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Spin-Forster transfer in optically excited quantum dots
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The mechanisms of energy and spin transfer in quantum dot pairs coupled via the Coulomb interaction are
studied. Exciton transfer can be resonant or phonon-assisted. In both cases, the transfer rates strongly depend
on the resonance conditions. The spin selection rules in the transfer process come from the exchange and
spin-orbit interactions. The character of energy dissipation in spin transfer is different than that in the tradi-
tional spin currents. The spin-dependent photon cross-correlation functions reflect the exciton transfer process.
In addition, a mathematical method to calculate Forster transfer in crystalline nanostructures beyond the
dipole-dipole approximation is described.
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A new field of research, spintronics, studies the principlegprevious paper on spin transferwe include here the
of manipulation of the spin degree of freedom in solids ancelectron-hole exchange interaction and consider the fine
molecules, whereas traditional electronics utilizes electric structure of exciton states. In addition, we show that the
charges. Spintronics is also closely related to quantum infordipole-dipole approximation is not reliable for the typical
mation science since the spin is an important element ofterdot distances in experimental structures and describe a
quantum computing. In most cases, transport of spins in solnethod to compute Coulomb matrix elements beyond the
ids and molecular systems comes from transfer or tunnelingipme approach. Our method is valid WhB ayice Where
of charged electrons and, therefore, is accompanied by eleg is the interdot distance ardlc. is the lattice period. In
tric currents. In electronic materials3 the electric i”teraCtionsaddition, we note that the Férster transfer mechanism con-
are often much stronger than the spin-related ones and, therggareq in this paper has the electrostatic, near-field nature;

fore, when manipulating charged particles with spins, USU3is is in contrast to the recent paper on the radiative cou-

electronics has often obvious advantages compared to Smeing between QDE.

gggt'rcss'ngvﬁ\;ergesglp mm;);h?r\]/: Zﬁ;ﬁg? ?ﬁsrr?(\e/r?tru(r{r?aor?ibliﬂ Experimentally, Forster transfer of excitons can be studied
can be transferred without tunneling or ballistic transport.USing time-resolve photoluminescefia the photon cross-

One particular mechanism of spin transfer without tunnelingerretation metho&."® Experiments on energy transfer in
can occur in optically excited semiconductor quantum dotdlanostructures were done with colImdaI_na_mocryétaisd
(QD9); spin-polarized excitons can be transferred betweef€cently with self-assembled InAs QBst is important to
QDs via the long-range noncontact Coulomb interactién. note that QDs can also be coupled via tunnefigpwever,

is important to note that CoulomiForstey transfer of spin  the tunneling amplitude decreases exponentially with in-
in QDs becomes possible due to the strong spin-dependefteasing the distance between QDs and with the hight of the
interactions in semiconductors, such as spin-orbit and exparrier between QDs. At the same time, the Forster transfer
change coupling$.

Here we study theoretically the microscopic mechanisms
of spin-dependent Forster transfer in a molecule composet
of two self-assembled QDg&igs. 1 and 2 In the typical
scheme of Forster transféan optically excited exciton in
QD1 (“donor”) becomes transferred to Q@¥2acceptor’) via
the Coulomb interactiofiFig. 2(a)]. The traditional methods
to observe this transfer are time-resolved photoluminescenc ®
(PL) spectroscopyand photon correlatiorisin the case of Dot2  Growth direction z[001]
resonant transfer in self-assembled QDs, the spin selectiol
rules are determined by the electron-hole exchange interac
tion in an exciton and by the spin-orbit interaction in the
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valence band. In a symmetric QD molecule, transfer occurs © vl
with conservation of the exciton spin configuration, whereas
in QD molecules with broken symmetry, the exciton spin B
S x[110]

becomes partially lost in the transfer process. The transfe|
rates exhibit a strong dependence from the exciton energy
difference in a QD pairAE=Egycgon— Eexcdor- IN the reso- FIG. 1. (Color onling (a) Schematics of the systems of two
nant regimeAE=0, exciton and spin transfer is fast. In the QDs. (b) Geometry of a pair of self-assembled QDs and the corre-
nonresonant regime, transfer can be assisted by acousponding crystallographic axeg) Geometry of two QDs with bro-
phonons. Again, it strongly depends Ag&. In contrast to the  ken symmetry; the vectat describes the shift.
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(@) (b) (h), my,) are the effective masses of particles, &rgdy) are
bright —— the in-plane coordinates. The complete envelope functions
dark —— . j— jr— 21912 — 2.

