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W e investi gate the spin resonan ce of electrons in one-sided mod ulatio n
dop ed Si 1 À x Gex ( x = 0{ 10%)) quantum w ells deÙned by Si 0 : 7 5 Ge0 : 25 bar-
riers . In such structures , the Bych ko v{ Rashba e˜ect induces an e˜ective

magnetic Ùeld in the quantum well layer w hich causes anisotropy of both
the g- factor and the spin coherence time. Ev aluation of the Rashba coe£-
cient as a function of x yields a monotonic increase. For x = 5% the shif t

in the resonance Ùeld exceeds the ESR linew idth already , demonstrating the
p ossibili ty to use this e˜ect for g -factor tuning to select indivi dual spins in
an ensemble.

PACS numb ers: 73.21.Fg, 85.75. {d

1. I n t rod uct io n

Am ong the cri teri a for spi ntro nics and quantum computi ng are (i ) the pos-
sibi l i ty to mani pul ate indi vi dually addressable spins in a large ensemble and (i i ) a
spi n coherence ti me tha t exceedsthe mani pul ati on ti m e by orders of m agnitude [1].
Lo w di mensional structures bui l t from Si1 x Gex appear as possibl e candi dates for
such ta sks. It has been shown tha t the spin coherence ti m e in Si quantum wells
deÙned by SiGe barri ers is of the order of 1{ 3 sec [2{ 4], three orders of m ag-
ni tude longer tha n in I I I{ V compounds [5], a consequence of the m uch smal ler
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spi n{ orbi t intera cti on (SOI) in Si [6]. Exp erimenta l ly, the spin l i feti mes have been
determ ined both by standard electron-spin- resonance (ES R) exp eriments and by
spi n-echo exp eriments. The latter demonstra te di rectl y a possibl e and very preci se
wa y of spi n m anipula ti on: in thi s m etho d, spins are rota ted by an angle of ¤ =2

or ¤ , depending on the chosen microwave pul se length, and decoherence pro cesses
can be observed di rectl y by looki ng at the echo am pl itude [6].

In these experim ents, a reasonabl e com prom ise between pul se am pl i tude
and pul se wi dth im pl ies a pulse length of about 10 ns. The rati o of coherence
ti m e to m anipula ti on ti me thus is onl y of the order of 100 wherea s 1 0 4 have been
postul ated [1]. We have shown earl ier, however, tha t spin relaxati on in Si quantum
wel ls is governed by the Bychko v{ R ashba e˜ect [2] whi ch resul ts from one-sided
m odul ati on dopi ng and the resulti ng loss in m irro r sym metry . Thi s e˜ect has
been shown to a˜ect the l inewi dth (and thus the tra nsverse spin relaxati on ti m e),
the g - factor and the longi tudi na l spi n relaxa ti on ti m e vi a the D ' yakonov{ Perel'
m echani sm [7]. W e have shown tha t a spin coherence ti m e of 25 ñ sec can be
exp ected for high m obi l it y sampl es, i f the asym metry can be rem oved whi ch leaves
us wi th the intri nsic El l iott{ Yafet spin relaxa ti on [3, 8, 9]. For quantum dots made
of II I{ V com pounds the spin coherence ti m ehas been shown to increa sesti l l further
so tha t i t app ears possibl e to ful Ùl the cri teri on of a rati o of 1 0 4 for quantum dots
in SiGe structures .

The other cri teri on m enti oned is the possibi l ity to select indi vi dual spin
wi thi n an ensemble for mani pula ti on. W e proposed earl ier to make use of the
dependence of the g - factor on the al loy concentra ti on in an Si1 À x Gex al loy [4].
Appl yi ng an electri c Ùeld perpendicul ar to the sampl e surface wi thi n a structure
tha t exhi bi ts a gradient of x in growth di recti on z wi l l shift the wa vefuncti on
in z di recti on [10] and as a consequence the -f actor can be \ tuned " into or out
of resonance when a m icrowave Ùeld of suita ble frequency is appl ied. W e have
al ready demonstra ted tha t the shift in resonance exceeds the l inewi dth al ready
for %. In thi s paper we inv estigate the e˜ect of Ge in the channel in m ore
deta i l on sam ples wi th a sti l l higher m obi l it y and we demonstra te tha t, l ike for
pure Si channels, the Bychko v{ R ashba Ùeld is also the m ost essentia l contri buti on
for both spi n relaxa ti on and the g-factor. W e evaluate the Bychko v{ R ashba co-
e£ cient and we observe an increase in i t wi th increasing from 0 to 10%. Thi s
increase appears surpri sing at Ùrst glance since the barri er height decreases (the
Ge concentra ti on in the barri er rem ains almost constant in our sam pl e series)
and theref ore we appro ach rather the case of bul k m ateri al wi th a Ùeld gradient.
A possibl e concl usion from tha t wi l l be tha t the higher SOI in Ge-al loyed Si or an
addi ti onal -gradi ent wi thi n the well is responsible for thi s e˜ect.

