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Spin relaxation in quantum dots

L. M. Woods, T. L. Reinecke, and Y. Lyanda-Geller
Naval Research Laboratory, Washington, DC 20375-5347
(Received 6 July 2002; published 29 October 2002

Results are given for spin relaxation in quantum dots due to acoustic phonon-assisted flips of single spins at
low temperatures. The dominant spin relaxation processes for varying dot size, temperature, and magnetic field
are identified. These processes are mediated by the spin-orbit interaction and are described within a generalized
effective mass treatment. Particular attention is given to phonon coupling due to interface motion, which
dominates the relaxation for dots with diameter$5 nm, and also to a direct spin-phonon process that arises
from valence-conduction band coupling and dominates the rates for increasing temperature. Low-temperature
relaxation rates are found to be small and to depend strongly on size, on temperature, and on magnetic field.
Results are illustrated with evaluations for GaAsf®4 _,As systems, and a minimum in the relaxation rate
is found for dot diameters-20 nm.
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Spins in quantum dot&)D’s) are of considerable current Spin-orbit interaction in semiconductors is essential in
interest in connection with the search for solid state implespin relaxation processes because phonons alone do not flip
mentations for “qu-bits” in quantum information spins. The effective mass Hamiltonian for a carrier in a mag-
technologies.A key challenge is obtaining long spin coher- netic field in a bulk I11-V semiconductor with Jsymmetry,

ence times so that quantum information can be stored anglich as GaAs, is obtained from the standard Kane
manipulated without losses. A few experimental results haveyamiltoniar

been reportetthat suggest long coherence times in QD’s. To
date, however, it has been difficult to obtain quantitative ex-

perimental results and to interpret them. Thus it is important 1
to have theoretical guidance for the coherence times and "= 3P m(r) Pl+V(r)+ug(r)oB+{y(r),o-Q},
their dependences on system and on parameters. )

In bulk semiconduct(ﬂs spin relaxation is quite fast, typi-
cally on the order of 10 s (Ref. 3. Bulk relaxation arises _ _ 2 2 2 2 2
fron)wl spin-orbit coupling mediated by phonon or impurity whezre P=p+eAlc, Q=[Px(Py=P3),Py(P;=P}),Py(Py
scattering’ Relaxation in QD's is different because the elec- ~ Py)], With A the vector potential, andA,B}=(AB
tronic states are quantized, which makes it more difficult to™ BA)/2. Thefirst term is the kinetic energy, the second the
satisfy energy conservation in spin-flip events. Phonons typiconfining potential, the third the Zeeman interaction. The last
cally are needétfor energy conservation in QD’s, and thus term is the Dresselhaus spin-orbit interaction, which arises
the coherence rates are considerably smaller. from the absence of the inversion symmetryy,

Here we give a full treatment of the relaxation of single =2h3A/\/2mEgEgmcv, whereA, m, Eg, andm,, are the
spins in QD’'s due to acoustic phonons for dots up toenergy of the spin-orbit split-off valence band, the electron
~70 nm, of interest in a wide range of optical experiments.mass, the band gap energy, and the Kane parameter for the
Results for the overall magnitude and for dependence onoupling to higher conduction band&or QD’s of one ma-
magnetic field, temperature, and size are given. One-phonderial imbedded in another the parameters have spatial de-
processes give the zero temperature contributions, and twgendence.
phonon processes give contributions that increase with tem- Spin relaxation at low TFor T less than a few degrees
perature. Several of these contributions have been obtaind¢klvin spin relaxation rates are given by one-phonon emis-
earlier and evaluated for large, flat Q¥ We show that a  sion processes accompanied by spin flips arising from spin-
novel spin-phonon coupling due to interface motion domi-orbit coupling for the dot sizes and fields of interest Hére.
nates the relaxation for smaller dots and that a new spinfhe one-phonon spin flip rates are given by the Fermi
phonon interaction, which arises from coupling between vaGolden Rule.
lence and conduction bands, dominates for increasing Acoustic phonons dominate these processes at low tem-
temperature. peratures. The two materials in QD systems of interest typi-

