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Phonon-induced decoherence for a quantum-dot spin qubit operated by Raman passage
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We study single-qubit gates performed via stimulated Raman adiabatic passage on a spin qubit implemented
in a quantum-dot system in the presence of phonons. We analyze the interplay of various kinds of errors
resulting from the carrier-phonon interacti@including also the effects of spin-orbit couplings well as from
guantum jumps related to nonadiabaticity and calculate the fidelity as a function of the pulse parameters. We
give quantitative estimates for an InAs/GaAs system and identify the parameter values for which the error is
considerably minimized, even to values below“per operation.
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[. INTRODUCTION be chosen in such a way that the trion state is never occupied
(in the ideal caseso that the scheme is not affected by the
considered to be promising candidates for implementation O@Iecohelrence resulting from its finite lifetime. It can be
quantum_information processing schemes. Due to theipNOWIF" that with properly chosen phases of the laser pulses
atomiclike structurg one can easily single out a subset of & Predefined qubit superposition gets coupled and undergoes

states to encode the logical qubit values. In principle, thes@" adiabatic transition to the second dot and back which

systems provide for stable coherent memory if the informaShifts its phase by a desired angle with respect to the other,

tion is encoded into the long-living electron s@inyhich orthogonal superposition that remains decoupled from the

motivated a spin-based proposal for quantum informatioAaser fields. This results in an arbitrary rotation of the qubit
. . state around an arbitrary axis on the qubit Bloch sphere.
Ztgr:]a:)gnit?:tidorf)sroocfesgme%ggt t:oent(r)ct)rl‘%rv:?tnhde, fr),(;eré?g:; tal The essential difference between atomic systems, where
g . such quantum-optical schemes are successfully apflied,
degrees of freedotn’ and the recently performed two-qubit

based fined biexc Y he feasi and solid state QD systems, where their implementation is
gate based on a confined biexciton systeprove the feasl-  ,qh05ed, is the nature of the environment. In high-quality

b@lity of quantum coherent manipulation of carrier states ONsamples at low temperatures the dominant coupling to the
picosecond time scales. It has been therefore propbsed external degrees of freedom is that involving lattice modes
implement the qubit states as the vacuum and single-excitofhphonons. The coupling mechanisms include interaction
states in a QD, switched by resonant optical coupling angyith lattice polarizatior{longitudinal optical(LO) phonon$
providing the two-cubit conditional gating via inter-QD and with piezoelectric fields induced by phonon-related
dipole-dipole interaction. strain [longitudinal and transverse acousficA and TA),
Both the spin-based and the charge-based proposals suffghonong as well as the effective influence of strain-induced
from serious difficulties. The spin switching time in typical band shift, described in terms of the deformation potential
structures is very long due to weak magnetic coupling. Theoupling to LA phonons. Even restricted to acoustic
orbital degrees of freedom do not provide for long operatiorphonons, this kind of external bath shows various peculiari-
times due to the finite exciton lifetime, usually of order of ties compared to models usually assumed in general
1 ns?13 1t seems therefore natural to seek for a scheme irstudies’® Its low-frequency behavior depends on the cou-
which the logical values are stored using spin states, whilgling mechanism and on the wave-function geometry and is
the operations are performed via optical coupling to thealways super-Ohmic, i.e., its spectral density grows superlin-
charge degrees of freedorh!® also using QD systems in early with frequency? Due to the localization of carrier
QED cavities'®'” wave functions on a scale much larger than the lattice con-
A promising solution, proposed recentfyjs to encode stant, a high-frequency exponential cutoff in the effective
the qubit states into spin states of an excess electron in a Qhonon spectral densities appears well below the Debye fre-
and perform operations by employing stimulated Ramarguency. Moreover, apart from the nondiagonal coupling
adiabatic passagSTIRAP) to a state localized spatially in a terms describing real transitions, there is usually a diagonal
neighboring dot? (An alternative scheme not relying on the coupling which leads to pure dephasing effétt8resulting
auxiliary state has also been propog®drhe STIRAP tech- from the lattice relaxation after a fagtompared to phonon
nique uses three laser fields that couple the two qubit statésequenciel change of the carrier state?® Such an effect
as well as the auxiliary state to a fourth state, a chargedianifests itself in optical experiments as a fast partial decay
exciton (X", or trion), composed of two electrons with oppo- of the signal coherenéé?in excellent agreement with theo-
site spins and a hole. In the presence of laser fields withetical modeling assuming its phonon-related orfgif
slowly varying amplitudes, the system evolves adiabatically, The characteristic time scales of these intrinsically non-
following the states of the interacting system of carriers andVlarkovian pure dephasing processes are determined by the
electromagnetic fieldtrapped statgsThe driving fields may localization (QD size and are typically much shorter than

Quantum dots(QDs), among many other systerhsare
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any real phonon-induced transition process. More importhis section we derive the equations for the reduced density
tantly, they overlap with the time scales proposed for opticamatrix of the carrier subsystem in the leading order in the
qubit control! It has been show#f that the demand to avoid phonon coupling, assuming that the unperturtiddal) evo-
these pure dephasing effects limits frdmlow the gating lution of the noninteracting system, described by the unitary
times, thus shrinking the time scale window defined, on thesyolution operator

other side, by the long-time decoherence proceé&ses, the _

exciton lifetima. Uo(t) = Ug(t) @ e or” (1)

In this paper we study the influence of the coupling to the, : :
phonon degrees of freedom on the fidelity of the single—qubi{S k?owtr;](see al_so Reg. 30tHere,UC ||s :jh? e\t/r(l)lutlorg opelrall_- ht
rotation via the STIRAP proceds implemented in a or for the carrier subsystem coupied fo the external lig
double-QD structuré® Even if the possible phonon-assisted field in absence O.f camer—phonon Interaction gl is th.e
transitions to other states may be neglected, the diagonglee-phonon Hamiltonian. The relevant carrier states in the
terms still give rise not only to pure dephasing effects buduantum dot are assumed to form a discrete BBt n
also to transitions between the trapped carrier-field states:0:1,2,..., and theohonons are described by destruction
The probability of these phonon-induced transitions becomegnd creation operators, and by referring to bulk phonon
very high if the spacing between the trapped energy level§hodes with wave vectdk.
falls into the area of high phonon spectral density and the The interaction between the carriers and the phonon
overall error is roughly proportional to the process durationmodes is written in the general form
Such high error rates are critical for quantum computation
schemes where extremely high fidelity is requitedy., er- V=2 S ® Ry, 2
rors not higher than~10* per gate are allowed for two- nn’

_qublt _operatlon)s in order to pr_owde for scalable_ devices whereSnn/=ST, =[n)(n’| act in the Hilbert space of the car-
including quantum error correction schemes. We discuss how n'n

these strong decoherence processes may be avoided by eith€f Subsystem and

decreasing the trapped level separatitow-frequency re- _of +

gime, exploiting the super-Ohmic behavior of spectral den- R =Ry = % Fo (K) (b + b2y, 3
sitieg or increasing it beyond the cutoffigh-frequency re-

gime). We show that in both cases one encounters a trade-offith F,,, (k) =F,, (~k), affect only the phonon environment.
situation, due to the opposite requirements for phonon- \ve assume that at the initial time-the system is in the
induced jumpgshort durationand for the fundamental adia- product state

baticity condition and pure dephasiriglow operation In

the low-frequency regime, avoiding phonon-induced transi- o(=t) =po® p1,  Po=|to){W, (4)

tions contradicts the condition for avoiding nonadiabatic . . . .
jumps between the trapped states, which may be overconyuhere|yyp) is a certain state of the carrier subsystem apis

only by considerably extending the process duration. In thdh€ thermal equilibrium distribution of phonon modes. Physi-
high_frequency case, there is a Competition between the pu@”y, this is jUStIerd by the eX|S.tence of two distinct time
dephasing and the phonon-induced transitions that is ovegcales: the long one for the carrier decoherefgcg., about
come by increasing the trapped state splitting, taking advank ns ground-state exciton lifetirtfe'y and the short one for
tage of the particular structure of the phonon spectral densithe reservoir relaxatiofl ps pure dephasing tirfe®*29.
for a double-dot structure. The starting point is the evolution equation for the density
The paper is organized as follows. In the next Sec. Il wematrix of the total system in the interaction picture with re-
present the general derivation of the phonon-induced erraspect to the externally driven evolutidd, in the second-
for an arbitrary system evolution. Section Il describes theorder Born approximation with respect to the carrier-phonon
model of the specific system discussed in the paper and d@teractiorf*
rives the carrier-phonon coupling relevant for our discussion. ¢

Section IV provides a description of the STIRAP qubit rota- PO =D(-ty) + l drV(7), (- to)]

tion procedure for completeness and necessary reference. In i),

the central Sec. V, the results of Sec. Il are applied to the ; .

