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1. I n t rod uct io n

Co herent mani pulati ons in semiconducto r nanostructures have been the sub-
ject of an intense scienti Ùc acti vi ty for a few years, parti cul arl y in relati on wi th
potenti al appl icati ons such as quantum inform atio n pro cessing. In the latter, inf or-
m ati on encodi ng is general ly designed by achievi ng coherent l inear superpositi ons
of quantum states in two - (or eventua l ly more) level system s, whi ch are gener-
al ly denoted as quantum bi ts (\ q-bi ts" ). The Ùrst attem pts in these di recti ons
were made in ato m ic physi cs [1], where, however, the possibi l ity of integrati ng a
su£ cientl y high num ber of \ q-bi ts" seems questionable. Thi s di£ culty coul d be
overcome in sol id state devi ces. On the other hand, the pro blem of decoherence is
m uch m ore cri ti cal in condensed m atter.

In thi s paper, we wi ll revi ew di ˜erent spin m anipul ati ons in semiconducto r
nanostructures (qua ntum wells, quantum dots). Typi cally , two ki nds of l imiti ng
pro cesses can be identi Ùed wi th respect to thi s aim: opti cal coherence rel axati on,
conveni ently characteri zed by the opti cal dephasing ti me T 2 , and spin coherences
relaxa ti on, characteri zed by longi tudi na l (tra nsverse) spin relaxati on ti m es Ts 1 (2 ) .
In the case of quantum well exci to ns, for instance, the opti cal ly acti ve doubl et
(J = 1 ; J | exci to n angular m omentum ) can be vi ewed as an e˜ecti ve spin. Af -
ter recal ling the basics of opti cal pum pi ng in rela ti on wi th exci to n Ùne structure
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(Sec. 2), we wi l l show tha t i t is possible to create an arbi tra ry coherent superpo-
siti on of these spi n states by using a sequence of phase locked opti cal pul seswi th
ortho gonal polarizati ons, using a tem pora l coherent contro l scheme (Sec. 3). Such
exp eriments can be extended to the case of m icro cavi ti es in the stro ng coupl ing
regim e, where spin dephasing ti mes can be increased to some extent. Spin m anip-
ul ati ons by opti cal pul ses is indeed l im i ted here by the short excito n (or polari to n)
opti cal dephasing ti m es. W i th thi s respect, quantum dots, where quantum con-
Ùnement should strongly reduce dephasing pro cesses,are good candi dates: at low
tem perature, we show tha t the spin coherence decay ti me is m uch longer tha n the
electron{ hole pai r li feti m e (Sec. 5). Ho wever, the problem of sam ple inhomogeneity
should be overcome, by addressing sing le boxes.

Fi nal ly, experim ents designed to m ani pulate spi ns and thei r coherences under
m agneti c Ùeld wi l l be presented (Sec. 4). In parti cul ar we wi l l stress on exci to n spin
quantum beats in quantum wel ls in the case of correl ated or unco rrelated electron
and hole spins, and conversion between opti cal spin ori entati on and al ignm ent in
quantum boxes (Sec. 5).

2 . Op t i cal pu m p in g exp er im ent s an d exci t on Ùne st r u ct u re
i n sem ico n duct or s n an ost ru ct ur es

The understa ndi ng of opti cal pum ping exp eriments perf orm ed on excito ns
in semiconducto rs lie on the kno wl edge of thei r Ùne structure. For excito ns in
quantum wells (QW s), e.g. in the typi cal GaAs/ Al GaAs structures grown in the
[001] di recti on, the com bined acti on of the conÙnement, whi ch quanti zesthe states
along the growth axi s O z and the spin{ orbi t intera cti on sim pl iÙesthe f orm ulati on
of the quantum states wi th respect to the bul k situa ti on. Practi cal ly, the sym me-
try of the system is D 2 d and we can consider tha t the lower excito n states are
obta ined by the bi ndi ng of an electron wi th a spi n s z = Ï 1 =2 and heavy hole
wi th an angular mom entum pro jecti on j z = Ï 3 =2 . These exci to ns, the so-cal led
heavy- hole exci to ns and labeled X H , are located at about 10 m eV below the
gap for narro w quantum wel ls of typ e I wi th a typi cal wi dth of 3 nm . The X H

states are described in the basis of the exci ton angul ar m omentum bJ = bs + bj
( bs and bj are the conducti on electron and hole angul ar mom entum operato rs, respec-
ti vel y), whi ch is diagonal wi th respect to the spi n{ orbi t intera cti on:
f j J z i = j j z + s z i ² j j z ; sz i ; j z = Ï 3 =2 ; sz = Ï 1 =2 g . The intra -exci to n electron{
hole exchange spli ts the degeneracy of the X H quadrupl et. Practi cal ly, two con-
tri buti ons are disti ngui shed [2]:

(i ) the s h or t r a n g e one, whi ch can be wri tten wi th the e˜ecti ve Ham i lto ni an

H sr = £KK ;KK 0

X

i = x ;y ; z

( a i
bj i bs i + bi

bj 3
i

bs i ) ; (1)

where bs i and bj i are the components of the electron spi n and hole angular m o-
m entum operato rs, respectivel y, and a i and b i are the coe£ ci ents determ ined by
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the exci ton radial and center of m ass moti on (in D 2 d sym metry a x = a y and
b x = b y ) and K is the exci to n center of mass wave vecto r. H sr spli ts the op-
ti cal ly acti ve doubl et f j J z i = j Ï 1 i ² j Ï 3 =2 ; ´ 1 =2 ig from the quasi-degenerated
pai r fj J z i = j Ï 2i ² j Ï 3 =2 ; Ï 1 =2 ig wi th a quanti t y £ X of about 0.1 m eV [3];

(i i ) the non -analyt ical or long-range one, whi ch can be described for X H À 1 S

( J = 1 ) exci to n states by the fol lowing e˜ecti ve Ham i lto nia n:

H lr = ñh ¨ (K )

"
( bJ x K x + bJ y K y ) 2

K 2
À 1

#

£KK ; KK 0 ; (2)

where ¨ i s a l inear functi on of K at smal l K values [2, 4]. H lr spli ts the opti -
cal ly acti ve doubl et, and can be identi Ùed to the longitudi na l -tra nsverse spli tti ng
for the excito n modes wi th non zero l inear m omentum [5]. It does not coupl e
the X H (J = 2 ) sta tes. As the excito n bindi ng energy, the exchange intera cti on
is enhanced by the conÙnement in the QW structure, the exchange term s be-
ing proporti onal to the square of overl ap integra l between the electro n and the
hole wave functi ons. As a fact, the exchange energy £ i s maxi mum for 1 S states,
and decreases rapidly for exci ted bound states (the order is about 0 : 0 4 £ for 2 S

states) or unb ound states [6]. The opti cal selecti on rul es in di po lar appro xi m a-
ti on are such tha t the states j J z i = j Ï 1 i are coupl ed to the opti cal mode ¥ Ï

of the sam e angul ar m omentum . The j J z i = j Ï 2 i states, whi ch canno t be ex-
ci ted wi th one-photo n tra nsi ti ons, are cal led \ dark states" . In an opti cal pum pi ng
exp eriment using a short resonant ¥ + polari zed opti cal pul se, the j +1 i exci to n
popul ati on wi ll relax to wards therm al equi l ibri um between the j +1 i and the j À 1 i

states, due to the longi tudi nal - tra nsverse spli tti ng and col lisions exp erienced by
exci to ns as described below. The circul ar polari zati on degree can be evaluated in
the fram e of the excito n density matri x form al ism. Usi ng the isomorphi sm deÙned
by fj +1 i ; j À 1 ig !

