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Spin Dynamics of Electrons and Holes in p-Doped InAs/GaAs Quantum Dots
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We have investigated the electron and hole spin dynamics in p-doped semiconductor InAs/GaAs quantum
dots by time resolved photoluminescence. We observe a decay of the average electron spin polarisation down
to 1/3 of its initial value with a characteristic time @f ~ 500ps. We attribute this decay to the hyperfine
interaction of the electron spin with randomly orientated nuclear spins. Magnetic field dependent studies reveal
that this efficient spin relaxation mechanism can be suppressed by a field of the order of 100mT. In pump-probe
like experiments we demonstrate that the resident hole spin, “written” with a first pulse, remains stable long
enough to be "read” 15ns later with a second pulse.
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I. INTRODUCTION a pair of electrons with opposite spins in a singlet state [23
In this case, no effect of the hyperfine interaction with nucle
gs expected since the total electron spin in the charged excit

(QDs) are attractive for future spintronic and quantum infor-'S Z€ro and the hole spin is only weakly coupled to the nucle:
mation devices since they are not subject to the classical spfPins due to the p-symmetry of the hole Bloch function [24].
relaxation mechanisms known for free carriers [1-5]. Recent 1he positively charged excitons'™Xconsisting of one elec-
theoretical studies have predicted that the dominant mech&©n and two holes forming a spin singlet) is the ideal configu
nism of electron spin relaxation in QDs at low temperature ig@tion to probe the electron spin relaxation mediated by nucl
due to the hyperfine interaction with nuclear spins [6-8]. Anin QD with optical experiments. The exchang(_e interaction be
electron spin in a quantum dot interacts with a large but finitdWeen the electron and the two holes cancels in thgund
number of nucleN,. ~ 10® to 1P [4]. In the frozen fluctu- state as in the case c_Jf“X The an_aIyS|s of the circular p_olar-
ation model, the sum over the interacting nuclear spins giveation of the X+ luminescence in p-doped QD following a
rise to a local effective hyperfine fieBy [6]. The electron mrculquy pola_lrlzgd laser excitation will thus prolniwec_tly _
spin can thus coherently precess aroBad[6, 7]. However, the spin polarl_zatlon of the ele_ctron. A large spin polarizatiol
the amplitude and direction of the effective nuclear field varyof the X" luminescence has indeed been observed recen
strongly from dot to dot. The average electron spig(t) > N InAs/GaAs and GaAs/AlGaAs quantum dot photolumines
in an ensemble of dots will thus decay as a consequence of tig€nce (PL) spectra [25, 26].
random distribution of the local nuclear effective field. For the In this paper we present time and polarisation resolved F
sake of simplicity this spin dephasing mechanism of the QEEXPeriments in p-doped InAs/GaAs quantum dots. We fin
ensemble is termed here “spin relaxation”. Note that for rehat the time dependence of the electron spin polarization e
peated measurements on a single QD the hyperfine interactidnbits two regimes: the polarization decays within the first 80
has the same effect as for an ensemble of dots [6, 7]. ps down to 1/3 of its initial value;'th_en it_ remains stable witt
The spin dynamics of carriers in IlI-V or II-VI semiconduc- "° measurable decay on the radiative lifetime scale. We al

tor QDs have been studied experimentally by different group§h°w experimentally that this eﬁicieqt spin relaxation meche
in recent years [9-20]. Spin relaxation times of the neutrafiS™ can be suppressed by the application of a small exterr

exciton longer than 20ns have been found in undoped QD&12gnetic field B~ 100mT). We interpret these results as ex-
[13-15]. In n-doped QDs, hole spin relaxation times |0ngerperlmental evidence of electron spin relaxation mediated &

than 10 ns have been measured [16, 17]. In all these expe he hyperfine int_eraction with nu_clei in an ensemble of QD
ments no manifestation of the electron spin relaxation due t&/)- Moreover, in pump-probe like experiments we demon

the interaction with nuclei has been observed for the following>t'@t€ the resident hole spin polarisation stability in our struc
[easons: tures over a delay time longer than 15ns.

