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Spin-flip transitions between Zeeman sublevels in semiconductor quantum dots
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We have studied spin-flip transitions between Zeeman sublevels in GaAs electron quantum dots. Several
different mechanisms which originate from spin-orbit coupling are shown to be responsible for such processes.
It is shown that spin-lattice relaxation for the electron localized in a quantum dot is much less effective than for
the free electron. The spin-flip rates due to several other mechanisms not related to the spin-orbit interaction
are also estimated.
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[. INTRODUCTION els. Besides, we have estimated the spin-flip rates due to
several other mechanisms, for example, due to the fluctuat-
Quantum dotsQD's) in semiconductor heterostructures ing magnetic field produced by the fluctuating electron den-

provide a unique opportunity to study the properties of theSity in the leads or due to modulation of the hyperfine cou-
electron quantum states in detail and manipulate the eledling with nuclei by lattice vibrations.
trons in these “artificial atoms” in a controllable wagee
reviews in Refs. 1 and)2The shape and size of quantum Il. SPIN-ORBIT MECHANISMS
dots can be varied by changing the gate voltage. This also . . .
tunes the number of electrons in the dot. Besides, the elec. Ve consider the case of a strong confinement in zhe

: P - . s firection and the typical lateral dot size is of the order of
tronic states can be significantly modified by a magnetic flelod'reC . .
applied perpendicular to the plane of the heterostructure. 090 A and much larger than the width of the 2D layer in the

Quantum dots are considered as possible candidates faldirection. We begin with the following one-electron Hamil-

building a quantum computéThe crucial point of the idea toniaqt)that Ihs derivetlj from thefK?]ne mogeb‘? Re{)‘ 5gnq h
is the necessity to couple dots coherently and keep coherenggscr' es the 2D eectrpng of the con ugupn and in the
on sufficiently long time scales. In this respect, there is Jresence of the magnetic fiel| lateral confining potential
great demand in the theoretical estimation of the typical spirp(r)' and phonons:
dephasing time of the electron in the QD. In our previous [32 1 3
work® we have shown that the localized character of the - - -

= —+U(r)+Upy(r,t)+ 5 -B+ i
electron wave functions in the QD’s suppresses the most ef- m 2 " prlF.t) 2 ke Zl Tt
fective intrinsic spin-flip mechanisms related to the absence

of inversion symmetry in GaAs-like crystals. This leads to an o 2 A
unusually low rate of spin-flip transitions. However, in Ref. 4 H;=B(— oypx+ oypy); B= §<p§> Py —
we concentrated on the case of inelastic transitions between (2mEg) ™~ mc, Eq

the neighboring quantized energy levels in the dot which 1

corresponds to a relatively large energy transfer. On the other r N -

hand, ?he quantum bit Wgs pr%posedggtl) involve two Zeeman Ho=5 Voo ¢ H3_g’“B§k Uik ;B @

sublevels of the same orbital level. Therefore, in the present

work we consider the transitions between such subleveldderep=—iaV +(e/c)A is the 2D electron momentum op-

Since the transition involves a fairly small energy transfer.erator,m the effective mass, ana the Pauli matrices. The

the results are very different from those of Ref. 4. axesx,y,z coincide with the main crystallographic ones with
As in Ref. 4, we concentrate on the spin-flip processeshe z axis along the normal to the 2D plafie[100] orien-

due to the spin-orbit interaction. This is the main source otatior). The magnetic field has an arbitrary direction. The

the spin flips for the three- and two-dimensiof@D and 2D third term describes the spin-independent interaction with the

electron states in the GaAs-type crystal without an inversiotphonons, including the piezoelectric ones. The fourth term is

center. Besides, in such a polar-type crystal one finds ge Zeeman energy. The other three terms describe all pos-

strong coupling of electrons to the bosonic environment Viggjp e gpin-orbit effects?, stems from the absence of the
the p_|ezqelectr|c Interaction W'th_ acoustic phonons. Thelnversion symmetry in the bulkVelocity 3 takes the values
combination of these two mechanisms provides an effective, o interval (1-3X10° cm/s for GaAs heterostructures

spin-lattice relaxation ofree carriers inA,;, By semiconduc- i d ibes th : bit solit f the elect t
tors and heterostructurédVe show, however, that the spin- ’'2 escribes the spin-orbit Spiitling of the electron spectrum
due to the strain field produced by the acoustic phonons.

