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Evidence and evaluation of the Bychkov-Rashba effect in SiG8ISiGe quantum wells
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From spin resonance of two-dimensioridD) conduction electrons in a modulation doped SiGe/Si/SiGe
guantum well structure we find a 2D anisotropy of both the line broadduieghasing timeand theg factor.
Both can be explained consistently employing the Bychkov-Rag$BBa term .77ggr=a(kX o)-€,, which
turns out here to be the dominant coupling between electron orbital motion and spin. We obtain a BR parameter
of &=0.55x 1012 eV cm—three orders of magnitude smaller than in quantum well structures based on Ill-V
semiconductors, consistent with the much smaller spin-orbit coupling in Si.
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[. INTRODUCTION field spin splitting is much bigger. To our knowledge the
present study is the first one that invokes the BR term to
Present attempts to realize an electronic device based dnterpret spin-orbit effects in modulation doped quantum
the spin of electrons instead of its charge has stimulated inwell structures based on materigdsich as Si and Géaving
tensive investigations of spin properties in relation to thed center of inversion.
electronic properties. Conduction electrons are natural candi-
dates for such devices, especially in low-dimensional sys- Il. EXPERIMENT
tems, where electrons can easily be manipulated by applied , i i i
voltages or by illumination with light. For two-dimensional e investigate modulation doped Si quantum well
electron system&@DES it has already been shown that the S2MPIes grown by MBE on 1000 cm, (100 Si substrates.
electrical conductivity depends on the spin polarizatiéd. 1he layer sequence and the conduction band edge are indi-
Thus, in principle, electrical measurements are capable t62t€d schematically in Fig. 1. First, a graded buffer layer of
detect the spin state of a 2DES. In this context the BychkovS-xC8 is deposited that, owing to its thickness of 2.1,
Rashba(BR) ternf'S . 7gn=a(kXo)-e, has recently re- 1S relaxed. On'top of this, a psgudomorphlc layer of &i (
ceived much attention. Helleis the in-plane momentum of =212—20nm) is grown which finally forms the quantum
the 2D electrong the vector of the Pauli spin matrices, well. This quantum well is strained d_ue to Fhe Iarger Iatt|c_e
the symmetry axis of the quantum well structure, ani$ a con;tant of the relaxgd buffer mgtgrlal,.whlch sph'ts the Six
parameter that depends on the geometry of the quantum weffduivalentA, conduction band minima into two with their
potential gradients and on the composition of well and barMain axis of the constant energy ellipsoids along growth di-
riers. The BR term couples spin and orbital motion of ther€ction and four ellipsoids with their main axes in-plane.
confined carriers. It has been proposed as a method to m=ince .the valleys oriented perpendicular to the interface are
nipulate spins as required for spin transistons quantum Ipwer in energy, only these are p_opulated. Therefore conduc-
computing in materials with largea. On the other hand, tion electrons in the chann_el exhlb_lt_ only the trans_ve_rse_ mass
since the BR term leads to an additional channel for spii™" =0.19mMg) and thus high mobility. The latter is limited
lattice relaxatiorf, materials with smalle are preferable if @t low temperatures by the ionized donors which are accom-
long spin lifetimes are needed. The role of the BR term has
been extensively studied also in the context of the metal-to- 600 of
insulator transition in the 2DE%!° 8
In this paper we employ high-resolution conduction elec-
tron spin-resonance€CESR ) to study the effect of the carrier 400
concentratiomg on the spin properties of 2D electrons in Si
guantum wells embedded in SiGe barriers. We find an anisot-
ropy both in theg factor and in the CESR linewidth that
increases with increasing,. This effect is explained by in-
voking the BR term. The material- and geometry-specific
weighting factor @ is extracted here from the measured
anisotropies. As it turns out from our investigation, CESR is
a very sensitive tool to evaluate the BR spin-orbit coupling
guantitatively. Its sensitivity is by orders of magnitude higher
than that of methods based Gn beating effects in magneto
oscillations**? (i) Raman scatterin& or (i) the investi- FIG. 1. Sample structure, for details see text. The conduction
gation of weak localizatioh}*>which were applied to quan- band edge and the electron density in the ground state of the 2DES
tum structures based on Ill-V semiconductor where the zerare indicated.
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modated in a doping layer, separated from the quantum well ' ' " e=90°"
by the second barrier formed by;SiGe, (x=0.25) of 12 2
nm thickness. The doping layer has the same composition,
but contains typically X 10" cm™ 2 of Sbh. Finally another
undoped Si_,Ge, layer and a cap layer is deposited. The
same type of samples was used in Ref. 3 where also the
mobility of the 2D carriers was discussed: at low tempera-
tures mobilities of up to 200000 &V's at 2 K were ob-
served at electron densities exceeding1®'! cm 2.

