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Spin and energy transfer in nanocrystals without tunneling
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We describe a mechanism of spin transfer between individual quantum dots without tunneling. Incident
circularly polarized photons create interband excitons with nonzero electron spin in the first quantum dot.
When the quantum-dot pair is properly designed, this excitation can be transferred to the neighboring dot via
the Coulomb interaction witlsonservationor flipping of electron spin. The second dot can radiate circularly
polarized photons at smaller energy. Selection rules for spin transfer are determined by the resonant conditions
and by the strong spin-orbit interaction in the valence band of nanocrystals. Coulomb-induced energy and spin
transfer in pairs and chains of dots can become very efficient under resonant conditions. The electron can
preserve its spin orientation even in randomly oriented nanocrystals.
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Manipulation of spins in nanostructures is presently at<ircularly polarized photons and develop principles for
tracting a tremendous amount of inter&st.Since spins in  electron-spin transport in QD pairs without tunneling. We
solids have relatively long lifetimes, they can be exploited awill show that the spin orientation can be efficiently trans-
qubits—basic elements of quantum compufer§pin- ported between QD’s via the Coulomb interaction. This be-
polarized states of electrons in crystals can be generatetbmes possible thanks to the strong spin-orbit interaction in
optically’~’ by driving current through spin-dependent barri- the valence bands of QD’s. The spin-transfer selection rules
ers or by injecting electrons from ferromagnetic materidls. strongly depend on geometry and resonance conditions. In
In most cases, spin transport across a crystal occurs either vilae resonance regime, the transfer can lead to either conser-
tunneling or injection. This would not be the case for so-vation or flipping of spin.
called colloidal quantum dot¢QD’s), where individual Pairs of semiconductor QD’s can be grown by using self-
nanocrystals strongly confine carriers and do not permit efgrganization technology In such stacked QD’s, the sizes of
ficient tunnel coupling—*°However, instead of direct tunnel ot and interdot separation are well controlled. Another

coupling, the colloidal QD’s permit Ior_wg-r_a(r)wge Coulomb- nethod to fabricate a system with QD pairs is colloidal
induced transfer of optically excited excitofisSuch trans- ¢\ nihesi®=19|n a solid of colloidal QD's with two distinct

port has been obser_yed in several recerg}experimgnts andg&es, QD pairs are randomly orients¥iln monolayers of
ggfsr,:erﬁ;ﬁgi?aﬁg‘ |H:1 str?;n%rl?rg¥ Itraﬂsf bTheo(rjgtmaIly, 4 QD' [Fig. 3@], the orientation of pairs is directionaf’

e : . ystals has been diScussead I, inqr possibility to avoid a randomness is to study a
connection with exciton dynamics in QD arrays and quantum . . w14
computing'? single QD pair bound to a surface: o

Here we develop a theory of electron spin transfer be- In what foI_Iows, we will use §everal S|mp_I|f|cat|ons re-
tween individual nanocrystals without tunneling, involving 't€d to the time scales. In particular, we will assume that
optically excited excitons and the Coulomb interaction. So7e-spinv Texc Tenergy Th-spinn WHETe 7e,c iS the exciton life-
far, spin transport in nanostructures has been considered diMe in a single QD related to radiational and nonradiational
most exclusively in relation to direct transport of chatde. transitions,zenergy is the energy relaxation time of excitons
Since the spin orientation in the conduction band of semiwithin a dot, 7. snis the electron spin lifetime, ant}_spn is
conductors can be efficiently created with the circularly po-the momentum relaxation time of holes. In other words, we
larized light pumping’® it is interesting to study the possi- Supposél) fast intradot relaxation of the angular momentum
bility of spin transfer between individual dots without of holes and?2) fast energy relaxation to the ground state in
transfer of charge. In such a transfer process, the optical arttie dots.
spin selection rules would be dictated by the strong spin- Disk-shaped dots with a cubic latticEirst we consider a
orhit interaction in the valence band. The typical experimenpair of oblate(disk-shapeglquantum dotgFig. 1) with di-
tal scheme related to Fster transport involves pairs of quan- mensionsa;<b;, wherea; is the QD size in the direction,
tum dots with different sizefFigs. Xa)—1(c)]. An incident b; is the in-plane diameter, aridis the dot index (=1,2).
photon creates an exciton in the small dot 1 with a largefFor simplicity, we assume that the QD potential has infinite
optical gap[Figs. Xa)—1(c)]. Then, the exciton is transferred walls. In such a model, a single QD is quasi two dimensional
via the Faster-like mechanism into the large dot 2 with a (2D) and its valence-band structure is similar to that in a 2D
smaller optical gap. Due to fast energy relaxation in dot 2quantum welf® To find the wave functions, we first quantize
the exciton becomes trapped and contribute to the photoluhe motion of heavy and light holes in thedirection; it
minescencéPL) at the dot-2 energy. If electrons in dot 1 are provides us with the Bloch functions. Then we can introduce
created by circularly polarized light, they become spin polarweak quantization in thex-y plane involving effective
ized due to the spin-orbit interaction in the valence bahd. masses of holes. The wave functions in the conduction and
Here we will focus on the dynamics of excitons generated byalence bands for the dots 1 and 2 take a form
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in a similar way with the operatoﬁ/gft=cos(62)f)xiiﬁy