STIRAP procedure described in Sec. IV with the phonon 1 de dr'[V(n),[V(7),0(-tx)]],  (5)
perturbation derived in Sec. lll. This section contains also h? I ’ ’ o

some general discussion. In Sec. VI we present the results for
specific pulse shapes in order to get some quantitative estf?
matgs for an InAs/GaAs QD system. leglly, Sec. VI sum- (0= Ug(t)e(t)uo(t), V() = Ug(t)VUO(t).

marizes and concludes the paper. In addition, some technical . _ _ _
details and further analysis, including the effect of the spin- The reduced density matrix of the carrier subsystem is

orbit coupling, are presented in the Appendixes. o(t) = Uc(t)ﬁ(t)UE(t), 30 = [Trea(0)].

where the trace is taken over the reservoir degrees of free-

dom. Note that in this paper the symholalways refers to a
The subject of this paper is the optically induced dynam-density matrix in the full carrier-phonon Hilbert space while

ics in a quantum-dot structure coupled to a phonon bath. Ip refers to reduced density matrices in either the phonon or

ere

II. PHONON-INDUCED DECOHERENCE: GENERAL
THEORY
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the carrier subsystem. The figeroth-orderterm in Eq.(5)
obviously yields

pO(t) = Uc(®)| o) ol UL = [¢hOXh®].  (6)

The second term vanishes, since it contains the thermal av-

erage of an odd number of phonon operators. The thir

(second-ordegrterm describes the leading phonon correction

to the dynamics of the carrier subsystem,

1 t T
0= [ ar| " arTidvn v, ec ol
~to ~to

)

The first of the four terms resulting from expanding the
commutators in Eq(7) is —Q,pq, Where

1

Qt_?

t T
> > | dr f d7’ S (1) St ()

nn’ mnt ¥ o
X<Rnn’(7'_ T')Rmm’>-

The operatorsS and R are transformed into the interaction
picture in the usual way,

S (® =UJ0SUg(), R (1) = USOR Uo(b),

and<(5>:TrR[(7)pT] denotes the thermal averag@@bviously
[Uo(t), pr]=0). Using the symmetry of the operatdg, and
R, the second term may be written apOQt*. In a similar

manner, the two other terms may be combined®pp,],
where

. 1 t t
b= 533 | ar] arS()pSum(o)
Yo —to

nn’ mm ¥~
X{(Rmy (7= 7" )Rypy) -

In terms of the new Hermitian operators

1
~(Q-Q),

AFQt"'QtT, hy o

8

the perturbation to the density matrix at the final titjé&q.
(7)] may be written as

P20 =-ilhupol - SlAupol + Blpol. (@

The first term is a Hamiltonian correction which does not

lead to irreversible effects and in principle may be compen-

sated for by an appropriate modification of the control
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(i)t[P] = 2 E

nn’ mn?

dw Rnn’,mm’(w)Ymm’(w)PY:rn(w)

11

here the frequency-dependent operators have been intro-
duced,

t
Yo (@) = Snn’(T)eindT-

_to

(12
Using Eq.(10) one has also
Q= 2 E

t t
dwf dTJ d7O(r—17)
nn’ mny -ty -ty

X S (1) Sy (7)) Ry amy ()€1 977,

Next, representing the Heaviside function as

) do’ e—iw/t
Oty =-€e | ———,
® 27w —w+i0*
we write
T ’ ’
do' Yon(@)Ymm (')
Q=- E 2 dw Rnn’,mrr{(w) inn/—m+
F— 2w o' —w+i0
do’
=22 | do Ry mar(@) | Y0 (@) Yo ()
2
nn’ mn' i

|

whereP denotes the principal value.
Hence, the two Hermitian operators defined in E8).
take the forms

X{—iﬂﬁ(w’—w)+P

o' -w

A=22 | do Ry mar (@)Y} (@)Y (w)  (13)
nn’ mn
and
t ’ ’
dw’ Yo (o )Ymm'(w )
ht:E E de Rnn’,mm’(w)P 2_ L ; .
T o -w

nn’ mm’

(14)

HamiltonianHc. The other two terms describe processes ofN the following, we will be interested in the system state at

entangling the system with the reservoir, leading to the los
of coherence of the carrier state.
Introducing the spectral density of the reservoir,

Rnn’,mm’(w) =

1 .
ZWﬁZJdKRnn’(t)Rmm’>elwta (10)

one may write

the final timet= +t,, after all the pulses have been switched
off.

In the quantum information processing context it is cus-
tomary to quantify the quality of the operation in terms of the
fidelity, which is a measure of the overlap between the de-
sired (unperturbedl state and the actual final staté
:TI’[UC(t)pOUE(t)p(t)]. The error is then defined as the fidel-
ity loss 6=1-F. From Egs.(6) and(9) one has
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5= = (Yo[p®| o) In the rotating frame, defined 4p)=€(nt=%)|n), n=0,1, 2,
the RWA Hamiltonian(17) may be written

= 2 | do Ry mm(@) X oY n(@P Yo ()] 40, 12 . _
nn’ mn? Hc=#A|3)(3| + 52 A Q1) (€7 N[AN(3] + €% 3)(T)),
(15) n=0

whereP+ is the projector on the orthogonal complement of (18

|y in the carrier space. In this order the unitary correctionyheres,= ,~ &, (only the relative phase of the pulses mat-
generated by, does not contribute to the error. ters.

The calculation presented above requires two input com- The second term describes the free-phonon evolution,
ponents: the specific form of the interaction potentia).

(2)] for a given problem and the unperturbed time evolution th=2 ﬁwkﬁlﬁk'
[Eq. (1)]. These two necessary elements are derived for our . . o
qubit system in the two following sections. whereB,, Bx are phonon creation and annihilation operators

(with respect to the crystal ground statdhroughout the

paper, the phonon branch index will be implicitipunless it

[l. THE QUBIT SYSTEM AND ITS INTERACTION is explicitly written. Together wittHq [Eq. (17)], the above
WITH PHONONS phonon Hamiltonian describes the known, unperturbed evo-

) _lution of the system, given by Eq1l).

In the following part of the paper, the general theory will  The final term is the carrier-phonon interaction. Since the
be applied to a specific system of two quantum dots containagiapaticity inherent in the STIRAP procedure excludes the
ing one excess electron and coupled to the trion state in Ord‘ifossibility of inducing high-frequency dynamics and also all

to perform an arbitrary rotation in the qubit space by meangne trapped state splittings should be at most of several meV
of the STIRAP. Here we formulate the model of this system(is avoid crossing with excited carrier statethie discussion
and derive the Hamiltonian describing its interaction with the,yj| pe restricted to acoustic phonons. The Hamiltonian de-

phonon environment. . . _ _scribing the electron-phonon interaction in the coordinate
The Hamiltonian describing this system and its COUpI'ngrepresentation is
to lattice modes may be written as

H=He+Hon+ V. (16) V= % o€ (B + BLY), (19

The first term is the STIRAP Hamiltonian including both the \yherer denotes the electron coordinage similar contribu-

qubit states and the control fields. The implementdfidle- i, appears for holésThe coupling constants for the lon-

fines the_qubit by twary-spin eigenstates of a single excessgitydinal and transverse phonon  branches are,
electron in one of the QD@large”) from a vertically stacked respectivelyp2.33
pair. In order to perform a general single-qubit rotation be-

tween the two qubit statd8) and|1) an auxiliary state2) is i fi . de

used?! in which the electron is shifted to the second Uk = m Uk"'s - M, (k) (209
(“small”) dot and has the same spin orientation af)nAll et 0%s

these three states are coupled to a fourth $8te charged and

exciton(trion) state, by laser beant3,, (24,(),, respectively. P de
The Hamiltonian for such a system in the rotating-wave ap- vt = —j /—_Mtl,tz(k)j:nn’(k)r (20b)
proximation(RWA) is 2p VoK) ggs
2 _ wherel,t;,t, refer to the longitudinal and two transverse
He =2, e,ny(n| + X, A, (t)(ent=%)|n)(3| + H.c), acoustic phonon branches. Heee denotes the electron
n n=0 charge,p is the crystal densityy,, is the normalization vol-

(17) ume of the phonon system, ; are the phonon frequencies,
) i is the piezoelectric constanty is the vacuum dielectric con-
where €, are the energies of the corresponding states, thgiant ¢, is the static relative dielectric constant, amds the
slowly varying pulse envelopeQ,(t) are real and positive, geformation potential constant for electrons. The functions

wn are the corresponding laser frequencies, and &ndre V¢ depend on the orientation of the phonon wave vetor.
the phases of the pulses. This Hamiltonian induces the uniggr the zinc-blende structure they are given by

tary evolution described in the previous section by the op-
eratorUc [Eq. (1)]. , , M(K) = 2[keky (510, + KykeBoix + KRByl (2D)
In order to achieve Raman coupling, the frequenaigsf ~
the laser beams must be chosen such that the detunings framherek=k/k and &y is the unit polarization vector for the
the corresponding dipole transition energies ¢, are the  wave vectork and polarizatiors.
same for all the three couplings. Therefore, we pyt In the basis of the confined states relevant for the STIRAP
=e/h—€,/h—A, n=0,1,2,whereA, the common detuning, process the carrier-phonon interaction Hamiltonigl®)
is one of the parameters to be tuned for optimal performanceeads
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V= 2 In)(n’ |2 fore () (Bic+ B, (22) Ron i (@) = E Fon (K)F (k)
n,n'=0

X +1)S(w— + + ,
where, for single-electron statefs,, (k) =v,F,y (k) with the [+ Do~ @) + Mo+ )]

form factorsF,, (k) depending on the wave function geom- (26)
etry and given by wheren, are phonon occupation numbers. Note that not all
possible couplings appearing in the general form of @9.
() = | & Wkt (), 23 are present in our case. It is clear from E85) that the
Fom (k) J F¥(NET (1) 23 phonons influence the dynamics only when a transfer from

the large dot to a spatially different carrier sté&enall dot or
where W (r) is the envelope wave function of the electron. trion state occurs.

