o] INTERNATIONAL ATOMIC ENERGY AGENCHY

‘ %} UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION M

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
LCTP., P.O. BOX 586, 34106 TRIESTE, ITALY, CaLE. CENTRATOM TRIESTE

SMR. 758 - 18

SPRING COLLEGE IN CONDENSED MATTER
ON QUANTUM PHASES
{3 May - 10 June 1994)

THE QUANTUM HALL EFFECT: THEORY

Part II

Allan H. MACDONALD
Department of Physics
Indiana University
Swain Hall - West 117
Bloomington, IN 47405, US.A



fDigr ession : Structure Facton& Progoc“ecl Structure

Di;;‘essiOn: Correh*n‘on Func;'lion nomen"’s
Factors

o 2nd-Quankized Evpression
¢ Stalic C b hioe r;._(_!-,\.. '.‘t: Faiv (nrl(‘_lr\,l\‘f-*\ F"L'\

- oa pry 2 - 0 " s + -
‘n“\(r“ .-z] = mzn (Pm: ll", ) (DM'(r.] (pml,(rz) (-le(",_] < cm'cﬂ; szc'ﬂ,>° : -l: (: "‘,.‘ )
" ' =/ G R S
szt T e V) 1 e ),
9y o N

! i \, TR l Al vlC Yo

A ry = (SRR SEF)
l nonr |§;< ( rt) l rJ >b

=

grizd VB R) =T (L e R,
(I‘h‘ di “r'k“t\\'--\ i m#e m- S(k) = ‘ + ] ’ {C-(F-‘:' ) -
Pty dsimim | = n — ngSdF‘ e n (F,r-’\
» Zeroth Moment v =1 N
» © x
-1 m - LYY * -
hirl = gtr¥-1 =¥ X e /(I-S {n Y -4<n MR s ik.r
1 r g m:o;\h_' "'-0) O 0) <nm\<noy) =1 + N Jc,o + ‘T‘igdr et r h(r‘)
['t\i" Corw_\'l}\"w, a 1 1|
ndghv -~ ¥
Fie ‘vu‘\,-gdzr'3 x — {mei) giri= hirke h (i)
e . ! ~ n
"IS(.FI"t h("‘) = Y [( NTlc’) - <—ho%o> - <N><n°>1 =-1 Pl b _“"H‘ N R R T E
* First Moment > b 2 2 4
irst Momen . . hik) = n{dthe) o k ~hgc\r 2] +6k
M = Egmnm : ) ‘ 2
v 4
2 2 - - - WA RN
UGN RUERECTAY = -1l
2

=-1



* Relations hip ot

LO"\a \”n_‘rf_ l:_.\,] fP\_

(k) & 5(k)

k -u”>

— 12

Z‘ <;/(.k\8 (o)

-ki72

LT T S

’{ J<_|+e(|k|‘\)+(1-f_k_lzJ,e(lkl‘”)
2 Z

Ol = le L6 T gy 12

withen lowegt
olw) = 5(\-)-\”9)
no dir“’

no dipole coupling

i MRGNETOROTONS Lowesr LANM\l Lever SMA

o Tria! Wawefln. For Collechve Excilabion 142) & 52 1V,)
B = TR DN <) g DAY F
<"\pl'~ltl;{_ Y, R | \/)F:H S 5 (1)
® Evo‘uq;‘»ing P'rOJt-:LJIECI -r—Sllm R\l\e
Fruy =t _‘\.g]/:]\pp,[_,\" (v b ) = Tl
b ‘
, ¥
T I T I TR R DR B A N
H
but
- ] (. r\‘ \
M i r#i b by R
Y ¢ afier olithe patient work
YA *f
'F(H = \“ t, Jf/!‘\ (v - e n(z (%v\ \\)( g U Ak 5('0\\ ¢
("\T}
_-/lq,l"'fz_
se (%\



MAGNETOROTONS

Coulomb Modell

. | 1 i
015k ¥=1/3 . !
1.7 vW/5 1/3
~ 010 ¥ -
o . e
ﬁH ~ K, ~ N
(j . r b )
oos 70
RN - L] - L] »
000 l/_:]/’? ' . L . 1 .
o0 05 10 t5 20

k£

Figure 9.1 Comparison of SMA predliction of collec-
tive mode energy for v = 1/3, 1/5. and }/7 {solid
lines) with smll-system numerical results.  Crosses
indicate {N=7, v = 1/} spherical system, triangles
(N =6. v = I/3) hexagonnl unlt cell (lialdane and
Bezayl 1980a).  Solid dots are from (N = 9, v = 173}
aml (N = 7, » = [/5) spherical sysiem enlenlntions of
Fana et al . [1980). Arvows at the top indleate the
mignitude of the reciprocal  lattice vector of the
Wigner crystal rt the corcesponding density.
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On the Interaction of Electrons in Metals

"B, Wicwe, Princeten Usiversity
(Received October 18, 1934)

of intevaction between {ree electrons in an
electron gas i consldered, The interaction energy of
dectrons with parallel apin is known to be that of the
space caarges plus the exchange integrals, and these terma
modify the shape of the wave functions but alighely. The
intermction of the electrons with antiparalicl spin, conteins,
in addition 1o the internction of uniformly distributed
space chargen, another term. This term is due to the

1.

