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Absorptive and dispersive optical responses of excitons in a single

quantum dot
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The authors have determined both the real and imaginary parts of the dielectric polarizability of a
single quantum dot. The experiment is based on the observation and the manipulation of Rayleigh
scattering at photon frequencies near the resonance of an optical exciton transition in single
self-assembled InAs and InGaAs quantum dots. The interference between the narrow-band laser
field and the weak electromagnetic field coherently scattered by the quantum dot is detected with a

cryogenic  Fabry-Pérot setup by

combined differential

transmission and reflectivity

measurements. © 2006 American Institute of Physics. [DOI: 10.1063/1.2354431]

Considerable progress in realizing various regimes of
coupling between the electromagnetic field and semiconduc-
tor quantum dots (QDs) has been achieved recently. Obser-
vations of phenomena related to the interaction of photons
with discrete states in self-assembled dots such as ground
state Rabi oscillations' and weak”™ and strongs’6 coupling
regimes in various microcavity structures have strengthened
the picture of the optical electron-hole pair excitation in a
QD as a coherent two-level transition. QDs are considered as
candidates for quantum information processing based on
cavity quantum electrodynamies.7 However, most of the
work has concentrated on the absorptive coupling of QDs to
the electromagnetic field. Almost no attention has been paid
to the possibilities of dispersive coupling of QDs despite the
fact that dispersive coupling has been exploited with single
atoms in optical resonators to implement a conditional phase
shift® and quantum-nondemolition measurements.’ In light of
this and along with the progress in the deterministic coupling
of QDs to solid-state cavity devices, '’ application of disper-
sive coupling schemes with QDs is a very attractive possi-
bility.

In this letter we report simultaneous detection of forward
and backward Rayleigh scatterings of narrow-band laser
light by a single QD. We employed a Fabry-Pérot setup at
cryogenic temperature to detect and manipulate the interfer-
ence of the laser field with its Rayleigh scattered component.
Near the QD optical transition frequency the interference
leads to resonances both in the differential transmission and
reflectivity which were measured simultaneously. The
method allows us to determine experimentally the dielectric
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polarizability function of a single self-assembled
InAs/InGaAs QD. Our model describes the line shape evo-
lution of the differential transmission and reflectivity spectra.
We show that either optical signal can be used to deduce
both the decoherence rate and the oscillator strength of the
corresponding optical transition yielding its total scattering
cross section. Our results exemplify that confocal detection
of reflectivity provides a high-resolution spectroscopy tool
complementary to the near-field optics as used recently for
natural QDs.'! In the context of dispersive coupling schemes
our work demonstrates that the dispersive nature of the QD
is accessible experimentally.

The interferometry setup used in our experiments is de-
picted schematically in Fig. 1(a). The planar Fabry-Pérot in-
terferometer with a cavity length of D=10 mm is formed by
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FIG. 1. Setup schematics. (a) The polished fiber end and the sample surface
separated by two aspheric lenses with numerical apertures 0.15 and 0.55
form a Fabry-Pérot cavity with a characteristic length of D=10 mm. The
refractive indices of the fiber, sample, and free space in between are n, n,,
and n,, respectively. The QD layer is located at d=150 nm below the semi-
transparent surface. (b) The excitation light of a tunable laser is delivered
with an optical single-mode fiber to the interferometer in a helium bath
cryostat (dashed box) at 4.2 K. Below the sample a photodiode detects the
differential transmission AT/T. The differential reflectivity AR/R is mea-
sured with a detector at room temperature.
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FIG. 2. Differential transmission AT/T and reflectivity AR/R spectra of
single QDs (open circles) and fits (solid lines) as described in the text. (a)
Ground state valence band (VB) to conduction band (CB) excitation s-s in a
singly charged InGaAs QD. (b) Excited state transition p-p in a single InAs
dot with two resident electrons. Note different ordinate units in (a) and (b).
The energy detuning was achieved through the gate voltage induced Stark
shift.

the polished glass fiber end and the sample surface. The
separation between the surface and the QD layer d
=150 nm was determined by the sample growth sequence.
The microscope objective consisting of two aspheric lenses
with numerical apertures of 0.15 and 0.55 aligns the cavity
mirrors in a confocal arrangement. The optical path for in-
terferometry detection is shown in Fig. 1(b). The light of a
tunable narrow-band laser is guided with a single-mode glass
fiber to the interferometry setup which was cooled down to
cryogenic temperature (4.2 K). The photodiode placed di-
rectly below the sample detects the QD forward scattering as
differential transmission signal AT/T, whereas the backward
scattering is detected with a photodiode at room temperature
which measures the differential reflectivity AR/R.

Two different samples were investigated. InAs QDs
(Ref. 12) in sample A were used to probe the excited state
transition p- to p-shell (Fig. 2, right panel) resonant with the
laser energy Ey=1.171 eV (A=1058.9 nm). For the ground
state transition s- to s-shell resonant with Eq=1.271 eV (A
=975.6 nm), sample B containing InGaAs QDs (Ref. 13)
was used. In both samples, the self-assembled QDs were
embedded in a field-effect structure. The QD layer was
grown 25 nm above the back contact and 150 nm below the
metalized gate on the sample surface with a 120 nm
GaAs/AlAs superlattice in between. The device allows us to
control precisely the number of resident electrons in an indi-
vidual QD and to exploit the Stark shift for modulation
spectroscopy.'*!?