The coupling constantd (k) include all the coupling The interaction potential given by E(R5) will be used in
mechanisms relevant for a given phonon branch and have the calculation of phonon-induced decoherence according to
symmetryf (k)= fn (=K. the general theory of Sec. Il. First, however, one has to de-

We will assume that the two spin states used to en¢@de scribe the unperturbed evolution which is the second neces-
and|1) correspond to the same orbital wave functions so thasary ingredient of the calculation. This is done in the follow-
the couplingsfyy(k) and f,;(k) are equal. The couplings ing section.
for(k), f10(k), f15(k), andfyy(k) vanish since the spin orien-
tation in the statdl) differs from that in|0) and |2) (the
effects of the spin-orbit coupling are discussed separately
below). Moreover, it is assumed that there is no overlap of In this section we present the formal descriptiof? of the
wave functions between the stat@ and |2), so that also stimulated Raman adiabatic passage without external pertur-
foa(k) and f,g(k) vanish. bation. Along with the results of the previous section this

An important point is that, since the electron resides norwill allow us to use the general theory of Sec. Il for the
mally in the large dot, at the initial moment the lattice is description of phonon-induced dephasing.
relaxed to the corresponding minimuftdressing” of the The system is modeled by the Hamiltonian given by Eq.
electron in the coherent deformation figldhis may be ac- (18). The envelopes of the first two pulsd3, ;, are chosen
counted for by defining the modes with respect to this shiftegoroportional to each other so that they may be written as
equilibrium, so that the ground state of the interacting system _ _ .
corresponds to the new phonon vacuum, i.e., by transforming Qo(V) = Qog(t)cosy,  2a(t) = Doy(D)siny,
to new phonon operatolg according to with a certain parametey e (0,7/2) defining the fixed ratio

of the pulse intensities. In terms of the new basis states

IV. THE STIRAP PROCEDURE FOR A SINGLE-QUBIT
ROTATION

by = B + foo(k) (24
k= Pk W, IB) = cosy|0) + & "5ls|nX|1)
Upon transformation to these new modes the interaction D)= - sin |(~)> + &8 cos |~1>
reads X X147
the Hamiltonian(18) now reads
V=2 [ Fo(l) (b + bl h
n=2,3 He=hA[3)(3| + 5901(t)(|B><3| +[3%B))
* f ~ ~
[EO M2 frs(K)(byc+ bl + He. ] +oOME RN+, (@27)

Thus, the paramete;sgand?‘il define two orthogonal states in

\t/vhgre F“”c(jk):f““(k)_fm(k)' I\I(Iorﬁover,h'Fhﬁ .carhner Ham|.| the qubit space. The laser pulses affect only one of these
onian undergoes a renormalization Wnich 1S, NOWEVET, IN€Sq;i0q the couple@right) state|B), while the other orthogo-
sential for our discussion. In the rotating frame the abov

it tion Hamiltoni q hal combinatior|D) remains unaffected.
Interaction Hamiftonian reads At a fixed timet, the Hamiltonian27) has the eigenstates

V= 223|”><ﬁ|2 Fon(K)(by + b)) lag) = cos6|B) — %2 sin 02), (283
[i |n><3|2 Fra(K)(be + bl + Hec. ] (25) 2= cosa(e sin68) + cosf2) - e%sin 413,
par " (28b)

where Fr(k) =fg(k)e7 (=% This Hamiltonian is of the
form (2) with S,y =|nXn’| andR,y == Fp (K) (b +b_y). The
spectral densitiefEq. (10)] have the explicit form where

|a,) = sin ¢(sin 6|B) + € it cos6|2)) + cosp|3), (280
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sin26, 7 doldt

50 0
t [ps]
FIG. 1. (a) An example of pulse shapésolid) and the resulting

structure of the dressed levelslashed The arrows show the
phonon-assisted transitions, as described in Sed1Nthe pure
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Uc(t)

d%2cosf eM-H%2c0sgsing € singsing

=| -sing e'*-cospcosd %M singcosh |

0 — eiAHoging &M cose

(30)

where 0, ¢,\, are slowly varying functions of time:$2:0
for t<O0, and

t
Ai(t)=f dm\.(7).
0

As shown in Ref. 21, the phase shift of the bright state
resulting from the procedure described above is equivalent to
the rotation in the qubit spad6), |1) around the axis deter-

mined byy and by the relative phas® between(); and();.

The rotation angle is equal to th® phase of the second
pulse sequence. The characteristic feature of the STIRAP is
that no special form of the pulses is required. Thus, from the
point of view of the unperturbed evolution, the detunivg
and the pulse envelopéd, , are to a large extent arbitrary.

dephasing effect2), (3) the transitions between the trapped states. This freedom may be used for minimizing the perturbing

(b) The evolution of the functiong (dashed and sin 2 (solid) for
the pulse sequence shown (.

tam9—QOl sing = L (1 = )1/2
-, —? —/= .
Q V2 A%+ 05+ 05

The corresponding eigenvalues &ng, ., where

A2+ 02 2
A+ VA +Q5,+Q5

- 2

(29

The system evolution is realized by an adiabatic change
of the pulse amplitudeésee Fig. 1; in this application, the

detuning remains constantnitially (at the time +;), both
pulses are switched off, and henge 0; then(), is switched
on first, and hence als6=0. Therefore|ay) coincides with

effects of the environment.

Ideally, the statd?) is only occupied during gating, while
the statd3) is never occupied. This is true under the assump-
tion that the evolution is perfectly adiabatic. However, any
change of parameters can never be infinitely slow and the
probability of a jump fromay) to one of the two other states
|a,) remains finite. In the lowest order, the corresponding
probability amplitudes afé

t t
c.(t) = df(ai(r)w(r))exp[— if )\J_,(T')dr'} ,

) T
wherey(t) is the state evolving adiabatically from the initial
one. Let us write the general initial state in the form

|z/;0>:cosg|B>—ei“’ sin§|D>. (31

The qubit rotatiof! is performed by two well-separated,
mirror-symmetric pulse sequences differing only by a phase.

IB) and |a_) with |2). During an adiabatic evolution of the Thus, using the explicit formula28a—(28c) one may write

parameters, the states move along the corresponding spectral

branches. During the first passa@,:o and 6 is changed

from 0O to 7/ 2. At the end of this stage, when the pulses are

switched off (¢=0), the electron is in the state@. The
second passage tak@dack from#/2 to 0. Now, however,

:Szjéo so that the adiabatically followed system state is

€%a,) and the final state i€'%2B). Note that the desired

() = cosge‘m*m[ﬁi T, (32
where
~ * Sin ¢(T) - iA+(T)
C,= f_w dT|:COS¢(T) ] o(7)er'", (33

system evolution relies on the angtedetermined by the with sin ¢(7), cosé(7) corresponding to+ and —, respec-

ratio g,/ Q, (the so-called mixing anglewhile the absolute

tively, and the integral involving only one pulse sequence. If

value of these pulse amplitudes remains a free parameter thfe evolution induced by the pulse sequence is symmetric
may be used for optimization against decoherence effects. with respect to a certain timg (the time around which the

The evolution operator corresponding to this procedurebmSe sequence arrivethe amplitude33) may be written in

may be written(in the basigB), [2), [3))

the form¢, =ie'W(E,|.
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In order to discuss the general properties of the nonadiathat this function is peaked arounrg~-w,, i.e., at the opti-
batic jump amplitudes, let us write the evolution é®fn the  cal frequencies which are many orders of magnitude higher

form than any phonon frequencies presentRRy mn(w) [EQ.
(10)]. Thus, interband nondiagonal phonon couplings do not
at) :E(ﬁ) (34)  contribute to(15). This is consistent with the rotating-wave
To approximation and may also be understood by noting that the

second Born approximation accounts for processes that may
be represented as a series of emission and absorption pro-
cesses involving arbitrarily many photons but only one pho-
non. Each photon process takes the system from the states 0,
1, 2 to 3 with the exchange of a large energy while a nondi-

where 6 is a function of unit width, so that, is the time
scale of the evolution of. (The total duration of the gate,
including two pulse sequences, is roughly an order of mag
nitude longen. If the functions¢(t) and\.(t) change slowly

aroundt=t;, then agonal phonon process produces the same state change but
[sin¢(t1) } with negligible energy exchange. Thus, energy can never be
[C.| = ol Tor+(t1)], conserved in a process involving the interband phonon term.
cos¢(ty) Since the adiabatic evolutiod does not transfer qubit
where states into|3), UL3) remains orthogonal tdB). Hence,

Y33(w) does not contribute to Eq415) and we may write
9o(¥) = f du’®’ (u)e

5= f dwRi)‘;’)awx R(w) =Ry zdw),  (36)
is a function of unit width, with a fixed value a¢&=0 and

vanishing forx>1 (here the prime denotes the derivative with

with respect to the argument). Hence, the nonadiabatic

jump amplitudeg32) are small when Sw) = ? 2 (Yol Vi o)y = 2 Is(@),  (37)
n n
ol > 2m, (39 where the sum runs over a complete set of statgs or-
which is the standard adiabaticity condition. thogonal to|¢y).

