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Quantum-dot all-optical logic in a structured vacuum

Xun Ma and Sajeev John
Department of Physics, University of Toronto, Toronto, Canada M5S 1A7
(Received 27 April 2011, published 27 July 2011)

We demonstrate multiwavelength channel optical logic operations on the Bloch vector of a quantum two-level
system in the structured electromagnetic vacuum of a bimodal photonic crystal waveguide. This arises through a
bichromatic strong-coupling effect that enables unprecedented control over single quantum-dot (QD) excitation
through two beams of ultrashort femtojoule pulses. The second driving pulse (signal) with slightly different
frequency and weaker strength than the prst (holding) pulse leads to controllable strong modulation of the QD
Bloch vector evolution path. This occurs through resonant coupling of the signal pulse with the Mollow sideband

transitions created by the holding pulse. The movement of theHdellevtrsidelgaets dhkinehiherpesrrasightheatter inter-
holding pulse leads to an effective chirping in transition freqaetimyssibeouny thee iivelrdkochioe cibthdyaamitsdipole and
in the rotating frame of the signal pulse and within the dressedpstatiobadikisredeedtignthah tiadigopaliy beesatonsidered
that this chirped coupling between the signal pulse and theimmib@o&ﬁtﬂb%&ﬁﬂt@éﬁﬂﬁ‘iﬁg@ﬁ@timf@me' most

negation of the Pnal quantum-dot population (after pulse pasS&§BYEAHPHRSHY HHigsolavsHi ABIBHRPlak dissipa-
alone and depending on the relative frequencies of the pulsegﬁﬂxﬁMar%QUQEW%ig‘ggﬁ gég\‘\é%’dgf’fl%gaﬁrﬂ?gp recently

o o . s t discontinuous nside phatonic crystals can
ultrafast control of QD excitations, applications in ultrafast all-glﬁ)ﬁlé:a}ﬁ%od ygana\ %?CSN%{ 9 Fosn%r-% &rj%ﬂﬁ eﬁiwenomena, espe-

. - 0
in the presence of signibcant (0 _ cially when the length-of-interaction time scale
ideal environment for exploring quantum optical phenomena
[4B11] with important consequences for microphotonic device
development. The performance of PC-based devices can be
signibcantly better than their conventional counterparts due to
the strong conPnement of light within an optical microchip.
The small PC defect mode volume leads to extremely strong
optical belds at very low power levels for exceptional nonlinear
optical effects. Moreover, PBG waveguides enable subwave-
length scale circuits for diffractionless guidance of light on a
chip in three dimensionslPP16]. As a result, PBG materials
represent a broad and robust platform for integrated photonics.
Many new quantum optical phenomena are predicted to
occur within the unusual vacuum DOS structure of photonic
crystals. The strong suppression of DOS for frequencies « (e.g., pulse

within the PBG leads to increased spontaneous 'ﬁfﬂﬁ’_{h : : :
o ; ‘ii“ , Observation time, etc.) is comparable to or much
lifetime [4], photon-atom bound state§][ and localizafion than the relaxation time S():aVe 1 FOF: example, in the

of superradiance6]. Whereas the PBG is often re QLR . . . .
as a spectral range with vanishing electromagnetiﬁt%’(gg's"ate time regime wherq 1/, a discontinuous

