PHYSICAL REVIEW B, VOLUME 64, 195306

Nucleus-mediated spin-flip transitions in GaAs quantum dots
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Spin-flip rates in GaAs quantum dots can be quite slow, thus opening up the possibilities to manipulate spin
states in the dots. We present here estimations of inelastic spin-flip rates mediated by hyperfine interaction with
nuclei. Under general assumptions the nucleus-mediated rate is proportional to the phonon relaxation rate for
the corresponding non-spin-flip transitions. The rate can be accelerated in the vicinity of a singlet-triplet
excited state crossing. The small proportionality coefficient depends inversely on the number of nuclei in the
guantum dot. We compare our results with known mechanisms of spin-flip in GaAs quantum dots.
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[. INTRODUCTION knowledge, of the hyperfine interaction mediated spin-flip
processes in quantum dots.

The electron spin states in bulk semiconductor and het- The present paper offers an estimation of the scale of
erostructures have attracted much attention in recent yearByperfine interaction induced spin relaxation rates in GaAs
Experiments indicate very long spin decoherence times anguantum dots and its magnetic-field dependence, the main
small transition rates between states of different $pin. result presented by the expression in Etp). Since the pa-
These promising results have motivated proposals for infortameters of hyperfine interaction between conduction-band
mation processing based on electron spins in quantum dot§leéctrons and underlying nuclei in GaAs have been exten-
which might lead to a realization of a quantum comptfer. Sively investigated™'“ including the Overhauser effect and

A quantum dot is a region where electrons are confinedSPin relaxation in GaAs/AlGaAs heterostructut&s.® we
The energy spectrum is discrete, due to the small size, an@f€ able now to predict the typical time scale for this process,
can display atomiclike properti€<. Here we will consider in particular quantum dot geometries. The rate that we find
quantum dots in GaAs-AlGaAs heterostructures. The mailepends inversely on the number of nuclei in the (@dtich
reasons for studying them are that relevant quantum dots af@n be manipulated by changing the gate voltaged is
fabricated in such structures and GaAs has peculiar electrapfoportional to the inverse squared exchange splitting in the
and phonon properties which are of interest. There are twgot (which can be varied by application of an external mag-
main types of gate controlled dots in these systems, so-call€egtic field with orientation within the 2D planeThe follow-
vertical and lateral dotThey are characterized by different INg text is organized in two sections: Sec. II, where the tran-

transverse confinement, which is approximately a triangulafition rates in systems with discrete spectra are analyzed, and
well and a square well for the lateral and vertical dots,Sec. lll, where the obtained result is compared to transition

respectively. rates provided by the spin-orbit coupling mechanism.
Manipulation of the electron spin in a coherent way re-
quires that it should be relatively well isolated from the sur- Il. MODEL AND ASSUMPTIONS

rounding environment. Coupling a quantum dot, or any ,
closed quantum system, to its environment can cause deco- 1€ ground state of a quantum dot is & many-electron

herence and dissipation. One measure of the strength of tuNglet|Sy), for sufficiently low magnetic fields. This can
coupling to the environment is the transition rates, or invers€h@nge at higher magnetic fields. We assume that the system

lifetimes, of the quantum dot states. Calculations of transi!S I & regime of magnetic field so that the lowest-lying states

tion rates between different spin states due to phonon2'€ ordered as shown in Fig. 1. The relevant energy scales
assisted spin-flip process mediated by spin-orbit couplingtSed in the following analysis are given by the energy dif-

which is one possibility for spin relaxation, have given sur-ference between the triplet statwe assume small Zeeman
prisingly low rates in quantum dofs*! For these calcula- SPIitting) and the ground state=Er —Ey, and exchange
tions it is very important that the electron states are discretePlitting dst=Eg — Ey between the first excited singlet and
and the result differs strongly from that obtained in applica-the triplet. It is possple to inject an e!ectror_1 into an excited
tion to two-dimensional(2D) extended electron states in State of the dot. If thls_excned state is a tr|ple't, the system
GaAs. The same argument applies to the phonon-scatterif§2y get stuck there since a spin flip is required to cause
mechanisms, since certain phonon processes possible in AfnSitions to the ground state. . _ .
and 3D electron systems are not effective in scattering the The T point of the conduction band in GaAs is mainly
electron in OD. An alternative mechanism of spin relaxationcOmposed of orbitals, so that the hyperfine interaction can
in quantum dots is caused by hyperfine coupling of nucleaP® described by the contact interaction HamiltoAfan

