
dE a—g— +2331 Ei + a—P-iPi 2.1.9
_9&  LoFax | R oy 2% 2z
at % 3t dy Ot dz 2t *
B . 2 2 3 . .
vl v(ﬁ}+53+a—zlc) (Ax;+A:l+AzIE}
a* . I . . .
==+ D73 | 2.20
But
- - 2 .. e I -
vx (Fx 4) = ¥V (v.a) - (v.V) a Z.21
Eqn (2.18) can be written as ;
i |
-y =y l A . |
_F=q[-7(¢‘-—é—V.A} -z £ i 2.22

comparing this equation with Eqn (2,13)one seesthat the generalised

poetential U is

U = q (- % v.4) | 2,23
. d U, 14 o o
since, dt (g—— = - ¢ ar A

-
Now ¢ and A are not dependent on velocity, thus the proper




2.2

o

Lagrangian is

-

L = T - q + -:13.A 2,34

HAMILTON'S EQUATION FOR A PARTICLE IN AN ELECTROMAGNETIC
FIELD.

A Hamiltonian function is defined by

H -Z(piai) - L 2.25
13
Where Pi is the generalised momentum defined by
P, =2k 2.26
i 24y
and L = L(qi. qi.t) 2.27

The Hamiltonian H can thus be expressed as a furction of

canonical varables.

H = H (Pi’ 9 t) 2.28
Upon differentiation, one obtains )
. AH 2K 2H g
dh ; taqiuqi - a—Piuri; e j—-t- a:- 2,29

frem equation (2.25).

But
4 . a]. > 3'_ . b].
= + wi s (] -y )
dH %;(pi dq, + q, dp, aqirqi 3¢, dqi) 3t dt
2.30
hence, the first and fourth terms cancel because of (2.26)
thus
. 2L L
H = d - - )

d %: (4; dp, 5, dq,) T¢ dt 2.31
Comparing the coefficients of the independent cdifferentizls dpi’
dqi and dt in Eqns. (2.29) and (2.31) gives the canonical
equations of motion:

w, = OB . _-2H 2K _ 2L
9 ar,* Pi q,’ at Jt 2.32

1f one eliminates the momentum variables Py ttat have been
introduced into the Hamiltorian formalism, the result is not

unexpectedly Lagranges' equations.
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Fro= (2.29})

2H . A8 5 2H .
di = 3= q, + FBY+ =
T 5_ 2q; U 3F, ) t 2.33

[0

R

Fro— the cancnical Eqns (2.32) this reduces to

dt ot : : 2.34

Therefore, if the Hamiltonian function is not an explicit function

of time, then H 1s a constant of motion.

In thte case of a dynamical system and a coordinate system such
that the time does not appear in the equations defining the

‘generalised coordinates, the kinetic energy T is a homogenegus

guadratic function of the ai;
T = 2 otgd, 0 %= 5 - 2.35
Fror this, it is seen that

él = 2y "o

aqi = y'i

qu g%i 2z Z & Eliz

b

1)

.:.ee , ' : o= 2T ‘ ' | o 2.36

and assuc—ing that the system 1s conservative (L = T = V)

P, S or 1-37
i a9y a4,
: o Using (2.36) and (2.37) in Eqn (2.25) yvields
| 2T
H = — - L
24, 1
= 27T - (T - v)
H = T+V ' 2,38

In thie case the Hamiltonian fuction can be physically irnterpreted
as the sum of the kinetic and potential energies of the system

expressed as a function of the cznonical variables.

Considering the motion of a charged particled moving in an




11

electromagnetic field. From Eqn (u.-é) the Langrangian is

-3
L =T -q¢ + 374 2.39
The generalised momenta, from Eqn (2.26) are given by
oL 21 q 2 =
P, = . =g A 2.40
i 5—51 aqi € 5-51 (v ) ks

1f the generalised coordiantes do not depend explicitly or time

q, . A 2.41
Z“J J
J e
where Aj is not necessarily a cartesian component of A. Fence
‘a - -
(V.A) = Z A, & = A 2.42
b_t'l-i ™ 3 E’u i
and
A1
= ﬂ [
Pi a—‘l]-l + CAi 2.43
where
T ol -
24y
L
as before

The Hamiltonian i. then given by
- 9243 - [T - L i
Z(aqi + 2404, - [T-q¢ +3 VA
- 5
= 2T +%V.A—T+q1’-%\!.n

= T+aq¢ 2.45

In this case it is seen that the Hamiltonian is just the total
energy, since q¢ is the potential energy of the particle.
For cartesian coordinates, the canonical momenta of Eqn (2.43)
are given by

P, o= mv +3 Ay e.t.c. 2.46

or vectorially by

- )
P-mv+§a 2.47

Thus the canonical momentum no longer is the ordinary linezr(kinetic)

momentum mv. From this, the Hamiltonian Eqn (2.45) is

= l—- -._3‘2 ?
H = (P-3d82 + q¢ 2.48
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This is the Haniltonian of a non-relativistic charged particle

in an electromagnetic Zield.

This is the starting pocint for all dynamical problems of a

nonrelativistic chargec particle in an electromagnetic fields.

TWO-DIMENSTONAL FLFCTE™, CAS JN A UNIFORM MAGNETIC FIE'D

The non-relativistic Hariltonian for a charged particle in an
electromagnetic field derived in the last section is given by
H -;—m(¥+%1)2 +e¢ 2.49

where ; is the canoniczl momentum and is related to the

ordinary linear (Kinetic) momentum; P

; =nmv + % X 2.50

and - e is the charge of the electron (e>0).

The Hamiltonian may be substituted into the Srchroedinger equation
HY = r."q,

Since we shall treat the fields as externally applied entities, ;

and 4’ are simply ordinary function of position and time.

- e (P #2732 2
H 2m(P+cA) 2.52
Now,
el =] -+
B = VYx A 2.53
-
F = e[g-i--é-(\?xz:)] 2.54

The fields are expressed in terms of the scalar potential and the

=Y
vector potential A,

- - ]
- Ve _ L g_ﬁ
E ¢ 7 g 2.55
The Lorentz condition Eqn (2.17)
v 2 1 2¢
V. A + = A 0
-
reduces te V. A = 0 2.56
R Af(x
Since [-}(x), Px] = if S;——l . 2.57
then (A,p] = ik V . r 2.58

= (0 from (2.56) above,



Thus the —ozentum operator and the vector potential commute with
each other.
Expanding Eqn (2.52) and making use of the commutation relation

(2.58) we obtain

= -1— 2 —2...8.. =2 e 2
H m (r* + . P A+ b | A%) 2.59
P? e - - 32 2
= 5 + s AP + Tme2 A 2.60

Furthermore in the case of a uniform magnetic field, the vector

-
potential A can be written as
-+

A = %5Bxv 2.61
Assuming that the uniform magnetic field is in the Z direction
(0, 0, B)
The symmetric gauge

