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Molecular spintronics: Coherent spin transfer in coupled quantum dots
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Time-resolved Faraday rotation has recently demonstrated coherent transfer of electron spin between quan-
tum dots coupled by conjugated molecules. Using a transfer Hamiltonian ansatz for the coupled quantum dots,
we calculate the Faraday rotation signal as a function of the probe frequency in a pump-probe setup using
neutral quantum dots. Additionally, we study the signal of one spin-polarized excess electron in the coupled
dots. We show that, in both cases, the Faraday rotation angle is determined by the spin transfer probabilities
and the Heisenberg spin-exchange energy. By comparison of our results with experimental data, we find that
the transfer matrix element for electrons in the conduction band is of order 0.08 eV and the spin transfer
probabilities are of order 10%.
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[. INTRODUCTION The experimental data provide strong evidence that the spin
transfer is mediated by the-conjugated moleculéWe do
The past years have evidenced rapid experimentatot aim to describe this transfer mechanism microscopically,
progress in the field of spintroni¢$. Coherent transport of but consider the transfer matrix elements for electrons and
electron spins in semiconductors has been demonstrated oveeles as parameters of the Hamiltonian.
several micrometerSnourishing hopes that the electron spin ~ For CdSe QD’s with radir, andrg, the single-particle
may be used as carrier of information similar to the electrorlevel spacing for electrons and holes is large compared to the
charge. Such applications of the spin degree of freedom falemperature3 <200 K explored experimentally. This allows
classical or quantum information processimgquire control ~ Us to restrict our attention to the lowest orbital levels in the
of the electron spin not only in extended systems such asonduction and valence band of both QD’s. A possible ad-
two-dimensional electron gasé2DEG’s), but rather also for mixing of higher orbital levels caused by the Coulomb inter-
spins localized in quantum dot®D’s). action is determined by the parametgrg/ay, whereay
Recently, coherent transfer of electron spin has been ob=5.4 nm is the exciton radius for CdS&or the small QD’s
served between QD’s with different radip=1.7 nm(QD  in Ref. 5, the Coulomb interaction is small compared to the
A) andrg=3.5 nm(QD B) coupled by a benzene rifglhe  single-particle level spacing, such that the admixing of
different QD radii give rise to different quantum size levels higher orbital levels to the ground state is small as Welbr
for electrons and holes in the two species of QD’s. The redetails on experimental parameters, see SecTNis allows
sulting difference in exciton energies allows one to pump andis to describe the coupled QD’s by the Hamiltonian
probe selectively the spin polarization for QD’s of spedies
and B. The main result of Ref. 5 is that an electron spin A=Ho+HcoutHr, (1)
polarization created by optical pumping in QBis trans-
ferred “instantaneously” to QDA. The efficiency of this where
transfer mechanism is of order 10% at low temperatdres
<50 K and increases to approximately 20% foe 100 K. R o o
The observed shift of the exciton energies to lower values Ao= (Egcgﬁrcg‘ﬁ E,fc,ffoc;’ﬂ (2
compared to isolated QD’s is also consistent with a coherent v=ABio=x
delocalization of the electron or hole over the system formed : . . ,
by the QD's and the bridging molecule. contains the smgle-Partche Alevels gf. uncoupled QDt;
The purpose of this paper is to show that a two-site=A.B. The operatorg,” andc,’” annihilate an electron in
Hamiltonian with a transfer term captures some of the esserthe lowest leveE_ of the conduction band with spin quan-
tial experimental features. We aim at calculating the depentum numbers,=¢1/2 and the highest level in the valence
dence of the experimentally observed Faraday rotafid®)  band E;, with angular momentunj,=o3/2, respectively,
signal as a function of probe energy on microscopic paramwhereo= *. Here, we have adopted a simple model for the
eters such as spin transfer probabilities. The FR angle ishange in the band structure of CdSe due to the QD confine-
proportional to the difference in refractive indices for ment. We assume a spherical QD shape and a splitting of the
circularly polarized light which is determined by the differ- j=3/2 valence band at thEé point into the heavy holéhh)
ence of the dielectric response functions. We calculate thand light hole(lh) subband with total angular momentum
dielectric response functions of coupled QD’s and derive amprojectionj,= *3/2 andj,= *=1/2, respectively, as obtained,
analytical expression for the FR angle in terms of electrore.g., from the Luttinger Hamiltonian with an additional an-
transfer probabilities and Heisenberg exchange splittinggsotropy term for the crystal field of the hexagonal latfice.
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The |h subband will therefore be neglected in the following.sumed to vanish after the initial stdig,) has been prepared,
The Coulomb interaction energy is will allow us to derive simple analytical expressions for the
Y FR angle even in presence oan mBagnetic field. The simpli-
N ViR, Ay, oy Auny fying assumptiond. ,=0 andE;=E; will be lifted in the
Heou= VZEA,B 7 [Ne(ne=1)+n,(n,—1)=2ncn, ], ©) microscopic discussion in Secs. Il and IV,

R o R o The different radiir, andrg of the CdSe QD’s lead to
where n{=%,_.ct.cl, and n)==,_.c/ c!!, are the differentg factors and different Larmor precession frequen-
number operators for electrons in the conduction-band leveties w,=g,ugBeyx/%,° 1! where B, is an external mag-
and holes in the valence-band level,~e?/4mee,r, is the  netic field perpendicular to the spin quantization axis which
characteristic charging energy of @®and B, respectively. is given by the symmetry axis of the CdSe QD'’s, aydare
Transfer of spin and charge between the QD’s is accountethe electrong factors forv=A,B. At time t,
for by the transfer Hamiltonian

1 e .
A= S, (L3, N8 e ey, (@) 1HO)= g0t wati2EE —i sintwgt2EC!
where we assume that transfer of electrons through the + o cog wat/2)Ch, —ia sin(wat/2)chT 1|0).

m-conjugated molecule conserves the electron spin both in
the conduction and the valence band.

