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Evidence and evaluation of the Bychkov-Rashba effect in SiGeÕSiÕSiGe quantum wells

Z. Wilamowski,1,2 W. Jantsch,1 H. Malissa,1 and U. Rössler3
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From spin resonance of two-dimensional~2D! conduction electrons in a modulation doped SiGe/Si/SiGe
quantum well structure we find a 2D anisotropy of both the line broadening~dephasing time! and theg factor.
Both can be explained consistently employing the Bychkov-Rashba~BR! term HBR5a(k3s)•ez , which
turns out here to be the dominant coupling between electron orbital motion and spin. We obtain a BR parameter
of a50.55310212 eV cm—three orders of magnitude smaller than in quantum well structures based on III-V
semiconductors, consistent with the much smaller spin-orbit coupling in Si.

DOI: 10.1103/PhysRevB.66.195315 PACS number~s!: 72.25.Rb, 73.21.Fg, 85.75.2d
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I. INTRODUCTION

Present attempts to realize an electronic device base
the spin of electrons instead of its charge has stimulated
tensive investigations of spin properties in relation to
electronic properties. Conduction electrons are natural ca
dates for such devices, especially in low-dimensional s
tems, where electrons can easily be manipulated by app
voltages or by illumination with light. For two-dimensiona
electron systems~2DES! it has already been shown that th
electrical conductivity depends on the spin polarization.1,2,3

Thus, in principle, electrical measurements are capable
detect the spin state of a 2DES. In this context the Bychk
Rashba~BR! term4,5 HBR5a(k3s)•ez has recently re-
ceived much attention. Herek is the in-plane momentum o
the 2D electron,s the vector of the Pauli spin matrices,ez
the symmetry axis of the quantum well structure, anda is a
parameter that depends on the geometry of the quantum
potential gradients and on the composition of well and b
riers. The BR term couples spin and orbital motion of t
confined carriers. It has been proposed as a method to
nipulate spins as required for spin transistors6 or quantum
computing7 in materials with largea. On the other hand
since the BR term leads to an additional channel for s
lattice relaxation,8 materials with smalla are preferable if
long spin lifetimes are needed. The role of the BR term
been extensively studied also in the context of the metal
insulator transition in the 2DES.9,10

In this paper we employ high-resolution conduction ele
tron spin-resonance~CESR! to study the effect of the carrie
concentrationns on the spin properties of 2D electrons in
quantum wells embedded in SiGe barriers. We find an ani
ropy both in theg factor and in the CESR linewidth tha
increases with increasingns . This effect is explained by in-
voking the BR term. The material- and geometry-spec
weighting factor a is extracted here from the measur
anisotropies. As it turns out from our investigation, CESR
a very sensitive tool to evaluate the BR spin-orbit coupl
quantitatively. Its sensitivity is by orders of magnitude high
than that of methods based on~i! beating effects in magnet
oscillations,11,12 ~ii ! Raman scattering,13 or ~iii ! the investi-
gation of weak localization,14,15which were applied to quan
tum structures based on III-V semiconductor where the z
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field spin splitting is much bigger. To our knowledge th
present study is the first one that invokes the BR term
interpret spin-orbit effects in modulation doped quantu
well structures based on materials~such as Si and Ge! having
a center of inversion.

II. EXPERIMENT

We investigate modulation doped Si quantum w
samples grown by MBE on 1000V cm, ~100! Si substrates.
The layer sequence and the conduction band edge are
cated schematically in Fig. 1. First, a graded buffer layer
Si12xGex is deposited that, owing to its thickness of 2.5mm,
is relaxed. On top of this, a pseudomorphic layer of Sid
512– 20 nm) is grown which finally forms the quantu
well. This quantum well is strained due to the larger latti
constant of the relaxed buffer material, which splits the
equivalentD1 conduction band minima into two with thei
main axis of the constant energy ellipsoids along growth
rection and four ellipsoids with their main axes in-plan
Since the valleys oriented perpendicular to the interface
lower in energy, only these are populated. Therefore cond
tion electrons in the channel exhibit only the transverse m
(m* 50.19m0) and thus high mobility. The latter is limited
at low temperatures by the ionized donors which are acc

FIG. 1. Sample structure, for details see text. The conduc
band edge and the electron density in the ground state of the 2
are indicated.
©2002 The American Physical Society15-1
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modated in a doping layer, separated from the quantum
by the second barrier formed by Si12xGex (x50.25) of 12
nm thickness. The doping layer has the same composi
but contains typically 731017 cm23 of Sb. Finally another
undoped Si12xGex layer and a cap layer is deposited. T
same type of samples was used in Ref. 3 where also
mobility of the 2D carriers was discussed: at low tempe
tures mobilities of up to 200 000 cm2/V s at 2 K were ob-
served at electron densities exceeding 331011 cm22.