’I"HE attempt has been made in previous
work! to give & more general expression
for the wave function o free electrons in metals
than that provided by lartree’s method of the
sell-consistent feld" ¥ or Fock's equations. The
form of the wave function assumed in Fock's
equations for a system of 2n electrons, occupying
n doubly-degenerate states is

. alx) oo ¥ailxa) "l(.Jl) “I(J’q)
ath S Copw
Healr) - dalmdi btz o #alya)

where x stands for three Cartesian roordinates
of electrons with upward spin, and y for those
of electrons with downward spin. The ¥, are
the solutions of a Schrddinger equation in which
the potential of the charge distribution of the
other electrons enters as well as the potential
arising from the ions.

In a metal the charge distribution of all
electrons is practically unattered by removing
one so that the second quantity may be replaced
by the former and e potential for a given

The new [orm of the wave function, assumed in® was

: ¥ilv S¥ai®)

n! .
YalviYai ®i}
VE. Wigner and F. Seitz, Phyve. Rev. 46, €1g (1934).
11). R. Hartree_ Froc, Camb. Phil. Soc. 24, 89 (1918)
11 (. Slater, Fhys Rev. 3%, 0, 1930; V.
Zes [ Physik 65, 126 {3930

Pl -

dalyr

Fock,

fact that the electrons repell asch other and try to kaep
nhraplrtlopoodble.'l'hmdwdlhm
i1l be decreased through the orresponding modibcation
of the wave function. [n the p t paper it fa pted
10 calculate this “correlation eneryy”” by an spproximation
method which is, essentially, a development of theenergy ¥
by means of the Rayleigh-Schridinger perturbation theory .
in & power weries of &', 4

electron at the point = is given by adding to the
Coulomb Reld of the ions the fields of all electrons -
with paralle! and with antiparailel spin. The ..
former distribution may be obtained by insecting
 for 5. in (1} and integrating over all coordinates
except x; and , while the jatter is obtzined by
a similar operation with the exception that the
integration should be carried out over all
coordinates except y; and ».

Actually, it had been shown int- 4 that the
wave functions ¢, of the free electrons in a
Na-lattice are very nearly plane waves Pobsil
where L is the cube edge of the crystal aod »
stand- for 8 set ol three integers, »-x denotes
the scalar product of » and x. Hence the charge
diatribution of the electrons with opposite spin
is practically uniform, that of the electrons with
parallel spin uniform with 2 “hole” around =.*

In no wave function of the type (1) is there a *
statistical correlation between the positions ol
electrons with antiparallel spin. The purpose o™
the alorementionéd generalization of (1) ¥ tay
allow for such correlations. This will lead to an?
improvement of the wave function and, therefore,!
to a lowering ol the energy value. This energy’;

S )

gain will be called "“correlation energy.” ;:
£
2. b
3
,Vnii-) Wl(,"l] U’l(}'-) :‘
. L @y
. . i
Fni Xa) ¥aln) ¥alye) L

77, C_Slater, Phys. Rey, 45, 794 (1934); A. Somnwﬂl_\g}_n.
and H. Bethe, Geiger-Scheel's Handbuch der Physik,’-
Val. 24, Ind part, 2nd edition, p. 406, - -

VG Wigner and F. Seitz, Phys. Rev. a3, 504 (1933). T

1002



2.
=t A~ Bke o
am
3
=/% ) 2.2
2ma.: Y‘sl
LY VU W, = (i) _ 916
aa, r
S
‘T‘{'-:. L\-nrfqa
3
e - 1.9
<\Uwr_\u~ \\U\IIC.> (_2_;;) ) rs

I 2

£.0. Wrener _ Phys.Rev. 46

o ‘Maénéf'}f&@fmm@ Créﬂn\lieé:hori
\007.(\*134\

___h ‘hmc (714‘6 \

. hec . 25.56nm >
eB \]Bt[csh:._]

B
CUITIY = 2Y 8 Sakel = 3w
A 1Y‘:¥\'SV
! o\
BCC - . ‘e
LATTICE ZE;

 TRRELEVANT IN STRONG FIELDS

Flr)



5w._' L L L B e B m m o o o

o 024
- T 7T ™)

[ 3 Efec taclia) . ]
4001 % ] -
[ %, ; ]
#PRL 65 ¢33(1990) [ +5f ~ * : {7 ]
SN | . 300: lJEZ: €y ltiquig) R
; § N 0z 'u':»o * u:e * u:s 014 i
. x . = FILLING FACTCR » ]
Expect ® wcol ]
ReenteanT | :
(BEHAVIOR  oof 4] ]
3 0302 21 15]
i 2 N EEEMUE
- 4 3 1T .
Q i Ak l L A‘ 1 AI. _._‘| Aoa H )

3] 10 15 20

MAGNETIC FIELD (T}

FIG. 1. Diagonaf resistance R,, vs megnelic ficld at Te=90
mK. Data arc taken on a square sample so that p,, =aR,,
with a~1. Atv=1{, .. — 0 indicating that the v= } quan-
tum liquid forms the ground state. The resistivity p,, in the
sharp spike st v~0.21 and for all vS } is rising exponcatially
on lowering the temperature.  All FQHE featurcs at lower
magnetic field are well developed but practically invisiblc on
this scale. Inset: Result of » calculation for the total énergy
per Alux quantum of the solid (E5,) end interpolated 1/mr
quantum liquids (£} as a function of filling factor (Ref. 4}, A
classical energy (Equu= —0.782133v""7) is subtracted for
clarity. The dashed lines represent the cusp in the total energy
(Ref. 13) of the liquid at v= }. 1ts extrapolation intersects
the solid at v~0.21 and 0.19 suggesting rwo phase transitions
from quantum Yiquid to solid around v = 5.
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