RAPID COMMUNICATIONS

Indirect coupling between spins in semiconductor quantum dots

PHYSICAL REVIEW B 71, 12130%R) (2009

G. Ramont* Y. Lyanda-Gellei:™ T. L. Reinecké’ and L. J. Sharh
INaval Research Laboratory, Washington, D.C. 20375-5320, USA
’Department of Physics, University of California—San Diego, La Jolla, California 92093-0319, USA
(Received 3 December 2004; published 16 March 2005

The optically induced indirect exchange interaction between spins in two quantum dots is investigated
theoretically. We give a microscopic formulation of the interaction between the localized spin and the itinerant
carriers, which is the basis of the indirect coupling, including the effects of correlation using a set of canonical
transformations. Correlation effects are found to be of comparable magnitude to the direct exchange. We give
guantitative results for the indirect spin-spin coupling for realistic quantum dot geometries and find the largest
couplings for one-dimensional systems.
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Control of spins in semiconductors has been intensively For the optically induced indirect interaction between
investigated in recent years due to its potential for applicaspins in quantum dots, the spin-spin coupling is obtained
tions in spintronics and quantum computatio&oherent from the self-energy correction in the continuum electron
coupling between localized spins is particularly sought aftepropagator due to its Coulomb interaction with each of the
because it is a key requirement in proposals for spin-basel@calized spins within second-order perturbation théoFiie
implementations of quantum computation. Several couplingesult is a Heisenberg Hamiltonian for the localized spins,
mechanisms have been proposed for quantum gates betwesith an effective positive exchange constant
spins in quantum dot®Ds). They include direct wave func-

A ) K ) 2 d ’ n|24-i(k-k’)-R
tion overlap using electric gates at small dot separatiand J(R) = ﬂ f dkdk Ik, k)|
exchange of a cavity photon mode between spins in QDs for 16 (2m> S+ k_2 2 S+ k_z + k_z’
large dot separatiorfs 2u 2m, 2m,

Recently Piermarocclet al. proposed an indirect mecha- 1)
nism to couple the two QD spins at intermediate interdot
separationé.Here the interaction is mediated by virtual de- where R is the distance between the dot centefss the
localized carrier excitations in the host material. The virtualdetuning of the laser from the electron-hole continutiris
excitations are driven by an interband off-resonance lasethe Rabi energy for the light coupling to the electron-hole
that provides optical control over the interaction. It effec-pair, and u is its reduced massl(k,k’) is the exchange
tively reduces the band-gap energy, thus increasing the intejnteraction between the electron spin in the quantum dot and
action. This approach provides ultrafast optical control andhe itinerant electron.
long spin coherence times due to the virtual nature of the To calculateJ(k,k’) we consider a Hamiltonian that in-
excitations. Combined with Raman optical transitions via in-c|ydes the kinetic energy, the dot potential relative to the host

termediate trion states for single qubit operationthis  material, and the electron-electron Coulomb interactions:
mechanism provides the necessary set of universal gates for

quantum computing. This optically induced indirect spin ex- H=Ho+Hwm+Ha, 2

change was considered in bulk semiconductors by Litvinowhere

et al® and is a variant of several analogous mechanisms,

including the Ruderman-Kittel-Kasuya-Yoshi@@KKY ) in-

teraction in metal$, Bloembergen-Rowland coupling in

direct-gap semiconductofssuperexchange mediated by two

holes in diluted magnetic semiconduct8r&®MS) and mag-

netic exchange mediated by bound correlated states

(excitong.10:11 dir
The proposal in Ref. 4 used qualitative estimates for the /1= Y CrCioCiraNy + 2 CrCloCaoCl-oCir-o

indirect coupling between spins. The purpose of the present kk,o0" kk’o

work is to give quantitative results for this coupling for mix

quantum dots. The key ingredient in all indirect spin cou- +2C k'ck"cd"ck' oCa-o * H.C. (39

pling mechanisms is the exchange interaction of a localized

spin with the mediating itinerant excitation. Here we give aHerech(ckU) is the creation operator for a localizétiner-

microscopic formulation of this interaction, including the hy- any electron,n,= cggcdg, and the last term in Eq33) is the

bridization of continuum and dot states and the double occuen-site Coulomb repulsiort{,, represents the hybridization

pancy of the dot, and we provide quantitative results for theof the localized and itinerant electrons where we include a

spin coupling between QDs. population-dependent hybridizatiorsecond term in Eq.

