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Electron spin relaxation by nuclei in semiconductor quantum dots
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We have studied theoretically electron spin relaxation in semiconductor quantum dots via interaction with
nuclear spins. The relaxation is shown to be determined by three procégshs:precession of the electron
spin in the hyperfine field of the frozen fluctuation of the nuclear sginsthe precession of the nuclear spins
in the hyperfine field of the electron; afid) the precession of the nuclear spin in the dipole field of its nuclear
neighbors. In external magnetic fields the relaxation of electron spins directed along the magnetic field is
suppressed. Electron spins directed transverse to the magnetic field relax completely in a time on the order of
the precession period of its spin in the field of the frozen fluctuation of the nuclear spins. Comparison with
experiment shows that the hyperfine interaction with nuclei may be the dominant mechanism of electron spin
relaxation in quantum dots.
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I. INTRODUCTION the nuclei. For quantum computation and spin storage, how-
ever, it is important to have a large value ®f, and we are
The long electron spin dephasing tirfteindred nanosec- interested in the opposite limits;7.>1. This is realized in
ond9 recently reportetisuggests using the spin of an elec- QD’s at sufficiently low temperatures.
tron localized in a quantum d@@QD) as the realization of a In this paper we consider the electron spin relaxation via
quantum bit, and electron doped quantum dots as the basis interaction with the spins of the nuclei in QD’s in the
material for implementing a solid state based quantumabsence and the presence of an external magnetic field. The
computer: Room temperature operation, which is usually aprocess is facilitated by the disparity of the characteristic
primary requirement in microelectronics, is of secondary im+time scales of the three processes that determine the relax-
portance for quantum computers relative to that of finding aytjon: the period of the electron precession in the frozen fluc-
material for their physical realization_. Rather, operating NnoWy,ation of the hyperfine field of the nuclei, the period of the
at low temperature, where the localized electron has a long,ciear spin precession in the hyperfine field of the electron,
spin coherence time, is an essential condition for quantum,q e nyclear spin relaxation time in the dipole-dipole field

computing and spin memory storage. The dominant eIectroBf its nuclear neighbors. Estimates of these time scales can

spin relaxgtion mechanism_ in bulk is connegted with thebe made for the case of GaAs, whose hyperfine constants are
spin-orbit interaction of carrierésee Ref. B but is strongly '

suppressed for localized carriér§pin relaxation due to the well known. For QD's containing fonuclei they are found

electron hole exchange interaction plays an important rolé0 be'~l ns, ~1us, and~1QO,us, respect|vely.' Therefor.e,
during the time of nonequilibrium carrier relaxatidm,but @S @ first step, we can de;crlb'e the electron spin re!axatlon as
does not effect localized electron spin relaxation afterward® Precession in the quasistationary frozen fluctuation of the
Dephasing of the electron in QD ground states via two pho_hyp_e_rfme field of the n_uclear spins. Wg can then examine the
non real transitions to, or virtual transitions through, exciteg@dditional electron spin relaxation arising from the slowly
states(Urbach or Raman two phonon proce$sds also varying nuclear hyperfine fields. The nuclear dipole-dipole
suppressed at low temperatufess a result electron spin interaction does not conserve the total nuclear spin; the third
relaxation via interaction with nuclei becomes the dominantime scale provides a natural limit on the coherence of the
relaxation mechanism for localized electrons at low temperagelectron-nuclei spin system. However, many other relaxation
tures. mechanisms are important at this long time scale, therefore
The interaction of localized electrons with nuclei waswe will not consider the effect of the nuclear dipole-dipole
studied early on for electrons localized at donors in bulkinteractions on the electron spin relaxation. A spin dephasing
(see, for example, Refs. 10)1There, the electron interacts time (T3) calculated for an ensemble of QD’s is in a good
with a large number of nuclei and feels the hyperfine magagreement with avaliable experimental data.
netic field of the nuclei located in the region where the elec- The paper is organized as follows. The hyperfine interac-
tron is localized; this is also true for QD localized electrons.tion of an electron with the nuclei and the hyperfine nuclear
However, the correlation time of the electron-nucleus intermagnetic fields acting on the electron are considered in Sec.
action of donor localized electrons is limited by the time of |I. The electron spin relaxation times in the absence and in
shallow donor ionization, and tunnel jumps between the dothe presence of an external magnetic field are calculated in
nors, 7. . Usually this time is much shorter than the period of Secs. Il and IV, respectively. In Sec. V we compare our
the electron spin precession; ! in the hyperfine field of theoretical results with experimental data.
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Il. HYPERFINE INTERACTION OF A LOCALIZED where Ag is the dispersion of the nuclear hyperfine field
ELECTRON WITH NUCLEIl: THE FROZEN distribution
FLUCTUATION OF THE NUCLEAR HYPERFINE FIELD

