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Optical initialization of hole spins in p-doped quantum dots: Orientation efficiency
and loss of coherence
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We study theoretically a recently proposed hole spin initialization scheme for p-doped quantum well or dot
systems via coupling to trion states with subpicosecond circularly polarized laser pulses. We analyze the efficiency
of spin initialization and predict the intrinsic spin coherence loss due to the pulse excitation itself as well as the
phonon-induced spin dephasing, both taking place on the time scale of the driving laser pulse. We show that
the ratio of the degree of dephasing to the achieved orientation effect does not depend on the pulse area but is
sensitive to the temperature and detuning. The optimal excitation parameters are identified.
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I. INTRODUCTION

Exploration of the spin dynamics and spin decoherence
in semiconductors is of great interest in view of possible
applications in the rapidly expanding field of spintronics
and can contribute to the development of new devices,
like logic circuits,"> magnetic random access memories,’
or spin-transfer nano-oscillators.* Despite the fact that hole-
spin states received less attention in the past due to their
subpicosecond dephasing time in bulk GaAs,>° they turn
out to be far more promising candidates for spin control
in nanostructure-based devices. First, the reduction of the
system’s dimensionality extends the coherence time up to a few
picoseconds in p-doped quantum well (QW) systems,’™® and
the time can still be enhanced by further carrier localization at
low temperatures.'®'* Moreover, in contradiction to electron
states, holes do not suffer from spin dephasing induced by the
contact hyperfine interaction.!”> Furthermore, due to the high
anisotropy of the hole g factor in low-dimensional GaAs, new
possibilities of spin manipulation arise.'®-!8

Recent investigations of the spin dynamics of resident holes
in p-modulation-doped QWs came with a proposal for an
optical spin arrangement scheme.'%'# The system is driven by
acircularly polarized, subpicosecond laser pulse which excites
some of the resident holes confined in QW fluctuations to the
trion state. As the light is circularly polarized it couples only
electrons and holes with spins oriented in one direction. The
system is placed in a homogeneous in-plane magnetic field
and therefore the excited trion spin undergoes precession and,
as a consequence, recombines with a hole in a random spin
state. Thus, on the average, half of the created trions leave an
inverted hole spin upon recombination. In this manner, one is
able to polarize hole spins in a desired direction.

Our aim is to investigate this spin initialization scheme
in terms of its efficiency as well as of the intrinsic (caused
by the excitation process itself) and phonon-induced hole-
spin dephasing. Such decay of coherence may be important
in future applications but it affects also the results of current
experiments,'? in particular those based on the resonant spin
amplification effect,'>?%2! where the spin coherence is crucial
for the formation of the observed signal.

It is known?? that under optical excitation spin states
can experience pure dephasing due to a dynamical phonon
response to the transient charge evolution. The spin state, even
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if not directly coupled to the reservoir, is affected by an indirect
dephasing through the entangling charge evolution caused by
the optical pulse. In this paper, we show that, indeed, such a
hole spin dephasing process, resulting from the carrier-phonon
interaction, is present in the discussed system. Moreover, we
find that the laser pulse itself causes a considerable amount
of decoherence. Thus, we show that some degree of spin
dephasing is unavoidably built into the initialization scheme.

Both these dephasing processes are of a dynamical nature
and as such cannot be described as a simple exponential
temporal decay of coherence characterized by a dephasing
time. To compare it to other processes occurring in systems
of this type one can use the only characteristics available,
namely, the total decrease of coherence and the duration of the
dephasing process, which is equal to the laser pulse duration
(here, subpicosecond). Comparing the latter to time scales of
other relevant processes occurring in the discussed system, like
the phonon-assisted’*** or hyperfine hole-nuclei coupling-
driven hole spin relaxation,” electron spin dephasing,?®28
or relaxation of the positive trion?® (ranging from hundreds
of picoseconds to a few microseconds), we find it to be at
least three orders of magnitude shorter. This fact allows us to
consider it separately and treat the dynamical spin dephasing
as instantaneous on the background of the whole optical
spin initialization process. One can therefore think of the
dynamically dephased hole spin state as the initial state for
all other processes occurring in the discussed spin orientation
scheme. '