& S— Dbrignt T A used below have a formie=Ag e X218, YI28,y sin(m(z
Coulomb = — = 2 2
oulom! _I‘I dark Coulomb —Zk)/L] and (f)h’k:Ahyke_X2/2|hvx_y2/2|hvy SII"{’JT(Z—ZK)/L], where
: ;= photon W — i=x,y, k=1,2 is the donumberz is thez-coordinate of the
o> —¥ 1\ L o> o> —¥- o> —— center ofk-dot, A, o1, are the normalizing coefficients, ahd
Dot1 phonon Dot2 is the “vertical” size of QDs. In the following, we will use

the system of coordinate&,y) [Fig. 1(b)] which corre-
FIG. 2. (Color onling Schematics of transfer processes betweensponds to the typical orientation of elongated self-assembled
two QDs. (a) Phonon-assisted mechanisth) Resonant coherent Qps grown on the “001” surfack. The lowest excitonic
transfer. states in QDs responsible for PL are composed of heavy
holes and electrons and correspond to $Hike envelope
rate demonstrates a power lgwR ®) and is independent of wave function. Taking into account the only heavy-hole
the hight of the potential barrier between QDs. To avoidwave functions, we can write the spin Hamiltonian of exci-
tunneling in a QD molecule, one can grow an AlGaAs barrierton of an individual QD in the following form?:*é
between the QDs or one can use QDs with stronger confine- spin_ % a can
ment. Another important factor is that the resonance condi- Heh =5+ > bijs, (1)
tions for Forster and tunneling transfers are different. There- =y
fore it seems to be possible, by using self-organizationwhere§ is the electron spin matrices argdare the 2x 2
growth, to design self-assembled QDs with predominantlyangular-momentum operators of heavy holes. The exchange
Forster transfer. The recent experinfentlicates that indeed parameters, andb; depend on a particular QD. By using the
such pairs of QDs with Coulomb-induced coupling can beoperator(1), we find the exciton wave functions and their
designed using the self-organization growth method. Anothegnergies. The bright excitons are composed of the states with
recent experimental papeiRef. 10 describes the spin- J=j,+s,=+1:

response of colloidal QDs bridged with biomolecules which
may assist direct tunnel transport between nanocryttats. 1 §> _1, §>
The spin current of mobile polarized electrons is accom- = 2" 2 2" 2
panied by the electric charge flow. This brings back the old X~ VE '
issue of energy dissipation in electronic devices, given by the
Joule heatQ=jE (herej is the electric current an& the 1 3> 1 3>
driving electric field. In the case of Coulomb-induced trans- +=i—= )= |-=+=
fer between QDgFigs. 4a) and 9, the energy dissipation ﬁ;: 2 2 2 2 , )

has a different character and comes from phonon-assisted \5

relaxation. The energy loss in this process is equal to the h d th tatids,:]). Th di
energy level difference in the donor and acceptor QBES: w erebxviéjseﬁlbe) rg 2 '_EZ’J ' q ;_cg(rgesgcgb |)n_g§ek:1er—
=Eexcdon ~ Eexcaon=fiwpn. IN such processes, the eneryfg ~ 9'€S & 4% " 16Dz s(bx=Dby) and e/ =—{3a,+1gb) —5(b,
turns into the phonon enerdyw,,. If a pair of QDs is reso- —by). The lower indexesc,y reflect the character of spin
nant (AE~0), the coupling between QDs can becomeOrientation in an exciton and the optical selection rules. In
coherent2-14such a process of spin transfer resembles Rabi® PL process, the excitons and y; create photons with
oscillations between QDEFig. 2(b)]. Coherent spin transfer linear x andy polarizations, respectively. The dark excitons

can occur without dissipation. are composed of the states willg;=j,+s,=+2:

The paper is organized as follows: Sec. | describes the 1 3 1 3
model of the QD system, Sec. Il includes the results on spin- + 5; + > + 5;_ >
dependent transfer rates, Sec. lll is devoted to the phonon- ¢g: = ,
assisted transfer, and Secs. IV and V are about the photon V2
correlation functions and transfer under strongly resonant
conditions. 1 3 1 3

o 2> ‘5"5>
I. MODEL v= 7 : 3

We now consider a model of a pair of self-assembledy, ;. energiesé)i:—(%az+f—gbz)+§(bx+by) and fsz‘(%az

QDs>%15 Our model incorporates two oblate asymmetric | 57, \ 3 : .

QDs|[Figs. 1a) and ¥b)]; the vertical,z-size of QDs is as- +_Ebz)_§(bx+by)' Typically, the two lowest states in the ex-

sumed to be much less than the lateral ones. To model tHglon Spectrum are dark whereas the two Upper ones are
right (Fig. 2). In this model, the normal magnetic field does

lateral motion of electrons and holes, we use the harmoni . . . .
functiond® with the characteristic lengths, Iy x not lead to mixing between dark and bright states, inducing

N o o) _ o oh) an additional splitting in the pairs of states. In the lirBit
=\l o, My andly =7/ o) My, wherew, ) are the oo the wave functions become the states in which the an-
harmonic-oscillator frequencies for electrof@ and holes gular momentum is a good quantum number.

