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Spin relaxation in semiconductor quantum dots
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We have studied spin-flip processes in GaAs electron quantum dots that accompany transitions between
different discrete energy levels. Several different mechanisms that originate from spin-orbit coupling are
shown to be responsible for such processes. We have evaluated the rates for all mechanisms with and without
a magnetic field. We have shown that the spin relaxation of the electrons localized in the dots differs strikingly
from that of the delocalized electrons. The most effective spin-flip mechanisms related to the absence of the
inversion symmetry appear to be strongly suppressed for localized electrons. This results in unusually low
spin-flip rates.

Quantum dots(QD’s) are small conductive regions in determinants. In this way, we can treat the spin-flip processes
semiconductor structures that contain a tunable number ofithin the one-electron approach. The electron-electron in-
carriers. The shape and size of quantum dots can be coteraction can change only the numerical factors in our re-
trolled by the gate voltage. The localized electronic states irsults.

QD’s can be significantly modified by a magnetic field. Al Since most controllable QD’s are made on the basis of 2D
this provides a valuable opportunity to study the propertieglectron gas GaAs heterostructures with fA€0] growth
of the electron quantum states in detail and manipulate thdirection, we concentrate on the spin-flip mechanisms that
electrons in these artificial atoms in a controllable visge are relevant for GaAs, and for this confinement direction.
Refs. 1 and 2 for revieyw Such mechanisms are very specific f;, B,, compounds.

The spin states in quantum dots are considered to bé&he unit cell has no inversion symmetry, which gives rise to
promising for physical realization of the quantum computa-a strong spin-orbit splitting in the electron spectrum. The
tion algorithm® Quantum computation requires coherentsplitting is knowr{®o be the main source of the spin-flip
coupling between the dots, the coherence to be preserved doth in the 3D and 2D cases. Besides, the piezoelectric effect
sufficiently long time scales. That makes it relevant to pro-provides a strong coupling of electrons to the acoustic
vide a complete theoretical estimation of the typical spinphonons. Such coupling may be important for the inelastic
dephasing time of the electron in the QD. Transport experitelaxation in the GaAs crystal both with and without a spin-
ments with QD’s have revealed that the current through dlip.
quantum dot can be influenced by the spin effédtsopens The spin relaxation of the delocalized electrons in GaAs
up a possibility to estimate spin relaxation rates by means 02D electron gas has been thoroughly studi€bme spin-flip
transport measuremeniThe origin of this effect is that the mechanisms that are effective in the 3D case, for instance,
spin-flip process can provide a bottleneck for the energy rethe Yafet-Elliot mechanismgdo not work in two dimensions.
laxation in the dot, i.e., for transitions between the excitedThe most effective mechanisms in the 2D case are related to
and ground states. Indeed, in the absence of the spin flip tHbe broken inversion symmetry, either in the elementary
total spin of the dot is a good quantum number and no tranerystal cell or at the heterointerfa.Those are described
sition is allowed between the states of different total spinsby the terms in the electron Hamiltonfathat are linear in
To illustrate, let us consider a QD with two electrons whichthe two-dimensional electron momentum and proportional to
can be placed in two levels. The ground state corresponds the first power of the small paramet®fE <1, A being the
two electrons in the lowest level having opposite spis ( spin-orbit splitting of the valence band of the bulk GaAs
=0). One of the excited states corresponds to two electrongystal andg, the band gap. Hence, the spin-flip rate is pro-
in different levels having the same spin directiocB=(1).  portional to (A/Eg)z.8
Due to the Pauli principle, the electron in the upper level In this paper we show that the zero-dimensional character
cannot get to the lower level without changing its spin.of the states in the quantum dot leads to further suppression
Therefore, the relaxation to the ground state of the dot has tof the spin-flip rate. We reveal a fairly interesting fact that
be accompanied by a spin flip. the terms which are linear ia/E4 disappear from the tran-

In contrast to the situation in two-dimension@D) elec-  sition matrix elements in the true two-dimensional case. The
tron gas the electrons confined in the dot experience noontributions to the spin-flip rate which are quadratic in
electron-electron scatteringee Ref. & The only source of A/E4 appear only if we take into account either the admix-
dissipation is the interaction with phonons. Moreover, al-ture of the higher states of the size quantization in zhe
though the electron-electron interaction is quite important indirection, i.e., the weak deviation from the true 2D motion,
determining the energies of the states and the number afr the higher orders in the expansion over the electron mo-
electrons in the dot, it is less important for the structure ofmentum in the planexp®. Thus, such contributions acquire
the wave functions. To calculate the matrix elements, weextra small factors: either the ratio of the lateral kinetic en-
approximate the many-electron wave functions by the Slateergy E,,; to the distance between the quantized levels in the
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z-directionE,, or E|;;/E4. Therefore, they may become below hold for the arbitrary states in the general confinement
comparable to the competing term(A/Eg)6 that stems potential. To get down to concrete numbers, we assume ei-

from the third order perturbations in terms\/E. ther an elliptic or circular dot in the parabolic confinement