spins to those of electrons. Although the hyperfine interac-

tion mediated spin relaxati_on in donors was considered a HHF:AE S-1, 8(ri—Ry), 1)
long time ago? no analysis has been made vyet, to our K
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E ) small denominator. All other terms can be ignored and the
sizizzzizzzizzc Higher energy : ;
777777777777777 approximate amplitude takes the form
states.
s (rrisy~ TIHS XS HS)
SST_ E | | T’> g ET/ - Esr
€ il"ph TiF-ph The justification for this assumption is that we aim at obtain-
! ! ing estimates of the rates, and including higher states would
B S not affect the order of magnitude, even if the exchange split-

ting is substantial. Note that the phonon and nuclear state are
FIG. 1. The lowest lying states of the quantum dot. The energynot explicitly written in Eq.(3).
separation of the ground-state singlet and the first triplet is denoted The transition rate fromiT’) to |Sg> is given by Fermi’'s
by & and the exchange splitting bjs. The two rates indicated are golden rule,
the phonon ratd",, and the combined hyperfine and phonon rate
T He-ph ~ 27
Trepi=7 2 (TIS)IP8(Ei-Ep), (4)
where§ () andr; (R,) denote the spin and position tita Ng.#'
electron kth nucle). This coupling flips the electron spin
and simultaneously lowers/raises tizecomponent of a WhereN; and u' are the final phonon and nuclear states,
nuclear spin, which mixes spin states and provides the pogespectively, ancg; and E; stand for the initial and final
sibility for relaxation. energies. Inserting Eq3) into Eq. (4) and averaging over
But the hyperfine interaction alone does not guarantee thaitial nuclear states with probabilitf?(u«), we obtain an
transitions between the above-described states occur, singgproximate equation for the nucleus mediated transition
the nuclear spin-flip cannot relax the excessive initial-statéate,
energy. (The energy associated with a nuclear spin is the
nuclear Zeemar, w,, energy which is three orders of mag- 27
nitude smaller than the electron Zeeman energy and the en- rHF—ph:T > (S NgIHprl Sg s Ng) [*S(E;— Ey)
ergies related to the orbital degree of freedoRar free elec- Ng
by the hypering scattring s compensated by an appropriate PUw|(Tia [Hul 1)
yperiine Sc X 2 (5)
change in its kinetic energy. In the case of a quantum dot, or oo (Er —Eg)?
any system with a discrete energy spectrum, this mechanism
is not available and no hyperfine induced transitions will L ) 5
occur because the energy released by the quantum dot cannot “T () 2 P(w[(T'"; ' [HelS'; )|
be absorbed. Therefore the spin-relaxation process in a dot ph o (Er—Eg)?
also requires taking into account the electron coupling to the '

lattice vibrations. The excess energy from the quantum dojherer",, is the non-spin-flip phonon rate as a function of
can be emitted in the form of a phonon. Since the “bare”ihe relaxed energy=E; —Es .
9

electron-phonon interactiohl;, does not contain any spin We will approximate the many-body orbital wave func-

operators and thus does not couple directly different spiqions by symmetric|W¢), and antisymmetric¥1), Slater

states, one h"fls to em_ploy ;eco_nd-order perturbation .theoaleterminants corresponding to the singlet and triplet states,
which results in transitions via virtual states. The amplitude

L : respectively. It is not obvioua priori why this approxima-
of such a tran5|t_|on between the triplet stafe) and the tion is applicable, since the Coulomb interaction in few elec-
ground statgSg) is

tron quantum dots can be quite strdfig? The exact energy
levels are very different from those obtained by simply add-
(T'[Hpnlt)(t|H el Sg) ing the single-particle energies. However, the wave function

(6)