It is interesting to note that for symmetric pulses the final  For the initial statg31), using the explicit evolution op-
transition probabilities(32) vanish for A,(t;)=(n+1/2)m. erator (30), the contributions from the three statég,)
This fact is due to destructive interference of the jump am=sin29|B)+€¢cos:9|D),[2),|3) are, respectively,
plitudes during the first and the second pulse sequences. Al- .
though it might be tempting to explqit this cancellation and sy(w) = - w sin ﬂf dt et sir? 4(t),
perform a successful passage for times and laser beam pa- "
rameters that do not satisfy the conditi®%), such a proce-
dure requires a detailed knowledge of the excitonic dipole

(38)

moments and a precise control over the laser beam proper- S, o(w) = - @ cosﬁf dtgiot

ties. Moreover, the cancellation takes place only in the final ' 2).

state, while during the process the other states are occupied,

which leads to the nonvanishing occupation of Xiestate [cos¢>(t) }sin Zg(t)e-iA:(t)—iEz. (39)
and to decoherence, contrary to the original motivation of sin ¢(t)

this qubit implementation. In order to avoid these effects, th
envelopes of the transition probabilities should be used as t
actual bound to the nonadiabatic-jump-related error.

h hese three contributions correspond to transitions indicated
graphically in Fig. 1.
Following the argument that led to E¢32), these func-
tions may be written in the form
V. INTERACTION WITH THE PHONON BATH DURING
THE STIRAP PROCESS IN A QD SYSTEM [sn(@)| = 2un(HRES ()],

In this section we apply the general theory from Sec. II toWhereUF%S'” ¥, Up g=cog¥/2), and
the qubit rotation performed via a STIRAP process, as de-
scribed in Sec. IV, implemented in a double-QD system. 3(w) =i J dt et sin 26(t) 4(t) = ie7 13 (w)|, (408
In the Hamiltonian(25), the only nonvanishing nondiago-
nal coupling isF3(k). Let us note, however, that for this
coupling one has, according to Ed.=2),

3 -_v ilwt+A - (D-6,] cos¢(t)
S 3(w) = 2Jdte At 2Lin¢(t)

= grilotr A o2 () (40b)

}sin 20(t)
Yns(w) = 2 dt é[(w_wn)t+5n]U*CnmUC3m’|ﬁ]><ﬁ],| ’
mm’

whereUc,, are the elements of the evolution operat®?), where the integrals are now over one pulse sequence and the
varying at most with frequencies .. It is therefore clear final equalities hold for symmetric pulse sequences.
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2x10°

Using the representatiai34) of the system evolution and

denoting the Fourier transform &f sin 20 by g;(x) we find
[$1(w)|=0:1(wTy). Sincet;> 7, and|s;(w)|? is integrated with
the slowly varying spectral density, the oscillating terms do
not contribute and one may write

1x10°

R@) [ps’]

Is (@)

1
|51(w)|2 =~ 5 sir? 19|91(w7'o)|2-

Hence, the functiors;(w) is centered ato=0 and broad-
ened by a factor 1, due to the time dependence. It is re-
sponsible for the pure dephasing effétThe resulting error,
according to Eq(36), will grow with broadening ofs;(w),

i.e., with decreasing process duration. Hence, similarly to the
fundamental conditioi35), it always favors slow operation.
However, it is independent of the trapped level splittings and
reflects only the low-frequency properties of the spectral
density(at a given temperatureFor R(w) = Ryw", n= 3, this
pure dephasing error at the temperatlires %
Rys™Y,  kgT <l 00023

PLETR 41
%Ta(n_z), kBT>ﬁ/’To. ( )

o1k 8 12 16 20
ofps’]

R(@) [ps"]

4 6 8 10
o[ps’]

FIG. 2. (a) The functions|s,(w)]?> describing the phonon-
.. induced errorgfor pulses as in Fig.)land the total spectral density
It should be noted fchaf[ the crossover from the low- to hlg_h-Of the phonon reservoR(w) at T=0 (solid) and 5 K (dasheg for
temperature behavior is governed only by the pulse duratioghe model InAs/GaAs systefable ). The inset shows the exact
(irrespective of the system parameteasd for durations of  ghape of one of the spectral featurés. The contributions to the

the order of 10 ps it takes place Bt-0.1 K. spectral density aff=0: deformation potential coupling to LA
By a similar argument, the two other functions may bephonons(solid) and piezoelectric coupling to TAdashedi and LA
approximately written as (dash-dottefiphonons. Inset: high-frequency behavior with the two
5 )|2~ (wro)z 321_9 cog ¢ ) ir) bounds defined in Appendix A.
AW =T OS5 g & gl (@ *+A)ol, dephasing41) and to the general adiabaticity conditi¢86)

_ both increasing for fast evolution. As can be seen from the
where g,(x) is the Fourier transform of sin2u). These orders of magnitude of the spectral characteristics determin-
functions have a similar I, broadening but are also shifted ing the error[Fig. 2 and Eq.(36)], in general, the fidelity
to the spectral positiom=-\,. They describe the error re- may be strongly decreased. However, contrary to the simple
sulting from phonon-assisted transitions between the trappegkcitonic qubit casé? the STIRAP procedure in a QD sys-
stateda, .) (see Appendix B for further support to this inter- tem provides two ways to avoid these limitations.
pretation). In view of the condition(35), this shift must be First, due to the super-Ohmic properties of the phonon
larger than the broadening and for rough estimates the latte@pectral densitfR(w) ~ »", n=2, all error contributions may
may be neglectedf the spectral density varies slowly on the in principle be minimized by locating the trapped levelsn
scale of this broadening; the role of oscillations in the specthe low-frequency sector and decreasing them while simul-

tral density is discussed belopwHence, one may writé" taneously increasing the gate duratign
=5+ where Second, the values of, may be chosen sufficiently far

) beyond the cutoff frequency. The contribution from the
S =fde|Sz o)~ R(=\2) f dw‘ 523_(“’) _ phonon-induced transitions and nonadiabaticity effects may
N w? T° N ® then be arbitrarily small and the error is limited by the pure
(42) dephasing effect, restricting the possible gate speedup. How-

ever, one should keep in mind that in the high-frequency

The error is therefore proportional to domain there may be additional reservoir excitationslud-
S < RO 7 43) ing two-phonon processethat are not accounted for in this
* 70 model.

Thus, for a fixed spectrum of the trapped states this error The error effects discussed here originate from the inter-
grows linearly in time(in the leading order which is a usual  action between phonons and the orbital degrees of freedom
characteristic of real transition processes. used to operate the qubit. On the other hand, for a spin qubit
In order to maximize the fidelity of the coherent opera-one expects some contribution to the decoherence induced
tion, one must find the trade-off between the errors caused byy the spin-orbit(SO) coupling. The electron confined in a
phonon-assisted transitiori43), which favor short process quantum dot does not interact with other carriers so that, in
durations, and the other two restrictions, related to pureontrast to higher-dimensional systefs}’ dephasing of the
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TABLE I. The GaAs material parameters and QD system parameters used in the calcyidtemRefs.

40 and 4}
Electron effective mass m’ 0.06"m,
Static dielectric constant € 13.2
Piezoelectric constant d 0.16 C/n?
Longitudinal sound speed o] 5600 m/s
Transverse sound speed C 2800 m/s
Deformation potential for electrons o -8.0 eV
Density Pe 5360 kg/n?
Landé factor g -0.44
Spin-orbit coupling constants

Rashba a 0

Dresselhaus B 1 nm/ps
Level separation hag 46 meV
Electron wave-function widths

in-plane I, 5.0 nm

z direction I, 1.5 nm
Dot separation D 6.0 nm

electron spin requires interaction with phon&hsr nuclei®®
In Appendix C we analyze the former channel. We show
there that the Markovian decay of spin states in our system is
very slow and leads to negligible error over the times rel-The envelope()g,(t) may be any function approximately
evant for the qubit operations. On the other hand, nonconstant around;. For the numerical calculations we take
Markovian SO-related effects induce transitions between the

same states as direct phonon coupling but are many orders of Qo) =Q l1+a '

magnitude weaker due to the very small SO-induced phonon 1+acosh(t+ty)/n]

coupling resulting from relatively large energy separation o
the orbital states. Thus, the SO-related effects do not affe
the discussion presented here.

sin 20 = e WLt tinl g o 1 e (ULt £ ty)/ml*
7o

fwith a=10"% 7,=0.47, (Fig. 1 corresponds to this pulse
Céhoice). O? is proportional to the total power of the three
pulses. The constarfd, along with A, must be tuned for
minimizing the decoherence effect.

For such a pulse sequence one finds explicitly from Eqgs.

