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Hole spin relaxation in semiconductor quantum dots
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Hole spin relaxation time due to the hole—acoustic-phonon scattering in GaAs quantum dots confined in
guantum wells along001) and(111) directions is studied after the exact diagonalization of Luttinger Hamil-
tonian. Different effects such as strain, magnetic field, quantum dot diameter, quantum well width, and the
temperature on the spin relaxation time are investigated thoroughly. Many features that are quite different from
the electron spin relaxation in quantum dots and quantum wells are presented with the underlying physics

elaborated.
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[. INTRODUCTION energy levels of heavy and light holes; but for those in the

Recently, considerable interests have been devoted ti111) quantum well, strain makes additional spin mixing and

spin-related phenomena in semiconductors due to the enor_duces additional spin relaxation. Also we show that unlike
n?ous otent?al of the spintronic devickd Amona these the case of electrons where the SRT is mainly determined by

P P : ) mong ' _the electron-phonon scattering due to piezoelectric interac-
properties of electron spins confined in semiconductor qua

tum dots(QD’s) are essential to the proposed qubits in O|uanr-{'ons’ for holes both the hole-phonon coupling due to piezo-

tum compuiters and have therefore caused much attéhfion electric interaction and that due to deformation potential
Many works calculated the spin relaxation tin8RT) of make important contributions to the spin relaxation process,

electrons due to the spin-orbit coupling induced Spin_ﬂipalthough their relative importance changes under different

electron-phonon scattering at very low temperatafes, conditions.

where the dominant electron-phonon scattering arises from The paper is organized as follows: In Sec. Il we set up our
) : . P 9 model and Hamiltonian. In Sec. Il we present our numerical
the piezoelectric potential. These works are based on pertuy-

bation theory where the spin-orbit coupling is treated as results. We discuss the SRT of QD's (@01 quantum well

2 : . % Sec. Il A. We first discuss a simple case: a small QD
pertprba’uon in the. H|Ibe'rt space spannedHy which does without strain where we compare our results with those ob-
not include the spin-orbit coupling. Moreover only the low-

est few energy levels dfl, are included in the theory. Re- tained from the perturbation method. Then we discuss strain

cently, we have shown that the perturbation method is inadgependence of the SRT when the confinement of the quan-

equate in accounting for the electron structure and therefo twim well is very strong and there is only one subband. We

e . . . . .
the SRT in semiconductor QD’s: The SRT obtained from theﬁnISh Sec. Il A by showing the strain, magnetic field, and

perturbation approach used in the literab#®is several or- QD radius dependence of the SRT in the case of large well

ders of magnitude smaller than the exact vafulvestiga- width (multisubband effec)s Then we tum to the case of

. . o QD’s in the (111 quantum well in Sec. Il B. In Sec. llIC
tion on the SRT of a hole in QD’s is reported very recently . .
by Woodet all! Again, the perturbation method is used and V¢ show the well width dependence of the SRT in b@G)

only the SRT induced by the electron-phonon scattering dui’imd (111) quantum wells. We offer conclusions in Sec. IV.
to the deformation potential is considered. Many other ef-

fects such as the strain and multisubband effects as well as Il. MODEL AND HAMILTONIAN
the effect from the electron-phonon scattering due to the pi- L . L
ezoelectric coupling have not been studied in their work. We use a simplified model to study the spin relaxation in

In the present paper, we investigate the hole SRT of GaAQD'S that are defined by parabolic potentiglgr) in a quan-
QD’s confined in quantum wells alor(g01) and(111) direc- tum well of widtha. Due to the confl_nement of th_e quanj[um
tions by parabolic potentials by exactly diagonalizing the'ell: the momentum states aloagaxis are quantized. With
hole Hamiltonian with strain included. We calculate the holeth® hard-wall approximation, the hole momentum states
SRT due to the scattering with acoustic phonons by th&long thez axis are therefore characterized by the subband
Fermi golden rule after getting the hole energy spectra anffldexn;. The total Hamiltonian is given by
the wave functions from the exact diagonalization. We dis- H = Hy + Hagain+ Hon + Hine (1)
cuss how the strain, QD radius, magnetic field, temperature, ' . . o
and quantum well width affect the SRT. We show that strainn which Hy, is the 4x'4 Luttinger Hamiltonian for hole¥?
on quantum wells of different growth directions affects theWhen the growth direction of the quantum well is along the
QD spin relaxation in totally different ways: for QD’s in (001) direction(z axis) and the matrix elements are arranged
(001) quantum well strain changes the relative position ofin the order of],= +3, +2, -2 and -3, H,, can be written &
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0 R' -g P+ Q- 3keBk
in which
3o wp™h? 0 0 0
0 lmOO wOOl)Z 0 0
Ve(r) = 2 ) | 1,001 0012 ' 3)
0 0 S ) 0
0 0 0 s wp?h?
[
and F H | 0
t
2,212 Moo = H' G O | 7
P+Q=(nt 1[PE+ P+ (1 T 2705 “onm w0 6 - "
o I" -H" F
(4)
with the matrix elements being
o [a. Aifingn, : Dy, 3D,
S=- 2\*373m(1 = On,n)[Px=iPyl,  (5) F=- (Da+ S T+ e (8)
!/_ H D 3D
R=~\3{y,[P; - P]] - 2iy;P,P}. (6) G=- (oa - ?b)Tr(e) - 7bezz, (9)
In these equationsy, denotes free electron mass; v,, s,
and « are Luttinger coefficients; and, andn, represent the H=Dgy(ex— i€, (10
subband indiceswi’* and »** in the two-dimensional con- B
finement potentiaV/.(r) [Eq. (3)] represent the confinements V3 )
experienced by the heavy hole and light hole, respectively, I= ?Db(fxx_ €yy) ~ D g€y (11

