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Optical detection of single-electron spin decoherence in a quantum dot
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We propose a method based on optically detected magnetic resq@DbER) to measure the decoherence
time T, of a single electron spin in a semiconductor quantum dot. The electron spin resd&&Reof a
single excess electron on a quantum dot is probed by circularly polarized laser excitation. Due to Pauli
blocking, optical excitation is only possible for one of the electron-spin states. The photoluminescence is
modulated due to the ESR which enables the measurement of electron-spin decoherence. We study different
possible schemes for such an ODMR setup.
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[. INTRODUCTION measure the spin coherence of single nitrogen-vacancy cen-
ters in diamond. For quantum dots, ODMR has recently
Quantum information can be encoded in states of an eledseen applied to electrons and holes in CdSe %datsl to
tron spin 1/2 in a semiconductor quantum Udtowever, excitons in InAs/GaAs dot¥ While these two experiments
information processing is intrinsically limited by the spin have not considered single spin coherence, the feasibility of
lifetime. For single spins, one distinguishes between twahe combination of ESR and optical methods in quantum dot
characteristic decay timeB, and T,. The relaxation of an experiments has been demonstrated.
excited spin state in a magnetic field into the thermal equi- In this work, we make use of Pauli blocking of exciton
librium is associated with the spin-relaxation tinvg, creatiort! in an ODMR setup. We show that the linewidth of
whereas the spin decoherence timeas related to the loss of the photoluminescence as a function of the ESR field fre-
phase coherence of a single spin that is prepared in a supaency provides a lower bound on,. Further, if pulsed
position of its eigenstates. Experimental measurements of laser and cw ESR excitation are applied, electron-spin Rabi
single spins in quantum dots are highly desirable becdyse oscillations can be detected via the photoluminescence.
is the limiting time scale for coherent spin manipulation. We consider quantum dots which confine electrons as
Recent optical experiments have demonstrated the cohewell as holegtype | dotg. We assume a ground state where
ent control and the detection of excitonic states of singleghe dot is charged with one single electron. This can be
quantum dotg. Nevertheless, the measurement of fhg  achieved, e.g., byn doping? or by electrical injectiort?
time of a single electron spin in a quantum dot using opticalSuch a single-electron state can be optically excited, which
methods has turned out to be an intricate problem. This iteads to the formation of a negatively charged exciton, con-
mainly due to the interaction of the electron and the holesisting of two electrons and one hole. Recent experiments on
inside an excitori.The electron and hole spins are decoupledinAs dotd**® and GaAs dot§ have shown that in the
only if the hole spin couplegvia spin-orbit interaction  charged exciton ground state, the two electrons form a spin
stronger to the environment than to the electron spin. Recersinglet in the lowesfconduction-bandelectron level and the
experiments, measuring Faraday rotation, have suggestduale occupies the lowestalence-bandhole level. Note that
that this is not the case for excitons in quantum doidter-  single-electron level spacings can be relatively large, e.g., on
natively, if electron-hole pairs are excited inside the barrietthe order of 50 meV for InAs dot¥. Typically, the level
material of a quantum dot heterostructure, the carriers diffusepacing of confined hole states is smaller than the one of
after their creation to the dots and are captured inside therelectrons:® We assume that the lowest heavy hole (hlith
within typically tens of picoseconds By that time, electron  total angular momentum projectidp= + 3/2) and light hole
and hole spins have decoupled. In such an experiment, th¢h) (J,=*1/2) dot levels are split by an energ$p. -
Hanle effect would allow the measurement of electron-spirAdditionally, mixing of hh and Ih states should be
decoherence. However, this approakhs not yet given con- negligible!® These conditions are satisfied for several types
clusive results foiT . of quantum dot?~162021Then, circularly polarized optical
What is a promising approach to measure the electronexcitation that is restricted to either hh or |h states excites
spin decoherence timg, by optical methods? For this, ini- spin-polarized electrons. In this work, we first assume a hh
tially some coherence of the electron spin must be producedjround state for holes. We discuss then different hole con-
preferably in the absence of holes. This can be done usinfigurations.
electron spin resonand&SR. The coherence decays and, The states of a quantum dot can be taken as follows; see
after some time, the remaining coherence is measured optilso Fig. 1. A single electron in the lowest orbital state is
cally. This implies using optically detected magnetic reso-either in the spin ground state) or in the excited spin state
nance(ODMR). ODMR schemes have, e.g., been applied tg | ). Adding an electron-hole pair, the negatively charged ex-
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pling of [|) and|X|') to the laser field is described by,
which introduces the complex optical Rabi frequerizy.?®
Since the dot is only coupled to a single circularly polarized
laser mode vidd 4., , the terms that violate energy conserva-
tion vanish due to selection rules. If the laser bandwidth is
smaller thandy,, the absorption of ar~ photon in the
spin ground stat§] ) is excluded due to Pauli blockirfg We
neglect all multiphoton processes via other levels since they
are only relevant to high-intensity laser fields. For this con-
figuration, thes™ photon absorption is switched “on” and
“off” by the ESR-induced electron-spin flips. Here, the laser
bandwidth and the temperature can safely exceed the elec-
tron Zeeman splitting. We transformil into the rotating
frame with respect tavgsg and o . The laser detuning is
5L:(EXL_ El)—wL and the ESR detunin@ESR: gé/*LBBZ