engineered defects in the otherwise periodic microdifidRifEOM low to high LDOS at cutoff in a bimodal waveguide
can create greatly enhanced local density of states@@@swith a single waveguide mode. Under strong driving
and peld enhancement in small mode volumi&g®(9]. Thield, the QD will experience enhanced coupling to the slow
enhanced coherent coupling to light emitters can be cgriipedelocity states of the second mode of the waveguide
with suppressed background incoherent coupling deqpafsid®ibits a cutoff. One of the QD Mollow sidebands then
tsqfoigiaﬁﬁﬁﬁgr?fs?éﬂ rsall'éaggci?;;;”sr'l%qgtigtr“gbd@ lences a high LDOS with accelerated radiative relaxation.
o ) er weak Peld, the QD will be decoupled from the high
?n?é'rtéesst' iﬁ(?ﬁi])h[:;\:]eugﬁgjﬁnrz?eo(:ttfoddyzgair(ljg.s Sparkqu S, with decreasgd.radiative _relaxation. This makes it
possible to control radiative relaxation time scale through peld
strength and dynamically change the interaction regime (from
coherent transient to beld-enhanced decay, and vice versa)
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within a single-pulse duration. In this mixed interaction time superceding phonon-mediated (nonradiative) relaxation even
scenario, a single control laser pulse is capable of high-contrast moderate temperatures. This ultrafast radiative relaxation
dynamical switching of QD populations on a picosecond timeenables single-pulse dynamic switching in picosecond all-
scale with femtojoule energy levels. Population inversion isoptical switches10,11]. With the extra Rexibility in QD con-
activated and deactivated by picosecond pulse trains detungal provided by the secondary signal pulse, we demonstrate
below and above the atomic resonance, respectively. Thithe full range of ultrafast all-opticalND, OR, andNOT logic
dynamic inversion is due to the rapid rise in relaxation rates asperations.
the pulse amplitude rises, causing the Bloch vector to switch In Sec. ll, we establish the theoretical framework for
from antiparallel to parallel alignment with the pulse torquedescribing the evolution of a QD Bloch vector driven by
vector into a slightly inverted state (steady-state attractioriwo external pulses within the discontinuous LDOS vacuum
process). Subsequent near-complete inversion occurs througlructure. In Seclll, we give a detailed exposition of the
a coherent adiabatic following process as the pulse amplitudieichromatic QD inversion modulation effect through the effec-
subsides. The system reverts to slow relaxation and the QEve chirping between signal-pulse and holding-pulse dressed
remains inverted long after the pulse has departed. Thigansitions. In SeclV, we discuss possible applications to
single-pulse dynamic switching is a strong-coupling effect thaultrafast all-opticalanD, OR, andNOT gates, including inho-
results from the interplay between coherent transient dynamiasiogeneous QD line broadening and nonradiative dephasing. In
and pbeld-dependent radiative relaxation inside discontinuouSec.V, we compare our bichromatic control mechanism with
LDOS vacuum structures (structured vacua). other widely applied coherent adiabatic inversion techniques.
In this paper, we develop a general framework whichWe also present our conclusions and discuss future directions.
encompasses both the steady-state switchBgj pnd single-
pulse dynamic switching effectd(,11], and allows us to Il. EQUATION OF MOTION FOR THE DRIVEN
introduce an additional driving pulse (signal pulse) to modulate QUANTUM DOT
the evolution of a QD, already dressed by a strong holding . ]
laser pulse in a PBG waveguide. The weaker modulating Ve consider a two-level system (e.g., quantum dot) with
signal pulse is treated as a perturbation to the dressed levéf@nsition frequency  detuned slightly from a step disconti-
of the QD created by the holding pulse. Nevertheless, th8Uity in the electromagnetic density of states at frequency
signal pulse introduces rich modulation effects in the bnaf® Strong holding laser pulsén(t) and a weaker signal pulse
QD inversion when its frequency coincides with one of theEs(t) [with central frequencies ns and envelope functions
QD Mollow sidebands induced by the holding pulse. TheBns(t)] |nteract15|multaneouslyW|th.th|s QD. The step—shaped
secondary signal pulse is designed to probe the movinslectrom_agnetlc DOS can be provided byawavegwde cuto_ff
Mollow sidebands caused by transitions among dressed levelgode within a 3D-2D PBG heterostructure as discussed in
of the QD, which depends on the holding-pulse amplitude. APrevious work 10,11]. In addition, the two-level system
the holding-pulse amplitude varies, the detuning between th@teraqts. with a smooth featureless nonrad|e_1t|ve reservoir that
Mollow sidebands and the signal-pulse frequency is effectively’S staltls'ucally independent from the photonlc reservoir. Th|s
chirped. As a result of this chirping, after the Bloch vector isCOUPling to phonons causes dephasing of the atomic dipole.
attracted to the steady state at the peak of the two pulseEhe contrlbutlpns of the two reservoirs to the evolution of the
(same as in the single-pulse dynamic switching effect), it therqeduced_densny operator of the two-level system are assumed
adiabatically follows the chirped movement of the signal-pulsd© factorize so as to be treated separately. _ _
torque vector, bringing the QD to the opposite inversion We consider classical control and signal pulses with electric
state as compared to the nonchirped single-pulse dynaml%eld
switching. More specibcally, while a single negatively detuned Ens(t) = BEys(t)cos( nhst + hs). Q)
holding pulse (redshifted) inverts the quantum dot after
passage, the simultaneous presence of a proper!y detpnedThe Hamiltonian,
signal pulse modulates the population to below inversiory,
after passage. On the other hand, while a single positively
detuned holding pulse (blueshifted) de-excites the quantum H = Hs+ Hgr + Hsg, (2)

