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i)

ii)

Motivation

Many Body Theory of Solids

1950s- H, SINGLE PARTICLE ENERGIES
H;, MANY BODY PERTURBATION THEORY
Landau Theory, Gell Mann — Bruckner, Hubbard

Electron Self Energy: ) — 21 + lzz
QPs: ¢
Strongly Interacting Systems

H, too strong to treat as perturbation

FQH Effect — a PARADIGM

N electrons in g=20+ ]degenerate states
ha, >>e’ /A

No kinetic energy, H=V . only energy scale

op —€p T 2, VQP(ﬁ ~P')
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g degenerate states




Haldane spherical geometry

ArR’B = 2Q(hc/e)
R*=02°
A’ =hc/l(eB)
MAGNETIC MONOPOLE 20the /o

SINGLE PARTICLE STATES
(Monopole Harmonics)

02 ho
" E,, = 2QC (0+1)-07 |
,{,m) eigenstates of < z n=0,1,2,...
‘Q > N £20=/1, =0+n, angular momentum
\ 0 gn:2€n+1 shells
Lowest LL EO - Q

Filling factor LLL - N (#flux quanta through sample) "
&o



Numerical Studies

N —Fermion States

‘ml,mz...mN> =c]Tvc]Tv_1...c”O>, m. g,

2

e
H, :Z_
(i) Ty

Diagonalize H,

4 ! / :
<mlml...mN H,‘mlml...mN> vanishes unless

1) M:Zmi :Zml'

ii) |mm,...m,) and |mm,...m)) differ by no more than two members

Wigner — Eckart theorem

(L'M'd'|H,|LMa)=6,,5,,, (L&' |H | La)

(independent of M)




Numerical Studies
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The energy spectra of 10
electrons in the lowest
Landau level calculated on
a Haldane sphere with 20
between 25 and 29. The
open circles and solid lines
mark the lowest-energy
bands with the fewest
composite fermion
guasiparticles.



Pseudopotentials

L, (L) - ;N(N_l);})]ﬂ (le)V(le)

L,=2(-R,  R=135..

2
e

PSEUDOPOTENTIAL V(L12)=<‘qu2 (%,) 3
12

V., (7 )>

DE- :3::;3 : 3::;2 Pseudopotential V(L') of the
Coulomb interaction in the

lowest (a) and the first-excited

Landau level (b) as a function

of squared pair angular

’ momentum L'(L'+1). Squares

(/=95), triangles (I=15/2),

a
ks

oal a0 ©rl] diamonds (/=10), and circles
0 100 200 X0 400 500 600 O 100 200 300 4D0 500 00 - i i
L) LL's1) (/=25/2) indicate data for

different values of Q=/.



Fractional Parentage

N — 'y
0 La)= Y GLa,L'a’(LIZ)‘gzale;gN 2, La Ly ()

L12,L’0!'
2
Pro(Lin) = |Gro rrar(Liy)
L'a’'
USEFUL IDENTITY
it L=>1, L=0+10,
L+N(N-2)0* =YL} =0 )

(i)

Take expectation values of (B) using wavefunction (A)
THEOREMS

1. > P, (L)=1
7

2. %N(N— 1)ZPM (L")L'(L'+1)=L(L+1)+ N(N-2)¢(¢+1)



Harmonic Pseudopotentials
v, (L')= A4+ BL"

£ :NB(N—I)A+B(N—2)€(€+1)}+BL(L+1)

Note: ) E L) is independent of a for V,
i1) E(L) increases as L(L+1)

Vy DOES NOT REMOVE THE DEGENERACY OF DIFFERENT
MULTIPLETS WITH THE SAME L.

CORRELATIONS: ONLY AV (L") CAUSES CORREALTIONS
AV =V(L")-Vy(L") ANHARMONIC PART OF V(L")

Relative pair angular momentum R=2/—-L"=1,3,5...
We often write V(R) which stands for V(ZK — R)



Simplest Anharmonic Pseudopotential
AV (R)=kS(R,1)
i) k > 0 = Lowest multiplet for each L has P, (R =1) a minimum.
ii)k < 0 = Lowest multiplet for each L has P (R = 1) a maximum.

Case i) is exactly what is meant by “Laughlin correlations”

It is why Laughlin wave function is the exact solution to a
very short range potential

Case ii) electrons have tendency to form pairs instead of
Laughlin correlations



Jain’s Composite Fermion Picture

i) Make Chern-Simons transformation by adding to each electron a flux tube

giving a CS magnetic field
_ . h
b(r)=—7/¢025(r—1fi) ¢O=—C, Y 1s a constant
i

e

This CS magnetic field, added via a gauge transformation, has no effect
on classical equation of motion.

i) Apply mean field approximation to electron charge and flux, and set y=2p,
to form composite Fermions. This gives an effective CF filling

1 1
¥ _2p0
oo T 123
* - Jain sequence of _J3s51
If v,=n,, aninteger —> q V=
filled CF levels 122
\ 93953'



Effective monopole strength
20" =20-2py(N -1)

Q Is the angular momentum of CF shell

The effective CF monopole strength 20, the number of CF quasiparticles (quasiholes nq, and
quasielectrons nyg), the quasiparticle angular momentum 4 ou and 14 or » and the
angular momenta L of the lowest lying band of multiplets for ten-electron system at
2Q between 29 and 21.