IN QUANTUM DOTS 2 5 2 i 5
The electron spi i ins i :§<(BN) >:§2 D@ ©
pin relaxation due to the nuclear spins is ]
determined by their hyperfine Fermi contact interaction. The
Hamiltonian of this interaction can be writtén where
R 16m ,u] aj=(vo/upde) Al (R))[? (6)
Hoon=—5-ne2 T (51)8(r=Ry), (1)

] 1 is the magnetic field of a single nuclear spin acting on the
h is the Boh torfs and th . d electron, and we assumed that the nuclear spin directions are
wheré zg 1S the Bohr magne or§ andr are the spin an independent of each other. All nuclei in GaAs have the same

position of the electronu;, Ij, andR; are the magnetic spin |1=|=3/2. Replacing the sum over unit cells by an
moment, spin, and position of theh nucleus and the sum jntegration we obtain

goes over all the nuclei in the lattice. For localized electrons
the distance between their energy levels is much larger than i2 2
the energy of the hyperfine interaction with the nuclei. As a (1+1) Ei (A) v l6lI(1+1) 2i (A)
result this spin-spin interaction can be described by the Ag=—73 (1800)2 V.~ 3N (189e)2

Hamiltonian (7)
~ Vg . aiA mia aia where the sum in this equation goes over only those nuclei in
which is obtained from first order perturbation theory. Here s 4\
v is the volume of the unit celiy(R;) is the electron enve- VL:(f drg(r)| andN_ =8V /v, )
lope wave function at thith nucleus] ,, ande, are the spin
projections on the Coordinate axes=Xx y z, and AJ is the number of nuclei in the VOIUva that eﬁeCtiVer

—(167T/LBM,/3|’)|UC(R)|2 where uc(R;) is the electron determine the electron precession frequency. In GaAs, the

Bloch function at the nucleus. In GaAs the sumMdfover  Sum ={(Al)?~1.2x10" > meV?. The volumeV, is on the
all the nuclei in the unit celA= E]AJ ~90 neV.:® We can order of the volume of the electron localization.
neglect the interaction of holes with the nuclei because the
hole Bloch functions vanish at the nuclear positions. In ad4il. ELECTRON SPIN RELAXATION IN ZERO EXTERNAL
dition, we neglect, for now, the nuclear dipole-dipole inter- MAGNETIC FIELD
actions, which do not conserve the total spin of the electron- ) o )
nuclear system. They become important only at times longer A Eléctron spin dephasing in the frozen fluctuations
than 104 s. of the nuclear field
The effective nuclear hyperfine magnetic fi@lgd, acting Let us consider an ensemble of identical QD’s in which
on a localized electron spin can be obtained from &). we simultaneouslyat timet=0) create electrons all having

taking the expectation of the Hamiltoniat over the en- the same spin orientatiofiThey can be created, for example,
semble of nuclear wave functions. It is the sum of contribu-by circularly polarized ligh). The nuclear spins in the QD’s
tions from a large number of nuclei of this ensemble are randomly oriented, the nuclear hyperfine
fields in the dots differ from one another and, therefore, have
0 E Ajlt//(R-)|2fi 3 a diffgrent ef_fect on the initial electron spi, in each dot.
Je\ 5 i ' We will consider the time dependence of the ensemble aver-
N age electron spin relaxation for times small relative to the
where(- - )y denotes a quantum mechanical average oveperiod of the nuclear precession in the hyperfine field of the
the ensemble of nuclear wave functions andis the elec- electron. Each electron spin will be moving in the frozen
tron g factor. We should note that the precession frequency ofiuctuation of the nuclear hyperfine magnetic fi8g [see
the electron in the hyperfine field of all the nuclei is muchEg. (3)] in its own QD. These fields, however, are randomly
greater then the precession frequency of a nucleus in thdistributed among the dots of the ensemble. Therefore, even
hyperfine field of the electron. That is, the electron sees #hough each electron spin will precess in a coherent fashion
snapshot of the “frozen fluctuation” of the nuclear field. The in the frozen hyperfine field of its own dot, the ensemble
magnitude and direction of this field are randomly distrib-average spin polarization will decrease.
uted, and described by a Gaussian probability density distri- The equation of motion of the spfin a fixed magnetic
bution function field B is given by