For magnetic fields up te-7 T, the Zeeman spin split- cally have similar acoustic properties, and thus we will use
tings in the QD’s of interest are typically~0.01 bulk phonons to a good approximation. Long wavelength
—0.1 meV, which are much smaller than the separations bgshonons are involved for small Zeeman energies, and thus
tween confined electronic states. Thus the spin relaxatiorates for piezoelectric coupling are greater than those from
rates between the two Zeeman levels are greater than thogeformation potentiaf® The most important contribution
between confined states, and we consider only the formeftom the bulklike region of the QD comes from the piezo-
For illustration we give results for GaAs QD’s with several electric interaction between electrons and acoustic phonons.
shapes in AJsGa, ;As. Other materials and geometries differ The coupling between acoustic piezophonons and carrier
mainly in quantitative details. charges is
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UPezo—h & Eu 2) Then from Eqgs(4) and(6), theT=0 relaxation rates due
Q 14SiSjUQ,IPQ . ] B .

to piezophonons for the cylindricatyl) and parallelepiped
whereh;,=1.2x10° Ev/m is the piezotensog; ;=Q; ;/Q, (para) QD’s are

Ug, is the I-th component of the phonon operator, agds

the electron density. _ _ | 20 ugB 1 2 ugB\ 3

In addition, there is a novel coupling between spins and reY. =——\ vehiu——1| | —| Kp, )

T N A A piezo 2 C 2 2 ﬁs
phonons arising from interface motion. It is analogous to that fips AE* R
between carrier charges and phonons, sometimes called
“ripple coupling.”*?>*31t arises when interface motion due to gB/1 1 2 gB\3
; para K M

acoustic phonons changes a parameter of the system, here Fpiezo:ﬁ 2 Ych14—AE2 g— g s Jo (8
A;j=1/m,V,g, andy, in Eqg. (1), in a region. The coupling P
between charge carriers and phonons is where AE=E,—E,, and Kp=0.91x10® and J,=0.65

X 102,
Using Eq.(5) in Eqg. (6), we obtain for the parallelepiped

where ug is the phonon operatoiy A;(r)=AA, [SdAé(r the rates involving the ripple coupling due to changes in the

N _ > parameters:
—R)nandAA;=A;;— A, for parameters in materials 1 and

Ug.a,=VAi(r)-Ug, ©)

g. The Qutward interface of the surfaSéas a normal vector 2m r WgBAV( 1 1 2 EE
n at pointR. V= 5| Ve 2 a2l =2 s Ji, (9
The matrix elements for spin-flip transitions between the hps®| ~AE a® ¢
Zeeman levels of the lowest QD electronic stafg; and _ )
o, due to the coupling to bulk piezophonons and also 2 pAgB1/ 1 1 wgB\3
those due to the interface motion through variation in the Fg:ﬁ YeTAE a ;— ? s Jo, (10
parameters Ih, V,g, and vy, are PS>l
. 27 wgB A2Am 11 1 wgB)\3
) — 3 piez — I
MQ,plezo fd <¢O,1|UQ (1¢O,T>1 (4) I'n ﬁpsz 'ycAEz 2m§a2 alaz o2 7S 3
1y
M A-:fd3<¢o, Ho [¥01), 5
o QT Lo 11 1 z,ugBJ 12
where Hoy=Uqy, Hog=#BUqg, Hom=32P(UgmP), " hps?| Ca?\a2 ¢?)| ks ¥ (12

and HQ,yc:UQ,vCO“Q- The spin-orbit coupling in the last

term in Eq.(1) provides the needed mixing of the spins in the WhereJ;=1.32x10%, J,="5.76x 10°, J;=6.868< 10°, and

wave functions. Such an admixture is not requiredMgs,, ~ Ja= 1.43<10%. For nonzero T, the rates in Eq3)—(12) are
¢ multiplied by (1+N) for phonon emission and absorption