155323-2



SPIN-FORSTER TRANSFER IN OPTICALLY EXCITED. PHYSICAL REVIEW B 71, 155323(2005
The exchange spin-dependent interaction in excitons anc Dot 1 Dot 2

the dark-bright energy splitting are quite strong, about @ 4}

0.5 meV?Y’ The other types of interaction in crystalline QDs, T

inter-dot Coulomb and electron-phonon couplings, can be(@) l

weaker and we are going to involve them as perturbation. We o “ ﬁ “ % 6—@7

note that the intradot Coulomb interaction is quite strong, but V—

it does not lead to the interdot exciton transfer; it mostly initial state final state

shifts down the exciton energies. Then, the perturbation Jior =1 o =~1

Hamiltonian is

! - ﬂ
|:iperturb: UCouI(rler) + Fie-ph+ Hh—pha (4) ®) ‘{r T
whereUc,, is the interdot Coulomb interaction. The opera- l H if H ﬁ“ ﬁ 5
tors I:|&ph andl:|h_m1 represent the interaction between acous-
tic phonons and particles. initial state final state
Jior =1 Jip =+1
Il. SPIN-DEPENDENT COULOMB MATRIX ELEMENTS FIG. 3. (Color onling Electron configurations for the initial and

First we compute the interdot Coulomb matrix elements.ﬂnal states of the trgnsfer processes wihand without(b) con

. . servation of the exciton angular momentum. The prodbgde-
The complete set of electron-hole wave functions includes S L2
eight states: comes possible in QD pairs with broken symmgiy# 0).

N }, N §;k s 1’ N §;k ' 5) of the k-QD (k=1,2,jk='i3/2). The function\lf%,k.is the
2 2 2 2 state for the conduction bands,=+1/2). Within the

lope-fi i hy. =y _
wherek=1,2 in the QDindex. For the one-exciton states, we \epnvc(agt))ge (l:ng';zc;n. ( r)a F:E;C;?g . gl'f]((f) );Jr((; ,t(r:?lgllgc)h fi?g_
have|s;,j;;1)|0,2 and |0;1)[s,,j,;2); here|0;k) denotes sk\s) = Xs\1 - T Peill Xi Xs

; . . tions in the valence bangheavy-hol¢ and in the conduction
f[he state of thé&-dot W|Fhout an exciton. Then we write the band, respectivelyiye(r) is the hole(electron envelope
interdot Coulomb matrix elements as ] N . .

function. The Fdrster process involves one electron in QD1
(0;1¢(sp,j2:2|UcoulStr1;1)]0,2). (6)  with coordinater; and one electron in QD2 with coordinate
r, (Fig. 3 and therefore we can integrate ovey,. For
smooth envelope functions and long-range Coulomb poten-
tial, we can rewrite the integrdl) as follows:

In most papers, the matrix elemeli® are calculated within

the dipole-dipole approximation which is valid in the limit

R<l40» WhereR is the interdot distance arlg, is a charac-

teristic size of QD o~ o) x(y))- NOW we are going to use

a method beyond the dipole-dipole approximation. Namely, > be1(Ra,) dna(Ra,) Pea(Ra) fn2o(Ra)

we are going to use the quantiyi../ R as a small param- ez

eter, wher ice 1S the crystal-lattice period. Sincey,; . .

<l gop OUr gagg?f)eximation i)S/ much bettgr comparedamtcﬁ the X f f dA&AA&Lx; (81 Xs)(&2)

standard dipole-dipole approximatioR>1,,. To evaluate Qa; * Lo,

the matrix element6), it is convenient to return to the pure XUcou(Ra, + AR, ,Ra, + AR, ) xs, (61 X;,(62)], (8)

electron representation and to consider two electrons in each

QD explicitly: where the summation is performed over all the unit cells in

both QDs;a, ) are the unit cell indexeﬂak and R, are the

unit cell volumes and unit cell coordinates, respectividy

=(0;1[s2,j2:2/UcoulS1,j1:1)[0,2) =1,2. A§=(AR,,,0y), whereAR, is the spatial coordinate
relative to the center of the-cell andoy is the spin coordi-

:J dédEdedE [Py 1(E)V (EDPs £V ()] nate. Assuming@paice! laor™ Biatice/ R<1, We expand the
Coulomb potential in terms afR,, and take into account the

XUcoulF1, 11,1212 1(ED) Vs 1(8) W) A6V, 2(&), leading term responsible for the Forster transfer:

M [sy,iq;dotl)—|s,,j,;dot2)

(7) UCOUI(Ral + ARalv Ra2 + ARaz)
here&;=(r,,0,) and&;=(ry, o) are the spatial and spin co-
ordinates of two electrons in QD1&=(r,,05) and &
=(r;,05) are similar coordinates for QDZs,, are the € |Ra1,a2
z-components of spin in the conduction band of @B1j;,) (9)
are thez-components of angular momentum of the valence
band-electrons¥; \ is the electron state in the valence bandwhereRal’azzRal—Raz. The Coulomb potential was taken in

- 2
_@AR AR, 3[(AR, Ry o) (AR, R, VIR, .|
N '
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= 0.01 0014 FIG. 4. (Color onling Calculated transfer am-
plitudes for QD pairs of various parameters and
O T o 45 20 25 30 35 40 " °0 & 1o 15 20 25 30 35 40 symmetry. & Transfer amplitudes fod=0. My,
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’ . ° tion; |M,|=|M,,=0. (b) Transfer amplitudes at
v © d+ 0. (c) Calculated transfer amplitudéé, (spin
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the usual formUcq,=€?/(elr1—1,|). Changing the summa- = ¢ 1(Ry) ¢ 1(Ry) P o(Ro) b 2(Ry) and dy=(Sx|X). The ma-
tion in Eq. (8) to integration, we obtain trix element (Sx|X) can also be written as 7#(img)

Mo .. - X (Pg,/Eg), whereP,, andEg are the interband optical ma-
sy d0th) s doE) trix element and the band gap energy of the bulk crystal,
respectively.
= f AR dRy e 1(Ry) P 1(Ry) P o Ro) i o Ro)

The matrix elemeny, describes the transfer process with

conservation of spin, whered4, relates to the spin-flip pro-
« x cess. The exciton states with,,=+2 have no matrix ele-
XJQ fn dAgldAgz{le(Agl) X588 ments in our model® The transfer processes with bright ex-
! ) citons[Eq. (2)] have the following amplitudes:
ARlARZ 3[(ARR1p)(AR:R ) /Ry
IRy M b dott— yb.dor = Mo + REM ],
X xs,(A&1) ij(Agz)] : (10 M b don i dor = Mo~ REM, ],
whereR;,=R;—R, and A&=(AR,d}). In the next step, we M b dots— b dote = =i lm[M,]
derive the matrix elements for the heavy-hole excitons using
the Bloch functions, x1,=|91, Xx-12=[91, xs32=(X) My dott - g2.d0 = | 1M[M]. (12)
+iIY)T/N2, x-a=(X)=i[V)) | 112,
: The matrix element$l2) strongly depend on symmetry. Es-
Mo = Mis,=+1/2j,=-3121d011) - |s,=+1/2,=-3/2d0e) pecially, it is related to the off-diagonal transfer processes
= Mg 172, =+3/2510t1) 5,112 =+3/26100) x<Yy. The off-diagonal amplitudes can be written as
ST HE TS A00) = S=m 2 | o= ol
_ § (Xl - X2)2 + (Yl - Y2)2 Mll‘l;rdOﬂ-_’d‘l;deQ = Mgbl;,doﬂazl};,doa
_ 2 IR =R,
=Ey | dRARF, (R, Ry) IR, - R2|3 ) —— Eof dR,dR,F, (R, Ry)
M1 = Mis =+1/2),=-31200t1)—|s,=-1/2],=+3/2502) 3(X4 |;X2) (F:( |15— Y2) (13
17 2
= Mis,=-1/2j,=+3/20d0t1)—[s,=+1/2j,=-3/
T2 HI2HO 5y 2127 3/20002) _ If the double-dot system is symmetric with respect to the
__E de dRFo (RLR )§[X1 X =i(Y1 = Y))I? inversion operation®Ry; — Ry, M1=0 and the transfer
- 0 1 2 1,12

IRy — RyJ° process conserves the linear polarization of excitons, i.e

(11) x-exciton in QD1 turns intox-exciton in QD2 and the same
rule is applied toy-excitons. Therefore spin information can
Here EO:ezdgl €, Fo (R, Ry) be transferred without losses in the system with spatial-
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inversion symmetnR— —R. If the dots are shifted with re- phonon phonon
spect to each other in the/-plane[Fig. 1(c)], spin informa- —_— m \
tion in the transfer process becomes partially lost siMge Coulombp Y Coulomb %____