- Inundoped QDs the photogenerated electron feels a strong
effective magnetic field due to the exchange interaction with

Spins of localized electrons in semiconductor quantum dot

the hole [21]. This exchange field is much stronger than the Il. SAMPLES AND SETUP
effective hyperfine field of the nuclei, which thus plays a neg-
ligible role [22]. We have studied three modulation doped QD structure

- In the experiments performed on n-doped QDs the groungrown by molecular beam epitaxy on (001) GaAs substrate
state luminescence corresponds to the radiative recombinatidfery similar results have been obtained for all three san
of the negatively charged excitormXormed by one hole, and ples, which have slightly different doping levels. They con
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sist of 10 planes of lens shaped self assembled InAs/GaAargy is tuned to 1.4V, in the lower part of the WL absorp-
QD separated by a 30 nm GaAs layer; a Beryllium delta doption spectrum. Due to strain and quantum confinement, th
ing layer is located 15 nm below each wetting layer (WL). absorption energy corresponds to an heavy hole-electron li
The nominal acceptor concentration in the presented santransition [18]. At zero magnetic field we measure a cir
ple is Na = 15x 101%m~2 per layer. The QD density is cular polarization degree ot 19% of the QD ground state
about4 x 10%m~2 per plane. The observation of QD ground emission. The excitation intensity is about 1mW; this corre
state PL under strictly resonant excitation (Fig. 1.a) provesponds to the photogeneration of less than one electron-he
that these structures contain on average less than two residguair per QD. All three p-doped samples that we have studie
holes on the QD ground state. The samples are excited hyresent circular polarization degrees larger than 10%. In co
1.5 ps pulses generated by a mode-locked Ti-doped sapphiteast, the same experiment performed in nominally undope
laser with a repetition frequency of 82MHz. The time re- QD samples (not shown here) yields a very small polarize
solved PL of the QD ground state is then recorded using a Stion P; < 3%. This weak circular polarization in undoped QD
photocathode Streak Camera with an overall time-resolutiominder these non-resonant excitation conditions is a direct cc
of 30ps. The excitation pulses are circularly polarized ) sequence of the linearly-polarized neutral exciton eigenstat
The luminescence intensity co-polarized Xland counter- due to the Anisotropic Exchange Interaction (AEI) betwee
polarized (') with the excitation laser are recorded. The the electron and the hole [13, 14, 28, 29]. The measurement
circular polarization degree of the luminescence is defined aa significant circular polarization in Fig. 1.b is a strong indica
P.= (1t —17)/(I"+17). In the following the arrows , |  tion of the successful chemical doping of the QD. For simplic
characterize the spin projection on tBe growth axis of the ity, we consider for the interpretation that (i) the dots contail
electron ground states (labell€) whereasf} and|} charac- a single resident hole and (i) a single electron-hole pair is oj
terise the heavy hole pseudo-spin in the valence ground statieally injected into the dot. Following excitation into the WL,
(labelleds,) [18]. itis well known that the electron spin does not relax during th
capture and energy relaxation process in the QD whereas 1
initial hole spin orientation is lost due to efficient spin relax-
. SPIN DYNAMICS OF POSITIVELY CHARGED ation processes in the WL [18, 25, 30]. The recorded PL in th
EXCITONS IN INAS/GAAS QUANTUM DOTS p-doped QD samples corresponds essentially to the radiati
recombination of positively charged exciton formed with

a spin polarized electron and two holes with opposite spin (st
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FIG. 1: (a) Intensity of the QD ground state PL for intradot strictly
resonant excitation and detection at 1.6 Note that the first de- FIG. 2: Circular polarization dynamics of the QD luminescence af
cay (att< 100ps) is due to the laser backscattered ligitf) Circular  ter a circularly polarizea™ laser excitationEexe = 1.44€V Inset:
polarization of the QD ground state luminescence 8, =0 and  photoluminescence intensity co-polarizedand counter-polarized
(A)Bz = 100 mT; the excitation energy is 1.4dV, i.e. in the wet- |~ with the laser (semi-logarithmic scale). The detection energy |
ting layer(c) Scheme of a positively charged excitorf Xormed by ~ centred aEqe; = 1.1%€V.
a spin polarized electron and two holes with opposite spin angular
momentum projection. Figure 2 displays the circular polarization dynamics of the
QD ground state luminescence (same excitation conditions
The cw PL spectrum of the QD ground states at T=10KFig.1. b). The inset presents the time evolution of the lumi
(not shown here) is characterized by a full width at half max-nescence intensity componeits andl~. The circular po-
imum of about 5eV due to the fluctuations of size, shape larization dynamics in Fig. 2 presents two regimes. The pc
and strain in the ensemble of dots. Fig. 1.b presents the citarization decays within the first 800ps down to a value o
cular polarization of the time integrated PL after a circularlyabout 12% ; then it remains stable with no measurable d
polarized picosecond excitation. The photon excitation eneay on the radiative life-time scale. We can infer that the spi
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relaxation in this second regime is longer than 10 ns. ThighankgT at T=10K [21]. Fig. 3 displays the circular polar-
specific circular polarization dynamics has been observed farzation dynamics of the QD ground state luminescence wit
any detection energy in the PL spectrum of the QD groundnagnetic field8, = 100mT and B, = 400mT ; the dynamics
state ensemble. Moreover, we have measured similar kinetider B, = 0 is also presented for comparison. By applying :
in all the p-doped samples we have studied. All these resultield of B, = 100mT we drastically increase the initial decay
are in very good agreement with the predicted electron spitime tox 4000ps as compared 49500ps aB; = 0. This pro-
relaxation by nuclei [6-8]. The time dependence of the avnounced effect of the small external magnetic field observe
erage electron spin due to the interaction with nuclei can bén Fig. 3 agrees very well with the expected influence of th
written as [6]: external magnetic field on the QD electron spin relaxation ir
duced by nuclei [6, 8]. The effect observed here is similar t
the suppression of the nuclear hyperfine interaction measur