The right panel of Fig. 2 depicts schematically the rel-
evant optical interband transitions. The ground state excita-
tion s-s involves a QD charged with one resident electron
such that only one resonance is present,16 the p-p dipole
transition is excited resonantly in a QD charged with two
electrons.” In the left panel of Fig. 2 typical differential
transmission and reflectivity spectra of single QDs are
shown. The linewidths of the AT/T spectra AI'=3.2 ueV and
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FIG. 3. (a) Absorptive and dispersive weighting functions plotted against
phase @ in units of 77. A-D mark the phases of the corresponding differen-
tial transmission and reflectivity spectra of a single InAs quantum dot rep-
resented in (b) as a function of detuning. The solid lines in (b) are fits to the
data (open circles) according to the model.

Al'=11 peV measured at 4.2 K for the ground and the first
excited states, respectively, are consistent with previously re-
ported results.’>! In the absence of interference effects, the
transmission signature of a QD in a weakly focused Gaussian
beam can be treated in the plane wave scattering limit.'” The
forward scattering resonance is a Lorentzian of purely ab-
sorptive character. The low finesse Fabry-Pérot cavity in the
present experiment is expected to modify the transmission
spectrum only moderately. This is confirmed in Figs. 2 and 3.
However, for the backward scattered light the tuning of the
cavity plays a major role, leading to a high sensitivity of the
AR/R signal to interference effects (Fig. 3).

In order to describe the line shape evolution of both the
differential transmission and reflectivity in Fig. 3, we model
the following simplified situation: a QD excitonic dipole
scatterer is positioned at distance d on one side of an optical
cavity of length D with effective contrast F=—4rr,/(1
+r1ry)? (effective finesse is F=m\F/2) and corresponding
characteristic Fabry-Pérot transmission function 7(®)
=1/(1+F sin> ®). The effective amplitude reflectance coef-
ficients of the fiber r; and the sample surface r, are deter-
mined through the effective refractive indices n; and n, as
well as the vacuum refractive index ny=1 through relations
ri=m;—ng)/(n;+ny) and r,=(ny—n,)/(nyg+n,). Length
scales d and D establish relative phase angles ¢=2mk,d be-
tween the QD response field and the laser field reflected at
the sample-vacuum interface as well as ®=27kyD between
the QD field and the cavity field. Here, k,=27mn,/\ and k
=2mn,/\ are the wave vectors in the embedding material
and vacuum, respectively.

The complex polarizability agp of a QD two-level di-
pole transition driven by a harmonic laser field of frequency
wy 1s a function of the decoherence rate vy and laser detuning
0=w;—wy from the resonance frequency w,. The decoher-
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ence rate is also linked to the full width at half maximum
linewidth through 2Avy=Al". In resonance approximation
with y<< w,, as satisfied for QD transitions at cryogenic tem-
peratures, the linear response function is given by

&QD == &R + i&l,

Sy Y

&+ &1=&052+ v

The on-resonance maximum  polarizability a
=e*f1(2ymyeyw,) is determined by the oscillator strength f
and the decoherence rate (e is the electron charge, m the free
electron mass, and g, the vacuum permittivity). a=o0y/k,
can be interpreted as the scattering volume of a single QD,
with the maximum total scattering cross section g, and the
scattering depth k, of one wave number in the optical me-
dium. On the other hand, for weakly focussed Gaussian
beams the maximum contrast in an optical transmission ex-
periment on resonance ay=0,/.A is given by the ratio of the
scattering cross-section to the focal spot area A.'® The dis-
persive and absorptive responses of the dipole transition in
Eq. (1) are identified with the real part @ and the imaginary
part &, respectively.

In order to model the line shape evolution we derive
analytical expressions for the differential transmission and
reflectivity using the transfer-matrix method of light
propagation.17 With the definitions

B (1-r)(1-1r)
(rl + r2)2+ (1 + r1r2)2FSin2<D’

(1)

aR=&0

H(P) =

1+ r%)rzezi"’ + rl[r%ezi("”“b) + 2ot D]

(1 + r1r2)2

Wie,®@) = . (2
and the Fabry-Pérot transmission function 7(®), the differ-
ential transmission and reflectivity can be written as'’

ATIT = %{- &+ T[&@ Re(W) - G InOW)]).