The ansatz for the Hamiltonian in Eq4)—(4) is a model o . .
in which the biexciton shift, the exciton fine structure, and -E:?'Sl;'me evotlrl:t'ol':qROf the e_Ie<(:jtr<t)n spin dc?)n ?r? detected
the electrostatic coupling between the QD’s have been ne]p% . ek;:aluse i ¢ angd»tt,ah |s_ielz;r2n|ne d yt' € %Oplé'
glected. We will justify this in Sec. V below where we dis- a:u:n I'mtl‘?' an<_:te t.e}‘é\’ﬁf; Sz—b— | cofn uc |on—/ﬁn
cuss our results for the experimental parameters of Ref. sates In is situatioft. Or probe pulise requendy/h,
Because the focus of this work is to calculate the FR anglé?_F IS proportlonal to the _d|fference of+the_ real parts of the
that results from transfer of electrons between the QD’s, wlielectric sponse functions(E) for o circularly polar-
assume for simplicity that the symmetry axis of the QD,Slzed !|ght. With t_he spectral representanon of the response
with hexagonal crystal structure is parallel to the direction offUNCtions, 0x(E) is expressed in terms of the transition-

pump and probe laser pulses. The effect of a random QUYatrix elements between the staft)) with energyE, and
orientation will be discussed in Sec. V. all intermediate statesy;) which are virtually excited by the

In the following, we analyze the results of Ref. 5 based orP™0Pe pulse,
the Hamiltonian Eq(1). This paper is organized as follows.

(5

In Sec. Il, we calculate the time-resolved FR signal for an E—(Ei—Ep) . )
electron wave function which is delocalized over QB'and 0r(E,t)=CE 4 [E_(E_E )]2+F2(|<¢i|P+|'//(t)>|
B. In Sec. lll, we calculate the FR angle as a function of ' oo

probe energy for an initial spin polarization created by opti- _ |(¢/;-||5,|¢(t)>|2). (6)
cal pumping. We take into account both electron transfer !

processes apd the Coulomb mteraqtlpn and show that Fhesi%e polarization Operator@i:dAaAtaA++dBaBT+68+
terms give rise to an exchange splitting of the two-exciton T e, G="v, =
eigenstates. In Sec. IV, we perform the related analysis for gouple to theo cwculgrly polanzgd comp.onents of the
system with one spin-polarized excess electron in the QD’sPrOb9 .pulsedy are Fhe dipole transition matrix elements for
In Sec. V, we discuss our results for the parameters of casiansition from t.heJZ: +3/2 valence-band states to th?
QD's coupled by benzene molecufesalculate the transfer — — 1/2 conduction-band states in QD and B. Eo=E.

matrix element and spin transfer probabilities. In Sec. VI, we2NdEi are the energy eigenvalues of the initial state and the
draw our conclusions. intermediate statéy;), respectively, and the level broaden-

ing I' accounts for a finite lifetime of the orbital levels. The
prefactorC«L/(hcny) is determined by the size of the
sample and the refraction inde of bulk CdSe.
Because we have assumed an initial stg{@)) with one
Before we calculate the FR angle for the general Hamil-electron, all intermediate stat¢g;) in Eq. (6) are energy
tonian, Eq.(1), in Secs. Il and IV below, we first consider eigenstates with two electrons and one hole. fzgr=0 in
time-resolved FR for a particularly simple case in which agq. (1), these are of the fornhy;)=c’' c” 6V'T,|o> with

single electron is in a coherent superposition of states in. '—+ andy »'=AB. Pauli blockicr"l(gf; B’r(:)ﬁigits the cre-

QDs A and B at tme t=0, [#(0))=(cE’  ation of an exciton with electron spinl/2 if the conduction-

+ aéé‘,l)|0>/~/1+ a?. We further assume.,=0 and EA  band level is already occupied by an electron with the same
:EE in Eq. (1) for t>0. Here,|0) denotes the vacuum state spin. The resulting difference in transition matrix elements
in which the valence band in both QD's is filled and thefor P, and P_ is proportional to the population imbalance
conduction-band states are empty. This simple scenario, abf thes,= *=1/2 levels. For a probe pulse at tihdrom Eq.
though unrealistic because transfer matrix elements are ag) we obtain directly

Il. TIME-RESOLVED FARADAY ROTATION FOR
COUPLED QUANTUM DOTS
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CE E-ER (@
O-(E 1) = z coq wgt 25
i 1+a?| °(E—EB)2+T2 dwst)

E—E} 2.4

242 X
+a dA(E*EQ)ZJrFZCOS{wAt) , (7)
whereEy=E{—E,—U, is the exciton energy for QD.

0=(E,t) shows coherent oscillations with frequencieg
and wg caused by the electron spin precessing around the 2.2
external magnetic field. In reality, these coherent oscillations
are exponentially damped with a spin dephasing fate
which is typically much smaller than the orbital dephasing
rate,I's<<I". Taking into account spin dephasing, the Fourier

10 15 20 25 30 35 40

transform of the time-resolved FR signal as a function of the (b) w/2n [GHz]
probe pulse energl and the Fourier frequenay is 25
CE E—E} I'g
Or(E, )= da 2.4
] 1+a?| P(E-ED*+T? (0—wg)’+13
>
a2 2 E- EQ FS (8) .24 23
AE-ED?+T? (w—wp)2+T2 w
. 2.2
0r(E,w) shows characteristic features fBr=E} and o
=w,. The two terms in Eq(8) describe the dielectric re-
sponse due to virtual creation of an exciton in @andB, 241 :
respectively. FOES<E<EY, they have different sign and 10 15 20 25 30 35 40
may cancel. Figure (B shows a gray scale plot of w/2n [GHz]

: B_ A
|0¢(E,w)| for the experimental value&y=2.06 eV, Ex FIG. 1. (a) Gray scale plot of the FR ang|@g| [given in Eq.

:22'421 ev, I'= 02'05 ev, andl“'sl27r=0.5 GHz, assuming (8)] in arbitrary units as function of probe pulse frequefidi and
da/dg=1 and «®=0.2. For Fig. 1b), I'=0.035 eV, and frequency f=w/2w. We have chosen the parameter&y
I'g27r=1.2 GHz, anda?=0.4. One of the most character- —» 41 eV, EB=2.06 eV, wp/27m=23.6 GHz, wg/27=20.6 GHz,
istic features of the experimental d4fig. 2(c) in Ref. 5lis  1=0.05ev, I'y27=05GHz, and «?=02. (b) For T
that| 6r(E, )| vanishes and reappears as a function of probe-0.035 eV, I'¢27=1.2 GHz, anda?=0.4, pronounced features
pulse frequency for w=wg . This feature is also present in caused by the interplay of the two terms in E8) become more
the theoretical result and can be traced back to the superpolearly visible. In particular, the FR signal at=wg vanishes and
sition of two response functions in E@®). More specifically, reappears as a function of probe pulse frequeficy

for o=wg and E=EX—T, the two terms in Eq(8) have

opposite sign and cancel for sufficiently large _accountt, ,#0 also for the intermediate states.