#0; if the shiftd is small,M; = d,d,. The calculated ampli-

tudes of various transfer processes are shown in Fig. 4. For

both QDs, we used the following parameteis=2 nm,

oy =0f,/3, me=0.07m,, andm,=0.25m,. The above pa- Dot 1

rameters are typical for InAs-based QBs. FIG. 5. (Color online@ Two contributions to phonon-assisted
We note that it is very important to compute the matrix transfer with different virtual intermediate states.

elements beyond the dipole-dipole approach since the ampli-

tudesx—y vanish within the dipole-dipole approximation. jingrically symmetric, the spin-flip transfer processes vanish,
Also, the generalized dipole approatR>ajatice Used in 1. =0. In the case of asymmetric QDM,+0. Figure 4

this paper is necessary to obtain reliable numbers for all thgnows the calculated amplitudes for the cate0 and
matrix eleme'nts at interdot dis.tanclésldOt which are typi- _ strongly asymmetric QDs. One can see that the spin-flip pro-
cal for experiments. The amplitudes of processes with spingesses become important at small interdot distances. Again,

flip, [4,dotl)— |49, do2) and |y}, dotl) —|yf,dow2), can-  he dipole approach would not describe such spin-flip effects.
not be obtained within the dlpore—d|pole approach{Nmy]

«R™® for R— . At the same time, the Forster transfer ele- [ll. PHONON-ASSISTED COULOMB TRANSFER
ments with conservation of exciton spin has the usual
asymptotic behavior @ — o MyxR™3,

In a normal magnetic field, the Hamiltonigd) has an
additional term

Dot 2 Dot 1 Dot 2

In real QD systems, it is very difficult to find QDs with
the same exciton energy. Therefore one should involve
acoustic phonons to satisfy the energy conservation require-
ment[Fig. 2(@)]. The operator of exciton-phonon interaction

Ghpe reads°
Hen'= ua<gesz+ ?’jz)B, 4 el |
_ o Hexeph= 2 o [oTe(Ey + &) + oIy + E5)].
whereB is the normal magnetic field, argd andgj, , are the q PV Cph
g factors. The eigenstates of the Hamiltonian in a strong (15)

magnetic field are pure states of the total angular momentum: o o

|se=+1/2,j,=+3/2). Thus the transfer matrix elements in ~ Herec, is the phonon annihilation operatag, are the

the limit B— are given by Egs(11). The transfer process electron(hole) coordinatesg,,=5.6X 10° cm/s is the speed
with conservation of spin is given by the elemelt,,  of longitudinal soundg,,=-8.0 eV(1.0 e\) are the defor-
whereas the spin-flip transfer processes are giverMpe mational potentials, ang=5.3 g/cni is the crystal mass
Again, it is important to stress the role of symmetry for ex-density. The rate of phonon-assisted transfer includes two
citon transfer with spin-flip. If the double-dot system is cy- second-order processésg. 5):

- N 2
27 (dot2|H eyepr dOR2)(dOR2|U o ldotl)  (dot2|U o |dotl){dotl|Heye pr/dOtL)
h i excph Coul + Coul excph SIAE - %
dotl,a—dot2,a’ % . AE _ thh|Q| ( Cph|Q|)a

(16)

where|dotl)=|a;1)|0;2) and|do2)=|0;1)|a’;2) denote the  (13), the indexa=x,y, qo=AE/(ficy,), F(qp) is a function
states in which an exciton is in QD1 or in QD2, respectively;given by an integral, andN(AE) is the Bose distribution
a=X,Y is the spin index of exciton. The notatigh;ky means  function at temperatur@.

an empty QD. The rates calculated from E(L7) strongly depend on the
Then, the raté16) is reduced to energy differenc@E (Fig. 6). At small AE and low tempera-
tureT, the rate decreases due to the phonon density of states,
Wt 1 |Mdot1,a—>d012,a’|2ﬁ_qg whereas at large\E, it 'b:acomes small due to the matrix
elements of the functiod“’. The calculated rate is maximum

dotl,@—do2,a’ ~ 3
2mh AE PCoh at AE~2 meV and is about n&. Since the exciton-phonon
XF(qp)[N(AE) + 1], (17)  interaction(15) does not include spin-dependent operators,
the spin information is not lost in the phonon-emission pro-
whereMgon o .dor o IS the interdot Coulomb matrix element cess. Therefore the spin-selection rules are given by the Cou-
between the excitonic statesanda’ given by Eqs(12) and  lomb matrix elements while the phonon matrix elements
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20p
X, dot] ———
R=4nm  d=0nm 0.20 - y, dott S dot2
15} ©,°=40 meV T =lns"' y
'g %,;=:5‘0Kmev I, =1 nst
P = 0.15 1 -1 0>
n.; 10 z Ip=0.1ns
@ S [,=T,=01ns"
2 4
T o5 £ 0104
g
0.0 1 L 1 '
1 2 3 4 5 0.05 1
AE (meV)
FIG. 6. (Color onling Calculated rates of phonon-assisted trans- 0.00 — . ! . —
fer as a function of the resonanad at T=4 K. The QD pair has 6 -4 2 (0 ) 2 4 6
T (NS

inversion symmetrygd=0.