In this paper, we discuss the dependence of the efficiency
of spin polarization and the degree of spin dephasing on
both carrier system and laser pulse features. We show that
the degree of dynamical dephasing can be on the order of
a few to even tens of percent, depending on the system
features, which makes it highly relevant in comparison with
other unfavorable processes affecting the quality of the spin
initialization scheme. We show that the relative magnitude
of the phonon-induced effect, as compared to the intrinsic
dephasing and spin orientation efficiency, changes qualita-
tively between low and moderate temperatures and indicate
the optimal control conditions for minimizing the loss of
coherence.

The paper is organized as follows. In Sec. II, we provide
the theoretical framework of the investigated system. Then, in
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Sec. III we analyze the spin initialization process and discuss
its efficiency. Next, in Sec. IV, we investigate the intrinsic
loss of hole spin coherence due to the optical excitation and
recombination process. Then, in Sec. V we study the phonon-
induced hole spin dephasing. The results of the latter are given
in Sec. VI. Finally, we conclude the paper in Sec. VIIL.

II. MODEL

We investigate a single p-doped quantum dot (QD), which
can be either a self-assembled QD or a width fluctuation in a
single p-doped QW, forming a so-called natural or monolayer
fluctuation QD,* with a resident hole present in it. This
system is optically excited by a short (subpicosecond) pulse of
circularly polarized laser light. The carrier system is coupled
to a bulk acoustic phonon bath by means of deformation
potential and piezoelectric couplings (the Frohling coupling
is not considered as only low frequencies are relevant under
the excitation conditions considered here). The Hamiltonian
of the system thus has the form

H=H.+ th + Hc—ph + Hias.

The first term, the Hamiltonian of the confined carrier
subsystem, is

He = E(T1)(T1],

with only one relevant trion state taken into account (according
to the selection rules) and the energies of the hole states | 1) and

|4) set to zero. Here, 1) = h} [0}, [}) = k' 0), and |T1) =

h;hiai |0), where hE/T and aI/T are the hole and electron
creation operators with the spin orientation denoted in the
subscript, and E is the trion energy.

The circularly polarized pumping laser couples only the
two optically active states, which is reflected in the laser
Hamiltonian part

Hyo = 3 f (1) e |1)(T 1] + Hec.,

where f(¢) is the laser pulse envelope, taken to be Gaussian,

0 . < 12 >
Nz TR
with the pulse duration time t = 600 fs and the pulse area
0= f_oooo f()dt. A is the frequency detuning from the
fundamental transition in the system, and we use the rotating
wave approximation and the rotating frame picture.’!

The system is then coupled to the bulk acoustic phonon
reservoir (which is justified by the similarity of the elastic
properties of the surroundings and the QW material). The
phonons are described by the free-phonon Hamiltonian

Hpw = Y ho b} ;b
k)

f)=

and coupled to the carrier subsystem by the interaction
Hamiltonian H_py

Hepn = Y _[Fa(k, () (4] + 1) (1)
k)

+ Fke, )T AT 1k + b ),
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TABLE I. The GaAs material parameters used in the calculations.

Static dielectric constant & 12.9
Piezoelectric constant d —0.16 C/m?
Longitudinal sound speed q 5150 m/s
Transverse sound speed i 2800 m/s
Deformation potential:

for electrons O, —7.0eV

for holes Oh 35eV
Crystal density Oc 5350 kg/m?

where b,t! , and by ; are the phonon creation and annihilation
operators, wg,, is the phonon frequency, and A denotes the
phonon branch (denoted 1 and t1,t2 for the longitudinal and the
two transverse branches, respectively). The coupling constants
F, (k,A) and F; (k,)) = 2F, (k,A) — F, (k,)) include the de-
formation potential and piezoelectric couplings,

Fopn(k,))

h ideM, (k) k
=/ 5 ( ahacap 8110¢/h —) Fem k),
NV pe \ e0&s./wr 1 o]

where d is the piezoelectric constant, &5 is the static dielectric
constant, o is the deformation potential, p. is the material
density, c; is the speed of sound, V is the unit cell volume, N
is the normalization constant, §;; is the Kronecker delta,

