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Outline

\V4 Bose-Einstein Condensation (BEC)

%) BEC of composite particles: 2D magnetoexcitons

Class of exactly-solvable models

“Hidden Symmetry”

\V/ Short Summary
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What is Bose-Einstein condensation (BEC)?

- -r"f l s
Sy b

/

High
Temperature T:
thermal velocity v 4p 3 _

density d —d n=1
"Billiard balls" 3

Low

Temperature T: 2 1/ 2
De Broglie wavelength &th 9

hag=h/mv = T2 dB =~

"Wave packets”
T=Tc

Bose-Einstein 2/3
Condensation N

hap~d T

"Matter wave overlap” C m

Pure Bose
condensate
"Glant matter wave"

Here shown in a tra
p \ http://cua.mit.edu/ketterle group/
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Bose Gasat T=0

A oA Fq
[ax,ax ] =dy g

Non-interacting Bose Gas
O ~ +A
Ho=aA Ex ak ak
K
Quantum Equation of Motion

[Ho’éK-l_] = Ex élK-l-

The Ground State: K = 0 Condensate
+0

Fo g

Hg | Nfi= NE, | N

| Ofi° | N7
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Interacting Bose Gas
add

Hi =8 Uy 8 Ta Ta, 4

Depletion of the K=0 State
K

-K

A +~ FA A
Ugax a g
Ground State:
Condensate A
formed |Fr

‘He: K= 0 fraction ~ 0.1 (low T)
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BEC in Dilute Ultra-Cold Atomic Gases

8Rb, Na, "Li, 4K, 1H, 4He*

Densities n ~ 10 cm-3

(~107 times the density of air)

Temperatures (T, ~ 170 nK for 8’Rb)

Evaporative cooling to ~ 20 nK

In magneto-optical traps

Sharp peak in the velocity
distribution BEC is single quantum object

(size ~ 50 mm)

# of condensed atoms e BEC superfluidity
reached: ~ 106

« BEC of ’Li (Boson)
2001 Nobel Prize in Physics

Cornell, Wieman & Ketterle + OLi (Fermion) gas
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Excitons (X) in Semiconductors

Empty
Conduction Band (CB) CB electron A Hydrogen-
k2 like state:
2m, &V x—
(Direct) Energy 2_?]0;;?

Gap E,,,~1-2 eV

Ry*~ 5 meV
/_L\ K2 N

Filled
Valence Band (VB) 2Mm; VB hole

Effective Mass Approximation:
m, ~ 102 m, m," ~ 101 m, e~10 Large radius (Wannier-Mott) excitons
1/m*=1/m_,"+ 1/m,” Xreduced mass

a; = eh?2/m e2~ 10°A >> lattice constant ~ 3 A Ry = e*m/2eh?
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BEC of Excitons

- alight, mobile, * consists of X h2 2/3
neutral particle two Fermions: U T.=3.31
~ Myoton 1 a Boson m* Kg
2000 10
h? 31213 T, ~ 50K
6T, =331—— [n(ag)*? ~Ryr | oK
m* (ag*) ]‘ n~10"°cm

. . 3
hlgh denS|ty n(aB*) ~1 Blatt etal. 1962 M oskalenko 1962

§ finite X radiative lifetimes |2  Optical excitation: high N, high T < T,
(wide range! ~ ps — ms) _ N
at high densities N:

§ internal X structure: overlap of Fermions X's are not true Bosons!?

