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Hyperfine-mediated transitions between a Zeeman split doublet in GaAs quantum dots:
The role of the internal field
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We consider the hyperfine-mediated transition rate between Zeeman split states of the lowest orbital level in
a GaAs quantum dot. We separate the hyperfine Hamiltonian into a part which is diagonal in the orbital states
and another one which mixes different orbitals. The diagonal part gives rise to an effauigraa) magnetic
field which, in addition to an external magnetic field, determines the Zeeman splitting. Spin-flip transitions in
the dots are induced by the orbital-mixing part accompanied by an emission of a phonon. We evaluate the rate
for different regimes of applied magnetic field and temperature. The rates we find are bigger than the spin-
orbit-related rates provided the external magnetic field is sufficiently low.
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I. INTRODUCTION If there are an odd number of electrons in the dot the
ground state is usually a spin doublet so that energy change
Manipulation of an individual quantum state in a solid- associated with the spin flip is the electron Zeeman energy.
state system is currently the focus of an intense researcAwing to the smallg factor in GaAs this energy is rather
effort. There are various schemes which have been proposé&énall compared to the orbital level spacing, and the domi-
and they are in various stages of developntefiMany pro- ~ nating phonon mechanism is due to piezoelectric phonons.
posals concentrate on the spin degree of freedom of an eleRecently spin-orbit-mediated spin-flip transitions between
tron in a quantum dot. Recent experiments indicate very |On§{eeman levels were mvgstlgafédDue to Kramer’s degen-
spin decoherence times and small transition rates betwe acy the transition amplitude for the spin flip is proportional

states of different spfi’ in some semiconductor heterostruc- 1© the Zeeman splitting. This results in a spin-orbit spin-flip
tures rate proportional to the fifth power of the Zeeman splitting.

A characteristic feature of a quantum dot is its discretzb tl\r/\]/ thlszpaper we F?Insydler'hyperfln?—meoclil?u_arc:] tr?nsmgns
energy spectrum. Depending on the strength of the confin Yelween zeeman Spiit [evels in a guantum dot. The transition

ment, both potential and magnetic, an orbital level energ thP“tu.de re”?a']?l.s fmggEat (2267;(]) t?]xtte_rnal magtnetlcl I'eiﬂ' re-
separation of a few meV is possiBi@his large energy sepa- suling In a Spin-iip rat¢=q. atis proportional to the
cube of the Zeeman splitting. The cause of this is an internal

ration strongly affects inelastic transition rates in the dot. The tic field due to the h fine int fion. Wi i
nuclei in GaAs have a substantial hyperfine interactions wit hag_ne Ictlet ue Ot ?. typer ;ne In erf_lc f|pr|1c.j e conS|der
the conduction electrons. This makes it relevant to investis ¢ Important concept ot internal magnetc field in some de-

gate hyperfine-related effects in quantum dots in GaAs:[a"' Since the parameters of hyperfine interaction between
AlGaAs heterostructures conduction-band electrons and underlying nuclei in GaAs

Manipulating the electron spin while maintaining phasehave been extensively investigated,’including the Over-

coherence requires that it should be relatively well isolatecﬂ"’ltjs‘ert eft[ectgiallrgd spin t::ela}[xatmln Ilrt] tﬁaAr\]s/Al(?aAs
from the environment. Coupling a quantum dot, or any eterostructures, = we are able 1o calcuiate the hyperiine-

closed quantum system, to its environment can cause decew_ediated spin-flip transition rate for quantum dots in such

herence and dissipation. One of the measures of the streng?HUCtureS'

of the coupling to the environment are the transition rates, or Uﬁon fclngplftl'(Q.n LOf this V(\jlo(r;l? we%ﬂle_?r:ned abqgt recent
inverse lifetimes, between the quantum dot states. In GaaSU'ts of Khaetskii, Loss, an az ey consider es-