(T'|Spp=2 will not drastically change and especially the matrix ele-
‘ Er = (BEithog) ments calculated using Slater determinants are comparable to
<T’|HHF|S><S|th| Sy) the ones obtained by using exact ones. The singlet and triplet
+> , (2 wave functions can be decomposed into orbital and spin
s Er—(Esthon) parts:|T'y=|¥1)|T) and|S)=|¥s)|S), where

wherefiwg is the energy of the emitted phonon afid, iy ptiv

~0 is the energy changed by raising/lowering a nuclear spin. | 7y=— % _ Y1 + 1)+ X —Y|1-1)+1,|]1,0). (7)
It is natural to assume that the exchange splitting is V2 J2

smaller than the single-particle level splitting, so that the

dominating contribution to the amplitudéT’|S;) comes Using the above discussed wave functions in E). we

from the term describing the virtual std® =|S'), due to a  obtain the following:
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transverse part. For vertical dots the approximate transverse

Z P(w)(T";mlHuel S )2 wave function is
W
A2 Ver, p— vz H Z 13
~ GeonD (V2RO [V(RID? (8) XF@D={g) s ) {43

wherez, is the thickness of the quantum well, i.e., the dot
thickness. The wave functions in the lateral direction are the
Darwin-Fock solutionsp, |(x,y) with radial quantum num-
ber n and angular momenturh The single-particle states
. 1 corresponding tor(,I)=(0,0) and(0,+1) are used to con-
Geor= v,y | Gyt EiZ €l |- (9)  struct the Slater determinant for a two-electron quantum dot.
mY=XY.Z K In the case of these states the facigy in Eq. (11) is then

Here we have introduced symmetric part of the nuclear coryintg 0.12 for at verftitchal %Ot ar,‘d’i'n:t: Ok-04f’ I_Or a Iattﬁral OI”?_-
. — ne property of the Darwin-Fock solution is the relation
relation tensorG,,=(4l ol ,+dl,6l,)/2, where 8l =1, property

—(1,). The v,’s are the coefficients in the triplet state ex- | “=%o m*/4? wherew= Q5+ wl4 is the effective con-
pansion in Eq(7) ande,,,, is the totally antisymmetric ten- fining frequency ando.=eB/m” the cyclotron frequency.
sor. We assume that nuclei are identical and noninteractinii!serting this and E¢(10) into Eq.(12) the rate for parabolic
(thus we can drop th& subscript, which gives for an iso- duantum dots becomes
tropic systemG.,,=1(1+1)/3=1.25 since Ga and As both

where ¥, , are the wave functions of the lowest energy
states. The factdB,,,, contains the nuclear correlation func-
tions

have nuclear spih=3/2. _ En | *Georrint
Let us now introduce the length scaleandz, which are FHF'ph_rph(S)hw<¥T) (212 \#2C,z0) (14
the spatial extent of the electron wave function in the lateral
direction and the dot thickness, respectively. Cgtdenote Spin relaxation due to spin-orbit related mechanisms in
concentration of nuclei with nonzero spin. The effective GaAs quantum dots were investigated by Khaetskii and Naz-
number of nuclei contained within the quantum dot is arov in Refs. 10 and 9. We will summarize their results here
for comparison with our hyperfine-phonon mechanism. In
Neii=Cnl?2Zo. (100 Ref. 10, it has been found that the dominating scattering

mechanism is due to the absence of inversion symmetry.

In GaAsN 1 and the sum over the nuclei in can . .
off> E@) There are three rates related to this mechanism,

be replaced byC,[d°R, and we define the dimensionless
guantity 8 ( m* Bz) 3

1ﬂ1=1ﬂph(€)§ Ve (15

Y120 | PRIV (RO [, (ROIPF. (1)
7 (m* B?)(ho)

To relate the hyperfine constai (which has dimension 1ﬂ2:rph(8)2_4T’ (16)

energy<volume to a more convenient parameter we note z

that the splitting of spin-up and spin-down states at maxi-

mum nuclear polarization i&,=AC,l, wherel =3/2 is the _ * 02 ( 2

nuclear spin. Thus the hyperfine mediated transition rate is s =Tpr(e) 6(M™A7)(g” 1eB)