lattice relaxation for the electron localized in the QD is much . N " -
less effective. There ‘Px:(llg){uxyrpy}+ ) (P)L: _(1/2){uyxvpx}+ , and
We have calculated the rates for the different spin-orbit-p,= (1/2){u,,px} + — (1/2}{u,y,py} + , Where{,}, denotes
related mechanisms which cause a spin flip in the course dhe anticommutatory;; is the lattice strain tensor, and,
the phonon-assistant transition between the Zeeman sublew-8x 10" cm/s’ In GaAs the electromy factor (g= — 0.44)
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differs strongly from the free electron valgg=2 owing to  respect to the interchange of indexesand k. This “Van
the strong spin-orbit interaction which mixes the valence-Vleck cancellation®*!is a consequence of Kramers’ theo-
band and conduction-band statéEhe admixture depends on rem and reduces the matrix element by a factor of

the lattice deformation. The coefficierg can be found 9#eB/fiwo, iwg being the typical distance between the or-

s ~ ) bital levels in the dot. Note that this cancellation occurs for a
within the Kane approachy=(2mo/y3m)(A/E)(d/Ey):; spin-orbit Hamiltonian of an arbitrary form. For instance, it

d=-4.5 eV is one of the three deformation constants dexqy|d include the third-order terms in the lateral momentum
scribing the strain effect on the hole-band splitth@  operatof This is in strong contrast with the cancellation of
~10.4. the linear in theB terms in the matrix elements for the spin-
The three terms in Hamiltoniafl) correspond to the flip transition between different orbital leveélsyhich results
three distinct mechanisms of the spin flip. The first mechafrom the fact that spin-orbit terni; are linear in the lateral
nism is due.to the_sp|n-_orb|t adm|xtqre of .th.e state .Wlth aNmomentum operatorﬁxxy. Expanding in the above formula
opposite spin. While without the spin-orbit interaction the,:i, respect to the Zeeman energy, using the relation
Zeeman sublevels correspond to the orbital state with th?A — (im/A)(E. — E d th dition that th
spin up or down, the spin-orbit terms provide a small admix- pic))'r%;(:/vmavgl(enath g)e();;zaghagrgereth;%ntrlléor(;ot gize €

. ; .ph
ture of the state of the opposite spin to each sublevel. Thif . ) .
bp P sB<m&%w,; s is the sound velocity we obtain the

enables the phonon-assistant transition between the X S L X
Thi hani d - efective spin-flip Hamiltonian which acts on the subspace of
states. This mechanism corresponds to e/ the Zeeman sublevels of orbital level

The second and third mechanisms are described b?{ghe

and 7, terms and correspond to two distinct kinds of direct
spin-phonon coupling. Below we show that the admixture
mechanism is actually a dominant one.

A mp| - ;
H{Y = 9ueBro oxa{YEx— ‘Tyayy)Ey

+— 2 (5,E,~ 0,E))
A. Admixture mechanism 2
Let us show that for this mechanism the matrix element ofvhereE, ,=—V, ,Upn(x,y)/e is the phonon-induced elec-
the U (1, t) operator for the spin-flip transition between the (i field in the location of the dot. Here we introduce the
Zeeman levels is proportional to the product of the Zeemamolarizability tenso that may depend oB, . It is given by
energy and the phonon strain field. Since we deal with a

(M4 QM)
(s * ) } @

small energy transfer, we consider only the interaction with aﬂ?)(Bz)= —2g? E M‘ (5)
piezophonons; hence, for moder, a=1,t, we havé ' mzn  En—En
) . The effective Hamiltoniari4) is a very general one and can
(o123 _ _ +
Uph(r 1) = V/2pwqq eXPiar —i wgat) @ Agabg, +C.C., be used to calculate the spin-flip rates for arbitrary states and
_ dots. To specify, we will consider only parabolic elliptic dots
Aqe= EiékBikiha » (2)  with the main axes along they symmetry axeso, , being

