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Introduction
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Bose-Einstein condensate

[M. H. Anderson et al., Science 269, 198 (1995)]
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Introduction

o helium-4
o alkali metal atoms (Li, Na, K, Rb, Cs)
o alkaline earth metal atoms (Ca, Be, Mn, Sr etc)

» direct excitons

* exciton-polaritons

* magnons

« quantum Hall bilayer excitons
* indirect excitons
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Introduction

What is indirect exciton?

“Spatially indirect exciton 1s a bound state of an electron and a
hole localized in coupled parallel 2D layers™.

Theoretical prediction: [L. V. Keldysh and Yu. V. Kopaev, Sov. Phys.
Solid State 6, 2219 (1965)]

Experimental obervation of spontaneous coherence:
[L. V. Butov et al., Phys. Rev. Lett. 86, 5608 (2001)]
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Introduction

pattern formation in cold exciton condensate

[L. V. Butov, J. Phys.: Condens. Matter 16 (2004) R1577]
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Introduction
P

cire

0.25 R +0.25

polarization patterns

[A. A. High et al., Nature 483, 584 (2012); arXiv:1103.0321]
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Model

0. IIJ(I‘: ZL) — (\D—I—Q(r: t) lI‘—I—l(r: t) \D—l(r; t) \D_Q(I‘; t))
account for both brm

H = Hy+ H,;,, Hamiltonian density
1 Hy —  single particle part including SOI
2 -Eféni —

interaction part

H
3. 1hoV, = 0

mean field Gross-Pitaevskii equation
S

HASKOLI iSLANDS



I
Model

~

single particle Hamiltonian: /1y = \IJT(I‘, t)TW(r, 1)

. [Ty 0
where T = ( 0 Tu )
/ SOl
K 2 772 a
S}} h= K /2J\/]
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Model

spin-orbit interaction (SOI):

Rashba SOI Hp =« (Ux )

Dresselhaus SOI HD

\“,35174’/
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Model

Derivation of single particle of Hamiltonian for indirect exciton

. Ty O . .
= T, acts on two particle wave function

U= (Vpy, Wy, Uy W__) and
TO _ Qme VQ th V2 062(—8; -+ i@;)
a(05 +i05) —5—V?I— £V

th
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Model

going to CM frame, one obtains

2 2 . .
. VR 5 VE aloxdx — 0.+ ixdy +id,)
a(xOx + 0, + ixdy +i0,) — V3 — %vg

We are interested in CM motion and neglect electron-hole
relative motion.
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Model

S}( = X {,B(KX -+ Zky) -+ OC(KY -+ ’&Kx)}

off-diagonal spin-flip operator with f(x — —’lﬁx,ffy = —idy

These terms lead to effective bright-to-dark exciton conversion.

-1 — +2
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Model

0. IIJ(I‘: ZL) — (\D—I—Q(r: t) lI‘—I—l(r: t) \D—l(r; t) \D_Q(I‘; t))
account for both brm

H = Hy+ H,;,, Hamiltonian density
1 Hy —  single particle part including SOI
2 -Eféni —

interaction part

H
3. 1hoV, = 0

mean field Gross-Pitaevskii equation
S
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(a) +1 "3/
. 12
+1 +1
(b)
+1 +1

e, h, X exchange
and direct

+1

direct
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Model

hh
-3/2
-1
+1/2
-1 -1
-1 -1

e, h, X exchange

hh
+3/2
+2
+1/2
e
+2 +2
+2 +2

e, h, X exchange
and direct and direct
+2 +2 +1 -1
-2 -2 -1 +1
direct X exchange
interactions

hh
-3/2
-2
-1/2
-2 -2
-2 -2

e h, X exchange

and direct
+2 -2
22 +2
X exchange
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+1 +1
-2 2
e exchange
and direct
ul +2
+2 +1

e exchange and X
exchange

e exchange
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-2 +1

h exchange and X

exchange
1 +1
+2 +2
h exchange
and direct
+2 +1
-2 1
e exchange

-1
+2
e exchange
and direct
-1 D
) 1

e exchange and X
exchange

+1 D

-1 +2

h exchange

+2

+2 -1

h exchange and X

exchange
-1 1
-2 )

h exchange

and direct
+2 -1
-2 +1
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Model

interaction Hamiltonian:

Vair + Vx + Ve + 1,
Hz'nt — 5

> Wt + (Vair + Vi) ([P | + [ WP o)+
o=4+14+2

+ (Vair + Vi Vo + Vi) (101 P T o) + [Ty 0o 4 [T [P0 o)® + [Ty TP+

(Ve + Vi)l ilwi1¢'+2q’—2 T mizw*—zwﬂq’—l)

spin-conversion

HASKOLI iSLANDS



|

Model

matrix elements of exciton-exciton interaction

i-(Q.Q.q) = fd2red2rhd2rerd2rh:@a(re, rh)Vq (re, Th)Vi(Te, Th, Ter, Th' )V Qiq(Te. Th) Y Q/ —q(Te, T)