. . . . FIG. 7. Calculated cross-correlation functions for a QD pair
conserve the exciton spin configurat®nin a symmetric  ith one exciton. The correlation function is independent of the
pair of QDs withd=0, the spin of exciton is conserved. spin state of excitons. The parameters of relaxation are shown in the
However, it is important to note that we have neglected theigure and correspond to a QD pair wik=5 nm, d=0, andAE
mixing between heavy and light holes; this mixing together~2 meV. Inset: the energy diagram.
with the electron-phonon interaction can result in an addi-

tional spin _rela_xat.ion._ _In oplate QDs considered .here, OUlyith conservation of spin]’; 5 is the interdot transfer rate
approximation is justified since the hga_vy hole-light hole,,it, spin flip, T, is the intradot spin-flip rate, anbls is the
mixing is suppressed due to the large slitting between heavysmping rate proportional to the light intensity. This simple

and light-hole levels in the valence band. model resembles the ones used in Refs. 5 and 22. For our
calculations we choosel =1 ns?, I''=1ns? T =T}
IV. SPIN-DEPENDENT CROSS-CORRELATION =0.1 ns?, andI'p=0.1 nsl The pumping ratd’p=0.1 nst
FUNCTIONS corresponds to the regime of low intensify,~1). The

small phenomenological spin-flip rates are chosen to take
g’nto account spin-flip events which are typically slow. The
Ig'alculated cross-correlation functions are shown in Figs. 7

Similar to the molecular systenighe coupling between
QDs can be seen in the photon correlation measurerhent
Here we are going to introduce spin-dependent correlatio nd 8

functions for the case of two coupled QDs. The second-orde?"?. . . . .

. o . @_ First we describe one-exciton cross-correlation functions
correlation function is defined ag; =(LO1(t+ 1) /{1i(1) @ anda? . which turn out to be spin-independent in
X(l;(t)), wherel;(t) is the emission Intensity of thieexciton Oy 1x2 O 1y,2 P P

i imald =@
). . our model for the weak pumping regimel, 1, ,=0, 1y
state. Th_e_funct!ogii IS proportlonal to a number of photon :g(f_)z. The time delayr is positive when the photon with
pairs arriving with time intervat-. :

; . energyEeq,.qon arrives before the photon withg,.qop. At 7
The nonlinear dynamics of a double-dot system can be - eXe : y
quite complex. For simplicity, we will consider the limit of ~0, emission of the photoBecdoy PrOjets the system from

the statddotl ,x) to the “vacuum” state. Therefore the initial

weak pumping when the biexciton contribution to the densityCOnditions for Eqs(18) are set as,=1 andn,,=0. For 7
0~ ak— VY

matrix is small. Assuming nonresonant unpolarized excita—>0 @ o (7)=n, »(7), wheren,, () are the solutions
tion of low intensity, we can describe the exciton dynamics™ 91,27 M 2(7) =My 2\ 7), (.27

with a system of linear equations: of Egs. (18) for the above initial conditions. For<0, g’
_ <N 4(r)=ny (7). The functiong\?, is not symmetric with
No=T"(Ny 1+ Ny 1+ Ny o+ Ny 5) =4l pNg, respect tor because of directional exciton transfer from QD1
toward QD2. The effective exciton lifetime in QD1 is shorter
N1=— (T + T+ T+ Tgny + Ty 5+ Tpng, since an exciton can be transferred to QD2. This is reflected

as a faster increase gﬁz)z at 7<0. In a magnetic field, the
No=— (I +Tgne,+Tiny 1+ T'gny o+ Tpng,  (18) greoss-correle(lgon fl(er;c'tions_ can become polari;z?\tion-
pendent(ngl;xvza& ngl;yvz) since the resonance conditions
can be different for various transfer processes. This can be
incorporated in the model through appropriate spin-
dependent transfer raté$ Jor Il
Spin transfer processes can be observed using the biexci-
whereny is the “vacuum” exciton state,  are the numbers ton lines. Even at small pumping, weak biexciton lines exist.
of excitons, a=x,y is the type of exciton aB=0, andk  The energy of biexciton lines are redshifted by a few meV
=1,2 is the QDnumber. The ratd’, describes radiative re- and can be distinguished from the one-exciton lines. In ad-
combination['; is the energy transfer rate from QD1 to QD2 dition, the biexciton lines have a quadratic power depen-

ny,1 =~ (Fr + 1-‘t + 1—‘t,s + 1—‘s)nx,l + anx,l + 1—‘F‘nOv

Ny2=- (Iry+ I‘s)ny,z + l_‘t,snx,l + anx,Z +I'pNo,
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dot1 dot2

bi-exc —7T—
= FIG. 8. (Color online Upper
— |:> I |::> —_ part: schematics of processes con-
s — — tributing to the correlation func-
. (2) .