§ screening of the e-h interaction transition to the e-h liquid?
Keldysh 1968  Halperin & Rice 1968
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Indirect Excitonsin Quantum Wells

GaAlAs X photoexcitation

| R
N4

Perpendicular B
e —

Bias Vg:

| Becomes X relaxation to trap bottom
the Ground
State /\’\/\/\
ET__

Spatially-indirect exciton (1) x
In-plane random potential

Radiative Lifetimes are Long:
~ e-h overlap in real space

Fukuzawa et al. 1990

Kono et al. 1995
- Increases Binding Energies |ncreased T, Butov et al. 1994, 2002

- Changes Critical Behavior IS expected
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Increase of T_.in Strong M agnetic Fields

1- M
°2lnt- 1)

Kuramoto & Horie 1978 Lerner & Lozovik 1978

Landau Level _ 2
Filling Factor n = 2pIB n

I.=E

C

2
2D Magnetoexciton E, = /% £ u B
binding energy el B

Magnetic Length | =(hc/eB 12
B

Excitons treated as 2D Ideal Bosons
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B=10T

T~

High-Field

i Approx.

f + Mean-Field=Gor’Kov

Exciton Density n (1019 cm?)

GaAs QW
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Low-T Exciton Magneto-Transport

end of excitation pulse

=
|

P laser PL
B 1001 l
= ]
= : . *
a -
S | L Unmasked
S~ i Sample
= _
= "esaw
L1
-
@
5
L=
_1
al

40/ 5'»:}? | 60
Excitons Diffuse W)
Under the Mask

A\

classical X magneto-transport?

weak localization suppresion in B?

ABD & Bauer 1995
Arseev & ABD 1998

No way to explain

g : \ »_ﬁ,-—#b

% 3 - Sharp Rlse;

S

al -. \+ Butov & Filin 1998
0 h s EI | 1ll‘f

Magnetic Field B (T)

Exciton Diffusion
Constant D can be deduced

The apparent PL decay rate is higher /
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Towards BEC of excitons in potential traps

Laser Excitation
Spot i

L irtaralty

-nuu-f

¥ J

1.40

1.54
Ewm i) 160
Huge local Cold indirect excitons
enhancement of PL: collect in the trap

T=16K n~101cm=
Butov et al. Nature 417, 47 (2002)
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week ending
VOLUME 92, NUMBER 11 s R G L CH BRI S AL B SIS 19 MARCH 2004

Formation Mechanism and Low-Temperature Instability of Exciton Rings

L.V. Butov,"” L.S. Levitov.” A.V. Mintsev.' B. D. Simons.* A.C. Gossard.” and D. S. Chemla'®

"Waterials Sciences Division, E O Lawrence Berkelev National Laboratory, Berkeley, California 94720, USA
*Department of Physics, University of California San Diego, La Jolla, California 92093-0319, USA

2

d 2 =2
p-" ring onset
Quantum
Regularly spaced beads u ;Z"ZZ- ﬁﬂ/’ degeneracy
formed by cold excitons 0 W reached?
0 500 1000

excitation power (W)
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Composite Bosons Condense

(Exactly-Solvable?)

Pairing Many-Body Models

T=0
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Electrons (e) and Holes(h) In Zero LL

- - . € (x- X)°U
) hn=0X (r)=] en =0X (r):eXp(IXyHBZ)eXIOe ( 2) u
5 4
e B
y Ly _
Landau gauge A = (0, Bx,0)
B
D i, /2
ky O, Magnetic length | 5 = ?EQ |, =81A
Ky S B~ S, B
L, B =10T
—f |B M acr oscopic Degeneracy in X

L, L
- X N:Xyqu
X 0 2p|,32

X as alD momentum:

Kinetic Energy is Quenched
X =4k 22
—Y'B ©

eB
Mgy C

1 — 1
5 MWeeny = 5h
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2D e-h Pair in Zero LL: A Magnetoexciton (M X)

7/

D
e

M X: a neutral composite Boson

CM momentum

K =(Ky.Ky)

©_Mean dipole moment el
- Z ~ s 2 2
r=ap-r,n=K Zl g

Gor’kov & Dzyaloshinskii 1967

2D M X annihilation oper ator

1 o . "
Q =——a ik X)a, |
\/NO X A iKy

N

Dy +1x
27y

S/
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Lerner & Lozovik 1980
ABD& Lozovik 1983
Callin & Halperin 1984

® (g=)
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CM momentum

K=0 M agnetoexciton
K =(Ky Ky) =0

M ean dipole moment :

iy 5 _ 105 2 _
r=ap-r,n=K" zlg" =0

o ~ ~
a a X Binding Energy
X a2
Eq = \E M VB
Extended CM m a B
Bound relative e-h motion E, ~10meV
GaAs B ~10T
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MX asa Composite Boson
€ h X

Fermion + Fermion = Boson?