FIG. 1. The states of a single quantum dot in a static magnetic WESR:
field: (@ [1), (b) [1), (©) [X]), and(d) [X;). The Zeeman split-
tings areA$=gZugB, for the electron and\)=gf,ugB, for the lll. GENERALIZED MASTER EQUATION
hole. Coherent transitions occur betwéanand(b) due to the ESR
field and betweera) and (c) due to thes -polarized laser field. We next consider the reduced density matrix for the dot,
The arrows in(c) and(d) indicate which electron-hole pair couples p=Trrpg, Wherepg is the full density matrix and Fris the
with the photon field of polarization™. trace taken over the environme(ur reservoi). In the von

Neumann equatiope=—i[H,pg], we treat the interaction
citon (in the orbital ground stajes either in the excited spin  with the ESR and laser fields exactly with the Hamiltonian in
state|X ) or in the spin ground stateX; ). For these exci- the rotating frame. We describe the coupling with the envi-
tonic states, the subscripts? refer to the hh spin and we ronment(radiation field, nuclear spins, phonons, spin-orbit
apply the usual time-inverted notation for hole spins. Forinteraction, etg. with phenomenological rates. We write
simplicity, we assume siggf) =sign(gr,) for the electron ~W,,=W,. , for (incoherent transitions from statém) to
and the hhg factors inz direction. Note that the very same |n) and V,,, for the decay of off-diagonal elements pf
scheme can also be applied if the signgff, is reversed. Note that usuallV,m= 1 = (Wyn+ W) . The electron-spin
Then, one would use a* laser field and all results apply relaxation timé®is T,;=(W; ,+W ;) %, with spin-flip rates

after interchangingX; ) and|X;). W;, andW,; . In the absence of the ESR and laser excita-
tions, the off-diagonal matrix elements of the electron spin
Il HAMILTONIAN decay with the(intrinsic) single-spin decoherence ratg,

=1/T,. The linewidth of the opticad-~ transition is denoted
We describe the coherent dynamics of a quantum dotyy Vy=Vy, . We use the notations,=(n|p|n) and p,n
charged with a single excess electron, in this ODMR setup=({n|p|m). The master equation is given in the rotated basis

with the Hamiltonian 1), 1), IX7), IX]) asp=Mp, whereM is a superopera-
tor. Explicitly,
H=Hgor+ Hesrt HL+Hg., 1)
coupling the three stat¢$), || ), and|X| ). Here,H 4, com- p1=QesdMp |1+ Wempx W, o — W, 1, 2

prises the quantum dot potential, the Zeeman energies due to

a constant magnetic field im direction, and the Coulomb

interaction of electrons and holes. It defines the dot energy bL: —QesdMp 1 +IM(QF py; ) +Wempx + W 1py