A= R B 2.62
~ shall be used.
In th:;s gauge the Schroedinger equation

Y = EY 2.63

reduces to

g > 1 esh 2
" G2 Y5 Y xm e W '*?;’3"

2p2 p
t o S 6eyY - ey

F - N 252
=% Gy + 37:)7}’ + %(Kga-y%)y’ + ;—t;%z (x* + y3)¥

¥ - 8?
¢ 2t L& 2 2 ol
- % G +ﬂzﬂr 5 (xa? ~ y5x )'yl-l-? (x2 + y)P =€Y 2,64

where

a 2B, and w_ = 82
he 1% e me

Eqn (2.64) can be solved in cylindrical coordinates, by using
the associated Laguerre functions, and has a general solution

(Elegba, 1985),



- e s
Y@y - X b 2.65

The function

ur? xn ! y -ar! o T - ) e
2;,“(7) GFormnr ¢ ¢ (T L ()

2.66
is the radial part of the eigenfuction in terms of Laguerre

function,

¥ s 5 - BXIE  _ewemen 2.67

£
-E—-B- = 1
*C 17 2,68

.
-

“’-

1 is the classical radius of the ground stzte Landau orbit, z=d
is given by
{R

£
1 :3) 2,69

n = the principal quantum number
m = the magnetic quantum number

art
The rzdial wavefunctions }; ( =3 J form an orthcnormal set
mn

= T or?
FrakE ot > - b

The corresponding eigenvalues of the Schr~=dingerequation (2.%3)
are called the Landau leve.s and are giver by

En - tgvc (n + %) ¢ 2.71

where n = 0, 1, 2, ....
The quantities expressed by Equations 2.65 and 2.71 represent the
standard solution for a single two-dimensional electron in strong

magnetic field,.



CHAPTER 3

TRANSPORT COEFFICIENTS OF FEW ELECTRON SYSTEM

The present approach to the study of the integral quantum Hall effect
(IQHE) is based on ; consideration of & small number of electrens in the

seystem without the inclusionm of the coulombic interation. In earlier
_theoretical efforts, notaily by Laughiin (1982), the noninclusion of the
coulombic interaction has been justified. The approach of Laughlin (1982, 1983)
is however conceptually different from the present one. Laughlin proposed

& varfational wave function on the basis of which the electronic

density was shown to exhibit some integral quantization. There have been other

theorptical attempts to demonstrate IQHE suth as the field-theortic approach

of Péuisken et al, (1984), the group-theoretic appreach of Brezin et al,

(1984&, and the many-body formalism of Girvin et al, (1985, 1986))311 of which
are eLsentially based on the trial wavefuction of Laughlin.

The hypothesis of the transformation of the Landau - Cluster of two-
dimengional electron In a magnetic field was first proposed bty Elegba et al
(1988) to explain the integral quantum Hall effect. According to this
hypothesis, it was shown that only odd-number electrons dan form energetically

stable clusters. -

For this purpose a finite number of electrons is confined to the X-y  plane

under the influence of a magnetic field B perpendicular to the plane containing
the electrons. o o
The Hamiltonian of such a system is of the form
R E T2 LEE LD S 3.1
m I . T
where  is the number of electrons in the system. :

Considering a system of two electrons, the Hamiltonian becowmes,



] -
5};(?

- i3 e 2
H 5= (2, #2120

-+

2

~

e -

In the centre-of-mass and internal coordiantes, given by

1€

Z, *+ 2 2. = 2s
1 2 1 2 B .
Za N —— and zb = __ﬁg___ 3.3
the momenta and vector potentials transorm as
-y
- - -
P = P+, . By o= } -7,
: 2
- - - - - -l
by = M4y by = A -4 g
We have V2 .
- * - = - - ..
= ! i =
B s (P, #12P)) , A =k (A +N24)
- _ - B > - _ 1 - B -
P, = (@ -N2P), A, = LA -V24)
2 2 . 1 2 2
Pl + P2 7 (2 P + 4 P )
2 g . B 4 2
Al + AZ 7 (ZAa + 4Ab) o
- 3 “ - 1 3 - %
PA, + P, A = < (2P A + 4PA)
& & - - - a o W oW
Eqn (3.2) becomes -
P P2+ 22 (B A+ PR el (a2 +
H = | * -~ = ( + Pzaz) + o7 () + A% 5)] 'T'Zli:.\
: .1 2 2 2e 2 % gl e? z 2
= o [z {2?a + 4Pb ) + = (PaAa + 2PbAh) + o2 (2A£ + 4Ab )]
+ &
1212\
- 1 1 2 , bed 2e? 3 2,227 e? 2
2m [ 4 (2?8 % c PaAa 4 c? Aa) ® (Pb *t £ PbAb Ei c2 Ab )]
ol
1213,
= fa P +82y2 43 +22y2) 4+ &5
ZmI%(Pa'*c&a).*(Pb*‘ch)] m.k
S €118 ¢ L@ J2gqya , o
2(2m) (Ps T xa) * {Pb *e Ab) . 21 2,\ 3.¥
1 e | . ¢ e e?
H = =— (P 4+—=—A)% 4+ — (P, +—A)? +
Zma a c a Zmb b ¢ A'l'n 3511.‘ 1.6
where m o= 2Zm and m, = m.
The Hamiltonian separates into that of two = 2m

and o, o= m.

particles with masses m
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Negleting the coulomb term in Eqn (3.6), this is the eigenvalue problem of two
non interacting particles with masses L and m .

The corresponding eigenvalues for the two pseudo-particles are given by

Eqn (2.71) as
E, = BOL (N +3) and By = delng + %)

From the energy spectfa of the two subsystems (fig. 3.1) it is not possible
to achieve a state of the system in which the subsystems are isoenergetic and
therefore the entire system will not be at aquilibrium. Thig implies that the
two subsystems form a non-interacting system in which the energies never overlap.

The relevance of this comment will be clearer in the next chapter.