In this paper, three samples with different donor conc
trations were investigated. The one with the higher conc
tration exhibited a constantns of 431011 cm22. Two others,
with lower donor concentration, showed complete carr
freeze-out below 40 K and strong persistent photoconduc
ity upon illumination with band gap light. This enabled us
increase the electron concentration in the quantum well s
wise by short illumination up to a saturation value of
31011 cm22. The change in electron concentration is a
companied by a change of electron mobility. Thus we
able to investigate the dependence of spin relaxation on
Fermi k vector and on the momentum scattering rate.

We investigate ESR in a standard Bruker X-band inst
ment operating at a frequency close to 9.44 GHz. We us
rectangular TE201 cavity where the sample is placed as c
as possible to the nodal plane of the electric microwave fi
where the magnetic field is maximum. As usual, the sta
magnetic field is modulated, in our case with a frequency
6 kHz and an amplitude of down to 1mT allowing us to
resolve the narrow lines due to the CESR. In the detec
system a lock-in amplifier is used. The signal obtained
proportional to the derivative of the microwave absorpti
with respect to the magnetic field. Typical spectra are giv
in Fig. 2 for different orientations of the external static ma
netic field. In this standard ESR experiment we observe
CESR of the high mobility 2DES~inset to Fig. 2! and simul-
taneously its cyclotron resonance~CR!.3,16 The latter allows
us to determine the carrier densityns and the momentum
relaxation ratetk in situ.16 Making use of the persistent pho
toconductivity in our structures16 we follow the dependence
of CESR parameters onkF , and also on the direction o
applied magnetic field, momentum relaxation rate 1/tk and
sample temperature.

In Fig. 3 the CESR linewidth is plotted for two differen
orientations of the magnetic field as a function of tempe
ture. Practically no influence of temperature is observed
the linewidth if the magnetic field is oriented parallel to t
layer plane (Q590°). For perpendicular orientation@field
applied parallel to the growth direction (Q50°)], the ob-
served line is very narrow and additional narrowing is o
served with increasing temperature. The resonance fiel
practically temperature independent in the whole range
temperatures investigated—from 2 to 50 K. As can be s
in Fig. 2, both the resonance field and the linewidth dep
on the direction of applied field. The magnitude of the
anisotropies change from sample to sample and depen
the electron concentration.

Experimental results for the electrong factor are given in
Fig. 4. Theg factor for a magnetic field perpendicular to th
layer (Q50) is bigger than for in-plane orientation. Theg
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factor is practically temperature independent in the wh
range of temperatures investigated—from 2 to 50 K. T
anisotropy of theg factor Dg5g(0°)2g(90°), is shown in
Fig. 4~a! as a function ofns and in Fig. 4~b! its mean value,
defined aŝ g&5 bg(0°)12g(90°)c/3 is plotted. Both quanti-
ties vary linearly withns . Qualitatively the same behavio
was reported in Ref. 2.

The CESR of 2D electrons in Si/SiGe structures is ch

FIG. 2. Cyclotron resonance signal~first derivative with respect
to magnetic field! for different angles of the applied static magne
field as observed in a conventional ESR spectrometer. The i
shows with strong magnification the region aroundg52 that cor-
responds to the conduction electron spin resonance. Tempera
microwave frequency, and power are indicated.

FIG. 3. CESR linewidth as a function of temperature for diffe
ent electron densities and in-plane and perpendicular orientation
the magnetic field.
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acterized by a very narrow linewidthDH, which depends on
the direction of applied magnetic field. For in-plane orien
tion the line width is typically of the order of 50mT, but for
perpendicular orientation the linewidth becomes smaller
an order of magnitude. The narrowest linewidth we obser
is 3.4mT ~see Figs. 2 and 3!, about two orders of magnitud
narrower16,17 than that of typical ESR lines of defects in S
The line width at 1.9 K for in-plane orientation is plotted
Fig. 5~a! as a function ofns . We find ~see below! that this
line width, expressed usually by the transverse relaxa
rate D2 ~which is the inverse dephasing time! for Q,90°
exceeds the one caused by finite spin lifetimeD151/ts
,D2 . For metals, the opposite is true since the spin lifeti
~the longitudinal spin relaxation! is limited rather by momen-
tum scattering. In our samples this is apparently not the c
because of the high mobility. Only forQ close to 0° the line
width is limited byD1 ~see below!.

