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Measurement of relaxation between polarization eigenstates in single
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Low temperature relaxation of excitons between polarization eigenstates in single interface
fluctuation quantum dots is studied using copolarized and cross-polarized transient differential
transmission spectroscopy. The measured spin relaxation times are on the orddd0ops. Such

a spin relaxation time is longer than the reported times for thin quantum wells, but considerably
shorter than the predicted times for interface fluctuation quantum dot20@ American Institute

of Physics. [DOI: 10.1063/1.152691]2

In bulk and quantum well semiconductor systems, couis defined here to be parallel to the direction of island elon-
pling between excitonic polarization eigenstates can occugation. The relevant heavy hole excitonic levels for a single
following resonant optical excitation, often with time scalesasymmetric quantum dot are shown in Figa)l Relaxation
faster than the recombination rat&his coupling, referred to  between the two excitonic eigenstates excited by linearly po-
as spin relaxation, can result from phonon interactfohsy  larized light(denoted e,) and|e,)) is related to spin relax-
effects arising from momentum scattering such agation between the states created by circularly polarized light
D'yakonov—Perel type interactiofispr long-range exciton (denotedje_) and|e.)). In this notation,|e,)=1/y2(|e,)
exchange interactiorfs Spin relaxation is expected to be +|€-)), |e,)=—i/\2(le;)—[e_)), and|e;) is the exci-
strongly suppressed in quantum dé@Ds) due to the com- tonic state created byo, polarization, |m{™®=3/2,
plete discretization of energy eigenstates. Experimental veriy *"*’=—1/2), and|e_) is the excitonic state created by
fication of this prediction has become especially important ino - polarization,|m{"®®=—3/2, m{f"**°"=1/2). Since tran-
light of proposals to implement quantum information pro-Sient DT is not sensitive to single hole or electron spin flips
cessing with spin states in QB¥ as well as proposals based that put the exciton into a dark state, the data and analysis of
on the emerging field of spintroni¢8.Recent results from this letter focus only on the relaxation rates between the two
inhomogeneously broadened ensembles of self-assembl@gtically active exciton spin states.
quantum dots have found spin relaxation times to be on the ~Predictions of the spin relaxation times]}J or 1y,
order of 1 nd and even longef**2consistent with the notion P&tween the two exciton spin states within Szneconfine-

of suppressed spin relaxation in zero-dimensional structure§1€nt level in interface fluctuation QO#tradoublet are of
In this letter, we measure the spin relaxation rate in Lrder nanosecondsSingle interface fluctuation QD relax-

single semiconductor quantum dot formed by interface ﬂuc_ation rates betweedifferentconfinement levels of opposite
plarization have previously been found to be slower than

tuations. The measurements are performed using transiea1 _ s 1fs

differential transmission(DT) spectoscopy on single QD the relaxation rates between states of the same polanz'éuon:

states. This technique has also recently been used to meath}éese measuremgnts, however, were “'f‘ab'.e to probe the in-

biexciton lifetimed® and Rabi oscillatior® in single QDs. tradoublet_relaxatlon between the polarization states of the
same confinement level.

The experiments are performed on interface fluctuation A synchronously pumped dye laser with pulse width 6 ps
QDs formed naturally in a thi4.2 nm GaAs layer grown is used to perform the pump-probe measurements. The pico-

bet\t/yeen t\tNO 2?] rgr;?_I?GagAsAlayetrs. f2 mlln g(;otvvt ?hln:cer- second pulse has sufficient bandwidth300 ueV) to excite
ruptions at eac SIflGa.As interface lead to the for- the|e,) and|e,) exciton states of the same doublet
mation of monolayer-high islands which tend to localize the(typical splittings are~20 ueV), as well as sufficiently nar-

. . 6 . . .
heavy hole excitons in the GaAs layer. Excitons iniso- 5\ pandwidth so as not to excite spectrally adjacent QD
lated QDs are probed through0.5 um apertures in an alu- - giates typical splittings are~few milli-electron-volts, or

minum mask laid directly onto the sample’s surface. Theyiaycitons (which have a binding energy of about 3.5
GaAs substrate is removed to allow for transmission studiepnev)ls,lsin the same QD. The biexciton state is neglected in
and the experiments are performed at 7 K. _ the level diagram of Fig. (&), though it is the implicit pres-
The monolayer islands are elongated in 0] direc-  ence of the biexciton that allows thé/* system to accu-
tion, leading to linear polarization selection rules for the ex-rately describe the dynamics of exciton relaxation; without
citonic transitions, denoted My, andIl, .* IT, polarization  this interaction, the two oppositely polarized excitons would
behave like uncoupled two-level systems. The pump and

apresent address: Naval Research Laboratory, Washington, DC 20375. Probe (delayed bY a timer) are focused to a W_aiSt at the
YElectronic mail: dst@umich.edu; http://www.physics.lsa.umich.edu/dst ~aperture. Absorption of the probe at the excitonic resonance
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FIG. 1. (a) The three-level system used for the density-matrix analysis of ol i
the DT signal(b) DT spectrum showing single QD states, obtained through
a submicron aperture using pulsédp) and cw(bottom) lasers. The pump
and probe are bothl, polarized. 0 50 100 150
Probe Delay (x} (ps)
creates an induced third order polarization figf)(t). FIG. 2. () Copolarized (DY) and cross-polarized (D7 differential trans-

Time-integrated homodyne detection of this polarizationmission from the single QD state labeled by the arrow in Fig. 1. The data
field with the transmitted probe represents a DT signal that jgets are plotted with the same vertical units. The rise of D&art=0 is

. . . . pulse width limited. DT neart=0 shows no such rise due to the symmetry
p{g)portlonal _tO the |mag|_nary part of the amplitude of of the copolarized detectiofib) The decay of the spin polarization. A fit to
P¥(t). Amplitude modulation at-1 MHz of both the pump  the data gives T,,=140 ps-40 ps. Data within a pulse width of zero delay
and probe allows for the use of phase-sensitive lock-in deare not included in the analysis.

tection at the difference of the two modulation frequencies.