the oscillator frequencies. Then the symmetry of the kinetic

where the effective piezoelectric modulag, of wave qa coefficients ensures thatzi';)+a§,']2)=0. We have to calcu-

has been introduceg;,; the piezotensoé=q/q, q the pho- T ) N
non wave vectore the phonon unit polarization vector, apd ~ 1ate the spin-flip matrix elements+1/2/0, | —1/2) over

the crystal mass density. For the crystal of cubic symmetryhe functionsW,,u==+1/2, which are the eigenfunctions
without an inversion centefclassTy) the tensorg;; has  of operatoro, , where thez’ axis is directed along the mag-
only nonzero componeni@&ll of them equal to each other netic field vector. These functions are expressed through

when all three indexesk,j are different,Byy,=Byx,y="--  the eigenfunctions, of o, operator:¥ , == _ ;D (2"
=hy,. For GaAs,eh;,=1.2x10" eV/cm; see, for example, x (¢, 9,0)y,, where D2 is the finite rotation matri¥
Ref. 9. and ¢, are the azimuthal and polar angles presenBnig

The matrix element for the spin-flip transition between thethe spherical coordinates. We substitig, in terms of the
Zeeman sublevels of orbital levelwith emission of phonon boson creation and annihilation operators. Then for the
qa is square modulus of the spin-flip matrix element that involves

) R the emission of a phonon with wave vectpmwe obtain
(UgDnd Fkn | (H)a(Ugh)in

nt|u%n|)= + , - gugBmB\? #i
(TIVRIND =2 |8 e ~gueB ' En-Ect gust [Alda) 2= =] ALl 5 (@305
©) PWqq

where the states,k and corresponding energié&s, ,E, are T a2 g2 (1+cosd) _ sirf 9 2,2
determined by first two terms in Hamiltonidf). The spin W 2 2 e
guantization axis coincides with the magnetic field vector. In
the absence of a m_agnAetlc field the two terms in B:q —ain§)COS2¢—2axxayyqqu sin 2@]}_
cancel each other since()!t=— (7}, and the matrix
elements involving the phonon operator are symmetric with (6)
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The summing up over alfj yields the rate due to the first 2 (gusB)3(eh)?(mp2\2
mechanism: rg%:ﬁ " ( - ) szﬁ[(D&n))z
2 d3q .
== CalHL 28(fis,9—gueB
174 (277)3 agl,t al so(qa)| (fs,—gugB) +(D(n))2] i_’_i 19
vl s
_(gpeB)®(hymB\2 where
- 35mpht | eh [(arct ayy) (1+coS ) )
Xnml L+ (€B,r?/2c
1 4 DS(H)ZZRGE nml zE( _Bé )]mn,
—(ag,—ab,)sinf® cos 2] ARk @) MEn —Enm
S St
HereC,=1,C;=2 ands,,s; are the longitudinal and trans- I:Z=—ih(xi—yi)_ (11)
verse sound velocities. The anisotropy factors used are dy 7 ox

A 1=36hi,cogdsinosi’pcosd where ¢ and 0 are  |n the absence of a magnetic field, the quantifgsD, are
the azimuthal and polar angles of vecta. Here jdentically equal to zero. Using the properties of the matrix
(AZ ) =4I (&6 e+ E0y+ EE,0)%) =2h% [cOSOsiPd  elements for the linear oscillators we obtain that in the case
+sin*g(1—9 cog6)sin’¢ cosp], where(- - -) means averag- of elliptic (circula dots D,=D,=0. Keeping the term
ing over the orientations of thevector in the plane which is  which is quadratic irg-r in the expansion of the exponent
perpendicular tog. The averaging is done by the formula exp(q-r), we obtain a nonzero contribution but the corre-
(eiew) =(1/2)(8ik— &iéw) - As usual, in the case of finite tem- sponding spin-flip rate is smaller than the contributionby
perature Eq.(7) should be multiplied by factorsN,  a factor of (B/s)?(w./wo)?><1; here,w.=eB,/mc. It is
+1 (N,) for the transition with emissiofabsorption of a  also clear that in the case of irregular dots quantifigg are
phononN,=1/(e"*'T—1),iw=gugB. Thus, in the case of not equal to zero. The ratio of the corresponding rateland
high temperaturd@>gugB the spin-flip rate will be propor- can be estimated ag(myBal/#)?, wherer is a dimension-
tional to (gugB)*T. less parameter which describes the deviation from ellipticity
In the particular case of a circular dat,=wy,=w, We  andais a dot size. Even wher=1 this ratio is of the order
have a,,(B,) = ay,(B,) = ax(0)=e’/mwi. Then, for in-  of unity for a typical dot sizea~10® A . Therefore, forr
stance, for the transition between the Zeeman sublevels €1 we can expect that the contribution, E0), is much
the ground state of the circular dot with emission of a pi-smaller thanl';.