Fem =/ dSTW:/h (F) e Yrepn (F)

is the form factor,>? and M, (k) are

M(8,¢) = 2 sin20 cos 6 sin2¢,
M(0,¢) = sin 26 cos 2¢,
Myp(0,¢) = (3sin’6 — 1) cos 6 sin 2¢

in the phonon polarization basis

é1.x = (cosfcos ¢, cosb sin ¢, sinf),
éll,k = (_ Sin¢7 COS¢70)5

énx = (sinfcos ¢, sinf sing, — cosh).

The parameter values are presented in Table I.

The Hamiltonian of the system under consideration in the
absence of the laser field can be exactly diagonalized by
application of unitary Weyl operators performing the transition
into the polaron picture, 334

Fh/[ (k9)‘) i F}T/t (ka)") )
Wi = ex bl — b
h/t p ; < Tk k.. Tion kA

The transformation operator W for the two-level system |1),
|T 71) is constructed as

W=+ 1D D Wh + [T T W

Application of the W operator on the full optically driven
system cancels the original carrier-phonon interaction Hc pp,
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and yields the transformed laser Hamiltonian part,

I:Ilas = WHIL{SWT ~Hap+V, V=S®R, (D

where
S = =5 OINT ™ + He., @
— Jr f
R =1 ; hal;k):)\ (bk,)‘ - bfk,)n)' (3)

Here fi; = [Fy (k,A) — F; (k,A)] /hwg; and only terms up to
the linear orderin f , are keptin Eq. (1). In this representation,
there is no direct carrier-phonon interaction, in place of
which the phonon-assisted hole-trion optical transitions appear
explicitly. These terms induce a phonon response to the
spin-dependent charge evolution and lead to dephasing of
the spin superpositions, as will be described in detail in
Sec. V.

III. SPIN ORIENTATION

Before we discuss the magnitude of the dephasing effects,
we need the quantitative characteristics of the spin orientation
itself. This is derived in this section.

The evolution of the density matrix of the carrier system
under the optical excitation in the absence of phonons
can be described perturbatively in the second-order Born
approximation in the interaction picture. The final state is

[e.¢]

p(o0) = po— 1 / dt [Hias(7),po]

1 o0 T
- / dz / v [Hi(0).[His(T)opoll, (4

where py is the initial density matrix with arbitrary occupations
pr = p(TO), py, = pio) for spin-up and spin-down holes, respec-
tively, and pr = O for spin-up trions. Immediately after the
excitation the occupations are py = p(TO) (1-2q), p, = pio),

and pr = qu(TO), where

LY NN )
1= gpztlee

and

fi () = / dtf(r)e'".

o0

Thus, g is proportional to the pulse power at the frequency w =
A. Due to the in-plane magnetic field, the trion spin undergoes
precession and recombines with arandom hole spin. Therefore,
on the average half of the trions leave an inverted hole spin
after recombination. This yields the final relaxed state with no
trions present and hole occupations equal to py = p(TO) 1-q)
and p; = p{” (1 —q) +4q.

We introduce the spin polarization P for the final state,
A )

prt+py

P =P +q(1-P),

where Py = pio) - p%o) is the initial spin polarization. Itis clear
that ¢ = 1 corresponds to the full spin polarization; hence g
can be interpreted as the optical spin orientation efficiency.
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Through its dependence on the pulse power, g is proportional
to 2.

There are two contributions to the loss of spin coherence
during the optical orientation process. One, which we refer
to as intrinsic, results from the optical excitation and recom-
bination, that is, it is related to the orientation mechanism
itself. The other contribution is an effect of the coupling to
phonons. These two contributions are discussed in Secs. IV
and V, respectively.

