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Suppression of the D’yakonov-Perel’ spin-relaxation mechanism for all spin components
in [111] zincblende quantum wells
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We apply the D'yakonov-Pere(DP) formalism to[111]-grown zinc blende quantum well@QW'’s) to
compute the spin lifetimes of electrons in the two-dimensional electron gas. We account for both bulk and
structural inversion asymmetrfRashba effects. We see that, under certain conditions, the spin splitting
vanishes to first order ik, which effectively suppresses the DP spin relaxation mechanismllftiiree spin
components. We predict extended spin lifetimes as a result, giving rise to the possibility of enhanced spin
storage. We also studyt10]-grown QW's, where the effect of structural inversion asymmetry is to augment the
spin relaxation rate of the component perpendicular to the well. We derive analytical expressions for the spin
lifetime tensor and its proper axes, and see that they are dependent on the relative magnitude of the BIA- and
SlA-induced splittings.
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I. INTRODUCTION and[110] QW's. We start by computing the effective spin

If the current pace of electronic device miniaturization is Hamiltonians in a two-band model for tHe1l] and the
to continue, it is reasonable to think that the good use of thé110] cases. We then proceed to compute the ensemble life-
quantum properties of the electron will play a role in makingtime of the three spin components as a function of the rela-
this possible. Traditionally it has been the wave character ofive magnitude of BIA and SIA contributions following the
the electron that has been put to this use, resulting in devicegocedure from Refs. 17 and 18. We finally discuss the re-
such as the resonant tunnel dibdend the single electron sults and the device implications of our findings.
transistor

Another quantum property of the electron that only re-
cently has received attention for its potential for information Il. EFFECTIVE SPIN HAMILTONIANS

storage and processing is its spin. The study of spin dynam- To find the effective two-band Hamiltonians for the zinc

ics in two-dimensional electron gaséEDEG"s) is Cr“Ci"?". to blende QW'’s, we start from th@(k®) spin part of the Hamil-
the understanding of the operation of spin electrdsjin- tonian for bulk zinc blendé8

tronic) devices such as the Datta-Das transidtarnewly

proposed family of devicés$ is based on the special proper-
ties of the spin lifetime tensor due to the interplay between
bulk inversion asymmetfy(BIA) and structural inversion

Hpia = Y[kax(k5 -k +cpl, (1)

. . where ¢ are the Pauli matrices; are the electron wave
v/ i
asymmetry (SIA) in a[001] quantum wel(QW), as pointed o qtor components and c.p. stands for the cyclic permutation

out by Averkiev and GoluB,and Kiselev and Kinf. The 100 4eq 10 obtain the remaining terms of the Hamiltonian.
effects of SIA on the spin dynamics should always be kept in We first do a change of basis to expréss;, in natural

mind, as it can be unintentionally present in any heterOStrucéoordinates for thé111]- and[110}-grown structures. Then,

ture dge to uneven doping prc_)filé%surface e_ffects, different following the procedure in Refs. 12 and 20, we quantize
|fnterg|ffu5|lon' atl the bouf‘da”fs’ erzltc.DFjre\élous S;um;; h"’Wﬁlong the growth direction and, keeping only terms linear in
ound ar_laytulzg expressions for t ? yakonov- etelP) k,—second order terms ik vanish because of time reversal
spin lifetimes* in quantum wellSQW’s) taking into account o irements for the expectation valuekg®— we arrive at

BIA effects only? or considering both BIA and SIA for - - P
: X the following expressions for the BIA Hamiltonian pf11
[001] QW’s only®3 There have also been numerical-only QW's: g exp b1l

studies of the spin lifetimes ifil10] QW’s.** Experimental
studies in[110] structures have shown evidence of extended
spin lifetimes® and lifetime modulation by the application of
a gate biasd®

In this work we investigate how the interplay between
SIA and BIA affects the spin lifetimes for electrons[ibll]  and[110] QW'’s (Ref. 2]

29(k?)

T(kyo'x - kxa'y) ) 2

Heia[111=
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TABLE 1. Correspondence between growth orientation- B2 1
dependenk, y, z labels and crystallographic orientations =Ty = 21,= —5——, (7)
2aip Ky
Growth plane
(001) (110 (111
— — 2n\ — (V + n)! 2n
X [100] [110] [112] (T1k™y= N oKg, n=1, (8)
y [010] [001] [110]
z [o01] [110] [111]

with 7,=(v+ 1)1 (ky) being the transport time, the symbol

(-2 meaning a (nondegeneraje thermal average,k’