3 b, —sin(#,)p,, where the signs- relate to the different polar-
izations of the secondary photdf-%). For simplicity, we
%\ b% %/92 consider the case when the linear momenta of both photons
_,_\ lie in the x-z plane.
- The interdot transfer is described by the Coulomb opera-
tor which can be expanded into an infinite series of multipole
" m terms. However, it is natural to assume that the dipole-dipole

interaction will provide the leading term,

Dot 1 Dot 2 )
N e
(hh-e;1,1) __ Veou=——3(r1r2—3212y), 2
(hh-e;1,0) —/ . hhet 1 €R
U | sodomb T 1 rerld wherer; ;) are the radius vectors related to the dif.
- [N 1(a)], € is the averaged dielectric constant, dRds the dis-
b) i i tance between the dots. Below, we will generalize our results
[0>——~¥— 4+ 0> including multipole interactions. The Ester-like probability
Dot 1 Dot 2 of an interdot transition takes the form
. 2 “
hbeeilsl Wp, = — 2 [(B1lVeoul B2)*8(Ep,—Ep).  (3)
i B2
hh-e;1,0 7 = Ih-e;1,0
c) i T hhee1.0 where the indiceg, ;) denote the exciton states in the dots:
‘ ‘ " B1=(S1,11,N1,17) andB,=(u,,S,,n,,l,). Because of fast
intradot energy relaxation, the functidg,) in Eq. (3) de-
v : scribes the ground-state exciton in dot 1 with=1,] and

|0> |o> w1==+3/2, and Q1,l;)=(1,0). In the spirit of Fester
theory the s function in Eq.(3) should be replaced by the
FIG. 1. Sketch of a quantum-dot molec(#. Energy diagrams  spectral overlap integra]fglvﬁzzfpﬁl(E)pBZ(E)dE which

of intradot and interdot transitions in the transfer procéss (c); involves normalized line shapes g, (E)= - I[(E
the label (y—e;n,l) denotes the exciton composed of halaand Bi A

electron, wherey can behhor Ih, and 0,1) are envelope-function Eﬁi)2+réi]' wherelz is the homogeneous broadening of
indices. the excitong; . Lorentzians were utilized for simplicity.
By using Egs.(1)—(3), we now compute the mean spin
q,;eﬁ(i),n,l:UT(L)q)g)I(rH 2), in the dots and the degree of polarization of secondary pho-
' tons. To be specific, we consider the resonant dipole-allowed
absorption process of incident photons in dot 1 that involves
a heavy-hole levelFig. 1(b)]; in other words, the incident-
Ih.+ 1120 0 photon energy is taken below the first interband transition
v =U.1Pn;(r),2), (1) related to the light hole. The meacomponent of electron
wherei 1.2 andr| = (x.y): U andu are the spin polarization in dot 1 i? detlermirT]ed t?y the probabilities
-4 — MY y U+3/2, +1/2 S i = — = —
Bloch functions (‘)lf eIectronsT,,u)heavy holékh), and light i Zn2d+|i equjan t(ﬁlm)(flp le)/(Pla+ 311)2 fhcos@)é
holes (Ih), respectively:®®(r,2)=f{)(2)RV(r|) are the [cos@y)™+1], where P, ™ex| P, [F[ cosy) + 1 is the prob-
) nI ey 0 Tl ability of the electron being in the stat&(]) and P,
envelope functions, where th)(2) is the ground-state =(9|py/X) is the interband optical matrix element. In the