there are two main mechanisms that can cause finite lifetime e_nt|aIIy the same situation and model and obtettron-

of the spin states. These are the spin-orbit interaction and t in decoherenceithout considering any mechanism of dis-

hyperfine interaction with the surrounding nuclei. If a mag_5|pation. '_I'his_ I in clear disti_nction from th? present re_sult
netic field is applied the change in Zeeman energy due to g]r the spin-flip ratethat requires a mechanism of dissipa-
spin flip has to be accompanied by phonon emission. For twi Or_}_’h"e" pthofrmns. . zed as foll “in Sec. Il th
electron quantum dots, where the transitions are between e rest ot the paper s organized as foflows: in Sec. 11 the
triplet and singlet spin states, both spin-ctft and model used is introduced in addition to the basic assumptions
hyperfiné® -mediated transitions have been studied. In botf"d approximations used, Sec. Il deals with the internal
Ajagnetic field due to the hyperfine interaction, and Sec. IV
ontains the derivation of the transition rates. Finally, in Sec.

honon rates, the spin-orbit rate being higher except whe .
b P 99 b the results are discussed.

the excited singlet and triplet states crés&or low mag-
netic fields, i.e., away from the smglet-trlpl_et transition, the Il MODEL AND ASSUMPTIONS

energy of the emitted phonon can be quite large and the

transitions involve deformation phonons rather than piezo- We consider a quantum dot embedded in a AIGaAs/GaAs
electric ones. heterostructure. Since the details of the quantum dot eigen-
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states are not important for now, it suffices to say that théVe will assume that the heterostructure is grown in[t@0]
energy spectrum is discrete and the wave functions are locathrection. This is the case for almost all dots and it imposes
ized in space. The spatial extension of the wave function inmportant symmetry relations on the coupling coefficient.
the lateral and transverse directiogrowth direction are  The square of the coupling coefficient for the piezoelectric
denoted withl and z,, respectively. Quantum dots in these phonons is then given bisee Ref. 211

heterostructures are formed at a GaAs/AlGaAs interface,

where the confining potential is very strong so that,. We , . (ehy?h Ao 5
define the volume occupied by an electron\asy= 1 %z,. @(4)= 2pc,Vq ), ©
The Hamiltonian of the quantum dot can be written in the . ) ) L .
form where gh,,) is the piezoelectric coefficieny is the mass
density,c, is the speed of sound of braneh V is normal-
. ization volume, we have defined g
HOIEI e+gusB- SI)(], (1) =q(cos¢sing, singsing, coss), and theA,’s are the so-

called anisotropy functions, see Appendix B.
whereg,| are the eigenenergies which depend on the structure

of the confining potential and the applied magnetic fiBld IIl. INTERNAL MAGNETIC EIELD
The magnetic field also couples to the electron spin via the ) ] o
wg is the Bohr magneton. tive magnetic field, thénternal field acting on the electron

Since thel' point of the conduction band in GaAs is due to the hyperfine interaction. This internal field is a semi-
mainly composed of orbitals the dipole interaction with the classical approximation to the nuclear system, this approxi-

nuclei vanishes and the hyperfine interaction can be gdnation being valid in the limit of a large number of nuclei,
scribed by the usual contact term Ngop>1. If the nuclei are noticeably polarized, this field co-

incides with the Overhauser field that represents the average
. R nuclear polarization. It is important that the internal field
Hur=AS: ; 1d(r —Ry), (2)  persists even at zero polarization giving rise to Zeeman split-
ting of the orderE,Ngp”.
where S (fk) andr (R,) denote, respectively, the spin and  First we write the Hamiltonian in Edq2) in the basis of
position of the electronkth nuclei. The delta function indi- the electron orbital states and present it as a sum of two
cates that the pointlike nature of the contact interaction willterms
result in a position-dependent coupling. The coupling con- 0
stantA has the dimension volumeenergy. To get a notion Hur=Hpet Vi, (6)
of the related energy scale, it is straightforward to refate
the energy splitting of the doublet for a fully polarized
nuclear system,