BN=

(Bn)?

1 =(Sy-N)N+{Sy—(Sy- n)n}coswt
W(By) = WB/ZAgexp{ - A%

+[{Sy— (Sp-n)nt X nlsinwt, 9

: (4)
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where S, is the initial spin,n=B/B is a unit vector in the Equation(10) describes the time dependence of the elec-
direction of the magnetic field, and= ugg.B/% is the Lar-  tron spin relaxation in the frozen fluctuation of the nuclear
mor frequency of the electron precession in this field. Thehyperfine fields for times much less th@g . To include the
equation also describes the coherent electron spin precessieffect of the time dependent changes in the nuclear fields, we
in a single QD due to the magnetic fieR), of the frozen need to examine the ensemble average of(Bgat a much
fluctuation of the nucleirf=By/By, andw=uggBy/%).  later time than is considered in EQLO). Consider the en-
Averaging Eq.(9) over the magnetic field distribution of Eq. semble average of E@9), but now at times for which the
(4), we obtain the time dependence of the ensemble averageuiclear fields are time dependent. In addition, we average
electron spin polarization this quantity over a time interval large compared to the pe-
riod of the electron precession but small compared to the
t 2
A

F{ ( t )ZH ( time at which the ensemble average is taken. This leads to
exg —|=—
Ta
Bn(H[Bn(t) - S(1)]
The same time dependence describes the electron spin polar- (S(t)=(n®ln(t)- S(t)]>:< B2(t) '
ization of a single quantum dot averaged over a large number N (12)
of measurements. Here

1+2/1-2

(sit)=2

In this equation By(t) - S(t)] is the energy of the electron-
nucleus spin system, which does not depend on time and is

Tp= f =% SN (12) equal to[By(0)-S(0)]. Nor doesBﬁl change its value, be-
meYels 16>, 11(11+1)(A)2 causedBy /dtL By. As a result,
]
Bn(D[Bn(0)- S(0)]
is the ensemble dephasing time which arises from the ran- (S(t))=< N ’;‘ . (13
dom electron precession frequencies in the randomly distrib- Bn(0)

uted frozen fluctuation of the nuclear hyperfine field in theThe rotational symmetry of the Hamiltonian EQ) leads to
dots. This time is on the order of 1 ns for GaAs quantum dots

with 10° nuclei. The spin dephasing time is proportional to <BN(t)aBN(0)ﬁ>: 8, ﬁ(BN(t)xBN(O)x>
JV_. One can see that the average electron polarization re- '
laxes to 10% of its original value after a time equal to the =(04,6/3)([Bn(t)-Bn(0)])
dephasing time and then increases to a steady state value -of
33% of its initial polarization. This allows us to write Eq. 13 as
B. Electron spin dephasing as a result of variations [Bn(t)-Bn(0)]\ S(0)
of the nuclear field direction <S(t)>: Bg(o) 3 (14
N

A localized electron interacts with a large number of nu- ) o o
clei N, >1. The interaction of the electron spin with a single We see again thg§(t)) is directed alond(0), which is the
nucleus isyN, times weaker than its interaction with the ONlYy Physically defined direction in the ensemble. This equa-
effective magnetic field of the frozen nuclear fluctuation,tion describes the time dependence of the electron spin re-
Changing the direction of a single nuclear spin only weaklyl@xation at times large comparedTg and is limited only by
perturbs the electron spin motion. The precession of the eledhe characteristic tlmg scale of the dlpole—dlpole interactions.
tron in the macroscopic fluctuation of the nuclear spins i€ON€ can see that at tim&g <t<Ty Eq. (14) gives the same

