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W e observe a stro ng anisotro py of spin re laxatio n and a decrease in t he
spin relaxation rate with increasing electron mobili ty in contrast to predic -

tions of the classical D ' yakono v{ Perel spin relaxation mo del. W e show that
for high electron mobility the cyclotron motion causes an additi onal modu-
lation of spin{orbi t coupling , leading to an e˜ective suppressi on of the spin

relaxation rate.

PAC S numb ers: 72.25.Rb, 73.21.Fg, 85.75. {d

1. I n t rod uct io n

Presentl y, the concepts of spintro ni cs are developed whi ch invol v e the uti -
l izati on of both the electro nic- and spin degrees of freedom. Carri ers can be easily
m anipul ated by appl yi ng externa l vol ta ges | a wel l kno wn to ol of classical elec-
tro nics. The fast spin relaxa ti on of conducti on electro ns usual ly impli es, however,
serious l im ita ti ons for most appl icati ons. Theref ore, analysis and understa ndi ng of
the relevant spin relaxati on mechanisms and the search f or an appro pri ate materi al
are of a basic im porta nce. The spin relaxati on ti m e in I I I{ V compounds is below
a nanosecond [1] and under opti mal condi ti ons sti l l a fracti on of a microsecond.
Here sil icon, due to m uch weaker spi n{ orbi t coupl ing, could be substa nti al ly better
sui ted.

In two -dim ensional (2D ) Si layers in Si / SiGe structures spin relaxa ti on ti m es
of the order of a few m icroseconds have been m easured by electron spin resonance
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(ESR ) techni ques [2{ 5]. It was shown tha t the Bychko v{ R ashba (BR ) spin{ orbi t
coupl ing [6] is the m ain ori gin of spin relaxati on in the 2D electron gas of a m od-
ul ati on doped quantum well wi th high m obi li ty [5].

2 . Mo d el p red ict io ns

The BR coupl ing acts on the conducti on electro n spin, ¥ , as an ẽ ecti ve
m agneti c Ùeld, B B R . Thi s R ashba Ùeld is oriented in-plane of the 2D layer and
perpendicul ar to electro n m omentum, ñh k: The resulti ng | k-dependent | zero
Ùeld spli tti ng is ñh ¨ BR = g ñ B B BR Â ¥ .

The di recti on of the BR Ùeld depends on the di recti on of the k -vecto r of the
electron and the spread of k -vecto rs results in a spread of the BR Ùeld. Co nse-
quentl y, the ESR frequency is shifted and the ESR l ine is bro adened. The mom en-
tum scatteri ng rate, 1 =§ k , causes a ti m e modul ati on of BR Ùeld whi ch leads to the
so-cal led D 'yak onov{ Perel (D P) spin relaxati on [7]. Mo dulati on of the BR Ùeld
leads to m oti onal narro wi ng of the spread of BR Ùeld. The narro wed l ine wi dth,
i .e., the spin decoherence rate, 1 =T 2 , is exp ected to be pro porti onal to §k . Al so the
longi tudi na l spin relaxati on rate, 1 =T 1 , corresp ondi ng to the spin l i feti m e, T 1 , is
predi cted to be proporti onal to §k . The DP model well expl ains the ESR frequency
and the l ine wi dth i f the externa l m agneti c Ùeld is di rected in the sampl e plane
[5]. For electro n concentra ti ons of the order of a few ti mes 1 0 1 1 cm À 2 the BR Ùeld
is of the order of 100 Gs.

3. R esul t s an d co n cl usion s

The to ta l l ine wi dth caused by the BR Ùeld, predi cted by the DP m odel , is
exp ected to be isotro pic [8]. In spite of tha t, the l ine wi dth observed in our sampl es
is highl y anisotro pic. As an exam ple, the dependence of the ESR l ine wi dth on the
di recti on of appl ied Ùeld is shown in Fi g. 1. For perpendi cular ori entati on of the
m agneti c Ùeld, ˚ = 0 , the l ine wi dth, Â ! (0 ) , is by an order of magni tude smaller as
compared to in-plane ori enta ti on, Â ! ( 9 0 ). Thi s ani sotro py rati o, Â ! (9 0 ) =Â ! (0 ) ,
increases wi th increasing electron mobi l it y. It is about Â ! (9 0 ) =Â ! (0 ) = 1 : 5 for
§ À 1

k
= 1 0 1 2 sÀ 1 and i t increasesto 10 for § À 1

k
= 5 È 1 0 1 0 sÀ 1 .