where the terms are defined as

Hee=A [)(1IS X (R, (7)
E,=AC,l, (3) T n

C, being density of nuclei andl the spin of a nucleus. In R R
GaAs this energy i&§,~0.135 meV, which corresponds to a Vie=A2 IS X (RQ(RyJ1"). 8
magnetic field of about 5 ¥ For a given quantum dot ge- L1 K

ometry the number of nuclei occupying the dot is defined agy gefinition H- does not couple different orbital levels. By

Nqp=CnVop- Since the Ga and As nuclei have the same:ompining Egs(1) and(7) one obtains the following Hamil-
spin and their coupling constants are comparable, we Willgnian:

assume that all the nuclear sites are characterized by the
same hyperfine coupling, and Cn~ag3 where a, is the .
lattice spacing. For realistic quantum dddg,~10*—1CF, H0:2| (e1+gusB;-9[I)XI|. 9
and it is therefore an important big parameter in the problem.
The coupling between the electron and the phonon bath igve will regard the mixing ternV g as a perturbation tél .

represented with The justification for this is that the typical fluctuations of the
electron energy due to the hyperfine interaction are much
iq- —ig- ller than the orbital energy separation.
H..= b elqr+bT e iar , 4 sma - .
ph qEV (@) (bq., av ) @ We now concentrate oH, and formulate a semiclassical

N ) o description of it. For this we consider the operator of the
whereb,, andbg, are creation and annihilation operators for gpitally dependent effective magnetic field,

the phonon mode with wave vectqron branche. In GaAs

there are two different coupling mechanisms, deformation N 1 .

ones and piezoelectric ones. For transitions between Zeeman B =B+ g_K' : (10
split levels in GaAs, i.e., low-energy emission, the most ef- He

fective phonon mechanism is due to piezoelectric phononsvhere
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. E, )
K':EEK GIINEDPY (11

Our goal is to replace the operatdr with a classical field.
To prove the replacement is reasonable we calculate the av-
erage of the square for a given unpolarized nuclear §tete

E2

I n
K=l RP )~ (12

QD

We cannot simply replac&, by its eigenvalues: as in the

case of the usual spin algebra, different componenfﬁ afo y
not commute. In addition its square does not commute with
individual components[K?Z,K*]#0. To estimate fluctua-
tions of K, we calculate the uncertainty relations between its
components, FIG. 1. The internal field coordinate system is set by the exter-
nal magnetic fieldB, i.e., &||B. The combination of the external
a|E2 1 field and the internal fiel&, results in an effective field, .
AKFAKf= —2~KP—, (13
N N &
Qb Qb Hz=gueB-S (16)

whereq is a numerical constami(1) which depends on the i, s given internal field configuration. The spectrurtof

details of the orbital wave functions. S'”%é/2<1 W€ thus consists of many doublets distinguished by the value of
have proved that the quantum fluctuationskinare much  B,. The magnitude of the effective fiel, determines the
smaller than its typical amplitude. The semiclassical picturezeeman splitting of each doublet,

introduced above is only valid for high temperatur&g,

>E,Ngp, Where there are many states available to the A =gupB=(E3+ K2+ 2EgK, cosd)?, 17

nuclear system and the typical amplitude Kf is propor-

tional to EnN(SéIZ- For temperatures beIovEnN(sé the whereEg=gugB is the external field Zeeman energy.

. . . We conclude this section with two remarks concerning
nuclear system .W'” predominantly be in t.he.grogn_d state an‘ijime and energy scales. First, since the dynamids,d$ due
the classical picture breaks down. This is similar to the ' !