t 2 t 2 recently for localized electrons in lightly doped bulk n-GaAs
1-2 >T. exp|—
A

S
(S(t) = {1+2 an [33, 34].

3

@

whereS, is the initial spin,Ta = 1/ (geHelp) is the dephas-
ing time due to the random electron precession frequencies 60
in the randomly distributed frozen fluctuation of the nuclear
hyperfine field yg is the Bohr magnetorye is the electron ef-
fective Lanck factor. The dispersion of the nuclear hyperfine
field By is described here by a Gaussian distribution charac-
terized by its widthg : W(By) &~ exp(—(Bn)?/A3) where
A3 =2(B§)/3[6]. Itis clear from equation (1) that the time
dependence of the average electron spin polarization exhibits
two regimes. After a strong initial decay with a characteris-
tic time Ta the average electron spin polarization is expected ,
to reach a constant value of 1/3 of the initial polarization 0 1000 2000
(Fig. 4) [31]. The circular polarization measured in Fig.1 Time (ps)
and Fig.2 corresponds mainly to the radiative recombination
of X, i.e it probes directly the spin relaxation of the elec-
tron: Ps(t) ~ pe(t) = 2(S(t)), wherepe is the electron spin  FIG. 3: Circular polarization dynamics of the QD ground state lumi
polarization. The initial value of the average electron spin ponescence (semi-log. scale) 85 = 0, B, = 100mT andB, = 400mT.
larization is here aboude (0) ~ 40%; pe (t) then drops down
to about 1/3 e ~12%) of its initial value in agreement with  We see in Fig. 3 that the time evolution of the circular po
the predictions of equation (1). After the initial drop the aver-larization atB, = 400mT is very similar to the behaviour at
age electron spin polarization remains stable on the radiativB, = 100mT [35]. The main difference is a small increase
lifetime scale. Merkulowt al. calculated that the subsequent of the initial circular polarization which is probably due to
electron spin dephasing, which is the result of the variationshe effect of the magnetic field on the electron spin relaxatio
of the nuclear field direction, occurs on a time scale typicallyduring its capture and energy relaxation inside the dot. W
100 times longer thafip [6]. It can thus not be observed on still observe a slow initial decay of the circular polarization in
the radiative lifetime scale. Fig. 3 whereas we expect a total suppression of the spin r

A key argument for the hyperfine interaction being respondaxation by nuclei foB; > 100mT (see Fig. 4) [6, 8]. Firstly,
sible for the initial polarization decay comes from magneticwe have assumed up to now that the analysed luminescer
field dependent measurements. We have recorded the circoerresponds only to the radiative recombination of positivel
lar polarization dynamics of the QD ground state lumines<charged excitons X. This is an oversimplified description as
cence with a magnetic field applied along tBegrowth axis.  neutral excitons X or doubly charged excitons2X can con-
Merkulov et al. and Semenoet al. predict that the elec- tribute to the recombination process since some of the dc
tron spin dephasing induced by hyperfine interaction can beontain zero or two holes before the optical excitation (th
strongly suppressed in an external magnetic field [6, 8, 32]majority of the dots containing one resident hole). The slo
The required magnetic field must be larger tidgn which is  initial decay observed in Fig. 3 fd@, # 0 could be due to the
of the order of 10T [7], to ensure that the Zeeman interaction complex spin dynamics of %or X?*. Secondly, we have ne-
of the electron spin with the magnetic field is stronger than theglected in our interpretation the details of the spin-depende
interaction with the nuclei. We see in Fig. 1.b that the time-energy relaxation inside the dots. In n-doped InAs/GaAs QL
integrated circular polarization is almost doubled at the pealt has been shown in particular that the strong AEI in the X
of the spectrum when a magnetic field®f = 100nT is ap-  charged exciton hot triplet state plays a significant role in th
plied. This strong increase in circular polarization for such aspin dynamics [18, 36]. In p-doped QDs a similarly slow spir
weak external magnetic field is very unusual in non-magnetidlip process mediated by the AEI in the™hot triplet state
semiconductors. Note that the Zeeman splitting energy of theould occur in QDs where the photogenerated and reside
electron in this weak magnetic field is at least 50 times smallehole spins are parallel. This effect may also contribute to th