dot, simultaneously sending in a properly detuned signal pUISﬁ/hereHs is the Hamiltonian of the pulse-driven atofig

leads to Pnal population inversion. The bichromatically drivenyagcribes the electromagnetic reservoir, Biag is the atom-
QD system offers a new degree of freedom to logically controfggeryoir coupling. In the bare atomic basis (ground dtate

QD excitation states, not available in single-pulse dynamic,y excited statg® ), this Hamiltonian [in the rotating-wave

in the absence of phonon coupling,
onsists of three parts:

switching. _ . __approximation (RWA) in rotating frame] takes the form
The required electromagnetic vacuum structure with dis-

continuous LDOS can be realized through engineered defects Hs = }b an 23S B[ n+ Seéi( st 9],

inside otherwise periodic photonic crystals. For example, 2

waveguide architectures within a three-dimensional (3D) PBG Sk h+ <& 9] 1

provide very large LDOS jumps via mode cutoff. In the high . (3)

LDOS region, Purcell factors (ratio of spontaneous emission Hr = b aa,

rate to that in free space) of several thousand are possible

in waveguide segments less than 20 unit cell§76]. This Hsr= i g @ 1285a ).

accelerates spontaneous emission to occur in a picosecond,
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U = UcoSyr+wsin

W = —USina@+wcos

FIG. 5. (Color online) Bloch coordinate transformations for
an > 0 case. The originalu(v,w) coordinate system in the bare
atomic basis is (a) Prst rotated by anglabout thev axis to parallel
alignmentwith |, (dressed-state basis of the holding pulse), and then
(b) rotated by angle about thew axis to catch up with the rotation wjth Y = VvV = ( ,cod +

of the signal-pulse torque vectors.

passage of the pulses amd = w w, the Pnal inversion

PHYSICAL REVIEW A 84, 013830 (2011)

and = Y V. W with

U=§( ,co¢ cod + st + ycod sir
SVcos sin cog )u
+( ycog cos sin S ,cos sin
+ wcos sin s v
+[( S w)cos sin cos SVsirP cos Jw ,

<
1

cos sin ( yco¥ S + ,siP SVcos sin u
S( ycod st + ,cof + st sir?
SVcos sin sir? V )v

S sin ( ycos sin S ,cos sin SVsir w,

cos ( ycos sin S ,cos sin + V cog u
S sin ( 4cos sin S ,cos sin +Vcod v
S( ysiP + ,cod +Vcos sin )w .