JN, times faster than the precession of a nucleus in th&€Sult @s Eq(10). o
hyperfine field of an electron, i.e., the nuclear precession The variation of the nuclear magnetic field direction in the

periodTN~TA\/N_L. Since an electron in a QD precesses So'ume dependent correlation, in EqL4), is limited by the

rapidly around the nuclear magnetic fi@g , the nuclei only conservation of thg total sApmAanguAIlar momentum gf the
see the long time average of the hyperfine field of the elecelectron-nucleus spin systef=S+2;1’. The conservation
tron, which is directed alon8, . Note, that components of of F at times shorter than the nuclear dipole-dipole relax-
the nuclear field perpendicular 8y cancel each other out. ation time follows from the fact tha commutes with the
Now, however, each nucleus, in turn, precesses about thigamiltonian of the electron-nucleus spin system @j. The
direction with a different precession rate that is proportionakotal nuclear spin is, then, effectively conserved sitge

to the square of the electron wave function at their respective- S;l;=F—S~F becauseF> S The latter follows from
nuclear positions. This variation in the precession rates leadse fact that the dispersion bf increases with the number of
to a nonvanishing slow time varying change in the frozennyclei in each QD and the average valudlef>1.
fluctuation of the hyperfine magnetic field of the nuclei, |f the electron wave function were constant in the local-
AB\~3[Al¢(R;) 21X X By)y, that is perpendicular to ization region and zero outsidéthe so called “box
By. These random changes in the nuclear magnetic fieldhodel”'®) the nuclear magnetic fieldy would be propor-
result in an additional relaxation of the electron spin polar-tional to the total nuclei spiny and would also be con-
ization. served. From Eq.14) the nuclear spin precession would not
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then lead to any additional spin relaxation in this model, and 1.0 - . - . - .
(S(t))=Sy/3. However, in real QD’'s the amplitude of the
electron wave function at the nuclei in the localization region
does depend on their position. The nuclear field is not
uniquely determined by the value and direction of the total
nuclear spin; a distribution of values 8f, are possible for 06 1
the same value ofy . The total nuclear spis can be dis-
tributed in different ways among the nuclei as a result of =~ 04
their interaction with the electron.

The determination of the correlation Ed.4) at all times
is beyond the scope of this paper. We will evaluate it only in ~ 0-2F T
the limit t>Ty, where theBy(t) are randomly distributed.
The joint distribution function of the nuclear fields and total 4 . . . .
nuclear spin can be written as the product of the total nucleat 1 2 3 4 5

spin distribution function and the conditional probability dis- < 2
M . . . a>/<a>
tribution of nuclear fields given a certain value of the total
nuclear spin: FIG. 1. The dependence of the ensemble averaged electron spin
polarization on the ratio of dispersion of the electron hyperfine field
W(By,Is)=W,(Is)W(By|ls). (15 acting on the nuclei to its ensemble averaged value.
Both of these latter distributions have a Gaussian t8rm _
y=((n-ng))
1 (I5)? _ 3 3
Wi(ls)= —rsexd — — (16) = | (n-ng)F(n|By,HW(By[Wi(1)d*BydQ(n)d.
19
and 19
This gives us the long timet$T,) electron spin polariza-
1 (By—(a)ls)? tion [Eq. (14)]. Straightforward calculation gives
W(B\[ls)=—F5rz88 ——— |, (17 , 5
mAg Ag 2 (= (= [2ycosh2y)—sinh(2y)]
) - N Y= WJ dyf dz yzsinh(2y)
whereA7=2NI(1+1)/3 is the dispersion of the total nuclear 0 0
spin distribution andN is the number of nuclei which are in 1 y\2
statistical equilibrium with the localized electrqsee the xexp{— 1+— 22—(—) , (20
AppendiX. This number is approximately equal to the num- X z
ber of nuclei in the dot. The conditional distribution of the \yhere
random hyperfine fields, given a valugefor the total nuclear
spin is shifted from zero to the field due to the weighted total (a)2A2 (a)?
nuclei spin, (a)ls, where (a}z(E}\'aj)/NzA/(uBgeN). =— :(a2>—<a>2 (21
The dispersion of this distribution ;= A3—(a)?A?, is de- Ag

termined by integrating Eq17) with distribution EqQ.(16) s the relative dispersion of the hyperfine magnetic field of