Sampl es were grown by m olecul ar beam epi ta xy on 3 m thi ck, step-graded
and ful ly relaxed Si1 y Gey bu˜ers (nom inal ly 0 25) on to p of a (100) Si
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substra te. The quantum wel l consi sts of Si1 À x Gex (0 ç x ç 0 : 1 ), i t has a thi ckness
of 12 nm and thus i t is pseudom orphi c and stra ined. The stra in causesa spli tti ng
of the Â 2 conducti on band m inima in such a way tha t only the ell ipsoids wi th
thei r main axi s oriented perpendicul ar to the sam ple surface (m 0 ) are
popul ated. On top of thi s a spacer ( : 0 25, nm ) and an Sb doped
layer ( nm , [Sb] = 101 8 cm 3 ) are grown, fol lowed by another bu˜er (the
sam e ) and a 10 nm Si cap.

Al tho ugh the Ge concentra ti on is well repro duci bl e wi thi n one run, it is
di £ cul t to predeÙne vi a the growth parameters in our MBE system . The exper-
im enta l determ inati on of and by X-ray techni ques and secondary ion mass
spectroscopy (SIMS) poses also some pro blems. Theref ore we used low- energy
R utherf ord backscatteri ng (500 keV He) to inv estigate the compositi on of our
relati vel y com plex layer sequence [11]. Results are given in the T able.

T ABLE
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W e investi gate the conducti on electron spin resonance in modulati on doped
SiGe quantum wel ls in a standard X- band spectrom eter (Bruker El exsys E 580)
wi th a TE1 02 cavi ty . Typi cal spectra are given in Fi g. 1. In the upp er half of
the diagram , spectra are shown f or perpendicul ar m agneti c Ùeld, in the lower
hal f | for in-pl ane Ùeld for the three sampl es wi th a nom inal x of 0, 0.05, and
0.1, respectively. The spectra exhi bi t asym m etry appro achi ng rather a D ysonian
shape whi ch has been expl ained in term s of electri c di pole contri buti ons [3]. It
is clearl y seen tha t the resonance Ùeld shifts to wards higher Ùeld (l ower g - factor)
wi th increasing x and at the sam e ti m e the l inewi dth increases.

3. In t er pr et at io n an d d iscu ssio n

W e have earl ier shown in a deta i led inv estigati on of the inÛuence of the elec-
tro n density and the m omentum relaxa ti on ti me on the ani sotro py of the g -factor
and the ESR l inewi dth and also on the longi tudi nal spin relaxati on of hi gh m obi l -
i ty Si quantum wel ls tha t these quanti ti es can be expl ained consi stentl y in term s
of the Bychko v{ Rashba Ùeld, H B R , whi ch results from the one-sided m odul ati on
doping of our sam ples [3, 12]. In the present situa ti on, the cycl otro n frequency is
in the range ! c § ¿ 1 and thus H BR can be trea ted as a smal l perturba ti on and
we obta in for the g -factor [2]

cos (1)

where is the stati c resonance Ùeld, | i ts incl inati on angle wi th respect
to the surface norm al , | the unp erturb ed - factor of SiGe, | the 2D
electron density and stands for the R ashba coe£ cient whi ch characteri zes the
SO intera cti on resulti ng from bi -l inear term s in the -vecto r and the spi n in the
Ha mi l to nian.

For the l inewi dth for in-pl ane Ùeld ori enta ti on we obta in [2, 13]

(2)

Both quanti ti es can be evaluated from the spectra shown in Fi g. 1. The
R ashba coe£ cient can be evaluated thus from the - factor anisotro py and inde-
pendentl y from the l inewi dth. R esults are given in Fi g. 2 as a functi on of al loy
compositi on .

From Fi g. 1 we see tha t for 5% of Ge in the quantum well the shi ft in
the resonance Ùeld exceeds the l inewi dth al ready by a factor of 5 for in-plane
ori enta ti on and by roughly a factor 3 for perpendicul ar Ùeld. Thi s shows tha t
the resonances are clearly separated at an even lower Ge concentra ti on. Thi s is
im porta nt because the spi n coherence ti me wi l l be longer for lower .
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Fig. 2. BR parameter as a function of Ge concentration, calculated from g -factor

anisotropy (solid circles) and from linew idth (solid squares). the triangle represents the

BR parameter for a pure Si quantum w ell obtained earlier (see Ref. [2]).

W e concl ude thus tha t the use of di ˜erent compositi ons of SiGe al loy can be
a useful to ol for the engineering of spintro nic structures where i t is importa nt to
have a possibi l i ty for selecti ve spi n mani pul ati on by g - factor tuni ng.

Our evaluati on of the BR Ùeld in SiGe QW shows tha t, in spi te of the
exp ectati on based on the fact tha t tha t the height of the barri er decreases, the BR
parameter in al loyed QW ' s is bi gger tha n in a pure Si QW . Thi s observati on leads
to the concl usion tha t either (i ) the spin{ obi t param eter in the quantum wel l or
(i i ) a gradient of the Ge concentra ti on wi t h i n the QW can be an im porta nt source
of the BR e˜ect. The data show tha t thi s contri buti on can be even more importa nt
tha n an e˜ecti ve electri c Ùeld in the QW and the asym metry of the QW interf aces.
Such a concept woul d also expl ain the puzzl ing e˜ect observed in pure Si QW ‘s
where the BR param eter is almost independent of the electron concentra ti on.
The latter should screen the electri c Ùeld and thus m odi fy the penetrati on of the
electron wa ve functi on into the barri er.
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