Now we introduce an approximation to simplify this Bloch
equation. Wherj | S1 the two-pulse interference time
scale becomes much smaller than other time scales irlBY. (

In this case, it is appropriate to replace periodic functions in
with their time averagess{h = c¢os = 0, andsi? =

cog = 1/2)in Eq. (L5), while assuming all other terms to

be approximately constant during the average. Then, the time-

averaged Bloch equation in thecoordinate reads as

ua = x S +C , (16)
where

= (é S(1+ COosS )1O!| hlé s),

u \ w

=u Yyv Vw ,
C =(0,0SVsin S ,cos)

= v+t wsi® SVcos sin
Y2and W = sit + ,co§ + Vcos sin .
Similar to a singly driven system with a torque vec-
tor = (2,0, a)[1011]], the coherent interaction (cross

in the coordinate also represents the Pnal inversion in thgroduct) in Eq. {6) is determined by a torque vector

bare atomic states.

with its u component proportional to the signal beld Rabi

Equations {3) and (L4) are basis transformations with no frequency s, and itsv component identically zero. The
approximation introduced. The transformed Bloch equation irinteresting difference from the Bloch equation of a singly

the coordinate becomes

ag= x S +C,
where
cos (Vcos S ysin )
C = Ssin (Vcos S ysin )

SVsin S ,cos
S2 s(si? + cog cos )

= OV
| nlS
5 0 sin
+2sc0s Ssin (1Scos) + G cos
sin 0

(15)

driven system, however, comes from thhe component of

. In place of the atom-beld detuninga,_ in the torque
vector of a singly driven system10,11], there appears
an effective detuning +s=| n|S s=( n+| n)S s
that represents the detuning between the signal-pulse carrier
frequency ¢ and the right Mollow sideband with frequency

h+| nl[seeFig7(a). Duetothe dependence of the Mollow

splitting| | on the holding-pulse beld strength, an effective
chirping of the detuning . occurs during the passage of
the pulses. This leads to the large inversion modulation of the
guantum-dot population when the signal-pulse frequency is
near the right Mollow sideband, as demonstrated below.

As shown in Fig6(a), after the passage of a single redshifted
holding pulse ( an > 0), the Bloch vector of the quantum
dot evolves to state(t3) with positive population inversion.
This is the result of an enhanced radiative relaxation of the
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FIG. 10. (Color online) Chirping of the detuning between the
signal pulse and the singly dressed levels transition that gives rise
‘ to the right Mollow sideband. The pulse duratiors 5 ps, nigh =

- 25THZ, ow=5GHz, ;, =0, an=S11THz, e = 15 THz,

s =S 13 THz, and ™ = 6 THz. (a) Dressed-state levels and the
detuning ss between the signal pulse and the left Mollow sideband
of the holding pulse. (b) Effective chirping ofs over time.

FIG. 9. (Color online) Population inversion modulation when
ah < 0. The pulse duration = 5 ps, hign= 2.5 THz, ou =
5GHz, , =0, an=S511THz, e = 15 THz, =S 13 THz,
and "™ = 6 THz. (a) When " = 0, negative inversion is obtained
through dynamic inversion in thei{,w) frame. (b) When 7= chjrping Bloch dynamics, and especially the temporal evolu-

1.25 THz, positive inversion is obtained via dressed-state chirping ifjon of w during passage of the driving pulses.
the @ ,v ,w ) frame.

IV. APPLICATION OF INVERSION MODULATION TO
OPTICAL LOGIC

C. The time-average approximation of the Bloch equation In this section, we demonstrate the use of bichromatic

Our explanation of the bichromatic inversion modulation quantum-dot inversion modulation for ultrafast all-optical
effect in SecslllA andllIB is based on the time-average logic operations, such as\D, OR, andNOT operations. The
approximation used to simplify the Bloch equatidib)into  proposed devices can be realized by embedding a collection
the intuitive form (6). In Figs. 11 and 12, we verify the  of independent quantum dots inside a 20-unit-cell segment
validity of this time-average approximation by comparing theof a bimodal 2D-3D PBG waveguide with one cutoff mode
numerical solutions of the Bloch equatidibf (solid lines)and  [25,26,29]. Ultrafast, intense, optical pulses with two different
the approximate Bloch equatiot) (dashed lines) for both carrier frequencies pass through the waveguide to interact with
redshifted (Figll) and blueshifted (Figl2) holding pulses.  the quantum dots. The dot transition frequencies and pulse