Verh(Q, Q'L q) = fdQI’edQI‘thI‘efdQI‘hf‘l‘a(I’e, rn) Ve (e, Tw ) Vi(Te, Th, Ter, P/ )V Qg (Ter, T )V /g (Te. )
VEhQ.Qla) = — f A1 d*rad®rerd*ry U8 (e, 1h) UG (Ter. T ) Vi (Ye, T Ter . 1o ) W Qg (Yer, Th) W —g (Yo, )
Vit Q. Q' q) = —fd2red2rhd2rerd2rhf‘1’*q(I‘e,rh)‘I”"Qr(reurhf)V}(re-. I, Ter, Th )V Qiq(Te, T ) P Q/—g(Ter. Th)
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Model

2
e< 1
Vdi?‘ —

— direct and exciton exchange in =0 limit
€E€0

2

2
exrc € 2 exrc

— electron and hole exchange
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Model

25
N 20i g
g |
> 15] _ - -
G) |
3 10| -7
B} 3 _ -
> 5 P
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f Oi e ———
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0 5 10 15
Separation distance, L (nm)
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Model

0. IIJ(I‘: ZL) — (\D—I—Q(r: t) lI‘—I—l(r: t) \D—l(r; t) \D_Q(I‘; t))
account for both brm

H = Hy+ H,;,, Hamiltonian density
1 Hy —  single particle part including SOI
2 -Eféni —

interaction part

H
3. 1hoV, = 0

mean field Gross-Pitaevskii equation
S
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Model

set of Gross-Pitaevskii equations

A . ;
TS = B — SEaW Vol a W4 (Vo — W)t [ 2 Vol (10_af? + [0af?) 4 W2 000
I _
ih !

ot = EW_1 + 51205+ VoW g [W_q|? + (Vo — W)W [W g |2+ VoW g ([Woo|? + |W_5[?) + W W oW,
OV,

ih o E\I"_FQ + 812\1‘4_1 + W \1;+2|1I;+2| + (

— W)W o| W _o|? + VoW oW
oU_
ih 2

5 = EU_y — S} Uy + Vol_o|T 5|2 +

Y SR Y o IR 7 T R

_ ]V)I.IJ 2|l.IJ+2|2 + L’D!.IJ_Z(|1.IJ+1|2 + ‘III_1|2) 4+ IfV‘I-'ilef+1‘I-’ 1

where Vo = Vair + Vx + Ve + V),

and W =V.+V,
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Elementary excitations

1. Minimize free energy to find a ground state
F(\II+1’ Wy, Wig, W_o, LL) — H_luf(qj—Fla W_q, W, \IJ—Q)

UL, W, Wi, Ug) = [W 2 4 [U_ 2+ [Uo? + [0 o> =n

u denotes chemical potential

Firstly, we disregard SOI terms and define ground state from
interaction Hamiltonian.
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Elementary excitations

4 different configurations:

(i) |wh 1\—\/_‘1’1i2—0 or ‘\1;01‘_\/_\1;+1i2:0 or

(Wi = n, w2, ;=0 or ‘q’02|—\/_\1’+2¢120

— one-component condensate

(i) (w4, | = /n/2, ¥4, =0 or

LIJ323—2| =\/n/2, ¥4, =0

“ii” two-component condensate

gasm,’
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Elementary excitations

(i) (W0, ol = /n/2, W0, ., =0 or W, o] =/n/2, W), _,=0

— “ij” two-component condensate

V) [0 | = /0]

— four-component condensate
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Elementary excitations

First, consider negative exchange interaction (W = V.+V), <0
(large QW separations)

= 2 2
Vv
Y = (Vd@-r+vx+ve+vh)% — 02”
V. + V), n? W n?
H(Q) = V?;rr V. - = (Vo — —)—
2 V 2
HY = (Vair + Vi + Ve + V)5 = =
2 2
Vi
HY = (Vi + Vx4 Ve + Vi) - = =

e = (Vgir + Vx + Ve + Vi)n = Von 7 times degenerate
ground state
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Model

interaction Hamiltonian:

Vair + Vx + Ve + 1,
Hz'nt — 5

> Wt + (Vair + Vi) ([P | + [ WP o)+
o=4+14+2

+ (Vair + Vi Vo + Vi) (101 P T o) + [Ty 0o 4 [T [P0 o)® + [Ty TP+

(Ve + Vi)l ilwi1¢'+2q’—2 T mizw*—zwﬂq’—l)

spin-conversion
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Elementary excitations

Second, consider positive exchange interaction W = V. + Vj, > 0
(small QW separations)