IV. INTRINSIC DECOHERENCE

Here, we calculate the degree of the intrinsic loss of
coherence for the discussed spin initialization scheme, namely,
the change in coherence due to the laser pulse itself without
the presence of phonons. Again, we use the second-order Born
approximation for the density matrix evolution. The object
of our interest is the absolute value of the final hole spin
coherence. From Eq. (4) one finds

[{({1p(@)I M) = (L = &){Lpol 1)1
~ (1 =Re&)I({pol )],

where
1 o0 T . ,
£ = _2f d‘l.’f dt' () f(z)e! 2,
4h” J - —o0
The real part of & is

Re& = #/ dr /T dt’ f(r) f(t))cos[iA(t — T')]
_La Ao
= Shzlfoo(A)l =q,

where the parity of f(¢) was used. The degree of the intrinsic
decoherence is thus equal to the relative spin orientation effi-
ciency. Since both are proportional to 2, one obviously cannot
avoid the loss of coherence by a pulse power adjustment.
While unitary spin control may lead to a growth of coherence,
the discussed initialization procedure always comes with an
inherent decoherence.

V. PHONON-INDUCED DEPHASING

Assuming the pulse area to be small, i.e., the angle of
rotation of the state in the Hilbert space induced by it is small,
we treat the interaction V given by (1) perturbatively taking
the pulse area 6 as a small parameter. As we are interested in
the phonon-induced decoherence of the resident hole spins, we
investigate how the corresponding off-diagonal density matrix
element changes due to the phonon-induced dephasing. The
calculations are carried out in the second-order approximation
with respect to V.3

Assuming the system to be initially in the product state
0 (—00) = pp ® pr (with pr being the thermal equilibrium
distribution of phonon modes), we start with the evolution
equation for the full system density matrix ¢ (¢) in the
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interaction picture with respect to Hys,

1 t
o0 =00+ / d[V(0).0(—00)]

1 t T
drf d7'[V(2),[V(z)),0(—00)]], (6)

w
where V (¢) is the interaction Hamiltonian in the interaction
picture with respect to Hjys.

Taking the trace over the phonon reservoir degrees of
freedom we get the reduced density matrix of the carrier
subsystem in the Schrédinger picture,

p)=U@®TrRo (U (1),

where U (¢) is the evolution generated by H),s. Upon substitut-
ing for p (t) from Eq. (6), the first term of p (¢), p@ (¢) =
U (t)ooU t(@), obviously gives the unperturbed evolution,
while the second one vanishes as it contains the thermal
average of an odd number of phonons. Finally, the last term is
the perturbative second-order correction to the reduced density
matrix. After substituting V from Eq. (1) into Eq. (6) and
defining the frequency-dependent operators

Y (w) = %/OO dr S (t)e', 7

the expression for p after the laser pulse takes the form
p () =U @ pU" (1) + Ap,

with the phonon-induced correction

*® dw ,
Ap = / ER(CO)U(OO)(Y(Q))POYT(CO)

1
— E{Y* (@)Y (@), 00U (00), ®)

where

1
R@) = =5 3 feal'lnp(@) + 1150l — o)
k.x

is the phonon spectral density.
Using Eq. (7) with the explicit form for S from Eq. (2), one
finds

Y = %fm«o — AITH) (1] + He., ©)

where f;(w — A) s the pulse spectrum shifted by the detuning.
Substituting this into Eq. (8) and keeping only terms up to
the second order in 6, we arrive at the solution for the spin
coherence after the pulse,

(L1p(00)|1) = (L1U(00)poU T (c0) + Ap|1)
~ (1 —w)({{1pP(c0)[1),
where

oo
w(A) = % / 4™ 7w — A (10)
o0 w
can be interpreted as the degree of the phonon-induced
dephasing. Thus the degree of dephasing is proportional to
the overlap between the phonon spectral density and the
Gaussian power spectrum of the laser pulse shifted in the
frequency domain by the detuning. According to Eq. (10),
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the phonon-induced dephasing scales with the square of the
pulse amplitude, 62. This seems intuitively reasonable if one
considers the growing efficiency of phonon generation by the
driving field.>> Clearly, the degree of dephasing is correlated
with the amount of perturbation in the environment (here
the generation of nonthermal phonons) via the “which path”
information transfer.*

In what follows, we focus on w as a measure of spin-
mediated dephasing in the system and investigate its depen-
dence on the laser pulse detuning, w (A), as compared to
the efficiency of the spin initialization and to the intrinsic
contribution to dephasing for various system parameters
covering both self-assembled and interface fluctuation QD
systems. In the numerical calculation of w, the electron and
hole wave functions were modeled by Gaussians

Ven(r) = 134l )~ =1/l =1/ e/ 1

with [, and [/, being the wave function localization widths in
the growth direction and in the sample plane for electron and
hole, respectively. We introduce the parameter d = |ze — zu|,
which is used as a measure of wave function separation on the
growth axis.