We start with the following one-electron Hamiltonian potential that can be characterized by frequeneigsw, ,
which is derived from the Kane modéee Ref. Yand de- and concentrate on the transitions between the low-lying
scribes the electron in the conduction band in the presence §fates. Such transitions occur with phonon emission. The
magnetic fieldB normal to the 2D plane, arbitrary confining MOSt probable process would be that without a spin flip. As
potential U(r), both vertical and lateralpossible impurity we mentioned apov_e, we assume that this process is forbid-
potential should be also addedy, and the phonons: den by the Raull principle. Therefore, we 'callculate the rates
of the spin-flip processes with phonon emission for different
IE)Z 1 4 mechanisms related to spin-orbit terrﬂg_4 both with and

H= S—FU(r)+Upp(r,t)+ —gugo,B+Y, H;: without a magnetic field. Since the spin-orbit coupling for
2m 2 i=1 electrons is relatively weak, we treat these terms in the
framework of the perturbation theory. The rates obtained de-

R EA R pend on the energy difference between the states.
Hq= >0l VU-p]; The four spin-orbit terms in Eq1) generate a variety of
3m different spin-flip mechanisms. They can be subdivided into
(1) two groups. The mechanisms of the first group are due to the
. 2A R spin-orbit admixture of different spin states. In the presence
szmﬂ' K, Hz=5Vo0 ¢ of spin-orbit terms, , , the electron spin-up state actually

acquires a small admixture of the spin-down state. This leads
L R R to a non-vanishing matrix element of the phonon-assisted
Ha=gue(Uyxox+Uy,00)B transition between two states with opposite spins. The pho-
~ non itself does not flip the spin and provides only energy
Herep=—i#V +(e/c)A is the 3D electron momentum op- conservation here. We revealed tit always provides big-
erator,m the effective massg- the Pauli matrices. The first ger admixture thaﬂ:[l_ In particular, it is possible to show
three terms in the Hamiltonian do not depend on the spinthat spin-orbit coupling with the lateral electric field gives
The third term describes the spin-independent interactiomise to a weaker effect. However, as we mentioned above, the
with the phonons, including the piezoelectric ones. Note, thagffect of the admixture on the matrix element tends to disap-
we use the conventional model of 3D phonons. The fourttpear in the first order of the perturbation theory. The effect
term is the Zeeman energy. The other four terms describe thgersists in(i) the third order of the perturbation theory and

spin-orbit effects.ft; is due to the relativistic interaction a@ppears in the first order if we take into accoui the
with the electric field caused by the confinement or impuri-third-order terms in the lateral momentusiiij) the admix-

ties. It is enhanced due to the band effedts. stems from ture of the higher states of the size quantization in zhe

: . : direction; (iv) the impurity potentialv) the Zeeman split-
the absence of the inversion symmetry in the bulk. Hexg, ting in the magnetic field. Thus, in this group we have five

: N2 2
is the parameter of the Kane mode},=p,(py—p;) and the  nechanisms to compare. The mechanisms of the second
other components are obtained by the cyclic permutation Oéroup are due to direct spin-phonon coupling. They are de-
the indicesx,y,z being the main crystallographic axes. In scribed either by, or 7

3 4-

the true 2D case the averaging} with the wave function It is not cleara priori which mechanism is the most ef-
of the first quantized level in the direction results in the fective. Below, we consider the mechanisms one by one.
spin splitting proportional t(px,y.8 'H5 describes the spin- Admixture mechanism§Ve begin with the derivation of

orbit splitting of the electron spectrum due to the the general expression, which gives the phonon-assisted tran-
strain field produced by the acoustic phonons. Therg, Sition rate between states 1 and 2 when there is no direct
:(1/2){ny,f3y}+—(1/2){sz,flz}+, where{,} ., denotes the cpupling between thg spin and the phonon. The iwave- func-
anticommutator. The other components are obtained by cylion Of each state is a two-component spindf,(r), i