B 2
Vi
H(l) — (de’r -+ VX + V + Vh,)rr; 02n
2 9
(2) Vve—l_‘/h n H T
H, i — ) —
| = (Vair + Vx + 5 ) 5 (VA 5 ) 5
n?  Von?
H(2) — (Vd'n ‘l_ VX ‘|‘ V ‘|— Vh)_Q 02
Vo +V, n? W n?
HY = (v, ¢ ! _ _ N
i (Vair + Vx + 5 )2 (Vo 2)2

p~ = (Vo — W/2)n 3 times degenerate ground state
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Elementary excitations

2. Linearize Gross-Pitaevskii equation with respect to the small
perturbation

\Ijg _ \/M_I_Aiei(kr—wt) _|_B§=€—i(kr—wt)

and solve algebraic equation of amplitudes Ai and Bi

Y

dispersions of elementary excitations
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Elementary excitations

W =V.+V, <0

hw = /E(E) + 2p<)
hwy = Ej 4+ n|W|

hws 4 = Ex 0.00 b . - - . . -
4 2 0 ko, 2 4
Wave vector, k (107 m™)
(a)
[Yu. G. Rubo, A.V. Kavokin, PRB 84, 045309] ST,
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Elementary excitations

W =V.+V, >0

0.00¢t . , e : :
4 2 0 kg 2 4
Wave vector, k (10’ m™)
(c)
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Elementary excitations

0.25[ Ny }
\\ \ I’
\ \\ /
— 0.201 / ‘
W =V.+V;, <0 - \ \ // — /
()] \ \ /
E 0 15 | \\ \‘\ // r"
Mo P R \ / -~
p— — m * ‘
ko =53 5 0.10 o\ [
cC \~s,~ /,”
L eee- 7
E4 = Ek + Oék 0.05¢ \\ /
\ /'I
0.00t - ' \f ' :
4 2 0 kg 2 4
Wave vector, k (10’ m™)
(b)
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Elementary excitations

0.25 N \‘\ /’l
\\\ \“‘ l,"
0.20f *, \ /
> \ y '
W =V.+V, >0 0 YN \\ / /
E 015 \ # i
M > ‘N \ ;o
AN ’
ko = £5+ = 0.10] NN \ / ,
h ()] \ \\ \ / y: ,/
LE NN \\ / o
N \\ ,’
e = B £ ak 0.05| RN / /f,’/
\\Q\ A / /’/’
<N L
0.00L . . ~~e
4 2 0 k, 2 4
Wave vector, k (107 m™)
(d)
é\N“&asn:@’/\"
g =
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Dynamics
[P | [y
0.25
0.18
~ 021
— - 10.14
> 0.15| € |
T = 0.1
" 0.1 = )
5 005 o
0.02
0 i,
-10
X (nm)
(a) (b)
sample: GaAs/AlGasAs/GaAs, 8nm/4nm/8nm; linear pump
Viie = 19.9 peV pum? Ve = —1.78 peV ,u,m2
Rashba or Dresselhaus ~‘~~ %
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Dynamics

0.18}

0.14}

n bright l’

0.06}

0.02}

10

bright-to-dark conversion due to e and h exchange
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Dynamics
8
—-200
£ .
22100 6
(]
% 0 ’5‘4'
§ 100 <2
8 200 z 1
&0
=
£g
w
£-200 ﬁe
2-100 =
S 0 4
£ 100 5
8 200
0
200 0 200 200 0 200
Distance (um) Distance (um)
condensate in a trap
[N. W. Sinclair et al., PRB 83, 245304 (2011)] BT,
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Dynamics

-400

-300

-200 -

-100 -

“mexican hat’-like profile for high strain trap

[N. W. Sinclair et al., PRB 83, 245304 (2011)]
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Dynamics
0.06

I 8 'o.oz
* 4

- ] 0.04 ! 0014
_ 0 ]
[ 002 4 . 1 0.008

I 0.00 -8 I 0.002

8 4 0 4 8 8 4 0 4 8
X (Lm)

X (Lm)

bright exciton density dark exciton density
h2 k?
et (k) = o+ kv/a2 + 52 4 2o sin(260x)

‘\‘?'RS""’.’
Rashba and Dresselhaus
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Dynamics

8 4 0 4 8
X (Lm)

0.15
0.1
0.05

-0.05

-0.1
-0.15

circular polarization © = (|W.1]|* — |[U_1]7)/(|V 1 ]® + [¥_1]%)
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Dynamics
P

cire

0.25 R +0.25

polarization patterns

[A. A. High et al., Nature 483, 584 (2012); arXiv:1103.0321]
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8 -4

bright (a) and dark (b) exciton density; circular pump

Rashba and Dresselhaus
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Conclusions

included SOI and calculated interactions

« found elementary excitation spectrum

 real-time dynamics: “mexican hat”, dip in the center,
four-leaf polarization pattern, artificial magnetic field

This work: [arXiv:1204.2721], to appear in PRB
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Thank you for attention!
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