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Theory of quantum optical control of a single spin in a quantum dot
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We present a theory of quantum optical control of an electron spin in a single semiconductor quantum dot
via spin-flip Raman transitions. We show how an arbitrary spin rotation may be achieved by virtual excitation
of discrete or continuum trion states. The basic physics issues of the appropriate adiabatic optical pulses in a
static magnetic field to perform the single-qubit operation are addressed.
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[. INTRODUCTION The spin of an electron in a quantum dot has been pro-
posed as a qubit for the implementation of quantum
Spin-flip Raman spectroscopy has been widely applied teomputers? It has the advantage of an extremely long spin-
the study of the properties of donors and acceptors irflip decoherence tim& making it possible to perform a large
semiconductor$ It was first usetlfor bound donors in CdS, number of quantum operations. We provide here a full theory
and coherent phenomena such as Raman spin echo wefm the quantum control of single qubit operations using op-
subsequently observéd.Coherent spectroscopic techniquestical pulses. When combined with the proposal to couple
have attracted new interest due to their potential utilizatiorspins in neighboring quantum dots by optically induced
in the control and manipulation of simple quantum- RKKY interaction?® one has a complete scheme to build a
mechanical systems. In particular, the application of coherergcalable quantum computer based on spins in quantum dots
Raman processes to qubit operations in quantum informatiovia optical control. Although in principle the optically con-
processing has been suggested for a variety of systemgplled RKKY interaction alone is sufficient for universal
for example, an electron spin in a semiconductor quantunttomputatior?,l the requirement of at least three physical qu-
dot? trapped ion$;” molecule$ and rare-earth impurities in  bits to form a single qubit makes the route of using a com-
crystals’ The optical rotation of electron spins has beenplete set of single qubit operations plus a two-qubit condi-
demonstrated in semiconductor quantum wHs. tional operation perhaps less difficult for the purpose of a
In this paper we show how spin-flip Raman optical tran-minimalist physical demonstration of two-qubit “computa-
sitions can lead to the full quantum control of a single election.” The idea of using Raman schemes to realize single
tron spin in a semiconductor quantum dot. This involves op-qubit operation was mentioned by Imamoelual® and Pazy
tically connecting the two electron spin ground states toet al?? Here we expand this suggestion, providing a full
trions as the intermediate excited states. A trion is a bountheory of single-spin rotation by means of optical pulses with
state of an exciton with the electron in the dot. The role ofan explicit formulation.
using one or more discrete states in the dot and continuum The paper is organized as follows: In Sec. Il we discuss
states in the host is analyzed. The constraints in the design tiie selection rules and the effects of an external static mag-
the optical pulses to preserve the adiabaticity necessary forrzetic field in optical transitions involving trions in quantum
high fidelity of the control are discussed. There are two posdots(QD). While we focus on QD’s generated by monolayer
sible advantages of optical control compared with other confluctuations in narrow quantum welfsas an example, the
trol schemes, in the femtosecond time scale of the ultrafagheory is applicable to other kinds of dots, such as self-
laser pulses and the efficiency and flexibility of pulse shapassembled dots. We introduce one particular configuration of
ing technique¥*3for quantum operations. light polarization and magnetic-field orientation that realizes
The extant experimental situation provides a sound founa N system. Section Ill explains how to perform adiabatic
dation towards implementation of our theory. A semiconduc-Raman transitions in this system via one trion state. The
tor quantum dot charged with one electron presents a stronghk between the parameters of the optical pulses and the
analogy to a single bound donor. However, the spin-flip Raangle and the axis of the spin rotation is given in the most
man experiments in semiconductors mentioned above ingeneral case. The dependence of the spin rotation on the
volve ensemble measurements, whereas quantum controtientation of the magnetic field is presented. The suppres-
would require experiment on a single dot. The quantum consion of decoherence in the adiabatic regime is shown by a
trol of a single exciton in a single dot by coherent opticalnumerical solution of the dissipative dynamics based on the
techniques is affirmed by the experimental demonstration ofiouville equation and explained by a qualitative discussion.
the Rabi oscillationd?~®*Magnetoluminescence of trion lev- Section IV examines the effects of the adiabatic Raman tran-
els from a single dot reported receritiforms the basis to- sitions via multiple discrete or continuum trion states. Sec-
ward quantum control. tion V summarizes the key results.
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Il. TRION STATES IN A CHARGED DOT guency following the envelope of the optical pulse centered

