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Strained Si/Sj;:Ge, o5 heterostructures, grown by solid souebeam evaporation molecular-beam epitaxy
on Si100 substrates, have been studied by electrically detected magnetic resonance. Samples with a low-
temperature mobility of about $@m?Vs were used, some with Schottky gates enabling control of the
electron density in the channel. For<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 igtensity,
factor, and linewidth were observed to depend on electron dengiand magnetic-field orientation. For,
=4x10"cm 2 g,=2.0007(H parallel to the major conduction-band valley axiandg, =1.9999(H per-
pendicular to major axjswhich leads to an anisotropy gf—g, =(8=2)x10™*. Forn,<3x10%cm 2, the
anisotropy nearly disappears. Relt[ 100], resonance linewidths as low as 70 mG are observed. A model for
the resonant change in the conductivity is developed and compared to expefi&@r&3-182009)03420-7

[. INTRODUCTION are an important factor for the detection of ESR from two-
dimensional electron gases with conventional ESR experi-
Quantum-confined electron systems are of particular inments.
terest in basic and applied semiconductor physics. Most of Instead of resonant methods, nonresonant techniques like
the experiments made on low-dimensional semiconductorgiagnetotransport are commonly used to stgdyactors.
have been performed in Si MOSFET$¢metal-oxide- However, in many cases these nonresonant techniques lack
semiconductor field-effect transistdrs and in the necessary accuracy in the determination ofgliactor,
GaAs/Al_,GaAs heterostructures. In the last decade,@nd require the use of strong magnetic fields. In contrast,
strong interest also arose in the study of si/sigeComparatively little has been done both experimentally and

heterostructurek;* with the motivation to improve electron theoretically in the last decades on the physics of quasi-low-

and hole mobility for higher performance Si-based devicesqmens'onal electron gases at I.OW magnetic fleld§.
In order to overcome the difficulties of conventional ESR

As an example, the electron mobility achieved in such het- : . : .
in measuring low-dimensional electron-gas systems, in par-

erostructures is about one order of magnitude larger than in . )
silicon MOSFET'S _|cqlar the sm_all amount of spins present in the samples,
The elect t. . f the basi ters i indirect detection of ESR has been used. GaAs/ABaAs

ne electrong tensor IS one of the basiC parameters Ny, e ostryctures were the first semiconductor materials in
semiconductors. It describes the deviation of the electrgnic |\ .1 the spin resonance of a 2D electron gas was studied
value in a solid from that of a free electron caused by thg,ging polometric detectiotf. Optically detected magnetic
spin-orbit interaction. Accurate experimental measurementg,sonancéODMR) has been successfully used to study both
of theg tensor therefore can provide a sensitive test for bandtype_| and type-Il quantum wels° In Si/SiGe superlat-

structure calculations. Unfortunately, the spin resonancgces, an isotropic resonancegat 1.9986 has been attributed
(ESR of electrons in quantized systems is rarely observedg conduction electronS:4

directly8=° For Si/SiC heterostructures, direct ESR measure- The electrical analog of ODMR and the method applied
ments have been reportéddowever, these authors did not here to the study of the spin properties of 2D electron gases
observe the expected anisotropy of tpeensor. Their as- is electrically detected magnetic resonarf@MR). This
signment of the observed ESR signal to a two-dimensionanethod has been widely used for the investigation of recom-
(2D) electron gas is largely based on the specific temperaturgination, trapping, and tunneling transitions in amorphous
dependence of the Pauli-type magnetization observed in thisnd crystalline semiconductot%:2 In an EDMR experi-
case. More recently, direct ESR measurements of Si/SiGment, microwave-induced resonant changes in the conductiv-
heterostructures yielded peak-to-peak resonance linewidthity are measured as the sample is subjected to a slowly swept
as low asAH,,=70 mG2&®° compared to the linewidths of dc magnetic field. A particular advantage of this experimen-
several G observed earlier. Since the sensitivity of convental method is its much highetby up to a factor of 1%)

tional ESR is proportional mngz, such narrow resonances sensitivity to paramagnetic states participating in charge
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FIG. 1. Schematic diagram of the conduction band of the Si/ Magnetic Field (G)

SiGe heterostructures studied in this wofl(n) indicates the de-
generacy of the conduction-band minima in the unstrained an(ilE
strained layers.