VI. RESULTS

As we have seen, the intrinsic loss of coherence in the
optical orientation process is equal to the achieved orientation
effect. The phonon-induced contribution is therefore of more
interest. Here, we present the results on the phonon-induced
dephasing as a function of the system parameters and ori-
entation conditions and then compare them to the intrinsic
contribution and orientation efficiency. The phonon spectral
density is shown in Fig. 1 for two typical systems imitating a
self-assembled QD (similar, relatively strong, confinement for
electrons and holes, /. ~ [;,) and a fluctuation one (electron

0.40 - DP,/, = 0.8, 1[I 100xPE,7, = 0.81, ]
’ I,=5nm — I,=5nm —
030 F 10nm --- |} 10nm --- |
15 nn% ------ 15nm -
0.20 | o-4) - 4t <
<, 010 -\ 14
s e S N Fra.
3 0.00 0=, = :
& DP’ih: 10 nm PE,/, =10 nm
=20nm — =20nm —
0.03 | 1r ~
¢ 40 nm --- ¢ 40 nm --
80 nm - 80 nm -
0.02 120nm —- [ /4 120 nm —-
VAN :/"\'\\
0.01 F ///,\\::\ | 'f!,', \\\:\ i
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0.00 | | -~ ! | n —
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FIG. 1. (Color online) The phonon spectral density R (w), with
its DP (left panels) and PE (right panels) contributions for exemplary
systems: three sizes of a self-assembled QD (upper panels) and a
fluctuation QD with various electron spread volumes (bottom panels).
In the upper left panel, the pulse power spectrum | foo(@ — A)|? is
plotted with a gray dash-dotted line for an arbitrary pulse area 6 and
detuning hA = 10 meV,at 7 =1 K.

195315-4



OPTICAL INITIALIZATION OF HOLE SPINS IN p- ...

0.03 ' ' ‘total — || ' total —
- DP - DP -
| |2,=20nm PE --- || PE ---
0-02 11 ~0.81,
0.01 1r L, =10 nm i
w 1,=0.81
F 000 B e e
0.12 + total — 1 total —
DP ....... DP .......
PE --- PE ---
0.08 - 1t 1
3 “\ |, =5nm
\ |£ =081
0.04 %=5nm T jZlnrﬂ i
=0.8/ Foo-
h e £ o7
0.00 bm—mmme L £-7 L \‘h\
4 0 4 8 12 16 4 0 4 8 12 16

hA (meV)

FIG. 2. (Color online) The deformation potential (dotted green
line) and piezoelectric (dashed blue line) coupling contributions to
the phonon-induced dephasing as a function of the laser detuning for
different in-plane wave function localization widths with /,, = 0.8/,
imitating carriers well confined in a self-assembled QD. In the bottom
right panel the wave function separation on the growth axis is set to
d = 1 nm. The solid red line is the sum of the two contributions.
Calculations for 7 = 1 K.

weakly confined, /. > /;) in the upper and lower panels,
respectively. The deformation potential (DP) and piezoelectric
(PE) contributions are shown separately. Additionally, we
plot the pulse power spectrum (gray dash-dotted line). For
self-assembled QDs, the PE interaction is negligible, while
it can give a significant contribution in fluctuation QDs with
the maximum coupling for phonons at ® ~ 2 meV. The DP
coupling has its maximum for @ & 5 meV. The pulse power
spectrum | foo (w) |? is much narrower than the spectral density
so one can expect that w (A) given by (10) will resemble
the shape of R (w). Since the phonon-induced dephasing is
proportional to 62, in the following discussion we will plot the
value of w/#?, which is independent of the pulse area.