. . . . . 0 s - - . ’ )
function for motion in thez direction, Ry j(r|) are Bessel's  qniical matrix elements, the operafomwas involved only in
functions describing the in-plane motion, anil) are the jntegrals with Bloch functions. For the next step, we calcu-
radial and azimuthal quantum numbers of the in-plane Morate the Coulomb matrix elements under resonance condi-

hh, 320, _ i
Wi n —ut3,2<bf1")|(r” 2),

tion, respectivelyn=1,2,... and=0,+1,£2,... . Inour tions, In the regime of interdot resonance, the ground-state
simplified approach all types of carriers are described withayciton energy of dot 1 is equal to the energy of the excited
the same set of envelope wave functiohg,(r),2). dipole-active exciton in dot 2. The latter state can be com-

In the geometry shown in Fig. 1, the optical operator forposed of either a heavy hole or light hole. We start with
the exciton in dot 1 can be written as follom‘{f’jzelf) the resonance between heavy-hole states in the [tfgs
=cos(@)py+ipy+sin(6))p,, where p and e, are the mo- 1(b)]. The probability to create an exciton wigh=1 in dot
mentum operator and polarization vector, respectively. Usin@ is given by PE:(1/2)P£WB1_,B2: PgwoJﬁl,lez, where
this operator, the probability of interband optical transitionsg, — (1 3/2,1,0) andg,=(1,3/2n,,1,); the factor of 1/2
for dot 1 takes a fornP#= (W™ | V5P| w412 where s the probability to find a heavy hole in either state3/2)
s=T(]) andu=%3/2,£1/2. Emission of dot 2 is described in dot 1; this is due to fast momentum relaxation of holes.
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Besides,W;_ 5 is the probability of Fester-like transfer ' ' ' '
1 2

between the statesB; and B,. A coefficient wg
=27dg(e* €?R%%), whered,=(X|x|S) is the atomic dipole

G
5, 05}
moment. For spin| we have a similar equatiorP} ® 5
= PﬁWoJ,el,ﬁz/Z- Again, the operatar was involved only in (_E % 0.0
integrals with Bloch functions. The spin polarization of dot 2 ;%
is given by 3° 05
s
-1.0}F
. PP} 2 cog 6,)
S= o TS o (4) 4
P,+P3 [cog ) +1]

. 3 (e-hh)= (e-hh) b)
If ,=0, the system has axial symmetry, the transfer proces:

(arb. units)
N

conserves the total momentum, and therefjre — 1. Thus, (e-hh)™ (e-hh)
Forster transporpreserves spin polarizatioin the regime of 1 ‘e;h'(‘;_lh) (e-hh)= (e-Ih)
interdot resonance between heavy-hole levels. Now we as Og AN

Exciton transfer rate

sume that the parameters of dots are chosen to satisfy th 50 50 70 80 %0 100
condition of interdot resonance between heavy and light , 2

holes[Fig. 1(c)]. It is easy to see that Coulomb }cransfer re- diameter, b, (A)

sults inspin ﬂl.ppng FOI{ Sxamplel, the proEJatillm?z 1S NOW FIG. 2. (a) Calculated degree of circular polarization of photons
expressed viaPj: Pp= (1/2)P1WB1—’B2_ P1W0JB1,32/6, emitted by dot 2 as a function of the dot-1 diamet#y;)=0. The
where B,=(1,1/2n,,1,). Similarly, P= PIWngl,BZ/G- sizes of dot 2 are kept constant, whereas the diameter of dot 1 is