We consider a system of electrons and holes confined in %t the frequencyw,, propagating in the growth direction

. oo with circular polarizationo (left handedo=—1 and right
quantum dot described by the Hamiltonian handedo=+1). For simplicity, in the heavy-hole exciton

HeN=H g+ Heout+ HE+HE+He(t), (1) ~ associated with polarizatiom, the conduction electron spin
. _ component is taken to be dominated By _, (spin
whereH, represents the part of the noninteracting electron- +1/2) and the valence hole,,, (spin o3/2). For theo
and hole states anHco, is the Coulomb interaction be- Jight-hole exciton, the components aeg , and hy,, (spin
tween them. The effects of the external magnetic field on the;1/2). Correction of this simplification is straightforward in

electrons and holes are given by computatioR* but will unnecessarily complicate the exposi-
1 tion of the optical processes below. The interactidp(t)
He=" ug >, gjeelao'jaﬁenﬁ’ represents the control Hamiltonian to be designed for the
2" "ijap manipulation of the spins. The semiclassical approximation

is appropriate since the intensity of the laser field involved is
strong enough to render the photon fluctuation effects negli-
gible. The combined effects of the spin-orbit interaction and
) S the dot confinement depress the light-hole levels by tens of
where: is set to unityo, ; denotes therSth element of the  mev in these nanostructures, allowing us to restrict most of
Pauli matrix in the Cartesian directign(=x,y,z), ande,,  our discussions only to topmo&ine or twd heavy-hole lev-
(h,e) represents the annihilation operator of an electrorg|s. See Secs. Il A and 1V.
(hole) in the dot at thenth level and spir(pseudospino up Consider first the minimal model in which there is only
or down. Note that the hole levels include the doubly degenone electron level and one hole level in the quantum dot.
erate heavy and light hole states. Although in some llI-VThis is a reasonable assumption since the corresponding ex-
compounds such as GaAs the elect@tensor,g® is ap-  citon is well isolated from the higher states. In a dot charged
proximately isotropic,” we allow here for the anisotropic with one electron, there are two ground staéd$G) and
case with the principal axes along the Cartesian axes avith ¢f | G) which represent the spin-up and spin-down states of
being in the growth direction of the semiconductor heterop,q doped electron with respect to thalirection. |G) de-
structure. In the dipole and rotating wave approximation th&,stes the ground state of the quantum dot in the absence of
light-matter interaction is the electron. There are two trion statese!h’|G) and
. e’ e'h'|G). In the basis ofe!|G),el|G),elelh!|G),
He() =2 Qi (e "*tel hl +H.c., (3 andele’'h’|G) the Hamiltonian including the effect of

7 external magnetic field and light-matter interaction has

where );, denotes a time-dependent complex Rabi fre-the form

1 .
and Hg:i“Bm%,; g;‘th:nacr{ImaB, (2

wpgScos  wggtsing Q*elost 0
wg0ssing  — wggscose 0 Q*elo-t
H= QO e loxt 0 Er+wgghcosd  wggllsing |’ @
0 Q_e ot wgdlsind  Er— wgglcosh

where wg= %MB|§| and 6 is the angle between external We shall present first the simple case of the Voigt configura-
magnetic field and axis. E; is the excitation energy of the tion 6=/2 in which the magnetic field is in the quantum
trion state at zero magnetic field. The Hamiltonian can bevell plane with its direction designated as thexis. Gener-
used to calculate the linear absorption spectra of trions iflization to arbitrary field direction(see Sec. IIIB is
various magnetic-field configurations. For the heavy hglle, Straightforward. The \oigt case is worth special attention be-
is negligible if the heavy-hole—light-hole mixing and tké ~ Cause itis the simplest case for experimental implementation
terms in the Luttinger Hamiltonian are neglected. The@nd it gives the simplest illustration of the underlying phys-
Hamiltonian in Eq.(4) is the same as one used by TischlercS for the control of the single qubit operation. In the case

etall’ to deduce theg tensors from the magneto- Where onlyo . polarized light is used and settig}=0, the

photoluminescence measurements. trion statee e’ h' |G) is decoupled from the rest. The mag-