Clearly, Eqg. 16) is a good approximation for describing carrier frequencies are chosen to be close above the LDOS
the Pnal population inversiow reached after passage of discontinuity introduced by the cutoff frequency. The strong
the pulses. Although the time-average operation reduces tleupling between the quantum dots and the two simultaneous
oscillation amplitude ofi after the passage of a redshifted channels of optical pulses leads to quantum-dot population
pulse (Fig.11), it provides a reliable picture of dressed-statedynamics as demonstrated in the previous sections. The
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FIG. 11. (Color online) Comparison of the -coordinate atomic
variable evolutions according to the time-averaged Bloch equa-
tion (16) (dashed curves) and the unaveraged Bloch equation (15)

for () u and (b) w . The pulse duration 5ps, nigh 2.5 THz,
ow OSGHz, o 0, a 11THz, ¢ 4THz, s 23THz
g 20 THz,and I /3,

sensitive dependence of the final population inversion on the
relative strength of the two channels of input optical pulses and
their detunings from the quantum-dot transition frequencies
can be exploited for all-optical logic. The sign of the final
population inversion determines the subsequent amplification
or attenuation of a probe pulse. Consequently, the logically
determined quantum-dot final state can be translated into
all-optical logic relations between the output probe signal and
the input signals.

A. All-optical NOT gate

In a logic NOT operation, the output is the opposite of
the input. A NOT gate can have only one input and one
output. To implement an all-optical NOT operation, consider
the spectrum configuration shown in Fig. 13(a). A channel
of strong optical holding pulses with carrier frequency
and anh > 0 is modulated by weaker signal pulses with
carrier frequency s that is nearly resonant with the right
Mollow sideband ( an i< g< ™). The channel
of optical information at carrier frequency s passes through
the quantum dot at the same time as the holding pulses at
carrier frequency p. As shown in Fig. 13(b), when the signal
is not present (input 0), dynamic inversion results in a final
inverted state (excited), whereas when the signal is present
(input 1), the final population becomes negative (de-excited)

PHYSICAL REVIEW A 84, 013830 (2011)
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FIG. 12. (Color online) Comparison of the -coordinate atomic
variable evolutions according to the time-averaged Bloch equa-
tion (16) (dashed curves) and the unaveraged Bloch equation (15)
for (a) u and (b) w . The pulse duration 5ps, nhigh 2.5 THz,

ow 5GHz, , 0, an 11 THz, e 15 THz, &
13THz, ™ 6THz,and 1™ 1.25THz

as demonstrated in Sec. Il A. The excited quantum dots will
allow the passage of the subsequent probe pulse (defined as
output 1) near the dot transition frequency a, whereas the
de-excited quantum dots will absorb and forbid the passage of
the probe pulse (defined as output 0). As a result, an optical
input of 0 in frequency channel ¢ leads to an optical output
of 1 in frequency channel A, and vice versa. This fulfills the
all-optical logic NOT operation.

B. All-optical AND and OR gates

In a logic AND operation, the single output is positive only
if both of the two inputs are positive, whereas a logic OR
operation results in the single output being positive if either of
the two inputs is positive. These two logic operations can be
realized with a similar construction to that shown in Fig. 13(a).
The spectral configuration of both logic devices is shown in
Fig. 14. Two channels of optical information at frequency ¢
pass through the Q dot at the same time as a stronger holding
pulse at 1, with an < 0 and < o< min

an- Depending on the relative strengths of the holding and
signal pulses, the proposed device can utilize the positive
inversion modulation (discussed in Sec. 111 B) to perform either
logic AND or OR operations. The modulation response curve
of the final QD inversion with respect to s depends on the
strength of 1, [Figs. 15(b) and 16(b)]. For a relatively large ,
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Final Inversion
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10. One Signal TWp/SlgW
' 0.5 E E
0.5t T T T T | |
% I : : THz
[k 24 32 40 «(TH2)
' - ‘ - t(ps : '
5 10 15 20 P9 o5
/
—05f // -1.0" -
10 L // FIG. 15. (Color online) LogicanD gate via dressed chirping-

induced population inversion modulation wheny, < 0. The pulse
duration =5, phighn= 25 THz, 10w =5 GHz, , =0, an=