In the case of a 3-electron system the Hamiltonian is given by

N S elv2,.1 et 2.1 . €% 2
B e g By A e By e ¥
2 2 2
P b 3.7
2 T1a i . '
this can be transormed using the coordinate transformation
Z, + 2, + 2
7 = 1 2 3
a 3
1
Zy "5 (2t I~ 2y 3.8
z, = 2~ %
V2
The momenta and vector potential transform as
- g - +-u
;b a2 2%, -2,
- 70
S Tl 3.9
¥z
that is
= 4 1 -» g - -
;1 - g (P, + V6P +372P)
= 1 - > o
-'2 % (2Pa+ fﬁPb-—3V2Pc)
P = ] - -
3 3 (Ps—V6Pb)

P2 + P2 4 P2 = 1 [12P2 + 36P2

2
Bk Rl L Tl T p + 36FC]
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2 2 2 1 2 2 2
= = +
Al + Az + A3 36 [12A2 + 36Ab 36A°)
PR + PA P4 L (1783 + 3603 + 368}
Pyhy * Pohy F Pyl 3¢ [12P A, + 36P A PAJ

Thus Egn (3.7) becomes

H o= + [pT +P2+P2+ 2 BR 4P A +PA) 4

Bl ]

o 2 3 ¢ 11 2 72 33
e? .2 2 2 e? e? e
Fed (Al + “2 + Aq )]l + friss: # =

12 T2z Tm L

I T | € A2z 4 L A2 4 L e , )2
b ] (Pa * c Aa) ¥ 2m (Pb * c Ab) 2m (Pc +c Ac)
2 2 @ _2
+5 4+ £ 4 %~
T12 T3 31,
1

= = € A2 4 € a2 4+ L € A2
. 2m (Pa te Aa) % Zmb (Pb i c Ab) * (Pc * e Ac)
a c
+ & 482 e
Ty T3 Tgy 3.12
and 9
r, =1z, -2, =42z |
r =1 =4 | - -r- - > {-_3. b e -
¥y i 32 33' v | ‘ Zc + 2 Zbi Jedd
' \3
ry =23 -z =V2]-4z -5 7| i
Therefore,
Ho= - (P.+2A)2+3 (P +24)2+0— (P +2a ; +
2m a c a Zmb b ¢ Ab 2m e e
a c
e? 1 1 1
- + + ] 3.14
7 Uz gl i; N3
bl |-z 452 | |-z N5 z| |
where,
m = 3m, m = m, = m Again neglecting coulomb interaction
the corresponding eigenvalues for the 3-particle cluster are;
- hede (x4 = = 3.15
Ea 3 (ha + %) and Eb E, = ok (nb + k).

In this case of 3-particle system it is possible to achieve a state of the
entire system in which the twc subsystems are iso-energetic, Figures 3.2 and
3.3. Hence such configuratior. will be energetically more stable than the

2-particle system.
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Fig. 3.1: Energy spectrum for the 2 particle Landau clugter
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Fig. 3.2: Energy spectrum for the 3 particle Landau cluster
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Fig. 3.3: Energy spectrum for the 5 particle Landau cluster.



21

The result can be extended to the case of more than 3-particles (Appendix C
znd it has been shown in a.earlier work by Elegba et al, that only odc-nurmber
particles can form energetically stable clusters, And that parcial )
splitting of the degenerate Landau levels by the more massive particle
is responsible for the integrél quantum Hall effect which occurs whenever the
Fermi energy crosses the energy levels of the massive particles. Hence
further discussion will be restricted to only odd-number electron system, The
transformation could be achieved for any odd-number particles. In general,

-

the energy levels of the cluster are given by

By = DO x+4) Q=13,5 7....

- Q
N = 0, I’ 2 EEE 3-16
for the massive particle.
and
b~ - Fosn foo 4 LN - = N 1 ) 2 17
-n, et T . 'Y as -y -y = esw -8 A

for the single particle .
In the next section the theory of transport coefficieats will be
considered parcicularly the coefficients that relates condu:tivity and

thermopower in the presence ofa strong magnetic field.

3,1 ONSAGER'S RECIPROCITY RELATION

Many physical phenomena show a certain symmetry which is often called

the reciprocity. When a signal is sent out from a point A and is

recieved at another point B, it is just as equally recievable as a

signal sent in the reversed way. The transmission of signal is then said
to be reciprocal. 1In irreversible processes, however we usually are
dealing with various kinds of flow such as heat current, electric

current, particle flow and so forth. These currents are driven by forces
which are produced by the general tendency of nature to recover equilibrium

once a system is shifted from it. So far as the state is not far from
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equilibrium enes may assume linear relations between flews and forces

namely

3, - ?z” . 3.18.

where Ji (i N 1,2,3, ...) denotes flows of various sorts and the
xi's are forces, the coefficients Zij are called kinetic coeficients.
examples of which are heat cenductivity, diffusion constant, electric
conductivity and gﬁ on, Generally, the off-diagonal elements of the
matrix {Zij) will not vanish; they are responsible for cross effects,
It has also been recognised empirically that reciprocal relations such
as Zij = Zji exist. For example, the tensor of heat conductivity.
This is however not true in the presence of magnetic field. In generzl,
the forces may be temperature graditnt YT, or electric field E =~Vv,
or concentration gradients which are expressed as gradients of the
chemical potential YA+

In an attempt to derive the coefficients, one starts with the
kinetic equation

i

)
2 - Zdi.x 3..19.
L

Suppose J refer to particle current, while J_. is the energy current.

E

For a free particle it is

b ; -
IE 'gvpﬁp ™p
=

3 ' :
Jg = ip 3.20.

which is just the velocity of the particle times the energy times the

number of particles. For a system with only these two currents, tne

forces are (Luttinger, 1964).

3 A
: ~e . M
X, ===Vv-V ()
'{71
X2 = (?) 3.21.




Thiese currents and the forces are than substituted into Egn (3.19).

The rate of entropy production is then

9s z
3t ’Z"i' Xy .

i

4-. - -

=JX +J, X
> g P * .l 3,23,
AR ?(%')HJE V@

By Eqn (3.18) =nd Eqn (3.19)
%S _ 7 eg. # * 91
50 -—J.[TV\ # &% JE’V{?’

the linear response equations are,

. 11 jeg., g M 12 G
Jx -Mxy [Tv‘L N v('I‘)]*-:\'J'q‘r V ('I] . s P
P o o2 e Ty s v, 22 7 .1 = s
‘JE,)( ny L,r v \ T JJ "X)’ v \T} s
12 21
with these definitions one has the relationship ny = hxy'
The current which describes thermal conductivity is
- -~ - =
Jq,,- JE - 3.23
which for free particle has the form
~» -
J., = nv -
Q zp'_, PP (E? +
- . -
J. oW £, > 3.2¢€
Q Q

So that the reference energy is the chemical pctentiallu . This
definition makes sense only for particles with a positive cherical
potential /L. For example electrons above the Fermi surface in metzls,
If one takes an electron below the chemical potentizl and movesit

down to the other end of tne sample, one has moved energy. But whe=z
the electron arrives at the new location, it finds locally filled Fermi
distribution, so that the only states available to it are above the

Fermi energy. But the energy gain requirsd to increase its energy to



get it above the Fermi energy must come from the surroundings. The
energy gained from the surroundings must cool the localitv, sc that

the electron has actually brought coldness with it. Only electrons .
which arrive with energy above the Fermi energy and give energy to the
surroundings bring heat. Thus with this choice of thermal current, the

forces are

= -1‘6 -

X, =77

- =h 1

X, = V@ 3.27

where we have taken

;‘- -ft+ eV 3.28

Just as in (3.21) and (3.22) the rate of entropy production is

g—f - L EVY + Vs 3.7 b

ey 19 1 P
= - EVVv+gVas M) + 3.V @
- l" 1 -0"" l
= -3 I3 Viev + p) 4+ M) N 3¢ Vi)
- l-l— - - 1\
= -l GVl o+ Q- pD V(R 3.29
25 -J I *.5 .1
gt -1 '/ +JQ§(T)
Thus the linear response equations are i
I § B 129 1
e = -1 Ly V@ +ny£’(-1:) 3.3Ce
1 b -»
J_ = -= 21 22 1 ;
Qx T L VA L0V @ 3.30%
where
12 21 .
l&y = ny. These equationsare consistent with the set (3.22)

£3.23) and (3.24).