FIG. 2. Typical electrically detected magnetic spin resonance
DMR) signals for a sample without gate under different orienta-
tions of the sample growth direction with respect to the magnetic
field Hy.

transport?! thus allowing their microscopic identification.

The first electrical detection of ESR on a 2D inversion layer, : o
. ; . tween 0 and 900 mV. The corresponding electron mobility
was reported in a Si MOSFEF. The authors attributed reso- varied as a function of the electron density between 20 000

nances observed with an isotrogjdactor of 2.000 to spin- and 180000 cAV st (uonZ%).24 This strong depen-
dependent scattering of conduction electrons by neutral im-, K>fe J. ong depen-
purities, as evidenced by hyperfine split EDMR Iinesd;ence I?fl thelphgnngl mob|I|ty olrf]l carrer denfsnyl IS |n(|j|cat|ve
characteristic of phosphorous dopants in crystalline silicon.ge\r’]\/seigesoca Ization In potential fluctuations for low electron
In the present work we extend the use of EDMR to the The E.DMR measurements were made with Xsband
study of the spin properties of electrons in a transfer-dope SR spect taBruker ESP30 . tandard rectan-
strained Si/SiGe heterostructure. As shown by the increase pectrometdBruker 0 using a standard rectan
mobility of the 2D electron gas in a Si/SiGe heterostructure 3U/ar resonatorTEsg, modg and a helium-flow cryostat.

the scattering, in particular due to neutral dopants and impuThe resonant conductivity changes were measured as a fun-

rities, is reduced so that a significant narrowing of the resotO" of the magnetic field, using magnetic-field modulation

: : : . : and phase-sensitive detection. The measurements were typi-
nance lines is achieved compared to earlier work. This en- .
ables us to observe the expectgdactor anisotropy in a cgllylhpzrf(?[rrr(%jppbaneSrlz 04656 and d 2b5|kK-_|_DlphdeW/|' d
silicon 2D electron gas. The exact dependence of the EpmR'Crynyaraty (9=2. ) and bulk silicon dope

H 8 —3 —
signal amplitude on the electron density in the 2D gas allow%NIth 1x10°*cm phosphorous ¢=1.9987) were used as

us to assign the underlying spin-dependent process g factor references. The use of P-doped Si as a reference

electron-electron scattering in the 2D electron gas. material is useful to ensure an exact _conj_parison_ ofghe_
factors between bulk and 2D electrons in silicon. Since typi-

cal g-factor changes in our measurements were on the order
Il. EXPERIMENTAL DETAILS of 1074, several precautions were taken in order to guarantee
o ) the precision of they-factor determination, such as calibra-
The Si/S 75G&, o5 heterostructure studied here was grownyjo hy the reference samples before and after each sequence
by solid sourcee-beam evaporation molecular-beam epitaxy ot measurements and employment of field-frequency-locking
on weaklyp-type S{100) substrates. The layer sequence ofy, 5 pppHg-value standard in an external cavity, especially

structure C936 is shown in Fig. 1. Transfer doping iSyhen very narrow resonance lines were investigated.
achieved by an antimong-doping layer separated from the

2D channel by approximately 10 nm. The samples were
lithographically structured in order to form a Hall-bar mesa. Ill. RESULTS
Ohmic contacts to the 2D channel were made in two stages:
first, antimony and gold were evaporated and alloyed in us-
ing a rapid thermal anneal, then titanium and gold were In Fig. 2, typical EDMR spectra of a SifSiGe, »5 het-
evaporated for contact reinforcement. In addition to theerostructure without gate are shown as a function of the rela-
Ohmic contacts, some samples had an evaporated Rive orientation of the external magnetic fieltl, with re-
Schottky barrier gate contact. spect to the sample growth directiph00]. An angle of 0°

The electron sheet density, and the electron mobility. ~ thus corresponds tddylI[100], and an angle of 90° to
were  deduced from low-temperature  Hall-effect Hy1 [100]. The signal amplitude has been normalized. Upon
measurementsFor samples without gate, was typically  rotation of the sample, the resonance frequency of the micro-
4x 10" cm™2, with u around < 10°cnm?V~1s t at 4.2 K.  wave resonator changes slightly. For better comparison, the
In samples equipped with a top gate, showed a linear spectra shown have been corrected to the microwave fre-
dependence on the gate voltage and could be changed tymjuency of the 0° measurement. As can be seen, the signal
cally from 1x 10! to 7x 10" cm™?, for gate voltages be- observed has a clear anisotropy of the effectjfactor (cal-