ﬁggolrt] rirr](;\g?yes a direct spin-phonon coupling. From perturwhereN=1/(ef“9’E‘“‘BT— 1), which gives additional contribu-
tions linear in T at small T. Results for cylindrical dots have
|01 (1)(N)=Ug;(1)())+ aX|ug (1y(r)), (6) Zzyéfreggﬁggsilcs on size and magnetic field and are not
whereuy ; are the unperturbed wave functions for the ground For a spherical QD the mixing of spin states into the first
and first excited electronic states with energies;, «  and second excited electronic functions in E8) is zero
= (U (1) (N[HsolUgy(y(N))/(E;—Eo* ugB), and Hy, is  from the symmetry. Then the leading contribution comes
the Dresselhaus spin-orbit term. Higher lying QD states givdrom the third excited electronic state, and the relaxation rate
smaller contributions and are not included. is approximately 50 times smaller than those for less sym-
The boundary conditions on the QD electronic functionsmetrical shapes given here.
are taken to require that the wave function and its flux Results for the spin relaxation ratesB#1 T are given
1/m(r)dylon be continuous across the interfdédzor sim-  in Fig. 1 for cylindrical and flat parallelepiped dots of GaAs
plicity we choose separable wave functions. We considein Al Ga, -As (Ref. 15. The size dependences are obtained
dots in the shape of parallelepiped and cylinder. For a parafrom AE~a~?2 for all geometries. Then the rates from the
lelepiped, the ground state in tledirection isug~ coskyx) piezophonons ard“piezo~a4. The rates from the ripple
for x<a and uy~ coskpa)e “ " for x=a, and similarly ~mechanism,I'y ,~a % andT', ~a"®, increase dramati-
for the other directions. Heré&,=\2m,Ey/%? and ko  cally for decreasing size, arid, is independent of size ex-
=2m,(AE.—Ey)/h%, whereAE, is the band offset. Two plicitly. The rates for parallelepiped dots of lateral sizand
types of parallelepipeds are considered, one where the laterakighta/2 are the similar to those for cylinders in Figal
extent is 2 and the height is/2, and the second where the The ripple coupling at the surface becomes more important
height is a constant 5 nm. For the cylindey~Jo(kop) for  as size decreases. The total scattering rate has a minimum for
p<R and uy~Jg(koR)e *o»"R for p>R, and in dotdiameters in the range of 10—30 nm depending on geom-
zdirection the function is the same as for parallelepiped. etry. TheB dependences are strong, with thgt o~ B® and
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FIG. 1. Scattering rates due to one-phonon processeB at
=1 T andT=0 K as functions of size fo(a) cylinder with diam-
eterd, (b) parallelepiped with height=5 nm. The ternT’y, gives a
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contribution independent of size, and it is included’i;.

Fygm~ B® and I', ~B. Processes similar to those in Egs.
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FIG. 2. Representation of the amplitude for two-phonon spin-

flip processes.

in bulk semiconductofs or “skew scattering” in bulk
metals'® In QD’s, however, the electrons are in confined
states, and the scattering involves inelastic phonon scatter-

ing

tering rates are

(7) and(8) control the rates for larger sizes and were studied
earlief for large, flat QD’s.

Spin relaxation for increasing :TFor temperatures larger
than a few degrees Kelvil?,two-phonon processes begin to

2—-ph_
Iy =

make the dominant contributions to spin relaxation in QD’s.
They sum over higher effective densities of phonons than do

the one-phonon processes. A phonon is scattered @otm
Q' accompanied by a spin flip. Transition rates are calcu¥

lated from the Fermi Golden Rule.
We have examined all two-phonon contributions, and we . " - :
find that the dominant contribution comes from a spin-for T=4 K. 111'hey Increase rapidly with temperature, going
phonon interaction in which phonons modulate the carrie@S! piezo~ T~ andI'n~T*. Processes from ripple coupling
spin-orbit interaction. This interaction can be thought of as
spin-orbit coupling arising from the potential caused by pho-
non scattering and is present in systems both with and with-
out inversion symmetry. The form of the interaction is ob-

tained from perturbation theory by including the mixing of
the upper valence and the lowest conduction bands,

where

H=ao- (pXVUg)

a=h?n(1-1/25)13mEy(1—1/37),
n=A/(A+E,) with E4 the gap energy and the spin-orbit

split-off band gapU, is a potential that scatters the electron.