Similarly one can operate on the current equation 3.23 in order to find
the relationship between the coefficients Mij and Lij.

Thus from (3.24)
- 11 e 1% vl 12 g 1
. = - ny [-,fa}‘-i— C Vs /JV(T)] + Mx). % (T)

X

and
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Te‘,g'"‘Mh[ A +-—-V}-’~ +M’('L\]+M? (7)
.J% = - % ‘H V (ev + M)+ (M}ii - ’ﬂ..".:i:_l_)e (l)

= —-;—}: ,u.+ {.-: ‘/L e A (_%__) 3.31

Similarly,

Jex T m RN Gevapd 4 0 - plh T

. X& WIET o Bet = “2')% (2) 3,32
T “xy /'l xy /u"‘xy T !

Now consider the following:

JQ}; = ‘JEx -/u‘Jx 3,33
1 ‘2 12 2 11 1
B - = - . - - M —_
T (M - p H )V/u (M SN N /UH + p ..xy)V &
3.34
These equations for Jx and JQ x Tow have the same form as the current

in (3.30).
Comparing (3.30a) with (3.31). Also (3.30b)with(3.3%) one has (Luttinger,

1964 and Mahan, 1981).

TR S
Xy Xy .
12 12 11
Lxy Ty T /4 Mxy
21 12
= 2
Lyy My -/uM” , thus L}? = 1.2} 3,35
Xy xy | xy
22 22 21 12 . s 11
Lx}. Mxy M ny /uhxy + )u Mx}'
22 12 7 1) 12 21
My = ZMM O+ MM since M = M

The coefficients Hij and Lij are the correlation functionsof current
operators. The coefficients are similar to the standard Kubo

formula for electrical conductivity

(e (B
6, () = § € dt [ dp T s Cingrnm 3.36
Y 6 A ig
and they are given by

l -tait

Ly I € dt S 41’ Tve T_I Cidp )T,u)] 3.37
" ] ’L

Lx.\' ) "3' SQ Hf{t Sdl Tf.{[IQ;(-tf.ﬁ )T,lﬁ] 3.38
.2 i -(w 4 I ., |

l'):}' -l-: IE :[t g'dli Tff‘[JQ\(-L¥ )-Tq,ltl_] 3.39




where the Jx and J_ are the particle and heat currents respectivelyr.

Q

ELECTRICAL CONDUCTIVITY

The electrical conductivity is usually defined when there is no
temperature gradient, i?iT) = 0 and no concentration gradient??}‘- 0.
In this case, the important operator is the electrical current, which
is the sumﬁatien over all particles and their velocity. Each group of

particles contain identical particles with the same charge e.

Let Jx be the particle current for each kind of particle. Then the

electrical current operator is

E,x =e J 3.40
x

o e = =
- EMUTY cal! (YL - BV o s
But
- =
VYT1=o0, and‘?“- 0

Therefore

From Eqn (3.35)

. | : 3.43
xy xy

-» e? 11 iy

IE.x T IyE | GhereE=-V v 3,44

Therefore the electrical conductivity is

e .11 ~
0;y =T l.x}. 3.45

In our case the Hall conductivity G;W is first calculated and
the thermopower thereafter.
Starting with the Kubo formula,

§ ot # . )
0;,(“) ot S*t"- Soda<-ly(““],[u > 3.46

L



The equilibrium average is defined as

%

'<;\> -Tr{f‘.izll 3.47

The grand canonical ensenble density operator r is
~ \ "J('H f" )
f = '—1‘,' e 3.48

{ .
where A is the chemical potential, N the particle number operztor, and

H the Hamiltonian of the slysl:em.

Also » ~
o X _pla-pR)

z= 1w{f) = Tre 3.49
Thus, -'(k‘\-r;‘)

-~

f = Tt R 3.50
Also, A\ b
. G)RE » (F)Ht

ity = € y(o )'E 3.51
Now changing the limit of integfal in Eqn (3.46) from 0 to oo
to -0 -»400 the Heaviside theta function can be introduced.

6(t) is defined b

(53 As Salined by, ) ,4>0

o(t) = ,_,,jdl,us T o, <o 3.52

- o

where & , is small and goes to zero.

i.e, Lt
: {_un) -‘g-jﬁd gu)e‘ jdl(.}y(ﬁ Jx(t“”‘)>
o -llt (it
s i&fsrt S ﬂ____ ¢ JdA(Jy(G)J (t i) >
Now = =
<3y 3, ®) >=1Tr{p3 (03, ()] 3.53
Therefore, . ) )
-iH{ti.lﬁ)] '*é”““."l‘”
<3y (0 3, (e4182) > =T {PIOE [ @)€ }
e ~fln=p)
= =Tr e
f z 3.54

YR S I CICRT: < N Lt um}

<’~i;{°\.'l,‘lt1(u)) - %Tr{@ jrme Jm-e' 3.55
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L ll.\

-*-(t 10A)(En-En)

vhere
~
H{n> = E |[n>
.= <nlpln>

Thus Ont can write

w

LY LY -.i s-

(-0 L g pigaY Ear 1)
dt dA

o
dr (% iefw-2 4k -} (bu-En)
zT\Sz? ‘17-"‘ & 2108 S dt @ '—5] Idﬂe

3.56
But, - t(w-t+ E_.._'.'_E:-_]
Ed*e ) A anS(w-t + Bahn )
oo + 3.57
And, -(E-
S - (6 En) | - QF(E- )
Sdae .
’ En = En 3. 56
- . -p(h.-t,.)
= - - €
Oyl ;%?Z;P{{{xag = S[NI&(N 2 4 Ea- E-.\]{" —
RO
: dz :
J [____. e S Eactn
S}:F':--e-n][qnag( e w
3.59

From the property of Dirac delta function,

E =E
the above integral, on letting Z —> i __m_a_n , reduces to

j §w-24babn) = _K
*“‘ 3 L-Eoa ko 4id) L
Therefore, -'(E..' En)
ok __L_;_i_,——

O:WLLA) '3"? £ k ]:-. (E__En“e_‘&\ft("*"“ -

But, p(l:.."'ci
r l"'e } = rn Pn
~plEa-E)

where ﬁ = ﬁ e + 3.62



(-G Iy Jx

J.(»w) = X ne nm

A
3 § = [E.-E..][gn-gﬂﬂmcs)]