`
j +1 =2 i

X ; j À 1 =2 i
X

ˆ
, i t is conveni ent to deÙne the exci to n

e˜ecti ve spi n bS
X

= ñh

2
¥ ; ¥ = ( ¥ x ; ¥ y ; ¥ z ) representi ng the Paul i matri ces acti ng

on the X H opti cally acti ve subspace. Intro duci ng the excito n density operator b£ ,

the mean exci to n spin is then given by SX = T r
±

b£ bS
X

²
. The circul ar or l inear

polari zati on degrees of exci to ns are then sim ply given by

P circ = 2 S X
z =

£ 1 ;1 À £
À 1 ; 1

£ 1 ;1 + £ 1 ; 1

; P li n = 2 S X
x =

£ 1 ;1 + £ 1 ; 1

£ 1 ;1 + £ 1 ; 1

;

P lin = 2 S X
y

=
£ 1 ;1 À £ 1 ; 1

i ( £ 1 ;1 + £ 1 ; 1 )
; (3)

the tw o l inear polari zati ons being ta ken along the (O x ; O y ) and (O x ; O y ) refer-
ence axi s (the latter is ro ta ted by ¤ =4 around O z from the form er). Fi na lly, the
exci to n polari zati on dyna mics can be tra ced out by measuri ng the opti cal polariza-
ti on characteri stics of the ti m e resolved secondary emission norm al to the sampl e
surf ace. For insta nce
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P circ ( t ) =
I +

À I À

I + + I À
; P lin ( t ) =

I x
À I y

I x + I y
; (4)

where I + and I À are the intensi ti es of ri ght and left circul ar components, and
I x and I y are the l inear ones along O x and O y . For instance, Fi g. 1a di splays
P circ ( t ) after the resonant excita ti on of X H by a ¥ + pul se. The characteri stic
relaxa ti on ti me, the so-cal led longi tudi na l spin relaxati on ti m e, denoted Ts 1 , is of
the order of a few tens of picosecond at low tem perature [7]. It is not sensiti ve
to the exci ton density , at low or m oderate densiti es (< 1 0 1 0 cm À 2 ). It decreases
when the conÙnement increases as predi cted by the theo ry developed by Ma ial le
et al . [4]. In addi ti on, the polari zati on decay ti me T s 1 i s inv ersely proporti onal to
the excito n m omentum scatteri ng ti m e, accordi ng to

1

T s 1

= h ¨ ( K ) 2
i § Ê ; (5)

leadi ng to a m oti onal narro wi ng e˜ect as in the spin relaxati on conducti on electron
m echani sm described form erly by D ' yakonov and Perel [5] (here, § Ê represents the
exci to n m omentum elastic scatteri ng ti me, a good estim ati on of whi ch is given
by the opti cal dephasing ti me T2 [4], and the symbol h i m eans the averaging on
the created exci to n states). For instance, in the QW presented in Fi g. 1, we have
m easured (see below in Sec. 3) T2 ¤ 6 ps at 10 K. Under resonant exci ta ti on,
we create an exci to n wa ve packet who se typi cal extensi on in K -space is given
by K r = ñh À 1

p

2 M X À h , where À h = 2 ñh= T 2 i s the exci ton homogeneous spectra l
bro adening, and M X | the exci to n mass. The average in Eq. (5) is appro xi mated
by h ¨ ( K ) i ¤ ¨ ( K À ), whi ch corresp onds typi cal ly to K À ¤ 3 È 1 0 5 cm À 1 and
¨ ( K À ) | a few tens of ñ eV, leadi ng to good estim ati ons of T s 1 [4].

Fi gure 1b di splays the P lin ( t ) dyna m ics after the resonant exci ta ti on of X H

by a l inear pul se ¥ x . W e see tha t the characteri sti c decay ti me Ts 2 , the so-cal led
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tra nsverse spi n relaxa ti on ti m e, depends now drasti cal ly on the exci to n density ,
i t increases whi le the exci to n densi ty decreases, reachi ng values of the sam e order
as Ts 1 , but rem ains below the theo reti cal l im i t predi cted in [4]: T s 2 = 2 T s 1 . As
we devel oped previ ously [8], thi s is due to inter- exci to n exchange whi ch destroys
the coherent superpositi on of the j +1 i and j À 1i com ponents in l inear excito ns
j X i = ( j +1 i + j À 1 i )=

p

2 (or j Y i = ( j +1 i + j À 1 i ) = i
p

2 ) generated by the ¥ x ( ¥ y )
exci ta ti on pul se.W eshal l seelater in Sec. 5 how the three- di m enti onal conÙnement
achi eved in quantum dots modiÙescom pletel y thi s pi cture.

3. Spin m an ip ulati on s b y t em por al co h er ent co nt ro l exp er im ents
in sem i con du cto r n an ost r u ctu res

3.1. Coherent cont rol of exci t on spin and alignment in quant um wells

W e show now how the contro l of exci to n al ignm ent and orienta ti on can be
achi eved, i.e. how to ful ly contro l S X

x and S X
z by using polari zed opti cal pul ses. W e

use here the tem pora l coherent contro l appro ach, in whi ch the structure is exci ted
by a sequence of phase contro l led polari zed pul ses. The behavi or of the exci ta ti on
popul ati ons or spi n coherences can be m oni to red thro ugh reÛectivi ty [9], tra nsmis-
sion [10], or secondary emission (SE) [11, 12]. The interest of the coherent contro l
appro ach lies in the fact tha t, cho osing pro perl y the intensi ti es and polari zati ons of
each pul se of the sequence, populati ons as wel l as spin coherences of the system can
be mani pul ated wi thi n the photo generated exci ta ti ons dephasing ti m e T 2 . Using a
cro ss l inearl y polari zed sequence, we dem onstra ted tha t a quantum sup erpositi on
of the states exci ted by each pul se of the sequence is real ly achi eved in the low
exci ta ti on Ùeld l imi t [13].

W e show Ùrst tem pora l coherent contro l of the opti cal alignment of excito ns
in GaAs/ Al GaAs quantum wells (L W = 10 nm ) at low temperature (T < 1 0 K),
and low exci to n densiti es (typi cal ly about 1 0 9 cm À 2 ). A sequence of two phase-
- locked 1.4 ps opti cal pul ses, from a m ode-locked Ti : sapphi re laser, resonantl y
exci tes the heavy- hole exci to ns at the energy E X H . The two pul sesof equal inten-
siti es are ci rcul arl y polarized, ¥ + and ¥ À , respect ively, and are separated by a ti m e
delay § = t 1 + t 2 ( t 1 = mh= E X H | coarse delay, equal to an integ er m ulti ple m of
the laser centra l com ponent period h= E X H ; t 2 | Ùne delay, allowi ng an accurate
phase tuni ng between the two pul ses). The ti m e-resolved ki neti cs are recorded by
up- converti ng the SE signal in a Li IO 3 non- l inear crysta l wi th the output from an
opti cal parametri c oscil lato r synchro nousl y pum ped by the sam e Ti :Sa laser [11].
The ti me resoluti on (1.4 ps), is l imi ted by the laser pul sesdura ti on.

Fi gure 2a shows the ti m e dependence of the tota l SE and the l inear polar-
izati on P l ( t ) for t 2 = 0 . The delay between the two exci ta ti on pul ses is set to
t 1 = 6 : 6 ps, so tha t there is no tem pora l overl ap between the two pul ses.The exci -
ta ti on wi th the second laser pul se results in a sharp rise of the l inear polarizati on
of the exci to nic lum inescence whi ch then decays wi th the characteri stic ti m e T s 2 .



180 T . Amand, X . Mar ie, P. Renucci , E. Vanel le

Ob vi ously, thi s l inear polari zati on ori ginates from the intera cti on of the second
pul se wi th the coherent exci to nic polari zati on created in the sam ple by the Ùrst
pul se. The l inear polari zati on (m easured 4 ps after the second pulse) is di splayed as
a f uncti on of t 2 in Fi g. 2b. The observed oscil lati ons are interpreted as due to the
coherent superpositi on of the j +1 i and j À 1 i heavy- hole exci to n states generated
respect ively by the ¥ + and ¥ À pul ses of the sequence, the phase f actor between
the two com ponents corresp ondi ng to the one between the two opti cal pul ses. The
oscil lati on period corresp onds to h= E X H ¤ 2 : 6 fs. Fi gure 2c displays the m inim a
and maxi ma of the l inear polari zati on oscil lati ons as a functi on of t 1 . They decay
wi th a characteri sti c ti m e Td = 6 Ï 1 ps at the tem perature of T = 1 0 K and low
exci to n density ( ¿ 1 0 9 cm À 2 ). For a hom ogeneous QW , i t is cl ear tha t T d can be
identi Ùed to the heavy-hole exci to n dephasing ti m e T 2 , as can be deduced f rom
the opti cal Bl och equati ons of the system [13].

Fig. 2. T he sequence conÙguratio n is ( ¥
+

; ¥
À ) and ps. (a) T he time evolution

of ), ) and the linear polari zation (f ull line) for (the

back- scattered laser light from the sample surf ace is neglig ib le). (b) The linear p olar-

ization measured 4 ps after the second excitation pulse [arrow in (a) ] as a function

of the Ùne temp oral separation betw een the two excitation pulses. (c) T he maxima

and minima of the linear polarizati on oscill ati ons as a function of (the dotted line is

a guide for the eyes).



Coherent Mani pulations in Semiconduct or N anostructures 181

Fig. 3. The sequence conÙguration is ( ¥ x ¥ y ) and t 1 = 4 ps. (a) The time evolution of

I + ( 2 ), I ) and the circular polarizati on (f ull line) for . Dotted

line | expected decay in the case of secondary emission dominated by optical

interf erences (see the text). Inset | the circular polari zatio n measured 4 ps af ter

the second excitation pulse as a function of the Ùne temp oral separation betw een the

tw o excitation pulses. (b) The maxima and minima of the linear polarizati on oscilla tion s

as a function of (the dotted line is a guide for the eyes).

