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Coherent nonlinear optical spectroscopy of single quantum dot
excited states
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We report a coherent nonlinear optical signature of the excited states of two quantum dots. By
comparing the nonlinear spectra with the linear photoluminescence excitation spectrum, a clear
identification of excited states is possible. ZD04 American Institute of Physics.
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Zero-dimensional confinement achieved in semiconducebtained using two independently tunable, frequency stabi-
tor quantum dot$QDs) leads to a delta-function-like density lized (to ~1 MHz), continuous-wave fields with a mutual
of states. Early linear experimental optical studies based onoherence bandwidth of-3 MHz. Each of the two fields
photoluminescence excitatiofiPLE) identified the discrete [E;({2;) andE,({,)] is amplitude modulated at a different
spectra and identified states which are likely to be part of thérequency so that the CNO signal, created by the third-order
excited state manifold-* However, PLE resonances could polarization of the fornE;" E{E; , is homodyne detected with
arise from interdot relaxation which also has been identifiedield E; at the difference frequency of the modulators. Unlike
in coherent nonlinear opticdCNO) studies>® The identifi- ~ PLE which is typically associated with linear absorption, the
cation of excited states requires CNO techniques that ca@NO response can report on much more complex behavior
differentiate between energy transfer from a higher-energyncluding optically induced coherenée,interdot inter-
state of one QD to a lower-energy state of a second QD andctionsS® and intradot couplindthis work.
the case where both states are in the same QD. CNO spec- In the degenerate studieQ (=(),), the CNO spectrum
troscopy is able to identify excited states of a particular QD.identifies the individual resonances. In the nondegenerate
In this letter, we use nondegenerate CNO spectroscopy tstudies(), is tuned to one of the resonancék, is scanned
improve our confidence in identifying excited states. Thisover the spectrum, and the CNO response is homodyne de-
knowledge is important not only to provide a more completetected with either or both of the transmitted fields. In the
understanding of the physics of these QDs but excited stateondegenerate response, one can identify both the saturation
luminescence has also been critical in read-out experimentsf the resonantly excited state and interactions between
to identify the quantum state of the systém. states.

The GaAs QD sample used in this study is naturally  For this system of ground and excited state excitons, two
formed by interface fluctuations and is discussed in detail irground state exciton{01) and [10) and two excited state
Ref. 1. The zero-field selection rules are linear due to islanexcitons |01)’ and |[10)’ can be excited from the crystal
elongation along th¢110] axis (I, polarization is defined ground statd00) using eithero_ (dashedl and o, (solid)
as being aligned along the direction of elongatibn

The photoluminescend®L) spectrum for the apertured
sample is shown in Fig. llower trace for excitation at
~1631 meV. The excitation field H, polarized. In the PL
spectrum, two states of interest, A and B, are indicated by the
arrows in Fig. 1. The spectrometer is set at each of the two
arrows, and the PLE spectra of these states is measured. Fig- ’;
ure 1 displays the two spectra with the op@olid) circles
representing the PLE from state (B), and the spectra are
offset vertically for clarity. Similar spectra result whéh,
polarized excitation is use(lata not shown heyeThe dis-
crete lines seen in the PLE spectra are similar to what has
been reported recently” as the excited states of single QDs.

Following the work done in Ref. 5, the CNO signal is A* ,B*

PL (a.
PLE (a.u.)
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enue, Murray Hill, NJ 07974. with the PLE spectra of resonancegdpen circley and B(closed circles
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FIG. 2. (a) Ground state excitonf1) and|10) and excited state excitons
|01)’ and|10)’ can each be excited from the crystal ground @@ using

o_ (dashed or o, (solid) polarized light.(b) Experimental configuration
for cross-polarized fields where selection rules allow for the formation of a
two-exciton(2X) state at an energl from the two-exciton2X) energy.

polarized fields as shown in Fig(a. The notatior{ij ) iden-
tifies which of the two electronsifj = + 3/2) is excited from | | | |
the crystal ground state. 1620.0 1628.0
The model for cross-polarized excitation fields wih " Energy (meV) '
resonant witH01) andE, resonant with th¢10)’ is shown in
IG. 4. Comparison of the PLE and CNO spectra for two states A and B.