and are given bywp’'=f/(m*d?) and w=#/(m’'d?),

with mﬁ\?lzm()/(')’l"'VZ) and mﬁl '=my/(y,-7,) standing for HereD,, Dy, andDy are the deformation potential constants.
the effective masses of the heavy hole and light hole in the is the strain tensor witl; denoting the tensor components.

direction perpendicular to the growtB01) direction andd  For (001)-oriented zinc-blende crystal the strain tensor com-
representing the QD diameter. By applying a magnetic fieldonents are given By

B along the growth(z) direction of the quantum well and o1 001 a-ay

adopting the Coulomb gauge=(-By/2,Bx/2,0), one has € =€y ST T (12)
P,=(fik,+eBy/2) and P,=(fik,~eBx2). .

From the Luttinger HamiltoniafEq. (2)] one can see that c
when the well widtha is sufficiently small and only the =2 (13
lowest subband in QD is importang=0 and the £ (-3) Cn
states can only mix with the:-(+3) states. Therefore there o01_ 001_ 001_ ) 14
is no mixing between the spin-up and -do(/su%) heavy-hole Sy Tz T x TV (14

states and between the spin-up and -ddw%l) light-hole  wherea; anda, are the lattice constants of epilay@aAs
states. Spin mixing between the spin-up and -down heavgnd substrate materials, ad@j,;, C,,, andC,, are the stiff-
hole and light hole is negligible when the energy differenceness constants. One can see that for(€fs)-oriented zinc-
between the heavy-hole and light-hole states is usually toblende crystalH=1=0 and the strain HamiltonialEq. (7)]
large. Nevertheless, for larger well width where higher sub-as only the diagonal terms. Therefore the strain does not
bands are neede® no longer equals zero and the spin-upinduce any extra spin mixing, but adjusts the relative posi-
and -down heavy-hole states are mixed with each other, meions of the heavy-hole and light-hole energy levels.

diated by the light-hole states. The same is true for the light- When the growth direction of the quantum wéllaxis) is

hole states. along (112) direction, the hole Luttinger HamiltoniaH,, is
The strain HamiltonianHg,,i, given by the Bir-Pikus the same as that in Eq2), but with the matrix elements
Hamiltoniart* has the form: being replaced by
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P+tQ=(ynt 73)[P2+ Pz] +(n+ 27’\0,);12772 25n n’s ﬁ:? E MQ)‘(a_Q}‘ +aqUexiQ 1), 21

(15) with Mg, being the scattering matrix elements. For longitu-
dinal acoustic phonons

J— —_

V6 . 23 2 2
=5 (12~ V[P +iP - —= 2y 7) 2 = 32772292914(3QxQ7sz)
E°pug q
%( =8, [Py —iPy] (16)  and for two transverse acoustic phonons
a[(ny)” = (n)“] ’
2 _ 32n’e’el, 212+ V22 + V22
3 121 Meey =" 2g, op | ST R
/3 2\6 =1,
R== " (y,+ 2y, [Py P, P+ = )
3 3 _(30.Q,Q) }
Q? '

4ifin)n,

X[ (y2- 73)m

(1_5n n’)[Px+iPy]:|- . . .
2z Herep is the GaAs volume densitg; , represents the piezo-
(17) electric coupling constant, arddenotes the static dielectric
constant. The acoustic phonon energy speetigare given
Moreover o2 % m®% and m®! in Eq. (3) should be DY @qi=vsQ for the longitudinal mode andg=vsQ for
replaced byw“l 111 rHl‘ll and n‘l‘ﬁ” which are given by the transverse mode withy andvg; standing for the corre-
111—ﬁ/(mﬁulld2) wlll_h/(mllnlle) m%Hll my/(y,+ys) and  Sponding sound ve_locitieQ:\s’Qi+Q)2,+Q§._ It is noted that
111_ this kind of scatteringloes notflip hole spin and therefore

m / respectively. From Eq4.15—(17), one U . AR
f|r|1Hds t?]gt(;?reﬁg fronp1 the prer|ou($)0])qcsz(ase)_r(1e?és and only when the hole wave function itself contains spin mixing
n HP contribute to spin relaxation. The other is hole-

R are nonzero even for the single-subband case. This meafi
d onon scattering due to the deformation potertig’. Hf'

when the growth direction is along th&11) crystal direc- P
tion, there is always mixing between the spin-up and -dowrfan be derived froantraln [Eq. (7)] by substitutinge;; in