Above, we have assumed that. the electron delocah;ed In Ref.’5, the initial state prepared by optical pumping is
over both QD’s att=0 retains spatial coherence. For rapid 5 one-exciton state. Similar to the analysis in Sec. Il above,
decoherence of the orbital part of the wave qunctlon, thehe FR angle as a function of probe energy is proportional to
initial state is described by the density matriﬁ(c?lIO) the difference of the dielectric response functions &or
x(0|cB , +a2chT |0)(0|ch,)/(1+a?). The FR signal in circularly polarized ligh{Eq. (6)]. In order to evaluate this
this case is the incoherent superposition of the FR signals fa?Xpression, both the initial one-exciton state and all interme-
QD A andB, and is identical to the results in Eq3) and(8).  diate two-exciton states which are virtually excited by the
Hence, a FR signal as shown in Fig. 1 does not allow one t®fobe pulse must be calculated for the coupled QD’s. In this

distinguish coherent from incoherent spatial superpositionsSection, we first calculate the one-exciton energy eigenstate
of the coupled QD’s prepared by the pump pulse and subse-

quently identify all two-exciton eigenstatég;) which are
virtually excited by the probe pulse. Our analysis is based on

In the preceding sectiord(E) was calculated for the perturbation theory in the transfer energies and is valid if
simple case of a single electron delocalized over the coupledc,,] is the  smallest energy scale, |t,|
QD's. So far, we have also neglected that all intermediate< 6Ec,|8E,[,Ua,Ug,|6E,+Un g|. Here, we have defined
states| ;) in Eq. (6) that are virtually excited by the probe the energy differences(SEc=Eé— ES=0 and 6E,=E)
pulse will be modified by finite transfer energigs,. We —EP<0 between the conduction-band and valence-band
next turn to a microscopic analysis in which we take intolevels of QD'sA andB.

IIl. OPTICAL SPIN INJECTION
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) initi i izati i- _ QAT 2Bt A 2B
In Ref .5, an initial spin polarlzatlcirlTV\{aVs created by opti A, B,)=cAt cBlch . cB o), (12)
cal pumping. Fort;,=0, the states,,c, ,|0) are one-

exciton eigenstates with energy eigenvalues with energy eigenvalue

EXO=E~E/-U,, © En.s, =EXHERY. (13
which are prepared by absorption of-ao circularly polar- The notation indicates that two electrons with the same spin
ized pump pulse. To first order in the transfer energies ~ Sz= 1/2 occupy the conduction-band states in Q&'andB,

the energy eigenstates are respectively, and form a spin triplet statd.. B ) is an exact
eigenstate of the Hamiltonian even fgr 0 because transfer
e ~gtaa

of the conduction-band electrons is blocked by Pauli’s exclu-
SE,— U, eoCuo sion principle. The matrix elemedA, B. |P,[Xg ) is the

[Xp,0)=CeCy o0+

c,o~v,o

only finite matrix element of the operaté¥, .

+ ﬁ&gg&,?ﬁ)m (109 Finite matrix elements foP_ come from the states in
v A which the electrons in the conduction-band level form a spin

triplet and singlet, respectively,
L At B

_ ~BT 2B
|XB,0> CcoC |0>+ 5EC+UB c,o”v, 0

c,o~v,o

1 ... Any A An A
|T(,>=E(CAJr Bt +cil cBl)ch _cB |0y, (14a

Cc,— v,— v, +
- SE iUBacBLaﬁ,a)m% (10b
v
1 ., P “p o~
with eigenenergies |S)e E(CQT— col.—chcet)ch ¢t . |o)
2 2
E/Q:E/Q(O)Jr te - b , (11a +\2 t—CaAT oAt
5EC_UA 5EU+UA 6EC+UB c,+~c,—
2 2
EB— EB(O)_ te + b (11b —t—CEBT cBT eh _cB o) (14b
X EX T SE.+Ug | 0E,—Ug’ OE—Up et mem e e

: : : d the holes withj ,= —3/2 andj,= +3/2 are localized in

As expected, the eigenenergies are shifted due to the d N ) z z e
localization of electrons and holes over the coupled QD’s.t tDIS A adnd ? rezpe%twely. Notte :Eat th_e prolect@lorl[. of the.
The exciton states in Eq10) are the only one-exciton states otal conduction-band spin onto the spin guantization axis
which can be prepared by the absorption of a photon wit anlshgs fothe triplet stat&,). The r_lormallzat!on constant
circular polarization— ¢ if the photon is incident along the or [S) is defined by(S|S)=1. The eigenenergies
hexagonal axis of the CdSe crystal structure. However, a E, — EA0) ;. EB(O) (159
photon with energ)E:E;B< no longer creates an exciton only o X X
in QD B, but an exciton in which electron and hole are de-

localized over the coupled QD system. This delocalization of Es=ERO+EE® 4 2t2 - 1
the quantum-mechanical wave function is consistent with the O0E.—Up JE.+Ug
short time scale for spin transfer observed experimerttally. (15b

We now turn to the calculation of the FR angle, aSSUmin%hOW an energy offset which is caused by the interdot ex-
that the pump pulse has prepared an initial sta¢  change coupling’® The energies ofA.B.) and|T,) are
=|Xg,+)- The evaluation of the dielectric response functionnot shifted by electron transfer because of Pauli blocking and

will require us to calculate all two-exciton states that aredestructive interference of transfer paths, respectively.
virtually excited by the probe pulse. Interesting features in  The state

the FR signal effected by spin transfer are of ortfey. In

order to keep the following expressions simple, we assume gt ~Bt c At ~Bt  ~AT ABY
that spin is transferred between the conduction-band states|B+B_)>|cc cc_+ ﬂ(ccﬁcc&_cc,&cﬁ)
and sett,=0. Then, only the seven statgs,B.), |To), ¢ A
IS), BLB_), [To), |S), and|B,B_) listed below and in 2t2cAT cAT ‘A B

. .. . 2 . + ! !
Appendix A have finite matrix elements up ©(tg) with (E,—U,)(20E.—Ur+Up) Cy,~Cy,+10),

I5i|XB'+). For 6E,+U,#0, only the eigenenergies of

|A.B,), |To), and|S) are close to the excitation energy of

a probe pulse with frequenc§/h=E4/h. Hence, these Wwith

states dominate the spectral representation in(&cd> 2
The polarization operatd? , induces transitions from the E —EBO L EB_pA_o__° (17)

initial state|Xg . ) to BeB-T X ¢ " TE—U,

(16)

195315-4



MOLECULAR SPINTRONICS: COHERENT SPIN.. ..