A. Si/SiGe without gate
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duced their value oA g via extrapolation frong-factor shifts
Si/SiGe 14 observed under small applied stra(ss0.1%). In the present
2,0006 - __L\ 42K { 1 case, only the\(2) valleys are occupied, and the anisotropy
can be observed without need for further extrapolation.
Based on this quantitative agreement, it can therefore be con-
cluded that the EDMR signal observed here indeed arises
from electrons in the two conduction-band valleys parallel to
[100], as expected for a quasi-2D electron gas.

Using the above values fa@; andg, , we note that the
averagegy factor g of the conduction electrons in the quasi-
2D Si channel, which is calculated according to

2,0006

2,0004

g-Factor

2,0002 -

2,0000

1,9998

- - . . : Jce™ %gll+ %gi , 2
90 60 30 0

H,1(100) Angle (degrees) H,JI(100) is obtained ag)..=2.0002t0.0001, compared to literature
. o . values of 1.99875%50.00010 obtained in heavily P-doped
FIG. 3. g factor (full line) and linewidthAH, (dashed lingas  pylk Si28 and 1.9993 0.0001 found in Si/SiC multiple
a function of the relative orientation between the magnetic figjd quantum welld. We will address this difference in our dis-

and the sample growth direction. The fit of thdactor anisotropy  ;ssion below. For the calculation of tigefactors, we use
was done using Eql). The clear anisotropy indicates that only —6.626075¢10"34Js andug=9.274 015 10-243/T .29

electrons in the conduction-band valleys with the long axis paralle - e . .

to the sample growth directiofl00] contribute to the spin- . As also shown in Fig. 3, the pe"_"k to-peak linewidiH pp

dependent transport path. The dashed line is a guide to the eye. is found to decrease fr0.m approximately 1:3005 to 0.60
+0.05G forH perpendicular and parallel {d400], respec-

culated from the ratio of the microwave frequency and the}“velﬁl' rThf I:P?isk;arpﬁ |smcomrp1)at|ble l\)l\:ltho? h?r:emélarnﬁ Wr:'Ch )

magnetic field at the zero crossing point of the specirasn > CMaracteristic for homogeneous broadening. For homoge

well as a corresponding anisotropy of the peak-to-peak line'€OUS lines, the spin-spin relaxation tirig can be calcu-

I 0
width AH,,. lated by
The origin of the anisotropy is the strain-induced splitting
of the conduction-band valleys. The tensile strain in the Si .2 A1 3
layer sandwiched between the SiGe layers lifts the degen- 2" /3 Ous Ang’

eracy of the six silicon conduction-band valleys of bulk sili-

con. As a consequence, and as shown in Fig. 1, the two $i/hereAng is the linewidth in the unsaturated case. Accord-
conduction-band valleys with their major axis parallel to theing to this expressionT, is varying in our samples from 5
[100] growth direction have a conduction-band energy mini-x 10 8 to 1xX 10 ’s. The spin-lattice relaxation tinie, can
mum A(2) lower than the conduction-band minimum of the be determined from the saturation behavior of the EDMR
SiGe layerA(6), while the other four valleys of the strained line. Again with the assumption of homogeneous broaden-
Si layer (with major axes parallel t9010] or [001]) have a ing, the EDMR peak-to-peak amplitude\ §/o),,=Yy/, of

higher energyA(4). In the present case, the electron confinehe first derivative signal obtained by magnetic-field modu-
ment energy in the silicon quantum well is approximately|ation is