Thus, we obtain the effect of spin flipping: varied.(b) Calculated rate of exciton transfer from dot 1 into dot 2.
Insets show diagrams of interband transitions. The crystal param-
S=-5,. (5) eters correspond to InP quantum dots; effective masses:

=0.07Mmy, m;,=0.12n,, m,,=0.6my; R=80 A, a;=a,
So far, we considered strongly resonant conditions. In the=25 A, b,=100 A, and 568<b;<100 A. The low-temperature

general case, the mean spin in dot 2 is calculated as broadening of the ground state of excitons in dot 1 is taken as 1
meV; the broadening of all excited states in dot 2 is assumed to be
1 | 5 meV.
Bzﬁ Po(B1— B2) —P3(B1—B2)
S,= i , (6) Spherical quantum dots with a cubic lattide. spherical
2 pg(ﬁl_,lgz)er%(,gl_,lgz) dots, the symmetry of a single QD is high and both heavy
B1.82 and light holes will contribute to the transfer rate for the

iven interdot resonance. The multicomponent wave func-
ons for the holes in a model with infinite walls are well
known®

where the summation involves all pairs of states; the inde>?i
B is related to thehh ground state of dot 18,=(7(l),

+3/2,1,0. The degree of circular polarization of secondary
photons at the dot-2 ground-exciton energy is now written as

M= CmumROMYR(Q)U,. 8
P 2 cog 6,) . m,
e 4+1_ Sz[COS( 0,)2+1] ™ Herei is the QD numberi(=1,2), M is thez component of

the total angular momentuﬁfﬂ%(ﬂ) are spherical harmonic
where .. are the light intensities given by, =P3P.(1)  fynctions, RY(r) are functions of radial motiotf and
+P3P (1) andl_=P}P_(1)+P3P_(]). Here, the optical ,,—+1/2 +3/2. Calculation of the spin orientation in dots 1
transition rateP ,(s) describes the emission process in whichand 2 is straightforward. The mearcomponents of spin in
an electron with spiisin dot 2 creates a photon with circular dqots are written as$, = —cos(@,)/2 andS,=S,/2. The de-
polarizationo, whereo can be+ or —. The degree of cir-  gree of circular polarization of emitted light takes the form
cular polarization(7) strongly depends on the resonance CONP ;.= — S,c08(6,)/2= cOS(B1)cos@,)/8. At the anglest; ,)
ditions between the QD¥Fig. 2a)]. If 61()=0, the system  —( the polarization of emitted light is maximal and equal to
has gxial s_ymmetry and the electron spin i§ either conserveplc"c: 1/8. The degree of polarization, 1/8, appears as a re-
or flipped in the resonant-transfer procegssy. 2@)]. The gyt of the three-step process. According to the theory of spin
latter comes from conservation of the total angular momengyientation in 3D crystals, the degree of polarization in the
tum in the Coulomb matrix elements. Besides, the rate Ofwo-step process is 1#Since the band structure of cubic
exciton transfer, Mhns=Wp,, is strongly enhanced under spherical dots is isotropic, electron spin transfer does not
the interdot resonance conditiopBSig. 2(b)]. Note that the depend on the type of interdot resonance and the electron
total angular momentum is not conserved in the three-steppin is not flipped.
process shown in Figs.(d) and Xc) because of fast relax- Oblate quantum dots with cubic and wurtzite lattices.
ation of angular momentum for the hole. Quantum dots can be anisotropic due to both shape and crys-
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P4 =Sy ®
a) l a b

where W,=W,_,=W,_ | and W,=W,_ =W,_ . The
coefficientsW,,, describe probabilities of interdot transi-