Fl.g' 2b), analogous to .the moqel described in Ref. 8 buLFhe arrows indicate both the position Bf for the CNO experiments and
with the ground and excited exciton states as Ie*ﬂélﬁand the spectrometer position for the linear experiments. For the CNO experi-
|10)’, respectively, and the two-exciton state made up Ofment, the excitation fields are cross-linearly polarized, and the CNO signal
these two single exciton states. Similar to the results of Refis homodyne detected with,. A peak appears in each of the CNO spectra

: : : : [(b) and(d)] at E; due to the presence of the orthogonal ground state exci-
8, a peak will occur in the CNO signal that is homOdyneton. A second peak at higher energy also appearsgrAB’) which coin-

detected withE, only when a Coulomb interaction oCCUrS (iges energetically with peaks in the linear PLE speptaaand (c)], sup-
between the two single excitons. The following theory dem-porting the claim of excited state. The degenerate CNO signal is shown in
onstrates that these results can be interpreted independent®) Negative signal indicates interactions between QDs.

of an energy transfer model, leading to the conclusion of the

resonant excitation of the excited state of a single QD. | - .
<~ lowest trace of Fig. 3. The upper two spedtfégs. 3a) and
To compare the CNO spectral features that d|st|ngU|sI33 b)] show the nondegenerate CNO response for the case

between a resonant phenomenon and energy transfer, t
. . ’ erea and B are related through energy transfer frghto
third-order CNO response homodyne detected fis cal- a. The arrows in Fig. 3 indicate the position Bf in each

culated f_or both cases using _the density matrix form_allsm iN._se A CNO response is measure ain each spectra due
the rotating-wave approximatidfi.c: and 8 are two excitons

. . o to the presence of the nearly degenerate orthogonal exciton
with w,<wg Where w; is the energy of exciton. In the P y deg 9

calculation, nearly degenerat@vithin the linewidth or- states. To study the relationship betweeand 5, the CNO

response is examined gtwhenE; is resonant withoe and

thogonal exciton states are included to keep the model COQ/'ice versa. WhetE, is resonant with the higher-energy state

zfém mtEi;hesstates occurring within a QD. The results ar%, the CNO signal is also measuredaatHowever, wherg;

. . is resonant with the lower-energy state¢ no response is
Th ner rum faran is shown in th
e degenerate spectrum farand j is sho the measured aB. A clear dependence of the CNO response on

the position ofE; is seen.

—_ (94 B The spectra in Figs.(8) and 3d) indicate the CNO re-
=) : ; sponse wherg is the excited state o& with the arrows
s (a) ET /\ showing the position oE;. The CNO response occurring at
= j\ b) ET A E, results from the nearly degenerate orthogonal exciton
En - (b) : state, and the relationship betweemnd g is understood by
u [ i ; studying the CNO response that occurs away fémIn the
% /\ (c) ES /\ excited state case, positive CNO signal occurs independent
j , of the position ofE; .
E'; /A\ (d) ES A Comparing the two spectra with; <, [Figs. 3b) and
}1;3 = : ! 3(d)], the lack of CNO signal in Fig.(®) indicates the pres-
= A (e) Deg ; ence of energy transfer, whereas the existence of CNO signal
S : JL in Fig. 3(d) indicates the resonant behavior of an excited
8 1 I 1 ! 1 | I state. Therefore, nondegenerate CNO spectroscopyQvith
Energy (a.u.) <), is useful to distinguish between energy transfer and
resonant excited state behavior.
FIG. 3. Comparison of theoretical calculatiorie) The degenerate CNO Shown in Figs. ) and 4d) are the experimental non-

spectrum showing the two resonancés. and (b) are the nondegenerate .
spectra for energy transféET) from B to a with the arrows indicating the degenerate CNO spectra fE'i fixed at a ground Stat@‘ or

position of E; . In this case, CNO signal occurs at a lower energy tBan B from Fig. 1 as indicated by the arroyand E, scanned.
For the case wheg is the excited stat¢ES) of o, the two spectra are  The data are taken using linearly cross-polarized excitation
identical whetheiE, is resonant with(d) « or (c) B. Therefore, nondegen- fields. and the CNO signal is homodyne detected \E'ﬁh In