(a) el 4 e
|4,B.)= Iy
el -%EC
QDB QDA
O law el
’T‘))’ S>= A i A
ST

FIG. 2. Schematic representation of the spin configurations
the electron pictupefor states(a) |A,B.) and (b) |S), |To) to

leading order irt.. The dashed lines represent the conduction- and

valence-band edge in bulk CdSe.

is offset in energy fronEx(¥+ES(© even to zeroth order in
t. and does not contribute significantly t@-(E) for E
zEQ. The three states in Eq$l4) and (16) provide the
dominant terms in the spectral representation fprin Eq.

(6). In particular, they exhaust the sum
E|¢i>|<I)[Ii|CétC$\’,|XB'+>|2=1 up to O(t2). In Fig. 2, the

spin configurations fotA,B,), |S), and|T,) are shown
schematically.
From Eqgs.(10b—(17), the FR angledg is readily evalu-

ated. We denote the electron transfer probability from QD

to QD v’ by p,_.,,. We obtain

t. )2
pA—»B_< 5EC_UA) ’ (18@

t 2

_ Cc
pBHA_ ( 5Ec+ UB (18b)

rule

PHYSICAL REVIEW 89, 195315 (2004

60 (E) Edi 1 ) E_ETOB
F - 2 pB—»A (E—ETOB)2+F2
E_ESB
—(1+pg.a—2Pp . g)—————|.
(1+pe_.a—2pa B)(E—ESB)2+F2

(20)
For |[E—Esg=|Er,—Egl, Eq.(20) simplifies to

E—EX®

0¢(E)=CEd} (Pa_B—Pg_a). (2D

(E-E{@)2+T?
This result is surprising because the FR angle is not only
determined by the probabilityg_, 5 that the electron created
by the pump pulse has been transferred to @DRather,
even thesignof the FR angle depends on the parameférs
(and 8E, if transfer between valence-band states is inclided
andUpp. 6=0 for [SE.—U,|=|5E.+Usg|, and <0

for |6E.—Ua|<|SE.+Ug|. Although counterintuitive at
first sight, this can be readily understood from the one- and
two-exciton eigenstates. The matrix element for the virtual
creation of an exciton witts,=1/2, j,=3/2 in QDA is re-
duced by the probabilitypg_., that the conduction-
band electron created by the pump puls®ihas been trans-
ferred toA. In this case, it blocks the creation of a second
exciton with the same spin. The transition matrix element for
the creation of an exciton witk,=—1/2, j,=—3/2 is re-
duced by the probabilityp,_,g that the electron with spin
s,= — 1/2 in the conduction-band state of @Os transferred

to QD B. This transfer process is not prohibited by Pauli
blocking and leads to the virtual occupation [B,B_)
which is energetically far off resonance. The interplay of
both processes results in E@J1).

For the transition matrix elements of the dipole operators in  Our derivation of Eq(21) was based on the assumption

Eq. (6), we obtain in terms of the transfer probabilities

(A+B.|Pi[Xg )[*=(1-pg_ndi, (199
(Tl [Xe ) P= 22207, (a0m
(SIP_IXg )= T PE PR (10
[(BLB_|P_|Xg +)|?=pa_pdi. (190

Because of the exchange splittirlﬁTO—ES between

thatt. is the smallest energy scale in the system. As will be
discussed in Sec. V below, for the experimental parameters
in Ref. 5, 6E,+U,=0. Fort,=0, this does not lead to
divergencies in the perturbative expansiontin However,
these special parameters require that two additional two-
exciton states are taken into account for the calculation of
0c(E) because they are nearly degenerate WihB ., ),

|S), and|T,) (see Fig. % The state$S) and|T,) defined in
Eqg. (Al) have finite overlap matrix elements wil@rL|XB,+>,

~ 5 pBaAdé
[(TolPIXa, )12~ 22, 223
— NCE
(BIP_IXg,)[2= P2, @20

The spin configurations for the staﬂé} and|70> are shown

conduction-band triplet and singlet states, finite transfeschematically in Fig. @). Note that both holes occupy the
probabilitiesp,_.g andpg_. 5 lead to pronounced features in valence-band states of QB. The accidental degeneracy of

the FR angle as a function of the probe pulse frequétity
For probe energieBy g=E —Ey<E<Egg=Es—E}, the
FR signal varies strongly with energy and is given by

|S) and|T,) with |S) and|T,) arises because, for the param-
eters of Ref. 5, the decrease in orbital enef§y, is compa-
rable to the increase in Coulomb enerby . Transitions
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E, The energy difference&s g=E7 —Ey and Egg=Eg—Ey
) are given by the eigenenergies in E@2). For |E
EAOLEB O —— 1} ot?) —Er,gl,|E—Esd <|E—Eqg|,|E-Esgl, Eq.(23) simplifies
[AB,) [ Tod 5E. 4L to Eq. (20).Y"
T B +Ua Above, we have only considerag+0 andt,=0, i.e., a
}od) scenario in which electrons in the valence band remain lo-
iS5 calized in the QD's while electrons in conduction-band states
O(3E,) can be transferred. The caser0 andt,=0 can be mapped
(B,B.) ' i
2eB0 | —} O3E,) onto th_e problt_am dlscuss_ed abovg by mapping eleqtrons onto
S v holes, i.e., by interchangingandv in above expressions. In
[B,B.) particular, Egs.(20) and (21) remain valid if the transfer

probabilities for electrons are replaced by the corresponding
FIG. 3. Energy-level scheme of all two-exciton eigenstates disyalues for holes, e.0pa_s=[t,/(SE,+ UA)]Z, and the en-

cussed in the text. The eigenenergies fall into three groups whic@rgy eigenvalues are calculated for transfer in the valence
are split by terms of orde®(t2) or O(SE,). For the QD’s used in rather than the conduction band.
Ref. 5,5E,+U,=0, and the five state®\,B.,), |To), |S), [To), In the limit of small QD’s with similar sizesU, g>t.,
and[S) are nearly degenerate. > SE.,|SE,|, configurations in which electrons and holes

occupy different QD’s are strongly suppressedt lf /U g
between an initial stat¢Xg . ) and[S), [To) are two-step =0 but tet, /Ua p(EX”—EX") remains finite, a joint
processes. Ar* polarized probe photon creates an eXcimntrans_fer of el_ectron and h_ole via a virtual mte_rme_dlate state is
with s,=—1/2 and j,=—3/2 in B, and one of the possible. Evidence for this coherent delocalization of an ex-