VI. QUANTITATIVE RESULTS FOR A MODEL PULSE (32) and(33)
SEQUENCE 2
9| sint ¢ 2
2 - i —2(N 4 7
. . C,>=4mcog — SN[ A, (ty)]e"2*+)
In this section we calculate the errors for a STIRAP op- o m 2 [cos’- d)] [Aulty)]

eration on a single qubit performed with specific pulse i

shapes. In order to get quantitative estimates and to identify < 471 coL 1_9{ Sim” ¢ ]e—zmmz

the key error-inducing mechanisms in various regimes of op- 2| cos ¢ ’

gratlon we use the material para}me.ters and QD characten@here the envelope of the oscillations has been taken as the
E'CS for an InAs/GaAs system which is frequently used as thegate 1oy to the error, in accordance with the discussion in
typical” system for the proposed qubit implementations. go. v/ For the purpose of analytical estimates the values of

The system parameters are collected in Table I. b= _ -
; . . . p=¢(t;) and\,.=\.(t;) are assumed constant. The resulting
It is known that the STIRAP procedure is rather NSENSEarror is equal to the sum of the two transition probabilities

tive to the exact pulse shape. In order to simplify the discusTC 2 and depends on the initial staté81), since c

sion, we choose the pulse sequence =c.(9,¢). The nonadiabatic jump error averaged over the
initial states is

1¥V1- e—[(t + tl)/TO]Z] 12

1
Qo A1) =nenv<t>[ &= J de J d9 sin [c.(9,¢)[* +[c-(9,¢) ]

2
= 2n[sir? e 2010 + co@ pe 2107, (44)
which results in a very simple form for the time dependence The spectral functionss(w) relevant for the phonon-
of the mixing angle, induced dephasing are
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10" @) 3
T=5K
w 107°F
™\ T=1K
T-0K
10°) _ 4
0 2 4 6
Alps™]
10" . . : . .
(b)
1%} \_/
LAY
10°F e \ 1
10 3 Y b
- A}
10'5!' T —501)3l \ ]
& A=12ps \
10 r T=1K \‘ Y
10'7r LY
10°® . : . . O
FIG. 3. The dependence of Iggs on the pulse parameters 00 01 02 03 04 05 06
and( atT=0 and 1 K for7y=50 ps. Numbers refer to the param- Q[ps]

eter regimes discussed in the text. ) )
FIG. 4. (a) The dependence of the error for growing detuning

with A\_=const, along thé0a) minimum in Fig. 3b) The total error
(solid and the individual contributions: nonadiabatic jumps
(dashed, phonon-assisted real transitiof®tted, and pure dephas-
ing (dash-dotteglfor a section of the parameter space.

1 2
sy (w)[2= = sirPy —— sir(wty)e 1@l (45
2 2+

and
# 0 the dependence is not monotonic. The absolute mini-

9 mum always corresponds to very lo& and A, for which
S 3(w)|*= 27 cos E(wTo)ZCOSZ[thA:(tl)] both trapped states, lie in the low-frequency region. At
high frequencies, the error values reach a plateau after pass-
cog ¢ 0+ rp)2A2 (46 ing (at T>0) through a second, very shallow minimuiciue
sir? ¢ € : ) to the subtle interplay of the error contributions weighted by

) _ the parameter-dependent ginand cosg factorg. In be-
The total error is calculated as the sum of the nonadiabatigyeen, there is either a monotonoic increéaeT — 0) or a

jump probability(44) and the phonon-induced contributions transition through a local maximum, as the state crosses
given by (36) and (37) with the spectral function$45) and  the frequency sector with high spectral density for phonon
(46). The phonon spectral density corresponding to oukpsorption(cf. Fig. 2). Figure 4b) shows the interplay be-
model double-dot InAs/GaAs system is derived and distyeen different error contributions when the Rabi frequency
cussed in Appendix A and plotted in Fig. 2. Q is changed for a fixed detuniniy. In this range of param-
The resulting error, averaged o, ¢) as in Eq.(44), as  eters;, for the specific system under study, the pure dephasing
a function of the pulse intensity parameferand detuningd  contribution turns out to be small compared to the errors
for a fixed process durationy, is shown in Fig. 3. The non-  related to real phonon-induced transitions and to nonadia-
trivial interplay of the three error contributions discussedpatic jumps which create a trade-off situation with one or
above together with the oscillating high-frequency tail of thetwo well-defined parameter sets corresponding to the mini-
phonon density of statd®(w) [see inset in Fig. ®)] leadsto  mal errors.
an intricate parameter dependence of the total error. There The above results show that for a fixed pulse duratipn
are clearly several parameter combinations for which the etthe error values are bounded from below, precluding a per-
ror becomes small. With the help of the formul@$) one  fect operation for any parameter values. However, due to the
finds that the areg0a corresponds tok_ in the low-  super-Ohmic behavior of all the contributions to the phonon
frequency region, while i{Ob) A, is small and\_ shifted  spectral densityat low frequencies the total error is de-
beyond the phonon cut-off. The vallegl, (2)... correspond  creased when the process time grows and the trapped level
to \_ positioned at one of the minima in the high-frequencysplittings decrease. The minimum error achievable for differ-
tail of R(w) and A, shifted beyond the thermal cutoff for ent process durations at various temperatures is plotted in
phonon-absorption processes, i&\,=kgT. For T=0 the  Figs. §a) and Fb) and the corresponding laser beam param-
absorption processes are not allowed at all and these areaters are shown in Figs(& and Fd). Both the values at the
are not separated from tt§@b) region. global minimum[Figs. 5a) and Hc)] and at the shallow
The detailed analysis of the error value along tBe)  local minimum[Figs. 5b) and %d)] are shown. In order to
valley at various temperaturg&ig. 4(@)] shows that aff  allow for any subtle interplay of parameters, for eaghhe
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0 10 20 0 10 20 30

Q [meV] Q [meV]
R ',‘ FIG. 6. The error as a function 6 for A_=const, along thél)
310.; L —Q ----Q (@ and(2) (b) areas in Fig. 3. Ifa) the individual contributions to
2 B | B A = A ! the error atT=5 K are also shown: nonadiabatic jumfmashed]
107p(©) ~~ R ¥ ) , 1 phonon-assisted real transitionglotted, and pure dephasing
0 50 100 150 0 50 100 150 200 (dash-dotteg
7, [ps]

o ) ) contribution. On the other hand, extending the pulse duration
FIG. 5. (a), (b) The minimal achievable error as a function of the ;5\ htayorable due to the phonon-assisted transitions. The
process duration corresponding to the optimal pulse parametefgo hiay of these two contributions for a given pulse dura-
with both A, in the low-frequency areds) and with A, in the tion, temperature, andl_ yields a series of minima, corre-

high-frequency are#b) (for T=0 the plateau value foA — o is - . -
shown. (c), (d) The optimal pulse parameteftdetuning and Rabi spondln.g to?\+ traveling across the oscillations &), as
shown in Fig. 6. Note that at low temperatures only one

frequency realizing the minimal error for these two configurations. =" =’ : .
The legend in(d) applies to botH(c) and (d). minimum exists, belonging actually to tH@b) parameter

area, but at higher temperatures the absolute minimum shifts

full minimization with respect to botl\ and Q was per- to the high-frequency region.
formed. As expected, the error decreases for longer pulse The minimum value reached depends on the pulse dura-
durations, but the decrease is only polynonié1/7, at  tion, with a certain optimal trade-off which depends, how-
higher temperatures angy=10 p3. Therefore, rather long ever, on the chosen value af and decreases substantially
pulse durations are necessary to reduce the error considder subsequent minima of the spectral density. The resulting
ably. Moreover, the optimization is obtained for rather un-minimum value, obtained by numerical minimization with
usually small parameter valu¢Big. 5c) and %d)] and is  respect td) andA for a range of pulse durations, is shown in
very sensitive to their precision. Still another restriction isFigs. 1@ and 7b). The individual contributions shown in
that in this low-frequency regime the optimum is searchedig. 7(a) show that pure dephasing indeed limits the fidelity
for against the nonadiabatic jump error and is reached fofor short pulses but in the optimal duration range the non-
o\ =1. As soon asr, becomes comparable to the trion monotonicr, dependence of the error is determined exclu-
radiative lifetime (~1 n9, the optimal value ofx, falls sively by the phonon-assisted transition contribution. This
within the broadening of thi8) state, disabling the adiabatic
passage. 10"

The parameter dependence of the error in(Bi® area is 102
in a way analogous. Here, however, it|ls| that must be B
shifted far beyond the positive-frequency cutoff. Even at « 107
zero temperature, the positive-frequency part of the spectra ;4+}"
density extends to relatively high frequenclegth oscilla-
tions manifesting themselves as local minima in Fith)B
Therefore, this parameter regime is always less favorable
than the previous one. T, L

In view of the limited possibility of fidelity optimization <

R Q ----o |
in the low-frequency region for reasonable process durationsd 0 i 1) I—— R A
it is interesting to study the high-frequency parameter range.
| trast to th i the value€lofind A o~ PN e enss O
n contrast to the previous case, the value€adndA may 0 10 20 30 40 0 10 20 30 a0 50
now seem unusually high, but the results of Fig. 3 show that x, [ps]

by increasing the splitting between the trapped state energies

the error may in principle be reduced to arbitrarily low val- g 7. (@), (b) The minimal achievable error as a function of the

ues. ) process duration corresponding to the optimal pulse parameters
Figure 6 shows the error along ti®) and(2) areas(Fig.  with both . in the high-frequency parameter ardas (a) and (2)