[QK"QK]:O [Q}:-,QE]:O U

[A,B]=AB-BA commutator

Not exactly: N
[QK"QK ]=d + F (K", K) ~ relative occupancy
K Ty K Keldysh & Kozlov 1968
N_+N -
M X [Q()’Q()] —1._¢€ h Partlc:IAe_;fE operfttc_:_rs
N
0 Ne  Np

Can Composite Bosons occupy the same state? Y €Sl
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Composite Fermions

Fermion + Boson = Fermion?

hypotheticaly: € h {A,B}=AB+BA anticommutator

+ A
Notexactly:  {Qy.,Q } =d . +G(K',K) ~reative

'K occupancy
N - N
{Qp.Qp} =1- —&—T
No
But we should not | ;- + 4,
caretoomuch: | ~1Qk»Qk}=0  {Q¢nQx}=0

@K ¥ 0 =0 I:) Composite Fermions cannot occupy the same state!
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|nteraction Hamiltonian in Strong B

1 N\ N\ - - - ~

Hine = (a2 Vee(ra- r2)Ye ()Y e (1) Ye(r2)Ye(ra)
1 N\ N\ ~ ~ ~ -

o OG- 12)Yn T ()Y ()Y () Yi(r)

+ O P2 Uen (e - 12)Ye ()Y 4T (1) Y (1) Yo ()

Like in FQHE:
Poject onto zero Landau levels (LLS)
¥

N O o . R o . R
Y= a al enX (r)anx aq)l ex (r)ax
n=0 X X n=0
¥

~ O o . ~ o . ~
Yn)=a al hnX (r)an aq)l hX (r)bx
nN=0 X X

And forget about the absent kinetic enerqy ...
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Two-Component e-h System in Zero LL

One-component electron sytem: FQHE, Wigner (electron) crystal, ...

Hint :Ea Uee(X1, X5 X5, X1 ') Ay, ay, ax -y,
lg v v Rk th Lo R
oA Unn (X0, X0 Ko7, Xi) by, Ty, "oy, b,

o _ : N ~ +° +° ~
+a, Ueh(xl, XZ’ X2 ’Xl) a‘Xl bX2 bXZ'a‘Xl'

Symmetric Two-component Systems
U ee(r) =U hh (r) =-U eh (I’) interactions
BEC as an

J hX (r)=J éx (F)  time-reversal counterparts | exact state

Lerner& Lozovik 1981
-ingle-particle energies | ABD& Lozovik 1983, 1991
only this is a bit exotic! | Rceetal 1985
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M X Condensate

Exact Quantum Equation of M otion \

Hidden [Hin Qo 1=(-Eg) Qo™

Symmetry”

Non-Interacting Gas of Composite Particles

" N.=N, =NEN,

Exact Many-Body State: K=0 M X Condensate

N
"% 101°[NA Hjy | NF=N(- Eg) | NF

The Ground State of the Many-Body System?
Wethink 0. ™ But no strict theor ems known.
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|deal Gas? How to Understand This?

A partial .No dire_ct
explanation mter%:tlon
K=0 MXs: All (dipole, quadrupole, ..)  gpolarization (Van der Waals)

moments=0 interactions?

Holdsfor High-Densiti&e‘

Even for e- and h- filling factors

N N
ne:N—e®1 nh:_h®1
0 No

§ Screening??

Overlapping e-h pairs
= Overlapping Fer mions
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§8Exchange interaction???