T=10K

B,=400 mT

Circular Polarization (%)
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slow initial decay of the circular polarization in Fig. 3 By # external magnetic fiel@®, = 100mT is about 4 times larger
0. As the anisotropic exchange energy in the hot triplet state ifhanAg. The Fig. 4 presents the calculated average electrc
of the order of 10peV, the suppression of the AEI spin relax- spin< S(t) >/ S for B, = 0 andB, = 4 x Ag (= 100mT) with
ation mechanism would require the application of magnetiche parameter$y = 450ps and\g = 28mT [6].
fields of the order of a few teslas. Note that in n-doped QD, The calculation of Merkuloet al. (ref. [6]) does not take
the application of a field oB; = 100mT does not yield any into account the dot size fluctuations which is a reality in al
measurable change in the PL circular polarization dynamicself-organized QD samples. Clearly, in a quantum dot enser
[37]. ble, the dot size varies from dot to dot, and consequently tt
dephasing timd,, determined for an ensemble of quanturr
dots with a given number of interacting nuchi, will also
vary accordingly. We have modified the theory to take intc
10RT=10K account the dot size variations. It turns out that a convenie
X B,=4 A, =1,75x10"ps” analytical approximation can still be obtained when assumir
a gaussian broadening on the param@gelr, according to:

0

) L
A 05} e = 3
= Y ~._B_=0;6=1,75x10"ps 1 (Q_QO)Z
(7] r R WQ)= —exp|————— 3
v oo e o @) V210 p[ 202 @)
L “B,=0;0=0 . )
ol e whereQ =T+, andQo =T, ~ corresponds to the average dot
0 1000 2000 size N_ (this is equivalent to assume a gaussian broadenit
Time (ps) onAg = h/gepsTa). The distributioW(Q) corresponds to a
distribution of the dot size:
FIG. 4. Calculated time dependence of the average electron spin 1/2
<S(t)> / S taking into account the dot size fluctuations via the , NO/ No /2 /
broadening parameter(see text). WIN) = Qo 2N3/2W Qo N (3)

The initial decay time of the average electron spin polariza{for o << Qg, W'(N) can still be approximated by a gaussian
tion due to the interaction with nuclei can be estimated fromdistribution).
Fig. 3 B, = 0). We findTa ~ 500ps. From Merkuloet al. it The time evolution of the ensemble average spin is the
can be shown that this dephasing time can be written as:  calculated from expression (1) derived from the model ¢
Merkulov et al. and (3), as:

1/2

Ta=h|n* 3 1T+ D(A)/(@N) @ (SO) = (SO @
]

whereN_ is the number of nuclei interacting with the electron After some calculations, the final result is the following:

in the QD, Al the hyperfine constant] the spin of thejth

nucleus and is the number of nuclei per unit cell [6]. The

sum goes over all the atoms in the primitive unit cell. We S 2 1 22
take for the hyperfine constants of A$Y= 3/2) and In (' ((S(t) = 3 1+ (14 02t2/2)12 { - (m +0o TA)
= 9/2) the valuesAas = 47peV and A, = 56ueV, consistent (1+0%%/2)
with n= 2 [38]. For a typical dot size (base diameted7 +
3nm, height~ 5 + 2nm) [39], we estimate that the number o 5
of nuclei in interaction with the electron i, = Ng=AN, ~ 2 (L) exp| — 1 (L) (5)
6 x 10+ 4 x 10* [6, 7]. Equation 2 yields for an InAs dot: ~ 1+0%2/2 \ 2T 1+0%2/2 \ 2Tp

TA'”ASz 450+ 170ps in good agreement with the experimen-

tal value (= 500ps) if we consider (i) the great uncertainty ~ Starting from Merkulov’s modeld = 0) , we see in Fig. 4
on the determination of the number of nudii interacting  that in more realistic QD systems, the dip can be washed o
with the electron and (ii) the In/Ga interdiffusion which yields by the dot size fluctuations (hese= 1.75x10°2 ps1). Thein-
the formation of InGaAs dots rather than pure InAs dots [40].terest in our approach is to separate the different contributio
From the experimental determination of the dephasing timéo the decay ok < S(t) >>. Note thato ~10~3 ps™! cor-