3) for fixed pulse duration at various temperatures, as well af) and the optimal pulse parametédetuning and Rabi frequency

the contributions to the error in one case. The trapped stategalizing the minimal error for these two configuratidiey (d). In

are now split by several meV, so that the nonadiabatic errofa) the contributions to the error at=1 K are shown: nonadiabatic

is negligible(except for subpicosecond pulseldowever, the  jumps (dashedi phonon-assisted real transitiofwotted, and pure

speeding up of the dynamics is limited by the pure dephasindephasingdash-dottefl

—
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astonishing effect is in fact due to the relatively narrow mini-  The strong dependence of the phonon-related error on the
mum of R(w) in which |\_| is placed. For short pulsess(w) material parameters and system geometry opens some possi-
becomes broatpure dephasing broadening of tke level),  bility of system engineering and optimization. For example,
increasing the overlap witlR(w). For large 7,, the linear the high-frequency asymptotics of the phonon spectral den-
increase o5 due to long process duration becomes dominatsity is governed by the QD height: higher dots assure a faster

ing, leading to a minimum at a certain point. decay. On the other hand, in the low-frequency sector the
phonon spectral density scales with the square of the interdot
VIl. CONCLUSIONS distance, favoring rather flat structures. Also increasing the

We have studied the fidelity of the coherent operation orfatéral size reduces the phonon coupling but, at the same
a QD spin qubit rotated by a stimulated Raman adiabati¢ime; lowers the excited states, restricting the high-frequency
passage to a neighboring dot and back. We have shown thafnge of_o_peratlon. This shows that finding the optimum may
in addition to the usual limitation of the speed of an adiabatid® nontrivial and may depend on the frequency sector chosen
process, the presence of the phonon reservoir imposes twW8f the qubit operation. It should be noted that the high-
further restrictions: The transfer must be slow in order toffduency spectral density is dominated by the deformation
minimize the pure dephasing effect but it should not take tog*0tential coupling which is present in any semiconductor
long in order to avoid transitions between the trapped carrierSyStém but in the low-frequency domain the piezoelectric
light states. The general formalism was applied to aneffectg, dominate. This might suggest using nonpiezoelectric
InAs/GaAs self-assembled system of typical size. It turngnaterials. . _ _
out that for most values of pulse paramet@sise intensities L€t us note also that the single-qubit error calculated in
and detuningin the meV range the error is high enough to this paper gives also an estimate of the two-qubit operation if
totally prevent the coherent operation. However, there aréh€ latter is performed using dipole coupling between the
also narrow parameter areas where the fidelity is conside@Uxiliary states in the STIRAP schertfe.
ably higher.

The super-Ohmic characteristics of the spectral density
associated with the phonon reservoir admit minimization of ACKNOWLEDGMENTS
the total error by increasjng the duration of the process while  This work was supported by the Polish Ministry of Sci-
simultaneously decre_asmg the trapped level energies. HoWsnific Research and Information Technology under (8w
ever, the pulse durations necessary for a considerable red”iﬁfited) Grant No. PBZ-MIN-008/P03/2003 and by the Polish

tion of the error in this low-frequency regime are of the orderkgn under Grant No. PB 2 PO3B 08525. P.M. is grateful to
of hundreds of picoseconds, which leads to nanosecond ovelije Humboldt Foundation for support.

all gate durationgfull sequence of two pairs of pulses
Moreover, the resulting trapped state energies become ex-
tremely small, approaching the typical lifetime broadening of APPENDIX A: PHONON COUPLINGS AND SPECTRAL
the trion state used for the Raman coupling. DENSITIES

It is found that the qubit operation may be performed with
much higher fidelity if the trapped states are pushed beyond In this appendix we derive the spectral density of the pho-
the cutoff of the effectively coupled phonon modes. An ad-non reservoirRy(w) and study its properties for low and
ditional advantage comes from the oscillatory structure ohigh frequencies.
the phonon spectral density for a double-dot system. In this The phonon coupling constants,,(k) =f,,(k) = foo(K)
way the error alf=0 may be reduced to the value 6fl03  have the same structure as the original constgads (209
and well below 10 for trapped state energy splittings of 4 and (20b)] with the form factor replaced byF(k)=F,,(k)
and 8 meV, respectivelffor the system geometry assumed —Fy(k). Let F| (k) denote the form factors, calculated ac-
herg. The latter values lie in the spectral region where thecording to Eq.(23), for the ground-state electronic wave
acoustic phonon effects dominate the decoherence, well béunction in the large(lL) and small(S) dots. Assuming that
low any spectral featurgsO phonons, higher exciton stajes the dots are stacked along thexis at the distanc®, one
not included in the discussion. It is remarkable that such lowhas
error values are achieved with pulse durations of the order of Dk 2 ipky2
10 ps which, compared to the long electron spin decoherence Fk) = €75 (k) - e F (k).

time, even up to tens of milliseconéppens a broad time 1 ong.wavelength properties of the coupling constants do

window for a large number of gating operations. td d th functi trv. Inde®el (k
We have analyzed also the errors related to the Spin-Ol‘bEi +£(F|)§)n an?jn]:(kiz\,\ilg\ée + grz%l)on geometry. Indeg, (k)
2 .

coupling'. It turns out that these effects are negligible in the The coupling constants for arbitrakydepend obviously

present |mpI(_am_en_tat|on. . - on the specific form of the wave functions. For simplicity, we
These optimistic conclusions are somewhat limited by the . .

. assume Gaussian wave functions,

strong temperature dependence of phonon occupation, espée-

cially in the low-frequency regime, leading to a fast increase 1( r, \2 1f z

of the error at nonzero temperatures. Indeed, in some cases W g(r) =Nexp - o\ S\ (AL)

the minimal error may grow even by an order of magnitude s LS

as soon as the temperature reaches 1 K. Then
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Feu (k) = eltkul i gi2Perliiala 92 My, = (3 sir? 6 - 1)cosé sin 2p.
Allowing for a small difference between the dot sizes we The corresponding terms in the spectral density are

; — 1 — 1
write 13, s=15 £3A(19), 12, ¢=12£5A(12), so that RP(w) = S REYung(o) + 11fP9(w),  (A3)
S

Fk) = e‘“ﬂ'ﬂ)ze-(kz'#ﬂ{zi sin D?kz

where
2 A2 24 (12 2
L EAM%) + a0 COSD_kz}_ RPo- L M(@) |
4 2 2hp(2m)°c "\ €ges
Hence, the size difference brings only a small correction and 0 ) i
will be neglected. (P p) = iJ 46 cosd M2(0)4 sirf[(Dw/2¢))sin 6]
Assuming isotropic phonon dispersions, the spectral den- Msd o s (Dw/2c))?
sity R(w) =Ry, 2{w) [Eq. (10)] may be written as ol \2 2
<exp -S| 2] (cog o+ i) |.
Y% 2\ ¢ 12
Rw) =——=2 | dkK[(n+ 1) 8- wy) ' B
2m)°3

fP9(w)—1 asw—0, and

1

+ndw+w)]— | cosedd | de|FSK)[2. .

Ao “’k)]ﬁzf f #lF22(0) M2(6) = | deM2(6,¢), ue= | docososir? oM2(6).
In this Appendix, the angleg@ and¢ denote the orientation of . o _
the k vector. The LA phonons are coupled via both piezo-The specific values aI’Q,L|—,ut1-—16'77/35., '“_tz__l&"/losj
electric and deformation potential interactions. However, dud NUs; the low-frequency b_ehgwcgr of the |rE1)d|V|duaI contribu-
to different inversion symmetry the mixed terms vanish uporfions to the spectral density isw® and ~ " for the piezo-
angle integration and the two terms contribute independentiy!€ctric and deformation potential coupling, respectively.

The deformation potential term is The behavior in the high-frequency limit is determined by
the coupling to phonons with wave vectors in the strongest

RPP(w) = RPP w[ng(w) + 1]fPP(w), confinement direction, i.e., along tkexis. The piezoelectric
where coupling in this direction is suppressed by the geometrical

factorsMg and the corresponding contributions to the spec-
1 D%? tral function decrease rapidly. Moreover, the frequencies of

REDP) = 32m)2 hod! TA phonons are relatively low and the piezoelectric coupling
)Pl to LA phonons is much weaker. The frequencies of LA
and the functiorf®?(w) is defined as phonons reach much higher values, e.g., over 20 meV for
GaAs, and their dispersion remains approximately isotropic
(0P = 3 2 40 cosa sirf[(Dw/2¢)sin 6] and linear up to several mé¥.Expanding the integral into
(w) = i coso (Dw/2¢))? an asymptotic series one finds an upper estimatéAay,
4
1/ ol \? 12 £(0P) 12 1 120,002
% ] [t z ()< — 55 —€ 2
exp[ 2( c ) (cos’- 0+ o sirt 6] |, D12 - 12) o

(A2) In the vicinity of the pointsw,=4nwc /D, the following

lower bound approximately holds:
so thatf®P)(w) —» 1 asw— 0. PP y

For the piezoelectric contributions we choose the phonon FOP) () = 3c? ie—<1/2)(lzw/c|)2 (Ad)
polarizations @= 2 2123 8
(1119w
Gx= k= (cosé cosg,cosé sin ¢,sin ), [see Fig. 2b)]. The oscillatory behavior of the spectral den-

sity for large frequencies follows from the fact that the pre-

dominant contribution in this sector comes from phonons
along the strongest-confinement direction, leading to a pro-
nounced destructive interference of interaction amplitudes in
the double-dot structure aligned along this direction.