It is clear from Eq.(4) that the two spin ground states are netic field in thex direction produces a Zeeman splitting
not coupled by the applied oscillating electric field unlessbetween the states, |G)=(1/\/2)(e" +e')|G). The states
there is a mixing magnetic field tilted away from thaxis. el |G), e' |G) ande el h' |G)=e ! h!|G) identify a
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three level system. Consider now two phase-lockedpo-  tained with pulse-shaping techniques. The frequencies
larized lasers pulses which give rise to an off-diagonal maw,, w, are chosen to satisfy the Raman conditions,

trix element of the interaction Hamiltonian in E@l) of the

form w1+ wgldy=w,— wgly=w , =E1—A, (6)

QL (H)=Qy(t)e'lw+ et lep Q,(t)ele="2' (5)  \hereA is the common Raman detunifigee Fig. 18)]. In

where « is the relative phase between the two real Rabithe rotating frame defined bye*i“sdde! |G) and
energiesQ(t),Q,(t). This form of the pulses can be ob- e 'ET~Yte! e h'|G), the Hamiltonian becomes

0 0 Q4 (1)€ %+ Q (1) e?i9xwst
1 . e .
H:E 0 0 Qq(t)e 29@stiap 0, (1) |. (7)
Qy (e "+ Qy(te %eet O (1)e2i%eet 1o+ 0, (t) V24
|
When |Q;(t)|<gzwg, the fast oscillating terms can be ne- Q| =E sin(2¢)sinp,
glected. Then the Hamiltonian takes the form
| A=2E cog2¢). (€)
0 0 e Q. (t
it E(t) is the grand Rabi frequency,
H=| O o om | ®

e 0 (1) Q1) A °

I

2

=/ Qi+ QT+ (10)
where O, =0Q,/42,Q,=0Q,/ 2. This constitutes a single
A system as shown in Fig.(d. For typical Zeeman split- The angle¢(t) may be called roughly the tipping angle of
tings of 1 meV and simple Gaussian pulses, frequency selethe pseudomagnetic field if the three states are regarded as
tivity requires a pulse temporal width much longer than 0.6pseudospin states. To make clear the physical meaniy of
ps (=h/1 meV). below, it is convenient to make the two pulsés,(t) and
Q,(t), with the same envelope shape. Then the angle
=arctan{}, /{);) is independent of time. In general, the pulse
shape identity may be relaxed to the extent that the time

Stimulated Raman adiabatic pass&§&IRAP) (Ref. 25 independence o8 becomes a slowly varying one to satisfy
has been extensively used to perform population transfer be-

IIl. CONTROL OF SPIN DYNAMICS IN A CHARGED DOT

tween quantum staté8.It has also been used to create en-
tangled state$’ In contrast to the typical STIRAP population @ o ()
transfer scheme, we do not make assumptions on the initig e .. T>— A
state of the system. The transformation we are considering e.e.NIG> — .
are general rotations, independent of the initial orientation of N
the spin. A procedure to perform general spin rotation via ] A
STIRAP was proposed recentyHowever, an extra auxil- /\\ .
iary ground state was required in addition to the two ground y / ;N _—

. . : Fos Ny o,
states. It is unsuited to the case of a single charged quantur ¢/ \ IT,">
dot. This STIRAP method can be used in coupled QD’s for| /  / A LS
single qubit operations and quantum g&t&¥.In the follow- // 2«)Bgex[ e .G A 1A1 A,
ing we will first show how to perform an arbitrary spin ro- |“ iG> o/ o
tation in a singleA system without using any auxiliary level. - vy S
We will discuss then the adiabatic condition and the effect of /'/ 20,0° ] e..{G>
the decaying intermediate trion state. TI|G_> ¥