. - | L
= .Z.‘_E—-- P Iy d - B
1.5{.”:'.1)};(?’ ol \ b~ £~ k(e4i) - Ea ‘

| - (3-2) i {'L oS (R Jy I
| S (0 4d) Iz' : E "
] Am En" E.-b k(@ﬂé\ o Eq - En 3.63

. 1
where, (& .I !
Pu) Sy X
Z L am wm 3.65
“} fm E -E.- ﬁlﬂ*\i)

Aﬂdn . . ;
-\ Jdr J
N zm o) s u 3.66

For the case & - 0,§=0,@nd in term of .+he advanced and retarded

Creen functions,

R,A
| C ot = <n|———5—_H+‘ \m) 3.67
and density of state ﬁ = F (gn) I dEf(i)S(E tu}

" _I:AE f(e) & (€-En) 5.68

where f (E) is the Fermi distribution function.

|
The result obtained for the static conductivity gf (0) is

0yl = SdEf(E]Tfi 3T (.(:)J,dﬁ © _j ég_ti’s e} 369

Using the matrix element of the velocity operators,

o h
i pamy = T2 (3) &“Ké-,..s.'...." SRk 5 }

Kas Wme

3.70

and,

ot | Yyl ‘;.—:‘%(%\ iv‘ﬂ_a__ﬂ*(‘“‘\é S_.,}

3.71



3.3

Eqn (3.69) gives

[
i v -
0;1(‘*\ . -E— -S“di-' ngﬂ& (E-€,-Ev) | 3.72

|
where EE corresponds to the energy of the massive partic%e. and En that
of the lighter particle Eqn (3.16) and (3.17) respectively. Here the
conductivity is considered to be due to the effect of odd-electron

clusters, considered before.
Now, o S(E-5-E) = - : ﬁﬂff'eu'&l .l
.5,.“““ (6-&-E) .S..E o )

In the limit T = 0 , af _ - SCE"f;)

o C

Therefore
= - & - £.-E
Oxy (=) T% 8 (& ‘o v) 3.73
In theextreme guantum limit (EQL) (h« Z £F ), n =20
we have
P - ,e *

¥
This was the main result obtained by Elegba and co-workers (1987). 1Its

form as given by (3.72) will be the starting point of the present work.

It will be used to calculate the correlation coefficients Ll; 3 Li; and

then investigate the effect of clusteriry on the thermopower S’Y .

THERMAL CONDUCTIVITY

The thermal conductivity is usually measured under the condition of no

particle current J = 0., From (3.24a) dropping the subscript x,y we have

for J = 0;
=
0 = ' EW T + 2T 3.75
12 =
e® M M 1
'"f“*?('r) 11 v @
This gives from (3.24b) the energy current as
12
- -
boe o MEF L2 T
Ml b 3

3.76



Now thermal conductivity K is usually defined

) 1
where we have used V (=) = - T

M™ -

Thus K %2 i

MI.‘

Also from Eqn (3.30a) if there is no particle flow, then J_ = J._..

one should be able to obtain the same expression for thermal conductivi

from this equation.

The restriction that no current flows (i.e. equilibrum) gives fro

Eqn (3.30a)

I e
1 11 - 11 ¥
- 1 v = L v (=) .79
I M - 1
192 - L T
e - = \ (‘.’i—)
L
and the heat current is
L} 21 % 1. 21 . 4
J = — ] V(=) +1 v (= 1. 80

Y0 - 13 *~ ' T

- e %x[:.--‘ - —_— | ? (l ) Je.Cl
again, the thermal conductivity is
1 no (ll )2

K = =5 [L™" = ==t

The identities in Eqn (3.35) can also be used to show that Eqn (3.¢

is consistenmtwith Eqn (3.78).

That is,

1 vy :,'-:_1‘|
I NI]

THERMOPOWER

A temperature gradient in a thin bar of metzl is accompanied by




electric field directed opposite to the temperature gradient. This
field is known as the thermoelectric field. 1t is conventionally
written as
. -»
E v

= '§ T

where the electric field E? = -g' + %'ﬁ?ﬁ (This is because the checzical
potential gradiént leads as a result of temperature gradient to a
diffusion current, in addition to the current driven mechanically by

the electric field—z'). S is known as the therPOpower, and is

the proportionality constant between the contribution of the me:al.to the

electric field and the temperature gradient in the metal.

Lii is the thermoelectric coefficient, which arises as a result of

temperature gradiert, and can be used to calculate the thermopower. In
-

which case if a solid has a temperature gradient VT and no particle
4

current (Jx = (0) and no concentration gradient (V/*= U), ,~hen the

voltage difference VV is measured which is proportional to VT and is

given using Eqn (3.79) as

" 12

1w « L T & 3.83
T ' L1 T .
12

] = L -] ™=

T v (M + evV) = *L—l-f. T2 Y (T) 3.84
12 e

2 -V'V - = S 12 v (T)

T, 1 T
L

- 1 ¢ =

W e == FT T (7)) 3.85

This equation is the diffinition of the thermoelectric coefficient S,

which is also called the thermopower,

v
S = T - 3.86
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33

(12
Sx v - -e'i‘ };‘i
) :_ B TH 3. B?
Xy

|
The thermopower S may heve either sign. In Zon diffusion models in

solids the sign of the thermopower provides z direct determination of

the sign of the charge of the diffusion ion (Girvin, 1978).
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CHAPTER 4 - : ' ' \
|

|

RESULTS AND DISCUSSIONS

A generalisation to T 0 of the result shown in Eqn (3.72) shows that

the Hall conductivity ¢f a two-dimensional electron system can be written as

1 o] a (€Y o
Oxy = %% g_wdg E\%‘e(g-s,—m

) 4.1
e2 ¥ £
SRR O{j—é—‘} | 4e2
N}n EH*E” 0\ ! ’
comparing with Eq (3.45) 1.e
e? 11
G‘xy Ly 4.3
ot
RN B T d4(e)
Xy b Rn SeEy
where T (E)} is the Ferni-Dirac distribution functiom.
11 - ¥ L
L = —-_T. ) v . f’
Xy “h )3 fee v o o bod

The coefficient Lii can be calculated using the standard Kubo formula

involving the particle-current-heat-current correlation function with the
[

~ heat-current operator defined by (Girvin and Jonson, 1984);

JQ = k5 (HJ - JH) - I 4,5
where ftis the chemical potential and Ho is the unpertubed Hamiltonian
L e -

Ho = > (P + . A) + Vv . iy 4.6
with eigenvalue E,
thus,
J. = (E-p) 3 ' 4,7
Q .
With this definition of heat current, and using
1 e -l ¢ . . :
= = -t ta +
Q, @) = 5 iaé” fRdipmm> o e

d '
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| . .LH{t-;Lt{)n -tH(t-HM)

