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Electrically detected magnetic resonance of two-dimensional electron gases
in Si/SiGe heterostructures
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Strained Si/Si0.75Ge0.25 heterostructures, grown by solid sourcee-beam evaporation molecular-beam epitaxy
on Si~100! substrates, have been studied by electrically detected magnetic resonance. Samples with a low-
temperature mobility of about 105 cm2/V s were used, some with Schottky gates enabling control of the
electron density in the channel. ForT,50 K, a conduction-band electron-spin-resonance signal caused by
electron-electron scattering in the two-dimensional channel was observed in the dark. The signal intensity,g
factor, and linewidth were observed to depend on electron densityne and magnetic-field orientation. Forne

5431011 cm22, gi52.0007~H parallel to the major conduction-band valley axis!, andg'51.9999~H per-
pendicular to major axis!, which leads to an anisotropy ofgi2g'5(862)31024. Forne,331011 cm22, the
anisotropy nearly disappears. ForHi@100#, resonance linewidths as low as 70 mG are observed. A model for
the resonant change in the conductivity is developed and compared to experiment.@S0163-1829~99!03420-7#
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I. INTRODUCTION

Quantum-confined electron systems are of particular
terest in basic and applied semiconductor physics. Mos
the experiments made on low-dimensional semiconduc
have been performed in Si MOSFET’s~metal-oxide-
semiconductor field-effect transistors! and in
GaAs/Al12xGaxAs heterostructures. In the last decad
strong interest also arose in the study of Si/Si
heterostructures,1–4 with the motivation to improve electron
and hole mobility for higher performance Si-based devic
As an example, the electron mobility achieved in such h
erostructures is about one order of magnitude larger tha
silicon MOSFET’s.5

The electrong tensor is one of the basic parameters
semiconductors. It describes the deviation of the electrong
value in a solid from that of a free electron caused by
spin-orbit interaction. Accurate experimental measureme
of theg tensor therefore can provide a sensitive test for ba
structure calculations. Unfortunately, the spin resona
~ESR! of electrons in quantized systems is rarely obser
directly.6–9 For Si/SiC heterostructures, direct ESR measu
ments have been reported.7 However, these authors did no
observe the expected anisotropy of theg tensor. Their as-
signment of the observed ESR signal to a two-dimensio
~2D! electron gas is largely based on the specific tempera
dependence of the Pauli-type magnetization observed in
case. More recently, direct ESR measurements of Si/S
heterostructures yielded peak-to-peak resonance linewi
as low asDHpp570 mG,8,9 compared to the linewidths o
several G observed earlier. Since the sensitivity of conv
tional ESR is proportional toDHpp

22, such narrow resonance
PRB 590163-1829/99/59~20!/13242~9!/$15.00
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are an important factor for the detection of ESR from tw
dimensional electron gases with conventional ESR exp
ments.

Instead of resonant methods, nonresonant techniques
magnetotransport are commonly used to studyg factors.
However, in many cases these nonresonant techniques
the necessary accuracy in the determination of theg factor,
and require the use of strong magnetic fields. In contr
comparatively little has been done both experimentally a
theoretically in the last decades on the physics of quasi-l
dimensional electron gases at low magnetic fields.

In order to overcome the difficulties of conventional ES
in measuring low-dimensional electron-gas systems, in p
ticular the small amount of spins present in the samp
indirect detection of ESR has been used. GaAs/Al12xGaxAs
heterostructures were the first semiconductor materials
which the spin resonance of a 2D electron gas was stud
using bolometric detection.10 Optically detected magnetic
resonance~ODMR! has been successfully used to study bo
type-I and type-II quantum wells.11–15 In Si/SiGe superlat-
tices, an isotropic resonance atg51.9986 has been attribute
to conduction electrons.13,14

The electrical analog of ODMR and the method appli
here to the study of the spin properties of 2D electron ga
is electrically detected magnetic resonance~EDMR!. This
method has been widely used for the investigation of reco
bination, trapping, and tunneling transitions in amorpho
and crystalline semiconductors.16–23 In an EDMR experi-
ment, microwave-induced resonant changes in the condu
ity are measured as the sample is subjected to a slowly sw
dc magnetic field. A particular advantage of this experime
tal method is its much higher~by up to a factor of 108!
sensitivity to paramagnetic states participating in cha
13 242 ©1999 The American Physical Society
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PRB 59 13 243ELECTRICALLY DETECTED MAGNETIC RESONANCE OF . . .
transport,21 thus allowing their microscopic identification
The first electrical detection of ESR on a 2D inversion lay
was reported in a Si MOSFET.22 The authors attributed reso
nances observed with an isotropicg factor of 2.000 to spin-
dependent scattering of conduction electrons by neutral
purities, as evidenced by hyperfine split EDMR lin
characteristic of phosphorous dopants in crystalline silico

In the present work we extend the use of EDMR to t
study of the spin properties of electrons in a transfer-do
strained Si/SiGe heterostructure. As shown by the increa
mobility of the 2D electron gas in a Si/SiGe heterostructu
the scattering, in particular due to neutral dopants and im
rities, is reduced so that a significant narrowing of the re
nance lines is achieved compared to earlier work. This
ables us to observe the expectedg-factor anisotropy in a
silicon 2D electron gas. The exact dependence of the ED
signal amplitude on the electron density in the 2D gas allo
us to assign the underlying spin-dependent process
electron-electron scattering in the 2D electron gas.