. y . . . 9
conduction-band electrons Biis subsequently transferred to Citon has been reported for QD's of similar siz8s’In con-
A. These processes are shown schematically in Riy. 4 trast, tunneling of excitons between a pair of QD’s with dif-
Taking into account all two-exciton states with energiesferent sizes is incoherent if the orbital decoherence rate is
IE,— (EA©) 4 EBO))| < masf|0E, + U, E;r —EJ], the FR Ccomparable to the exciton tunneling rate?
’ O )

angle is IV. DOPING OF COUPLED QUANTUM DOTS
In the last section, we have analyzed the FR angle for an
C 2 E- EToB initial spin population created by optical pumping, the
Or(E)= 2 da (1- pB—*A)(E_ Er g)2+12 method used in Ref. 5. We now calculate the FR amgl&)
ToB s . . . .
0 for the case that the initial spin density is carried by an ex-
cess electron rather than an exciton. Spin injection could be
achieved, e.g., by doping one CdSe QD with a single donor
atom. For a chemical potenti#®<u<E> EP+Ug, the
conduction-band level of QB is filled with one electron
E-E7p E-Ezg while QD A remains empty. The excess electron can be spin
(23 polarized by cooling in presence of a magnetic field. Again,
we sett, =0 to keep our results transparent.
The transfer matrix element for the conduction-band level

E—Esp

- ™ |42 ~
(E—Egp?+12| 08

_(1+ Pea— 2pA~>B)

X +
(E-Efp)’+T? (E—Egg)+T?

leads to the delocalization of the excess electron inE)D
@ |a_] ¥ | F
=\ | & \ ¢ V272 gt _ _lo ~ar
= = + —
7)/8) . +|. leg.0)=| 1 5EC) (c 5Eccw) 0), (24
i I - i l o with eigenenergyE®=E2—t2/SE.. Note that the energy
shift is different from the one found for the exciton because
(b) {m,& there is no Coulomb attraction between electron and hole in
; the present case.
I +3 44 i We calculate the FR angle for an initial staég . ) and
v v v A e B
= =) probe energyE=Ey. Similar to the analysis in Sec. Il
_$ é:' ﬁ three intermediate states dominate the spectral representation
i Y- - - for 6:(E). These states are the following.
FIG. 4. (a) Schematic representation of the spin configurations |A+Bl>=6’§f+églaﬁ+|0), (25)

for the stategS), |T,) to leading order irt.. (b) Transitions be-
tween an initial statéXg ;) and|S), [T,) are effected by the ab-
sorption of ac* polarized probe photon and subsequent tunneling
of one conduction-band electron.

with energy eigenvalue

En,s =Ex®+ES (26)
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is populated by creation of an exciton with conduction and

valence band spins,=1/2 andj,=3/2, respectively* Vir-
tual creation of an exciton witts,=—1/2 andj,=—3/2
leads to transitions to the spin triplet and singlet states

|T0>—\/_ (cAtcBl +cit cBlycl |0y, (27a
1 .
|swf-“£1cm”mwm+f °ﬁ¢t
te ~Bt Bt
T BE.—U,—U,Ce+Co ¢, l0), (27h
C

where the normalization constant fil8~) is determined by
(S7|S7)=1. The eigenenergies

Er-=EXV+ES, (28a

Eg =ExO+EB+2t2 (28b)

SE.—U,—Ug OE,

PHYSICAL REVIEW 89, 195315 (2004

E-Erg

9(E)_CEdi (1-pg_.a)
T2 pB*A(E—E;OB)%rZ

—Ess

(E-Esgrr?)

—(1+Pg_.a~2Pa—8)

for probe energieE=EX®, in close analogy to Eq20) for
optical spin injection. The energy differences are defined by
Ers=Er;—E® and Egg=Es-—E®. Because of the ex-
change splitting betweelT, ) and|S™), 6:(E) will in gen-

eral exhibit several peaks and lack point-inversion symmetry.
The functional dependence on probe energy is determined by
the transfer probabilities and the energy differerEégB and

Esg. For a more detailed analysis which takes into account
all finite transition matrix elements up (O(tﬁ), see Appen-
dix B.

Experiments on doped QD’s could provide valuable infor-
mation supplementing the experimental data obtained for op-
tical pumping. The main advantage over optical spin injec-
tion is that spin decoherence times are expected to be
substantially longer because they are not limited by electron-
hole recombination. Even more importantly, FR measure-

are split by the exchange coupling of the conduction-bandnents on doped coupled QD’s can clarify whether spin trans-
levels. Further, there are several states with energies differinigr occurs predominantly between the conduction- or
from EA(0)+ EB (see Appendix B For probe pulse energies valence-band levels because, IIQItO andt,#0, 6(E)

E= EA(O) and|5Eu+UA Ug|=T, 6¢(E) is dominated by
virtual excitations into the statd&, B), [Ty ), and|S™).
In this case, all

other energy eigenstates with two

=0 for probe energieE=E%®

V. COMPARISON WITH EXPERIMENT

conduction-band electrons and one hole listed in Appendix B

are energetically far off resonance and can be neglected.

In order to compare the results of Sec. lll with experimen-

The transition matrix elements of the polarization operatal data from Ref. 5, we first provide numerical values for

torsP. betweerleg ;) and the states Eq&25) and(27) are

readily evaluated. The probabilities for electron transfer be-

tween the QD’s are now given by

_ te |2
Pg_a= EAR (299
N —( fe )2 (290
PA-8= | SE.—Us—Ug)
Then,
(A BY|P.les )?=(1-pg_n)da, (308
s 1-pg..
(TolP-les)1?=—""dj, (30b)
A 1+pg—>A_2p;—>B
(SIP-les,)I*= 5 da. (309

O0E., 6E,, Ua, and Ug. The energy-level spectrum of
CdSe QD’s is well established both experimentally and
theoretically’>?® The absorption energie&®)=2.41eV
and E5(®=2.06eV in Ref. 5 are consistent with,
=2.0nm and g=3.5nm, and we will use these radii for the
following calculations. From Ref. 256E.=0.30eV and
0E,=—0.10eV.

From the bulk values for the static dielectric constant,
=9.7, and the band masses in the conduction and valence
band,m./my,=0.12 andm, /m,= 0.45, one obtains the exci-
ton radius 5.4nn%’-2%7 The exciton radius is larger than
rag, and electrons and holes are strongly confined in the
QD's as assumed in Eql). The characteristic energy scale
of the Coulomb interaction i) ,=e?/4meeyr,. For the
given values of , andrg, U,=0.07 eV andUg=0.04eV.