=2m'kgT/%? is a thermal wave vector, is the electron tem-

(3) perature kg is the Boltzmann factor, andh’ is the electron
effective mass. For the degenerate case the thermal averag-
ing is trivial and one obtains;=7;(kg), with ke being the

where the labels;, y, z depend on the orientation of the Fermi wave vector. We see that, as usual in the DP mecha-

structure(_see Ta_ble)l o ) nism, the spin lifetime is inversely proportional to the mo-
Upon inspection of the Hamiltonians in Eq®) and (3)  mentum lifetime.

we see that BIA causes lkrdependent effective magnetic A most interesting configuration f¢a11]-grown samples
field pointing in-plane for{111] structures, while it points gccurs whenagy =—ag. Then, ¢4=0 and the conduction
along the growth direction fof110] structures. Note that pands become spin degenerate to first ordef.ifhe most
Heia111 is formally identical to the Rashba Hamiltonian  sjgnificant consequence of this configuration is that the spin
lifetimes would be extended faany spin direction, as op-
Hg = ar(kjo, = keay), (4)  posed to spins alon§110] for (100 structures andugp
=ag,2 or spins perpendicular to the plane well €10
whereag, is the Rashba coefficient, whose value depends oBtructures andiz=0.12 Control of ag can be achieved by the
the particulars of the structural asymmetry present in theypplication of a gate bids25or by sample design with com-
Sample. We shall now see that this has important COHS%Ositionm asymmetry, providing a nonzesg at zero bias.

A

Hgiar110 = > Koz,

quences in the values of the spin lifetimes. Thus, properly biased111) QW's could act as spin reser-
voirs, or form the basis of a resonant spin lifetime transistor
IIl. [111]-GROWN STRUCTURES as has been recently proposed [fb@0] (Refs. 4 and band

[110] structureg®
We deﬁneaBIAzzy(kg)/\E_ At this point we drop the We have performed eight-baikdp calculations that show
[110] and[111] subindices where it is clear from the context the validity of our treatment. Figure(d shows the conduc-
to which structure we refer. The combination of E(®.and  tion band spin splitting as a function of the anglekgfwith
(4) yields the first order Hamiltonian fqr11] structures respect tok, for zero applied perpendicular bias and
-0.38 V, where we find thatg s =—ag. It is clearly seen
Hia1 = (agia + ar) (Ko — kay) = ain(K,ox — ko), (5) that forV=0 V (i._e., c_yR:_O) the splitting is fz_iirly independgnt
of the angle, an indication of the predominance of the linear
where we have introduced a parametgx=ag+ag de- regime. On the other hand, f¥=-0.38 V we see a much
scribing the combined effects of BIA and SIA in the hetero-smaller splitting(note the logarithmic scalewith an oscilla-
structure. tory character indicative of higher order kinterms dominat-
Since Eq.(5) is formally identical to the Rashba Hamil- ing the Hamiltoniar{see Eq/(9) below]. Plot (b) shows the
tonian, all the results that have been derived for the case ¢falculated dependence @f, (through ag) on the voltage
SIA only818will also hold even when BIA is accounted for, applied, illustrating the control o, with a gate voltage.

just by making the substitutiottg— a;a: We believe that the high values efy, are due to[111]
being the direction of maximum asymmetry in the zinc
L B2 1 blende structure.
n=7y=2r= 22 K (6) We can find the limitation that higher order terms impose
1A

upon these resonant spin lifetimes by following the proce-
ure of Averkievet all® For (111) structures, the effective

where the tilde indicates a magnitude that is evaluated at o X
B Hamiltonian will be

given energy and is the effective time for field reversal
due to the harrqonitzl of the scattering cross section, and
in general®227 (E)=$ o(¢,E)(1-cosl ¢p)d¢ . The spin di- —
rections will be perpendicular to the wave vector and in HlA,3=T%[k2(— kyoy + kyay) +\2(3KE ~ kﬁ)kyo‘z]- 9)
plane?324 v

Doing the thermal average of the corresponding scattering
rate$® and assuming, < E”, we obtain the spin lifetimes for If we add Eq.(9) to Eq.(5), we obtain the following results
a nondegenerate 2DEG population for the spin lifetimes:
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O

- _ 6h? 1
"= Ty = o — ,
X Y kz}l 12aﬁ,_\ - 4\;““3'}/CY|Ak2 + (1 + 27'3/7':0 ,ka4
(10)

-3 1
K271 (k% — 2\3a)2

Spin lifetime [s]

Since the scattering rate is proportional(té,)?, the k®
terms in Eqg.(10) are not correct in general because terms
arising from the combination dfi|, ;with fifth order contri-
butions toH,, are missing. However, we have kept tkie

terms here because they are correct in the special case whel(c) ~Olgy/ O
aa =0, giving the lowest order contribution to the spin scat- o .
tering rate. FIG. 2. Spin lifetimes for the three spin components[fad1]-,