clic permutations,u;; is the lattice strain tensor, and, =1,]. In the absence of direct §p|n-pTri10noni coupling only
xA/E, is the characteristic velocity whose value is well the scalar product of the two spinoré, (r)W5(r), enters.
known for GaAst’ V,=8x 107 cm/s. In GaAs, the electron the matnx element. We t_akellnto account only the coupling
g-factor (g=—0.44) differs strongly from the free electron t© the piezo-phonons which is known to be the most effec-
valueg,=2 owing to the strong spin-orbit interaction, which tV€ one in polar crystals for energy transieless than 10
mixes the valence-band and conduction-band stat@he K= Itis characterized by the piezomodulbg,, eh,,=1.2
admixture should depend on the lattice deformation, leading® 10" evicm for GaAs. As explained below, we take into
to a new mechanism of spin-phonon coupling in GaAs in theiccount only transverse phonons and obtain

presence of an external magnetic figkbe also Ref. 12

2 3
Coefficientg can be found within the Kane approac, F12=2—7T (e f d Q3 AQ)
=(2m0/\/§m)(A/Eg)(d/Eg), d ( order of several e)is one i 2pS; (2m?® Q
of the three deformation constants describing the strain effect 2
on the hole-band splitting. X f dr exp(iQr W (r)Wh(r)| s(hsQ—e),

The first two terms in Hamiltoniafl) define a series of
discrete electron states in the dot. Most of the relations given (2
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whereQ is the phonon wave vectos, the transverse sound for the case of a circular dotw,= w,= w,) for the phonon-
velocity, p the crystal mass density, ag(Q) the anisot- assisted spin-flip transition between the first excited and
ropy factor for the transverse phonon that depends on thground statesd=7 w):
orientation ofQ with respect to the main crystallographic 5
axes. We consider the transitions between the neighboring I =§F mg
low-lying discrete energy levels, so thet#sQ~#2%/mx?, 17370 ¢

\ being the typical dot size in the lateral direction. Since the N

energy transfer is of the order of the electron energy itselfThe applicability of the perturbation theory i, requires
and the perturbation theory in phonons requires that this ermB2<#% g, so thatl’;<T"g, as expected. However, the spin-
ergy exceedsns’, from the conditione>ms’ we obtain flip rate exhibits a sharp dependence grand the lateral
Q,>qg~1/\. This means that the phonon is emitted almostconfinement energy. FoB=1X 10° cm/s ande=10 K I';

3

)

perpendicular to the 2D plane. Then, assuming Qa, ~210 %s !, whereas for=3x10° cm/s ande=1K I';
<1, z, being the width of the 2D layer in the direction, ~4.6x10%s*.
we can easily calculate the integral ov@, and overq Note that the termc&xpxpf,—(}ypypf( in Hamiltonian7,

=(Qx.Qy). The anisotropy factor for thgl00] orientation  [Eq. (1)] cannot be removed by the above mentioned trans-
become¥ A(Q)~2g%Q2<1, the longitudinal phonons formation and gives contribution to the value Kf, in the
give a much smaller contribution, and E®) reduces to first order of the perturbation theory. The result for the tran-
sition n,=1, n,=0=n,=0,n,=0 in the elliptic quantum

25h%(ehy,)? dot (e=fw,) reads
I‘lzz——gf dxdyKi(Vi+ VK,  (3) ( )
€
P _ ) 3 mp2e wy oy [ oxt oy 2
where we decompose the wave functions into the lateral and F2=Z 1o e 1+w— Dot o
transverse partsW(r)=®(x,y)xo(2); KiaX,y)=®]'d®}. E; X y x T %y

In the absence of the spin-orbit interactid®,,#0 only if 4

. . o . w w
states 1,2 have the same spin. The spin-orbit interaction + 1+5._y>—y , (8)
mixes up the spinor components resulting in nonzi§kg Wy (w§—4w§)2

even if 1,2 have opposite spins.

As a reference, we give the expression for the transitio
rate without a spin-flip which follows from Eq(3) for the
transitionn,=1,n,=0=n,=0, n,=0 in the elliptic quan-
tum dot (e=% wy)

rs(vhereEZ=<p§)/m. This contribution does not depend en
andE, and equals 1€ ! for a circular dot. Since raté,
falls off with increasing energy, contribution, prevails at
e=mpBE,. This crossover energy ranges from 1 to 6 K
when 8 ranges from 1 to X 10° cm/s.