Figure 1b) shows the copolarized transient DT (BT poth p{2)(t) andp{?)(t) contribute to the copolarized signal
spectrum obtained through a single submicron aperture &t only Pé?(t) contributes to the cross-polarized signal.
low pump powers near zero pump-probe delay0). Also  Thjs cross-polarized signal can be thought of as arising from
shown for comparison is the high-resolution cw DT ground state depletion, based on theystem of Fig. (a). In
spectrum,® showing that the resonance indicated by the aruqdition, a lack of spin relaxation would imply that both the
row corresponds to a single localized QD state. The linexopolarized and cross-polarized signal would decay at the

widths in the transient spectrum are broadened by the las@gme ratel’,. Thus, a comparison of QWith DT, allows
bandwidth, whereas the resonances in the cw spectrum afg; the time scale for spin relaxation within a single QD

homogeneously broadened. Both spectra were obtained f?folarization doublet to be measured.

this figure using linearly copolarized, fields. Similar re- DT, and DT, are shown in Fig. @) as a function of
sults were obtained using copolarizHg fields. probe delay for the single QD state denoted by the arrow of
Using the density matrix-formalism for a three-level sys-Fig_ 1(b). Both data sets are plotted with the same vertical
tem, al'[)y pump creates a second order population differ-ynjts. There are two important features of this data. First,
ence, pF)(t)— p3(t), which decays at the relaxation rate near zero delay, the magnitude of the copolarized data is
I'yg. In this notation,p;; is the density matrix element be- apout twice that of the cross-polarized data. This is consis-
tween stategi) and|j), whereasl';; represents relaxation tent with the three-level model of Fig(d as discussed ear-
from stateli) to state|j). This population difference can be jier. Second, the ratio of copolarized signal to cross-polarized
probed by either a copolarizdd, (DT,) or cross-polarized  signal appears to decrease as the probe delay increases. How-
(DT,) I, probe. For all, probe, the third-ordefin the  ever, in the absence of spin relaxation between the two ex-
applied optical fieldsinduced nonlinear optical polarization cjton states, both signals would decay at the same Fajg,
field is given byP®)(t)=[p{3)(t) ugy+C.C.]. On the other  and the ratio would remain fixed. Thus, the data of Fig) 2
hand, for all, probe, the induced polarization is given by suggests a contribution to the dynamics that is due to spin
PEX(t)=[p{3(t) ugx+C.C.]. The signal field associated relaxation. Also note that the decay for the copolarized data
with either polarization is then homodyne detected with theis about 40 ps.
probe. For DT , a polarizer is placed in front of the detector Because the splitting is much less thif, (kT=600
to block thell, polarized pump field, ensuring clean homo- yeV at T=7 K) it is assumed that relaxation frope,) to
dyne detection and zero signal for negative probe delays. Ife,) is comparable to relaxation frope,) to |e,). Under the
the copolarized configuration, scattering by the submicromdditional assumptions that the transition strengths and life-
aperture implies that at negative time the pump acts as thgmes for the two excitonic states are eqQahich has been
probe and the probe as the pump, so the negative delay sighbund experimentally to be approximately the gedethe
nal mirrors the positive delay signédnly the positive delay  spin relaxation rate can be found from the ratio of the differ-
signal is shown later ence of the copolarized and cross-polarized DT to their sum
In the absence of exciton spin relaxation, the cross-
polarization configuration would be expected to yield about DT, —DT, o

=2r
e “yxT, (1)
one-half the signal as the copolarized configuration, since DT;+DT,
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This equation is derived under the assumptiorddfinction  transient differential transmission spectroscopy. Comparison
pulses and neglects so-called coherent artifacts at zero delayt the copolarized to cross-polarized DT leads to a direct

Figure Zb) shows the difference of the copolarized and measurement of the spin relaxation rate between heavy-hole
cross-polarized data shown in Fig(ag divided by their exciton polarization eigenstates. The measured relaxation
sum. A fit to the data yields the spin relaxation ralfg,, times are on the order o100 ps, longer than the time
determined for this doublet to bell/,=140+40 ps. The observed in high quality quantum wells, but considerably
error bars on this rate result from the error in the backgrounghorter than either the times predicted for interface fluctua-
(zerg DT signal and the noise in the signal itself. tion QDs or measured for self-assembled QDs. The presence

The simple model of spin relaxation used for the data ofof weakly localized excitonic states in growth-interrupted
Fig. 2(b) shows that the spin relaxation times are on thequantum wells could contribute to an enhanced spin relax-
order of ~100 ps. This is consistent with the value obtainedation rate.

from the opposite cross-polarization configuratida, IT, ) ) .
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