In order to achi eve the coherent contro l of the exci to n spi n or i entation, we
use now a sequence of l inearl y polari zed pul ses ( ). Fi gure 3a shows the
secondary emission intensi ty and circul ar polari zati on dyna m ics for pul ses wi th
the sam e phase ( ). The chosen coarse ti m e delay ps insures tha t there
is no tem pora l overl ap between the two pul ses. Again we observe a f ast increase in
the emission circul ar polarizati on duri ng the second pul se. The subsequent decay
occurs wi th a characteri stic ti m e corresp ondi ng to the longi tudi nal spin relaxa ti on
ti m e . Cl early, thi s ci rcul ar polarizati on is the consequence of the intera cti on
of the second pul se wi th the coherent exci to nic popul ati on created by the Ùrst
one. The ti me dependence of on m easured 4 ps after the second pul se is
di splayed in the inset of Fi g. 3a. The observed oscil lati ons have again the period
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h= E X H , and are interpreted as the v arious achi eved coherent superpositi ons of the
l inear heavy exci to n states j X i and j Y i , wi th a relati ve phase factor identi cal to
the one between the tw o excita ti on pul ses. Fi gure 3b shows tha t the oscil lati ons
am pl i tude decay is also T d = 6 Ï 1 ps in the sam e condi ti ons as previ ously.

The ti m e range in whi ch these experi ments can be perf orm ed is indeed lim -
i ted by the excito n opti cal dephasing ti m e T 2 . The observed decay ti m e T d can
be identi Ùed wi th T 2 when the observati on is perform ed in a non-specular di rec-
ti on [14]. In these condi ti ons, T 2 decreaseswhen the tem perature is increased. The
l inear behavi or of the associated X H homogeneous bro adening À h = 2 ñh= T 2 i s the
signature of the dephasing pro cess due to acousti cal pho non scatteri ng, as seen
in Fi g. 4, and form erly observed in four wa ve m ixi ng (FW M) experim ents [15].

Fig. 4. T emp erature dependence of À ² 2 ñh = T d , and linear Ùt (solid line) to the exper-

imental data. T he dashed line represents the inhomogeneou s broadening À i n h .

No te tha t the measured À h value l ies below the inhom ogeneous bro adening one
À inh when the latti ce tem perature is below 30 K. These results can be expl ained
on the ground of recent exp erimenta l and theo reti cal works on secondary emis-
sion [16, 17]. The latter is dom inated, in our experim enta l condi ti ons, by resonant
R ayl eigh scatteri ng (R R S) induced by the interf ace structura l disorder due to the
m olecular beam epita xy growth process. The potenti al Ûuctua ti ons experienced
by the exci to n center of m assim ply thei r local izati on. In the case of strong local -
izati on, the indi vi dual exci to ni c dipoles emi t coherent radiati on in the observati on
di recti on wi th a phase factor whi ch stro ngly Ûuctua tes from site to site, determ ined
by the local to pology of the potenti al . The resulti ng interf erences thus decay wi th
the ti m e T 2 .

Fi gure 3 indi cates tha t the exci to nic emission rem ains ci rcul arl y polari zed
after the second pul se, duri ng a ti m e whi ch is much larger tha n the opti cal de-
phasing ti me T 2 , i .e. when the emission is dominated by incoherent lum inescence.
Thi s demonstra tes tha t a real coherent superpositi on of j X i and j Y i states has
been achi eved for each indi vi dual di pole, and tha t the emission does not come
from opti cal interf erencesof coherent emission radiated by local ized di poles either
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j X i or j Y i accordi ng to the site; in the latter case, the circul ar polari zati on decay
ti m e should coinci des wi th T2 , and not T s1 (see the dotted l ine in Fi g. 3a).

Al l these predi cti ons can easily be deduced from the evoluti on equati on of
the excito n density operato r

db£
dt

= À

i
ñh

[ H ( t ) ; b£ ] +
db£
dt

Ù
Ù
Ù
Ù

r e lax

: (6)

Here the system Ham i lto ni an is H = H 0 + H in t ( t ) , where H 0 i s the unp erturb ed
Ha mi l to nian and H int ( t ) | the intera cti on Ha mi lto nian wi th l ight. Both Ha mi l -
to ni ans are restri cted to the heavy- hole exci to n subspace. In the di polar appro x-
im ati on, H int ( t ) = À bñ Â E ( t ), where ñ i s the dipolar operato r for the heavy- hole
exci to n, and E ( t ) = E 1 ( t ) + E 2 ( t À § ) i s the electri c Ùeld ampl itude (§ = t 1 + t 2 ) :

The phenom enological term s db£
dt j re la x describe the relaxati on of the system

to wards the therm odyna m ical equi l ibri um . W i thi n the relaxa ti on ti m eappro xi m a-
ti on, and for a homogeneous system , the relaxa ti on of popul ati on term s wri tes in
the basis f j ˜i ; j +1 i ; j À 1 ig

d£
Ï 1 ; Ï 1

dt

Ù
Ù
Ù
re la x

= À

1

T1

£ Ï 1 ; 1 À

1

2 T s 1

( £ 1 ; 1 À £ 1 ; 1 ) ; (7a)

d£ ;

dt

Ù
Ù
Ù
re la x

=
1

T 1

(£ 1 ;1 + £ 1 ; 1 ) ; (7b)

where j ˜i represents the QW fundam enta l state (no exci to ns), and T1 is the intri n-
sic radiati ve exci to n l i feti m e. The coherences decay is given by the non-di agonal
relaxa ti on term s

d£ 1 ; 1

dt

Ù
Ù
Ù
re la x

= À

˚
1

T1

+
1

T s 2

Ç

£ 1 ;1 ; (8a)

d£ ; 1

dt

Ù
Ù
Ù
re la x

= À

1

T2

£ ; 1 : (8b)

The opti cal dephasing ti me of opti cal ly acti ve exci to ns is related to the l i feti m e
by 1 =T 2 = 1 =(2 T 1 ) + 1 =T 2 , where T 2 represents the characteri stic ti me of pure
(elasti c) dephasing processes. Co rrespondi ng expressions can be obta ined in the
f j ˜i ; j X i ; j Y ig basis. The equati on of the density m atri x can be solved analyti cal ly
in the case where § ; T 2 § T 1 ; T s 2 . The quantum wel l interba nd polari zati on is given
by P = Tr ( b£ bñ ) . For a (¥ X ; ¥ Y ) excita ti on sequence appl ied to a homogeneous
system , we obta in, to the Ùrst order appro xi mati on wi th respect to the electri c
Ùeld am pl i tudes and wi th equal intensi ti es short pul ses[13]

P circ ( t ) =
2 exp( À § =T 2 ) sin( ! H § )

exp( À § =T 1 ) + 1
exp [À ( t À § ) =T s 1 ] ; ( t > § ): (9)

Mo re detai ls are given in R ef. [14] in the case of inhom ogeneous systems.
Al tho ugh the feasibi l i ty of coherent contro l experim ents is well establ ished,

i t is highly desirable, wi th respect to potenti al appl icati ons, to investigate system s
where the exci to n spin relaxati on and opti cal dephasing ti m es are much longer.
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3.2. Coherent cont rol of exci t on-polar i tons spin and ali gnment in mi cro cavit ies

Semiconducto r m icrocavi ti es in a strong coupl ing regime o˜er a uni que pos-
sibi l i ty to contro l both spin relaxati on and dephasing ti m e. The presented struc-
tures, elaborated by m olecular beam epi taxy , consi st in a high Ùnessepl anar opti -
cal cavi ti es delim ited by two Bragg m irrors m ade of al terna ti ng Al y Ga1 À y As/ Al As
quarter wa ve plates; one or several In x Ga1 À x As quantum wells are inserted duri ng
the growth at the anti nodes of the electro magneti c Ùeld of the cavi ty . As demon-
stra ted by Weisbuch et al . [18], when the cavi ty Ùnesseis high enough, excito n and
cavi ty m odes wi th the sam e wa ve vecto r k and angular m omentum J z [19] coupl e
to gether, thus leadi ng to a m ixed quasi-parti cle, the so-called cavi ty- po lari to ns.
The new eigenmodes consist in two branches, whi ch dispersion is determ ined by

E L B ( U B ) ( K ) =
1

2
[ E C ( K ) + E X H ( K )]

´

1

2

p
[ E C ( K ) À E X H ( K )] 2 + (ñh¨ R ) 2 ; (10)

where E C ( K ) i s the photo n cavi ty m ode and ¨ R i s the vacuum R abi spli tti ng,
characteri zing the excito n-photo n coupl ing strength. The index U B and LB denote
the upper and lower polari to n bra nch, respecti vel y). The eigenstates are given by

Ù
ÙJ z ; K

˜
L B

= + X ( K )
Ù
ÙJ z ; K

˜
X

+ C ( K )
Ù
ÙJ z ; K

˜
C

;

Ù
ÙJ z ; K

˜ U B
= À C ( K )

Ù
ÙJ z ; K

˜ X
+ X ( K )

Ù
ÙJ z ; K

˜ C
: (11)

Here, X ( K ) and C (K ) are the HopÙeld coe£ cients [20]:

X ( K ) =

"

1 +

˚
ñh¨ R

E L B ( K ) À E C ( K )

Ç2
#

À
1

2

;

C ( K ) = À

"

1 +

˚
E L B ( K ) À E C ( K )

ñh¨ R

Ç
2
#

À
1

2

(12)

and j J z ; K i
A represent one-parti cle states of angul ar m omentum J z = Ï 1 and

wa ve vecto r K for exci to ns, cavi ty- pho tons, polari to ns [A = X ; C ; LB (U B ) , re-
spectivel y] . Fi gure 5a,b shows the polari ton energy positi on, exci to n and polari to n
wei ghts as a f uncti on of the cavi ty detuni ng £ ² [E C (0 ) À E X H (0 )] wi th respect
to the exci to n m ode in K = 0 . Fi gure 5c shows the di spersion curves for £ = 0 .