160 meV?>26

Since theg tensor is determined by the spin-orbit interac- Hi
tion and the orbital momentum of an electron in a Si valley, Aglo=y, > 5 35 (4)
it should be different if the motion of the electron is parallel 1+ ladc H2T,T
. . L % 17112
or perpendicular to the major valley axis. Indeed, when the

valley degeneracy is lifted due to uniaxial strain, an aniso- hereH. is the mi ic fiefd N hat th
tropic g tensor is observed in heavily doped bulléSFor an ~ WNeréH, is the microwave magnetic fief.Note that the

axially symmetricg tensor with the main componergs and EDMR signal inte:\sizty _is proportional to the a_bsorbed mi-
g, , the orientation dependegtfactor is given by crowave power,y’ Hi, in gontrast tp conventional ESR,
where the signal intensity is proportional to the magnetiza-
g?=g7 cog 6+g? sir? 0, (1)  tion, x"H;. The dependence &f; on the microwave power
has been determined experimentally by electron-nuclear
where 6 is the angle between the applied figi} and the double resonancéENDOR) measurement$, and is in ac-
major valley axis(parallel to[100]). From a least-square fit cordance with theoretical estimat®sA fit of Eq. (4) to the
to the g-value anisotropy observed for the Si/SiGe hetero-observed power dependence of the EDMR signal is shown in
structure(Fig. 3), g, is found to be 2.000¥ 0.0001 andy, Fig. 4. Using the above value fdr,, we obtainT,;=(1.0
=1.9999* 0.0001, which leads to a dispersidg=g,— g, +0.3)x 10 °s. The power broadening of the resonance line,
=(8+2)x10 . This value forAg is in good agreement which can also be used for the determinationTgfl,, is
with experimental results for doped Si under uniaxial stressncluded in Fig. 4. The fact that both line-shape broadening
by Wilson and Fehef! who determinedAg=(11+1) and the power dependence of the signal intensity give the
X 10 * for the case of complete repopulation into thé2) same value forT,T, provides further evidence of the as-
valleys. It should be noted, however, that these authors desumption of homogeneous broadening.
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FIG. 4. Microwave power dependence of the EDMR signal am-
plitude Ao/o (full line) and of the linewidthAH , (dotted ling. The
fit of Ao/o was done according to E4). V. DISCUSSION
A. Origin of the EDMR signal

B. Si/SiGe with a Pd gate From the features presented in Sec. Ill, most prominently
the observed absolute value @f, plus the fact that the an-
We now turn to an investigation of the influence of theisotropy of theg factor agrees quantitatively with earlier re-
electron sheet density, on the EDMR properties. In Fig. 5, sults for conduction electrons in strained silicon, the EDMR
the effect of varyingn, in Si/SiGe heterostructures equipped signal observed here is assigned to the quasi-2D electron gas
with a top gate is shown foH,L[100]. An increase ofi,  formed in the Si quantum well. However, the exact spin-
leads to a shift in the factor as well as a change in the line dependent process leading to the observed resonant changes
shape. For lown,, the g-factor anisotropy is not as pro- of the conductivity remains to be identified. In the case of
nounced as for samples with high as shown in Fig. 6. In _dark <_:(_)nductivity, electron-elect_ron scattering, sca’gtering_ at
fact, g, varies continuously from 2.00850.0001 to Impurities or defects, or tunneling are the potential spin-
1.9994+0.0001 for n, varying from 1x10" to 7  dependent processes.

x 10" em™2, while g, is basically unaffected by, with Ltong:-rarlge impukr]ity 'scat.tertiag Is foun(? to be th(?[hdotmi-
2.0006< g, <2.0007(Fig. 7. nant relaxation mechanism in these samples, since the trans-

port relaxation timer, exceeds the single-particle relaxation
2 . . . ; 7, by at least a factor of 1(Ref. 1). However, we note that

the m:gnetllc(;geldAoHnentatlog] for two clillffer(;%s. gorl\llow only neutral(paramagneticimpurities would give rise to an

Ne andHol[100], AHy, can be as small as #b mG. Note  £pjp signal, since only the scattering of two spins is spin
that the magnetic-field orientation dependence for d'ﬁere”Hependent. In contrast to the MOSFET's studied by Gosh
ne follows more or less the same trend. and Silsbeé? in which scattering with the background phos-
phorous dopants was observed, the dominant paramagnetic
species in Si/SiGe heterostructures are the remaining neutral
Sb dopants in the SiGe barrier, with a distance of about 10