0 . . .
heavy-hole states and the spin-up and -down light-hold=dS: (81—(11) by & =€;+¢;, and splitting Hgyzip into two
parts, one contains aII terms proportionaletoand the other

states.
11
The strain Hamiltoniargy;, for the (111)-oriented zinc- ~ contains all terms proportional tefj.~ The second part is
blende crystal is the same as that in EGs—(11), but now thereforeH{E! if €] represent the strain tensor components

caused by the sample aru;} are the tensor components
caused by the interaction between holes and lattice vibra-
tions. ¢; can further be written in terms of normal-mode
o =6y T ey = —(2— lio'Ye;, (18)  coordinates as laid out in detail in Ref. 11. It is pointed out
that Hﬁﬁf is spin-flip scattering as it contains nonzero off-
diagonal partH and |, and therefore can cause spin relax-
1 1 a1 1 ation even for the spin-up and -down sdtaf\tes with no spin
€y = €7 = €x =~ 5(1 + 1), (190 mixing in the wave functionsH;,,=HP'e+Hde

the strain tensor components are giveA®by

int int "
We diagonalize the Luttinger Hamiltonidt, in the Hil-

bert spacdn,|,n,,a) constructed by, which is the diago-
Sillo Cy1+3C15+4Cy, . (20 nal part ofHy:
2Cy1+4C1,—4Cy,

|\If€) E Cnlna

nin,o

). (22)

Substituting Eqs(18)—(20) into Egs. (7)—(11), one getsF
=G and the off-diagonal elementd and | are no longer HereHg|n,l,n,,o)=E¢
equal to zero. Consequently when one applies a strain on a

In,1,n,, o) with

n,ln,o

(111)-oriented zinc_—blende quantum well, the changes of en- (rln,l,n, o) =N, l(\;’ar)\l\e—arzlsz(arZ)eil0
ergy levels of the light and heavy holes are almost the same, ’
however the strain introduces additional spin mixing be- % \/Esin N7, (23)
tween the spin-up and -down heavy and light holes. a a /)’

th in Eq. (1) is the Hamlltoman of acoustic phonons and
is given byHpn=2q) ﬁwaanan with wg, standing for the ; 3heBk
phonon energy spectrum of branctand momentun®@. Two E 3= [ﬁQ(Zn +[I|+1) - hogl] £ ——
different hole-phonon scattering mechanisms contribute to nhgESml
the spin relaxation for the temperatures we consider here. h2m2n2

! . ; . ) my n;

One is hole-phonon scattering due to piezoelectric coupling, +— , (24
which is given by M, 2Med
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#eBk TABLE I. Parameters used in the calculation.
E 1= O[m0@n+[I| + 1) - hogl] £
n,I,nZ,tE mIII 2m0
5.3x 10°% kg/m® 12.9 6.85
mo A%mPng P 9 <12 "
7 > (25)  vg 2.48xX10°m/s D, -6.7 eV v 2.1
m;; 2Mpa vg 5.29% 10° m/s Dy -1.7 eV 329
In these equation®1=0,1,2,... andl=0,+1,+2,... are €1 1.41xX10°V/m Dg —4.55 eV k1.2
guantum numbers# denotes the growth direction which can Ci; 11.81 C125.32 Ci145.94

be (001) or (111); m¢, andmf, stand for the effective masses
of heavy and light holes in the direction, which are given
by Mo/ MO%L= 7, — 2, Mg/ MEL= 3, — 25, Mo/ M=y, + 25, 1. NUMERICAL RESULTS

and mp/m;"'=y1+ 273 Q=i+ wj With 0=/ (md?) and It is seen from our previous discussion that hole spin re-
wg=eB/(2my); and laxation in QD’s is very complicated and is affected by many
| 12 effects. When the quantum well is alof@01) direction, for
Ny, = ( an’ ) small well width (with only the lowest subbandnly hole-
" a(n+1|)! phonon scattering due to the deformation potential contrib-

utes to the spin relaxation; for big well widtfwith multi
with a=myQ/7. L) is the generalized Laguerre polynomial. subbandsthe hole-phonon scattering due to both deforma-
The eigenfunctiorf¥,) in Eq. (22) is a mixture of four  tion potential and piezoelectric coupling contributes to the
components: spin-up and -down heavy-hole and light-hol@pin relaxation. Strain itself in this case cannot bring addi-
states. We assign an eigenstét® be spin up if the spin-up  tional spin relaxation but influences it by changing or even
components are larger than the spin-down ones. A hole gbversing the relative positions of energy levels of the heavy
initial statei with energye and a spin polarization can be hole and light hole. Especially when a minus strain makes
scattered by the phonon into another sthtgith energye;  the energy levels of the heavy hole and light hole very close

and the opposite spin polarization. The rate of such scatteringy each other, spin mixing between spin-4down) heavy

can be described by the Fermi golden rule: hole and spin-dowr{-up) light hole can no longer be ne-
5 glected and therefore the hole-phonon scattering due to pi-
- : ; . . .
= —> Mo Nor (e — € — o ezoelectric coupling may contribute to spin relaxation also.
g 2| ol Tnond(e — &~ wq) Nevertheless, when the quantum well is alqidl) direc-