3.3. Polar i t on spin relaxat ion in mi crocavi ties

The polari to n angul ar m omentum corresponds to the eigenstates of the op-
erator Ĵ Z = ^J X

z ` Ĵ C
z , where ^J X

z and Ĵ C
z represent the pro j ection on the growth
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Fig. 5. (a) Energies of the polariton modes, measured in a cw photolumi nescence ex-

p eriment (P LE) as a function of the cavity detuning £ (the same excitation geometry

as the time- resolved experiments is used). T he full lines corresp ond to the calcula ted

energies of the exciton- pho ton mixed states (see the text). The dashed lines are the un-

coupled cavity mode and exciton energies. (b) C alculated exciton ( j X j
2 , solid line) and

cavity photon mode ( j C j
2 , dashed line) w eight of the low er branch polariton state as a

function of £ . (c) C alculated polariton disp ersion curves at £ = 0 (b old line | p olarito n

branches, dashed lines | uncoupl ed mo des, solid line | QW gap).

axi s of the excito n and photo n angul ar momentum (onl y opti cal ly acti ve
are indeed coupl ed to l ight). The polari to n states in each bra nch are twi ce de-
generated, the corresp ondi ng two states havi ng a angul ar m omentum (i n uni ts
of ). W e can thus deÙne a polari to n e˜ecti ve spi n, and, in analogy wi th the deÙni-
ti ons adopted in bare quantum wel ls, it is possible to deÙne polari to n longi tudi nal
(tra nsverse) spi n relaxa ti on ti m es as the decay of the secondary emission circul ar
(l inear) polarizati on degree.

In the fol lowi ng, the polari to n lower branch is exci ted resonantl y at a small
inci dence angle ( , whi ch corresp onds to an ini ti al in pl ane wa ve vector of

10 cm ), and the detecti on is perform ed norm al to the m icro cavi ty surface.
The cavi ti es are grown wi th a wedge, so tha t i t is possible to adj ust the detuni ng
by movi ng the exci ta ti on spot on the sampl e surf ace. The exci ta ti on power is
weak, in order to avoid sti mulated param etri c processes [21, 22]. Fi gure 6 di splays
the circul ar polarizati on decay of the m icrocavi t y SE under a sing le exci ta ti on
for two cavi ty detuni ngs ( and meV). W e Ùnd ps for

and ns for m eV (i n the latter case, the dyna m ics cannot
be m easured beyond 50 ps because of the short polari to n l i feti me). It is clear



186 T . Amand, X . Mar ie, P. Renucci , E. Vanel le

Fig. 6. (a) T otal intensity decay at £ = 0 and (b) circular p olarizati on decays of the

micro cavi ty MC 1 for £ = À 3 meV ( ¯ ) and £ = 0 ( ) follow ing a ¥
+ excitation pulse.

here tha t the e£ ci ency of the spin relaxati on pro cess, whi ch is governed by the
long range electron{ hole exchange intera cti on wi thi n the exci to n com ponent of the
polari to n, decreases when the exci to n character of the polari to n decreases. T aki ng
into account tha t ¨ ¨ , we ha ve ¨ K X K ¨ K . Fi na l ly, in analogy
wi th (5), we obta in f or the polari ton spin relaxati on ti m e

T
¨ K § : (13)

Here, § i s the polari to n m om entum relaxati on ti m e due to elastic scatteri ng
pro cesses. In our experim ents, the ini ti al polari to n wa ve vecto r is about K

10 cm , corresp ondi ng to a squared long range exchangeintera cti on ¨ K

about three orders of magnitude lower tha n in the previ ous case of bare excito ns.
On the other hand, due to the strong energy di spersion in the excited region
at negati ve detuni ng, the elasti c scatteri ng ti m e becom es longer by an order of
m agni tude wi th respect to the bare exci to n one, as seen below (T ps for
£ meV), so tha t the dephasing ti m e is m ainly determ ined by the polari to n
escape ti me from the cavi ty . W e have m easured T : ps, so tha t =T

= T =T = T . T aking T as an estimate of § as is usual ly done, we
obta in thus for £ m eV § ps and À h= T : m eV. Ho wever, due
to the smal l polari to n m ass (about ti mes the excito n m ass) the extensi on in

-space of the created polari to n wa ve packet is smal l wi th respect to K K

K ), so we can use the fol lowing appro xi mati on: ¨ K ¨ K .

The polari to n spi n relaxati on ti me T i s thus more tha n two orders of magni tude
larger tha n the bare excito n one T . Thi s results in the bl ocki ng of the longi tudi nal
polari to n spin relaxati on at negati ve detuni ng as i t is observed in Fi g. 6. Fi nal ly,
the same blocking e˜ect can be obta ined at negati ve detuni ng for l inearl y polari zed
polari to ns, when polari to n m utua l exchange intera cti on is quenched [23].

3.4. Coherent cont rol of polar i t on al ignment and angular moment um

W e extend now the m etho d appl ied in Sec. 3.1 to quantum well micro cav-
i ti es, and show how the spi n orienta ti on, al ignm ent (and density) of polari tons
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can be coherentl y m anipul ated. In addi ti on, polari to n dephasing ti m es can be es-
ti m ated [24, 25]. Let us consi der for instance a sequence of two opti cal pul ses of
opp osite hel ici ty (¥ + ; ¥ À ) and exci te resonantl y the LB polari to n f or a cavi ty
detuni ng £ = 0 . Fi gure 7a displays the ti m e dependence of the to ta l SE when the
coarse ti me delay between the two excita ti on pul ses(¥ + ; ¥ À ) is t 1 = 6 ps, so tha t
there is no tem pora l overl ap between the tw o pul ses. Neverthel ess, the exci ta ti on
wi th the second pul se resul ts in a l inearl y polari zed SE. As shown in the inset of
Fi g. 7a, thi s l inear polarizati on osci llates at the pulsati on ! = E L B =ñh as a functi on
of the Ùne tempora l delay t 2 (thi s recordi ng, as all the simi lar data in thi s section,
is system ati cal ly ta ken just after ( ¿ 1 ps) the second pul se). These oscil lati ons
reÛect the rota ti on of the ori entati on of the l inear exci to n-polari to ns in the cavi ty
pl ane, when t 2 i s vari ed. The oscil lati ons ampl itude decay ti m e T d i s m easured in
Fi g. 7b, where we Ùnd Td = 3:2 Ï 1 ps.

Fig. 7. T he cavity detuning is £ = 0 . (a) T ime evolution of the total SE ( ) af ter a

( ¥ + ) excitation sequence: ps and . Inset | linear polariz atio n as a

function of the Ùne temp oral separation betw een the two excitation pulses. (b) T he

maxima and minima of the linear polariza tion oscilla tion s as a function of . The solid

line is the Ùt using Eq. (14) (see the text).

Co herent contro l of m icrocavi ty polari to n spin can be achieved wi th a se-
quence of two l inearly cro ss-polari zed laser pul ses (¥ x ; ¥ y ). The excita ti on wi th
the second pul se resul ts in a ci rcul arl y polarized SE, as i l lustra ted in Fi g. 8 for
t 1 = 4 ps. The ampl i tude decay of thi s circul ar po lari zati on oscil lati ons as a func-
ti on of t 1 yi elds also the measurement of T 2 .