The Hamiltonian Eq(1) does not take into account biex-
citon shifts, the exciton fine structure, and interdot Coulomb
interactions. For CdSe QD’s with radii 1.5—-4 nm, the biex-
citon shift is of order 0.01-0.02 eYRef. 30 and the char-
acteristic energy splitting between bright and dark excitons is
smaller than 0.01 eV The characteristic energy scale for
interdot Coulomb interactions i8) sg=€?/4meqe(rp+rg)
=<0.03 eV. However, it is relevant only if neither of the two

Inserting these matrix elements into the spectral represent®D’s is electrically neutral. The most important effect of the

tion of #:(E), Eqg. (6), we find for the FR angle

interdot Coulomb interaction is to lower the energy eigenval-
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ues of|To) and|S) [Eq. (A1l)] by Uag. All these energy @ ~
scales are small compared to the level broadehirmmd can I\
safely be neglected. 2 PR
In the following, we assume that only electrons in 5 \
conduction-band levels are transferred between the QD’s g /
while valence-band electrons remain localized. As discussed " __A
in Sec. IV, this assumption can be tested by experiments =0 RS / VR
on doped QD's. Mediated by electron transfer through 4 S—=
the molecular bridge, the lowest conduction-band level 225 23 235 24 245
in QD B hybridizes with the lowest conduction-band level ) E [eV]
in QD A. Comparing the observed energy sHiff— EZ(® —==
— —0.02eV with Eq.(11), we find = |~ \\
te=(EE®O—EB)(SE,+Ug)=0.082eV. (32 g0 W =——
()
"~ \
Our theory predicts that the exciton absorption peak for ® \
QD A is shifted to larger energies for the coupled QD’s, in A
225 23 235 24 245

contrast to the experimental res&f—EX®<0. The most
likely explanation for this is that the lowest conduction-band
level in QD A hybridizes also with higher excited levels in  FIG. 5. (a) Plot of the FR angle as a function of probe pulse
QD B which are nearly degenerate wiE‘@.32 In order to  frequency calculated from E@21) for different level broadenings
account for quantitative changes effected by this hybridizal’=0.05 eV (solid), 0.02eV (dashed, and 0.08 eV(dotted. All
tion, the energye4(”) must be replaced by the true value of other parameters are as described in the text. For Smafk(E)
the hybridized state in all expressions for the two-exciton‘:"g"'i‘trIy s?otwss(bt)hg individual C?F;”?:ué'ons lfr?m the Ya(;'%us, t‘?'o'
H H H H 0 exciton states\ omparison o e angle 1or couple S 10r
elgzenenergles. This value can be obtaln_ed frﬁﬁ( ) . I'=0.05eV (solid) witﬁ the calculated sig?lal for AAp structure
+tg/(OE.+Up)=2.36eV, where the latter is the experi- (dasheil
mental value for the exciton absorption edge of @ the

coupled QD's. HenceEy¥—2.33eV. In Fig. 5b), we compare the calculated FR signal for
_Er_om these parameters, we CalcuIaFe for the transfer prOk?:oupIed QD’sA andB with the corresponding result for un-
abilities between the lowest conduction-band stgigss  coupled QD'sA pumped at resonance. For a probe energy
=0.13 andpg_»=0.06. The energy differences between theg~2.42ev, the FR signal for coupled QDA and B is
two-exciton states and the initial state df¢g=2.35eV,  sjgnificantly smaller than the FR signal of tteA system,
Esg=2.37eV,E7 g=2.32eV,Egg=2.31€V. The oscillator  consistent with experimental observations.
strength for exciton creation, proportional d3 g, is inde- Note that in Fig. 5 we show the FR angle in arbitrary units
pendent of the QD size in the strong confinement regime anBecause its absolute numerical value depends sensitively on
proportional to the QD volume for weak confinement. Be-Unknown experimental parameters such as the packing den-
cause both QD’s are close to the strong confinement limitSity of QD’s and the number of QDA which are coupled to

we assume a weak scalimt}/d2=2 for the following fig- &t 1€ast one QDB. For a spin transfer probabilitpg
ures. =10%, assuming close packing of the QD’s and that every

In Fig. 5(a), we show the FR angle calculated from Eq. QD A is coupled to one QIB, we estimate the maximum

(21) as a function of probe energy for different valuesiof value of the Faraday. rotati_on angle to be 0.02 rad for an
I'=0.05eV (solid), 0.02 eV (dashedi and 0.08 eV(dotteg. ~ ABAABAstructure as investigated in Ref. 5. _

We note that even qualitative features depend strongly on the SO far, we have assumed that the symmetry axis of the
microscopic parameters such Bs For smalll’, additional CdSe QD’s with hexagonal crystal structure is parallel to the

peaks emerge because the contributions from the individudlroPagation d_|rect|0n of pump and probe Iasgr pulses. HO.W'
two-exciton states can be resolved. ever, in experiment the QD’s are ran.domly oriented. We dis-
In spite of the dependence on microscopic parameter£USS nNext how the random orientation changes our results.
some pronounced features@g(E) are generally present) The propagation direction of pump and pArobe laser pulse is
0¢(E) does not exhibit point-inversion symmetry, in stark Z, the polarization vector of the probe putseand the sym-
contrast to the FR angle expected from virtual transitions tanetry axes of QD’sA and B are denoted by, and cg,
a single state(ii) 6 has in general more than two maxima or respectively. We define the azimuthal angteg= 2 (X,Ca)
minima. The positions and heights of the extrema are detery 4 bs=2<(X,Cs), and the angle enclosed by the two sym-
mined by the interplay of the transfer probabilitigs ,g and N . .
Ps_a, and the energy splittings between the different two-metry a>.<esd?AB= L(CA’CEf) [see F!g. Gfa)]' ]’he conduction-
exciton states. Experiments have demonstrated the strong deand spin eigenstates with quantization axig are denoted
pendence of the FR angle on the probe en&gicludinga Y [Tag) and[lag).
fine structure of the resonante. For arbitrary angle/ (z,¢g), the probability for the circu-

E [eV]
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(a) Az conduction-band electron.s would always form a triplet. .
63 5A The analogous analysis for coupled QD’s must take into
account both the reduced transition matrix elements for the
probe pulse and the relative orientation of QZsand B.