II. EXPERIMENTAL DETAILS

The Si/Si0.75Ge0.25 heterostructure studied here was grow
by solid sourcee-beam evaporation molecular-beam epita
on weaklyp-type Si~100! substrates. The layer sequence
structure C936 is shown in Fig. 1. Transfer doping
achieved by an antimonyd-doping layer separated from th
2D channel by approximately 10 nm. The samples w
lithographically structured in order to form a Hall-bar mes
Ohmic contacts to the 2D channel were made in two sta
first, antimony and gold were evaporated and alloyed in
ing a rapid thermal anneal, then titanium and gold w
evaporated for contact reinforcement. In addition to
Ohmic contacts, some samples had an evaporated
Schottky barrier gate contact.

The electron sheet densityne and the electron mobilitym
were deduced from low-temperature Hall-effe
measurements.1 For samples without gate,ne was typically
431011cm22, with m around 93104 cm2 V21 s21 at 4.2 K.
In samples equipped with a top gate,ne showed a linear
dependence on the gate voltage and could be changed
cally from 131011 to 731011cm22, for gate voltages be

FIG. 1. Schematic diagram of the conduction band of the
SiGe heterostructures studied in this work.D(n) indicates the de-
generacy of the conduction-band minima in the unstrained
strained layers.
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tween 0 and 900 mV. The corresponding electron mobi
varied as a function of the electron density between 20
and 180 000 cm2 V21 s21 (m}ne

2.44).24 This strong depen-
dence of the channel mobility on carrier density is indicat
of weak localization in potential fluctuations for low electro
densities.

The EDMR measurements were made with anX-band
ESR spectrometer~Bruker ESP300!, using a standard rectan
gular resonator~TE102 mode! and a helium-flow cryostat
The resonant conductivity changes were measured as a f
tion of the magnetic field, using magnetic-field modulati
and phase-sensitive detection. The measurements were
cally performed between 4.2 and 25 K. Diphenyl-b-
picrylhydratyl ~DPPH! (g52.0036) and bulk silicon doped
with 131018-cm23 phosphorous (g51.9987) were used a
g-factor references. The use of P-doped Si as a refere
material is useful to ensure an exact comparison of thg
factors between bulk and 2D electrons in silicon. Since ty
cal g-factor changes in our measurements were on the o
of 1024, several precautions were taken in order to guaran
the precision of theg-factor determination, such as calibra
tion by the reference samples before and after each sequ
of measurements and employment of field-frequency-lock
to a DPPHg-value standard in an external cavity, especia
when very narrow resonance lines were investigated.

III. RESULTS

A. Si/SiGe without gate

In Fig. 2, typical EDMR spectra of a Si/Si0.75Ge0.25 het-
erostructure without gate are shown as a function of the r
tive orientation of the external magnetic fieldH0 with re-
spect to the sample growth direction@100#. An angle of 0°
thus corresponds toH0i@100#, and an angle of 90° to
H0'@100#. The signal amplitude has been normalized. Up
rotation of the sample, the resonance frequency of the mi
wave resonator changes slightly. For better comparison,
spectra shown have been corrected to the microwave
quency of the 0° measurement. As can be seen, the si
observed has a clear anisotropy of the effectiveg factor ~cal-

i/

d
FIG. 2. Typical electrically detected magnetic spin resona

~EDMR! signals for a sample without gate under different orien
tions of the sample growth direction with respect to the magn
field H0 .
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13 244 PRB 59C. F. O. GRAEFFet al.
culated from the ratio of the microwave frequency and
magnetic field at the zero crossing point of the spectrum! as
well as a corresponding anisotropy of the peak-to-peak l
width DHpp.