E, by Hgo{n)=E,|n). Here, the electron Zeeman splitting is

gensB,=E|—E;, wherepug is the Bohr magnetoff. The ~Wyipy, ©)
ESR termHggg(t) couples|T) and|]) via 2I%ngt), which

rotates with frequencyegg in the xy plane™<* The ESR < *

Rabi frequency i€ esg=0gs 1gB, , with g factorgg . Even px; = —IM(Q{ px )+ Wy xipxi— (Wemt WXT,Xl)le("l)
if the ESR field is also resonant with the hole Zeeman split-
ting, it has a negligible effect on the charged exciton states
since they recombine quickly. An oscillating fieldsGB can
also be produced with voltage-controlled modulation of the
electrong tensorg.?® A ¢~ -polarized laser beam is applied
in z direction (typically parallel to[001]), with free laser [ [ _ _

field HamiltonianH, = w, a/a, , where the laser frequency is P11=5esdp = p1)~ EQEPXLT_(' Feset T2 0o
o, , al are photon operators, and we get 1. The cou- (6)

.pXT:WXT,XLPXL_(Wem+WXl,XT)pXTa %)
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FIG. 3. The total photoluminescence ratds a Lorentzian as a

FIG. 2. Scheme of the transitions betweé, | ), |X; ), and function of the ESR detuningesg. Its linewidthw gives an upper
|X[). Wavy arrows describe the transitions driven by the ESR fielgPound for 2. He[?, we usegei(i.S, B,=1G, T,=100 ns,
and the laser field with frequenciessgrandw, , respectively. The Wi =W,y =(20 18) %, Wen=107 ™%, Wy x =W x = Wenf2,
corresponding Rabi frequencies afsg and |Q]. A detuning 0= 0, Vi1 =Vx=(Went Wy x|)/2, and Q=20 gepyToVx.
Sesr= AS— wesris shown for the ESR field, with Zeeman splitting With these parameters, the requirem¥t=T, “<Vegr is satis-

A, Incoherent transitions are depicted with arrows and occur af€d-
ratesW,,. We consideMWV, x, =W, x;=:Wep,.

2
Qgsr  Vesr
2 %
2 VEsgt Stsr

: i i _ Wesgr= . (12)
Px|,1 :EQESROXM - EQLPH —[i(Jesrt 6L)

which together withW, eliminatesQ,, Vx, 6., Qgsgrs

+Vxlpxs () Vesr, and Sgsg from the remaining equations for the diago-
i i nal elements op. These now contain the effective spin-flip
leVLZEQESROXH_ EQL(PL_PXL)_“ SL+Vx)px,,| - rate_sW”=W”J_rWESRandW”=WH+WE5R. We find the
stationary solution
®
The remaining matrix elements of are decoupled and are p1= PWL WerWx; x| + 7Wy  WernWyp x|+ W, | (W
not important here.
b + Wen) (Wenrt Wy x), (13
IV. ESR LINEWIDTH IN PHOTOLUMINESCENCE — ~ ~
p =W (WL +Wem) (Wemt Wy x1) + W 1 WerWy; x| »
We first consider the photoluminescence for a cw ESR (14
and laser field. For this, we calculate the stationary density . _
matrix p with p=0. We introduce the rate px) = MWW, 3 (Wemt Wy x1), (15
|2 Vy © pPxt= WWLWHWXT,XLu (16)
b2 it s? where the normalization factoy is such tha&,p,=1. Note

that p;=p, is satisfied forW, =W,,. Thus, electron-spin

. polarization is achieved due to the hole-spin relaxation chan-
=0. We first solvepy, ;=0 and find that the coupling to the nel, analogous to an optical pumping scheme. Now, photons
laser field produces an additional decoherence channel to théith o~ (o*) polarization are emitted from the dot at the
electron spin. We obtain the renormalized spin decoherencg o - =y
rate Vesg Which satisfies

for the optical excitation, with maximum valu&"® at &5,

erPx) (IT=Weppx;). These rates are propor-
tional to Wegr/(y+Wesg for a giveny, up to a constant
1 Q)2 1 1 background which is negligible foV, ; <Weggg. In particu-

Vesssgt oy =t W (10)  lar, the total ratel' =I'"+T' " as a function ofdggg is a
2 XLt 72 Lorentzian with linewidth
Further, the ESR detuning is also renormalized,
max

W
W=2Vesp\/ 1+ ;SR; (17)

|

2
(Wert Wi x,) see Fig. 3. Analyzing the expression fgr we find the rel-
We assume that these renormalizations ahdare small ~€vant parameter regime with the inequality
compared to the linewidth of the optical transition, i.e.,