In m icrocavi ti es, the polari zati on oscil lati ons observed in Fi gs. 7a and 8
dem onstra te tha t the coherent emission from the K ¿= 0 exci to n-polari to n states
can be obta ined from an o˜- norm al exci ta ti on di recti on. Thi s fact was previ ousl y
observed by Norri s et al . [26] in interf erometri c pum p-probe experim ents per-
form ed in non specular di recti ons. W e interpret thi s as the resul t of the coupl ing
by the disorder induced potenti al of K p and K ¿= 0 polari to n states thro ugh thei r
exci to nic com ponent [27], whi ch leads to inhom ogeneous broadening of polari to n



188 T . Amand, X . Mar ie, P. Renucci , E. Vanel le

Fig. 8. T he cavity detuning is £ = 0 and the conÙguration is ( ¥
x

; ¥
y ). Circular p o-

larizati on as a function of the Ùne temp oral separation t 2 betw een the tw o excitation

pulses (t 1 = 4 ps).

states and the possibi li ty of resonant R aylei gh scatteri ng. W e can thus concl ude
tha t, due to the R RS nature of the detected signal , the polari zati on oscil lati ons
decay ti me T observed in our experim ents is the polari to n dephasing ti me T .
For micro cavi ti eswi th a very low disorder, the energy conservati on and di spersion
e˜ects shoul d in pri nci pl e lead to RR S emission di recti ons located on the surface
of a cone centered around the norm al di recti on to the micro cavi ty, the to p angle of
whi ch is determ ined by the exci ta ti on l ight angle wi th respect to tha t norm al [28].
Ho wever, the energy di spersion between K 10 cm and K i s, in all cases
inv estigated here, smal ler tha n the polari to n states bro adening , so tha t elastic
l ight scatteri ng becom es possibl e out of the above deÙned conical surf ace.

W e study now the dependence of the opti cal dephasing ti me on the cavi ty
detuni ng. Using e.g. a (¥ ; ¥ ) pul se sequence, i t can be shown tha t just af ter
the second pul se ( t § ), the SE l inear polarizati on wri tes (see Annex 1)

P § P §
exp § =T

exp § =T
cos

E §

h
: (14)

Thi s expression is val id when the polari to n states can be considered as homoge-
neous. Ho wever its val idi ty can be extended here in the case of inhomogeneously
bro adened polari to n states [5]. The decay of the oscil lati ons am pl itude, whi ch
yi elds the m easurem ent of T , is di splayed in Fi gs. 7b and 9 for three cavi ty de-
tuni ngs. Using the T values measured from the intensi ty decay in single pul se ex-
perim ents T : ps, : ps, and ps, we Ùnd, using (14), T ps,

: ps, and : ps, for £ , 0 and 3 meV, respecti vely. The trend is in
agreem ent wi th the resul t of the FW M exp eriment perform ed by W ang et al . [29],
who observed tha t the FW M signal decay wa s faster at the resonance (£ ) tha n
for negati ve detuni ng. Thi s trend can be interpreted f rom the sim ple expression

À À
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Fig. 9. The cavity detuning dep endence of T 2 . T he minima and maxima of the linear

p olariza tion oscillati ons as a function of t 1 for £ = À 3 ( 2 ) and + 3 meV ( £ ), resp ectively .

T he solid lines are the Ùt using the mo del (14) describ ed in the text.

[15]: 1 =T = 1 =(2 T ) + 1 =T , where T represents the characteri stic ti m e of pure
dephasing pro cesses. For the negati ve detuni ng £ = 3 m eV, T is very cl ose to
2 T whi ch indi cates tha t, when the photo n character of the polari to n state dom -
inates, the opti cal dephasing ti m e is determ ined by the cavi ty photo n li feti m e.
The contri buti on of pure dephasing pro cessesis then small . In contra st, for the
positi ve detuni ng £ = +3 m eV, the li feti m e is no longer responsibl e for the phase
coherence loss since T 6 ps and T 2 : 5 ps. Cl earl y, when the polari to n has
a dom inant exci to n character, the opti cal dephasing is due to the pure dephasing
pro cesses represented by T . In thi s case, the m easured T value is close to the
values reported for heavy- hole exci tons in bare QW s of equivalent qual i ty [30].
Our measured dependence of T on £ [24, 25] is in qual i ta ti ve agreement wi th the
calculati ons of the homogeneous bro adening À of the polari to n modes by
Savo na et al . [31], whi ch show tha t the contri buti on of acousti cal phonons to À

i s one order of m agni tude smal ler (a t £ = 0 ) tha n the value (of 2 to 12 ñ eV/ K)
for bare QW exci to ns.

Ano ther possibi l i ty f or mani pulati ng exci to n spin is natura l ly o˜ered by the
use of m agneti c Ùelds [32, 33]. In quantum wells, a tra nsverse magneti c Ùeld for
instance essential ly coupl es the +1 to the +2 (and sym metri cal ly the 1

to the 2 ) exci to n states thro ugh i ts conducti on electron component, whi le a
longi tudi na l Ùeld pro vi des the usual Zeeman spl i tti ng between J = 1 (and
J = 2 ) sta tes (the angular m omenta uni t is ñh ). Al tho ugh i t wo uld be neces-
sary to use tra nsient pul ses of m agneti c Ùeld in order to achieve a given coherent
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superpositi on of quantum states, thus achi eving som e quantum f uncti on, we shal l
here only consider stati c Ùelds, in order to inv estigate the potenti al i ties of such an
appro ach.

Under a longi tudi nal magnet ic Ùeld B z , and usi ng a resonant ¥ x opti cal pul se
at smal l inci dence angle (Faraday conÙgurati on), the l inearl y polari zed components
are recorded. Fi gure 10 di splays the l inear polarizati on oscil lati ons of the secondary

Fig. 10. GaA S/A l0 : 3 Ga 0 : 7 A s quantum w ell structure ( L w = 4: 8 nm) in a longitu dinal

magnetic Ùeld, linear polarizati on oscill ati ons follow ing a excitation pulse revealing

the exciton spin beats under a longi tudi nal magnetic Ùeld. T he temp erature is 1.7 K .

emission, observed at low tem perature, and low density ( cm ), reveal ing
the exci to n spin beats [34, 35]. The e˜ecti ve exci to n Ha m il to nian wri tes, in the
J subspace: H B g ; g ; ñ B z S X

z (g ; and g ; are the longi tudi nal
electron and hole LandÇe g -factors). The tempora l evoluti on of the exci to n spin X

i s sim ply given by the fol lowi ng expression:

d X

dt
¨ B z

X
X

Ts

; (15)

where h¨ B g ; g ; ñ B z represents the Zeeman spli tti ng of the J exci to n
states. The ini ti al condi ti on is given by X = x P S x ).
The exci to n spin precesses around z and dam ps wi th T s [34, 35]. The l inear
polari zati on oscil lati ons disappear in a nonresonant excita ti on, or when the exci to n
tem perature or densi ty is ra ised.

Under t ransver se magnet ic Ùeld, on the other hand, the electron{ hole ex-
change intera cti on £ X deeply modiÙesthe oscillato ry behavi or of the exci to n lu-
m inescence under resonant excit ation. W e use now a circul arly polarized ¥ exci -
ta ti on l ight pul se (V oigt conÙgurati on), and the emission com ponents of opp osite
hel iciti es are detected. Under resonant exci tati on (Fi g. 11b), the emission copolar-
ized wi th the laser ( I ) oscil lates, whi le the counter polari zed one ( I ) smoothl y
increases, pra cti cal ly wi tho ut oscil lati ons, due to exci to n spin relaxati on [35]. The
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Fig. 11. GaA s/A l 0 : 3 Ga 0 : 7 A s quantum w ell structure (L w = 3 nm) in a transverse

magnetic Ùeld B x = 2 T . Intensity and polarizati on dynamics after a excitation

pulse: (a) the excitation energy is above the quantum w ell gap; (b) the excitation is

resonant with . T he temp erature is 1.7 K .

polari zati on decreases wi th the characteri sti c ti me ps. Assum ing tha t
the heavy- hole states whi ch parti cipate to the electron{ hole pai r m ani fold whi ch
consti tute the exci to n are pure angular m om entum (whi ch is achi eved
when the heavy- l ight exci to n spli tti ng is larger tha n the bindi ng energy), the
dom inant term s in the electro n{ hole e˜ecti ve spin Ham i to nian are as fol lows [36]:

(16)

where is the electron Larm or pul sati on, , is the electron
tra nsverse - factor (the hole tra nsverse - factor, general ly one order of magni tude
lower tha n , is neglected here [37]). The magneti c Ùeld mixes and
exci to n states, the spl i tti ng between the new eigenstates and being now:

whi ch under weak magneti c Ùeld appro aches . As the
exci ta ti on pul se creates a coherent sup erpositi on of and states, the

oscil lati on pul sati on observed on corresponds to . The m odul atio n am pl i tude
of the oscillati ons is l im ited by the factor ( determ ined by the exci to n
state mixi ng, thus expl aini ng why these oscil lati ons can only be detected when

becom es com parabl e to .
Under non-resonant exci tati on, the emission sti l l displays an oscil lato ry be-

havi or [35, 36, 38], whi ch contra sts wi th sim ilar experim ents perf orm ed under
longi tudi na l magneti c Ùeld, as reported above. The and oscil late now wi th
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opp osite phases (see Fi g. 11a), at the Larm or ! L pul sati on of the electron. Al -
tho ugh the detecti on energy corresp onds to X H , at a moderate exci to n density
( ¿ 1 0 9 cm À 2 ), the exchange energy £X does not m ani fest here any more. Ho wever,
the circul ar polari zati on decays wi th a ti me whi ch nearly coinci des wi th the lon-
gi tudi na l excito n spin relaxa ti on ti me Ts 1 . The interpreta ti on in term s of La rm or
precession of the electro n alone is not surpri sing at a high electron{ hole pai r density
( ¿ 1 0 1 1 cm À 2 ), or at high temperatures ( ¿ 2 0 0 K), when the exci to ns are not sta-
bl e quasi-parti cl es, and the recom binatio n ori ginates f rom unb ound electron{ hole
pai rs; i t becom es puzzl ing when excito ns are present, and the detected lum ines-
cence com es from the exci to n lum inescence[39].