Finally, Fig. 8 shows the linewidtAH, as a function of

T T T T T T T T
Si/SiGe : : . .
1
42K ! 2,0010 o 1
9.35746 GHz ' Si/SiGe
E H,1[100] ! 20008 | 4.2K |
g i L
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FIG. 5. EDMR signals for a sample with gate, at different elec- FIG. 7. Anisotropy of they factor for different electron densities
tron densities, in the channel. Nne in the channel. The line is a fit to E¢L).
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FIG. 9. Comparison of the electrically detected magnetic reso-
nance of the Si/SiGe heterostructure under illumination at 150 K
(straight ling and in the dark at 4.2 Kdotted ling. g factor, and
nm to the edge of the Si channel. The effective range of dinewidth of the spectrum under illumination are typical for defects
scattering potential for electrons at neutral dopants can b silicon.
estimated from the radius of the outer electron in a nega-
tively charged hydrogen atom, H This radius has been Additional evidence for electron-electron scattering in the
found to be about 2.1 Bohr rad#.Estimating the Bohr ra- 2D electron gas as the origin of the EDMR signals comes
dius of Sh:Sj;<Ge, »s within the effective-mass approxima- from the dependence of the signal amplituri#'c onne. In
tion, we obtain an effective scattering range for electrons afig. 10,Ad/o is plotted as a function ofi, for Hol [100].
antimony dopants in the barrier of 2—5 nm. This effectiveAs already evident from Fig. 8, a significant change in the
scattering range is at least a factor of 2 smaller than thénewidth occurs as a function of, in addition to a change
distance between the Sb doping layer and the Si channdl) the signal amplitude. For a correct analysis of the signal
thus making the scattering probability very small. In addi-intensity, this broadening has to be taken into account.
tion, theg factor of shallow donors in $i-Ge, s should be ~ Therefore, the data in Fig. 10 show the peak-to-peak EDMR
quite different from theg factors observed hefé due to the  signal amplitudeA /oy, for a magnetic-field modulation
much stronger spin-orbit coupling of GBef. 33. Although ~ amplitude of AH,q=1/2AH,, which corresponds to the
to our knowledge experimental values have not been de- maximum EDMR amplitude obtained in a corresponding ex-
termined systematically in Si-Ge alloys, it is reasonable toPeriment using microwave power modulation. The corre-
expect a strong modification of thpvalues for a Ge content sponding data foHlI[ 100] show an identical behavior.
of 30% (cf. the extensive work on ESR in amorphous hydro-  To understand the explicit dependence of the EDMR am-
genated Si-Ge alloy$3+3J. Most important, however, is the plitude on the electron sheet density, we use a modified ver-
fact that in the particular heterostructure studi€®36), itis  sion of a model originally developed by Ghosh and Silsbee
known that no neutral dopants remain in the doping layerfor the case of a Si MOSFET'&Ref. 22 based on concepts
and that the carriers not transferred into the Si channel are in
the cap layer. We can therefore completely exclude contri- [
butions of neutral dopant scattering to the observed spin- - A"
dependent signal.

defects at Si interfaces or surfaces, which typically hgye [
~2.0015 andg, ~2.0085(Ref. 3. An example of such a o ia
defect-related EDMR signal was observable in the present o SiSiGe

' 2
Similar arguments concerning tlgefactor can be used to +, Aofosctin,
discard scattering at or tunneling to localized defects as the 10° 5
spin-dependent mechanism. Thus we note the complete ab- ' ' ]
sence of an EDMR signal with g factor close to that of % ‘A
< "y

samples only at higher temperatufebove 50 K andunder , :2;100] ‘a
bias illumination. For comparison, such an anisotropic 10°F 7
defect-related EDMR spectrum is shown in Fig. 9. The line [ .

shape and the values (about 2.00% are visibly different '1'011 ‘ ’ "'1'012
from what is observed for conduction electrons in the Si 0. (e

quantum well. The exact location of the defects leading to
this EDMR response has not been identified yet, but an ob- FiG. 10. EDMR signal amplitude as a function of electron den-
vious origin would be the Si cap layer used to protect thesity n, in the channel for a microwave power of 10 mW corre-
transfer doping layer sequence. Since defect related signadponding toH,=0.3G. The 12 dependence oAd/o is a clear
are not the topic of the present paper, we refrain from dandication that electron-electron scattering in the quasi-2D channel
further discussion. is the dominant spin-dependent process.
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going back to the pioneering work of Schmidt, Solontbn, when Ac/o is estimated for electron-electron scattering in
and Honig'’ In this model, it is assumed that the electron-bulk semiconductors. While for quasi-2D electron gases
electron scattering cross sectiGhdepends on the relative Ag/o is predicted to be proportional tonﬁ/ and to be inde-
orientation of the spins in such a way that the scattering crossendent ofT, the situation is reversed for the case of 3D
section of a pair of electrons forming a tripl@btal spinS gases, wherd /o is expected to be proportional toT#and