A. General single-spin rotation FIG. 1. A systems in a QD. Only+ polarized light is used in

the Voigt configuration(a) Single trion model(b) Multiple trion-

The Hamiltonian of the singl& system in Eq(8) may be level model. At low temperatures, the main decoherence mechanism

diagonalized analytically by the substitutions, is the spontaneous radiative decay of the trion state indicated by
in (8. Q;=0Q,/42, andQ,=Q,/\2 are defined in Eq(5) satis-
Q,=E sin(2¢)cosp, fying the Raman condition in Ed6).
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the adiabatic condition to be considered next. The matrix of U(—f—oo’—oo):W(oo)UadWT(—oo)
three columns of eigen vectors,

e 22y, i 0
—elsinB  —e'“cosBcos¢ e “cosBsing _ 0
W(t)= cosp —sinBcosq¢ sinBsing |, ’
i 0 0 : e s
0 sing COS¢
(11) (15)
leads to the diagonal form of the Hamiltonian at time \yhere
WT(t)H,(t)W(t), with the eigenvalues along the matrix di-
agonal, respectively, .
U2:e—I/2A20'~n (16)
N(1)=0, 12 ) i o .
1t (129 is our final result for the rotation in the spin 1/2 subspace
_ ) through an angle\, about the unit vecton in the polar
No(t)=—2E(t)siP¢(t), (12D direction given by the declination and azimuthal angle,
(2B,a), or
A3(1)=2E(t)cogp(t). (120

n,=cosa sin(28),
The time-dependent eigenstates are used to form an
adiabatic basis set. The effective Hamiltonian in this repre-

sentation for the time-dependent Sdfirmer equation is Nz=—sinasin2g), 17
given by
N3=cos2p),
Hag= WHW— iw! oY 13 ian directi ;
ad™ —Woht (13 where the Cartesian directiofi 2,3 are along the unit vec-

tors (z,—y,x). The polar direction is along the magnetic

If the second term on the right is negligible, the transformedi€ld- The effect of the spin precession due to the magnetic
Hamiltonian is diagonal, leading to a diagonal evolution op-l€ld is avoided by always working in the rotating frame
erationU,4(t,t') with the termse~'Ai,j=1,2,3, wherer,  introduced by Eq(7). _ _

= [1,dt"\,(t"). SinceA,=0, the first eigenstate is time in- The corrections due to the light-hole come in two forms.
deptendent and completely decoupled from the other tWOne is the light-hole mixing in the heavy-hole and electron

states. The motion governed by the instantaneous eigenen%ringlm_pé1ir trion staté? The spin-up electron is connected
o ) . " 4 by the olarization to the+ 3/2 heavy-hole trion whose
gies is known as adiabatic. The condition for the adiabati y o poarizal vy lon w

aporoximation is the slow time variation &¥ which. from Snixture with the + 1/2 light-hole component is connected
Epp 11, d h fch f the ti . | by the same polarized light to the spin-down electron
=4 ( ) ), epend; on t e rate of change o t_e t|p_p|ﬂg a_ng %tate. This induces an extra rotation of the order of 1% pf
¢(t) in comparing with the rate of the adiabatic motion gpout an axis normal to the growth axis, which is just
given by the grand Rabi frequency which sets the magniy minor correction which can be included in the effect of
tudes of the instantaneous eigenenergies, the transverse magnetic field. The other correction is due to
the light-hole trion whose effect is small if the detuning
: o= is less than 10 meV(Ref. 30 and can be eliminated by
|¢(t)|<2'—f(t) (14) pulse_shapiné?,l?:
For the qubit operation, dt= —oo the state of the system
is a linear combination in the subspace spanned by the eigen-
states associated witty and\,(—«). The time-dependent Since the tilted magnetic field is essential to the complete
Hamiltonian describing the optical pulses has a cyclic behavset of single-qubit operations, it is important to study the
ior, meaning thatH(t=«)=H(t=—). The idea of the dependence of the operation on the field orientation. The
adiabatic evolution is that, if the Hamiltonian varies slowly generalization to an arbitrary direction follows the same pro-
enough in time, the state of the system remains confined inedure as in Secs. Il and Il A. Taking again omty- polar-
the subspace spanned by the two eigenstates at all times. Azed light, we need to consider only the two spin ground
arbitrary initial state in the spin ground-state subspacestates and one trion state made out of a spin-tf3/@) hole
[a,b]" will acquire only a phase in the, component, trans- and two electrons in a singlet. We rewrite the reduced Hamil-
forming to[a,e'*2b]". The evolution operator in the origi- tonian from Eq.(4) in the appearance of a Hamiltonian with
nal rotating frame is given by an effectiveg®,