) . . . 7.7 ""to the precession around the average electron spin, and the
guantum-mechanical description of a particle moving in &ime scale for a full rotation is proportional NQDﬁ/En-Zz

pg:gg::g:' rﬁ:nizrﬁ[;?nt?irr?gerﬁgjr:furﬁ Vr\:;lelc?\zr?i)ccsl\lliielzld dg]msir?g:g For electron processes taking place on shorter time skales
P 9 ‘plays the role of a “frozen disorder.” At longer-time scales

A.t sufficiently high tem_peratu.res.the particlg OCCUpiesself-averaging over all values #f, takes place. Second, the
higher-energy states and its motion is well described by Clast'gpical length ofK, is approximately 5104 meV (for,a
h

sical mechanics. Having established this we can replace t > ; .
average over the density matrix of the nuclei by the averag alue Nop~10") which corresponds to a 100 G magnetic

over a classical fiel&k,, and note that it has no “hat,” whose leld.
values are Gaussian distributed,
IV. TRANSITION RATE
3/2
P(K )= 1 exd — (K| —K{)? (14 We concentrate on the transitions between the doublet
Ve 270l 207 ' components in Eq(15). Assuming that the higher-energy

doublet state is initially occupied, we will calculate the tran-
where o?=1((K?)—(K,)?) is the variance ant(?) is the  sition rate to the lower one. The transition must be accom-
average, or Overhauser, field. In the case of a polarizeganied by energy dissipation equaldg. This energy cannot
nuclear system the variance decreases and the distributidte absorbed by the nuclear systgr® So an external
becomes sharper around the Overhauser field, eventually beechanism of energy dissipation is required. The most effec-
coming P(K)=8(K,—K(?) asa?—0. The effective mag- tive one in quantum dots is known to be phonons. However

netic field acting on the electron ,=5,n wheren is the ~ the phonons alone cannot change the electron spin so we
unit vector a|ong the total field for a givdﬁl , see F|g 1. need a mechanism which mixes spin and orbital degrees of

For this configuration the spin eigenfunctions ame), cor- ~ freedom, that isVye from Eq. (8). Thus the transition am-

responding to eigenvalues plitude is proportional to botV,r and the electron-phonon
couplingH .
. 1 Here we assume that the electron is in the lowest orbital
n-Sn.)==n.). (15 state|0) since the phonon mechanism will bring the electron
to this state from any higher orbital on time scales much
The effective Zeeman Hamiltonian is then smaller than those related to transitions between the doublet
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components. Thus we consider an initial state of the entire On_ ;5 m Vel n )X ny Vel On_ s wy 27
system|i)=|0,n_; u;N) which is a product state of the elec- X -

tron, nucleat u) and phononN) systems, and the final state [(eo—&))—Egll(s0— &)~ Eg] h
[f)=]0,n, ;u’;N"). Note that to a given state of the nuclear

system| ), which is a product state of all individual nuclei, X 25 (1;N[Hpt 05N Y(O;N [H i 1 NY S(E; —E) b
there is an associated value of the classical fl€Jd The N’

transition amplitude betweefi) and |f), in second-order (20)

perturbation theory, reads
The spin-flip rate depends on the initial state of the nuclear

=S (0N ' [Vigell,nz s (1N [H e 05 N) system| ). This poses the problem of how to deal with the
T & (eg—¢|)+Eg nuclear statéu), sinc_e we alrgady demoted all the spin op-
erators to a collective classical variable. A conceptually
(O;N"[HpallsNY (T ny s ! [Vl O s ) simple solution lies in the fact that when Eq20) and (8)
+ (e0—¢))—Eg - (18 are considered together one sees that the rate is a sum over