=1) is different from the cross section of a pair forming a (4 pe independent of the electron concentration. Indeed, the
singlet (§=0) state. The presence of a magnetic field polar—llnz dependence of\o/o for a 2D electron gas is clearly
izes the conduction-electron spin system, increasing the rel%’bseerved in Fig. 10. Additional measurements on samples
tive population of triplet states. The total conduction-electronWithout ate ha\}e béen erformed to study the temperature
cross sectior® can be written in terms of the spin polariza- 9 P y P

. s : : dependence dio/o in the range from 4 to 20 K. The EDMR
gﬁgg anrde;zicsili\r;cgall;t and triplet scattering cross sectibgs signals decrease only slightly by a factor of 1.5 whiers
v | increased from 4 to 20 K, again in agreement with &).
3 =3,(1-B8p?), (5) From a comparison of the absolute values/af/o as
predicted by Eq(9) and as experimentally observed, we can
whereZ o= (2s+3%)/4, andf=(Zs—2))/(2s+32). The  gptain an estimate for the differences in the scattering cross
condgctlon _electrons in the Si chan_nel are _best descrl_b_ed_ aSsBctionsS ¢ and S, and of the ratio ofr, to 7,. For X-band
twp-dlmer!smnal d_egenerate Fermi gas with an equilibriumnepmR of a g=2 resonance,H,=0.33T. Taking m*
spin polarization given by =0.19m, as the conduction-band transversal mass, mnd
Y =4x 10" cm™2 for the Si/SiGe heterostructure without gate,
= M, (6) we obtain GugHm*/n.mh?)*=6x10"°. Extrapolating
2(Er—Eo) from the power dependence shown in Fig. 4, we find an

whereEy is the Fermi level an, is the bottom of the first €xperimental value oAo/o~10"° for saturation §,=1).
subband. Under spin resonance, this polarization is reducetis allows us to estimate th@(r/7¢) ~ —1/6. Sinceg can
by a factor of (1-s.), where O<s,<1 is the saturation Only be in the range of & 5=—1/3, with S=—1/3 when
parameter, witts,= 1 corresponding to complete saturation. >t>>s, We find that7,<27. This is in accordance with
The electron-electron scattering raterll(Refs. 37 and earller_measurements of the _smgle—partlcle relaxation rate
39) is a function ofS, and, to first order, a relative variation 7s» Which was found to be typically a factor of 10 smaller
of = will result in an equal and opposite relative variation of than 7 in the samples investigated hére. _
el Aol 7= — AS/3. Equation(5) shows that a variation in It is at first surprising that electron-eleptron scatFerlng has
S can be induced by a change of the spin polarization of thé" effect on trapsport measurements, since elastic electron-
carriers. This can be achieved by applying a resonant field g&/€ctron scattering does not change the total momentum of
in the case of an electron-spin-resonance experiment. A res§fi€ €lectron gas. However, as already noted, the strong de-
nant microwave field induces transitions between the ZeePendence ofi onn(ue<n>*) indicates the known deviation
man spin levels, randomizing the populations of triplet andof our sample from the behavior of an ideal 2D gas due to
singlet states. Hence the spin polarization of the system iglectron-localization effects. Fofweakly) localized elec-
reduced, and, for high microwave powers, when the inducedfons, electron-electron scattering is not necessarily elastic
spin-flip rate becomes larger than the spontaneous relaxatid¥cause of the stronger electron-lattice coupling, and thus

rate, the polarization vanishes. For small variatidsof the ~ changes in conductivity could be expected for this scattering
conductivity o, channel. Another possible explanation can be found consid-

ering that the 2D electronic states near the Fermi energy have
_ ) ’ 17 different mobilities, which can lead to changes in the total
o —BpPT1—(1-se) ]TT{ () mobility upon energy redistribution due to a scattering event.
However, further investigations are necessary to understand
has been predicted for the normalized EDMR amplittfde, the exact mechanism underlying the EDMR observed here,
WherETt is the transport relaxation time. When only the low- in particu|ar the re|ationship betwee-g and Ts.
est subband is occupied,