Ho= 2 Eqny + 2 ExCloCeo+ UNiN,, (3a)
o k,o

Hy = > [Viel .Cao + TkCh yCaoNoo + H.C, (3b)
k,o

Kk, o
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(3b)]. This term was not included in previous work on cou- +T,) J+[k k' T, Ky(k,K)=BV, +B.Vie G1=25, BV,
pling of localized and itinerant spins, and we find that it 3ng 1,=25, [a’k(Vk"'Tk)*_BkV*k]- We find that the second-
makes an important contribution to the spin exchange interyrder term has the same form &, apart from higher-order
action. 7, contains the spin-independent and spin exchanggorrelation terms. We estimate the magnitude of these con-
Coulomb scattering; the latter gives rise to the Heitler-tinyum scattering terms by neglecting off-diagonal contribu-
London exchange contributidd.The last term in EQ(30)  tions and placing lower and upper bounds of zero and one on
describes localized and continuum state mixing. We have nghe occupation numbet8.This procedure brings all higher
included scattering between carriers in the continuum sincgqq orders in the series to the form of E), and we are
the corresponding effects are not relevant to the problem olple to sum the series by solving the following set of recur-
interest hereV, = [drVyoey (N ¢q(r) is the tunneling ampli-  sjon relations for the several coefficients:

tude, wheregp, (r)[ ¢4(r)] is the itinerant(localized electron . X .

wave function, which are also used in the various Coulomb  Jm1(KK') = 2G(v@ = BiBr) + H marye

integrals in Eqs(3a—(3¢).

We aim to bring the Hamiltoniaf’ =Hy+H,, to a form — 2 {23k K gy, + 2Pk, K" ey,
similar to that of ars-d spin exchange Hamiltonian by using K”
a canonical transformation —K,(k, k”)(a’kua;;, _ ﬂk”ﬁ;r)] +[k— KT,
H' =e’H'eS. (4)
The unitary operatoS is chosen to eliminaté{y, to first  Ppei(kk') = Im(ﬂka; +ak,8;,)—2 HJm(k,k”)aku,B;,
order by requiringH,,=—[S, H,] and given by K"
* 1 * *
S= 2 [ﬁk+ (ak_ ﬁk)n—(r]cg(rck(r -H.c. (5) + Pm(k, k”)ﬁk"lgk’_EKm(k’ k”)(akﬁﬁk, - Bk”ak’)
ko
where
Vi+ Ty Vi +ke k’]*},
g=—————, = : (6)
U+Eq-E, Eq- Ey
This is a generalized form of the Schrieffer-Wolff transfor- K,,1(k,k’) =- ZGmﬂkB’;, > [Kn(k, k”)ﬁk/,ﬁ;, +(k—k)T,
mation, which was used to establish the connection between K"
the Anderson and Kondo modéfslt produces a contribu-
tion to the spin exchange arising from the correlation and G..=-2G 2_925 K (KK *
hybridization terms iri{’, which is given to first order by el mzk 1A % n(kKDBB

1 *
JVKK)=Z[BN,, — (Ve + Te) 1+ k= KT, (7 ,
(k) =28~ ailVie # Tie) Tk KT Dy o 03 (Gl = [Bd) + 21 i21+23 [Pk k)
k ’
This contribution vanishes when correlation effects are ne- ok

glected(U, T,— 0). We find that the first-order result, given X(Bka*k, + akﬁ;)+2Jm(k,k’)akaL,
in Eq. (7), is inadequate because it requires tha); be a , « «
small perturbation t@,, which is not the case generally. It is = Kk, K') (et = BBy )]- (10

therefore necessary to sum up the infinite series in the tran

oo ?:"quations(lO) are obtained from the lower bound in the
formed Hamiltonian

higher-order contributions, and a second set of equations is
— ‘(1 1 obtained for the upper bound.
H' =Ho+ D, (—' - |)[S,HM]n, (8 The exchange contribution is obtained from the odd or-
e AN (n+ 1) ders of the series in Eq8). The odd orders also contain

where[S, Hyul,=[S.[S, ... [S, Hul.. ]]. To this end we use additional terms that renormalize the original Hamiltonian

a method suggested by Chan and Gufdcsiit employ a (3a). The even orders also are summed up, and they renor-

different strategy using a set of nested transformations. ThE'@lize the hybridization Hamiltoniar(3b). Figure 1a)
first term in the series in Eq8) is shows the result of the series summation for the diagonal

part of the exchangé(k,k). We find that it differs apprecia-
[SHul= > 31k k) (C]  CapChuChrmo + Mool Cur o) bly from the first-order result of Eq(7) and therefore the
kk’,o residual hybridization in the even orders need not be small,
as shown in Fig. (b). Thus we need to perform a second
canonical transformation by applying EdS) and(6) to the
renormalized Hamiltonian. This second transformation elimi-
nates the next order in the hybridization terms and further
corrects the resulting exchange contribution. This process is
whereJ;(k,k")=2J(k,k') is given in Eq.(7), and the rest reiterated until we fully eliminate the hybridization part of

of the coefficients in Eq(9) are Pl(k,k’):é[akvf(,—ﬁk(vk, the Hamiltonian, as shown in Fig(H).

+ Py(k, k) (Cl,CaoCrr_,Cao + H.C)

- Kl(k:k,)cla—ck/(r] + 2 [Glnu-+ Iln(rn—(r]1 (9)
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FIG. 1. (Color onling (a) Diagonal matrix elements of the spin  FIG. 3. (Color onling (a) Spin-spin coupling in a 2D host at a
exchange interaction between localized and itinerant electrons in dot separation of 21 nm vs the dot potential for two dot radii. The
2D host. The figure gives the first-order result from Ef).(dashed  laser detuning is5=0.5 meV. The right axis shows the coupling
line), intermediate results after the summation in E8). (dotted  values after excitonic correctiong) The same as a for a quasi-1D
lines), and final results obtained by performing a set of transforma-ost and cylindrical dots witlR;=5 nm and several dot heights.
tions (solid lineg. (b) The corresponding hybridization terms: tun-
neling amplitudeV, and population-dependent hybridization term

T This procedure of applying a set of nested Schrieffer-
k.