erate CNO spectroscopy wit;<(), can be used to distinguish between .
energy transfer and excited state behavior. The positive sigialiatdue to each of the two spectra, a peak appears at h'gher energy

the CNO response from nearly degenerate orthogonal exciton states.  (~3 meV) thanE;. These peaks, labeled’ fand B are
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tentatively assigned as the excited states of A and B, respetems and further confirms their similarity to the atomic sys-
tively. We also note the presence of an inverted resonancéems. These results will also be important if excited states in
corresponding to induced absorption, in both tradéigs.  QDs become useful in the read-out process in quantum com-
4(b) and 4d)] at approximately 1622.6 meV and 1624.2 puting as discussed by Di Vincenzo and L'Sssnd demon-
meV, respectively. This feature, similar to the biexciton sig-strated by Monroet al.’
nature discussed earli€rjs clearly not accounted for in the ) ) ]
model above. We believe it is due to interdot coupling to be_ 11is work was supported in part by the Office of Naval
discussed in detail elsewhetalso noted in the two spectra €S€arch, the National Security Agency, Advanced Research
are additional positive peaks that occur near resonances A'd Development Activity, Army Research Office, the Air
and B. These peaks indicate the presence of the secondree Qﬁlce of Scientific Research, the National Science
ground state excitorof opposite pseudo-spinvhich have ~Foundation, and DARPA/Spins.
already been studied and discussed elsewhere.
To confirm the excited state claim, the nondegenerate ) .
K. Brunner, U. Bockelmann, G. Abstreiter, M. Walther, G.Ho, G.

CNO signal is compared _W|th the linear PILEigs. 4a) anq _ Trankle, and G. Weimann, Phys. Rev. Le9, 3216(1992.
4(c)] for B and A, respectively. At the same spectral position 2p_ Gammon, E. S. Snow, and D. S. Katzer, Appl. Phys. L&1t.2391
as the peak seen in the nondegenerate CNO spectra, a peak995.

appears in the PLE spectra for both resonariciesled area 3K. Brunner, G. Abstreiter, G. Bum, G. Trakle, and G. Weimann, Appl.
We believe that this is a strong indication that the particular Phys. Lett64, 3320(1994.
9 p 4D. Gammon, E. S. Snow, B. V. Shanabrook, D. S. Katzer, and D. Park,

peak seen in the nondegenerate CNO signal is nonlinear ex-hys. Rev. Lett76, 3005(1996.

perimental evidence of an excited state of a single QD. °N. H. Bonadeo, G. Chen, D. Gammon, D. S. Katzer, D. Park, and D. G.
For both A and B, there were other resonances in the,Steel. Phys. Rev. LetB1, 2759(1998. -

PLE t hich did th detectable CNO si | N. H. Bonadeo, G. Chen, D. Gammon, and D. G. Steel, Phys. Status Solidi

spectra which did not have a detectable signal. g'551 5 (2000.

Based on the above discussion, this lack of a CNO signalc. Monroe, D. M. Meekhof, B. E. King, W. M. Itano, and D. J. Wineland,

indicates the absence of an interaction between the two enghys. Rev. Lett75, 4714(19995.

citons, such as Coulomb coupling. This difference, then, be- Sr}dcteg' ghaHthgQ;dn?%angl(gbggggg Gammon, D. S. Katzer, D. Park,

tween PLE anq the CNO response may indicate that the PLEg 1 Batteh, J. Cheng, G. Chen, D. G. Steel, D. Gammon, D. S. Katzer,

resonances arise from energy transfer from a second dot, asind D. Parkunpublishedl

we reported earlier® 10, M. Beterov and V. P. ChebotaeRrogress in Quantum Electroni¢Ber-

- . P _ gamon, Oxford, 1974 \Vol. 3.
Identlfymg the CNO signature of the excited state ex G, Chen, T. H. Stievater, E. T. Batteh, X. Li, D. G. Steel, D. Gammon, D.

tends the experimental demonstrgtion qf the predictipns of 5. Katzer, D. Park, and L. J. Sham, Phys. Rev. (88f.117901(2002.
the master equations for the low-dimensional electronic sys¥D. P. Di Vincenzo and D. Loss, Superlattices Microstr@d,. 419 (1998.