& tions with conservatior(flipping) of spin and are compli-

i 9@

cated functions ofs{") and¢(®). In a system with randomly
substrate oriented molecules, spin transfer does not vanish; it can seen
by calculating the averaged probabilities W
z =(W)g) 4@ ¢ g@ and spins§=(S;) 41 4@ 41 4.
, ; y c, The ratio between averaged proba@litigglwb, depends
b) g X on the type of interdot resonancev,/W,=1.61 for the
1 hh-hh resonance an@v,/W,=1/1.61 for the resonance be-
@—» @_, tweenhh and |h states. Thus, théh-hh transfer conserves
pling leads to a flipping of spin. For the case shown in Fig.
3(b), #;=6,=0 and the calculated mean spin in dot 1 is
given by S;=—-0.586. The dot-2 spin becom& = —0.22
and 0.22 in the case d¢ih-hh and hh-lh resonances, respec-
tively. Experimentally, the spin orientation in dot 2 can be
observed by measuring the degree of circular polarization
FIG. 3. (a) Schematic of a system with two monolayers of dots. = — 0 25,
Similar systems were studied experimentally in Refs. 9 andt). Quantum-dot chainslf cylindrical dots form an ideally
(© Sketches of a pair of randomly oriented dots and a quantum-dot iented chairjlike in self-assembled monolayers, Figag
chain. and all dots are under resonance conditions, the spin can be
transferred along the chain without loss8g= +S;, where
tal lattice. Such an anisotropy strongly affects the valences, and Sy are the mean spins in the first afdth dots,
light-hole levels. In nearly spherical crystals, anisotropy cardepends on the types of interdot resonances. If an ideal chain
be taken into account with perturbation thethThe four- s formed of spherical dots, the transferred spin rapidly de-
fold degeneracy of the hole states is Sp"t into 2 tWOfO'dcreases with the number of doSN: Sl/2N_ In disordered
degenerate states. The splitting can be writtemAasA.;  chains, there is an additional mechanism of spin randomiza-
+Ashaper WhereA, is the crystal field splitting in a hex- tion. For oblate crystals with randomly oriented axes and
agonal latticelike in CdSe andAg,,¢is the splitting due to  under interdot resonance conditions, we can estimate the de-
numbergM|=1/2 and|M|=3/2. First, we consider two ob- Sy~0.2S,.
late dots forming a molecule with axial symmetry. In such a  1hq dipole-dipole interactiof2) provides the main con-
molecule, ¢y|[C,[[z, wherecy(,) are the symmetry axes of yihtion to the transfer rate. At the same time, the higher
dots [Fig. 3b)]. To be more specific, we assume that theyinole terms of the Coulomb operator can certainly affect
ground state of holes has the angular momeMa=3/2, e magnitude of transfer rate and lead to additional interdot
like in dots based on InP. Using the wave functié8sit is  regonances which should be consistent with symmetry. How-
case of oblate dots withy||c,[|z. hold beyond the dipole-dipole approximation because these
Randomly oriented QD pairst is natural to suppose that yjes come from axial symmetry in a QD pair. Namely, the
the randomness of nanocrystal axes in a QD solid will,n_hhandhh-lhinterdot resonances will result in the conser-
change the spin-transfer rates. To calculate the spin transpQsktion and flipping of spin, respectively.
rates in a pair of arbitrary oriented dots, one can use the Experimentally, the most preferable systems to observe
matrices of rotation for spin and spatial functibhand in- spin transport are the system with QD monolajétor a
i=1,2[Fig. 3b)]. By using the matrices of rotation, the co- have the same orientation of the molecular &igig. 3(a)].
ordinate system x,y,z) is transformed into the systems |f QD's are spherical, the spin polarization in dots 2 will be
(X{ ,y{ ,z) where individual dots have the symmetry of ob- S,/2. In the case of oblate QD’s with randomly oriented QD
late ellipsoids. The spin-transfer probabilities for oblate dotsaxes, the spin orientation will remain nonzero under interdot
depend only on the angles* and ¢{?). Under resonance resonance conditions. Another suitable system is a single-QD
conditions the mean spins in the dots are connected by th@olecule bound to a surface which can be studied by avail-