Ty [o, wy 2(ehy,)?m?s, Besides, t?ere are contributions to the spin-flip rate pro-
FTTZFuZZ A3t Tos————. (4)  portional toB?, which are related either to the virtual transi-
X X mphTe tions to the higher quantized energy levels in #rdirection

I, has the value of 31108 s ! for the transfer energy of 1 O to the presence of an impurity potential that leads to non-
K. Let us consider the spin-flip transitions. The projection ofSeparability of the transver¢g) and longitudinal variables in

Eq. (1) to the lateral wave functions yeilds the following 2D Hamiltonian(1). It can be proven that both effects give small
spin-orbit Hamiltonian: contributions to the rate not exceedifig. Virtual transitions

yield the ratel'3=I", min(1,e2/ms’E,) which is =1 s?!

at e=1K. For impurites we estimate T',
Y — ~I'5(Uimp/€)3(20/1 )% 2z being the thickness of the 2D
(2mEg) ™M, Eq layer in thez direction,r >z, the correlation radius of the
(5) donor potential, antl;y,, the magnitude of the donor poten-
Constants in Eq. (5) depends on the confinement strengthtial fluctuations. We assume that the latter does not exceed
and takes the values in the interval 48)-10° cm/s for  Ejy=¢, so thatl',<T,.
GaAs heterostructures. Terh, leads to a nonzero value of _ 1he finite Zeeman splitting in the energy spectrum also

. . 2 . . .
Ky,. At first sight, K4, should be proportional to the first leads to contributions 8. Here we give the final expression

power of 3. However, in contrast to the extended 2D states 0" the case of a circular dotk = wy=wo) in the arbitrary

in quantum dots we can actually remove the terms lineg in Magnetic fieldawc=w, (o =eB/mc). The solutions of the
from the Hamiltonian by the following spin-dependent uni- unperturbed Hamiltonian are the Darwin-Fock states charac-

tary transformation: tfarized by two quantum numberg;l. We _consider transi-
tionsn=0,l==*1,T=n=0,1=0, | and using Eqs(3) and

imB . ~ ) (5) obtain:
5 (xox—yoy) +O(8%) o', (6)

mpB%w
We stress that the boundedness of the electron wave func- I's=6I¢(B) 2
tions is essential to this procedure. The spin-dependent term
=« B2 in the resulting Hamiltonian contains ondy, so that it
causes no spin-flip. The termsB® should be taken into Io(B)=
account, which gives the rateB®. Here we give the result TpE

P “ “ 2
HZZB(_prx+0'ypy); B= §<p§>

d=|1+

tE]

h(l)o

w
9)

2(ehyy)’m?s,w?

3 1
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where the energy transfee(l=*1)=fhothol/2, o m3V§ez o ®
= Jw2+ (wZ4) andTy(B) is the inelastic rate without a 6=—4\/w—y 1+ w—y) (11)
spin flip. To estimate, we choose.=wy=€¢ so thatl's 128mpsh X X

=T"o(mB? €)(gugB/€)?. This contribution has the same en-
ergy dependence d5,. It increases with magnetic field AP" The corresponding rate is found to be very small (40
proachingl’; at relatively low magnetic fieldgugB=mpg +10"L s°1) for the energy transfer£10 K

(B=0.01+0.1 T). Note that our consideration corresponds " - Y o o
directly to a transition between singlet and triplet states for The last contribution comes frorfti,. The estimation
two electrons in vertical QB° Here, depending on the mag- gives I';=(gugB)2(me%/ps®4i?) or, in other terms,I;
netic field value the energy transfghe distance betwen the =T (guaB/mV,s)2. Therefore,I', exceedsls in a rela-
two levelg can vary in a wide interval, so that tH&,(B) tively strong magnetic fiele=3 T.

value also changes by many orders of magnitude. Here we |, conciusion, we have calculated the rates for the

give an estimation foB=2.8 T wherehw.=fiwg=5 meV.  ,hsnon-assisted spin-flip transitions in a quantum dot for all
At this point the experimental value @f~10 K andl'o(B) — possible spin-orbit mechanisms. The localized character of
~1.3x10°" s ~. Then usmgﬁ;%flos cm/s we obtain  the electron wave functions suppresses the most effective
['5~8.4x10"'T'o(B)~1.1x10""s . intrinsic spin-flip mechanisms related to the absence of in-
Direct spin-phonon couplingTerm Hz has been em- version symmetry in GaAs-like crystals. The admixture
ployed by D. Frenkel to describe the spin relaxation of themechanisms clearly dominate. The third-order mechanism
localized state$® Adopting his method to our situation and [Eq. (7)] dominates in zero magnetic field exhibiting a sharp
making use of the conditio®, ,<Q, we obtain a general dependence on lateral energy. The Zeeman splitting mecha-

relation nism[Eq. (9)] takes over already in relatively low-magnetic
V252 fields. If the corresponding rates become very low
~ —1 3 ; ;
I — 12o f dXdyIIZ(Vf(Jer,)Ilz; (=10 s 1), thep® mechanisniEq. (8)] prevails.
Bpse (10 This work is part of the research program of the “Stich-
I125<I>1(VX—iVy)<I>§—<I>§(Vx—iVy)(I>1. ting voor Fundamenteel Onderzoek der Matef@OM).
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