The origin of the anisotropy is the strain-induced splitti
of the conduction-band valleys. The tensile strain in the
layer sandwiched between the SiGe layers lifts the deg
eracy of the six silicon conduction-band valleys of bulk s
con. As a consequence, and as shown in Fig. 1, the tw
conduction-band valleys with their major axis parallel to t
@100# growth direction have a conduction-band energy mi
mum D~2! lower than the conduction-band minimum of th
SiGe layerD~6!, while the other four valleys of the straine
Si layer ~with major axes parallel to@010# or @001#! have a
higher energy,D~4!. In the present case, the electron confin
ment energy in the silicon quantum well is approximate
160 meV.25,26

Since theg tensor is determined by the spin-orbit intera
tion and the orbital momentum of an electron in a Si valle
it should be different if the motion of the electron is paral
or perpendicular to the major valley axis. Indeed, when
valley degeneracy is lifted due to uniaxial strain, an ani
tropic g tensor is observed in heavily doped bulk Si.27 For an
axially symmetricg tensor with the main componentsgi and
g' , the orientation dependentg factor is given by

g25gi
2 cos2 u1g'

2 sin2 u, ~1!

whereu is the angle between the applied fieldH0 and the
major valley axis~parallel to@100#!. From a least-square fi
to the g-value anisotropy observed for the Si/SiGe hete
structure~Fig. 3!, gi is found to be 2.000760.0001 andg'

51.999960.0001, which leads to a dispersionDg5gi2g'

5(862)31024. This value forDg is in good agreemen
with experimental results for doped Si under uniaxial str
by Wilson and Feher,27 who determinedDg5(1161)
31024 for the case of complete repopulation into theD~2!
valleys. It should be noted, however, that these authors

FIG. 3. g factor ~full line! and linewidthDHpp ~dashed line! as
a function of the relative orientation between the magnetic fieldH0

and the sample growth direction. The fit of theg-factor anisotropy
was done using Eq.~1!. The clear anisotropy indicates that on
electrons in the conduction-band valleys with the long axis para
to the sample growth direction@100# contribute to the spin-
dependent transport path. The dashed line is a guide to the ey
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duced their value ofDg via extrapolation fromg-factor shifts
observed under small applied strains~<0.1%!. In the present
case, only theD~2! valleys are occupied, and the anisotro
can be observed without need for further extrapolati
Based on this quantitative agreement, it can therefore be
cluded that the EDMR signal observed here indeed ar
from electrons in the two conduction-band valleys paralle
@100#, as expected for a quasi-2D electron gas.

Using the above values forgi and g' , we note that the
averageg factorgce of the conduction electrons in the quas
2D Si channel, which is calculated according to

gce5
1
3 gi1

2
3 g' , ~2!

is obtained asgce52.000260.0001, compared to literatur
values of 1.9987560.00010 obtained in heavily P-dope
bulk Si,28 and 1.999360.0001 found in Si/SiC multiple
quantum wells.7 We will address this difference in our dis
cussion below. For the calculation of theg factors, we use
h56.626 075310234J s andmB59.274 015310224J/T.29

As also shown in Fig. 3, the peak-to-peak linewidthDHpp
is found to decrease from approximately 1.3060.05 to 0.60
60.05 G forH0 perpendicular and parallel to@100#, respec-
tively. The line shape is compatible with a Lorentzian, whi
is characteristic for homogeneous broadening. For homo
neous lines, the spin-spin relaxation timeT2 can be calcu-
lated by30

T25
2

)

\

gmB

1

DHpp
0 , ~3!

whereDHpp
0 is the linewidth in the unsaturated case. Accor

ing to this expression,T2 is varying in our samples from 5
31028 to 131027 s. The spin-lattice relaxation timeT1 can
be determined from the saturation behavior of the EDM
line. Again with the assumption of homogeneous broad
ing, the EDMR peak-to-peak amplitude (Ds/s)pp5ym8 of
the first derivative signal obtained by magnetic-field mod
lation is

Ds/s5ym8 }
H1

2

F11S gmB

\ D 2

H1
2T1T2G3/2, ~4!

whereH1 is the microwave magnetic field.30 Note that the
EDMR signal intensity is proportional to the absorbed m
crowave power,x9H1

2, in contrast to conventional ESR
where the signal intensity is proportional to the magneti
tion, x9H1 . The dependence ofH1 on the microwave power
has been determined experimentally by electron-nuc
double resonance~ENDOR! measurements,31 and is in ac-
cordance with theoretical estimates.30 A fit of Eq. ~4! to the
observed power dependence of the EDMR signal is show
Fig. 4. Using the above value forT2 , we obtainT15(1.0
60.3)31025 s. The power broadening of the resonance li
which can also be used for the determination ofT1T2 , is
included in Fig. 4. The fact that both line-shape broaden
and the power dependence of the signal intensity give
same value forT1T2 provides further evidence of the as
sumption of homogeneous broadening.

l
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B. Si/SiGe with a Pd gate

We now turn to an investigation of the influence of t
electron sheet densityne on the EDMR properties. In Fig. 5
the effect of varyingne in Si/SiGe heterostructures equippe
with a top gate is shown forH0'@100#. An increase ofne

leads to a shift in theg factor as well as a change in the lin
shape. For lowne , the g-factor anisotropy is not as pro
nounced as for samples with highne as shown in Fig. 6. In
fact, g' varies continuously from 2.000560.0001 to
1.999460.0001 for ne varying from 131011 to 7
31011cm22, while gi is basically unaffected byne with
2.0006,gi,2.0007~Fig. 7!.