partially the spin orientation, whereas thie-lh interdot cou-

of secondary photons. We find thef-""=0.13 andP™h
band structure, giving rise to splitting between heavy- andespectively[Fig. 3(c)]. The sign* in the above relation
the shape. The Kramers doublet of hole states has quantug&y of spin using the averaged probabilit@g , . This leads
easy to show that all results for disk-shaped QD’s hold in thgyer, the spin-transfer selection rules established above will
troduce Eulerian angles for the dots{",{* ,¢{*), where  single QD pait® on a surface. In the first case, all QD pairs
equation able methods of single-dot spectroscdpy.
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Another important issue related to exciton transport is the The rate of energy transfer between QD’s can strongly
strength of dipole transitions. In this paper, we assumed thatepend on temperature and resonance conditions. We now
the ground-state excitons in dots are optically active. Thisassume that the QD pair is designed to satisfy the resonant
would not be the case for CdSe dots where a strong interbangbndition Eg’: ESC, whereEg’ is the ground-state energy of
exchange interaction splits exciton levels. The resulting €Xaycitons in dot 1 anES° is related to the excited exciton
citon ground state becomes dark. Our results are fully app”étate in dot 2. In the case ¢ih-hh interdot resonance, the

cab_le to Q D's with optically active excitons. qu ex"’"’nple”[ransfer time can be estimated gs,,s— 1/(wyJ). Here we
excitons in the ground state are optically active in InP nano-

: St . will use the parameters of Inflp=6 A ande=12.6. At low

crystals where the exchange interaction is w&aResides, : :
the exciton ground states are optically active in self-lemperatures, hog‘ogfxfgeous bro%denln%icof excitons are rela-
assembled QD's which are usually lens shaliethe case tvely small andl;<I'>™, wherel’; andl’;™are the broad-
with optically inactive ground states of excitons should be€nings of exciton levels in dots 1 and 2, respectively. We
considered specially. In addition, we considered exciton®btain 7yans~120 ps, taking the parameteid)=1 meV,
within the single-particle approximation ignoring the intradot I'§*>=5 meV, andR=70 A. At room temperature, we find
Coulomb interaction. This approximation is justified for our 7,,.c~1 ns withI'9~T"'$*~ 20 meV.
dot parameters since the typical energy of in-plane quantiza- To calculate the spin orientation in nanocrystals, we as-
tion is greater than the intradot Coulomb interacion. sumed that the time of angular momentum relaxation for the

To observe spin transfer between QD’s, one should have Roles is much shorter that the spin-relaxation time for the
sufficiently long spin-relaxation time. A moderate magnetice|ectrons. This relation is typical for experiments. The mo-

field can favor spin transport because it induces spin splitting,e ntym relaxation time of holes in solids and nanostructures
ano_l strongly enlarges the degree of (_:lrcular polarization ofg 4tten short because of strohg-Ih mixing in the valence
emitted photon$®!® In the system with monolayers, the

T . . band and due to relatively weak quantization of energy levels
magnetic field can be applied parallel to the molecular aXIgs holests
R. The spin-relaxation times found in experiments on the To co;’lclude we have studied spin transfer in nanocrystals
bulk semiconductors and QD’s range from 100 ps to 100 ! P y

s 223The exciton-transfer times in nanocrystals, recentlywhlch does not involve the transport of charge. It has been

measured in Refs. 8 and 9, are in the range from 700 ps to 1gemonstrated that the spins can be efficigntly tra_nsferred be-
ns. This tells us that suitable conditions to observe spin trand?/€€n quantum dots via the Coulomb interaction. In the
port of electrons can be found experimentally. By analyzingifansfer process the electron spin can be conserved or
the rate equations, one can see that the mean spin in dotf#Pped. The transferred spin polarization survives even in
depends mostly on the ratigans/ Te.spin Wheree.pinis the ~ randomly oriented QD pairs and chains. _ _
spin relaxation time for the electron angl,is the interdot The author acknowledges Garnett Bryant for enlightening
transfer time of excitons. At the same time, the emissiorfliscussions on the optical properties of quantum dots. This
intensity of dot 2 is determined by the ratiga,e/ 7exe. Spin~ WOrk was supported by the Condensed Matter and Surface
and energy transfers become efficientrify,e< 7e.spin and ~ Science Program at Ohio University and by the Volkswagen
TransS Texe» f€SpECtively. The latter was satisfied in recentFoundation.
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