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Nondegenerate (two-wavelength) two-photon absorption using coherent optical fields is used to show
that there are two different quantum mechanical pathways leading to formation of the biexciton in a
single quantum dot. Of specific importance to quantum information applications is the resulting coherent
dynamics between the ground state and the biexciton from the pathway involving only optically induced
exciton/biexciton quantum coherence. The data provide a direct measure of the biexciton decoherence
rate which is equivalent to the decoherence of the Bell state in this system, as well as other critical

optical parameters.
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At the core of quantum information and computation
lies the requirement to construct coherent combinations of
quantum states [1,2]. The basic quantum operations can
be performed on a sequence of pairs of physically distin-
guishable quantum bits and, therefore, can be illustrated
by a simple four-level system shown in Fig. 1. In an opti-
cally driven system where the |01) and |10) states can be
directly excited, direct excitation of the upper |11) level
from the ground state |00) is usually forbidden and the
most efficient alternative is coherent nondegenerate two-
photon excitation, using [01) or |10) as an intermediate
state. However, as is well known in atomic systems (see,
for example, [3—-5]), excitation of the upper level does not
ensure quantum coherence between the upper level and the
ground state. Moreover, coherence that is induced can be
rapidly lost due to scattering or coupling to other modes
(e.g., phonons in solid state systems) leading to a change
of the relative phase between the two states without neces-
sarily decaying the individual probability amplitudes (pure
dephasing). The loss of probability amplitude and the
random change in phase over time cause decoherence of
|#) = al00) + b|11) (in the interaction picture), leading
to errors in a quantum logic device.

Optically driven semiconductor quantum dots (QD’s)
have been proposed [6—8] as potential quantum informa-
tion systems because of their similarities to atomic systems
and their key difference in size which gives rise to strongly
resonant excitonic transitions and fixed addresses. In the
simplest two quantum-bit system within a single QD, the
energy level structure in Fig. 1 is given by the ground state
(the unexcited dot) as |00), the linearly polarized (i.e., the
symmetric and antisymmetric combinations of spin up and
down) exciton states as |01) and |10), and the biexciton
state of the two antiparallel-spin excitons due to Coulomb
coupling as |11).

In this paper, we apply a variant of the resonant coher-
ent nonlinear optical spectroscopy techniques developed in
atomic systems [4] to demonstrate the existence of the fully
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quantum coherent pathway for the formation of the coher-
ent combination of the biexciton state and the ground state
|4 = al00) + b|11), and, in the process, measure its de-
coherence rate. The decoherence of this state is identical
to the closely related Bell state with a = b. The coherent
contribution of the biexciton state is essential for quantum
information processing. The contribution of pure dephas-
ing processes of the |11) state relative to the other three
states determines the error that accumulates in a quantum
operation [8]. Unlike the earlier single dot coherent ma-
nipulation experiments which used polarization-controlled
excitation to study the exciton dipole coherence [9] and
the Zeeman coherence between two single exciton states
[10], the biexciton coherence reported here is controlled
by two color excitation, a major step forward in terms of
the complexities associated with decoherence and in unin-
tended dynamics as shown in [8].

The measurements are performed with two mutually
coherent optical fields, E{(Q;) and E»({),) polarized
and tuned, respectively, to excite the |00) — [01) and
the |01) — |11) transitions, as indicated in Fig. 1 (dark
arrows). The strong biexciton binding in QD’s observed in
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FIG. 1. Model for an elongated single QD. [11), [01) (|10)),
and |00) denote the biexciton, the exciton, and the ground states,
respectively. AE is the biexciton binding energy. The optical
selection rules for various transitions are indicated.
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previous works [11-17] makes the two transitions differ-
entiable in energy using narrow-band fields. The photolu-
minescence (PL) excitation observation of the two-photon
generation of the biexciton in a QD via a virtual interme-
diate state [11] is an important precursor to the present
work on the coherent combination of the biexciton and
ground state but the physics of the coherent excitations
is distinct from the incoherent transitions between states
involved in the PL processes.