ezophonon we obtain Note that, besides the terf; which is linear in the 2D
(gugB)® momentum, the initial Hamiltonian also contains the term
1=——— Ap(1+cosd), . : L ) Ny
fi(hawo)* which is cubic in the momentum: (1/@){p,,py}+

—(1/2)oy{py.P5}- . Again, in the presence of the orbital

magnetic field we could get some contribution to the spin-
(8) flip rate. To this end, we need to calculate the quantities

D,.D, obtained fromD,,D, by replacing the operatdr,

The dimensionless constant, shows the strength of the +(eBr2/2¢) by (1/2){f3x,f>§}+ or (1/2){by’5)2(}+. In the

effective spin-piezophonon coupling in the heterostructure o PSR
case of elliptic(circular dots we obtairD,=D,=0 because

P 35m  ph

2 (ehg)?BA(1 4
s 3s7)

and ranges from=7x10"3 to ~6x 102 depending org.
The spin-flip rate exhibits a very strong dependence on th8' the symmetry.

Zeeman energy and lateral confinement enesgyTo give a

number,I';~1.5x10° s ! for Awy,=10 K and a relatively B. Direct spin-phonon coupling

large magnetic fiel®&=1 T. Using the standard presentation for the strain tensor in
Formula(3) is written with allowance for the wave func-  orms of the acoustic phonon modes, we calculate the matrix

tion corrections of the first order with respect to the SPIN-_ 1 ment of &, for the electron spin-flip transition between

orbit Hamiltonian. The corrections of the second order areih Zeeman sublevels of orbital statewith emission of
described by the following spin-orbit Hamiltonian: € ceeman SUbievels 0_ orbital s emission ot a
phonon with momentunq;:

. ompi. . .
= TUZ(Xpy_ YPy). 9 Vo (

9z

h 1/2 1 .
T,L:Z _) [QXey+dex]<(D’§{(px

Then, using this Hamiltonian in formul8) instead ofH;, 2peg
we can get a nonzero contribution to the spin-flip matrix A )
element even with zero Zeeman splitting in the denominator +ipy).expiq-n)}.
(but with taking into account the orbital magnetic field

Keeping again only the term which is linear inr in the  For simplicity, here we seB|/z. Similar expressions were
expansion of exponent exp(r), for the rate finally we ob- obtained in Ref. 13 for a different problem. The total spin-

tain flip rate is given by the Fermi golden rule:

¢>> . (12
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e Yo f 9 @rad) <c1>1{( (Vb= —— | (ehu 2Ny (N + 172
= = ~ e
2" 16pgueB) (2 M| (2P “ Apsypg/ T T
2 + - -
® , [Hy q+Hy o] [H g p+H o]
+ipy), : P )| S(fisq—gugB). (13 . . LR
ipy),expiq-r)}, > (hsq—gugB). (13 ><§a:{ “A.hsq | —A.thsp |

The relevant phonon wavelength is much larger than the dot . e -

size, which allows for further simplifications. We concentrate Hpq=Wo expip-n)w) (W, expiq-r)¥y), (16)
on a circular dot with confining frequeneay,. For the orbital

states withn=0 and|=0,%x1 (the ground and the first two where Np is the Bose distribution function anda is the

excited states energy separation between the ground state whose wave
function isW, and the excited state whose wave function for
V2 5 2 spin up, say, ISV, . We can neglect the Zeeman energy in
= — 5 5 (|l[+1)!| . (14  the denominators since no Van Vleck cancellation occurs
240mps'h 2\wi+(wF/4) here. We consider again an interaction with piezophonons

since deformation phonons become important at very high
The spin-flip rate produced by the terfy does not depend temperature(see below. For simplicity we consider here

on the structure of the orbital state and is given by only the case when the magnetic field is perpendicular to the
2D plane and study the relaxation of tBgspin component.
(189B)2(pgB)® As was shown in Ref. 4, there is a cancellation of the
= 5,2 . (15  linear in the B terms in the matrix elements of type
pSih (P4 ,explp-r)¥,) for the spin-flip transition between dif-