L
where < J, (0) G ihAa)> = T"{DJ:.;:(")Q J {t)f } 4.9
LH(¢ 443 -*.!I—H{t-i‘tﬁ’.)r
= Trgﬁ(k ) 0) e iy Y | 4,10

subtituting Eqn (4.10) into Egn (4.8),and carrying out the integration
~ before one obtains Co
-e £, -£ '

ny (0 =5 5 (€ - f.qu{(ﬂ}_ S(E~Ey £ 4,11

thus,

12 —TE-
L - —_
xy h ard

(€- F\d'&,{—(&‘)é(f_ ~B-E0) 4.12

1 c_/“

gz ey de 2 G (e- By

T A{Le”) | 3
= (E-pm)dE ; 4.1
. _ Z g‘n‘*fu ) AE . L
) where, f (E) is the Fermi distribution function:
: }
£ (B) ppfe-/k)
b ‘1fd—éE) - ,___::_é__—-—- | 4o 1%
4osiA(E-p) . '

Eqn{4.14)1s substitutec 1into Eqn (4.13) ¢p obtain

=-P"Z§ (Ef-dE

N ek, "rffﬂ\«r‘g(f f’) "

“ B} introducing new variables,

x = E -)u , a = f [2 where P = f’%‘_ one obtsins
. o A?(
_ AT Z * 2.
le = "e;' g ~ 4,15
xy 4 N Gk Ch ax '

Integrating Eqn (4.15) by parts gives

‘%Z [- {2 - lalegha (Ee E.,-pj-t a (€16~ tamhafE 4 E-p) ]

Xy - 4.16
n
Now substituting Lii and Ll; into the expression for the thermopower
12
.-l by - o
Sxy e 11 . : S AN
Xy '
. we have,
S = — '=‘
Xy eT 4hd T Nl"

Z[@Pmﬁ”.ﬂ}* i 1
Hn
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%)Z (02 Inesha (50 E) fa(Grbepdiminlerrp )

o Z [ﬁﬁ(éni ﬁ..r'f"?r : }_' 4.19
g0

It is pertinent here to restrict our consideration to the Exrreme Quantum

limit case where n = 0, and theréfore the summation is only ovir K.
Furthermore, it is also instructive to consider the result for g; at T =10

in which case even the summation over N terminates at some finite value.

.To determine the_num'ber of terms to be summed up, it is important to
conslder the results of Egn (3.74) which is the case of T =-U;
that is, .- :

2

. -8 _ Rtk _
T = kwc 1 :

with Ey N (N + %),

7 L
Goy(o = %Za (M -3 - gosW)y]

where, . ‘]F = {-F;c' - {since EF:/'LF }J, is the reduced chemiczl
. . & . ' .

'; potential.

In the case of §Q = 3 particles, - : : _
! —ez . . —..L-"L “*‘;I.] Lo

.O;y o = T‘%;o%[ﬂ}’ 3 -3(Nak) - h20

. at EQh, 3 f_vlf S.% S 4.21

The sum in Eqn (4.20) terminates at exactly N = 2,

Since for K > 3 the theta function is zero.

Thus for Q = 3, N = 2. Similarly for the case of Q = 5 particles the
summation terminates at N = 4. With an didea of how the summation

- termifates Eqn (4.19) was further simplified to give

; n -};_-'(mh) NS ICU N -3- .
o - OFL e () (PR e )

z (% 4 -gEak) -4 J(nk) -1
e )
W1th Q= 13,

3 e e (R () wut——u'ﬁt )

'_ wrp

s

<~ I (n ("j“)\ 1 .4._23



Egn (4.23) expresses the thermczower as a universial function ¢f the

recduced temperature ( 11 % Eér— ) ari reduced checical potnticl (qp: T ).
Hele e

A computer program wzs developed (see Appendﬁ B)to calculzte the

thermopower from this expression, at z fixed value of 1T = 0.05. Ttis

?
corresponds to T = 4,3k at B = 12T in 2 51(110) inversion layer { Jonson
| :

and Girvin, 1984), and with- nT = 0 Cl for the sake of further compzrison.

qF was then Qaried from 0.5 to 2.0.

The resuirs calculated are ¢isplayed in fig 4.3,and fig. 4.6.
Similarly the numerator and the denorinator which are just Li; and Li:
respectively except for the factor T/h were similarly plotted against qF

in figures 4.1, 4.2, 4.4 and 4.5.

A computer program was similarly developed for the case of Q = 5
particles usipg the expression Eqn (4.22) and the result for the thermopower

tensor S__, L;; and the thermal respcase function Li; were calculated at

13
fixed value of'q,T = 0.015 which correspond to T = 1.29k at B = 12T in
a st (110) inversion layer. The results are displaved in figures 4.7, 4.8 and

4.9-

All the graphs show remarkable features worth pointing out. As a furction
of chemical potential, the thermopower has a series of large peaks for valies
of the chemical potential near the Lardau-level positions (% (N+X% ). Also

the thermopower have very large valuecs at small values of qF .

Another noteworthy point is that Sxy is in terms of reduced terjperature
and reduced chemical potential, independent of the magnetic field, the

effective mass etc.

11 )
At low temperature the response function ny show steplike increase

with plateaus at values of the chemiczl potential corresponding to the



_zndau-level of the massive particle (% (N f %) ). The effect of terperature
cn L;i can be seen significantly in figure: 4.1, 4.4 and &.7.

The results of the thermopower tensor calculated in this Qork seen to
zgree quite well with the results of ( Jonson and Girv?n, 1964). Even
though the effect of disorder have not been considered (which they did in
their own case). |

Our analysis is simple and has the benefit of demonstrating the effect

of temperature.

In conculusion we have studied the behaviowsof a two-dimensional
electron gas in a strong uniform magnetic field with the full compliment
of temperature. We have shown that the formation of clusters lead to steplike
character of the tr;ﬁsport coefficients studied even at T3’= 0.
Ipe result of this work has also demonstreteg that the
steplike character of the integral quantum Hall effecz is not due to

inpurities as has been suggested by some authors notably, Cirvin and

Jonson, 1984,

For sometime only limited experimental results for the thermopower of a
two-dimensional system in a quantizing magnetic field exist. Further
experimental work would be a valuable source of information about transport

properties of such systems.
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APPENDIX A

Prope-ties of associated Laguerre Polynomials L‘;‘ (p)-
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APPENDIX B

PROGR/M £ t

( TisS PREOGRAM CALCULATES TIHIL Ifu’;l»&l‘.!‘ulii COLFFICIENTS AND
{ 101t FHERMOPOw R OF A THRED PARTICLE LANDAU CLUSITER.
C |
c THE REDUCED TEMPRATURE , m, 1S 0.01. '
c THE HUMBER OF PARTICLES, Q, 1S 3. ‘
"5 THE REDUCED CHEMICAL POTENIIAL , ny, 1S VARILD I ROM
C 0.% 10 2.0. '
C | yp 1S THE THERMAL RESPONSE COEFTICIENT .
C I g9 1S THE RESPONSE COEFFICIENT . J
C 5 IS THE THERMOPOWER . '
C
REAL L 11,1 12
IHMTEGLR Q
ETAT-0.01
G-:=3
A=ALOG(0.5)
“'_0
WRITE (6,101 )ETAT
ETAF =0.5
10 "LAY=0.
L12:-0. ;
NMAX =Q - 1