In the presence of pure dephasing, optical excitations
are most easily described using the density matrix for the
optical transitions, p. The excitation of the biexciton state
is given by pjy 11. Using the excitation scheme discussed
above and in the limit of perturbation theory in the applied
fields, the resonant excitation of the biexciton is given by
the following typical perturbation sequences [3]:

E ()
L01,00

E{(Q) E»(£,) E5(Q,)
P£01,01 P11,01

£00,00 P1L,11

Ei ()
£00,00 P01,00

E»(£s)
P11,00

Ef(Q) E; ()
P11,01

Pi1,11 -

The first is referred to as the stepwise excitation pathway
and depends on the population (and corresponding decay
dynamics) of the exciton. This pathway could be excited
even if the optical fields were optically incoherent. The
second pathway is the fully coherent two-photon process.
Its observation requires the lasers to have a mutual coher-
ence time much greater than the inverse of the decoherence
rate of the Bell state.

Data were taken from single GaAs QD’s formed by
interface disorder in a 42 A layer of GaAs molecular beam
epitaxy grown between 250 A Aly;Gag7As barriers. High
spatial resolution is achieved through an aluminum mask
with a series of submicrometer sized apertures. Previous
PL studies have revealed sharp resonances from heavy-
hole excitons confined to these QD’s [18] where elongation
along the [110] axis leads to linear polarization selection
rules [19].

The biexciton binding energy is denoted by AE. We de-
note the transition frequencies and dephasing rates of the
coherences between various states as w;; and y;; where,
for example, wi;; denotes the resonant frequency of the
|01) — [11) transition, ;100 describes the decay of the
two-photon coherence, p1100, etc. The state relaxation rate
of level |01) is denoted by T'g1 0. Figure 1 has taken into
consideration the QD elongation by noting the collinearly
polarized optical selection rules for the |00) — [01) or
|10) and the subsequent |01) or |10) — |11) transitions, as
shown in [14,16,19,20] for elongated CdTe and GaAs dots.

The PL spectrum (II, polarized) shown in Fig. 2(a) is
taken through a ~0.5 pm aperture following excitation in
the continuum. The peak intensity at the energy labeled by
ep shows a quadratic dependence on the excitation inten-
sity below 20 W/cm? [inset of Fig. 2(a)] and is attributed
to the emission due to the [11) — |01) transition of one dot
[11,15]. Most of the other lines such as the one at ex show
a linear dependence on the excitation intensity and are due
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FIG. 2. (a) PL spectrum showing excitonic as well as biexci-

tonic resonances. The inset shows the integrated PL intensity
as a function of the excitation intensity for peaks at ey and &p.
S represents the slope in the log-log scale. (b) Degenerate co-
herent nonlinear optical spectrum showing only excitonic lines.

(c) Spectrum of ™. The spectral dip at ep suggests the exci-
tation of biexciton. (d) Theoretical calculation for (c).

to |01) — |00) transitions from various dots. From PL, it
is not possible to determine if the resonances at €p and ex
are from the same dot. However, we will show below that
those two peaks are indeed related.

The two frequency-stabilized CW lasers E{({};) and
E>(Q),) (bandwidth of 4 neV) have a mutual coherence
bandwidth of <0.1 weV and are independently tunable.
The two fields are amplitude modulated (AM) at two sepa-
rate modulation frequencies. The stepwise and two-photon
paths leading to biexciton formation also lead to third or-
der nonlinear optical polarizations of the form E;E;E;
(i # j). The coherent emission of interest is then selected
by homodyne detecting with field E;, and detected at the
difference frequency of the two AM modulators [9]. The
signal of interest is denoted by I}\IL.

The degenerate response ({; = ();) is shown in
Fig. 2(b). The data map out the single QD excitonic reso-
nances (such as the ex resonance) and are in good agree-
ment with the PL spectrum [9].

I?L is shown in Fig. 2(c) as a function of ), with ()
fixed at the excitonic resonance, €x. The strong positive
resonance at gy corresponds to reduced absorption (satu-
ration) of E, caused by E; as a result of the excitonic
nonlinearity [9]. However, the data show a strong nega-
tive spectral feature at ez due to the biexciton excitation
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arising from both the stepwise and two-photon paths. It
corresponds to induced absorption of E; leading to forma-
tion of the biexciton following the excitation of the exciton
by E; at ex. The transition energies, ex and g, agree with
those determined in the PL. Their difference yields a AE
of 3.360 = 0.001 meV.