. ferent orbital levels. This is a consequence of the fact that
Let us now compare the ratéy , ; obtained. All of them are . ) ~ _ )
proportional to the fifth power of energy splittigugB, so  SPIN- -orbit termsH, are linear in the lateral momentum op-
that their ratio hardly depends on the magnetic field. Firsteratorsp, . For that reason, quantitiés, , are proportional
we note that the ratio of’; and I', is of the order of to the first power ofg only if one takes into account the
(95,/gVo)2~7.8x 10 3<1, so thatl', is more important. Z€eman splitting in the electron spectrdiwe consider the
The rato of T; and T, is of the order of temperature in the intervaugB<T<fiwo, wherefwg is
(eh14/mV0/ﬁ)2[m,82m§/(hwo)“]. For hwy=1-10 K the the charactenstlc energy distance between the levels in the
dot. Sincefisp=#sq<T, then we can neglect the phonon
energies in the denominators while calculating the contribu-
tion to (V,) proportional to the first power g8. It is appar-
ent that the spin-flip rate has a different temperature depen-
dence for the temperatures smaller and larger thgn
C. Two-phonon processes = JmS%w,. At this characteristic temperature the phonon

The calculated rat€ is small partly because of the small wavelength is equal to the lateral dot sixe For GaAs at
phonon density of the states at the scale of the Zeeman efi-wp=10 K, the temperaturé,~1 K. Let us give the es-
ergy. On the other hand, for the case of the spin-flip transitimate for the spin-flip rate in the ca§'e<To, whenp\,g\
tions between the Zeeman levels of the usual imptiritye  <1. Here the estimate forHl; is H* =(B/M\wg)
two-phonon processes under some conditions may become(gugB/% wo)(Aq)3. Then the relaxation rate is
more important than the single-phonon processes. At suffi-
ciently small Zeeman splitting the contribution of the single-
phonon processes is very small, and with increasing tempera- F(lz)(T) = (277/%)2 (V)28 hs(p—a) —gueB]
ture the role of the processes when one phonon is absorbed P-q
22tsjetho?‘ cz;ther is emitted is increased. It is also true for the A2 &2 (gusB)2(m)52( T

guantum dot and here we give some formulas ~_PZ TN
which describe the contribution of such two-phonon pro- h g2 (hwo)
cesses for GaAs quantum dots in several limiting cases. We
also indicate the conditions under which these contributiongn performing the integral ovep, we have neglectedugB
can be important. in comparison taisp.

If we treat the interaction with the phonons in the second In the caseT>T, the momentum components parallel to
order, we obtain processes in which a phonon is scattereithe plane are estimated gg\=1; otherwise, the matrix el-
from statep to stateq while the electron spin flips. The ements are exponentially small. As to tipevalues, the con-
effective matrix element contains transitions to an excitedribution of the regionq,=T/#s>q is much smaller than
orbital state with the emission or absorption of a phonon andhat whereq,=q;<T/%s. Such is the case even without re-
then transitions back to the ground state with the absorptiogard for the fact that for thELOQ] orientation of the 2D plane
or emission of a phonon. The spin may flip either in the firstthe effective piezomodulug,, introduced above has a
or second transition. The matrix elementis smallnessy;/q,<1. Thus, calculating the contribution from

ratio is of the order of 19-10? and increases only for larger
dots that have smalles,. Thus, we conclude that the admix-
ture mechanism dominates.