tion, regardless of the well width, there exists spin mixing
+(Ngy + 1) o€t = € + wqu) ], (26)  between spin-up and -down heatlight) holes in the eigen-
hfunctions of the Luttinger Hamiltonian. Therefore hole-
phonon scattering due to both deformation potential and pi-
ﬁzoelectric coupling contributes to the spin relaxation.
Moreover, strain itself in this case makes additional spin
mixing and induces additional spin relaxation. In this section
we perform a comprehensive investigation to find out the
relative importance of above-mentioned effects under vari-
bus conditions such as temperature and QD radius. The pa-

with FQ)\ representing the Bose distribution of phonon wit
mode\ and momentunQ at the temperaturd and Mg,
being the corresponding matrix elements. For hole-phono
scattering due to the piezoelectric couplingMo,|*
=|Mq\(f|€27]i)|?. It is noted that only when the eigenstates
iy and|f) contain spin mixing cao\Mq, # 0 be possible. For
hole-phonon scattering due to the deformation potential
|MQ)‘|2_|.<f|HQ"|I>|2. with Ho, the matrix for the hole- ., oi0rs ysed in the computation are listed in Tabfe'1.18
_deformanon potential. Aslg, itself contains spin mixing, it In order to ensure the convergence of the energy spectra
is therefore not necessary to have spin-mixed initial and final

i €, we use sufficient basis functions to diagonalize the hole
states to ensurdq, # 0. The total SRTr can be written as |, iitonian Hy. For example, in a QD wittB=1T, a

1 =5 nm, d=20 nm, and without strain we have to use 100
= :2 fiz | (27) basis functions to converge the lowest 40 levels; neverthe-
T f less, whema=20 nm we have to use 484 basis functions to

. . ~ converge the same levels.
in which f;=C exd —¢/(kgT)] denotes the Maxwell distri-

bution of theith level with C being a constant. It is pointed A. QD’s in (001) quantum well
out that ther calculated by this scheme well represents the
SRT when there is no significant mixing between spin-up
and -down states, which is the ordinary case where the heavy We first consider QD’s in a small001) quantum well
hole and light hole are far away from each other. However(a=5 nm without any strain. In this case the lowest eigen-
under certain strains in th@01) quantum well, the light- states ofH, are heavy holes and the separation between the
hole and heavy-hole states can be very close to each othheavy and light holes is around 0.1 eV. Due to the small well
and there is a significant mixing between spin-up and -dowmwidth, only the lowest subband is needed in the calculation.
eigenstatesr calculated by Eq(27) then measures the state Therefore, as pointed out above, only the hole-phonon scat-
lifetime and one should use other approaches such as thering due to the deformation potential contributes to the spin
kinetic equation approaéhto evaluate the SRT. relaxation.

1. Small well width without strain
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6feBk
AE= +|A[*(Eq.0.1,312~ Eo,0,1,1/2
107 - |B|2(E0,O,1,—3/2_ EO,O,l,—l/Q
z _ 6fieBx 3ky5(heB)*/(4my) (31
© T 2my  [phA(n¥at- )2 - (heBx)?’
in which the first term represents Zeeman splitting. The SRT
7 can therefore be written as
108 2AE3 2
30 35 40 45 50 30 35 40 45 50 1 DgAE"ng, f )
-= dorc,(6)(A-B
d (nm) d (nm) < ZW(ﬁvsk)“vskp o A (O)( )
FIG. 1. SRT vs the diametet. Curve with «: exact diagonaliza- qz
tion result with the energy sufficiently converged. Curve with Xex;{— 2—>I2(qz), (32
o

perturbation result. Curve witfb: exact diagonalization result but
with only the lowest two heavy-hole and the lowest two light-hole \yith Q=AE/(hvy), q=Qsin6, g,=Qcosd, and 1(q,)

levels used as basis functions. Curve villhexact diagonalization _g_2 cin50./2)/{aal4m2—(aq.)? N stands for the

result but with only the 16 energy levels Blfy as basis functions. braq:-lcheé quf) {pf?(zj[non' ( fgzg ]}iongitude modek,(6)

(&) T=02 K and(b) T=4 K. =sif(g)cog(h) and for two transverse modek;(6)
1 1 - .

. . _ =3sin(6)cos(26) and Kp(6)=5sin(6)cos(6), respectively.
t Ian'g't 1 Wf plot thte SI;I’_alsTa _funtf]tlon cif trllet.QD fjl_ﬁm The SRT’s calculated from E@32) are plotted as the curve

eter for '\tArI10- em[:ﬁra ure It - bt N d t? Ctﬁ cula Iotnd' € Ivvith X in Fig. 1(a), which coincides with the curve witfd

curves wi are the results obtained by the exact diagonal, »ineq from the exact diagonalization method but with ex-

ization method V\.”th Fhe energy Ieyels sufficiently converged.actly the same four basis functions used in the perturbation
Unexpectedly, differing from intuition as well as the results

of an electron spin in QD' it shows in Fig. 1a) that the method as basis. One can see that the $RIbesincrease