Finally, Fig. 8 shows the linewidthDHpp as a function of
the magnetic-field orientation for two differentne’s. For low
ne andH0i@100#, DHpp can be as small as 7065 mG. Note
that the magnetic-field orientation dependence for differ
ne follows more or less the same trend.

FIG. 4. Microwave power dependence of the EDMR signal a
plitudeDs/s ~full line! and of the linewidthDHpp ~dotted line!. The
fit of Ds/s was done according to Eq.~4!.

FIG. 5. EDMR signals for a sample with gate, at different ele
tron densitiesne in the channel.
t

IV. DISCUSSION

A. Origin of the EDMR signal

From the features presented in Sec. III, most prominen
the observed absolute value ofgce plus the fact that the an
isotropy of theg factor agrees quantitatively with earlier re
sults for conduction electrons in strained silicon, the EDM
signal observed here is assigned to the quasi-2D electron
formed in the Si quantum well. However, the exact sp
dependent process leading to the observed resonant cha
of the conductivity remains to be identified. In the case
dark conductivity, electron-electron scattering, scattering
impurities or defects, or tunneling are the potential sp
dependent processes.

Long-range impurity scattering is found to be the dom
nant relaxation mechanism in these samples, since the tr
port relaxation timet r exceeds the single-particle relaxatio
ts by at least a factor of 10~Ref. 1!. However, we note tha
only neutral~paramagnetic! impurities would give rise to an
EDMR signal, since only the scattering of two spins is sp
dependent. In contrast to the MOSFET’s studied by Go
and Silsbee,22 in which scattering with the background pho
phorous dopants was observed, the dominant paramag
species in Si/SiGe heterostructures are the remaining ne
Sb dopants in the SiGe barrier, with a distance of about

FIG. 7. Anisotropy of theg factor for different electron densitie
ne in the channel. The line is a fit to Eq.~1!.

-

-

FIG. 6. Anisotropy of the EDMR signal for a sample with gat
andne5131011 cm22.
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nm to the edge of the Si channel. The effective range o
scattering potential for electrons at neutral dopants can
estimated from the radius of the outer electron in a ne
tively charged hydrogen atom, H2. This radius has been
found to be about 2.1 Bohr radii.32 Estimating the Bohr ra-
dius of Sb:Si0.75Ge0.25 within the effective-mass approxima
tion, we obtain an effective scattering range for electrons
antimony dopants in the barrier of 2–5 nm. This effecti
scattering range is at least a factor of 2 smaller than
distance between the Sb doping layer and the Si chan
thus making the scattering probability very small. In ad
tion, theg factor of shallow donors in Si0.75Ge0.25 should be
quite different from theg factors observed here,28 due to the
much stronger spin-orbit coupling of Ge~Ref. 33!. Although
to our knowledge experimentalg values have not been de
termined systematically in Si-Ge alloys, it is reasonable
expect a strong modification of theg values for a Ge conten
of 30% ~cf. the extensive work on ESR in amorphous hyd
genated Si-Ge alloys23,34,35!. Most important, however, is the
fact that in the particular heterostructure studied~C936!, it is
known that no neutral dopants remain in the doping lay
and that the carriers not transferred into the Si channel ar
the cap layer. We can therefore completely exclude con
butions of neutral dopant scattering to the observed s
dependent signal.

Similar arguments concerning theg factor can be used to
discard scattering at or tunneling to localized defects as
spin-dependent mechanism. Thus we note the complete
sence of an EDMR signal with ag factor close to that of
defects at Si interfaces or surfaces, which typically havegi

'2.0015 andg''2.0085~Ref. 36!. An example of such a
defect-related EDMR signal was observable in the pres
samples only at higher temperatures~above 50 K! andunder
bias illumination. For comparison, such an anisotro
defect-related EDMR spectrum is shown in Fig. 9. The l
shape and theg values ~about 2.004! are visibly different
from what is observed for conduction electrons in the
quantum well. The exact location of the defects leading
this EDMR response has not been identified yet, but an
vious origin would be the Si cap layer used to protect
transfer doping layer sequence. Since defect related sig
are not the topic of the present paper, we refrain from
further discussion.