. . . 2
over all Iy and comparing it with Eq(4). Clearly Ag®  the |ocalized electron acting on nuclei aaf)=AZ%/A? . If

<Ag, because the latter also includes the dispersion of thg|| the nuclei in the unit cell have the same hyperfine con-
random distribution of the total nuclear spin. stantx=N, /(N—N,).

In general, to calculate the correlation between the direc- | Fig. 1, we showy as function of(a2)/(a)2~N, /N. In
tion of the hyperfine nuclear field at two timesy,  the limit of largex, where the number of nuclei contributing
=Bn(0)/By(0) andn(t) =By(t)/By(t) [see Eq.(14)], we  to the fieldBy is close to the number of nuclei whose total
have to find the angular distribution of the magnetic fieldnyclear spin is conserved(x)~1. This case is realized in
Bn(t) given a certain value both of the total nuclear spin  the “box model” and also at short times< Ty,. The number
and the magnetic field magnituég = [By|. This conditional  of nuclei that are included in the electron-nucleus spin sys-

distribution function is written tem of the Hamiltonian E¢(2), and whose total spin is con-
served, increases with time, which in turn decreasddow-
exd — (Byn—(a)l)?/AL?] ever, this only holds fot<Tg4 the dipole-dipole nuclear
F(nBy,l)= : spin relaxation time in the dipole field of its neighbors. For
J dQ(n)exd — (Byn—(a)l)?/AL?] spherical QD’s with 18 nuclei confined in an infinite poten-

(18) tial barrier (note thatN, ~N,,/2.8, whereN,, is the total
number of nuclei in the QP our approach is valid for the
Using distributions of Eqs4),(16),(18) we find the correla- time interval 10 y<t<100Ty (see the Appendjx The cal-
tion Eq. (14 culation in this model shows that the number of nuclei that
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need be included at~Ty_4 is ~2.IN;, (y~0.4) and does where
not reach its maximum valud~2.8N, . It is important to

ishi - izati t |2 Bt t Bt
note that nonvanishing average spin polarization at time E(t)=ex _( ) cos(—) _ sin(—)
>Ty(y#0) means that there is a significant probability that 2T, Ta) 2BTA \Tyu
an ensemble of electron-nucleus spin systems retains its ini- (26)
tial spin state.

and
IV. SPIN DECOHERENCE IN A STRONG EXTERNAL . 1 (= = [(B+2)3+zylexp —z2—y)
MAGNETIC FIELD Ri(t)=— dzf dy 5 7
Val—=""Jo [(B+2)%+Y]
A strong external magnetic field (B>By) significantly ;
changes the process of electron spin relaxation. In this large wsin V(B+2)2+y — 2
field the Zeeman splitting of the electron spin levels is larger (B+2)°+y Tal @0

than their inhomogeneous broadening in the hyperfine‘Equation(22) simplifies considerably for strong magnetic

nuclear magnetic field. The total magnetic field acting on the, | i<~ =aiculation of the coefficients in Eq83)—(25) in the
electron is now effectively directed along the external magy; .. B>1 gives

netic field. The nuclear hyperfine fields only perturb the pre-

cession frequency of the electron spin about the external 1—coq wgt) t \2

magnetic field direction. (S(t))~11- —29XF{ —(ﬁ) ”(SO'D)b
Consider, now, the effect of a strong external magnetic B A

field on the electron spin polarization. The motion of the spin 1-cog wgt)
in the total magnetic field is again described by E®) + COint)JFZ—Bz [So—(Sp-b)b]
where, now,n=(B+By)/|B+By|. Averaging Eq.(9) over
the ensemble, using the distribution of nuclear magnetic ) t \?
fields in Eq.(4), we obtain T sin(wgt){[So=(So-b)blx b} rexp —| 5| |-

(S(1)=Ry(1)(S-b)b+RY (1)[ S~ (Sp- b)b] (28)

+Rl(t){[SO—(SO- b]b) x b} (22) One can see that in strong magnetic fielBs; Az the com-
* ' ponent of spin alon@ is conserved, while its two transverse

where components precess with a frequeney= ugg.B/%, and

decay as a result of the inhomogeneous broadening of the
levels in the random magnetic field of the nuclei, respec-
N " o tively. The dephasing arises from the dispersion of the
Rl (t)=RT+AR] () ' o .