(hQg)* 0

Eq\2 GeorrYint The Hamiltonian representing the absence of inversion sym-
FHF_phZth(s)(5—n> % (12 metry has two distinct contribution which behave differenty
ST/ (21)“Neg under a certain unitary transformatibhThis behavior re-

Note that the rate is inversely proportional to the numbesSUlts in the two different rates in Eqel5) and (16). The

of nuclei Ng; in the quantum dot and depends on thems:{lugion of Zeeman splitting gives the rate in E4j7). Here,

; ; ; . m* B is determined by the transverse confinement and band
nverse squ%r2e5 Obsr, \-NhICh are b-Oth pos_S|bIe o vary in structure parameters arig)=(p2)/(2m*). For vertical dots
experiment$>2° In particular, the singlet-triplet splitting of . D2/’ T

excited states of a dot can be brought down to zero valugf thicknesszo=15 nm, therm* g%~ 410 * meV, but one
using magnetic field parallel to the 2D plane of the heteroShould be cautli)us when considering a different thicknesses,
structure, which would accelerate the relaxation process. Th&incem* ﬂZ“Z_o. , SO the.rates are sensitive to variations in
nuclear correlation functions i..,, may also be manipu- Zo- The transition rates in Eq¢12), (15, and (16) are all

lated by optical orientation of the nuclear syst&in? proportional to the phonon raté,, evaluated for the same
energy difference. It is thus sufficient to compare the only

the proportionality coefficients.
Let us now consider for which confining energies the dif-
We now consider Eq(12) for a specific quantum dot ferentrates are comparable. At zero magnetic figle:I", at
structure. It is assumed that the lateral confinement is para(),~0.8 meV. The estimated confining energies of vertical
bolic and that the total potential can be split into a lateral andjuantum dots used in experiment are in the range

Ill. COMPARISON AND ESTIMATES
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approximation used in obtaining E() becomes very good.
Since the rates considered here are all linear in the phonon
rate the divergence df, at the singlet-triplet transition does
not affect the ratio of the rates. The above estimates were
focused on vertical dots. To obtain the corresponding results
for lateral dots the value of;, in Eq. (14) should be used.

In summary, we have calculated the nucleus mediated
spin-flip transition rate in GaAs quantum dots. The compari-
son of our results to those previously obtained for the spin-
orbit scattering mechanism indicates that the rates we ob-
tained here are relatively low, due to the discrete spectrum,
so we believe that hyperfine interaction would not cause
problems for spin-coherent manipulation with GaAs quan-

2-5.5 meV 2% For those dot§",>T'; due to the very dif-
ferent dependence on the confinemdnix (%) 3 and
I',xA Q. Doing the same fof'; andT'ye_,, we obtain that
those rates are equal &f)y~4.4 meV. The numerical val-
ues used for the hyperfine rate in Ef2) are the following:
E,=0.13 meV® §5:=2.3 meV?® and az,=15 nm. Thus
for B=0 T and the previously cited experimental values for
the confining energy the dominant transition rate is @6).

For clarity we will give the values of the rates. The non-
spin-flip ratel" ,,(¢) is given in Ref. 10 and using the values
hQy=5.5 meV andB=0 T we get

[on~3.6x10"s™ 1, (18 _ _
tum dots. Nevertheless, the hyperfine rate, which was found
Thppr=2X 1072574, (19)  to be lower than the spin-orbit rates at small magnetic field,
may diverge and become dominant at certain values of mag-
[,~1x10Ps L. (20) netic field corresponding to the resonance between triplet

The values of level separations=2.7 meV and dg7
=2.84 meV are taken from Ref. 25.

An application of a magnetic field to the dot may result in

two effects. The rat&€'s becomes larger than, for magnetic
fields aroundB=1 T (AQ)g=3 meV) to B=54T (A,
=5.5 meV). More importantly, the exchange splittidg+
can vanish in some cases and the hyperfine rate i Ey.
will dominate. It is also worth noting that in this limit the

and singlet excited states in the dot.
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