Because virtual transitions {3 ,) and|S) involve excitation
of QD B which was populated by the pump pulse, the matrix

QDB _ QDA elements in Eq(22) are reduced by a fafztd)sin qéB| which is
¢B (_i) ¢ indepe_ndent of thg_ relat_ive orientationcc;@‘an_ch. In con-
4 trast, virtual transitions in QA probe the spin polarization
(o) relative to the quantization ax, after an electron with spin

pointing alongcg has been transferred, and the transition
matrix elements depend also @ng [Fig. 6(b)]. For the FR
angle, we find

s

FIG. 6. (a) The hexagonal symmetry axes of Q¥sandB are
in general oriented randomly relative to the direction of the laser E-E
pump and probe pulse. Because of the interband selection rules, a % ToB “(1+p ~2p )
o~ circularly polarized laser pulse generates a spin polarization (E—Eq g)2+T?2 B—A A—B
along the symmetry axis of the respective @b). A conduction- 0
band electron created in QB retains its spin direction on transfer
to QD A. FR in QD A probes the projection of this spin onto the % E—Ess —dzsin2¢>B Pa_a
symmetry axisc, , which gives rise to a factor cayg for the first (E—Egp)?+1I'? . -
and second term in Eq33).

ce| , |
GF(E):T dicosdapsiPdal (1—pg_.a)

" E-Eip . E—Eg
(E-Ejp)’+T? (E—Egg)?+I?

larly polarized pump pulse to create a net spin polarization in
the conduction-band level decreases from its maximum value

at £/ (z,cg)=0 to zero at/(z,cg)=m/2. For /(zCg) (33)
<2, the majority of conduction-band electrons is in spin _ _ _
state|1g), with the quantization axis defined . On The dependence on the relative orientation of the two

transfer to QDA, the conduction-band electron retains its QD'S: #ag, is readily understood. Fopag=m/2, the first
spin state because states with-+1/2 are degenerate in and second term in the expression &(E) vanish because
both QD's andt, is spin-independent. The characteristic € conduction-band spin created in @s perpendicular to
level spacing of valence-band states is large compared to {8 SPin quantization axis in QB. A laser pulse probing QD
crystal-field splitting in bulk CdSe, which allows us to treat A does not show any FR because the net spin atanean-
the latter as a small perturbation, following Ref. 30. ishes[Fig. 6(b)].

In the following, we calculate the FR angle for a random  In experiment,c, and cg are randomly distributed over
orientation of QD’s assuming that the pump pulse has crethe unit sphere. Performing this average in B§), we find
ated a conduction-band electron with spfa). The random for the FR angle
orientation of QD’s affects the FR of the probe pulse in two
ways. First, the matrix elements for transitions from fhe e Ccel 3
= +3/2 valence-band levels to thg=*1/2 conduction- GF(E)=7 Ed,ﬁ (1-pg_a)
band levels in QDA (B) decrease by sit, (Sin¢g) com-
pared to the oriented sampfeMore importantly, also the

relative orientation ot, andcs modifies the FR angle. For E—Esg
A B 9 —(1+pg_ar—2pa_B)

E-Erpe
(E—Eqp)?+T?

illustration, consider two QD's with,=0, and a conduction- (E—Egp)2+12
band electron in spin statég) in B. The o~ circularly po-
larized component of the probe pulse wih= EQ excites a E-E7 g

0

virtual exciton inA, with a conduction-band electron in spin —

- 3 d3Pe_.a
state| T »). Note that the spin direction is defined by, the
symmetry axis of A. Expanding |Ta)=cos(bag/2)| &)
+i sin(pag/2)| L) in terms of the eigenstates along quanti- E—Eg

zation axiscg, the product state of the two excitons contains * (E—Ezgg)?+TI?
terms in which the two conduction-band spins are antiparal-

lel and have a finite overlap with the spin singlet state. ThisNote that the spectral weight of the last term increases com-
is in stark contrast to the oriented sample, where the twgared to the oriented sample.

(E—Efp)2+ 1?2

(39
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VI. CONCLUSION was supported by DARPA, ONR, the EU TMR network

. OLNANOMAG Grant No. HPRN-CT-1999-00012, the
We have calculated the Faraday rotation angle for coupleg . . . '
QD’s as a function of the probe pulse frequency. We hav wiss NCCR Nanoscience, and the Swiss NSF.
considered an initial spin polarization in neutral QXse-

ated by optical pumpingand of one excess electron in the APPENDIX A: TWO-EXCITON EIGENSTATES OF

two coupled QD’s. Our results lead us to the following con- COUPLED QUANTUM DOTS

clusions.

(i) The Faraday rotation angle shows a nontrivial func- In order to evaluate the FR anghg(E) from Eqg. (6) for
tional dependence on the probe energy, the details of whichrbitrary probe energie€, all two-exciton intermediate
depend on the spin-exchange energy and spin transfer probtates |[;) with finite transition matrix elements
abilities[see Eq.(21) and Fig. $a)]. Most notably, because (y,|p_|Xs ,) must be calculated. States with energigs
several two-exciton states are separated in energy by a smallg E)B;(O) lead to the dominant contributions in the expres-

spin-exchange coupling=(E) is not invariant under point- sion for the FR angle, E6). The statedA, B ), |S), and

inversion symmetry. Measurement @f(E) as a function of . : :
probe energy would allow one to identify the contributions|TO> defined in £qs(12) and (14) have energy eigenvalues

; A(0 B(0 2 2
of the various two-exciton states that are virtually excited b)Fi with  |EX©+EX- Ei|$0[tc/(_5EC_ UA_)'tc/(gEC
the probe pulse. +U,)], and are the mo§t0|mportant intermediate st.ates for
(i) Experiments on doped QD’s would allow one to de- Probe pulse energids= EX®. However, for the experimen-
termine whether spin transfer is mediated by transfer in théal values of Ref. 55E,+ U, is small and two additional
conduction- or valence-band states. In particular, from a vantwo-exciton states must be taken into account.
ishing Faraday rotation angle for probe pulse energies close The states
to the resonance of QB one could exclude that an excess
electron injected into QB has been transferred t&. In 1
contrast, for optical spin injection, spin could be transferred ITo)= —(6?16?&4-6?16?1)65 +6E _10), (Ala)
both between conduction- and valence-band states. \/5 B B o
(iif) In general, measurement of the Faraday rotation sig-
nal at a given probe frequency does not provide enough in-
formation to determine spin transfer probabilities between |§>xi(6AT CBT _gAt gBT )aB oB |0)
the QD’s. However, from the experimentally observed en- o eTret  TeATe e,
ergy shifts, we calculate a characteristic energy sdale
=0.08 eV for spin transfer in the conduction band. Based on
the transfer Hamiltonian ansatz, this implies a probability of +\2
6% for electron spin to be transferred from @Xo QD A,
and of 13% for the opposite direction. te  ~gt ~gt
The purpose of this work was to establish the connection B mccﬁccﬁ
between spin transfer and the Faraday rotation signal ob-

served in experiment. Our analysis was based on a transfgffer from the corresponding states in E44) in that both