L L LA nuclear field along the external magnetic field, which leads

andb=B/B is a unit vector along the external magnetic field {0 an inhomogeneous dispersion of the electron precession
frequency. The perpendicular components of the nuclear

RH(t) = R‘T'i‘ ARH(t),

_ | [B+(By- b)]? . magnetic field change the direction of the precession axis by

1=\ —5 =3 /=1 2R] (23)  asmall angle of~By /B and lead to a dephasing rate that is

[B+By| (By/B)? smaller than that due to the dispersion of the

and nuclear field along the external field. This result is consistent

with the small ratio of the lifetime broadening to the secular

1/BZ—(By-b)? broadening describing the transverse relaxation tirgen
Rj°=§ — strong magnetic fieldésee, e.g., Ref. 17

|B+By| Figure 2 shows the time dependence of the various com-

1 (= - yexp(—Z2—y) ponents of S(t)) which occur in Eq(22). Both longitudinal
- _J' dzf dy———= (24) and transverse components of the electron spin pqlarlzatlon
2wl = Jo (B+2)°+y tend to a steady state value after several oscillations. The

number of oscillations grows with increasing magnetic field.
Increasing the magnetic field also changes the steady state
value of the longitudinal compone () (from 1/3 to J

2 and the transverse componeRﬂ(oo) (from 1/3 to 0, while

1 (= © yexp—z°—y) :

AR|(t)=—= dz| dy——>— the steady state value Rﬁ(oo) is zero for all values oB. In
Jmd-=""Jo (B+2)°+y a strong magnetic field when the nuclear spin relaxation
mechanism of the longitudinal spin polarization is sup-

is the value of(S(t)) in the long time limitt>T,, and 8
=B/Ag. The time-dependent components are given by

xoos{ /(/g+ 2)2+y TL , pressed phonons can again play an important (sée Ref.
A 18).
The important characteristic measured in steady state ex-
AR (t)=E(t)— ARy(1) (25) periments, such as Hanle effect measurements, see Ref.
L 2 3), is the average electron polarization for its lifetime
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FIG. 2. The time dependence of the longitudif@l and trans- FIG. 3. The magnetic field dependence of the longitudiiagl
verse[(b) and (c)] components of the ensemble averaged electrorind transversf(b) and(c)] components of the steady state electron
spin polarization calculated for different magnetic fields. The curvesspin polarization. Calculations are done for electron lifetimes
are calculated fog=0,1,2,3,5, respectively. 7/T,=0, 0.2, 0.4, 0.8, 1.4, 3.5, and 10.

electron field, the electron is effected only by the component
(L7) J(S(t))exp(-tn)dt, where is the lifetime of the lo-  of the nuclear field along the external field. As a result the
calized electrons. Comparison with E@2) shows that this nuclear magnetic field acting on the electron spin is frozen
average polarization is characterized by for times much longer thaiy. Thus a frozen fluctuation
model of the nuclear hyperfine field is valid when describing
1 (= the dephasing dynamics of the electron spin polarization in
p(B,7)= ;J Ri(t)exp(—t/7)dt, an ensemble of quantum dots in strong magnetic fields. As
0 we mentioned above this consideration is limited by a low
enough temperature and the time scale of the nuclear dipole-
oL 1=, dipole interaction.
P (B.1)= ;fo RY(t)exp(—t/)dt. (29) In each QD, the motion of the electron spin in the hyper-
fine field of the frozen fluctuation of the nuclei is coherent.