In order to test the mechanism of spin relaxation we
vestigate also the momentum scattering rate which manif
itself in the CR linewidth. Figure 5~b! shows the CR line-
width as a function ofns as obtained from three samples wi
different doping concentrations.3,16 For low ns , close to the
metal-to-insulator transition, the CR linewidth shows a te
dency to diverge as the potential fluctuations diverge du
breakdown of screening.3

III. MODEL AND DISCUSSION

Usually, the discussion of the resonance field and of
linewidth requires a complex analysis of various mec

FIG. 4. ~a! Measuredg-factor anisotropy~circles!, Dg5g(0°)
2g(90°) vs electron concentration. Dashed line: fit resulting in
BR parameter ofa50.55310212 eV cm. ~b! Mean g value.
Dashed line: Rashba contribution obtained with the samea param-
eter as in~a!, dash-dotted line: effect of nonparabolicity withb
adjusted to achieve agreement of the combination of the two eff
with experiment~full line!.
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nisms. In the case of Si, however, the concentration of i
topes with nonzero nuclear spin is very small and the s
orbit coupling of conduction electrons is very weak. As
consequence, theg factor is very close to 2 and the commo
mechanisms of line broadening, caused by spin-phonon
hyperfine coupling, are negligible. As we show below, all o
observations can be well described considering weak s
orbit ~SO! interaction. The isotropic part of SO couplin
shifts theg factor. The pronouncedg factor and linewidth
anisotropies, however, can be described by the Bychk
Rashba term that exists here because of the structure ind
loss of mirror symmetry due to one-sided modulation dop
of our samples.

A. The Bychkov-Rashba field

The most general form of spin-orbit coupling can be fo
mulated as (¹V3p)•s, which is a scalar product of two
pseudovectors~the vector product of a potential gradie
with the particle momentump and the vector of Pauli spin
matricess!. For a QW structure,¹V can be identified with
the built-in electric field~parallel toez) and p5k with the
in-plane momentum of the confined particle. Thus we arr
at the formHBR5a(k3s)•ez as originally postulated by
Bychkov and Rashba.4,5 HBR causes a spin-splitting of elec
tronic states already in the absence of an external magn
field. Spin degeneracy is a consequence of simultaneous
tial and time inversion symmetry as, e.g., in bulk Si or G
Here the spatial inversion symmetry is broken, however,
the formation of a noncentrosymmetric SiGe/Si/SiGe Q
structure with single-sided doping. The overall symmetry
such a QW’s isC4v ,18 which is also the group of the wav

ts

FIG. 5. ~a! CESR linewidth for in-plane magnetic field. Th
inset shows the angular dependence of the linewidth.~b! Cyclotron
resonance linewidth for perpendicular magnetic field.
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vector at the conduction band minimum in bulk Si. T
Hamiltonian in all its terms has to be invariant under th
symmetry group, as it is the case for (k3s)•ez5kxsy

2kysx . Therefore such a term may exist in sample str
tures such as ours. The Zeeman splitting in an external m
netic field Hex is in competition with the BR splitting: for
large Hex, the former dominates while the latter survives19

for Hex→0.
The 2DES constitutes a Pauli paramagnet and thus C

detects only electrons close to the Fermi energy. The la
increases with increasing carrier concentrationns . The
Fermi surface of a 2DES is a circle with radiuskF

5A2pns. The Fermi vectorkF enters the Rashba term i
HBR and increases withns . Thus the dependence of esse
tial spin properties such as theg factor and the CESR line
width on ns should bear information on the BR spin-orb
coupling. We quantify this by dividingHBR by g0mB to
convert it into a magnetic fieldHBR5(2akF /g0mB)ek3ez
that can be compared with the external fieldHex which rules
the Zeeman splitting. Here,g0 is the g factor andmB the
Bohr magneton.