&1k = (= sing,cose,0),

€2k = (sin @ cose,sin dsin ¢, - cosb);
then the functiondVi [Eq. (21)] are

3 _ APPENDIX B: TRANSITIONS BETWEEN THE TRAPPED
M, = sin 29 cosdsin 2y, STATES: FERMI GOLDEN RULE

In this appendix we show that the erréﬁr) [Eq. (42)]
My, = sin 26 cos 2p, may be interpreted, in terms of the Fermi golden (HER),
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as resulting from transitions between the trapped states of the(1/2)gugBoy, is the Zeeman energyg is the effective
confined electron in the external driving fidldansitions(2) Landé factor,ug is the Bohr magneton, andl, is the Pauli

and(3) in Fig. 1]. matrix; the magnetic field is oriented along, H,(t) de-
Inserting the definitiori40b) into Eq.(42) and performing  scribes the coupling to the control laser field dfgy=2(
the frequency integratioffor \., ¢~ consj) we get —pyoytPyoy) +a(pgoy—p,oy) is the spin-orbit term com-
S co2 ¢ posed of the Rashba and Dresselhaus coupling with the con-
5@ ~ cog ——R(- ?\:){ ) } J dtsir? 26(t). stantsa and 3, respectively.
22 Sir? ¢ Following Ref. 38, we look for the unitary transformation

(B1) e® that eliminates the spin-orbit coupling from the stationary

_ . . HamiltonianH,=Hy+H,+Hgo To the leading order in the
Let us now consider the probability of phonon absorptiong coupling one has

or emission leading to a transition from the statg to |a.).
The duration of a single absorption or emission process is of e®H16 5= Hg+ Hz + Hgo+ [SHy+ H].
the order of the inverse phonon frequerice., trapped level For the harmonic confinemenU(r):(1/2)m*w§(x2+y2)

spacing. Hence, in view of the adiabaticity conditiqi35) . Y .
this process is fast compared to the characteristic time scal-%(ll.z) M w;z’, w,>wo, the SO coupling is perturbatively
of the system evolution. Therefore, it is reasonable to calcu® iminated with the choice
late the FGR probability for absorption or emission at fixed _gugB

values of the system parameters and include the time depen- S=i (ﬁw)z(ﬁpx+ apy) + -,

dence related to the STIRAP passage only at the level of the

rate equations. Assuming the initial staf®l), taking the where we omitted an irrelevant position-dependent part.
matrix element of the phonon coupling Hamiltonigb) be- Upon the canonical transformation, the electron-phonon
tween the trapped stat¢d8a—(28¢), and applying the FGR Hamiltonian (19) becomes, in the leading order in the SO

in the standard form, one finds for the transition probabilityCoup|ing,'\"/:v+vm where the additional term is

21 9| cog o | _gugB .
_()==—=co$ — P 26(t)>, [F(k)[? V,=[SV]= Bk, + ak,) v €< (By + BL) o,
we ()=~ co ZLinqu}SI ()%I (] »=[SV] |(ﬁw)2§ (B + ak )o@ (B + BL) T
X [8(hN = = ho )N, + S(AN+ + ) (N + 1) ] where vy are defined by Eqs(209 and (20b). Within the
9| cog ¢ reduced subspace spanned by the relevant states, this opera-
-7 cog —{ ) }sinz 20()R(- \=). tor has nonvanishing elements only between those states that
2 2| sir ¢ have overlapping wave functions and oppositg spins.

Solving the rate equation for the jump probability with the ThuS, one has
above time-dependent ram{t_) we find the error probability V, = E [FETS)(k)(|0><1|e—iEZt/h +H.c)
for the whole process duration: K

* + F(L) K)(|12)(2' -iEZt/ﬁ+ H.c. + T ’
o= ex{_ f ) dt} ©2) P(212'le c)(Bc+ B
0 where E;=gugB is the Zeeman energy splitting?’) is the

For small error values this reduces to EB1). However, it state in the “small” dot with flipped spin, and

gives also an estimate for the error beyond the applicability Ly .gugB ¥
of the perturbative treatment. FETS (k) = FETS "k=i (f’m))zh('gkx+ aky)vk}—SL(k)EIkZDIZ’
APPENDIX C: SPIN-FLIP EFFECTS DUE TO SPIN-ORBIT (C1)

COUPLING with the form factors given by EqA1).

In the present appendix, we discuss the additional error Upon the phonon equilibrium shift given by E@4), the
due to the presence of spin-orbit coupling for the electron@bove interaction Hamiltonian produces a small spin-
We will show that each of the spin-conserving dephasinglependent renormalization of the qubit Hamiltonian. More
channels discussed in the main body of the paper is accontimportantly, the canonical transformation implicitly performs
panied by a spin-flip channel which is, however, several ora transition to the eigenstates of the full Hamiltonian includ-
ders of magnitude weaker in a self-assembled system. Theieg the SO term. These states may couple to the control field
is, moreover, an additional error related to a spin-flip transiin a different manner from the original states, which is re-

tion in the small dot but it is also extremely small. flected in the present formalism by the correction terms re-
We start the quantitativg anglys.is by adding the spin-orbisulting from the transformatiorH, (t)=eSH, (t)e S=H,(t)
coupling to the qubit Hamiltonian in Eq16), +HM(t)+---. The feasibility of the STIRAP process in the
He = Hg+ Hy+ Hgo+ H (D). presence of such spin-dependent terms is a separate problem,

) . far beyond the scope of the present paper. Here we assume
HereHq=p?/(2m")+U(r), wherem' is the electron effective that the control field can be appropriately modified so that
mass and U(r) is the confinement potential;H; the new states may be evolved according to the same STI-
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RAP transfer as the original ones. The weakness of the spirdiscussion to the most interesting high-frequency regime of
dependent phonon effects, as discussed below, suggests tlogieration, where the following hierarchy of time scales may
also these SO corrections might be of minor importance. be assumedy>#/E;>1t;> 7,

The SO contribution to the error may be written, in anal- Under these simplifying assumptions and neglecting
ogy to Eqgs.(15) and(36), as terms proportional td,7, the first contribution to the spec-
tral functionS,(w) [Eq. (C3)] is

=j do R, (0)S;(w), (C2) o
[KOY ()| 1)f? = ?(2% — 2t)[dw + EAlh) + 8w~ EAlh)]
where
(@) = 0?2 Kl Yol @) o), (C3) Isl(w)law
n
with where “av” denotes averaging over the Bloch sphere of ini-

tial states, as in Eq44). The first contribution leads to the
Markovian (Fermi golden rulgspin-flip probability over the
time 2,—2t; during which the electron is located in the first

_ (“large”) dot, up to the factor 1/3 resulting from averaging
+[2)(2'|e7F2" + H.c)Uc(t). of the spin-flip rates for various superposition states. The
probability of such a process in a self-assembled quantum
dot is extremely low due to large confinement energy. In-
deed, the spin-flip rate pertaining to this contribution is, ac-
cording to Eq.(C2),

to _ |
Y (w) = f dt éwtuzf:(t)(|0><l|e—|Ezt/h
-t

The summation in E¢(C3) now involves all the statels/,,)
orthogonal to|¢), including |2”).

Similarly as in Appendix A, we find the low-frequency
expressions for the spectral densitji&s). (10)] correspond-

ing to the SO couplindC1l) via the two different coupling 20
channels w= ?[Rg(Ez/ﬁ) +R, (- EZh)]
RSTDP)(w):RST%P)w5[nB(w) +1], (C4 116 <9MBB>4 1 ( e )2( P
where 31057\ fiwy | © Hh2peCP\ e “
op_ 1 (gusB)® ﬁ‘fz( 24 ), =1.0x10*s™, (C7)
00 T 102 (hwo)* pec!
U where we used the low-frequency formu@5) for the spec-
and tral density(the piezoelectric coupling to transverse phonons
P9 P9 3 dominates in this sectprsubstituted the Zeeman energy
Ry 7(@) =Ry~ @ ng(w) + 1], (C5  =gugB, and assumed thakT>E,. The final value corre-

sponds toT=1 K andB=1T.
The other term describes an additional contribution to the
Vs (gueB)® ( de) (2 + ), spin-flip transition closely related to the pure dephasing ef-
- (hwy)* ch B fect [Eq. (41)]. Since the low-frequency behavior of the
spectral densities for direct and SO-induced proceksags.

with %=1/35, %, =n,=2/105. In the frequency range typi- (A3) and(C5)] is the same, the ratio between the SO effect
cal for the Zeeman energles in GaAs at moderate magnetignd the direct pure dephasing is

fields (~0.1 me\) the piezoelectric coupling to transverse

where

P
R =

€0€s

modes dominates. &Y REY _h%(a?+ B (gueB)? _ 17% 10712
In the high-frequency region, where the deformation po- ~ §FP ~RPV ™ p? (hwo)* ’
tential coupling dominates, we find the asymptotic estimate
where we included again only the dominating contribution
DP) 1 (gueB)® ﬁ02 2+ B2 from the piezoelectric coupling to transverse phonons. It is
() = A2 (hawo)* cC|3( tE) clear that the SO-related process is negligible compared to
the pure dephasing.
X [ng(w) + 1]e—(1/2)(w|Z/C|)2 (C6) Under the same assumptions as above, we have for the
( 2)2 two other SO-induced contributions