S11 THz, pe = 15 THz, (=513 THz, and ™= 10 THz.
(a) Logic operation. The (blue) dashed curve correspond&io= 0

FIG. 13. (Coloronline) LogisioT operation via dressed chirping-
induced population inversion modulation whena, > 0. The

pulse duration = 5 ps, high= 2.5 THz, 0w =5 GHz, , =0, [input (0,0)], the (red) dotted curve corresponds 8= 1.2 THz

p— — - max —
an = 11 THz, e = 4 THZ, = 23 THz, and ™= 20 THz. [input (0,1) or (1,0)], and the (red) solid curve corresponds to
() Spectrum model of the device. (b) Logic operation. The (blue) ma 2.4 THz[input(1,1)]. (b) Plot of Pnal inversion as a function of

dashed li ds t§® = 0 (input 0) while th d) solid  ° . ;
Ii:es c?)rréggo%c:jrizggxn—s rgX/?) (inéTtpjl_J) ) while the (red) soll swith = 0[(blue) solid curve] ands = [(red) dashed curve].
s ~ h .

the bnal inversion increases monotonically wigfFig. 15(b), the other r_]and,_ the Ie}tter case can be utilized to perform logic
while for a relatively small,, the bnal inversion easily reaches OR operations in which the arrival of only one signal-pulse
saturation with increasing, [Fig. 16(b). The former case can [INPut (0,1) or (1,0)] or the simultaneous arrival of both signal
be utilized to perform logiaNp operations in which only the Pulses [input(1,1)] can switch the population to approximately
addition of two signal pulses [input (1,1)] is strong enough tothe same amount of positive inversion [Figi(a].

switch the population to positive inversion [Fig5(a). One

C. Inhomogeneous broadening and phonon
dephasing: Toward practical devices

The studies presented in the previous sections focus on
the response of a singl® dot to the holding and signal
pulses. The generalization to a collection of independgnt
dots is obtained by taking an average over the individual
Q-dot responses. Figur&?7 depicts the average inversion
modulation as a function of the signal to holding pulse detuning

s. Compared with the corresponding single-dot response in
Fig. 4, the inhomogeneous broadening tends to smooth out
oscillations in the inversion curve and decrease the overall
switching contrast.

To demonstrate realistic logic device performance, Eg).
shows the logiaND andOR operations when the inhomoge-

FIG. 14. (Color online) Spectral conbguration of the logio® neous broadening is 6 THz (about 0.5% fds fum transition
andor devices. frequency) and Figl9 shows the corresponding performances

013830-12



QUANTUM-DOT ALL-OPTICAL LOGIC IN ASTRUCTURED ...

1.0

(1,0) or (0,1)

0.5¢

-0.5

~1.0" e

Final Inversion
1.0

One Si

0. " 144 216 288

-05r

-1.0%

FIG. 16. (Color online) Logic OR gate via dressed chirping-
induced population inversion modulation when sy < 0. The pulse
duration 5ps, high 25THz, 0w 5GHz, , 0, an

11 THz, w 15 THz, 13 THz, and ™ 6 THz.
(a) Logic operation. The (blue) dashed curve corresponds to "™
0 [input (0,0)], the (red) dotted curve corresponds to ™
1.25 THz [input (0,1) or (1,0)], and the (red) solid curve corresponds
to M 2.5THz[input(1,1)]. (b) Plot of final inversion as a function
of swith s 0[(blue)solidcurve]and s [(red) dashed curve].

when the broadening is 12 THz (about 1% for 1.5 um
transition frequency). Similarly, Fig. 20 shows the perfor-
mance of logic NOT operations for 6- and 12-THz inhomoge-
neous broadenings. A phonon dephasing rateof , 0.1 THz
is also included in these simulations. As seen from Figs. 19
and 20, even with significant(1%) inhomogeneous broadening
and phonon dephasing ( , 0.1 THz), the AND, OR, and NOT
operations exhibit significant contrast for distinct output states
of a probe signal pulse.