X tlgn me;x,z_- In the first _step, a
;':> biexciton in QD1 emits the
0> ——— — EE— x-photon; the second step is inter-
B dot transfer; the last step is emis-
039 L. =lns sion of the x-photon by QD2.
r=1ns" Lower part: calculated functions

2 2 . .
Ip=0.1ns"! g(xyjl;x,z andgf(x)yl;yvz. Since interdot
024 P transfer mostly conserves spin,
? [,,=T,=01ns 2 (2)
o 1x2 Ouix2~ Oxx 1y, ThE parameters
of relaxation are shown in the fig-
0.1 ure and correspond to a QD pair
@ with  R=5nm, d=0, and AE
~2 meV.

< X
x
II

(arb. units)

bi-exc,1;exc,2

@
g
«
kS
‘::
N
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T (ns)

dence. Consider now the biexciton in QD1. It decays in ap-excitons in QD1 and QD2, respectively. The r&t€" de-
radiative cascade emitting two photons with the same polarscribes direct resonant transfer between QDs. The latter can
izations (x, x or y, y photon pairs?* If the first emitted be calculated in the spirit of the convectional Forster theory
photon has the-polarization, the remaining exciton in QD1 as

has thex-character. This exciton can recombine or can be

transferred to QD2. Since the exciton spin is mostly con- 2

served in the transfer process, we expect that QD2 will Vvd":?|Mdot1,aﬂdo12,a’|2J(AE)a (20)
strongly radiatex-photons shortly after emission of the

cphoton from QDL This means thally,>Guir  where JAE)=1/hmT o/ 2/(AE/42+T2/4) is the normal-
V\{here_ the indeskx labels thex-photon eml_tted_by t_he 1€X" " ized effective density of states in the QO2,, is the energy
citon in QDL1. In other words, we use a biexciton in QD1 as : : _
: B X relaxation rate in the QD2, andE=Eqycqon~Eexcdon: TO

a too.I to prepa_re thg-extzton staEe ar=0. Trlen, the initial obtain the equatiori20) one should solve the master equa-
cond|t|9ns aFT_O areny=0, =1 if (a’k)._(x’l.) and 0 o1 involving the density matrix and assume thal,
otherwise. Flgure_8 demonstraFes the str|k|ng%2§jlfference be—>|MdoﬂﬁdoQ|_ The latter condition can be easily satisfied
tv(vzt)aen the polarized correlation function®,;,,, and  pecause the exciteg-states are quasistationary and the
Yex1y,2) o the Important regionr>0. In this way, by com-  phonon-induced relaxation in QDs is fast usually; the typical
paringg,, .., and gix),ly,z. directional spin transfer between relaxation times of self-assembled QDs are in the range of
QDs can be observed experimentally. 50 ps? In the opposite liMitAl'en<|Mgon_.doel, the cou-
pling between the ground-state of QD1 and the excited
p-state of QD2 is coherent; it has the character of Rabi os-
cillations. Then, in the case @fl ¢, <|Mgon_dop|, the char-

The convectional Forster mechanism is based on the resacteristic time for transfer from the-state of QD1 to the
nance condition between the “donor” and “accepfbtiie  s-state of QD2 will be about 17,
ground-state energy of the donor molecule coincides with the
energy of an excited state of the acceptor. In the QD system, -
such a condition can be realized if the grousd exciton s-state ——
transition in the QD1 has the same energy asptetransi- i “~ phonon
tion in QD2 (Fig. 9). Heres andp are the shell indexes in a o s
QD. In this process, the-exciton in QD1 is first transferred == sstate
to the p-state of QD2; then it relaxes to the ground state of C°;'°mb =
the QD2. The transfer rate of this process consists of two photon

contributions: v

o> —%& 0> ——
Wit o = WP+ WA, (19 . o
FIG. 9. (Color online Resonant transfer process involving the
where WP is the phonon-assisted transfer rate given by Eqs-state in QD1 and thep-state in QD2. Relaxation in QD2 is
(16) in which AE is the energy difference between and  phonon-assisted.