T o expl ain the observed peculiari ti es we consi der the inÛuence of the cy-
cl otro n m oti on on the spin relaxati on. In an externa l magneti c Ùeld, B , the cy-
cl otro n tra jectory is accompanied by a conti nuously changing BR Ùeld. As a conse-
quence, the BR Ùeld is addi ti onal ly m odul ated leading to a suppression of the spin
relaxa ti on by moti onal narrowi ng. The cycl otro n frequency of 2D electrons, ! c ,
scales wi th the perpendicul ar com ponent of the appl ied Ùeld, B cos˚ . Theref ore
the e˜ecti ve m odul atio n frequency, and thus the resulti ng spin relaxati on rate also
depend on ˚ .

Accordi ng to general rul es, both com ponents of spi n relaxati on are rul ed
by the Fouri er tra nsform s of the correl ati on functi on of the perturbi ng Ùeld [9].
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Fig. 1. Dep endence of the ESR line width of conduction electrons in a 2D Si/Si Ge

structure on the direction of applied magnetic Ùeld. ˚ = 0 stands for perp endi cul ar

direction to the layer. The solid line describin g the line w idth corresp onds to Eq. (4),

w hile the transverse and longitud inal comp onents of the spin relaxation rate are marked

by dashed lines and describ ed by Eqs. (3), (4).

Mo m entum scatteri ng and cycl otro n m oti on lead to the fo llowing expression for
the auto correl ati on functi on of the BR perturba ti on:

C ( § ) = h ¨ BR (§ ) ; ¨ BR ( 0) i = ¨ 2
BR exp

˚

i! c § À

§

§ k

Ç

: (1)

The resulti ng expressions for the longi tudi nal and tra nsverse spin relaxati on rates
are
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Here ! 0 i s the Larm or frequency, ¨ 2
BR ( 1+ cos2 ˚ ) | the vari ance of the perpendi c-

ul ar and ¨ 2
BR sin2 ˚ | of the longi tudi nal component of the BR Ùeld distri buti on.

The to ta l l ine wi dth is

Â ! =
1

2 T1

+
1

T2

: (4)

The l ines in Fi g. 1 corresp ond to Eqs. (2){ (4). ¨ BR i s the onl y Ùtti ng param -
eter. The observed angul ar dependence is well described by our m odel accordi ng
to Eqs. (2){ (4). A characteri stic maxi mum of the l ine wi dth occurs at ˚ ¤ 8 0 ,
correspondi ng to a resonance-l ike condi ti on at ! 0 ¤ ! c , where the energy of the
cycl otro n moti on can be tra nsferred to the spin system. ¨ BR i s the only Ùtti ng
parameter, but the ani sotro py rati o does not depend on ¨ BR . In tha t sense, the
theo reti cal predi cti on of a suppression of the spin relaxati on, and equivalent to
i t, of the extra ordi nari ly large ani sotro py rati o, is described wi tho ut any Ùtti ng
parameter.
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The present m odel im pl ies also a stro ng dependence of the suppression of
spi n relaxati on on the electro n m obi l it y. For low m obi l it y, ! c §k § 1 , Eqs. (2) and
(3) ta ke the classical form . The D P relaxati on rate is exp ected to be proporti onal to
the m omentum rel axati on ti me. The spi n relaxati on rate thus should increase wi th
increasing m obi l it y. For ! c §k > 1 , however, the opp osite dependence is expected
for the spin relaxati on rates accordi ng to Eqs. (3) and (4): here the higher mobi li t y
leads to slower spin relaxati on.
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