V. DISCUSSION

By generalizing the singly driven Bloch equation inside
the structured vacuum of a photonic crystal [10,11] to a
multiply driven system, we have discovered a bichromatic
strong-coupling effect that enables multiwavelength channel
all-optical logic on a chip. This bichromatic QD inversion
modulation effect is a double-pulse extension of single-pulse
dynamic switching described earlier [10,11]. The addition of a
second frequency, weaker signal pulse to the previously single-
pulse-driven QD leads to a remarkable strong modulation and
logic-based control over the QD Bloch vector evolution path,

PHYSICAL REVIEW A 84, 013830 (2011)
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FIG. 17. (Color online) Effects of Gaussian inhomogeneous
broadening on the bichromatic inversion modulation effects. The
pulse duration 5ps, hgh 25THz, o 5GHz,and , 0.
The (blue) solid curves correspondto s 0 and (red) dashed curves
correspond to ¢ . (@) Mean holding pulse detuning  an
11 THz with FWHM = 12 THz (1% for 1.5 pm transition frequency),

e 4 THz, ™ 20 THz, and ™ /3. (b) an
11 THz with FWHM = 6 THz (0.5% at 1.5 um transition
frequency), e 15THz, ™ 6THz,and ™ 1.25 THz.

enabling ultrafast control of QD excitations with femtojoule
optical pulses in a photonic crystal chip.

As shown previously [10,11], single-pulse dynamic switch-
ing occurs through (a) field-enhanced radiative relaxation,
which rapidly attracts the QD Bloch vector to parallel align-
ment with the pulse torque vector (steady-state attraction).
This is followed by (b) coherent evolution when the pulse
subsides, leaving the QD decoupled from the high LDOS
of a waveguide cutoff mode (slow radiative relaxation), so
that the Bloch vector adiabatically follows the pulse torque
vector. The physics brought about by the second, weaker
signal pulse occurs in the coherent evolution of step (b).
Instead of probing the fixed QD bare levels such as the holding
pulse, the signal pulse probes the time-varying dressed levels
created by the holding pulse. This introduces an effective
chirping between the signal field and the dressed transition
resonance. For the case of a redshifted ( an > 0) holding
pulse alone, the Bloch vector will always coherently follow
the upward-pointing torque vector to the excited state. The
signal pulse, however, resonantly probes the chirped dressed
levels at the right Mollow sideband. When viewed from the
signal pulse’s own rotating frame (within the dressed-state
basis created by the holding pulse), the overall torque vector
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FIG. 18. (Color online) Logic operations with 6 THz (0.5% at  FIG. 19. (Color online) Logic operations with 12 THz (1% at
1.5 pm transition frequency) of inhomogeneous broadenir@-dot 1.5 pm transition frequency) of inhomogeneous broadenir@-dot
transition frequency. The pulse duratiors 5 ps, ngn = 2.5 THz,  transitionfrequency. The pulse duratior 5ps, average an = S 6

ow= 5 GHz, , =0, and s =S 125 THz. One signal has peak THZ, s=S125THz, high= 2.5 THz, 1oy = 5 GHz, and |, =

Rabi frequency 1.2 THz. The (blue) dashed curves correspond t8-1 THz. One signal has peak Rabi frequency 2.26 THz. The (blue)
signal channel input (0,0), the (red) dotted curves correspond to inpifashed curves correspond to signal channel input (0,0), the (red)
(1,0) or (0,1), and the (red) solid curves correspond to input (1,1)dotted curves correspond to input (1,0) or (0,1), and the (red) solid
(a) Logic AND operation. Average a, =S 9 THz, ™= 10 THz.  curves correspond to input (1,1). (a) LogisD operation, ;"=