W (8- sr— Sesd <Vx. Then, if both transitions are near WgszSF{lJr

. (12)

'3ESR> 5Esa{ 1-

= IRCRUTIIEL

J’_
resonanceg, <Vy and [Sgesd=<Vesr, N0 additional terms Wi Wr Wr Wr
appear in the renormalized master equation. We spjye . il . 3WxL,xT) 2 18
=0 andp; ;=0 and introduce the rate Wem W, '
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FIG. 4. Average numbeX of photons emitted per perioge, as
a function of the laser pulse repetition time f@ 7 pulses with
At=5 ps andQ, = w/At, and (b) pulses withAt=20ns and(}_
= /(500 ps). We have sel-sx=0. The other parameters are the
same as in Fig. 3. The decay of the oscillation is giverVbyz and
therefore depends oF,.

which saturates for vanishing/,; andW, . Here, the rate
Wi=Wy; x|+ W, (1+We/W,) describes different relax-
ation channels, all leading to the ground stgte, and thus
corresponds to “switching off” the laser excitations.W, is
large, e.g., due to efficient hole-spin relaxatfSnw
~2Vggr. From the linewidthw one can extract dower
bound for T,: T,=1Ngsg=2/M. Further, this lower bound
saturates when the expression in brackets in @8 be-
comes close to 1 anfl, '~Vesr [see Eq(10)], i.e., theT,
time is given by the linewidth. Comparing with the exact
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use cw ESR(or, alternatively, a static transverse magnetic
field, i.e., in the Voigt geometily We stress that the same
restrictions on the laser bandwidth as in the cw case apply.
Due to hole spin flips, followed by emission of a photon, the
dot is preferably in the stafé ) rather thar]| ) at the end of

a laser pulse. The magnetic field then acts on the electron
spin until the next laser pulse arrives. Finally, the spin state
||) is read out optically and, therefore, the Rabi oscillations
(or spin precessiongan be observed in the photolumines-
cence as a function of.,; see Fig. 4. For simplicity, we
consider square pulses of lengih. We write in the master
equation M(t)=M, during a laser pulse and otherwise
M(t) =M, settingQ); =0. We find the steady-state density
matrix p., of the dot just after the pulse with p..=p..,
where U,=exp(M At)exd Mo(7e,—At)] describes the
time evolution duringre,,.

The photoluminescence rate is now evaluated Iby
=Wenpx, T px;), Where the bar designates time averaging
over many periodsye,. For At=m/Q ,We’n}, the spin os-
cillations become more pronounced; see Figby This re-
sults from an enhanced relaxation to the stajeduring each
pulse and thus from a much largey thanp, just after the
pulse.

solution, we find that our analytical approximation gives the

value ofI" within 0.2% for the parameters of Fig. 3. Due to

VI. CONCLUSIONS

possible imperfections in this ODMR scheme, e.g., mixing

of hh and |h states or a small contribution of tlé polar-
ization in the laser light, also the stdte) can be optically
excited. We describe this with the effective ratg ; which
leads to an additional linewidth broadenipgjmilar to Eq.
(18)]. This effect is small foW,_ ; <Wggg. Detection of the
laser stray light can be avoided by only measuting Oth-
erwise, the laser could be distinguished fréim by using
two-photon absorption. As an alternative, the optical excita
tion could be tuned to an excited hole stéwh or Ih), pos-
sibly with a reversal of laser polarization. pulsedlaser,
finally, would enable the distinction between luminescenc
and laser light by time gated detection.

V. SPIN RABI OSCILLATIONS VIA
PHOTOLUMINESCENCE

For a pulsedr~ laser, one can also measureas a func-
tion of the pulse repetition time, instead 0fdesr. We still

e

We have proposed an ODMR setup with ESR and polar-
ized optical excitation. We have shown that this setup allows
the optical measurement of the single-electron spin decoher-
ence timeT, in semiconductor quantum dots. The discussed
cw and pulsed optical detection schemes can also be com-
bined with pulsed instead of cw ESR, allowing spin echo and
similar standard techniques. Such pulses can, e.g., be pro-
duced via the ac Stark effettFurther, as an alternative to
photoluminescence detection, photocurrent can be used to
read out the charged excitdhand the same ODMR scheme
can be applied.
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