W e have shown tha t the hole spin stabi l ity com pletel y determ ines these two
extrem e behavi ors [36]. For the electron, the short range exchange intera cti on wi th
the hole is equivalent to an e˜ecti ve m agneti c Ùeld, denoted the \ exchange Ùeld"
ori enta ted along O z . If the hole spi n is stable, the electron spin Ham i lto nian is
equivalent to H B = ñh! L ŝ x + ¨ exc ŝz , where ¨ exc = À

2
3

£X h j z i , so tha t the electron
spi n s = h ŝi precesses accordi ng to

ds
dt

= ( ! L e xx + ¨ exc ezz ) È s: (17)

For ¥ + exci ta ti on, s(0 ) = ( À 1 =2 ) ez , and ¨ exc = À £ X . If , on the contra ry, the
hole spin relaxes in a ti m e §h smal ler tha n ñh= ¨ , the electron does not \ feel"
any more the hole exchange Ùeld ( h ĵ z i = 0 ) . As a consequence, the polarizati on
quantum beats occur in the exci to nic lum inescence at the La rm or pul sati on ! L , in
a sim ilar way to the case of free electrons in unb ound electron{ hole pai rs observed
previ ously [38, 39]. In the general case, the electro n spin is coupl ed to a vari able
characteri zing the electron{ hole spi n correl ati on Q = 2 =3 h ĵ z ŝi . The electro n spin
evoluti on is then determ ined by the fol lowing equati ons [36]:

ds
d t

= ! L e xx È s À ( £ =ñh ) ezz È Q ;

dQ
dt

= ! L exx È Q À ( £=ñh ) ezz È s À

Q
§h

; (18)

d j z

d t
= À

j z

§h
;

where the dam ping term s due to hole spi n relaxa ti on have been only reta ined.
These equati ons al low us to describe the interm ediate cases. From direct m easure-
m ents of §h [40], we have learnt tha t the condi ti on to observe electron spin beats
(§h < ñh= ¨ ) is currentl y sati sÙed when one exci tes a quantum wel l non-resonantl y
wi th X H , wha tever is i ts wi dth. The hole spin instabi l it y is here in relati on wi th
the fact tha t the excito n tem perature is higher tha n the latti ce tem perature. The
observati on of exci to n beats in narro w quantum wel ls under resonant exci ta ti on
pro ves tha t the hole spin is stabi l ized in a cold two -dim ensional excito n gas. Note
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Fig. 12. Ga 0 : 9 4 In0 : 0 6 A s/GaA s quantum w ell structure (w ell w idth = 4 nm) in a trans-

verse magnetic Ùeld B x = 2 T . (a) I ntensity and p olari zatio n dynamics after a resonant

¥ + excitation pulse; the Ùtting parameters are: § 60 ps, 130 ps, ps,

30 ps. (b) T he beat perio d dependence on for resonant ( ) and non- resonant

( ) excitation, from w hich the parameters eV and 0 5 0 01 are

extracted w ith the appropriate Ùt (see the text).

tha t from the tw o typ es of experim ents an accurate value of the exchange energy
can be m easured (f or instance, eV

for the quantum well of Fi g. 10). Fi gure 12 i l lustra tes a situa ti on encountered in
Ga In As/ GaAs quantum wells, where is larger tha n the ones in GaAs
QW and is smal ler, leading to a stronger m ixing between the and
states. The Ùts are obta ined addi ng the general dam pi ng term s to Eq. (18) as
speciÙed in Annex 2. W e observe tha t, at earl y ti me delays, the exti ncti ons are
m ore pronounced, and, when ti me increases, the polarizati on oscil lati ons become
sym m etri cal wi th respect to the zero polarizati on axi s, due to the pro gressive hole
spi n relaxati on.

Fi nal ly, exci to n quantum beats, whi ch can be observed duri ng a few tens
of picosecond fol lowi ng a polari zed exci ta ti on pul ses under magneti c Ùeld, are the
m ani f estati on of the col lective exci to n spin coherence. The latter is enhanced by
conÙnement whi ch increases the electro n{ hole exchange intera cti on and stabi l izes
the hole spin. Thus, tw o-dimensional excito ns can keep the m emory of the photo n
angular mom entum whi ch have generated them , on a much longer ti m e tha n the
phase m emory of the exci ta ti on laser pul se.

These experim ents have been extended recentl y to positi vel y charged exci -
to ns, whi ch behave l ike electro n-spins under m agneti c Ùeld [41], and m icrocavi ty
polari to ns where the e˜ecti ve - factor can be m odi Ùed wi th the cavi ty detun-
ing [42].
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5. Exci t on sp in dyn am ics i n sem i con duct or sel f -as semb led
qu an t um d ot s

W e turn now to new semiconducto r structures whi ch pro vi de a three- dim en-
sional conÙnement, the so-cal led quantum dots (QD ). They consi st in an island of
smal l gap semiconducto r, who se sizes are comparable or smal ler tha n the three-
-dim ensional excito n Bohr radi us ( ¿ 1 0 nm ), embedded in a m atri x of wi der gap
m ateri al . In such QD , the discrete energy levels and the corresp ondi ng lack of
energy di spersion lead to a predi cted increase in the spin relaxa ti on ti me com -
pared to bul k or quantum well (QW ) structure s [43]. Here, we report on a di rect
ti m e-resolved evi dence of a spin relaxa ti on quenchi ng in InAs/ GaAs QD .

The presented structure was grown by m olecular beam epita xy on a (001)
GaAs substra te. It consi sts of 5 InAs QD planes embedded in a GaAs planar
Ñ -m icrocavi ty designed so tha t the cavi ty m ode (FW HM ¤ 3 m eV) can be tuned
in the QD ground state energy range [44] (corresp ondi ng to the X H exci to nic
tra nsiti ons). The narrowi ng of the radiati on pattern emi tted by the m icrocavi ty
al lows us to col lect the photo lum inescence (PL) e£ cientl y in spite of the small
accepta nce solid angle (1 0 À 3 steradians) of the up- conversi on detecti on set-up we
have used [11].

The sampl e is exci ted by 1.5 ps l inearl y (¥ x ) or ci rcul arl y (¥ + ) polari zed
pul ses generated by an opti cal param etri c oscil lato r. The laser exci ta ti on en-
ergy coinci des wi th both the cavi ty m ode and the QD ground state energy. The
ti m e-resolved PL is then detected at the exci ta ti on energy by a two- color up- con-
verti on set-up [11, 45].

The l inear and the circul ar polari zati on degrees of the PL are deÙned as
previ ously. Note tha t the l inear polari zati on is ta ken along the axi s para l lel to the
[1,1,0] and [1,{ 1,0] sam ple di recti ons. The exp eriments have been perform ed at
low exci tati on power ( ¿ 7 W cm À 2 ) whi ch corresponds to an avera ge estim ated
density of photo exci ted carri ers lesstha n one electron{ hole pai r per QD .

In the envel ope functi on appro xi m atio n, and keeping the growth di recti on
O z as the quanti zati on axi s, the angular m omentum of electron and holes states
are sti l l described by Bl och states as in the previ ous Sec. 2. In self-organi zed QD
structures however, the sym m etry is lowered wi th respect to the one of quan-
tum wel ls, since the QD are usually shaped in the form of trunca ted- pyra m ids or
lenses [46]. The QD are then no m ore invari ant by the roto -inversion sym m etry
operati on and the exchange intera cti on is no m ore isotro pic [3 ].