SRT increaseswith the OD diameter. with the QD diameter al=0.2 K. From Eqs(29)—(32) one

) finds that the SRT depends on the diameter only thramgh
To understand and check this result, we compare the r Vhich can be approximated inta=1/c? in the casew,

sults from the exact diagonalization method with those from_ "=, o o " re of wave functions and the en-
the perturbation approach widely used in the literabf, erg;.diﬁerenceA’E hardly change withd for /a2 1/d?

however with the proper modification by including the T?erefore only the exponential term éxp?/2a) in Eq. (32)

second-order corrections to the energy spectra as pointed o . ;
in our previous work? Here we treat the off-diagonal part of fast decreases witd. As a resut larger QD diameter corre-
sponds to longer SRT at low temperature.

the Luttinger HamiltoniarH,, as a perturbation and calculate . : . .
the SRT between the lowest two energy levels composed b As Shown in our previous work that the rlghF perturpauon
two lowest heavy-hole and two lowest light-hole states o pproach with the lowest f?W levels bk, as basis funchons
Hy: [0.0.1.0) with o= 2 and . The wave functions can may lead to a totally opposite treAlin order to rule out this
bo'wri’tt ’n . T==2 2 possibility in the present analysis, we plot in Figajlthe
€ enas SRT calculated from exact diagonalization method but with
16 eigenfunctions of, as basis functions, i.e|0,0,1 o),

(r|wy=(rl0,0,12) - A(r[0,0,1,-3), 0,1,1,0), [0,-1,10), and[0,2,1 0) with o=%3 and +3.
It is seen from the figure that it produces the sarvede-
pendence.

(r|w»=(rl0,0,1,-2) - 5(r[0,0,1}), (28) In Fig. 1(b) we plot the same curves but &4 K. It is

seen that at this temperature the SRT produces a maximum
versus the diametead. This is because at high temperatures
the scattering between the higher-energy levels becomes im-
_ portant. These high-energy levels are arrayed very close to
: \3ysheB each other. The increase of diameters makes more levels into
A=- 4y h2(mPla2 - o) — 4fieBri’ (29 the scattering channel and thus induces a faster spin relax-
ation if it overcomes the tendency described above. The per-
turbation approach here only includes the lowest two heavy-
V3v.heB hole and light-hole energy levels and therefore cannot obtain
Yahe .
B=- 22 . (30) the maximum feature here.
4y h*(ma”~ a) + 4heBx In Fig. 2a) we plot the SRT as a function of the tempera-
ture for a QD witha=5 nm andd=20 nm under three dif-
With the second-order correction to the energy included, théerent magnetic fields. From the figure one finds that the SRT
energy difference between the spin-p;) and spin-down decreases with the temperature as higher temperature leads to
|¥)) states can be written as larger number of phononsg, and consequently a larger

in which
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FIG. 2. SRT vs temperaturg for QD with a=5 nm andd /e
=20 nm.(a) Results under different magnetic fields. Curve villh
B=0.2 T. Curve withA: B=0.6 T. Curve with «:B=1T. (b) Re-
sults at B=1 T with contributions from different branches of hole (

FIG. 3. SRT and the energy spectrum of the lowest two heavy-
dashed curveand light-hole(solid curve states vs strain for

a QD in (001 quantum well ag=5 nm,d=20 nm, andB=1 T at
T=4 K. Note the scale of the energy spectrum is on the right-hand
side of the figure. Inset: solid curve, total SRT; chain curve, SRT
induced by the hole-phonon scattering due to piezoelectric cou-
pling; dashed curve, SRT induced by the hole-phonon scattering

. . . . _ due to deformation potential.
transition probability. Moreover, as pointed out in our previ-

16 T
ous work;” a smaller magnetic field makes the SRT drOpf_igure that the two lowest-energy states change from the

faster with the temperature due to the fact that a small mag-c - v-hole states to the light-hole ones. and correspondinal
netic field makes small spaces between different energy lev; Y 9 ' P gy

the SRT shows a minimum. Wheg/e®<-0.3 the initial

el_s and hence leads to a_faster response to the tem|c.)erature.slpﬁ“n states are light holes and i?ﬂregsing strain along the
Fig. 2(b) we further speC|_fy the contrlbutl_ons from different egative direction enhances the gap of light hole and heavy
branches of phonons. It is stressed again that only the hol le again and therefore the SRT is increased again
phonon scattering due to the deformation potential contrib- SR‘Ig arounde./ €=—0.3 needs more discussio% A.round
utes to the spin r_elaxat|on he_re. As the temperature is bel_()\%is point, the er”1engy Ie\./els of the heavy hole and.light hole
3\/:](' ,cht?)i oi%?;eg,lgex?t?;ds?;nxupcrf?arsgpé?-tﬂg\;]v?h ;’tt?:gﬁ; tll’? re close to each other and therefore as said before that the
reverse process, in which phonons are absorbed. Therefo ole-phonon scattering due to piezoelectric coupling is able

unless specified, the scattering rater 19 defined to be the t0' contribute to the spin relaxation. This can be seen in the

scattering from spin-up to spin-down states throughout thiénset of Fig. 3 W_here SRT due to the plezoelectrlc_coupllng 'S
aer. It is seen from the fiqure that the SRT here is deterQlotted as a chain curve and that due to deformation potential
g]ir?ed by the transverse mo%es is plotted as a dashed one. The solid curve is the total SRT.