The resulting degree of phonon-induced dephasing for two
sets of system parameters that correspond to self-assembled
and interface fluctuation QDs is shown in Figs. 2 and 3,
respectively. One can observe strong dependence of the degree
of dephasing on the laser detuning. In all the cases, at
low temperature (T = 1 K), the decoherence is suppressed
by negative detuning larger than about 5 meV and by an
approximately twice greater positive one. In Fig. 2, we show
the separately plotted contributions from the piezoelectric
and deformation potential couplings to the global effect for
a few hole and electron wave function localization widths
with a set I,/ [, ratio equal to 0.8. This corresponds to a self-
assembled QD system, where both carriers are well confined
in comparable volumes. One can see the strong dependence
of the effect on the QD size: the more the carriers are
confined the stronger is the dephasing, reaching several percent
for the confinement typical for, e.g., a self-assembled
InAs/GaAs QD system and detunings of a few meV, resonant
with the effectively most strongly coupled phonons (see
Fig. 1). The lower right panel shows that a small carrier
separation along the growth axis, d = 1 nm, lowers the total
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FIG. 3. (Color online) The deformation potential (dotted green
line) and piezoelectric (dashed blue line) coupling contributions to
the phonon-induced dephasing as a function of the laser detuning
for the hole wave function size /, = 10 nm but with varying electron
confinement for an interface fluctuation QD. The solid red line is the
sum of the two contributions. In the top right panel the wave function
separation in the growth axis is set to d = 0.5 nm. All calculations
are for T =1 K.

dephasing value due to the reduced DP contribution while an
increase of the PE part is observed.

Figure 3 shows the degree of phonon-mediated dephasing
for the interface fluctuation QDs. We start with a result for a
sample in which the hole and electron wave functions are
spread over a comparable volume (both types of carriers
confined inside a large QD) and then gradually stretch the
electron wave function in the in-plane direction to simulate
a natural QD system with heavy holes strongly confined on
the potential fluctuation and electrons loosely bound to them.
With this transition, competition between the contributions
from DP and PE couplings takes place with the PE interaction
dominating for natural QDs (I, > [;) while the total value of
the degree of dephasing declines. This can easily be understood
because the PE interaction grows with the carrier spatial
displacement that suppresses charge compensation. Overall,
for a fluctuation QD, the PE coupling contributes much more
to the phonon ultrafast dephasing than in the case of a
self-assembled dot. The drop of the total effect for fluctuation
QDs is connected with the rising spread of the carrier wave
functions. Additionally, the effect of a small, d = 0.5 nm,
displacement between electron and hole wave functions along
the growth axis is studied, with its result shown in the top right
panel. One can see a small rise of the PE contribution due to a
further charge separation.

Figure 4 presents how the phonon-induced dephasing scales
with temperature. For both sets of parameters (imitating carri-
ers confined in a self-assembled QD and a natural QD system),
one can observe some increase of the degree of dephasing as
the temperature grows. The effect of temperature is relatively
larger in the case of fluctuationlike QDs. For systems of
both types the phonon-induced dephasing is enhanced by
temperature (switching on phonon absorption) more on the
negative detuning side, while its slope far on the positive
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FIG. 4. (Color online) The dependence of the total phonon-
induced dephasing on the temperature for two sets of parameters
reflecting a typical self-assembled QD (left panel) and a fluctuation
QD (right panel).

side remains unchanged. In the case of a self-assembled QD
at T = 1 K the maximum of the degree of dephasing is at
roughly 5 meV detuning. For the resonant excitation one gets
approximately 4% degree of dephasing and a small negative
detuning of about 2 meV is needed to reduce it below the level
of 1%. At higher temperatures the maximum shifts slightly
and, which is more interesting, a secondary peak appears on
the negative detuning side. Having in mind that the orientation
efficiency drops with detuning, one finds the local minimum
at less than 1 meV negative detuning to be a candidate for
the optimal excitation condition at higher temperatures. For a
fluctuation QD, the dependence of the degree of dephasing
becomes more symmetrical with rising temperature. The
maximal value, roughly equal to the value for the resonant
excitation, shifts even more towards zero detuning and varies
from about 1% at T = 1 K to above 5% at T = 32 K.