Wolff transformations is essential to obtain quantitative re-

sults for the “kinetic” exchange interaction, which is the part

that results from the hybridization terms in Egb). As seen
9x10" in Fig. 1(a), J(k,k’) is ferromagnetic after one transforma-
tion, which differs from other results for this kinetic ex-
change contribution, e.g., those in a renormalization group
approacH® Only after a set of transformationgypically
10-20 are the renormalized hybridization terms eliminated

{9x10?

L ~{9x10° and the antiferromagnetic nature of the kinetic contribution
R,=10nm to the interaction is restored, albeit with a modified magni-
V,=150meV BN tude compared to the first-order result. The results calculated

5| . A 4 A .
10 . \ P with the lower and upper bounds discussed above are re-

markably close to one another. We have verified that they
{1.5x10° coincide within 10% for a wide range of geometries and dot

potentials; thus we believe that our summation represents the
complete Schrieffer-Wolff transformation with a good

z L0’ accuracy!’ In our calculations we useoh,=0.07m, andm,
5.: =0.5m. The localized electron wave function was taken to be
BT -j‘;:g::‘evv e isae? Bessel functions in the lateral direction and a combination of
....... Sl ey cosine and exponential functions in taelirection.
----=--$=0.5 meV (No kinetic exchange) Since the kinetic exchange interaction that we calculate
105 0 o ]4'0 i from the transformed+’ is antiferromagnetic, it competes
nm

with the ferromagnetic exchange given by the second term in
FIG. 2. (Color onling (a) Optically induced spin-spin exchange _Eq. (30). An accurate evaluation of the for.mer is important as
coupling in a 2D host vs the distance between the centers of thif can lead to an order of magnitude difference or even a
dots for dot radiusRy=10 nm, potential heigh¥,=150 meV and Chan_ge of sign n the total spin exchang(-‘f‘ coupling between
several values of laser detunings. The dashed-dotted line corréocalized and itinerant electrons. We point out that a full
sponds to the interaction without the kinetic exchange contributiorffransformation is also valuable in the case whereE;> 0,
and is provided for comparison. The right axis shows the couplindeading to a divergence afy in Eq. (6). Here, the kinetic
including excitonic effects discussed in the tefk The same as a exchange contribution is dominant and cannot be obtained
for a quasi-1D host and cylindrical dots with,=10 nm, R,  Vvia a perturbative approach. This regime corresponds to dots
=5 nm, and potential height,=80 meV. with small size(Rp <5 nm) and shallow potentialbarrier
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<80 me\), which are not typical for physical systems and mainly due to the reduction of the kinetic exchange contri-
are not considered here. bution, particularly evident in the one-dimensional case.

In Fig. 2 we show the results for the spin-spin coupling A technologically viable way to increask, is by using a
J12 [Eq. (1)], including both the kinetic and Coulomb poten- microcavity. This can be done by growing distributed Bragg
tial exchange contributions, calculated with the potential reflector layers on the top and bottom of the active semicon-
exchange contribution alone is also shown in Fig. 2, and is guctor layer containing the QDs. This can increase the elec-
factor of 2 larger than),, calculated with the kinetic ex- tric field by orders of magnitude, and thus increases the Rabi
change contributiof® Figure Za) shows the spin coupling energy at the optical vertices in E€L).
for lateral cylindrical dots in a two-dimensional quantum \ye have shown that the effect of hybridization of con-
well. The results for vertically stacked cylindrical dots in @ {jnyum and dot states produces a sizable contribution to the
quasi-one-dimensional wire are given in FigbR Here we  gychange coupling between localized and itinerant electrons.
used(2=0.1 meV for the optical vertices. It is seen that the por certain dot geometries this kinetic exchange can even
spin coupling is more than an order of magnitude larger foligaq to a change of sign in the spin exchange interaction. A
the one-dimensional case than for the two-dimensional casget of canonical transformations with summations over

The Coulomb interaction between the intermediate virtuahigher-order terms provides a useful tool to evaluate the spin
electrons and holes results in an enhancement of the oscillay change interaction. Our transformation of the Hamiltonian
tor strength at both the optical and spin vertices due 0 thep) captures the multiple scattering processes involved in the
exciton wave function.We have evaluated the dominant interaction between the localized and itinerant carriers, and it
contribution of the electron-hole interaction dg,. It results  hrqvides the first microscopic description that accounts quan-
in an increase of up to two orders of magnitude in the tWOxjtatively for the exchange interactidf.Our formulation is
dimensional case and roughly one order of magnitude in thgiso applicable to other systems of localized spins coupled

one-dimensional case right axes in Fig. Zhus, the exci- by carriers, such as electrons bound to doR®msiagnetic
tonic effects reduce the difference i, between the two impurities?! and nuclear spin&

geometries.
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