all pairs of nuclei in the system. Focusing on a given pair of
The summation is over virtual states involving higher orbit-nucleik andk’, all the other nuclei are unchanged when the
als, and the denominators in E(L8) contains the energy electron spin is “scattered” upon by this pair. By simply
differences between different orbital states. The internal fieldedefining the classical field such that it is composed of all
depends on the orbital state, resulting in a rather complicateduclei except this given pair we can circumvent the problem.
expression. Albeit the energy related to the internal field isThis procedure will not change our previous result regarding
much smaller than the orbital separation, we can safely rethe properties oK, and by definingu) = | x| i) makes it
place the Zeeman splitting withg . The reason for that is straightforward to work with the nuclear states in E20).
that only at high external fields wherey~Eg will the ef- Although the transition rate can be very slow, the typical
fects of the Zeeman splitting be appreciable in the denomieuration of a transition event is set by energy uncertainty,
nator. The internal field also appears in the phonon rate sincg/A,. This is much shorter than the typical time for nuclear
it determines the electron energy difference between the inisystem dynamics so that the nuclear system is frozen in a
tial and final states. Sincel,, does not connect different given value ofK, during the transition. In this case, taking
nuclear states and converselyr does not mix different an average ove,, using the probability distribution in Eq.
phonon states the sums over intermediate phonon and4), is not well motivated. For now we will postpone the
nuclear states reduce to a single term. From this transitioaveraging over the classical field. Expanding the energy de-
amplitude the transition rate is obtained via Fermis’ goldemominators to second order in the Zeeman splitting and per-
rule, forming the thermal average over nuclei spin pagse Ap-

pendix A) we obtain the following equation for the transition

2m rate:
Fy=— 2 2 |T°8(E~Ey), (19
N’ #/

whereE; — E; is the energy difference between the initial and I'y=G
final states of the combined systems. Substituting (&6)
into Eq. (19) we get the following relation for the spin-flip

corr|
I#0

[2au?’u (1+3E_§) N 2%{ay v}

Se? Sel Se?

: Eg AR {ay 1/
rate: v 1_|__32 n 2 | tan i}
Og| I<I"#0 e 0¢g
_ (I,n_ Vil 00 0N [Viggl 0 ) ) 5
= ’ £
s 11'#0 [(eg—e))+Eg][(eg—¢/)+Eg] <l 14 (g |+ bg1) _1) B
Og|0¢g| S Sgr

27T ! ! !
X5 2 (O;N[H il 5N ) (175N [H | O;N) 8(E; — E) AR{Ey )
N’ + 1+

58|58|r

Se,— Sg)1)? E2
(6= dey) 1 B
58|§8|r 58|5€|r

+<| N5 g Vel 00 (10, Vel On_ s ) 2m } )
[(eo—&))+Egll(s0—&;)—Eg]l 1 (21

where 5g,=&,—¢,. The parameters, ,a, are related to

X 2, (0;NIHpilliN")(O;N'[HolI 7 N) (i — Ey) the Ve matrix elements
N/

+<O,n_ s Vi Ln (0N Vi 1 n_ s ) 2_77

[(0—&)—Egl[(0—e1/) + Eg] 7 a”,=A2Cnf PR (R Wo(RY) PP (R,  (22)

X7 (NGO 17N HyO:N) (E, ~ By B =A%C, [ PR ROVE(ROV(RY?, (29
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andy, .,y are generalized phonon transition rates 10 '
27« as(le " ol g '
= . : 5 h _A ,
Y= % 1o Fhog, (hwg=&o 1
(24) _ oy
- 2w adale gl o 5 ol
= : — 8(hwg,—Ao). oty
Yi 5 % 1—e7ﬁhwq,u ( qv 0) ,,,,,
(29 0001 ¢ in-plane, T=0.1K
. .. . in-plane, T=0.
Here we have only included the emission process since we Bper%endicular, T=0.1K
S . . _ B in-plane, T=4K
assume that the spin is initially in the higher-energy doublet 0.0001 | Bper%endicular’ oAk | ]

state.