FIG. 8. LinewidthDHpp as a function of the sample orientatio
with respect to the magnetic fieldH0 for different electron densities
ne in the channel. The line is a guide to the eye.
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Additional evidence for electron-electron scattering in t
2D electron gas as the origin of the EDMR signals com
from the dependence of the signal amplitudeDs/s on ne . In
Fig. 10,Ds/s is plotted as a function ofne for H0'@100#.
As already evident from Fig. 8, a significant change in t
linewidth occurs as a function ofne , in addition to a change
in the signal amplitude. For a correct analysis of the sig
intensity, this broadening has to be taken into accou
Therefore, the data in Fig. 10 show the peak-to-peak ED
signal amplitudeDs/spp for a magnetic-field modulation
amplitude of DHmod51/2DHpp which corresponds to the
maximum EDMR amplitude obtained in a corresponding e
periment using microwave power modulation. The cor
sponding data forH0i@100# show an identical behavior.

To understand the explicit dependence of the EDMR a
plitude on the electron sheet density, we use a modified
sion of a model originally developed by Ghosh and Silsb
for the case of a Si MOSFET’s~Ref. 22! based on concept

FIG. 9. Comparison of the electrically detected magnetic re
nance of the Si/SiGe heterostructure under illumination at 150
~straight line! and in the dark at 4.2 K~dotted line!. g factor, and
linewidth of the spectrum under illumination are typical for defec
in silicon.

FIG. 10. EDMR signal amplitude as a function of electron de
sity ne in the channel for a microwave power of 10 mW corr
sponding toH150.3 G. The 1/ne

2 dependence ofDs/s is a clear
indication that electron-electron scattering in the quasi-2D chan
is the dominant spin-dependent process.
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going back to the pioneering work of Schmidt, Solomon16

and Honig.17 In this model, it is assumed that the electro
electron scattering cross sectionS depends on the relativ
orientation of the spins in such a way that the scattering c
section of a pair of electrons forming a triplet~total spinS
51! is different from the cross section of a pair forming
singlet (S50) state. The presence of a magnetic field pol
izes the conduction-electron spin system, increasing the r
tive population of triplet states. The total conduction-electr
cross sectionS can be written in terms of the spin polariz
tion p and the singlet and triplet scattering cross sectionsSs
andS t , respectively:

S5S0~12bp2!, ~5!

whereS0[(Ss13S t)/4, andb[(Ss2S t)/(Ss13S t). The
conduction electrons in the Si channel are best described
two-dimensional degenerate Fermi gas with an equilibri
spin polarization given by

p5
gmBH0

2~EF2E0!
, ~6!

whereEF is the Fermi level andE0 is the bottom of the first
subband. Under spin resonance, this polarization is redu
by a factor of (12se), where 0<se<1 is the saturation
parameter, withse51 corresponding to complete saturatio

The electron-electron scattering rate 1/te ~Refs. 37 and
38! is a function ofS, and, to first order, a relative variatio
of S will result in an equal and opposite relative variation
te: Dte /te52DS/S. Equation~5! shows that a variation in
S can be induced by a change of the spin polarization of
carriers. This can be achieved by applying a resonant fiel
in the case of an electron-spin-resonance experiment. A r
nant microwave field induces transitions between the Z
man spin levels, randomizing the populations of triplet a
singlet states. Hence the spin polarization of the system
reduced, and, for high microwave powers, when the indu
spin-flip rate becomes larger than the spontaneous relaxa
rate, the polarization vanishes. For small variationsDs of the
conductivitys,

Ds

s
>2bp2@12~12se!

2#
1/te

1/t t
~7!

has been predicted for the normalized EDMR amplitude22

wheret t is the transport relaxation time. When only the low
est subband is occupied,

ne5
nm*

p\2 ~EF2E0!, ~8!

wheren is the valley degeneracy factor~in our casen52!.
Combining Eqs.~6! and ~8! and substituting in Eq.~7!, we
obtain

Ds

s
>2bS gmBH0m*

nep\2 D 2

@12~12se!
2#

1/te

1/t t
. ~9!

Neglecting implicit dependencies ofte , t t , and b on
temperatureT or ne , we would like to point out that the
explicit dependencies of Eq.~9! on these experimental pa
rameters differ markedly from those which are obtain
-
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when Ds/s is estimated for electron-electron scattering
bulk semiconductors. While for quasi-2D electron gas
Ds/s is predicted to be proportional to 1/ne

2 and to be inde-
pendent ofT, the situation is reversed for the case of 3
gases, whereDs/s is expected to be proportional to 1/T2 and
to be independent of the electron concentration. Indeed,
1/ne

2 dependence ofDs/s for a 2D electron gas is clearly
observed in Fig. 10. Additional measurements on samp
without gate have been performed to study the tempera
dependence ofDs/s in the range from 4 to 20 K. The EDMR
signals decrease only slightly by a factor of 1.5 whenT is
increased from 4 to 20 K, again in agreement with Eq.~9!.