B. Arbitrary magnetic-field orientation
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wgg®cosd wgg®sind Q* (t)el -t On the other hand, for a finit& we can obtain a rotation
o o about any axis by changing the control parameterq),
H=| @& sind  — wgg®cosY 0 , Q,, andA.
O, (t)e o+t 0 Er+ wgghcosd

C. Suppression of trion decoherence

(18) It is physically reasonable that the use of the
where we have sai'! to zero and defined thé-dependent off-resonance Raman processes should avoid the short
effectiveg® and the effective anglé by optical decoherence time due to the rapid recombination of

the exciton, since the the excited state is only virtually
9%(0)=/(gcosh)?+(gSsin 6)?, (199  excited. The coherence of the spin dynamics is then gov-
erned by the much longer spin dephasing time. In a more
oM guantitative study, we consider the eigenstates in (Ef).
¥(0)=arctan —tané |. (200 The first eigenstatp\ ;) has no component in the intermedi-
z ate trion state, and the second eigenstatg) has only
By the unitary transformation a small component in the intermediate state as long as
Q(t)/A is small. As a result the intermediate state is
B U U T only weakly populated during the Raman transition and its
cos; siny 0 decoherence has a weak effect on the coherence of the spin
rotation.
U= sinﬁ —cosﬁ ol, (21 To substantiate this claim, we start with the master equa-
2 2 tion of the density matriyp,
0 0 1 dp

1
b - _ gi= " 1Hpl=5 2 (WLip+pLLi—2LipL),
the three basis states are transformed to the spin states along 23)
the field direction|+=B), and the invariant triofT). When
the two pulses are chosen as in ), the HamiltonianH, where L; are the Lindblad! operators. These operators
in the new rotating frame is exactly of the same form as Eqhave the form of projectors and describe the effect of

(8). The only changes are in the expressions for the Rabdhe spontaneous radiative recombination of the trion state
energies and the detuning, as shown in Fig. (@. The density matrix in the adiabatic

representation iso=W'pW (note the slightly different

0 symbol ¢ used on the leftand satisfies the transformed
QT:Q]-COSE’ (223) equation
do ) 1
legzsm; (229 gr= " 1[Haae]=5 2 (MIMig+oM!M;—2M;eM]),
(24)
A=E1+ wgg’cost—w, (220  whereM;=WT'L,W. The effect of the transformation on the

Lindblad operators is considerably simplified if we assume
The solution then follows exactly the procedure inthat the spontaneous emission rates from the trion to the two
Sec. Il A. The resultant evolution yields the spin rotation spin ground states are the sanye,By symmetry the results
as in Eq.(16). The Cartesian axed,2,3 are along the unit  are independent of the rotations associated with the relative
vectors (—yXB,—y,B). As a check, note that if the phase of the two pulses and the rotation of the spin basis
magnetic field is parallel to the propagation axis of the light,states to the magnetic-field directigh The total relaxation
thend=0 and we can realize only rotations about #exis.  part is given by

0 rising ricose 1 0 0
Moul0]=— 7y r.Sin¢ (r2+r2)s:r|n-¢ rzcos¢:r3sm¢ +yro| O codd —singcose |, (25)
r1C0S¢p r,Ccosp+rysing  (rz+rz)cose 0 —singcose sirf ¢

wherer; =@, ;sin ¢+ 03;C0Se, rj*:gjyzsin ¢+0j3C0S¢, andry=r,sinp+rscos¢, for j=1,2,3. The origin of the decoher-
ence in the Raman process may be exhibited by a simpler expressidp,gfwhich is obtained by expansion in powers of
the small quantityep(t),
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(1 o 0 o been found to be of the order of hundreds of nanoseédnd,
33 13 and, therefore, we can afford to use rather long pulses for the
M relad €1= 79 0 033 —0n control.