Very close toe;/ '=-0.3, the SRT is determined by the hole-
phonon scattering due to piezoelectric coupling. However,
the contribution of piezoelectric coupling decays dramati-
As pointed out in the preceding section, strains(081) cally with little deviation of the strain from -0.3. When
quantum well can change or even reverse the relative posk;/e)<-0.29 or>-0.284, the SRT is totally determined by
tions of energy levels of heavy and light holes. Now we turnthe hole-phonon scattering due to the deformation potential.
to investigate QD’s under different strains(®01) quantum .
well with a=5 nm, d=20 nm, andB=1T at T=4 K. The 3. Large width
strain is adjusted by changing the strain tensor compogent Now we turn to investigate the SRT in a QD af
in Egs.(12) and(13). We plot the SRT versus,/eﬁ inFig.3 =20 nm,d=20 nm andB=1 T at T=4 K. For such a well
with q? obtained by substituting the lattice constants of GaAswidth, one has included states with=2. From Eqs(2)—5)
and InAs fora, and a;, respectively, in Eq(12). It is seen one can see that the scattering between different subbands
from the figure that wherg,>0. the SRTr increases with makes iﬁ states mix with é states. Therefore, hole-phonon
applied strain. This is because the positive strain enhancesattering due to the piezoelectric coupling makes contribu-
the gap between the heavy hole and light hole. Neverthelesspn to the spin flip scattering with or without strain.
in order for a spin-up heavy hole to flip to the spin-down In Fig. 4, we plot the SRT as function @ﬁ/eﬁ. It is seen
heavy hole, it has to go to a light-hole state first. Increasingrom the figure that the SRT shows a minimum around
the gap between the heavy and light holes greatly reduces the/ eﬁ’~ -0.01. This is because for large quantum well, the lift
spin relaxation and leads to the increase of SRT. When wef the I'-point degeneracy is very small and the lowest
apply a negative strain, as the gap decreases, the SRT deeavy-hole and light-hole states are very close to each other.
creases as shown in the figure. Particularlye‘ﬁits‘?:—os Again, the SRT increases with the applied positive or nega-
there is a crossing of energy spectrum as shown in the samie strain due to the separation of the heavy-hole and light-

phonons specified. Curve witll: contribution from longitudinal
phonons. Curve withh: contribution from the transverse phonons
of first branch. Curve with® : contributions from the transverse
phonons of the second branch. Curve with «: The total SRT.

2. Small width with strain
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. . FIG. 6. SRT vs the magnetic fiell for a QD in(001) quantum
FIG. 4. SRT vs strain for a QD if001) quantum well ata el at a=20 nm, d=20 T, andT=4 K under different strains.
=20_nm,d:20 nm, fanchl T atT=4 K. Solid curve: tota_ll SRT.  curve with -,e”/eﬁ’:o; m EH/q?:O.Ol; N s‘,/e‘?:0.0S; 0, fu/fﬁ)
Chain curve: SRT induced by the hole-phonon scattering due tQ—O.Ol;D, e”/q?=—0.02;><, e“/eﬁ’=—0.03; +16”/6‘(‘):_0.2_
piezoelectric coupling. Dashed curve: SRT induced by the hole-

phonon scattering due to deformation potential. . - . . . o
ticular efficient in the spin relaxations. As said in the preced-

ing section, the high-energy states are aligned very close to

hole states. Differing from the case of single subband, here : ) : .
. . . —_8ach other. The increase of diameter drives more states into
the hole-phonon scattering due to the piezoelectric couplin

makes a strong contribution to the SRT even without straingne scattering channel and partly compensates the decreasing

Nonetheless it is shown in the figure that for the case mtende_ncy. For larger negative striu“]_/e‘|<—0.2), the heavy
larger strain the SRT is mainly determined by the hole—and I'g.ht hOIGS. are separated again and_ the change .Of the
phonon scattering due to deformation potential SRT with the diameter becomes fast again as shown in the

i . . figure.
In Fig. 5 we plot the SRT as a function of QD diameder . - .
whena=20 nm under different strains with solid curves for The SRT as a function of magnetic fidkunder different

the strain-free case, chain curves for positive strain cases ayains aff=4 K is plotted in Fig. 6. As shown in Eq#29)

dashed curves for negative strain cases. Similar to the case i 'f]d (30), tht_e ?_pllr(lj rr_|1_|;]<|ng f|s eghanced wn_f:léhi/lmcrease of
small well width without strain in Fig. 1, for large well width "€ Magnetic Tield. Tnereioredecreases witl. Moreover,

without strain here the SRT also increases with the diametel"!Ia" (0 the case of the diameter dependence of the SRT,
for low temperature(T=0.2 K) [Fig. 5a)] and shows a ©°n€ finds that ther-B dependence becomes weak when a

maximum for higher temperaturéT=2 K) [Fig. 5(b)] negative strain is in the range —@:ZEH{eﬁ’<O. This is. be-
Strains keep these trends. Nevertheless for srT.1aII ne.gativC%use when the hea\./y.—hole states Intercept the I|ght-hole
strain -0.< eH/eﬁ’<0 the variations become smoother. This ohes, the Zeeman splitting, which appears in the denomina-

feature can be understood as follows: For negative strain th%orS of the spin mixing coefficiente.g., in the denominators