In Figs. 2(b) and 2(c), both beams are II, polarized,

driving the |00) — [01) and [01) — |11) transitions. Simi- |

stepwise two-photon
A S
—ia/To100

o« I

lar results are obtained for II, polarization. The negative
resonance at g disappears when the two beams are cross-
linearly polarized, consistent with the selection rules.

I can be calculated based on the equations of motion
for the model in Fig. 1 following the two quantum me-
chanical pathways [3,21,22]. We note that both the step-
wise and two-photon excitation lead to induced absorption
of E,. The signal is therefore of opposite sign to the exci-
tonic response (saturation). The calculation yields

—ia

: )
m - - + c.c.|] + Im
(yio1 + iAy) <701,00 + iA

(vor00 + iA1) (yior + iA2) [yi100 + i(A) + A)]°

ey

where a = |uor11mo001 E2E11% A1 = Q1 — wo1,00, and |
A, = Oy — w101 M is the dipole moment. The
spectral dip in Fig. 2(d) is generated as a function of A,
based on Eq. (1) by setting A; = 0 and is in good agree-
ment with the experiment in Fig. 2(c). The positive peak
in Fig. 2(d) is based on calculations for the excitonic
response, which is derived in [9].

In the second measurement, we use a variation of the
above experiment. Instead of homodyne detecting the non-
linear response with E5, we now homodyne detect the non-
linear response with E] to get I ML In this case, the only
perturbation path that contributes to the response is

E\(1)
P£01,00

E>(Q,) E;(Q,)
P11,00

E[(Q)
P01,00

£00,00 P01,01 -

While this path does not lead to the biexciton population,
it comes directly from the two-photon coherence pi;go. It
follows that

i

INY o Im )
! (yor00 + iA1)*[yi100 + i(A1 + Ay)]

@)

Therefore, by detecting E;, the signal that is due exclu-
sively to a coherent pathway is isolated. In the case that
the decoherence of the Bell state is fast (ypg > I'xg),
then I3~ would be dominated by the stepwise term and
1 {\I L would be much smaller than 15“ L The importance of
the two-photon coherence can be examined by comparing
1 {\I L and 1? L

The corresponding spectra of / NE under various condi-
tions are shown in Figs. 3(a) and 3(b). In 3(a), we show
I{\I L as a function of the scanning (), near gg with ()4
fixed at ex. The response is mainly positive, corresponding
to reduced absorption of Ej, in excellent agreement with
Eq. (2), as shown by the solid curves. In 3(b), (), is fixed
at e and ) is tuned around ey. The signal comes en-
tirely from the two-photon coherence. The ratio / {\I L / 15“ L
is measured to be 0.67, showing that the decoherence rate
of the biexciton (y1109) is comparable to the exciton en-
ergy relaxation rate (I'o1 g0)-

From a quantitative analysis, we can extract various de-
cay rates. Specifically, using the line shape in Fig. 3(a) and
Eq. (2), we obtain the decoherence rate of the state |i) =
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al00) + b|11) to be y1100 = (22.0 = 0.7 ps)~!, compa-
rable to the excitonic coherence decay rate of yg; 00 =
(19.5 = 4.8 ps)~! and exciton relaxation rate of [y g9 =
(13.3 = 5.0 ps)"! obtained by repeating the analysis of
[9] on the excitonic feature of Fig. 2. Analysis of the in-
duced absorption line shape in Fig. 2(c) gives 101 of
(10.5 = 1.0 ps)~!. Using these decay rates, it is calcu-
lated that, with full two-photon coherence contribution,
" /15" would be ~0.77, in good agreement with the ex-
perimental result above.