*
ne:V_hz(EF_ Eo), (8) B. g factor
™ According to standar#p theory, theg factor is influenced
where v is the valley degeneracy factén our casey=2). by the coupling of the electron spin to the complete band
Combining Egs(6) and(8) and substituting in Eq(7), we  structure of the material, in particular to the valence bands

obtain and their spin-orbit splitting. In the case studied here, the
electrons additionally form a quasi-2D system, in which
Ao gugHom* \? 5, Ute quantum confinement plays a fundamental role. Gtfactor
7:_'8 Nemhi? [1-(1=se)7] Uz’ ©) anisotropy and the ff dependence of the signal intensity

indicate that the results presented here have indeed been ob-
Neglecting implicit dependencies af,, 7, and 8 on  tained on a quasi-2D electron system, so thatgHactors
temperaturel or n,, we would like to point out that the found can be used for a first assessment of the influence of
explicit dependencies of Eq9) on these experimental pa- quantum confinement on the electron-spin properties in the
rameters differ markedly from those which are obtainedow-magnetic-field limit.
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TABLE I. Isotropic g factor of conduction electrorg.., andg,—g, , as observed for Si-based samples.

Experiment Sample Oce Ag=g,—0, Ref.
ESR Si:Sb under stress 1.9986.0001 0.001%10.00005 27
ESR Si/SiC 1.99930.0001 - 7
ESR Si-MOSFET 1.99880.0001 - 6
EDMR Si-MOSFET 2.000+0.001 - 22
ODMR Si/SiGe 1.9986:0.0002 - 14
ESR Si/SiGe 2.00060.0010 - 9
EDMR Si/SiGe, no gate 2.0062.0001 0.0008:0.0002 Present work

Table | shows a compilation of the isotrogifactorsg.. ~ changes. The second mechanism dependiny, twould be
of several Si-based systems including Si:Sb under uniaxiaghe contribution of a Ge-like character to the electron wave
stress, and quasi-2D systems in heterostructures as obtainfohction as the average distance to the interface decreases.
from different magnetic resonance techniques. In bulk SiThis Ge-like character could originate either from the Ge
Oce=1.9987, while g, varies from 1.9986 to 2.0002 in atoms in the SiGe barrier or from the few Ge atoms also
guantum-confined systems. Although detectable, the influpresent in the Si quantum well near the barrier. The effect
ence of quantum confinement gg, is small. This is due to would be a decrease of tiggfactor’® with increasingn,, and
the small spin-orbit coupling in Si, which causes thtactor  could explain the low values fay L [ 100] for the highesn,
shift to be dominated by deep core levels that are less influstudied. The third mechanism would be many-body effects,
enced by the confinement. which for high magnetic fields are responsible for appre-

The differences irg.. observed in the various quantum- ciableg shifts*° However, the most likely mechanism could
confined systems are most likely due to their different micro-be linked to the weak localization itself. In this model, local-
scopic structure, including the presence of other group-IMzed electrongdominant at lown,) have an isotropig factor
atoms and dopants. As an example, ghiactor observed in  nearer togg, i.e., a more defectlikg factor, while only the
ESR studies of Si/SiC heterostructures has possibly been imlelocalized electrons show the behavior expected for
fluenced by the presence of P in the doping layers at a diszonduction-band electrons in silicon. We would like to point
tance of 3 nm from the quantum well, which is also detectecbut that Wallace and Silsb®®bserved ag-factor increase
directly via its characteristic hyperfine linésThe spin-  with increasingn,, in contrast to our results. Again, more
resonance techniques used are also probing the spin systesystematic studies are necessary to resolve this point.
in a different manner, which could lead to additional changes
in the observed properties of the spin system. In fact, ODMR
gives the lowest factor, while EDMR gives the highest
value, independent of the sample structure. Assuming a The subject of resonance linewidths and spin-relaxation
(slight) distribution of g factors in the constant density of phenomena has been studied extensively in solids. On the
states occupied by electrons in a 2D gas, ESR, ODMR, andther hand, in the case of a quasi-2D electron gases very
EDMR will probe the distribution in different ways. In a little has been done so far. Here, we would like to notice that
very simple picture, in EDMR the most mobile electrons arein an EDMR experiment, in addition to the spin-relaxation
the ones responsible for the electrical conduction, thus conmechanisms normally described in a ESR experiment, the
tributing to the EDMR signal. In this case, the factor  electron transport relaxation time can play a fundamental
should be closer tg,, when compared to ESR or ODMR. role, thus increasing the complexity of the problem. It is
On the other hand, ODMR probes electrons participating irclear from Figs. 3 and 8 that the linewidth is not isotropic as
the recombination process, i.e., electrons at the bottom of theell, as a function of the electron density inside the channel.
conduction band. However, to resolve this point, comparaThe n, dependence oAH,, is explicitly shown in Fig. 11.
tive ESR, ODMR, and EDMR experiments have to be per- Notice that the linewidth systematically increases as the
formed on the same heterostructures. angle 6 between thd100] growth direction and thél, di-