The results presented above show that the phonon-induced
dephasing decreases for detuned pulses, which might suggest
that increasing the detuning is a way to retain more coherence
while orienting the spins. It is clear, however, that the efficiency
of spin orientation also decreases for detuned pulses. A
reasonable figure of merit is the ratio of the phonon-induced
loss of coherence w and the orientation efficiency ¢g. Since
both w and ¢ are proportional to 2 this quantity does not
depend on the pulse area. Moreover, since the relative intrinsic
dephasing is equal to ¢ the ration w/g simultaneously yields
information on the relative importance of the two dephasing
channels.

Figure 5 presents the dependence of w/g on the laser detun-
ing for different sizes of both self-assembled and fluctuation
QDs at various temperatures. For systems of both types at low
temperature the negative detuning is always favorable in view
of the decreasing w/q ratio. The maximal value of detuning
to be used can be estimated from the dependence of ¢ on
the detuning for a desired efficiency level. With the rise of
temperature there is a qualitative change: a minimum of w/gq
appears at a low negative detuning, yielding the condition
for an optimal excitation. It is placed at about —2.5 meV
at T = 8 K and is shifted towards zero detuning with rising
temperature. w/g values within (0.1-0.01) are achievable at
this temperature. For the fluctuation QDs the slope in the
vicinity of the minimum is small; therefore in such systems
the condition for the optimal excitation is less strict.
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FIG. 5. (Color online) The ratio of the degree of phonon-induced
dephasing to the initialization efficiency, w/q, as a function of the
laser detuning for various temperatures. The left panels contain the
plots for two sizes of a self-assembled QD and the right panels those
for a fluctuation QD.

VII. CONCLUSIONS

‘We have investigated a recently proposed spin initialization
scheme'®!>!* from the point of view of its efficiency and
the amount of dephasing unavoidably built into the process.
We have identified two channels of spin dephasing: one
intrinsic, related to the initialization scheme itself, and other
one resulting from coupling to phonons. Both contributions are
proportional to the optical pulse power. Since the efficiency
of spin orientation shows the same dependence, there is a
fixed proportionality relation between the achieved orientation
effect and the incurred dephasing; thus the loss of coherence
cannot be effectively reduced by using weak excitation. The
decoherence caused by the excitation process itself is equal to
the obtained optical spin orientation efficiency and decreases
with increase of the laser detuning, equally for positive and
negative detuning. The phonon-induced dephasing dominates
over the latter in the positive detuning range (greater than
a few meV) at low temperatures (a few kelvin). At higher
temperatures there is a closed range of detuning values shifted
to the negative side for which the phonon-induced effect is
weaker.

The investigation of the ratio of the phonon-induced de-
phasing to the spin orientation efficiency yields the conditions
for an optimal optical excitation. At low temperatures (a
few kelvin) negative detuning is always advantageous. With
increase of temperature a strict condition for the minimal value
of w/g arises, making small negative detuning (a few meV)
most favorable.

While the pulse-driven dephasing is independent of the
sample details, the strength of the phonon-induced dephasing
depends critically on the confinement size of the carriers as
well as on the displacement between the electron and the hole.
Our results are applicable to both self-assembled QD systems
and natural (fluctuation QD) ones where the phonon-induced
effect is less important. The degree of dephasing associated
with reasonable polarization efficiency via the discussed
initialization method is at least on the order of a few percent,
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which is large from the point of view of quantum computing
applications. The occurrence of a comparable degree of such
ultrafast hole spin dephasing in a similar system has been
shown experimentally.'?

While our considerations referred to a p-doped system,
motivated by recent experiments,'®!>!# all the derivations
and statements about the dynamical dephasing made by us
are applicable also for systems with resident electrons.?¢-3%
The excitation process, regardless of the type of resi-
dent charge present in the system, consists of creating an

PHYSICAL REVIEW B 87, 195315 (2013)

additional electron-hole pair; hence the phonon-induced de-
phasing effect is symmetric with respect to the type of resident
carrier.
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