Hence, the data show that the pure dephasing of [00) —
|11) is insignificant, similar to the single exciton coherence
[9], despite the strong exciton-exciton Coulomb interac-
tion. In higher dimensional semiconductor systems and in
the absence of disorder, the excitonic and biexcitonic states
are characterized by extended Bloch wave functions, which
makes them susceptible to purely phase changing inter-
actions with the surrounding crystal, leading to relatively
fast dephasing of the two-photon coherence [23]. In QD
structures, the 3D confinement results in strong localiza-
tion which reduces the scattering with continuum excitons
and phonons. More importantly, the dephasing rates are
independent of the excitation level within the y limit, a
result profoundly different from higher dimensional sys-
tems where the dephasing rate increases with excitation
intensity due to exciton-exciton interactions caused by the
extended state nature of the wave function [24].

1620.9 1621.5
Energy (meV)

1618.2

1617.6
Energy (meV)

FIG. 3. Spectra of I{\IL (E; is detected). (a) E; is fixed at ey
and FE is tuned around ep. (b) E> is fixed at €5 and E| is tuned
around ey. In the insets, the solid (dashed) arrows denotes the
fixed (scanning) fields. Solid curves are the theory.
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This work also enables us to study the exciton-biexciton
transition dipole moment. Independent measurements
based on linear absorption from single quantum dot exci-
tons give a ground state to exciton dipole moment of order
50-100 debye (compared to a few debye for atomic sys-
tems) depending on dot size [25]. From the theory above,
it is clear that with knowledge of the decay rates and by
comparing the signal strength obtained at the biexciton to
that obtained at the exciton in Fig. 2(c), it is possible to
infer the ratio of the dipole moments. For this particular
QD, it is inferred that w1011 ~ Mo0.10 and hence, the net
effect of the Coulomb interaction is not to change the
strength of the two transitions, implying that the important
interaction effect we exploit is the binding energy.

The above study of the coherence of the biexciton state
shows that it can form with the ground state and the two
single-exciton states the two-qubit system for quantum in-
formation purposes. In general, an antiparallel-spin biex-
citon state is a linear combination of | j+, j'—), where the
indices for each exciton, j = 1,2,... and o = =*, denote
the combination of the jth electron level and the jth hole
level excited by o circularly polarized light. For the ex-
citons excited by the linearly polarized light (0 = x or
y), the biexciton state |1x, 1x) and |1y, 1y) are the same
state as |1+, 1—), because the Pauli exclusion eliminates
the double occupancy in |10, 1o). Hence, both transition
paths to the same state in Fig. 1 are then possible. By con-
trast, the biexciton |1x,2x) is orthogonal to |1y,2y) and
each state can support only one of these paths. The con-
finement of the dot isolates the two lowest spin excitons
from the other levels and enhances their mutual Coulomb
attraction, a conclusion further bolstered by the action of
the magnetic field in which the oppositely circularly polar-
ized selection rules for the biexciton are restored.

Finally, as noted above, the state |4) = a|00) + b|11)
is an entangled state of two excitons. For these mea-
surements, it was necessary to use weak optical fields to
maintain the validity of third order nonlinear optical per-
turbation theory. Hence, the entanglement is far from
maximal. However, it has been shown that strong optical
pulses can be used to drive the dots into Rabi oscillations
[26], thus ensuring that maximally entangled states can be
produced.

In summary, this work has demonstrated the coherent
two-photon contribution to the resonant optical excitation
of the biexciton in a single quantum dot. By exploiting
the unique spectral dependences in resonant coherent non-
linear spectroscopy with the power of phase sensitive ho-
modyne detection, we were not only able to demonstrate
a direct correspondence between a given exciton and its
associated biexciton, we were also able to isolate the part
of the wave function induced by the coherent excitation
associated with the quantum superposition between the
|00) state and the |11) state and measure its decoher-
ence rate. While single particle excitations of individual
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coupled quantum dots form the basis of scalable quan-
tum computers [6,7] and the system described here is
not readily scalable beyond two quantum bits, this sys-
tem has been proposed as a model two-qubit solid state
quantum system for demonstrating a two-qubit quantum-
controlled-not-gate and the Deutch-Josza algorithm [8].
The present work, combined with the recent demonstra-
tion of Rabi switching in this system [26], indicates that
such a demonstration may now be feasible.
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