By definition, the BR field acts on the spin splitting but
does not affect the orbital motion. Because of that the
and the external fields can be treated as additive only in
case when the cyclotron motion and thus the diamagn
quantization can be neglected. As it is shown below, in t
case a simple analysis of the effect of the BR term of
CESR is possible. In our samples, Shubnikov de Haas o
lations occur only at magnetic fields of more than 1.5
which exceed that of CESR a few times even for the high
mobilities that occur for high carrier density. The appare
discrepancy of a high threshold field and high mobility c
be resolved in terms of dominant small angle scattering
results from smooth potential fluctuations due to remote i
ized donors.3 This small angle scattering disturbs the CR b
has little influence on the mobility. In this situation the a
proximation of weakly scattered plane waves with well d
fined k vectors appears more appropriate as compared to
rigorous analysis in the presence of well defined Land
states which is necessary for strongly quantizing magn
field.20 Therefore in the present case, the external field
the Rashba field can be added to describe their effect o
particular electron. For in-plane orientation of the appli
field, Landau quantization for the 2DES vanishes and t
the approach of the additive BR field becomes exact.

B. Effective g factor

The effectiveg factor given in Fig. 4 was evaluated a
usual from the externally applied fieldHex at which reso-
nance occurs and from the microwave frequency. In the p
ence of the BR fieldHBR, however, the resonance conditio
takes the form\v5g0mBuHeffu, whereg0 is the ‘‘true,’’ in-
ternal electrong factor that is obtained if the effective mag
netic fieldHeff5Hex1HBR is considered. When the extern
field Hex is applied at an angleQ andHBR is distributed in
the surface of the layer, then the value ofHeff is distributed
around its mean valuêHeff&. For HBR!Hex, the variance of
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the distribution of the effective local field, which contribute
to the linewidth broadening, is

dHBR
2 5

1

2
HBR

2 sin2 Q. ~1!

In order to model theg-factor we have to consider the de
generacy of the 2DES. The observableg factor corresponds
to theg value atkF only. Averaging for all possible direction
of kF , the dependence of the measuredg factor on the elec-
tron concentrationns and on the direction of the externa
magnetic field is obtained as

g~ns ,Q!5g0

^Heff&
Hex

>g0S 11
HBR

2

4Hex
2 ~11cos2 Q! D . ~2!

Equation~2! shows that the BR coupling leads to ag-factor
anisotropy that is proportional tons . From the observed
g-factor anisotropy@Fig. 4~a!# we are thus able to extrac
HBR without any adjustable parameters and the results
given in Fig. 6 as a function ofns ~open symbols!. The solid
line in Fig. 6 is obtained usinga50.55310212 eV cm as a
fitting parameter. Some variation of the BR coefficienta.
could be expected withns as the potential gradient in th
quantum well is changed. As it turns out, these deviations
below the sensitivity of our experiment, however, as can
seen in Figs. 4~a! and 6. Forns5431011 cm22, the value of
a obtained gives a Rashba field ofHR5100 G which yields
a zero-field splitting of a fewmeV, about three to four order
of magnitude smaller than for InAs wells.11

The dashed line in Fig. 4~b! represents data for̂g& ob-
tained from Eq.~2! using the same value ofa. Considering
only the BR effect, obviously an increase of^g& is expected
in contrast to experiment. Here we have to correct for
isotropic g shift g05g00(11bkF

2), as it may result from
nonparabolicity@dash-dotted line in Fig. 4~b!#. Note, that the
correction term withk2 is also allowed by symmetry. In ad
dition, b may contain also a contribution of the energy d
pendent penetration of the wave function into the SiGe b

FIG. 6. BR field, as evaluated from the linewidth~j! and from
the g-factor anisotropy~s! as a function of the density of a 2DES
The solid line is calculated witha as fitting parameter.
5-4
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rier. We can explain the observed dependence of^g& on ns by
including on top of the Rashba term this nonparabolic
correction using a value ofb525.4310217 cm2. The value
of ^g& extrapolated for zero concentration isg0052.00073
60.00010. This value corresponds actually to the bottom
the lowest electron subband in the well and it refers only
electrons having the light mass. It is considerably bigger t
that given by Feher21 for heavily doped Si:P bulk materia
(gSi51.9987560.00010). This difference is a consequen
of nonparabolicity, barrier effects and the longitudinal ma
contribution.