Ta we can estimate the dispersidg of the nuclear hyper- responds typically to the dots size variations in our sample
fine fieldBn. We findAg = //(gepsTa) ~ 28mT, assuming  The very beginning of the kinetics corresponds to the end of
an electrong factor of |ge| = 0.8 as measured by Bayet fast depolarising process that occurs during the electron ca
al. [21]. This value ofAg is consistent with the effect of the ture and energy relaxation within the dot, which we have nc
external magnetic field observed in Fig. 1.b and Fig. 3. Thencluded in the model. Fdr> 100pswe can see from Figs. 3
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and 4 that the calculation is in satisfying agreement with theand this polarization remains stable long enough 7.5 ns)

data. for the delayed probe pulse to be able to “read” the spin pola
Under longitudinal magnetic field, it is also possible to av-ization of these resident holes. This spin memory effect cou

erage the time evolution of the ensemble average spin usirlge observed for temperatures up to 75K.

the model of Merkulowet al. and taking into account the dots

size variations. Using a similar statistical approach, we obtain

here: s o 5t Detection '8 (erDetectinn
< NN N>
g 40+ ‘ L’ulsePicker Repetition Rate: 4MHz‘ ‘
S 1— coq wgt) 1 = Ry 7%
S t [ l— N /.3ns U ns
((S(1))) 3 0% (14 02t2/2)3/2 2
1] .
= T=10K
£ 20F X<
2 1 1 t\? s M=17,5ns NI
C ez TP\ e \m S Probe (s)alone =7
(6) o -.=-=Probe (¢') preceded by Pump (o)
wherews = geUsB/ % is the electron Larmor frequency in the 0o 260 ] 460 600
external magnetic field B. Time (ps)

This expression has been used in order to compute the curve
displayed in Fig. 4 (with B= x Ag, 0 = 1.75x 1073 ps1).
We clearly observe the quenching of the spin relaxation by|G. 5: Circular polarization of the QD luminescence triggered by
nuclei through the application of a weak external magnetiche @) probe preceded or not by the () polarized pump (see
field. text). The time delay between the pump and the prol=sl7.5 ns.
However, we prefer not to include fits in this paper sinceNote that the horizontal axis represents the time evolution after t
there are uncertainties on three parameters: the number of iatrival of the probe pulse. This probe pulse excites the samjpte at
teracting nucleiN_, the dot size fluctuations, and the exact0- Inset: Schematic of the pump probe time separation obtained \
composition of the dots (Gallium content). Therefore, we carfhe use of a pulse_ picker. The luminescence detection is perform
obtain reasonably good fits, but it is not possible to obtain gfter the probe arrival.
unique set of parameters.

V. CONCLUSION

IV. HOLE SPIN MEMORY EFFECT IN P-DOPED
INAS/GAAS QUANTUM DOTS In conclusion, we have investigated the spin dynamics ¢
positively charged excitons in InAs/GaAs quantum dots b
We see in Fig. 2 that the circular polarization is not zerotime-resolved photoluminescence. We have shown that t
at the end of the radiative recombination; this means thaflominant electron spin relaxation mechanism at low temper
part of the resident holes remain polarized after the emisture in QDs is the hyperfine interaction with nuclei. Although
sion of a photon. In order to measure this polarization, wethis efficient spin relaxation mechanism may strongly limit th
have performed a pump-probe like photoluminescence expeperformance of future spintronic devices, our measuremer
iment [18]. In this experiment a pulse picker is used to de-Show that this spin relaxation can be overcome by applying
crease the laser repetition frequency down to 4 Mhz. Usingnagnetic field as small as 100, provided for example, by
an interferometer-like setup, a first pulse; § polarized (the ~Small permanent magnets. In addition, we have observed re
pump) excites the sample followed by a second pulse (théent hole spin memory for times as long as 17.5ns.
probe) exciting the sample 17.5 ns later with § polarization
(the time delay is much larger than the radiative lifetime-af Acknowledgement
ns). The degree of circular polarization of the PL emitted after
the probe pulse is analyzedth or withouta preceding pump We gratefully thank A.E. Zhukov and V.M. Ustinov for the
pulse and we detect a remarkable difference between the twaamples growth. We also thank the FSE for the support &
cases (Fig. 5). Our interpretation is that the pump pulse polartributed to P.-F. Braun. Part of this work has been done in tf
izes the resident holes in the dots (the spin state is “written”framework of the INTAS projecth2167.
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