The dependence of these respective terms on the magnefL@e dephasing is a result of inhomogeneous broadening of

field is shown in Fig. 3 for different values of the electron 1€ electron_ spin I_evels in the ensemble of quantum dOtS.'
lifetime. This makes it possible to recover the transverse electron spin

Equation(22), as is Eq.(10), is derived assuming a time polarization using the spin echo technid@ayhich also can

independent frozen fluctuation of the nuclear field acting orP® Used for quantum computatigh.
the electrons. In zero external magnetic field, this no longer
holds at longer times such that we must take into account the
nuclear spin precession in the inhomogeneous hyperfine field We have determined the time dependence of the electron
of the electron. Nuclear spins precessing at different ratespin relaxation rate arising from its interaction with nuclear
about the average electron spin direction create a time despins for an ensemble of QD’s, or equivalently, averaged
pendent hyperfine field with components perpendicular to thever a large number of successive measurements of a single
original direction of the frozen fluctuation. As a result the dot. This gives us the value df; usually measured in en-
average electron spin projection follows the new direction ofsemble experiments.
the slowly varying nuclei field. The characteristic time of this  The electron spin relaxation time was studied in three
slow process is determined by the dispersion of the nucleagpes of QD’s: GaAs natural quantum dots, which are island-
spin precession frequency in the inhomogeneous field of thike dots formed by a fluctuation of the GaAs quantum well
electron  Ty'=~(ugge/h)(a%)—(a)>~(usge/h)\(a%).  thicknes® self-organized InAs QD4 and nanocrystal
This second regime of spin relaxation begins whafT, . CdSe QD’s??> We can estimate the value @f, for each of

In a strong external magnetic fieB>Ag, the average these dots. In GaAs natural QD’s, using valuesAéffrom
electron spin is directed along this strong field, independenRef. 13 and Eq(6), and taking the dot to contain 1@uclei,
of the nuclear hyperfine field8(<B). Although the nuclei Eq. (11) givesT,~1.0 ns. The values of! are not experi-
precess with different frequencies in the inhomogeneousnentally determined for InAs. Assuming that compound ion-

V. DISCUSSION
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icity does not significantly vary among the semiconductors 1.0
GaAs, InSb and InA$>?we take the hyperfine constamé

for As and In ions from Ref. 13 and 24}, =47 ueV and 0.8
Al,=56 neV, respectively. The large value of the In nuclear

spin, | =9/2, strongly effects the magnitude of the hyperfine
interaction in InAs, and shortens the spin dephasing time. Tca
estimate this time we need to know the number of nuclei in&
the electron localization volume. In the self organized QD’s, 04
where the electron wave function strongly depends on the

QD shape and barrier height, we used the geometrical vol- g
ume of the dot to determine the number of nudlgiin Eq.
(7). The QD’s studied in Ref. 21 contain 1000-4000 nuélei.
This leads to electron spin relaxation times on the order of 0 0 20 40 60 80 108
50-100 ps, which is close to the value @f3 measured in /Ty
these dots. The hyperfine interaction constants in CdSe are
also not experimentally determined. In this material only ay
fraction of the nuclei (25% of the Cd iopkave a magnetic (
moment and these have spii 1/2. As a result, the electron
spin interaction with the nuclei in these QD’s is weak. We
shall take for the hyperfine constant in CdSe half that ofdynamic equilibrium is generally a time-dependent quantity.
Cd111,26 assuming Comp|ete|y covalent bonding in this ma_Forma”y, the electron interacts at all times with all those

terial. This leads toAL,=12 ueV. Taking the CdSe lattice nuclei of the crystal lattice sites where its wave function is

constant,~4.2 A (Ref. 27 we calculateN, = 3500 for the NONzero. However, the strength of this interaction decreases

ground 1S electron state in spherical nanocrystals with a raVith the distance from the QD center as the square of the

dius 28 A. Only 1/8 of these nuclei contribute to dephasing&lectron wave function, and the random magnetic figld
This leads tdT ,~ 1.6 ns, which is consistent with the experi- which determines the electron spin precession is determined
mental measuremefit; =2.5 ns22 only by the relatively small number of nuclBi, in the “ef-

In conclusion, we developed a theory of electron Spinfec'uve” volume of the electron localizatiov, [see Eq(8)].