C. Line broadening and transverse relaxation

The fieldHBR is perpendicular to thek vector of the elec-
tron under consideration. Since the Fermi wave vectorkF
may have any direction in the 2D plane, the BR field also
any direction in plane. Since the direction ofHBR is ran-
domly distributed within the 2D layer the resonance of t
electrons occurs at different external fields. As a result,
line becomes broadened by the BR spin-orbit coupling. N
glecting both momentum scattering and cyclotron mot
~weak field regime!, one could expect that the linewidt
broadening due to the BR effect would be described by
variance of the magnetic field seen by the electrons as
scribed by Eq.~1!. A change of the electron momentum
which is equivalent to a change of the BR field, leads, ho
ever, to an averaging of the linewidth. If the characteris
frequency of modulation is much higher than the frequen
corresponding to the resonance linewidth, then the stan
formula for motional narrowing, as used in this context fi
by D’yakonov and Perel~DP!, can be applied.14,15Taking the
angular dependence also into account we obtain

DH5gdHBR
2 tk5

gHBR
2 sin2 Q

2
tk . ~3!

Here g5gmB /\ is the gyromagnetic ratio andtk the mo-
mentum relaxation time. The observed angular depende
}sin2 Q @see inset in Fig. 5~a!# is well described by Eq.~3!
and it is a unique attribute of the discussed broaden
mechanism where the fluctuating field has only an in-pla
component.

From the experimental data for the CR linewidth@Fig.
5~b!# we evaluatetk . Taking these data together with th
linewidth DH, we can evaluate the BR field from Eq.~3!.
Results are also given in Fig. 6~full symbols!. Without any
further fitting parameter we obtain good agreement with
data derived from theg-factor anisotropy.

The linewidth for in-plane orientation is almost temper
ture independent~see Fig. 3!. This is a consequence of th
weak temperature dependencies of the Fermi energy an
the electron mobility.
G
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D. Inhomogeneous line broadening

For perpendicular field (Q50) the second moment of th
distribution of the effective field vanishes@see Eq.~3!# and
the DP-BR mechanism of line broadening does not cont
ute anymore. For perpendicular orientation of the exter
magnetic field only another broadening is seen which
caused by the longitudinal spin relaxation or by the sam
inhomogeneity. The longitudinal relaxation rate, as estima
from the saturation of the resonance signal at high mic
wave power22 is only one of the contributions to the lin
broadening. Another one originates from the fluctuation
the Fermik vector, that causes a variation in theg factor and
thus an inhomogeneous distribution of the resonance fi
Some samples, especially multi-quantum-well samp
where the electron concentration in the individual wells
different and those with low mobility exhibit much large
linewidths than those of Fig. 2.

The observed narrowing of the linewidth with increasi
temperature~see Fig. 3, perpendicular field! shows that a
considerable fraction of the inhomogeneous broadening
caused by a dependence of the resonance field on kin
energy. With increasing temperature inelastic scattering
conduction electrons occurs and the kinetic energy varie
time leading to motional narrowing of the linewidth. Som
contribution to the inhomogeneous linewidth may also ori
nate from interface imperfections, which strongly affect t
BR coefficient.

IV. CONCLUSION

We have shown that CESR measurements provide a
sensitive tool to evaluate the BR constant. The BR field is
origin of the observed anisotropies of theg factor and of the
CESR linewidth. Both of them increase with increasing c
rier density. Extrapolating the meang value for low carrier
density we find the subband edgeg factor of 2D electrons in
Si, g0052.0007360.00010. For perpendicular field th
DP-BR linewidth broadening vanishes and the CESR is e
est to observe for that orientation.

In Si quantum wells we observe a very weak BR fie
because of weak spin orbit coupling. Therefore, spin rel
ation is also very slow. The extremely small CESR linewid
~long dephasing time! and very longT1 of the order of
1025 s makes Si quantum wells an interesting candidate
spintronic devices.
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both Vienna, and in Germany by theDeutsche Forschungs
gemeinschaft.
1M. Dobers, K. v. Klitzing, and G. Weimann, Phys. Rev. B38,
5453 ~1988!.

2C. F. O. Graeff, M. S. Brandt, M. Stutzmann, M. Holzmann,
Abstreiter, and F. Scha¨ffler, Phys. Rev. B59, 13 242~1999!.
.

3Z. Wilamowski, N. Sandersfeld, W. Jantsch, D. To¨bben, and F.
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