In this paper, three samples with different donor concen-
trations were investigated. The one with the higher concen-
tration exhibited a constant, of 4x 10** cm™2. Two others,
with lower donor concentration, showed complete carrier
freeze-out below 40 K and strong persistent photoconductiv-
ity upon illumination with band gap light. This enabled us to
increase the electron concentration in the quantum well step-

CR Signal (a.u.)

wise by short illumination up to a saturation value of 7 L T-25K
x 10 cm2. The change in electron concentration is ac- f=9.48 GHz . .
companied by a change of electron mobility. Thus we are 6| P=0063mwW O-SAZBOHeﬁC Fi%-IZS(f%J) i
able to investigate the dependence of spin relaxation on the ‘ | 9 |
Fermik vector and on the momentum scattering rate. 0.0 0.2 0.4

We investigate ESR in a standard Bruker X-band instru- Magnetic Field (T)

ment operating at a frequency close to 9.44 GHz. We use a

rectangular TE201 cavity where the sample is placed as close FIG. 2. Cyclotron resonance sigrdirst derivative with respect

as possible to the nodal plane of the electric microwave fieldo magnetic fieldifor different angles of the applied static magnetic

where the magnetic field is maximum. As usual, the statidield as observed in a conventional ESR spectrometer. The inset

magnetic field is modulated, in our case with a frequency oshows with strong magnification the region aroupd 2 that cor-

6 kHz and an amplitude of down to AT allowing us to  responds to the conduction electron spin resonance. Temperature,

resolve the narrow lines due to the CESR. In the detectiomicrowave frequency, and power are indicated.

system a lock-in amplifier is used. The signal obtained is

proportional to the derivative of the microwave absorptionfactor is practically temperature independent in the whole

with respect to the magnetic field. Typical spectra are givenange of temperatures investigated—from 2 to 50 K. The

in Fig. 2 for different orientations of the external static mag-anisotropy of theg factor Ag=g(0°)—g(90°), is shown in

netic field. In this standard ESR experiment we observe th&ig. 4@ as a function ohg and in Fig. 4b) its mean value,

CESR of the high mobility 2DE@nset to Fig. 2 and simul-  defined agg)=|g(0°)+2g(90°)}/3 is plotted. Both quanti-

taneously its cyclotron resonant@R).>1® The latter allows ties vary linearly withng. Qualitatively the same behavior

us to determine the carrier density and the momentum was reported in Ref. 2.

relaxation rater, in situ.'® Making use of the persistent pho- ~ The CESR of 2D electrons in Si/SiGe structures is char-

toconductivity in our structuré§we follow the dependence

of CESR parameters okz, and also on the direction of [ ' T T ' T

applied magnetic field, momentum relaxation rate, ldnd Bin-plane

sample temperature. 0.05} o a T
In Fig. 3 the CESR linewidth is plotted for two different e P Hm D O

orientations of the magnetic field as a function of tempera- 0.04 |

ture. Practically no influence of temperature is observed on

the linewidth if the magnetic field is oriented parallel to the

layer plane ® =90°). For perpendicular orientatidiield

applied parallel to the growth directior®=0°)], the ob-

served line is very narrow and additional narrowing is ob-

served with increasing temperature. The resonance field is "'..

. X . g m ®m
practically temperature independent in the whole range of 0.01| %A, 4 a 4 ]
temperatures investigated—from 2 to 50 K. As can be seen aBe A 4o a
in Fig. 2, both the resonance field and the linewidth depend |
on the direction of applied field. The magnitude of these 000 2 30
anisotropies change from sample to sample and depend on
the electron concentration.