T—o) - (17
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q,~q;<T/#s and taking into account thad,=T/Asp>1,  barrier transparencies. They can be tuned to arbitrary low

we obtain for the spin-flip rate in the ca3g<T<7%w, values. References 11 and 14 have demonstrated that the
spin-flip rates associated with mechanis(@s and (3) are
- Ag s? (gugB)2(ms)5?( T2 very small. As an example, we give the rate estimation for
I57(T)= h E (ﬁw—o)m T_o : (18) mechanism3). The Bio-Savar formula relates the magnetic

field and current fluctuations in the leads so tkigt?),,
The contribution from the deformation phonons is much=(1/c?a?)(l?),, a being the characteristic distance between
smaller. In the cas@>T, the characteristig),=T/Ais>q the electron in the dot and the electrons in the leads. Using
=1/\; i.e., the deformation phonons are emitted almost perthe Nyquist formula for the correlator of the currents we
pendicular to the 2D plane. Then, for the deformation potenestimate{H?),, = (1/c?a?) % wcoth(iw/2T)(1/R), R being the
tial contribution to the spin-flip rate we obta]hd:(Aé/h) typical resistance of the leads or the dot environment. Thus,
X (B%15?)(gueB)? T3/ (hwo)®ms?, where Ay=(1/27)  the corresponding spin-flip relaxation rate is estimated as
X(22m?/ph3s) is the dimensionless constant which shows
the strength of the electron interaction with deformation 201 5
phonons. For GaAs\ =10 °. Even afT =% w, the value of Iy=pg(H%, = w
T4/TP=(hwo/m$)*2(Ay4B% A ,s?)? is much smaller than
unity for any realistidh wg. For example, ak w,=30 Kthis  where \,=e?/m,c?~2.8x10 '3 cm is the classical elec-
ratio is ~0.03. tron radius, andiw=gugB. The ratel', is proportional to
Let us compare the two-phonon contributié?) with  the first power of Zeeman splitting so that it may formally
I';T/gugB. We see that the two-phonon contributifly?) ~ compete withl'; at sufficiently small splittings. However,
prevails at sufficiently small Zeeman splittinggfugB  this occurs at splittings that are so small that the correspond-
<mMS(A % B YA TITe)Y2 Taking the maximal tem- ing rates are not observable. To give an example, we choose
perature T=hw, Wwe obtain g,uBB<[(Apsz/,82) R=1 Q and fwy=1 K, which corresponds t@=1.15
X \/m_SZTwo]l’ZTO. Forfiwg~10 K we see that this contri- X 10" % cm. Then the ratd’, would dominate if splitting
bution is more important for magnetic fields smaller than©<2.5x 10" K. This corresponds to the rates lower than
approximately 0.4 T(where the estimate for the spin-flip 8X10 4 s *.
time is of the order of ms On the other hand, &=T, we As to mechanisn(l), i.e., modulation of the hyperfine
obtain for the samé w, thatgugB<0.03 K (i.e., the two-  coupling with nuclei by lattice vibrations, the relative
phonon contribution is more important for magnetic fieldsstrength of this mechanism and the spin-orbit interaction can
smaller than~1 kG). For these fields the characteristic be different for different materials. For example, in the case
spin-flip time is of the order of 1 s; i.e., it is still long. of Si where the spin-orbit interaction is much weaker than in
The general conclusion is that at sufficiently low tempera-GaAs, the dominant mechanism of the spin flip for the case
tures (much smaller thariw,) the characteristic Zeeman Of the phonon-assisted transitions between the Zeeman levels
splittings below which the two-phonon contribution to the of the usual impurity(the situation studied in Ref. l4vas
spin-flip rate dominates are small and the correspondingpund to be the modulation of the hyperfine coupling with

spin-flip times are unusually longee the estimates abgve nuclei by lattice vibrations. In the case of GaAs, however,
our conclusion is that the dominant mechanism is the admix-