Until now we have considered a general quantum dot anc
the rate in Eq(21) is valid for any quantum dot. To proceed
further we will specify the confining potential to be parabolic

well potential is chosen. The wave function is|l)
= x0(2) ¥ m(r,6) wheren,M denote the orbital and angular
momentum quantum numbers, respectively, of the Darwin-
Fock solution andyy(z) is the wave function in the trans-
verse direction. The generic quantum number thus becom
|=(n,M). The square of the lateral confining lengthlfs
=#2/m* 7, wherem* is the electron effective mass and
Q=[02%+(w/2)?]*? is the effective confining frequency,
with 20y being the confining energy and.=eB/m* the
cyclotron frequency. What remains is to calculateafseand
v's in Egs. (22)—(25). The results of these calculations are
presented Appendix B.

In principle, it is possible to obtain the rate for all param-
eter values but to make the discussion more transparent

PHYSICAL REVIEW B56, 155327 (2002

0.1 1
BI[T]

. : . . . FIG. 2. The hyperfine-mediated spin-flip rate for a quantum dot
in the lateral direction, and in the transverse one a triangulaf;, 2,=10 nm andi Q=

2 meV, plotted as a function of external

magnetic field for two different temperaturés=0.1 K and 4 K.

K. (26), for some typical value 0Ko=5X 10 % meV, is
very low, I'ye<10 6 s. This results in a lifetime of days,
which will be extremely difficult to measure. For regirtie
we have plotted the general spin-flip rate in Eg7) for
different confining energies and temperatures in Figs. 2 and
3, for both in-plane and perpendicular applied magnetic field.
Due to the Bose distribution function facton(Eg)+1),
there is a crossover frof, =<k TE3 to I'=<E3 that occurs
aroundEg~KT. In both Figs. 2 and 3 this crossover is ob-
erved for theT=0.1-K curves around=0.34 T. For the

=1-K curves the crossover occurs around 12 T. In the case
of the higher confining energy there is small difference be-
tween the in-plane and perpendicular directions of the exter-
nal magnetic field. For the lower confining energy there is a
substantial difference between the two directions of magnetic
field. In this case the approximatidy<#c,| 1 is no longer
valid and theA, dependence of the rate is changed byGhe
nctions. The values of the rates are quite small, depending

will consider two regimes of applied magnetic figid Eg
~EqNgg” and (i) Eg>E,Ngd. In regime (i) both A,
<fic,l 1 andA,<KkT (for experimentally relevant tempera-
tureg and only the lowest-order terms ixy/#c,l ~* need to
be considered. In GaAgic/l '=3.37! nmx meV and
hcd 1=2.0"1 nmx meV for the longitudinal and trans-
verse branches, respectively. In the other regime the appli
field dominates and the internal field may be ignored, but no
additional assumptions are made in this case. The resultina

hyperfine-mediated spin-flip rates are ! ' '

G E2 ehy)%kT 0.1
FHF:O.34 corr n ( 14) (EE‘FKS
12 Nop(hQ)? 8mwpch?
0.01
+2EgKgcosd) for Eg~E,Ngd? — (26) T,
29
0001 T
Goorr EalN(Eg) +1] (ehy4)?E3 '
HF= 5 =2 | Co(Es)
| Nop(AQ)*  8mpch 0.0001 _
B in-plane, T=0.1K
Eg 2 s B perpendicular, T=0.1K
+ra] cuEn) for EENG @7 o el T
Note that the rates have different dependencies on the emit ol B[T] !

ted energy\,. In Eq.(27) we introduce the function§, and
C, which contain the details of the higher orbitals and the FIG. 3. The hyperfine-mediated spin-flip rate for a quantum dot
anisotropy integrals. For low fields,<7ic,| ~* these func-  with zy=10 nm andiQ,=5 meV, plotted as a function of external
tions are constant. The saturation value of the spin-flip rate imagnetic field for two different temperatur@s=0.1 K and 4 K.
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on the applied field, being-1 s * for T=4 K atB~0.5 T APPENDIX A:
for a Conﬁning frequency cﬁﬂoz 2 meV. THERMAL AVERAGE OVER NUCLEAR-SPIN PAIRS