DO 99 H:=M,NMAX

RGQ=(N10.5)/Q

BN= (ETAT -0.5-RQ)/(ETATx2.)
T-TANH-(BN )

B=ALOG (CC))

C=BHNxT i
DD-EXP (- (BNx2,))+ 1,

D-1./DD

Lit=L 11D

L12=L 12+ (A -B1C)

99 CONTINUE
SsL 12713 |
WRITE (6,102)Q ,ETAF ,L12,L 11,8
IF(ETAF .GE .2.0)GO TO 100
ETAr =ETAF10.005%

GO TO 10

100 WRITE (L,103)

101 P ORMAT (/5% ,*my =" ,F4.2/5X ,66("-")/5%," ", IXx, ",
$AIX %3t , VAX 73 A 20 N8 25X, ,3X A 3K, e,
$AX N5y BN 3 8K L 42" (BX f 37 B L g DX, , T 8,
$6X,°:’/5X ,66("-"))

102 T ORMAT (SX ,”:",3a,01,3X,":*,3%x,F5.3,3x,:*,3x ,F6.4,
$3R 2T AN TRl BT BT B )

104 F ORMAT (5X ,66(” *))

S 10P
I M



ODOODDODOOOODOD

PROGRAM S 3
TIHS PROGRAM CALCULATES THE TRANSFORT COEFFICIENIS Al
THE THERMOPOWER OF A 1 IVE PARVICLE LAHDAU CLUSTER .

THE REDUCED TEMPRATURE , my, IS 0.015,

THE NUMBLR OF FARTICLES, Q, 1S 5.

THE REDUCED Clli MICAL POTENTIAL , mig IS VARIED | ROM 0.5
T0 2.0.

Lyp IS THE THERMAL RESPONSE COEFFICIENT .

Lgg 1S THE RESPONSE COLFFICIENT .

s IS THE THLRMOPOWER .

REAL L 14,0142
INTEGER Q
ETAT-0.015%

Q=5
A=ALOG(0.5)
M=-0
WRITE (6 ,101)ET AT
ETAF =0.5
10 Lit=0. . a
L 220
NHMAX =Q - §

DO 99 N:-M HMAXL
RG-TH10.5)Y/Q

BH-(LIAI O. 9 @)/l tAire. )
CC=COSH (BHN) .
T =TAHH (BN )

B=ALOG (CL )

C=BNxT

DD-EXP (- (BNx2.))1 1.

D=1./DD

Lit=L 114D

Li12=L 122 (A-Ba2)

99 CONTINUE
S=Li2/L %1%

WRITE (6,102)Q ,ETAF L 12,1 11.,S
IF (ETAF .GE .2.0)G0 TO 100
ETAF =ETAM10.04

GO TO 110

100 WRITE (6,103)

101 FORMAT (/55X ,'m¢ :=*,F4.2/8X,66("-")/5X, """, 7X, ",
$14X 227, YAX 020 AR 2t A8 BT 3 T 3K,
$AX ,'myp’ 33X 70, 6X 0L 40" ,BX "L 6X 0 . i
ST 8", 6X 7 /8X% ,66(" "))

102 FORMAD 45X ,*:" ,3x 14,3, 33X, 5.3,3X " ,35 ,bh. 4,
I T FB A3, 30,648,378 )

102 FTORMAT (55X ,66('-"))
sTOP
LMD
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PRLOGRAM 64
T1IS PROGRAM CALCULATES THE TRANSPORT COCFFICIENTS AND
1 THERMOPOWER OF A THREE -PAFTICLE LAHDAU ClLUSITER.
|

THE REDUCED TEMPRATURE , my, 1S 0.05.

THE NUMBER OF PARTICLES, G, IS 3.

THE REDUCED CHEMICAL POTENTIAL, mys, 1S VARICD FROM

0.5 TO 2.0.

I yp IS THE THERMAL RESPONSE COLFFICIENT .

L4y IS THE RESPONSE COEFFICIENT .

S IS THE THERMOPOWER .

REAL L 11,112 i
INTEGER Q ,
ETAT-0.05 ’ .
Q-3
A:zALOG(0.5%)
M-0
WRITE (6, 101)ETAT
ETAF 0.5
10 L 11:=0.
L12-0.
HMAX -3 - 1
DO 99 N:=M ,NMAX
RG:=(N10.5)/Q
BN:= (ETAF -0.5 RQ)/(ETATx?2.)
CC=COSH (BN)
T =TANH (BN )
B-ALOG (CC)
C ;BNIT ¥
DD=EXP {-(BNx2. ) )+ 1.
D-1./bD
L11=l 114D
L12:=1 124 (A-B4C)
99 CONTINUE
s=L12/1L 11
WRITF (6,102)Q ,ETAF ,L 12,L 11,5
IF (ETAF .GE .2.0)G0 10 100
ETAF -=F TAF 10,005
GO TO 110

100 WRITE (6 ,103)

101 FORMAY (/5X ,"ny = ,FA.2/5X,66(" *)/5X ," ", TX ,":",
RN 2e. Gl 2" R T E B A B
S, M2 BN T8 gp® o BN BT gy DR TR TR B,
‘sx v‘ :'/5x 566("' ))

102 FORMAY (5X,”:”,3X ,11,3%X,’:*,3x ,F5.3,3x,”:",3x ,F8.4,
$IN P I FB.4,3X, " . X . FB.4,3X,2:")

103 T ORMAT (5X ,66(*-"))

S10P
1 N
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APPENDIX C

The separation of the Hamiltonian for N-electron Interaction. .

Two particles

N =2, The Hamiltonin is

] bl e 7 2 1 A e ? 2 22
E e— - — —_— —— + —
B 2m ( Py c Al) * Zm ( PZ & A2) o 1
define relative and centre of mass {(c.o0.m) cocrdinates;
Zl + 22
- Z - — centre of mass 2
a 2
and
e - + . — .
Zb nlz1 nzz2 Rel. co-ord 3
subject to the condition
2 3 2 2
ZI + 22 228 + Zb 4

The Hamiltonian is thus seperable (Pl’ P2' Al' Az are quadratic on expansic:
P; + P; and A; K A; should be seperable).