From a comparison of the absolute values ofDs/s as
predicted by Eq.~9! and as experimentally observed, we c
obtain an estimate for the differences in the scattering cr
sectionsSs andS t and of the ratio ofte to t t . For X-band
EDMR of a g52 resonance,H0>0.33 T. Taking m*
50.19m0 as the conduction-band transversal mass, andne
>431011cm22 for the Si/SiGe heterostructure without gat
we obtain (gmBH0m* /nep\2)25631025. Extrapolating
from the power dependence shown in Fig. 4, we find
experimental value ofDs/s'1025 for saturation (se51).
This allows us to estimate thatb(t t /te)'21/6. Sinceb can
only be in the range of 0>b>21/3, with b521/3 when
S t@Ss , we find thatte,2t t . This is in accordance with
earlier measurements of the single-particle relaxation
ts , which was found to be typically a factor of 10 small
thant t in the samples investigated here.1

It is at first surprising that electron-electron scattering h
an effect on transport measurements, since elastic elec
electron scattering does not change the total momentum
the electron gas. However, as already noted, the strong
pendence ofm on ne(m}ne

2.44) indicates the known deviation
of our sample from the behavior of an ideal 2D gas due
electron-localization effects. For~weakly! localized elec-
trons, electron-electron scattering is not necessarily ela
because of the stronger electron-lattice coupling, and t
changes in conductivity could be expected for this scatter
channel. Another possible explanation can be found con
ering that the 2D electronic states near the Fermi energy h
different mobilities, which can lead to changes in the to
mobility upon energy redistribution due to a scattering eve
However, further investigations are necessary to unders
the exact mechanism underlying the EDMR observed h
in particular the relationship betweente andts .

B. g factor

According to standardkp theory, theg factor is influenced
by the coupling of the electron spin to the complete ba
structure of the material, in particular to the valence ban
and their spin-orbit splitting. In the case studied here,
electrons additionally form a quasi-2D system, in whi
quantum confinement plays a fundamental role. Theg-factor
anisotropy and the 1/ne

2 dependence of the signal intensi
indicate that the results presented here have indeed bee
tained on a quasi-2D electron system, so that theg factors
found can be used for a first assessment of the influenc
quantum confinement on the electron-spin properties in
low-magnetic-field limit.
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TABLE I. Isotropic g factor of conduction electronsgce, andgi2g' , as observed for Si-based sample

Experiment Sample gce Dg5gi2g' Ref.

ESR Si:Sb under stress 1.998660.0001 0.001160.00005 27
ESR Si/SiC 1.999360.0001 – 7
ESR Si-MOSFET 1.998860.0001 – 6
EDMR Si-MOSFET 2.00060.001 – 22
ODMR Si/SiGe 1.998660.0002 – 14
ESR Si/SiGe 2.000060.0010 – 9
EDMR Si/SiGe, no gate 2.000260.0001 0.000860.0002 Present work
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Table I shows a compilation of the isotropicg factorsgce
of several Si-based systems including Si:Sb under unia
stress, and quasi-2D systems in heterostructures as obta
from different magnetic resonance techniques. In bulk
gce51.9987, while gce varies from 1.9986 to 2.0002 in
quantum-confined systems. Although detectable, the in
ence of quantum confinement ongce is small. This is due to
the small spin-orbit coupling in Si, which causes theg-factor
shift to be dominated by deep core levels that are less in
enced by the confinement.

The differences ingce observed in the various quantum
confined systems are most likely due to their different micr
scopic structure, including the presence of other group
atoms and dopants. As an example, theg factor observed in
ESR studies of Si/SiC heterostructures has possibly been
fluenced by the presence of P in the doping layers at a
tance of 3 nm from the quantum well, which is also detect
directly via its characteristic hyperfine lines.7 The spin-
resonance techniques used are also probing the spin sy
in a different manner, which could lead to additional chang
in the observed properties of the spin system. In fact, ODM
gives the lowestg factor, while EDMR gives the highes
value, independent of the sample structure. Assuming
~slight! distribution of g factors in the constant density o
states occupied by electrons in a 2D gas, ESR, ODMR,
EDMR will probe the distribution in different ways. In a
very simple picture, in EDMR the most mobile electrons a
the ones responsible for the electrical conduction, thus c
tributing to the EDMR signal. In this case, theg factor
should be closer tog0 , when compared to ESR or ODMR
On the other hand, ODMR probes electrons participating
the recombination process, i.e., electrons at the bottom of
conduction band. However, to resolve this point, compa
tive ESR, ODMR, and EDMR experiments have to be pe
formed on the same heterostructures.