) . . .~ of Egs. (29) and (30)], becomes important, which partiall
heavy-hole states intercept with the light-hole ones at h'gr&omgen(sat)es thé in)grease of the s%in mixing withpthe myag-

energies. The states around these intercepting points are PRtic field(i.e., B in numerators of spin mixing coefficients

Therefore, the SRT changes wiBhslowly. However, for a

' --- R I larger negative strain which makes a big separation between
107 ¢--""" () T=02K !
______ fcoogmoe= the heavy-hole and light-hole states, th8 dependence be-
710§ ===77f TRRTARSESS ) comes stronger again.
Che— ]
10 — B. QD’s in the (111) quantum well
_____ PR—— -——-— 9
= we ---* (b) T=2K We now turn to investigate QD’s under different strains in
ERUE TEEEE Rt bt bt (117) quantum well. As pointed out before, differing from the
- 2 case 0f(001) quantum wells, there always exists spin mixing
167 /———"\* between spin-up and -down heaflight) holes in the eigen-

30 3 25 = %0 functions of the Luttinger Hamiltonian ofl111)-oriented
d (nm) quantum wells. Therefore, hole-phonon scattering due to
both deformation potential and piezoelectric coupling con-
FIG. 5. SRT vs the diametet for QD’s at a=20 nm andB tributes to the spin relaxation even there is no strain on QD.
=1 T under different strains. Curve with €/e’=0, X, ¢/’  Moreover, the effect of strain oi111)-oriented crystal is also
=0.07; 0, ¢/e’=-0.07; A, ¢/’=-0.09; ¢, ¢/’=-0.3.(a) T  different from the(001) case: The strain hardly changes the
=0.2 K; (b) T=2 K. relative position of energy levels of heavy and light holes,
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T (ps)

(ps)

20 25 30 35 40 45 50
d (nm)

1.0 05 0.0 0.5 1.0 FIG. 8. SRT vs the diametet for a QD in (111 quantum well

0
/< ata=5 nm andB=1 T under different strains. Curve with e/ e
_ =0; M /€)=0.12; A ¢/€)=0.28.(a): T=0.2 K, (b) T=4 K.
FIG. 7. SRT vs strain aa=5 nm, d=20 nm,B=1T, andT

=4 K. Solid curve: total SRT. Chain curve: SRT induced by the . . d ith B. Thi b foll “In th
hole-phonon scattering due to piezoelectric coupling. Dashed curvdXing ecreasesvith B. This can be seen as follows: In the

SRT induced by the hole-phonon scattering due to deformatioff@S€ when t,here is no intersubband spin mixing and the
potential. heavy- and light-hole states are separated from each other,

then almost all the spin mixing comes from the off-diagonal
but introduces additional spin mixing, which leads to addi-terms of the strain HamiltoniafEgs. (10) and (11)]. Using
tional spin relaxation. the perturbation method, and adopting the lowest four states

In Fig. 7 we plot the SRT versug/e) in @ QD ofa  of H, as basis, the wave functions are written as
=5 nm,d=20 nm andB=1 T atT=4 K. It is seen from the
figure that in opposition to th@01) case as shown in Figs. 3
and 5, here the SRalecreasesapidly with the increase of ~ (r[¥p) =(r0,0,13) +¢(r|0,0,13) + D(r|0,0,1,-3),
strain in both positive and negative directions. This is be-
cause the additional spin mixing introduced by the strain is
the main effect in the present case, which makes the scatter-(r[¥)=(r|0,0,1,-) + &(r|0,0,13) + #(r[0,0,1,-3),
ing rate increase with strain. Moreover, one finds that for (33)
small strain, the SRT is determined by the hole-phonon scat-
tering due to deformation potential but aftig/ € |>0.1,
hole-phonon scattering due to the piezoelectric couplingn which  C=mgH/(ieBx+Ae), D=mgl/(2ieBk+Ae),
starts to contribute to the spin relaxation and afiete)|  £=-mgl’/(2fieBx+Ae), and F=myH'/(fieBx+Ae) with
> 0.3 it takes over the scattering due to the deformation coud e=2y,AQ - 4y,h2m?/myaZ. H andl are the matrix elements
pling and becomes the leading contribution. However, bottof strain HamiltonianEgs. (10) and (11)], which are inde-
contributions should be included in the calculation whenpendent of the magnetic field. Consequently the SRT in-
strain is presented ifl11) quantum wells. creases witlB here.