Rearranging (2) + (3) '

21 + 22 = ZZa

nlzI + nzzz - Zb

solve for Z, and Z, above and apply condition (4) we obtain
n, =
1° 2

nzi-n"—}-zﬂ

therefore the coordinates are given by

z, 2+ 2
2

z, = Z; = %
V2

The Hamiltonian is then separable to;

B = H,, *# Hext
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X
' L-2A)%,
P. | L] L - b |
d,
- P - ,l_
- P. - A )
{s | ( ! [
ree -l cle
e write the selected ceordiantes fer
1¢ third ¥ [ t t
ew ) -
- v
[.
7
L : - el
} il 3= cle
| - € & ] " i
{} - = A

t he

Rearranging the expenssion for the coordiant«

Zl+22+z3 = BZa

m,Z, + m,2 +W1323 = Zb

171 272
1 7 1 _
g ! ¥2 %2 ~ Z
. Bolve for Zl’ 2,5 Z, and impose [2)one cbtain
= 1 = =- :g-
R A
Thus the coordiantes are;
z, = L1t 0t
3 .
z, = L *ZI;-Zy

b
Wi Ol



T e

and

The Hamiltonian again separates into

Where,

and,

Four parcticles

3 = Hext * Hint
R % e -21)2
ext 2M Y a ¢ *
1 = e 2

Hint 2m (Pb c Ab) ¥

2 2
2.8

12 *23

a1 "
12 ©
Ta3

n
L= ]

123 - 21‘.
2; - 2yl
12, = Z,)

As usual we write the 3-particle coordiantes and select a fourt?.

Retain,

but, add

Solve for 21. 22, 23, Z

2. 2.

1
& s

+ 2, + Z,
- -

3
|

Zd - nlzl + n222 +

Z, -2, =422
C

nlzl + n222 + n3Z3 + “426

4

and impose the condition;
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A 2 2 z 2 2 2 2 2 %
T+ = + 22 + + S B
Zl “+ 22 + 23 Z4 4Za b ZC Zd 5
one obtain on solving;
4 "-ﬂz L g - ) 7+ oy 2 (2n 3n,) +
¥3 "a { ﬁ J 2 ¥ d
Z2 = 2n4 : + 1 (n, - n,) Z, + 1 (n n,) z +
: {3 {2 3 A AT V3 “a +
. L -n,) Z + Z
276 2 1 ¥
Z. = -2 n Z + {(?2n, - n, —n,) 2 + 1 (n, - n ) Z +
- 3 i3 74 242 4 1 27 “p T 276 ‘T2 2f3 2o
2(n, + u, + n.)
z = 1 2 3 1 1
4 {3 Z + ) (n + n, - 2n3) Zb + e (3n1 - 332)
Vg 24
imposing condition (5) on the coefficients of Za one obtain
V3
ﬂa_ -T2
1
- 1
D, = ™ = 373
] 1 R
y = Ltrwmht TR IR
1 1 1 '
Ly = Lt - miktTIph |
2 1, .
23 = .3 h o3y
YRR :
24 = za T2 zd
therefore the coordiante transormations are;
za _ Z1 +‘22 + 23 + Z& : . . : '
4 :
f2. 2. +12 1
Z =“_ l 2 :I
b 3 { 5 23) ;
1 ;’
Zc =5 (Zl - 22)
3
. Z':l = 2‘:21-1-22-4-23_“2‘1
VA 3 _ 4

Thus the 4-particle Hamaltonlan can be separated into,

H =1 (F -%3)2 M= 4
ext 2M a ¢ a ? m
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and, Mo, « = B-thY 2 R(R-ERD

2 2 2 2 a2 2
R AR L e e
¢ 12 T23 14 7 Ta3 26 T34

COMMENT
For a general N-particle system we can generate the coordiante

representation for the (N-1) particle syatem}and add the ch representation.

i.e
we impose the condition .
L N-}
2 . 2 2
T2 o- N2+ Q2
vl L=

where the zai (1=1,2 ... K - 2)are the representation for the N-1 particle

system and
- N
z = .Z| z, /N
the zai’ i1 =N-141s the ;dded representation.
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~Calcualation of the conductivity tensor ;g; (0) -

To claculate the velocity matrix element;

<.Nl, M7, n R m \ V \ n; My NlMl >

wvhere |

o Hb\ nm > = &, \ nm> 1,
one ohserves that this matrix element equals

IR RAT 8“, 5

LYY
“ in the expression for the Green's functions, it should be noted that
o - .
’ M ; e L
R,A(E) = E. WHM "Ppn L e
,:.. L. ' rim E _€n_.. El ! E-s . - e ) ".

. where - e

2 9 249, . (%)

: 50 that’ . |

.Tr {IJI: G‘E)j) 4(5 }

247)/4 RARY Fn>("”£ [E-6u E”])(ﬂﬂ', 11’,}(5_& &)

N "

A
mlM ! . o ﬁ_
|

f - But (ka])’; Ivif > .{an: l“1m|>5d‘ﬂ5

Z(m\v, ln m,><f. m‘h)j lnmxg 3 - ng(e —n-Ev y

e (E.,+€... €, E.;)
ek .= 2 [ \ ( \3,‘”&“% 5”“5 |

Jhos T we have

LY

note g { (n+1) 5 § - hv”é“dg

Ay Momyy " ey

A A A S ("*‘3‘&5'.,%.3..,.,,,\ (£- €-60]

£ r ~ At
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. E~ |
= % _T_':._ % ( ) SLE-é ] i (n+ ‘)Sl N "in Sn ""é".-'i _
SRTENE E}Ww&ﬂ«m - n§le-Gb]
T3 (ko) (hey”

"

Baip@meaaldﬁﬂﬁl

"

T §(n+|)<5L-E-f &) -nd[e-€.- Eﬂ]j

™
an
SimilarlJ. - dﬂt&(ﬁ') i o Z‘{ (Vg | .— \ ‘)
A ] = Tenntn | e

|
; X’<n‘ﬂ1ll‘l.75 {n m)[——‘li&(e-t.\-'ﬁl\)]

) = z ‘<“"'\\"Jxl'|ﬂ.mi)<n‘nl|u,5|n my T S(E-E-E&i)
So that | (€, - E'H)L

T {D..qjgf’) 1)5 I.,(.(E)j =~ z (n-ﬂ]vx |n, “lxﬁfﬂlvsj'(ﬂm>

:‘ |
| {J[E G-8) _ S[E-6-4)
1 6~y (&-&) }
Bust ¢ | -
‘ N0V |0y g =
r In, )< .m.l”yl' famy = {(nﬁ)”‘,jﬂ,‘ 8-. _‘;' "‘LC; rgn.‘n--}
i xi n{‘;ﬂ',---& ..- T (nad é" Lo S""*‘j
! = f(nu)cg,,m“ '\" -"Jn,. )

o]
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- dcr‘( - R | | N N
vV a_.t_.fjvjlﬂarmf : -{’Nmi (1) S(E- 6, B ) -n 5[5-6..,-2,-”

Subtitute Eqn (5) and (6) into ‘

‘ |
rte S‘*“'FE)F fui..,écf)j?- Y 465, I..cv(z-‘)ji

and Simplifying one gets, |

Gy 7 [aer0 2 8 758D

. A m