Figure 2 shows the calculated lifetimes in the presenplo]' and[111}-grown QW's as a function of the ratio of the SIA

treatment for the two structures under study, and previougnd the BIA parameters. Note the resonance for all components for

. : . the case of 4111] structure, as opposed to a single component
[001] result§® are provided for convenience. Equatitt0) "
s plotted in Fig. %) for typical valuesk:=0.01A", Tp Eiig]ngrig(relt;ct)igonoﬂfaei:cic[nltlkg :tril:lCtrZIZiét-irohnetfnbsec:fg % f?err t:fes as
=1ps, y=186 eV A 27 g5, =11x 10710 eV cm (Ref. 28 as P prop

a function of the ratiavg/ ag 5. Plot(a) shows thd001] case defined in Eq/(13)

for comparison. The three spin lifetime components show the

predicted resonant spin lifetime whemk=-ag5. Equation  Therefore[111]-grown heterostructures provide DP suppres-
(10 by itself limits the lifetimes at the resonances to finite sion on par with110]-grown structures, with the added ad-
but very large values. In practice, other mechanfSniswill vantage the suppression is fall spin components, as op-
effectively limit the value of the resonant spin lifetime. posed to one component only.

045313-3



CARTOIXA, TING, AND CHANG PHYSICAL REVIEW B 71, 045313(2005
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IV. [110]-GROWN STRUCTURES corresponding lifetime&; are found by diagonalizing the
We also apply the present formalism to derive analyticalSpln scattering rate tensor
expressions for the spin lifetimes [110] QW'’s under the _ %2 1 R
combined action of BIA and SIA. Here we defings Tg:mg' E— X, (13
= %k?)/2, and the effective Hamiltonian due to inversion ROTBATTR
asymmetry is _ 72 1 agal + a2
= Ty~ 77 2 2 <o~ — T 5
Hia1 = agiakeo, + a’R(kyO'x - kxa'y)1 (11 K 2(2a2R+ a’élA) kz?p K Vag+ aélA
which induces a spin splitting ; equal to
!— ﬁz 1 - v + 2
A|A,l = 2k\'a2R+ a§|A CO§¢, (12) ':I"g 5 M

= > 5 — —_—

20K Vag+ ag
wherek and ¢ are defined by, =k cos ¢ andk,=k sin ¢. . . o

Figure 3 shows the spin splitting and directions for the Equation(13) is plotted in Fig. 2b) for the same values as
lower conduction band of §110]-grown QW for different in Fig. 2c). The 7, and 7,, components show regular behav-
values ofr = ag/ ag s andk fixed to 0.01A2L. In plot (a), the  ior, while the 7, component shows the resonant spin lifetime
distance from the line to the center indicates the amount othen ag=0 (Refs. 12 and 2Bthat has been justified above.
splitting, and the angle corresponds do For r=0 we see If aris due to some external bias, we see from @@) that
that spin splitting is highly anisotropic, coming from the BIA the spin lifetime along directiog will decrease proportion-
contribution of Eq(11). As the SIA effects, which are inher- ally to E™% whereE is the applied electric field perpendicular
ently isotropic, grow, the splitting becomes more and moreo the QW plane. In practice, this resonance will have a finite
isotropic. The spin directions far=0 [plot (b)] have very peak height due to the other mechani$ing starting to kick
interesting behavior. The effective magnetic field alwaysin. In principle, higher order itk terms might also limit the
points along #, independently ofk.2 This will result in ~ spin lifetime at the resonance. However, we see thakthe
absence of precession for spins alangnd the DP mecha- terms that should be added to Eql) are given by
zlesrr]rs é?rszﬁ:lr; relaxation will be suppressed for that compo H|3A = (- k§/2 +k§)kxcrz. (14)

The proper axes of the spin lifetime tensor are dependerithe direction of the effective magnetic field is stilirre-
on the value ofag and ags. Their orientationi and their  spective of the value df. As a consequence, the resonance
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is not destroyed by the inclusion of th& terms, as noted by z spin component 0f110] QW’s can be made to show the
Hall et al?® As for the case of111] structures, the possible same level of suppression of the DP mechanism, but the
effect of higher thark® terms in the Hamiltonian would be other two components will always have the non-resonant dy-
shadowed by the onset of the other spin relaxation mechaxamics. This effect ii111] QW’s can lead to the relaxation
nisms. of design constraints in devices such as the spin-LED or the
resonant spin lifetime transistor. Also, these structures may

act as a spin storage stage.
V. SUMMARY
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