Appear to be absent
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Magneto-Optics of I nteracting 2D Electrons

|. Photo-excited e-h pair

1. Photor ecombination

L uminescence Oper ator

~ N\ ¢ Carriesinformation
I-PL = Pov (jjr Ye(l’)Yh(I’) a pchO about e-e correlations (?)

In symmetric QWsin high fields: K=0MX does not interact
with anything
MacDonald et al. 1992

Apalkov and Rashba 1992
Chen and Quinn 1994

R bination Energy= - /
ecombination aqy Egap EO
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Magneto-Optical Probing of Electrons

at finite Q

Photor ecombination

V a=(ay.a)

ow

Q 1 O Carriesinfor mation
" about e-ecorrelations

L uminescence Oper ator
Low = Poy (Y €xplic 1)Y o(1)Y () & Py,

q”— M X probesthe electron system

Recombination Energy () = Egap + E(collective effects)
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Yet More Exact States. Charged Systems

1
N e N h
e (orany#of e orh)
One Over condensat N .
nevercondensate o tay T0 | Of does not polarize
Electron X ?20 %) the condensate!

No- N, 11
N, 3’5
remaining electrons
! y

(LaughlinState)+§go+g | OF

+ N electrons

FQHE over the condensate

MacDonald & Rezayi 1990

Only later it becameclear: Exact but NOT the Ground States

2D Charged Triplet M X X~ Formed!
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Hidden Symmetry

H =Hiq - (%Ne + 'ThNh)
Unitary Transfor mation S= exp(f L)

H® H=sHS* =H| =% -Q

anti-Her mitian gener ator

e+ =- K

[H,L1=0] —— | [Hin, Qo 1=- EoQy*

+ - Exact in
S ‘ On BCSstate: the coherent state of 0 al  his
0

composite particles

model!
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Hidden Symmetry Explained

H = Hiq - (%Kle "'n'hl\Alh)

Unitary Transfor mation

N

H® H=sHS" S=exp(fL) L=Q" - Q

o)
Qo — a bx dy annihilation operator of the composite Boson
X

Gener ates (special!) Bogoliubov Rotationsin the I sospin Space of Two Components:

a, ® 3, =2, S’ =cosf a, - sinf by, "

by ® by, =, ST =cosf by +sinf a,*

angle of rotation f does not depend on quantum # X (momentum)
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Creation of e-h Pairs From Vacuum

+ + + cancel
ax ax ® SaX aXS by the choice m

=- (sinf cosf )ay " by T +...

ax+

+ _+ + 4+, 4+ +
U,a a aa®U_a a b b +..

+
a

Ueha+b+ba® UehaJr bta*b™ +...

Uee =Upy =-Ugq
cancel
a a | automatically!

+ _+ + 4+, 4+ +
U,a a aa® U,,a a b b +..

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

Statistics, Generators, and Lie Algebras

NO . . .
I Fermion a + Fermion b = Composite Boson Q
Q=a axby ) |
X Boson a + Boson b = Composite Boson Q
+ - N=N_+N
— a b
[Q’Q ] NO m N Particle # operators
Generators KO:%(N- NO) K =Q K+:Q+
Lie Algebra
[KO,K']:-K' FF: SU(2)
[K™,K"]=m2K,
+1 s+
[Ko, K] =K BB: SU(1,1)
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BEC in 2D

Mermin & Wagner 1966

Hohenberg 1967
No macr oscopic occupation of a single state No LRO

~~

No condensate!

Superfluidity? |
Yes. quasi-condensate K » 0O Popov 1973
D. Fisher & Hohenberg 1988

Disorder in 2D?7?

Potential fluctuationsin QWs

~~

“Lakes’ of exciton BEC
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Summary

* Exactly-solvable pairing model:
BEC of 2D Magnetoexcitons

* Angle-Resolved Magneto-Optical Emission from 2D systems
a possible probe of collective effects?
1(Q)

* Trapped quasi-2D (Magneto)-Excitons:
ongoing search for BEC of excitons
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