Experimental results for the electrgrfactor are given in FIG. 3. CESR linewidth as a function of temperature for differ-
Fig. 4. Theg factor for a magnetic field perpendicular to the ent electron densities and in-plane and perpendicular orientations of
layer (®=0) is bigger than for in-plane orientation. Tige the magnetic field.
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FIG. 4. (a) Measuredg-factor anisotropy(circles, Ag=g(0°)
—g(90°) vs electron concentration. Dashed line: fit resulting in a
BR parameter ofa=0.55x10 *eVcm. (b) Mean g value.
Dashed line: Rashba contribution obtained with the sarparam-  inset shows the angular dependence of the linewidithCyclotron
eter as in(a), dash-dotted line: effect of nonparabolicity wif  resonance linewidth for perpendicular magnetic field.
adjusted to achieve agreement of the combination of the two effects
with experiment(full line). nisms. In the case of Si, however, the concentration of iso-

topes with nonzero nuclear spin is very small and the spin

acterized by a very narrow linewidthH, which depends on Orbit coupling of conduction electrons is very weak. As a
the direction of applied magnetic field. For in-plane orienta-consequence, thgfactor is very close to 2 and the common
tion the line width is typically of the order of 50T, but for ~ Mechanisms of line broadening, caused by spin-phonon and
perpendicular orientation the linewidth becomes smaller bytyperfine coupling, are negligible. As we show below, all our
an order of magnitude. The narrowest linewidth we observe@Pservations can be well described considering weak spin-
is 3.4 T (see Figs. 2 and)3about two orders of magnitude Orbit (SO interaction. The isotropic part of SO coupling
narrowet®*” than that of typical ESR lines of defects in Si. Shifts theg factor. The pronounced factor and linewidth

The line width at 1.9 K for in-plane orientation is plotted in anisotropies, however, can be described by the Bychkov-
Fig. 5a) as a function oh,. We find (see below that this Rashba t_erm that exists here becausg of the struclture md'uced
line width, expressed usually by the transverse relaxatiof?Ss of mirror symmetry due to one-sided modulation doping
rate A, (which is the inverse dephasing tilmeor ®<90°  Of our samples.

exceeds the one caused by finite spin lifetile=1/7g
<A,. For metals, the opposite is true since the spin lifetime
(the longitudinal spin relaxatigns limited rather by momen-
tum scattering. In our samples this is apparently not the casg

bgé:&;}u.sellof.thg E'gz mob|l|tt3)/. lOnIy f@ close to 0° the line pseudovectorgthe vector product of a potential gradient

w It |sd|m|ttet >t/thl (see he O.W' f spi laxai . with the particle momenturp and the vector of Pauli spin
n order to test the mechanism of spin relaxation we In'matriceSU). For a QW structureYV can be identified with

vestigate also the momentum scattering rate which mamfesﬁe built-in electric field(parallel toe)) and p=k with the

|t§§:1;]|n thef CF‘;. Imevf\]ndth. l;[[gyrecﬁ) shc:;vs the CRI l'nefth in-plane momentum of the confined patrticle. Thus we arrive
width as a function oh as obtained from three sampies With 54 ¢ form 7Zgr= a(kX o) -e, as originally postulated by

; ; ; 6

d|ff<t:zr|e{1t ijp'In% cotncen{.ranofr']i EORr II.OW n.sd’tﬁloﬁe to th? Bychkov and Rashb&®. 7z causes a spin-splitting of elec-
metal-to-insulator transition, the INEWIAI SNOWS a TN~ i states already in the absence of an external magnetic
dency to diverge as the potential fluctuations diverge due t

. feld. Spin degeneracy is a consequence of simultaneous spa-
breakdown of screenin. tial and time inversion symmetry as, e.g., in bulk Si or Ge.
Here the spatial inversion symmetry is broken, however, by
the formation of a noncentrosymmetric SiGe/Si/SiGe QW

Usually, the discussion of the resonance field and of thetructure with single-sided doping. The overall symmetry of
linewidth requires a complex analysis of various mechasuch a QW’s isC,, ,*® which is also the group of the wave

Electron Concentration (cm'z)

FIG. 5. (@) CESR linewidth for in-plane magnetic field. The

A. The Bychkov-Rashba field

The most general form of spin-orbit coupling can be for-
ulated as YVXp)- o, which is a scalar product of two

Ill. MODEL AND DISCUSSION
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vector at the conduction band minimum in bulk Si. The ' " '
Hamiltonian in all its terms has to be invariant under this —_ 15|
symmetry group, as it is the case fokXo)-e,=koy
—kyoy. Therefore such a term may exist in sample struc-:c';
tures such as ours. The Zeeman splitting in an external mageo
netic field H, is in competition with the BR splitting: for
large Ho,, the former dominates while the latter survites
for Hg,— 0.