IIl. OTHER MECHANISMS OF THE SPIN FLIP ture mechanism of the spin-orbit interaction. This conclusion
was reached for the first time in Ref. 16, where the calcula-
Let us discuss briefly other mechanisms of the spin fliptions used essentially followed those in Ref. 14. Here we
The spin transitions between the Zeeman sublevels of thgive the result obtained in Ref. 16 for the rate due to the
impurity state in semiconductor@nostly S) were exten- modulation of the hyperfine coupling with nuclei by lattice
sively studied quite a long time ag®!! Except spin-orbit vibrations
coupling, several other mechanisms were proposed, such as
(1) modulation of the hyperfine coupling with nuclei by lat- I'h=(gugB)3y?wil#2s%p, (20)
tice vibrations, (2) the spin-spin interaction between the
bound electron and the conduction electron in the le@js, Wherewy=(voA%/az,)*% is the electron spin precession
the spin-current interaction, when the bound electron spirirequency in the random field of unpolarized nuclgj,is the
flip is caused by the fluctuating magnetic field of the conduc-unit cell volume,A the hyperfine interaction constastthe
tion electrons, and4) an exchange scattering process whichdot lateral size, and, the electron wave function extension
flips the spins of both the conduction electron and the bounén the z direction. Finally, y=(1/m)(dm/dA) is the change
donor electron. Whereas the spin-orbit interaction stronglyn effective massn with dilation; see also Ref. 14. For GaAs
depends on the crystal symmetry and is different for Si anddD’s with a~10° A and z,~10*> A, wy can reach
GaAs, the other mechanisms are quite general in nature arid10® s™*. Let us compare the spin-flip rate, EQ0), with
we can profit from the discussion in Refs. 14 and 11. I'; (this comparison was done earlier in Ref).1Bven taken
Mechanism(4) requires an overlap of the wave functions for y=50 (see also Ref. J4we can easily see that, will
of the electrons in the leads and in the dot. In the context ofompete withI"; at the Zeeman splitting= yw(f wo)?/
QD it is considered in Ref. 15. The corresponding rates ar@eh,4 which is so small that the corresponding rate is not
not intrinsic to the dot since they are proportional to theobservable. For example, férwy=10 K the splitting is of

Al ?

. (19

&R’
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the order of 10° K. Therefore, the admixture mechanism of to give some estimatiorimuch longer than a fewus).
the spin-orbit interaction is the dominant one. Though the transitions studied by Fujisawtal. could in

It should be noted that in this work we have not consid-general involve the spin-flip transitions between the states
ered the electron spin relaxation mechanism which igvith differentorbital structuresthis situation was considered
through the hyperfine interaction related to the internaiin our previous papé), the experimental data confirm the
nuclear dynamics. The latter is due to the dipole-dipole in-general statement that the spin-flip processestype quan-
teraction between the nuclei which does not conserve th&m dots can be really slow.
total nuclear spif’ This mechanism might be important at !N conclusion, we have calculated the rates for the
low magnetic fields. However, this problem is not simple andphonon-asasted spin-flip_transitions b_etween the. Zeeman
needs a separate investigation. sublevels in a quantum dot for all _pOSS|bIe meqhanls.m's and

Finally, we mention the experimental studies of spin re-ShQWn.that the_admlxture mechanism of 'ghe sp!n-olrb|t Inter-
laxation inn-type GaAs quantum dots. Such an experimen{’mtlon is a dominant onE: The corresponding spin-flip Fate
has been recently carried didtThe nonequilibrium tunnel- see Eqs(7) and (8)] ex I:b'ts a Stfor;g IdepeEdence oln Zee—l
ing current through excited states in an AlGaAs/GaAs quan[nan energy and at small magnetic fields takes very low val-
tum dot was studied using a pulse-excitation techniqueues(Up to seconds
which measures the energy relaxation time from the excited This work was part of the research program of the “Stich-
state to the ground state. Some excited states showed a taig voor Fundamenteel Onderzoek der Mat¢E®OM).” We
laxation time which was much longer than a fews, while  acknowledge the support of the Netherlands Organization for
the other showed time much shorter than a few ns. This gre&@cientific ResearckNWO) in the framework of the Dutch-
difference in relaxation times was ascribed to the fact thaRussian collaboration and NEDO Project No. NTDP-98. We
some inelastic transitions are accompanied by the spin flipare grateful to L. P. Kouwenhoven, T. H. Oosterkamp, G. E.
For these transitions the relaxation time was so long that thg/. Bauer, T. Fujisawa, Y. Tokura, Y. Hirayama, and D. Loss
method used in the above-mentioned paper only allowed ur useful discussions.
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