The spectral functioi®,(w), pertaining to the driven evo- , 1 5
lution of the system, depends in a complicated way on the (2,3 ()]0 = E|52,3(‘*’)| :
performed qubit rotation and on the initial state. In order to
reduce the complexity, we restrict the discussion ta/2  As discussed in Sec. V, the functiosgy(w) are relatively
qubit rotation around ther, axis, i.e.,y=w/4, 6,=0. We  sharply peaked around=-\;. Since the latter values are
parametrize the general initial qubit state in the fof8d) large, we use the high-frequency asymptotics for the spectral
and calculate the spin-flip contributions to the error averagedensity (now the deformation potential coupling to longitu-
over the Bloch sphere of initial states. We will restrict the dinal phonons dominatgsand the ratio between the SO-
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related process and the transitions described in Sec. V majwelling time in the small dot this yields the spin-flip tran-

be written as sition rate according to the Fermi golden rule, analogous to
529 (DP) 5 2 Eq. (C7) up to an averaging-related factor. For typical dwell-
s _ Ry (=As) _ (QugB)” #i N2(12 1) (a2 + D) ing times~100 ps this would produce a negligible contribu-
+ z !

tion to the error of order of 18%for B~1 T, T~1 K. How-
ever, under the assumptions made above the FGR is not
applicable; instead one may approximate

829 ROP(=\;) " (fiwp)* D2

where we used the asymptotic formulad) since the opti-
mal pulse parameters correspondito in a local minimum
of the spectral density. For the parameter arg¢afl1Fig. 3],

i.e., \_=12 ps?, one finds , 1
2) |<2,|Y(w)|¢0>|avz Ehz(w)-
Go_ _ 10
S5 =18x 107,
Again, the SO-related process is many orders of magnitude/sing the low-frequency and high-temperature approxima-
weaker than the transition discussed in the paper. tion to Rfrp't)(w) one finds

Apart from these contributions there is another one, to the
spin-flipped statd2’) in the small dot. This process is not
possible in the absence of SO coupling. The relevant spectral
function is

ki-rl ~ 10—14

5~ [RE + RG22
70

sin’{(w - Egi)ty + g(@)]
5 h“(w - Ezlf), "

(0= Ezlh) atB~1 T, T~1 K. Note that under the conditions assumed
here, the dominating contribution comes from the dynamical
effect characterized by the inverse pulse duration,1/

o . In conclusion, the Markovian spin-flip rate for a self-
J dtcosa(t) ate = €9 h(w). assembled QD with typical level separation is very long
while dynamical effects involving the SO coupling remain in
One has for the STIRAP transfe)0)=0, h(0)=-1. The a fixed relation to those induced by direct phonon coupling
width of h(w) is of the order of 14, For larget; (long  and are negligible in comparison to them.

|2’ Y(w)|yo)l2, =2

where we denoted

*Electronic address: Pawel.Machnikowski@pwr.wroc.pl 13M. Bayer and A. Forchel, Phys. Rev. 85, 041308R) (2002.

1The Physics of Quantum Informaticedited by D. Bouwmeester, #E. Pazy, E. Biolatti, T. Calarco, |. D’Amico, P. Zanardi, F. Rossi,
A. Eckert, and A. ZeilingefSpringer-Verlag, Berlin, 2000 and P. Zoller, Europhys. Let2, 175(2003.

2. Jacak, P. Hawrylak, and A. WojQQuantum Dots(Springer- 15T, Calarco, A. Datta, P. Fedichev, E. Pazy, and P. Zoller, Phys.
Verlag, Berlin, 1998 Rev. A 68, 012310(2003.

3R. Hanson, B. Witkamp, L. M. K. Vandersypen, L. Willems van 6A. Imamaslu, D. D. Awschalom, G. Burkard, D. P. DiVincenzo,
Beveren, J. M. Elzerman, and L. P. Kouvenhoven, Phys. Rev. D. Loss, M. Sherwin, and A. Small, Phys. Rev. Le88, 4204
Lett. 91, 196802(2003. (1999.

4D. Loss and D. P. DiVincenzo, Phys. Rev.3V, 120(1998. 7M. Feng, |. D’Amico, P. Zanardi, and F. Rossi, Phys. Rev6A

5T. H. Stievater, X. Li, D. G. Steel, D. Gammon, D. S. Katzer, D.  014306(2003.
Park, C. Piermarocchi, and L. J. Sham, Phys. Rev. L8T. 18E. Troiani, E. Molinari, and U. Hohenester, Phys. Rev. Léq,

133603(2001). 206802(2003.

6H. Kamada, H. Gotoh, J. Temmyo, T. Takagahara, and H. Ando'°U. Hohenester, F. Troiani, E. Molinari, G. Panzarini, and C. Mac-
Phys. Rev. Lett.87, 246401(2001). chiavello, Appl. Phys. Lett.77, 1864 (2000.

"H. Htoon, T. Takagahara, D. Kulik, O. Baklenov, A. L. Holmes, 2(’Pochung Chen, C. Piermarocchi, L. J. Sham, D. Gammon, and D.
Jr., and C. K. Shih, Phys. Rev. Le®8, 087401(2002. G. Steel, Phys. Rev. B9, 075320(2004).

8A. Zrenner, E. Beham, S. Stuffer, F. Findeis, M. Bichler, and G.?'Z. Kis and F. Renzoni, Phys. Rev. 85, 032318(2002.
Abstreiter, NaturgLondon 418 612 (2002. 22K. Bergmann, H. Teuer, and B. W. Shore, Rev. Mod. PHzg.

9p. Borri, W. Langbein, S. Schneider, U. Woggon, R. L. Sellin, D. 1003 (1998.

Ouyang, and D. Bimberg, Phys. Rev. @, 081306R) (2002. 23H.-P. Breuer and F. Petruccion€he Theory of Open Quantum
10X, Li, Y. W. D. Steel, D. Gammon, T. Stievater, D. Katzer, D. SystemgOxford University Press, Oxford, 2002

Park, C. Piermarocchi, and L. Sham, Scier8#, 809 (2003. 24B. Krummheuer, V. M. Axt, and T. Kuhn, Phys. Rev. B5,
11E, Biolatti, R. C. lotti, P. Zanardi, and F. Rossi, Phys. Rev. Lett.  195313(2002.

85, 5647(2000. 25A. Vagov, V. M. Axt, and T. Kuhn, Phys. Rev. 56, 165312
12p_Borri, W. Langbein, S. Schneider, U. Woggon, R. L. Sellin, D.  (2002.

Quyang, and D. Bimberg, Phys. Rev. Le®&7, 157401(2001). 26| . Jacak, P. Machnikowski, J. Krasnyj, and P. Zoller, Eur. Phys. J.

195333-16



PHONON-INDUCED DECOHERENCE FOR A QUANTUM-.

D 22, 319(2003.

27TA. Vagov, V. M. Axt, and T. Kuhn, Phys. Rev. B7, 115338
(2003.

28A. Vagov, V. M. Axt, T. Kuhn, W. Langbein, P. Borri, and U.
Woggon, Phys. Rev. B0, 201305%R) (2004).

29R. Alicki, M. Horodecki, P. Horodecki, R. Horodecki, L. Jacak,
and P. Machnikowski, Phys. Rev. 0, 010501R) (2004).

30R. Alicki, M. Horodecki, P. Horodecki, and R. Horodecki, Phys.
Rev. A 65, 062101(2002.

81C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynbektpm-
Phonon InteractiongWiley-Interscience, New York, 1998

32G. D. Mahan Many-Particle PhysicgKluwer, New York, 2000.

33G. D. Mahan, inPolarons in lonic Crystals and Polar Semicon-
ductors edited by J. T. Devrees@orth-Holland, Amsterdam,
1972.

34A. Messiah, Quantum MechanicgNorth-Holland, Amsterdam,

PHYSICAL REVIEW B 71, 195333(2005

1966.

35M. 1. Dyakonov and V. I. Perel, Fiz. Tverd. Telaeningrad 13,
3581(197)) [Sov. Phys. Solid Statd3, 3023(1972].

36M. I. Dyakonov and V. Y. Kachorovskii, Fiz. Tekh. Poluprovodn.
(S.-Peterburp 20, 178 (1986 [Sov. Phys. Semicond20, 110
(1986)].

87U. Réssler, Phys. Status Solidi B34, 385(2002.

38V. N. Golovach, A. Khaetskii, and D. Loss, Phys. Rev. L&8,
016601(2004.

39A. V. Khaetskii, D. Loss, and L. Glazman, Phys. Rev. Le8,
186802(2002.

403, Adachi, J. Appl. Phys58, R1 (1985.

41D, Strauch and B. Dorner, J. Phys.: Condens. Mafen457
(1990.

42M. Kroutvar, Y. Ducommun, D. Heiss, M. Bichler, D. Schuh, G.
Abstreiter, and J. J. Finley, Natuteondon 432 81 (2004).

195333-17