Assum ing QD wi th square bases(C 2 v sym metry), the ani sotro pi c exchange
intera cti on spl i ts now the j Ï 1i radiati ve doubl ets into the two eigenstates labeled
j X i = ( j 1 i + j À 1 i ) =

p

2 and j Y i = ( j 1 i À j À 1 i ) = i
p

2, l inearly polari zed along the
[1,1,0] and [1,{ 1,0] di recti ons, respectivel y for QD wi th bases oriented along the
[100] and [010] crysta l di recti ons as ours [47]. Co nti nuous wa ve (cw) sing le dot
spectroscopy exp eriments have clearly evidenced these tw o l inearl y polarized l ines
in self-organized InG aAs QD wi th an exchange spli tti ng of ñh! ¤ 1 5 0 ñ eV [48].
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Fig. 13. (a) T ime dep endence of the PL comp onents co-polarized I
x and cross-p olarize d

I
y to the linearly polarized (¥

x ) excitation laser (T = 10 K ) and the corresp ondi ng linear

p olariza tion P lin (f ull Î ) (the initial peak on the I lumines cence comp onent intensity

corresp onds to backscattered laser light from the sample surf ace). (b) Temp erature de-

p endence of the linear polariza tion dynamics. Inset | decay time as a function of

).

Fi gure 13a di splays the ti m e dependence of the PL com ponents co-polari zed
( ) and cro ss-polari zed ( ) to the polari zed exci ta ti on laser and the corre-
spondi ng l inear polari zati on. The QD emission exhi bi ts a stro ng l inear polarizati on
( 0 75) whi ch remains stri ctl y constant wi thi n our exp erimenta l accuracy
duri ng the exci to n emission (i .e. over ns). Thi s behavi or di ˜ers strongly
from the excito n l inear polari zati on dyna mics in bul k or typ e I QW structures,
characteri zed by a linear polari zati on decay ti m e of a few tens of picoseconds as
seen in Sec. 2. In the latter structures , i t has been demonstra ted tha t any scatter-
ing mechani sm (phonon, exchange intera cti on, electron and/ or hole single parti cle
spi n relaxati on) results in the destructi on of the coherent superpositi on between
the and components of the l inear exci to n. The exp erimenta l observati on
of a QD exci to n l inear polari zati on whi ch does not decay wi th ti m e is the pro of
tha t nei ther the electro n, nor the hole, nor the exci to n spin relax on the exci to n
l i feti m e scale.
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Fi gure 13b presents the dependence of the exci to n PL l inear polarizati on
dyna mics upon the latti ce temperature. A clear tempora l decay of P lin i s observed
above 30 K, the l inear polari zati on decay ti me dro ps from ¿ 3 5 0 0 ps at 40 K down
to 50 ps at 80 K wi th an acti vatio n energy E a = 30 Ï 1 m eV. Thi s strong tempera-
ture dependence can be due either to any electro n, hole, exci ton spin-Ûip scatteri ng
or any spin-conservi ng scatteri ng pro cesseswhi ch break the coherent sup erpositi on
of the l inearly photo generated exci to ns j X i . To the best of our kno wl edge there
is no avai lable theory on the exci to n spin-Ûip and i ts tem perature dependence in
QD . However one can speculate tha t the depolarizati on m echanism is due to hole
scatteri ng to higher QD exci ted states since the m easured acti vati on energy is close
both to the energy spli tti ng between the ground and Ùrst exci ted heavy- hole state
and to the InAs LO phonon energy [49].

A circul arly polari zed exci ta ti on shoul d lead to the observati on of circul ar
polari zati on quantum beats at the pul sati on corresp ondi ng to the anisotro pic ex-
change spli tti ng. Af ter about 15 ps, the ti m e requi red for the QD PL signal to
overcome the backscattered laser l ight, we do not observe any beat in thi s exci ta-
ti on conÙgurati on. Thi s absence is interpreted as a consequence of the exchange
spl itti ng energy stati stical Ûuctua ti ons among the QD who se energy coinci des wi th
the cavi ty mode.

Under magneti c Ùeld (B ) appl ied along the growth di recti on, i f the Zeeman
spl itti ng ñh ¨ B = ( ge ; k

+ g h ; k
) ñ B B z i s m uch larger tha n the anisotro pic exchange

energy ñh! , the QD excito n eigenstates are no more the j X i and j Y i l inearl y po-
lari zed states but the j +1 i and j À 1 i circul ar ones. W e thus exp ect to observe a

Fig. 14. T ime dependence of the PL comp onents co-p olarize d I + and counter- polarized

I
À to the ¥ -polarized excitation laser ( K ) and the corresp ondi ng circular

p olariza tion (f ull ). I nset: schematic representation of the exciton pseudo spin

rotating around the vector ¨ after p olarized excitation (see the text).
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ci rcul arl y polarized PL under ¥ + -polari zed exci ta ti on, as al ready measured in sta-
ti onary spectroscopy [46, 48]. Thi s circul ar polari zati on is indeed observed (see
Fi g. 2, where B = 2 : 5 T) and appro aches 100% for B = 5 T. Ag ain, the stri ki ng
feature is the absenceof any polarizati on decay on the excito n emission scale whi ch
conÙrms tha t the QD exci ton spi n is tota l ly frozen.

W e also observe, under magneti c Ùeld, a clear conversi on from opti cal ori -
enta ti on to al ignm ent (i .e. detecti on of l inearl y polari zed PL after exci ta ti on by
¥ + -polari zed pul ses) and vi ce versa [46], but once more the l inear or ci rcul ar po-
lari zati on rem ains tem poral ly constant.

The circul ar or l inear exci to n polari zati on dyna mics can be described in the
fram ework of an excito n pseudospin wi th S = 1 =2 [46], as intro duced in Sec. 2.
Co nsidering QD wi th square bases, the pseudospin Ham i lto ni an tha t takes into
account the exchange and the Zeeman term s is sim ply equal to [46]

H Q D = ñh ( ! ¥ x + ¨ B ¥ z ) =2 : (19)

The schemati c representati on shown in the inset of Fi g. 14 shows tha t the pseudo-
-spin rota tes around the vecto r ¨ ( ! ; 0 ; ¨ B ) after a circul arly polarized exci ta ti on
characteri zed by an ini ti al pseudo-spin S(0) para l lel to the O z axi s. The pro jection
of S ( t ) on the O z axi s yi elds the circul ar PL polari zati on whi ch should oscil late
as a functi on of ti me. W e do not observe in Fi g. 14 any beati ng structure in the
PL circul ar polari zati on. As al ready di scussed above, thi s absence com es f rom
the exchange energy dispersion am ong the detected QD . W e emphasize tha t thi s
di spersion, whi ch leads to the destructi on of the PL beats, does not prevent the
observati on of ci rcul ar polarizati on since the mean QD pseudospin pro jection on
O z i s non-zero and tends to 1/ 2 when B increases.

Under l inearl y-polari zed exci tati on, the ini ti al pseudospin S(0) is para l lel to
the O x axi s. Increa sing the m agneti c Ùeld yi elds a reducti on of the avera ge value
of the PL excito n linear polari zati on P lin ( t ) = 2 S x ( t ). The observed m agneti c
Ùeld dependence of the PL circul ar and l inear polari zati on displ ayed in Fi gs. 15a
and 15b, respectivel y, conÙrms thi s interpreta ti on.

Mo reover we see in the inset of Fi g. 14 tha t under a l inearl y (ci rcul arly)-
-polari zed excita ti on, one expects to observe a non-zero circul ar P c irc (l inear P lin )
photo lum inescence polarizati on. Thi s conversi on from opti cal ori enta ti on to al ign-
m ent and vi ce versa, reported in Fi gs. 15c and 15d, wa s previ ously observed for
exci to ns in typ e I I QW s and in InAl As/ Al GaAs QD ; i t is a di rect consequence of
the anisotro pic exci to n exchange intera cti on [46, 50].

The m agneti c Ùeld dependence of the l inear and ci rcul ar polari zati on dyna m -
ics al lows the determ inati on of the exci to n Ùne structure [51]. Fol lowi ng Dzhi oev
et al ., a quanti ta ti v e descripti on of these dependences can be given by [46, 50]

P circ
¿= P 0

c irc

~¨ 2
B

~! 2 + ~¨ 2
B

( a) ; P lin
¿= P 0

lin

~! 2

~! 2 + ~¨ 2
B

( b ) ;
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P circ ¿= P 0
lin

~! ~¨ B

~! 2 + ~¨ 2
B

( c) ; P lin ¿= P 0
c irc

~! ~¨ B

~! 2 + ~¨ 2
B

( d) ; (20)

whi ch corresp ond, respecti vel y, to the exp eriments presented in Fi gs. 15a{ d. Here,
( ~A ) 2 represents the stati sti cal average of A 2 over the QD distri buti on (A = ! ; ¨ B ) .
P 0

circ and P 0
lin are Ùtti ng parameters whi ch denote, respectivel y, the circul ar or l in-

ear ini ti al ( t = 0 ) polari zati on. The f our curves (sol id l ines) displayed in Fi g. 15 are
the best Ùts to the exp erimenta l data obta ined using Eqs. (20a{ d) wi th the fol low-
ing param eters: P 0

c irc = 0 :9 5 ; P 0
lin = 0:75, and j ~g X j = ~! = 1 4 : 5 ps (g X = ge ; k + g h ; k ).