(L 701 —@3 —2033

IV. MULTIPLE TRION LEVELS

T 02 Oz Q13 Q12 In this section we considé) what happens if more than
_ 031 0 022+ 2033 ) one electron or hole levels are localized in the dot, and
02 020+ 2033 023+ 030 how to extend the theory from discrete trion levels to a con-

L tinuum. In monolayer fluctuation QD’s and some cases of
self-assembled dots, these continuum states are provided by
delocalized excitons in the quantum well. We shall confine

+0(¢?) ¢ . (26) ogrselves to the case _of higher electron-singlet heavy-hole
trion levels. There are light-hole effects which can be shown
to be small as in Sec. lll A. There are two-electron spin sin-
glets and triplets. None of them are important if the detuning

At the start of a qubit operation, the density matrix has thdfom the lowest single trion is small.

form
A. Multiple A system

01, 0y O We assume that the initial state is still restricted to a linear
combination of the spin ground states, |G) ande], |G).
o(—»)=| Qa1 €22 Of. (27) In the presence of many electron and hole levels in the dot,
0 0O O the effect of Coulomb interaction is to renormalize the trion

energies and the oscillator strength of the optical transitions.
Consider again the Voigt configuration. We have twaq
laser pulses satisfying the two photon coherence configura-
tion: w3+ wpg;=w,— wgdy=Er1—A;, whereEr; is the
) lowest trion eigenstate energy including the effects of the
subspace spanned by;) and |\;). Hence, the relaxation - i0mp interaction. In this case, there are many possible

terms in this subspace are of second ordeginThis dem- fion statesT(lo)- ; _T(ko) resulting from the many confined

onstrates a suppression of the optical decoherence eﬁeﬁésvels and one ends up with a multiple system, as de-
within the adiabatic subspace. ' P Y :

A more quantitative measure of the qubit operation is theDICtecj in Fig. 1b). The general theory developed in Sec. Ill

N S . tan be extended to treat the multiplesystent* To illustrate
commonly used fidelity which is an overlap of the physical )
. . . he method we consider the case where the two pulses are
operation versus the ideal. We follow the averaging over al

possible initial states in the Hilbert space as was done iﬁdhem'cal’ .e., 0,(1)=0,(t), and «=0. This particular
Refs. 12 and 13. To compute the fidelity, we have performe& oice corresponds to a rotation about Wx'i' Let us
a numerical simulation on the adiabatic spin rotation usingthange to the rotating basis|*)=(e'“s%el,|G)
the quantum trajectory methd@which is equivalent to solv- te‘wsgiteix|e>)/\/§_ The trion states are in the rotating
ing the master equation with the relaxation terms in@®&).  frame wherdT;)=e~'*!|T(?). The Hamiltonian in the basis

If the adiabatic condition in Eq(14) is satisfied, then
0j3V] remain nearly zer¢of first order ing) at all times. To
first order in¢g, Mg 5[ 0] is proportional only togjs in the

We take the common shape of the pulses to be Gaussian, ) |+) |T,), ... |T,) becomes

xexp—(t/7)% The lifetime of the trion due to spontaneous

emission(Fig. 1) is taken to be 60 ps. Other forms of dephas- - 0 0 0 0 0 T

ing, such as that induced by the electron-phonon interaction, 0 0 Q) - Q)

are experimentally found to be negligible in the fluctuation ! k

quantum dot$® We simulate the operation ofz rotation in H=[ 0 Q) Ay -~ 0 |, (29

the spin space. For a Rabi ene@y=1 meV and a detun- : : : . :
ing A=5 meV we find an appropriate pulse duration given 0 Q1) 0 o A
by 7=8.74 ps. The resultant fidelity of this operationFs = K k
=0.991. If the detuning is increased4o=10 meV, we find  whereQ, = B8,Q,(t)/\2, andB, is the oscillator strength of
that the adlabatICIty condition is better satisfied and the OPthe optica| transition. The first eigenva]ue is Zarﬂt)zo
eration is more robust against spontaneous emission. Thehne second eigenvalug,(t) can be calculated exactly.
fidelity in this case increases #©=0.995. The price is a However, it often suffices to work in the second-order per-