Concerningg-factor anisotropy, only the present work re
ports such an effect in a 2D electron gas in a Si-based st
ture. As discussed above, the experimentally observed
isotropy for high electron sheet concentrations is
expected, due to the occupation of theD~2! valleys only.
Surprisingly, the anisotropy disappears when the elect
density in the channel is lowered, andgce increases slightly
in this case. There are several mechanisms that could
principle, account for such a behavior sensitive to a chan
in ne . From self-consistent calculations it was found that,
ne increases, the average distance of the electrons from
interface decreases from about 4 to 2 nm.22 Therefore, if a
gradient in stress would be present, on average the elect
would experience a different average strain level asne
al
ned
i,
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changes. The second mechanism depending tone would be
the contribution of a Ge-like character to the electron wa
function as the average distance to the interface decrea
This Ge-like character could originate either from the G
atoms in the SiGe barrier or from the few Ge atoms a
present in the Si quantum well near the barrier. The eff
would be a decrease of theg factor39 with increasingne , and
could explain the low values forg'@100# for the highestne
studied. The third mechanism would be many-body effe
which for high magnetic fields are responsible for app
ciableg shifts.40 However, the most likely mechanism cou
be linked to the weak localization itself. In this model, loca
ized electrons~dominant at lowne! have an isotropicg factor
nearer tog0 , i.e., a more defectlikeg factor, while only the
delocalized electrons show the behavior expected
conduction-band electrons in silicon. We would like to po
out that Wallace and Silsbee6 observed ag-factor increase
with increasingne , in contrast to our results. Again, mor
systematic studies are necessary to resolve this point.

C. Line shape and spin relaxation

The subject of resonance linewidths and spin-relaxat
phenomena has been studied extensively in solids. On
other hand, in the case of a quasi-2D electron gases
little has been done so far. Here, we would like to notice t
in an EDMR experiment, in addition to the spin-relaxatio
mechanisms normally described in a ESR experiment,
electron transport relaxation time can play a fundamen
role, thus increasing the complexity of the problem. It
clear from Figs. 3 and 8 that the linewidth is not isotropic
well, as a function of the electron density inside the chann
The ne dependence ofDHpp is explicitly shown in Fig. 11.

Notice that the linewidth systematically increases as
angleu between the@100# growth direction and theH0 di-
rection increases. Jantschet al.9 linked this behavior to the
fluctuations of the Rashba field, a pseudomagnetic fi
caused by the lack of mirror symmetry in the quantum w
used in this study~see also Ref. 41!. At least two alternative
explanations can also qualitatively account for such a beh
ior. In the first model, we assume thatT2 is determined by
the spin-orbit coupling. Therefore,T2 should decrease with
an increasing deviation of the observedg factor from the
value of the free electrong0'2.0023. Indeed, Fig. 3 show
that the linewidth@which is proportional to 1/T2 according to
Eq. ~3!# increases for increasingug02gu.

Another possible relaxation mechanism responsible
the broadening is increased scattering due to interface ro
ness. Cyclotron orbits in the heterostructure can only exis
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the plane of the 2D gas. Changing the external magnetic
from parallel to the growth direction to perpendicular lea
to a reduction of the magnetic-field component perpendic
to the plane of the gas, and therefore to an increase in
electron orbit. Therefore, a larger volume of the sample
contribute to scattering, which leads to a decrease inT2 and
the observed increase inDHpp.

As can be observed in Fig. 11,DHpp is roughly propor-
tional to ne . This result could easily be understood with t
help of the Drude model in 3D electron gases under
assumption, that the EDMR signal arises from electr
electron scattering. In this case,T2}ne

21 ~Ref. 42!. However,
this is at variance with the predictions of Fukuyama a
Abrahams for 2D electron gases; they predicted thate
}ne ln21(ne). Thene dependence ofDHpp has also been ob
served in Si-MOSFET quasi-2D electron-gas systems

FIG. 11. EDMR linewidthDHpp as a function of electron den
sity ne in the channel for the magnetic fieldH0 parallel and perpen
dicular to the sample growth direction@100#.
,
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ESR, Wallace and Silsbee6 observed thatDHpp increases
with ne , while Ghosh and Sillsbee22 observed a decrease o
DHpp in EDMR. In the latter case, two spin systems contr
uted to the line shape, the conduction spins, and the impu
spins, thus making the data analysis more complicated.