relaxation in QD’s arising from their hyperfine interaction This volum(_a(or altern.ativerN,_) cor_npletely detgrmineg the
with the QD nuclei. The relaxation is determined by three€lectron Spin relaxation at short times Ty d“'_“”g which
physical processesi) the precession of the electron spin in NUcléar spins, and, therefore, the corresponding Blctio
the hyperfine field of the frozen fluctuation of the nuclear"Ot change their directions.

spins, (ii) the precession of the nuclear spins in the hyperfine 1Ne precession of the nuclear spins in the hyperfine field
field of the electron, andii) the precession of a nuclear spin ©f the electron causes time-dependent changein This

in the dipole field of its neighbors. These processes havime-dependenBy(t) in each dot is determined by a macro-
three disparate characteristic times. For GaAs QD’s with 10SCOPIC_number of initial - conditions. The correlation
nuclei, they are~1 ns~300 ns, and~100 us, respec- .<B.N(t) Bn(0)) [see Eq(14)] is now an important character-
tively. The last of these times is so long that many otherStic of an ensemble of quantum dots. The ensemble of lo-
electron spin relaxation mechanisms can be more importarﬁa!'zed electrons completely loses its memory of the initial
on this time scale. An external magnetic field suppresses thgPin Polarization if this correlation is zero. Although
relaxation of the spin component along the magnetic field{Bn(t)Bn(0)) can be calculated for any tintgin principle,
The transverse components of the electron spin polarizatiof? the long time limitt>Ty, when the values 0B\(t) are
relax completely in a time on the order of the electron pre_randomly distributed, one can find this correlation using sta-
cession period in the field of the frozen nuclear fluctuationlistical physics techniques. , , _
Comparison with experimental data shows that the hyperfine L8t Us separate the nuclei Interacting with a localized
interaction with nuclei is the dominant mechanism of elec-€lectron during a time into two groups:(1) those nuclei

N

= NN,

FIG. 4. Time dependence of the ratio of the number of nuclei
t) “interacting” with an electron, in a spherical QD with an
infinite potential barrier, tdN, and the relative erroéN(t).

tron spin relaxation in QD’s. whose spin rotates through an angkt=1 and (2) those
whose spin rotates through an anglg<1, wherew; is the
ACKNOWLEDGMENTS precession frequency of the nuclear spin in the hyperfine

. . field of the localized electron. The second group can be con-
All the authors thank the DARPA/Spin program for finan- sigered as nuclei that “do not interact” with the electron. For
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APPENDIX: THE NUMBER OF NUCLEI INTERACTING first group, increases with time and determigggt), whose
WITH A LOCALIZED ELECTRON IN A QD variation is restnctgd by conservation of the total spin Qf the
electron-nuclear spin system. Randomness of the distribution
The number of nucleN “interacting” with a localized of the N(t) nuclear spins limited by the conservation By
electron and forming an electron-nuclear system in thermoandly is the one major assumption of this statistical model.
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For nuclei that interact strongly through the “indirect” QD’s with an infinite barrier is shown in Fig. 4. The time is
hyperfine interaction, i.e., nuclei whose spins rotate througlmeasured in the unit 01‘"I'R,~(32/7r)(ﬁ/A)(a3/vO), the
an anglew;t>1 in the electron hyperfine field, this assump- nuclear precession time at the center of the QD, wieise
tion is justified. The error in the statistical approach is con-the QD radius. In GaAs QD’s with 2(uclei, this time is on
nected with the border nuclei for whiebyt~1. These nuclei the order of microseconds. One sees thatN, for t
strongly interact with the electron, but, on the other hand,<10TR,. In this time periodSN=1 and our statistical ap-
they still “remember” their initial direction att=0. The proach is not valid. HoweveN(t) increases an@N(t) de-
number of such nuclei is on the order 8N~tJN/ot. As a  creases rapidly with time, andN~0.25 att~20Tp,. After
result the relative error of our estimate &= AN(t)/N(t) this time the nuclei which give the main contribution to the
~ (t/N) N/ at. magnetic fieldBy acting on the electron are in statistical

The time dependence dfi(t)/N, and 6N in spherical  equilibrium. This allows us to use EQO).
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