(b) Logic OR operation. Average an = S 7 THz, ™= 6 THz. 125 THz. (b) Logicor operation, i@ = 8.2 THz.

tomatic prealignment of the Bloch vector. As a result, they

rotates from upward (pulse peak) to downward (pulse tail) asequire preparation of the QD in a particular state in advance
the detuning h+| n|S sbetween the signal pulse and the to guarantee evolution to a desired Pnal state. This initial-state
right Mollow sideband of the holding pulse passes throughdependence is due to the highly (Rabi) oscillatory nature of the
zero. This chirping-induced torque vector RBipping negates theoherent evolution when the Bloch vector is not well aligned
population inversion that would arise by the holding pulsewith the torque vector. The independence of bnal state with
alone. Similarly, in the case of a signal pulse probing therespectto initial states is particularly important for applications
chirped dressed levels of the left Mollow sideband created byn all-optical computing. It ensures that past logic operation
a blueshifted holding pulse (an < 0), the same mechanism history will not inBuence the desired outcome of the current
leads to reversal of the QD Pnal population from negative taperation.
positive. We have demonstrated the Rexibility of bichromatic QD

A distinguishing characteristic of our dynamic switching population control for ultrafast all-optical logic gates, in-
and bichromatic (double-pulse) modulation of QD populationcluding AND, OR, and NOT gates. Multiwavelength channel
inversion compared to previously studied coherent chirpingeptical logic devices of this type can be cascaded using the
induced adiabatic inversion3QE88] is the Pbeld-enhanced recently demonstrated39] all-optical, on-chip, wavelength
radiative relaxation (step a) due to the LDOS discontinuity.conversion architectures. In this case, a large number of optical
This rapid steady-state attraction of the Bloch vector to thdogic devices can be integrated on a single photonic crystal
state parallel with the torque vector wipes out all memorychip for optical information processing. Input logic states
of the initial state of the QD. Then, the coherent evolutionare encoded into the signal-pulse stream passing through a
step (b) likewise results in the same Pnal state, independebtmodal photonic crystal waveguide simultaneously with a
of the system initial condition. Previously studied coherentstrong holding-pulse stream. The signal and holding pulses
adiabatic inversions3DBEBE8] are lacking in this rapid, au- perform logical operations on the two-level QD medium

013830-14






XUN MA AND SAJEEV JOHN PHYSICAL REVIEW A84, 013830 (2011)

central Mollow band is far enough from the band edge (such Similar to the evaluation of Eq.B6), by extending the
that the edge g is outside the spectral widths around the  upper limit of the integral to inbnity (because in the Markov
central Mollow band), or that the spectral component (  approximation, the contribution of theintegral mainly comes
that move into the band edge have enough detuning from thigom the reservoir correlation decay time scale that is much
central component at,, the approximationg8) is reasonable.

Fori = 5,j = 2,
t

d “5(t)(tS )r
0
t .. N
- bZCZ(t) |g |2, d Cz(té )eSI[ S2 ()]t
0

x @l 52 (8 NS ). (B9)

Under Markov approximation, we replace(t S ) with

(t) in the integration. Then, by using EdB4), we obtain
t 5 .
d S%tS )r  Bot) dc?' g
0 S
% td eSi Sil S2
0 (B10)

shorter than the density operator evolution time statethe
upper limit), and making use of E(B6), we obtain
t

. d ) 2tS )r

bz 2

2 .
—c(t) d c%t2 (B11)
2 d

x JgPPl S nS2 O+ ] %204(t)+,

where , =2 g?( S nS2 (1) 2 lg
2( S nS2 (t)+ ) for [S /2, «/2]. This
corresponds to a local Markov approximation around the right
Mollow sideband located at,, + 2 (t).

Following the same steps for other combinations,jofin
Eq. B3), we obtain the brst integral of the radiative master
equation given in Eq.A11).
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