V. STRONGLY RESONANT COULOMB TRANSFER

p-state
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35 g-factors. By changing a magnetic field, one can chakBe
resonant d=0 nm A similar principle can be used in the case of an applied
. AN ® "=20 meV electric field; if the QDs have different dipole momenis
"o 24 o °=30 meV can be controlled by the electric field.
f/ ’ The calculated Coulomb matrix elemerisge Fig. 4 are
3’; in the range of 0.05 meV foR=5 nm. The corresponding
G 11 time is quite shortAt=7/|Mygu_.dop| ~ 10 ps. This time is
® phonon-assisted much shorter than the typical recombination time of ground-
‘ _ state excitons in QDs, which is about 1 ns. Therefore the
R=5nm . - .
coherent Coulomb-induced coupling can exist in resonant
0_‘3 > 4.0 1 2 3 a4 pairs of QDs. In the case &E=0 and a QD molecule with
AE (meV) d=0, the one-exciton wave functions are given by the linear

combinations:
FIG. 10. Resonant transfer rate corresponding to the process
shown in Fig. 8. The parameters of the QD pair &e5, %iw
=20 meV,ﬁw§:30 meV,d=0, and 1I'¢,=40 ps. Temperaturg
=4 K. The exciton spin is conserved in the transfer process.

v = |dotl,x)|dot2,0) + |dotl, 0)|dot2,x)
X (A 1
V2

_ |dotl,y)|dot2,0) + |dot1, 0)|dot2,y)

We now calculate the resonant transfer rate for typical Wy = V2 ' (21)
parameters of self-assembled QDs. Again, the rate strongly
depends on the resonance conditisee Fig. 1D The calcu- The energy splitting within the pairs of states is given by
lated rate demonstrates strong enhancemeni\®r#I's,  2|Mgou_doel- This energy can be regarded as a Rabi fre-
and also has the structure due to the phonon-assisted prguency. If the exciton is created initially in the QD1, the time
cesses discussed above. to transfer the exciton to the neighboring dot would &e

The transfer rat&\'®s is proportional to|Mgoq o dopar|? =7/ IMaou—doel ~ 10 ps for the QD pair wittR=5 nm. With
and therefore the spin-selection rules are given by the CouncreasingR, the transfer times will become longer. In the
lomb matrix elements. However, the complete transfer profegime of coherent coupling, transfer of spin information oc-
cess contains energy relaxation inside Qgy. 9). This  curs coherently, without any energy dissipation. The coherent
relaxation can lead to spin flip. Then, the efficiency of spinspin-Rabi oscillations between QDs can probably be ob-
transfer will also depend on the ratio between intradot relaxserved with modern optical methods.
ation rates with and without spin flip. If energy relaxation  To conclude, we have described the spin-dependent Cou-
inside QD2 involves mostly the heavy-hole states, spin-flipomb interaction in a QD pair. Such a coupling suggests the
relaxation will be weak, since the main contributions topossibility to transfer spin information between individual
electron-phonon scattering are not spin-dependent and, gianocrystals without transfer of charge or mass. The spin-
multaneously, the heavy-hole exciton functions aredependent transfer originates from the exchange and spin-
factorized?! It concerns both the acoustic-phonon interactionorbit interactions in semiconductors and strongly depends on
(150 and the Frohlich scattering with emission of symmetry and shapes of nanocrystals. If symmetry of a QD
LO-phonong? To conclude this section, we note that the pair is high enough, spin information can be transferred
resonant transfer process can involve a localized state in theithout losses. If symmetry is broken, spin relaxation in the
wetting layer, instead of thp-state in QD2. Such a possibil- transfer process can become significant. To calculate the
ity was discussed in Ref. 5. transfer rates in the realistic model, we use a generalized
dipole-dipole approximation which is valid R> aj,yce The
usual dipole-dipole approximatiofR>1y,) gives too large
numbers for the realistic interdot distances. As a method to

In Secs. Ill and V, we discussed incoherent transfer asPbserve spin transfer, we consider spin-dependent photon
sisted by phonons or involving a broadened state in QD2correlations in a pair of QDs.
The phonon-assisted transfer regime between ground states
in QD1 and QD2 assumes that the energy differefnEeis ACKNOWLEDGMENTS
larger than the Coulomb matrix elemeiM 4oq_.qop|- NOW The author would like to thank Pierre Petroff for some
we briefly consider the case of coherent resonant coupling ilmportant comments and S. Ulloa, G. Bryant, B. McCombe,
the regimeAE ~ |Mgyon . gop].127** This regime requires fine- G. Medeiros-Ribeiro, M. Ouyang, and M. Bayer for helpful
tuning of energies of QDs; this can be done, for examplediscussions. This work was supported by the CMSS Program
with magnetic and electric fields. The QDs can be designedt Ohio University and the AvH and Volkswagen Founda-
from different materials and therefore may have differenttions.

VI. DISCUSSION
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