We discuss the diameter and magnetic field dependence of
SRT under different strains. In Fig. 8 the SRT is plotted T T T
against the QD diametet for different strains. As the SRT 5
with positive and negative strains are almost symmetrical, 10 * 3% 3%
we only show the case with/e =0. It is noted that when - ' '
€/€'=0.12 the hole-phonon scattering due to the deforma-
tion potential is dominant but when it is 0.28 the scattering 10" p 1
due to the piezoelectric coupling becomes more important.
Similar to the cases in the preceding sections, the SRT in-
creases with diameter monotonically wh&r0.2 K [Fig.
8(a)] and has a maximum wheR=4 K [Fig. 8b)].

In Fig. 9 we show the magnetic field dependence of the
SRT under different strains. When there is no strain or very
small strain, similar to the case of QD in t@01) quantum
well and our previous investigation on electron spin in 0.2 0.4 0,'6 0.8 1.0
QD’s, the SRT decreases with the magnetic field. However, B (T)
for a little larger strain the SRincreaseswith magnetic
field. This is understood as the spin mixing induced by strain  FIG. 9. SRT vs the magnetic field ata=5 nm,d=20 T, and
in the (111) quantum well makes a major contribution to the T=4 K under different strains. Curve with €/€e’=0; X, /€’
spin relaxation for sufficient big strain. Nevertheless, this=0.01; +,¢/e)=0.02; M, €/e)=0.12; A, ¢/€’=0.28.

T (ps)
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' ' ' ' ] unlike the case of electron spin where the SRT is mainly
determined by the electron-phonon scattering due to the pi-
ezoelectric coupling, here only the hole-phonon scattering
due to the deformation potential contributes to the spin re-
laxation. Strain changes the relative positions of energy lev-
els of the heavy hole and light hole. A positive strain in-
creases the energy gap between the heavy hole and light hole
and enhances the SRT. A negative strain decreases the gap
and reduces the SRT until the interchange of the lowest-
energy states from heavy hole to light hole. After that the
SRT increases again. Moreover, very close to the transition
point, as the energy levels of the heavy hole and light hole
are very close to each other, the hole-phonon scattering due
5 7 9a 11 13 15 to piezoelectric coupling contributes to the spin relaxation
(nm) too. For large well width where the multisubband effect is

FIG. 10. SRT vs the well widtl at d=20 nm.B=1 T. andT _ important, the hole-phonon scattering due to the piezoelec-

=4 K. Solid curve,(001) quantum well: dashed curvél1l) quan- ¢ coupling contributes to the spin-flip scattering with or
tum well. without strain. Nevertheless the SRT is still mainly deter-

mined by the scattering due to deformation potential except
at the transition point. The magnetic field dependence of the
SRT is also discussed.

Finally we investigate the quantum well dependence of For QD’s in(111) quantum well things are quite different
the SRT of QD’s withd=20 nm andB=1 T atT=4 K. The  from those for QD’s in(001) quantum well: Hole-phonon
SRT’s of QD’s in (001 (111) quantum wells are plotted as scattering due to both piezoelectric coupling and deformation
function of quantum well widtha in Fig. 10. It is seen that potential contributes to the spin relaxation and should be
for both cases the SRT’s decrease with the well width, whichhoth included in the calculation, regardless of the well width.
is totally opposite to the cases of electron spin in @®&d  Strains can hardly change the relative positions of energy
quantum wells? This difference originates from the fact that |evels of the heavy hole and light hole but introduasdi-
for electron spin the spin-orbit coupling decreases dramatitional spin mixing. Therefore the SRT decreases rapidly with
cally with the well width!®!® Nevertheless, for hole spin strain: The SRT decreases with magnetic field as in the case
although the spin-orbit coupling also decreases wiffsee  of QD’s in a(001) quantum well and in our previous inves-
Egs.(5) and(16)], the decrease of the space between differtigation on electron spin in QD’s when there is no strain or
ent energy states is fastgsee Egs(4) and (15]. Conse- very small strain. However, for strain that is large enough
quently more states are included in the spin-flip scatteringhat the spin mixing is mainly determined by the strain, the

C. Well width dependence of the SRT

channel and- decreases with the well width. SRT increaseswith B. Finally we show that the hole SRT
decreases with well width for QD’s in bott®01) and (111
IV. CONCLUSIONS qguantum wells, which is totally opposite to the cases of elec-

. o tron spin in QD’s and quantum wells.
In conclusion, we have performed a comprehensive inves-

tigation on hole spin relaxation in GaAs QD’s confined in
guantum wells along001) and (111) directions by exactly
diagonalizing the hole Luttinger Hamiltonian. We find that  This work was supported by the Natural Science Founda-
for QD’s in (001) quantum wells with small well width tion of China under Grant No. 90303012, Anhui Provincial
where only the lowest subband is involved, the SRT  Natural Science Foundation and SRFDP. M.W.W. was also
creaseswith the QD diameter at very low temperatue2g.,  supported by the “100 Person Project” of Chinese Academy
0.2 K) or first increases until it reaches a maximum and therof Sciences and the Natural Science Foundation of China
decreases at higher temperatieeg., 4 K. These features under Grant No. 10247002. He would like to thank B. F. Zhu
are opposite to those of electron spin in QD’s. Moreoverfor valuable discussions.
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