For the QD’s studied heré&J, comes either(i) from the
piezoelectric interaction in Eq2) or (ii) from the ripple
coupling in Eq.(3). In the case of ripple coupling, the dif-
ference in mass gives the largest contribution to E¢),
H= —iaﬁZV«uQIZmim [pXQ]V-V. Formally, the interac-
tion in Eq. (13) is similar to the “Elliott-Yafet mechanism”

Equation(13) gives nonzero contributions only to transi-
tions between different electronic states. The form for the
amplitude of these processes is shown in Fig. 2 whére
gives a spin flip process and, a process without a spin flip.
We find that the two largest contributions come frdina
process in which/; is from Eq.(13) using the piezophonon
coupling forVUq andV, is from the piezophonon coupling
in Eq. (2) (piezg and(ii) a process in whicl, is from Eq.
(13) using ripple coupling foiVUgq andV, is from ripple
coupling from Eq.(3) (m). For the parallelepiped the scat-

r

2—-ph_
piezo™

|

herel =1.7 andl = 0.54x 10’. Similar results are obtained
for the other dot shapes.
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These two contributions to the rates are shown in Fig. 3
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FIG. 3. Two-phonon scattering rates for a parallelepiped with
lateral sized and heightt=d/4 atT=4 K andB=1 T.
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dominate at small size, and those from piezophonons domhowever, increase strongly witd andT. They also depend
nate at large size. The total size dependence afasygiven on material. For example, the one-phonon ralgs.,qv
by the sum of the one-phonon processes and the two-phoneam?, Fgm~m, ch~ m~! wheremis the carrier mass. The

processes. From Figs. 1 and 3, we see that for the parallefpyo-phonon ratd“f,i’e’g[; does not depend on mass explicitly,

epiped for temperatures increasing from zero up to a fewyq Fﬁq—ph goes asm~4. Thus for many II-VI QD's, with

degrees, the minimum moves from20 nm diameter {0 yeir heavier conduction masses, the mass dependent rates
smaller sizes. The two-phonon contributions do not depengii e orders of magnitude larger than those to GaAs. For

on B and thus will be present even fB=0. the same reason, the rates for holes also would be higher. We
A two-phonon process was suggested earlier by Khaetskiing that the relaxation rates depend only weakly on dot
and Nazaro¥ in which the spin flip transition/; in Fig. 2 shape.

was given by the piezoelectric coupling in H§) mediated The rates are strong functions of size, and they exhibit

by the band mixing from the Dresselhaus term, and the tranyinima for diameters~ 20 nm for the GaAs/AGa _,As
sition V; was given by the piezoelectric coupling in B§).  gystems aB=1 T and lowT. Similar results are obtained
This contribution is given byl'cy in Fig. 3, and for most ¢4, quantum dots from related 11V materials. We suggest
temperatures it is orders of magnitude smaller than thosghat III-V self-organized QDY grown by MBE, which typi-

discussed here. cally have diameters of-15-25 nm, are near the size for

Here we have given a complete treatment of spin relaxminimum relaxation. On the other hand, QD's formed from

ation due to spin-flip scattering in quantum dots. We havengnolayer fluctuations in MBE growth of quantum wéfls

introduced a novel process due to interface motion that des,, e varying lateral sizes on the order of 40 nm and shapes

termines the rates for small dots and we have given a néWmiiar 1o that in Fig. ic). We suggest that their spin relax-
coupling mechanism that determines the rates for increasingjon times should be shorter than those for self-organized
temperatures. Our intent has been to establish the phonoggs

assisted mechanisms for low-temperature spin relaxation in

guantum dots and their dependences size, magnetic field, and This work was supported in part by the US Office of

temperature. Naval Research and by the DARPA QuIST program. One of
These rates are relatively low at sm@Jlwhich is encour-  us (LMW) acknowledges an NRC/NRL Research Associate-

aging in the search for qu-bits using quantum dots. The rateship.
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