AR/R = %{HT[&, Re(W) — @z Im(W)1}. (3)

Dependent on the phase angles ¢ and ®, the function W
weights the contributions of the absorptive and dispersive
responses, as displayed in Fig. 3, for the case of resonant p
-p excitation. While d and thus ¢ are fixed by sample design,
the phase ® can be tuned either by the cavity length D or the
laser wavelength A. We choose to tune the latter parameter
which can be controlled very precisely. In the working point
C the conditions for the optical reflectivity signal are such
that the dispersive part is finite but the absorptive is nearly
zero. The corresponding spectrum reveals a purely dispersive
line shape and is depicted both in Fig. 2 and in the lower
panel of Fig. 3, together with other spectra recorded at fixed
phases marked A, B, and D. All fits to the data were obtained
with Eq. (3). The parameters are ay=2X10"* and AI
=11 weV, resulting in an oscillator strength of f~ 10, and
ny=1.4 and n,=2.9. The corresponding finesse of the Fabry-
Pérot resonator is =1 comparable to 1.2 as calculated with
refractive indices of n;=1.5 for the glass fiber and n,=3.5
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for GaAs. The effective refractive indices n; and n, used in
the model account for omitted superlattice, the metalized
gate and potential cavity misalignment. The transmission is
modified only slightly due to the low finesse of the cavity.
The reflectivity spectra, however, reveal the full cyclic tran-
sition from an absorptive to a dispersive spectrum and back,
while the phase ® of the interferometer is varied by . The
evolution is well reproduced by our model, although it over-
estimates slightly the asymmetry in the spectrum A. This
notwithstanding, our results demonstrate clearly that the re-
flectivity signal can be modeled in detail to provide the os-
cillator strength and decoherence rate of the optical
transition.

In summary, our work demonstrates that high-resolution
interferometric Rayleigh scattering can be performed on a
single self-assembled dot. The complex dielectric polariz-
ability function of a single QD is accessible experimentally.
Our results encourage the use of the reflectivity signal which
can be modeled elaborately, thus providing both the decoher-
ence rate and oscillator strength of the QD optical transition.

The authors would like to thank A. Imamoglu and H.
Weinfurter for helpful discussions. Financial support from
SFB 631 (DFG), EPSRC (UK), and SANDIE (EU) is grate-
fully acknowledged. One of the authors (B.A.) was sup-
ported by the Marie Curie European training program.

'A. Zrenner, E. Beham, S. Stufler, F. Findeis, M. Bichler, and G. Abstreiter,
Nature (London) 418, 612 (2002).

’p, Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff, L. Zhang,
E. Hu, and A. Imamoglu, Science 290, 2282 (2000).

3E. Moreau, I. Robert, J. M. Gérard, I. Abram, L. Manin, and V. Thierry-
Mieg, Appl. Phys. Lett. 79, 2865 (2001).

‘T D. Happ, I. I. Tartakovskii, V. D. Kulakovskii, J. P. Reithmaier, M.
Kamp, and A. Forchel, Phys. Rev. B 66, 041303(R) (2002).

TP Reithmaier, G. Sek, A. Loffler, C. Hofmann, S. Kuhn, S. Reitzenstein,
L. V. Keldysh, V. D. Kulakovskii, T. L. Reinecke, and A. Forchel, Nature
(London) 432, 197 (2004).

oT, Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M. Gibbs, G.
Rupper, C. Ell, O. B. Shchekin, and D. G. Deppe, Nature (London) 432,
200 (2004).

A. Imamoglu, D. D. Awschalom, G. Burkard, D. P. DiVincenzo, D. Loss,
M. Sherwin, and A. Small, Phys. Rev. Lett. 83, 4204 (1999).

8Q. A. Turchette, C. J. Hood, W. Lange, H. Mabuchi, and H. J. Kimble,
Phys. Rev. Lett. 75, 4710 (1995).

M. Brune, S. Haroche, J. M. Raimond, L. Davidovich, and L. Zagury,
Phys. Rev. A 45, 5193 (1992).

104, Badolato, K. Hennessy, M. Atature, J. Dreiser, E. Hu, P. M. Petroff,
and A. Imamoglu, Science 308, 1158 (2005).

T, Unold, K. Mueller, C. Lienau, T. Elsaesser, and A. D. Wieck, Phys.
Rev. Lett. 92, 157401 (2004).

R. 1. Warburton, C. S. Diirr, K. Karrai, J. P. Kotthaus, G. Medeiros-
Ribeiro, and P. M. Petroff, Phys. Rev. Lett. 79, 5282 (1997).

By, M. Garcia, G. Medeiros-Ribeiro, K. Schmidt, T. Ngo, J. L. Feng, A.
Lorke, J. P. Kotthaus, and P. M. Petroff, Appl. Phys. Lett. 71, 2014
(1997).

“R. 7. Warburton, C. Schiflein, D. Haft, F. Bickel, A. Lorke, K. Karrai, J.
M. Garcia, W. Schoenfeld, and P. M. Petroff, Nature (London) 405, 926
(2000).

'5B. Alén, F. Bickel, K. Karrai, R. J. Warburton, and P. M. Petroff, Appl.
Phys. Lett. 83, 2235 (2003).

164, Hogele, S. Seidl, M. Kroner, K. Karrai, R. J. Warburton, B. D. Gerar-
dot, and P. M. Petroff, Phys. Rev. Lett. 93, 217401 (2004).

7K. Karrai and R. J. Warburton, Superlattices Microstruct. 33, 311 (2003).

'8 A=1.13FWHM? for a Gaussian focal spot. In our experiments, the full
width at half maximum is FWHM=1.3 um.

Downloaded 26 Sep 2006 to 129.132.239.8. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