Concerningg-factor anisotropy, only the present work re- rection increases. Jantsef al? linked this behavior to the
ports such an effect in a 2D electron gas in a Si-based strudluctuations of the Rashba field, a pseudomagnetic field
ture. As discussed above, the experimentally observed agaused by the lack of mirror symmetry in the quantum well
isotropy for high electron sheet concentrations is agused in this studysee also Ref. 41At least two alternative
expected, due to the occupation of th¢2) valleys only. explanations can also qualitatively account for such a behav-
Surprisingly, the anisotropy disappears when the electrofor. In the first model, we assume th&j is determined by
density in the channel is lowered, agg. increases slightly the spin-orbit coupling. Thereford,, should decrease with
in this case. There are several mechanisms that could, ian increasing deviation of the observgdfactor from the
principle, account for such a behavior sensitive to a changgalue of the free electrogy~2.0023. Indeed, Fig. 3 shows
in ng. From self-consistent calculations it was found that, aghat the linewidttwhich is proportional to I/, according to
n, increases, the average distance of the electrons from tHeg. (3)] increases for increasingo—g|.
interface decreases from about 4 to 2 finTherefore, if a Another possible relaxation mechanism responsible for
gradient in stress would be present, on average the electrotise broadening is increased scattering due to interface rough-
would experience a different average strain levelms ness. Cyclotron orbits in the heterostructure can only exist in

C. Line shape and spin relaxation
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ESR, Wallace and Silsbebserved thatAH, increases

with n,, while Ghosh and Sillsbé&observed a decrease of

AH,,in EDMR. In the latter case, two spin systems contrib-

° N ] uted to the line shape, the conduction spins, and the impurity
] spins, thus making the data analysis more complicated.

[ SilSiGe .
42K H,L[100]
%

V. CONCLUSIONS

AH,, (G)
+

We have presented results of electrically detected mag-
netic resonance in Si/SiGe quantum-well samples. The origin
of the signal is assigned to spin-dependent electron-electron
scattering processes. It is demonstrated that a simple model
] considering the polarization induced by the external mag-
- e netic field, combined with a scattering cross section depen-
10" 10" dent on the relative spin orientation, can quantitatively de-

n, (cm™) scribe the resonant changes of the conductivity observed.
The resonance is found to be anisotropic with respect to the
magnetic-field orientation, in good agreement with results
obtained previously on strained bulk Si. Théactor and line
shape have been analyzed. However, more details concern-

. . .. ing the relationship of the electron-electron scattering time
the plane of the 2D gas. Changing the external magnetic f|eI(7§_1e responsible for the EDMR signal, the transverse and lon-

from paraII.eI to the growth @re:cnon to perpendicular I(.3""ds9itudinal spin relaxation time$,; andT,, and the transport
to a reduction of the magnetic-field component perpendicula;

to the plane of the gas, and therefore to an increase in threelaxa'tlon timer, should be addressed in future work, which

electron orbit. Therefore, a larger volume of the sample car.?OUId provide _addltl(_)nal insight into the transport processes
: . : : in these two-dimensional electron gases.
contribute to scattering, which leads to a decreask,iand
the observed increase ixH .
PP
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