Hamiltonian ansatz. Some of the most interesting results ofples are localized in QB. The normalization constant for
Ref. 5 remain to be explored theoretically. Most notably, the

transfer Hamiltonian ansatz is based on the assumption thJa%> is fixed by (S[S)=1. The eigenenergies
electrons are transferred between the QD’s via the bridging

te SAT AT
SE+Up+2Ug et e

c®.cB_|o) (Alb)

v, v,

. ; ; ; - _ =A(0), =B
benzene molecule. Microscopic work will have to clarify Es,=Ex P+ ER®+6E, + U, (A23)
why conjugated molecules provide efficient transfer paths
between QD's. TABLE I. Two-exciton eigenstatelsy;) which contribute to the

The results obtained here can provide important guidancer angle up to second order ig. We also list the corresponding
also for the identification of microscopic transfer mecha-eigenenergies t@(t) and evaluate them for the parameters dis-
nisms. The increase of the Faraday rotation signal at a fixegd,ssed in Sec. V. As noted in the main text, the degeneralopf

probe freql_Jency has b_een interpreted as increz_ise of the sq’g with |To), |S) is a consequence afE, +U,=0 for the QD's
transfer efficiency for higher temperaturesccording to our used in experiment. v

results, an increase in the transfer matrix elemgnélso

leads to a shift of the exciton edge in absorption spectra,, E, E,—EE[eV]
toward lower energies. If the exciton absorption edge does

not change with increasing temperature, the increased Far&B.) EXO+ER® 2.35
day rotation signal is more likely effected, e.g., by additional| To) EXO+EZ® 2.35
incoherent transfer paths than by an increase of the transf¢s) EX®+EEO® 2.37
matrix element. |B.B_) EE-EA+ES® 2.06
ITo) Ef—ES+ERY 2.32
ACKNOWLEDGMENTS 5 EA_EB 4 EBO) )33
We gratefully acknowledge helpful discussion with W. |B7B") 2ES©) 2.04

Lau, A. Holleitner, and, in particular, M. Ouyang. This work
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Es=ExO+ESO+ 5E,+ U, A
|S > CECETF c+Cc7)
1 1 e
+2t2 -
2% SE.+Ug OE.+2Ug+Up, (A2b)
CAT OAT
+2 SE, +U +Ug Co+Co.-
are shifted relative & andEs by 5E,+Ux. A
The state te ~
- 5; CEJLCET) cs |0y, (B1d)
BB )« CBT BT+ (CAT Bt _ oAt BT) . t A
> SE +UB Ce,+ —C¢ +C B+B_7>°C C?‘LCBT +5E (CAT CE,:— é:_ BT) Cv—|0>
2t2ct it . 0 (Ble
+ . . .
(6E.+Ug)(28E,+U,+3U B) Co, ‘| ) with the proportionality constants chosen to ensure normal-
(A3) ization. The corresponding energy eigenvalues are
t2
ith _=2EB _EAo__ ¢
Wi Eg,g-=2Ec+Ug—E, 25EC—UA—UB’ (B2a)
2 _ —=B(0) A
= 2EBO ) c (Ad) Eas -=Ex 'TEc, (B2b)
SE.+Ug
Es.=EX " +Eg, (B20)
is energetically separated frorr, and Es by EX®
—EBO), Ez-=ESO+EL (B2d)
In Table I, we summarize all two-exciton eigenstates
which contribute to the spectral representatiordpfE) up of 1 1
2 i ; - +2t —— ——— |,
to ordert;. We also list the formal expressions for their ¢\ SE. OE.+Up+Ug
eigenenergies to leading orc@(tg) and give the numerical
values, taking into account terms up@gt?) for the param- 2
eters discussed in Sec. V. BB TEX 5E (B2¢)

From Eq.(B1), we obtain the transition matrix elements in
APPENDIX B: EIGENSTATES OF DOPED COUPLED terms of the transfer probabilities defined in Eg9),

QUANTUM DOTS

ol 20— 42
Here, we calculate eigenstates and energy eigenvalues for (B+BZ[P-[eg )I*=Pa_gda, (B3a)
states with two electrons and one hole in the coupled QD’s. —_— . b
These are the intermediate stalgsg) in Eq. (6) which have [(AB, " |Pyleg +)*=pp_ads, (B3b)
finite overlap matrix elements Witﬁi|eB,+) and determine
the FR angle for coupled QD’s doped with a single excess =5 pB—»A
e pled Qb dop . (T51P Jeg, ) 2=—2"dZ, (B30

In addition to the statelA . B ), |S™), and|T, ) defined

in Egs.(25) and(27), five states have contributions of order ~ TABLE II. Eigenstates|;) with two electrons and one hole
tg to the FR angle. These are which contribute to the FR angle up to second ordetr, inWe also

list the corresponding eigenenergies:l()tg) and evaluate them for
the parameters discussed in Sec. V.

BT B’r c ~At BT
[B.B_) +W(C Ce,+ |4 Ei Ei—Eg [eV]
|A.B) Ex®@+EB 2.34
—catcd)lch |0y, (Bla  |T;) EA0)4 B 2.34
|S7) EX®+EB 2.36
|B,B”) 2EE+Ug—ES 2.19
|A;B, )=ci,cBcB |0y, (Blb)  |A;B.) ESO A 2.27
ITo) EEO+EL 2.27
1 ) EXO+EL 2.28
|To>_\/— (cetcg’ +celicghycd Jjo), (Blo [ByBI) EXO+ES 2.03
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o , Peoa probe energieE=E4?, virtual transitions to the states
[(STIP_es,+)|*= ——ds, (B3d  |A,BJ),|S7), and|Ty) are dominant, andg(E) simplifies
to the approximate expression given in Eg1l).
|<§\I3"‘||5 les )[2=(1—p3 )2 (B39 In Table I, we list all states with two electrons and one
+P— -1%B,+/1 — B—A/YB-

hole which contribute t@-(E) up toO(tg). We also provide
These transition matrix elements and the eigenenergies allowe general expressions for the eigenenergies to @deh

one to calculatede(E) for arbitrary energies. However, the and evaluate them numerically for the parameters discussed
states in Eq(B1) are offset in energy fronEx®+EB. For  in Sec. V.

*Electronic address: florian@iquest.ucsb.edu to be taken into account. The corresponding expression is omit-
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