longer pulse durationr=16.74 ps for ther rotation. This  turbation theory in which the analytic expression is
demonstrates numerically that the decoherence of the inter-

mediate trion state can be suppressed using an adiabatic con- |Q(1)]?
trol. Once the effect of spontaneous emission has been re- Ao(t)= _Ei A
duced, the spin-flip decoherence is the remaining limiting '
mechanism for the coherence of the qubit. This time ha3he corresponding eigenstates are

(29
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N (D)=]—), (30 The Fano approach thus allows us to obtain an analytical but

complicated expression for this condition valid to all orders

« Q;(t) in Q/A. However, a more stringent condition can be ob-
|)\2(t)>:|+>_izl T =3 (3)  tained by expanding Eq35) to second order i)/A as is

- ' done for the multipleA case. It can be shown that it is
Q;(t) sufficient to requird)._o(t)/A<A, whereA is the detuning

N2 () =T+ [+) —— (32 to the continuum edge to fulfill the adiabatic condition,
' which is analogous to Eq33). When this condition is ful-

3illed it is possible to perform an adiabatic Raman transition

coherently via the continuum of intermediate states.

The adiabatic condition can be expressed
[(Ni(1)|d/dt N o(1))|<|Ni(t) —No(t)] for all i>2. The most
stringent condition is of course for the lowest trion state
which gives

Ql(t) V. CONCLUSIONS
We have presented a theory for arbitrary rotations of the

<A;. (33
Ay
When this condition is fulfilled spin rotation can be achieved>P" qf a single electron in a quantum dot via Raman transi-

via multiple intermediate trion states. The coherence of th ’ ’ '

rotation is again preserved by the virtual excitation of inter-play the role_ of the_upper level in an effectnb(esyst_em_. An
mediate states. arbitrary spin rotation may be performed by tailoring the

relative phase and the relative intensities of two laser pulses
as well as choosing the polarization of the light and the ori-
. . _entation of a static magnetic field. The explicit relations be-
STIRAP via continuum has been proposed for populationyeen the parameters of the laser pulses and the angle and
transfer in atomic physic®:** Several approaches have beenthe axis of the spin rotation are given. We investigate how
proposed to avoid leakage and decoherefitle show here  the intermediate state decoherence is suppressed when the
how the adiabatic manipulation of a single spin can be realpperations are performed in the adiabatic regime. We derive
ized in principle in presence of a continuum. The key forthe adiabatic condition il systems where additional dis-
avoiding leakage and decoherence is again an excitation bgrete levels or a continuum of states are present. We show
ally excited and the coherence of the spin rotation is prefjyctuation quantum dofswith values of the oscillator
served. The treatment parallels that of the multiplsystem  strengths and the characteristic energy separation taken from
case in Sec. IV A. The eigenenergy|afy(t))=|—) is again  the experiments. We emphasize that our scheme works inde-
\1(t)=0. By means of Fano’'s methdldthe eigenenergy of pendently of the confinement properties of the dots, as long
the other discrete state,(t) can be determined by the inte- as the structure of the trion levels can be represented by the

B. Continuum A system

gral equation, one in Figs. 1) or 1(b). In principle, quantum dots could be
10(e)[? engineered to optimize the fidelity of the operations with this
7\z(t)=j deg(e)———, (34)  Particular control scheme. The theory developed here pro-
(A2(t)—A)) vides a useful blueprint for the realization of single qubit

where we have replaced the summation over the diskree operations in spin-based quantum information processing.
the integral over the energy with the density of stajés).
At t=—cc the statg\,(—=))=|+). The eigenvector of the

new discrete and continuum stat&s(t)) can be solved ana- ACKNOWLEDGMENTS
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