Even though we do not average over the classical field
V. DISCUSSION K,, which is fixed, there are still fluctuations in the nuclear

Generally speaking, inelastic spin-flip rates require an exSystem. Each pair of nuclei can fluctuate, without affecting

ternal source of dissipation to facilitate the transitions. Thidhe classical field. One should think of these fluctuations as
is why at small Zeeman splittings they will contain a small STall deviations around a given value Kf, i.e., we(ther-

factor reflecting the vanishing phonon density of states. For S12lly) average over the pairs for a fixed value of the classi-
spin-orbit rate? the Kramer's degeneracy results in this cal field. When the thermal average over a pair of free nuclei

small factor being proportional tdEg. The presence of is performed the following nuclear correlation function ap-
nuclear spins violates the Kramer’s theorem. Thus, the hy

pears in Eq(21):
perfine rate discussed in the present paper is proportional to

E3 and will dominate at sufficiently low fields. —(Qx \* as B
Geor=(S%_)*SE (812611,
Comparing the hyperfine rate in E(R7) to spin-orbit- cor= (ST )" ST (AMidlo)r
related rate and requiring that the rates are equal we obtain —(s* ) Sﬁ,( 5'|‘a5Tﬁ>T5k y (A1)

(Eg/h0)?e5~EiNqgp, Wheree, determines the spin-orbit

admixture strength. The extra factoE¢/%Q)? is due to  wheresi®=1“—(1); and the electron-spin matrix elements
Kramer’s degeneracy which suppresses the spin-orbit ratgre S?_=(n_|S%|n_). The Kronecker delta reflects that
compared to the hyperfine one at low fields. The crossovehere are no correlations between two different nuclei and we
oceurs atEg~#Q(E;Ngp7€g), which correspond to mag- ;e dropped thk subscript in( 8181 7)1 since the nuclei is

netic fieldB~0.3 T, assuming tYFZ’LC3| quantum dot param- 555 imed to be identical. By defining the symmetric cor-
eterszp=10 nm andi =4 meV. relator

The role of the internal field produced by the nuclei is that
the spin-flip rate does not vanish even in the absence of
external magnetic field. We show that the minimum rate is 1 . . R
rather small, corresponding to a relaxation time of the order 9“B=§<5| “51P+ 6186191, (A2)
of days. We believe that the internal field will play an impor-
tant role when the full dynamics of the electron spin in thewe get the following:
presence of the nuclear system is considered. Our model
should also be applicable to other polar semiconductors
which have nonzero nuclear spin, e.g., InAs, where ghe Geon=(S%_)*SE _(g*P+i12€*P7(17)7). (A3)
factor is much larger. A

In an isotropic systeml};=0, the value of the correlation
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APPENDIX B: MATRIX ELEMENTS FOR A PARABOLIC
QUANTUM DOT

AZCn (eh14|)2A3[ (A)+1]1—~(n+n/+|M|+1)273(n+n’+|M\)
n
54 nin’l(n+|M])!(n"+|M|)!

QY= ou,m Vool 8mpe
7p

. 2
1/Asing
sing 2(n+n’+\M|)eX _ =
(sind) 2\ g |7t

JO d(cosH)A,(0) { ( A cosd )gr )
1+

3hc,zyt

X

C5 A 2(n+n’+|M|-1)
(BY)

AR 1ol
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where/ '=z,{dZx(z)|* andc™®=c; >+¢, ° is the effec- 9 coggsintg
tive sound velocity of the phonons. The anisotropy functions AlO)=——— (B3)
are

The equation for, .y, is identical except for a different
Kronecker delta functiody _y . The integral needs in gen-
eral to be evaluated numerically but whén<#zc,| ! the
exponential term and the denominator become unity and the
resulting integral is simple to calculate.

_ sin’6(8 cod 6+ sin'6)
= " ,

Ai(6) (B2
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