20 29 28|27 (26| 25 24 23 22 | 21
20" 11 10 9 | 8 7 6 5 4 3
Roy 2 10 |0 0 0 0 0 0
nop 0 00 |1 2 3 4 5 6
? on 5.5 51454 35 3 2.5 2 | 15
£ ok 6.5 6 55| 5 4.5 4 3.5 3 |25
L (0246810 5| 0 | 50,2468 1,3,4,5,6,7,9 | 0,22425,6,8 | 1,35 | 0




Why Does Composite Fermion Picture Work?

I ho' =vho

: ~“C C

& t-v-- % ------- - irrelevant
€2/ energy scale

a) b)
L L
b) must reduce to a) when e?/ (Zh a)c) — 0

Scale ha)z, is irrelevant for 7. >> e’/ A

CS gauge interaction oc ke, o B CANCELATION IMPOSSIBLE !

Coulomb interaction oc e*/ A oc \/E



Adiabatic Addition of CS Flux

Relative coordinate WF of pair (on a plane):
V() =e"u, (1) r=li-n

1. Add -y CS flux quanta via gauge transformation:

a¢:%_%

Y - " Munm (r)
Changes only phase of WF. If y 1s not an even integer it changes statistics.

2. Add —y CS flux adiabatically:
img
Y, —e u,. (r)

u

No phase change, radial function goes from %mm 1O U, -

For ¥ =2 => Orbit has changed to new “Laughlin correlated” pair orbit
Laughlin correlations without need of M. F. approx and irrelevant energy scale.

No changein & without /.

Laughlin WF for pair: ) 5
= =\ _ A\ REL (= oM (5 ] ntn
‘{I(’"vrz)_qjom (Iﬂz)LPoo (Rlz)_)(zl_zz) CXp| — IVE




Composite Fermion Hierarchy

%1

-1 _
vV, =2p, +V,
Vy =M,  gives JAIN SEQUENCE
i) Suppose v, #integer
Write Vv, =n,+V,

v,= QP filling of CF shell

11) Assume (like Haldane) QPs are L.C. i =2p+ 1*
4 4
v, =n, gives DAUGHTER IQL STATE
111) In general

| | . .
— =7 pj + Series terminates as soon as: Vi = 0
| Vi n;+Via
CF hierarchy gives:

1) Jain sequence of CF integrally filled levels when n,, is integer
2) Haldane hierarchy of all odd denominator fraction (in terms of
CF QPs) when QPs are Laughlin correlated at each level.



CF Hierarchy Doesn’t Agree With
“Numerical Experiment”
N=8, (,=18
20, =204—-2(N-1)=4
¢ =2  holds5CFs leaving No:=3 in shell EQE =3
3QEswith lop =3 givesalowlyingband L=0©2O3D4D6
A new CF transformation will lead to 3 CFQE in / =1

This gives a daughter state L=0 o P : = '
i:2pl+ : =2+1=3 R
Vi Ny +V g
m';"I'Tl'.llil
i_zp N 1 _11
Vo ’ m +V1 (1+/) 4 7.05 | ‘
SV = %l ..o LINo L=0 ground state

1] 2 4 f g 10

L



Why Does CF Hierarchy Fail?

It assumes Laughlin correlations of QPs, but V,x(R) is not “superharmonic” at
R=1 and Vu(R) 1s not “superharmonic” at R=3.

No vy =1/3 state of spin polarized system

No v, =1/5 state of spin polarized system
{a) QE's in v=1/3 +_ (b) QH's In w=1/3
In v= . SH V= 005
The pseudopotentials of
pairs of quasielectrons
(left) and quasiholes
i (right) in Laughlin
N= N=10 — —
010 gu.1; :N=1E oo V=1/3 (top) v 1/.5 and
(c) QE's in v=1/5 CON=7 B N 6 (d) QH's in w=1/5 (bottom), as a function of
0.04 | oop PAIr  relative  angular
= ' momentum R.
E - N I
m -
— 0.00
0.01




Pairing and larger clusters

Because Vp(R=1) won’t support LCs but will tend to have pairs formed, let’s
1)  assume N electrons form N,=N/2 pairs

i £, =20-1

We treat pairs as Fermions. We prevent violation of Pauli principle by

restricting pair angular momentum of /V,, pairs to values <2/ _, where

2€FP — 2€P — 3(NP — 1) (CS transflormatjn)

Last term is chosen so that V., =1 when V =1. This gives = -3
Upp  Upg

The 4 comes from ¢, =2/ —1 and N, = N /2 .This leads to IQL states of pairs at:

Ve |13 |15 |17 | 1/9
v (213 |12 |25 |13
Vor | 5/13 |38 | 7/19 |4/11
Vol2ir s |29 |15
Vou | 5/17 |3/10 | 7/23 | 4/13




E (e2/))

Quasielectron energy spectra
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Unsolved questions

Vo =1/3 occurs at 20 =3N -7 notat 2/ =3N -5
(expected for pairs) nor 2¢=3N —3 (for LC electrons).

2. vop =1/2 occurs at 20=2N -3 or its conjugate
20=2N +1 but only when smaller of Noz or Ny, is a

multiple of 4.

We don’'t understand why. We clearly are missing
something. But we are certain that there iIs no 2nd
generation of CFs at v,; =1/3or v, =1/5 for a totally spin

polarized system.