Bayer et al . have m easured the exci to n g -factor value ( j ~g X j ¿ 3 ) in InG aAs QD by
sing le dot m agneto -photo lumi nescence spectroscopy [48]. If we assume tha t thi s
j ~g X j value is also relevant for our quantum dot, thi s leads to ñh ~! = 1 3 5 ñ eV. W e
attri bute the di screpancy between the Ùt parameter P 0

lin = 0:75 and the measured
ini ti al polarizati on P la ser

lin = 0:95 to our very sim ple appro ach whi ch ignores any
ori enta ti on Ûuctua ti ons from the [1,1,0] and the [1,{ 1 ,0] ori enta ted eigenstates.
These slight Ûuctua ti ons may originate from stati sti cal Ûuctua ti ons of the QD
shape and ori entati on [46].

Fig. 15. Magnetic Ùeld dep endence of the circular (linear) polarizati on under circularl y

p olarize d ¥ + [ (a), (d)] and linearl y p olariz ed ¥ x excitation [(b), (c)] ( K ). T he

displa yed polarizati on values are the one measured at any time delay after the pulsed

excitation , since w e do not observe any p olarizati on decay . T he solid lines are the b est

Ùts obtained with Eqs. (1a {d), ps (see the text).
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In concl usion, we have studi ed the l inear and circul ar PL polarizati on dy-
nam ics in self -organized QD under stri ctl y resonant excita ti on. W e never observe
at low tem perature any measurable tempora l decay of the linear or ci rcul ar lu-
m inescence polari zati on regardl ess of the exci ta ti on polarizati on and the m ag-
neti c Ùeld value. Thi s evidences a com plete spin relaxa ti on quenchi ng in these
zero-di mensional structure s. These resul ts contra st wi th the clear spin relaxa ti on
previ ously observed in non-resonant exci tati on condi ti ons [52]. The m ain di ˜er-
ence between these two ki nds of exp eriments rel ies on the higher energy carri er
sta te occupati on, incl udi ng barri er, wetti ng layer, and QD exci ted states whi ch
m ay induce the spin Ûip of the QD ground state by Coulomb exchange. Spin dy-
nam ics under m agneti c Ùeld is som ehow obscured by the inherent size di spersion
encountered in such systems. It is thus hi ghly desirabl e to perform experim ents on
sing le QD , in order to observe a Ham i l to nian spin evoluti on, as recentl y observed
in CdSe m icrocrysta ls [53].

6 . Co n cl u si on

W e have shown in thi s bri ef revi ew how to m anipula te spin wi th opti cal
pul ses, and the basicsof spin dyna m icsunder m agneti c Ùeld in vari ous semiconduc-
to r structure s. Other systems wi th high potenti al interest wi th respect to carri er
spi n m ani pulati ons have not been described here, as [1,1,0] oriented GaAs/ Al GaAs
quantum wel ls where the D' Yakonov and Perel m echanism is substanti al ly sup-
pressed [54], doped semiconducto r structures [55], semimagneti c structures (i n-
cl uding e.g. CdMnSe [56], or GaMnAs m ateri als [57]), and hybri d ferrom agneti c
m etal / semiconducto r devi ces, designed to achi eve electri cal spin inj ection and
tra nsport [58]. On the other hand, the observati on of a quenched spin relaxa ti on in
self-assembled quantum dots structures bri ngs clear experim ental supp ort to pro-
posals [59] using electro n spins for quantum inform ati on encodi ng and pro cessing
in a sol id state system .

An n ex 1

It can be inferred from R ef. [60] tha t the macroscopic polari zati on of the
m icrocavi ty fol lowing a sing le ¥ + (or ¥ À ) opti cal pul se can be expressed in the
frequency dom ain by

P Ï (ñh! ) ¤ N j ñ ˜ ;1 j
2

T E X H

2 ¤ ( E U B À E L B )

È

˚
1

ñh! À E L B + iÀ L B =2
À

1

ñh! À E U B + i
À U B =2

Ç

E (ñh! À ñh! 0 ) eÏ ; (A1 .1)

where ñ ˜ ;1 i s the quantum wel l dipolar matri x element between the ground state
and J z = Ï 1 angul ar m omentum of heavy- hole excito ns, N i s the num ber of
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quantum wells located at the anti nodes of the m icrocavi t y (e.g. N = 4 here),
E X H i s the bare heavy- hole exci to n energy, T is the tra nsmission coe£ cient of
the Bragg mirro rs, E L B ( U B ) are the two polari to n states energies, À L B ( U B ) are
the correspondi ng polari to n hom ogeneous bro adening. Fi na lly, E (ñh! À ñh! 0 ) i s the
Fouri er tra nsform of the incom ing electri c Ùeld envel ope functi on, ! 0 | its centra l
frequency and e Ï = (e X Ï ieY ) =

p

2 . The tempora l polari zati on functi on is given
by

P ( t ) =
1

2 ¤

Z
P (ñh! ) exp( À i ! t ) d! : (A1 .2)

W hen we appl y an externa l picosecond opti cal pul se, resonant wi th the lower
polari to n bra nch, wi th a spectra l wi dth broader tha n the polari to n dampi ng,
but m uch smaller tha n the Rabi spli tti ng (whi ch im pl ies tha t the condi ti on
À e ; À c § ñh ¨ R is f ulÙlled), the tem poral response wri tes

P Ï ( t ) ¤ P (0 ) exp

˚

À

À L B

2 ñh
t

Ç

exp

˚

À i
E L B

ñh
t

Ç

˚ ( t )e Ï ;

P (0 ) = À iN j D ˜ ;1 j
2

T E ex

2 ¤ ñh¨
E (0 ) ; (A1 .3)

where ˚ ( t ) i s the Hea vi side step functi on.
W e can now pro ceed to the coherent contro l exp eriment. The to ta l m icro -

cavi ty polari zati on fol lowing a (¥ + ; ¥ À ) exci ta ti on sequence wri tes

P ( t ) = P + ( t ) + P À ( t À § ) ; (A1 .4)

where § = t 1 + t 2 i s the tem pora l separati on between the two pul ses. For t > § ,
assuming equal intensi ty pul ses, P ( t ) wri tes in the eX ; eY basis

P ( t ) = P (0 ) exp

˚

À

À L B

2 ñh
t

Ç

exp

˚

À i
E L B

ñh
t

Ç

È

" ê
1 + exp( À = 2 + iE

ñh
§ )

p

2

!

ex +

ê
1 À exp( À = 2 + i E

ñh
§ )

p

2

!

ie y

#

: (A1 .5)

The to ta l LB polari to n popul ati on N ( t ) i s given by

N ( t ) = j P + (0 ) j
2 exp

˚

À

t

T 1

Ç

˚ ( t ) + j P (0 ) j
2 exp

˚

À

t À §

T1

Ç

˚ ( t À § ) (A1 .6)

and the to ta l emission intensi ty in the observati on di recti on is proporti onal to N (t ) .
The l inear polari zati on of the SE, detected in a non specular di recti on, wri tes

P l ( t ) =
I X

c oh ( t ) + I X
inc ( t ) À [ I Y

c oh( t ) + I Y
inc ( t )]

N ( t )
; (A1 .7)

where I
X ( Y )

c oh are the intensi ti es of the two l inearly polari zed com ponents of the R RS

in the detected di recti on, and I
X ( Y )

inc tho se of the incoherent polari tons emission.
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Just af ter the second pul se ( t = § + 0 ), the incoherent contri buti on to the signal
is negl igible, pro vi ded tha t t ~< T 2 (= 2 ñh= À L B ) and the emission l inear polarizati on
obta ined as stated in Eq. (14).

An n ex 2

The phenom enological relaxati on term s in the general case ta ke into account
the electron and hole sing le parti cl e spin relaxa ti ons (cha racteri stic ti mes §e ; §h ),
the exci to n spin relaxati on, and the radiati ve exci to n recombi nati on (ti m e §ra d ).
They can be wri tten as

ds
?

dt
= À

s
?

2

˚
1

§e
+

1

2 T s 1

+
1

§ ra d

Ç

;

ds z

d t
= À

sz

§e
À

1

2

˚

sz À

j z

3

Ç ˚
1

Ts 1

+
1

§ ra d

Ç

;

d j z =3

dt
= À

j z =3

§h
À

1

2

˚
j z

3
À sz

Ç ˚
1

Ts 1

+
1

§ ra d

Ç

; (A2 .1)

dQ
?

dt
= À

Q
?

2

˚
1

§ e
+

1

2 T s 1

+
1

§ra d

Ç

À

Q
?

§ h
;

dQ z

d t
= À

1

2 §ra d

˚

Q z À

N

2

Ç

À Q z

˚
1

§h
+

1

§ e

Ç

;

dN

d t
= À

1

2 § ra d

˚
N

2
À Q z

Ç

; (A2 .2)

where s = ( s x ; sy ) ; Q = ( Q x ; Q y ) , and N i s the to ta l excito n popul ati on.
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