V. CONCLUSIONS

We have presented results of electrically detected m
netic resonance in Si/SiGe quantum-well samples. The or
of the signal is assigned to spin-dependent electron-elec
scattering processes. It is demonstrated that a simple m
considering the polarization induced by the external m
netic field, combined with a scattering cross section dep
dent on the relative spin orientation, can quantitatively d
scribe the resonant changes of the conductivity observ
The resonance is found to be anisotropic with respect to
magnetic-field orientation, in good agreement with resu
obtained previously on strained bulk Si. Theg factor and line
shape have been analyzed. However, more details conc
ing the relationship of the electron-electron scattering ti
te responsible for the EDMR signal, the transverse and l
gitudinal spin relaxation timesT1 andT2 , and the transport
relaxation timet t should be addressed in future work, whic
could provide additional insight into the transport proces
in these two-dimensional electron gases.

ACKNOWLEDGMENTS

The authors would like to thank A. Zrenner for helpf
discussions and self-consistent calculations of the one e
tron density of states in Si/SiGe heterostructures. C.F.O.G
pleased to acknowledge partial support from the Alexan
von Humboldt Stiftung~Germany!, FAPESP~Brazil!, and
CNPq ~Brazil!. The work at the Walter Schottky Institut i
supported by the Deutsche Forschungsgemeinschaft~Sonder-
forschungbereich 348!.
.

.

.

.

*Electronic address: cfograeff@ffclrp.usp.br
1D. Többen, F. Scha¨ffler, A. Zrenner, and G. Abstreiter, Phys.

Rev. B46, 4344~1992!.
2D. Monroe, Y. H. Xie, E. A. Fitzgerald, and P. J. Silverman

Phys. Rev. B46, 7935~1992!.
3F. F. Fang, Surf. Science305, 301 ~1994!.
4F. Scha¨ffler, Semicond. Sci. Technol.12, 1515~1997!.
5K. Ismail, F. K. LeGoues, K. L. Saenger, M. Arafa, J. O. Chu, P

M. Mooney, and B. S. Meyerson, Phys. Rev. Lett.73, 3447
~1994!.

6W. J. Wallace and R. H. Silsbee, Phys. Rev. B44, 12 964~1991!;
Comment by A. Stesmans,ibid. 47, 13 906~1993!; Reply by R.
H. Silsbee and W. J. Wallace,ibid. 47, 13 909~1993!.

7N. Nestle, G. Denninger, M. Vidal, C. Weinzierl, K. Brunner, K.
Eberl, and K. von Klitzing, Phys. Rev. B56, 4359~1997!.

8W. Jantsch, Z. Wilamowski, N. Sandersfeld, and F. Scha¨ffler,
Phys. Status Solid. B210, 643 ~1998!.

9W. Jantsch, Z. Wilamowski, N. Sandersfeld, and F. Scha¨ffler ~un-
published!.

10D. Stein, K. von Klitzing, and G. Weimann, Phys. Rev. Lett.51,
130 ~1983!.

11M. Krapf, G. Denninger, H. Pascher, G. Weimann, and W
.

.

Schlapp, Solid State Commun.74, 1141~1990!.
12B. Kowalski, P. Omling, B. K. Meyer, D. M. Hofmann, C. Wet-

zel, V. Härle, F. Scholz, and P. Sobkowicz, Phys. Rev. B49,
14 786~1994!.

13E. Glaser, J. M. Trombetta, T. A. Kennedy, S. M. Prokes, O. J
Glembocki, K. L. Wang, and C. H. Chern, Phys. Rev. Lett.65,
1247 ~1990!.

14E. R. Glaser, J. M. Trombetta, T. A. Kennedy, S. M. Prokes, O. J
Glembocki, K. L. Wang, and C. H. Chern, in20th International
Conference on the Physics of Semiconductors, edited by E. M.
Anastassakic and J. D. Joannopoulos~World Scientific, Sin-
gapore, 1990!, p. 885.

15E. R. Glaser, T. A. Kennedy, D. J. Godbey, P. E. Thompson, K
L. Wang, and C. H. Chern, Phys. Rev. B47, 1305~1993!.

16J. Schmidt and I. Solomon, C. R. Seances Acad. Sci., Ser. B263,
169 ~1966!.

17A. Honig, Phys. Rev. Lett.17, 186 ~1966!.
18H. Dersch, L. Schweizer, and J. Stuke, Phys. Rev. B28, 4678

~1983!.
19K. Lips and W. Fuhs, J. Appl. Phys.74, 3993~1993!.
20C. H. Seager, E. L. Venturini, and W. K. Schubert, J. Appl. Phys

71, 5059~1992!.



M

. B E.

13 250 PRB 59C. F. O. GRAEFFet al.
21C. F. O. Graeff, G. Kawachi, M. S. Brandt, M. Stutzmann, and
J. Powell, J. Non-Cryst. Solids198–200, 1117~1996!.

22R. N. Ghosh and R. H. Silsbee, Phys. Rev. B46, 12 508
~1992!.

23C. F. O. Graeff, M. Stutzmann, and M. S. Brandt, Phys. Rev
49, 11 028~1994!.
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