The 2DES constitutes a Pauli paramagnet and thus CESHX
detects only electrons close to the Fermi energy. The lattei3
increases with increasing carrier concentratiop. The
Fermi surface of a 2DES is a circle with radids
=\2mng. The Fermi vectokg enters the Rashba term in 0 : T
Mgr and increases withg. Thus the dependence of essen- 00 2.0x10 . "
tial spin properties such as thefactor and the CESR line- Electron Concentration (cm™)
width on ng should bear information on the BR spin-orbit
coupling. We quantify this by dividingZgr by goug to
convert it into a magnetic fieltHgr= (2ake/goug)ecX e,
that can be compared with the external fielgd, which rules
the Zeeman splitting. Hereay, is the g factor andug the
Bohr magneton.

By definition, the BR field acts on the spin splitting but it
does not affect the orbital motion. Because of that the BR 1
and the external fields can be treated as additive only in the 5H§R=§H§R St 0. (D)
case when the cyclotron motion and thus the diamagnetic
quantization can be neglected. As it is shown below, in thain order to model they-factor we have to consider the de-
case a simple analysis of the effect of the BR term of thegeneracy of the 2DES. The observabléactor corresponds
CESR is possible. In our samples, Shubnikov de Haas oscito theg value atkr only. Averaging for all possible directions
lations occur Only at magnetic fields of more than 1.5 Tof kF! the dependence of the measu@ﬁctor on the elec-

which exceed that of CESR a few times even for the highesfron concentratiom, and on the direction of the external
mobilities that occur for high carrier density. The apparentmagnetic field is obtained as

discrepancy of a high threshold field and high mobility can

be resolved in terms of dominant small angle scattering that (He) H2g
results from smooth potential fluctuations due to remote ion- g(ns,®)=goH—Ego 1+ W(lJrcos2 0). 2

ized donors. This small angle scattering disturbs the CR but ex ex

has little influence on the mobility. In this situation the ap- quation(2) shows that the BR coupling leads taydactor
proximation of weakly scattered plane waves with well de'anisotropy that is proportional tas. From the observed
finedk vectors appears more appropriate as compared to thefactor anisotropy[Fig. 4(a)] we are thus able to extract
rigorous analysis in the presence of well defined Landayy__ without any adjustable parameters and the results are

states which is necessary for strongly quantizing magnetigiven in Fig. 6 as a function af, (open symbols The solid
field.2° Therefore in the present case, the external field angine in Fig. 6 is obtained using=0.55x< 10 2 eVcm as a

the Rashba field can be added to describe their effect on ﬂting parameter. Some variation of the BR coefficient

particular electron. _For_ in-plane orientation <_)f the appliedcqyid pe expected witln, as the potential gradient in the
field, Landau quantization for the 2DES vanishes and thugantum well is changed. As it turns out, these deviations are
the approach of the additive BR field becomes exact. below the sensitivity of our experiment, however, as can be
seen in Figs. &) and 6. Fomg=4xX 10'! cm™2, the value of
a obtained gives a Rashba field di;=100 G which yields
a zero-field splitting of a fewueV, about three to four orders
The effectiveg factor given in Fig. 4 was evaluated as of magnitude smaller than for InAs wefts.
usual from the externally applied field, at which reso- The dashed line in Fig.(8) represents data fdjg) ob-
nance occurs and from the microwave frequency. In the predained from Eq.(2) using the same value @f. Considering
ence of the BR fieldHgg, however, the resonance condition only the BR effect, obviously an increase (@ is expected
takes the formhw=goug|Heq|, Wheregg is the “true,” in-  in contrast to experiment. Here we have to correct for an
ternal electrorg factor that is obtained if the effective mag- isotropic g shift gozgoo(1+ﬂk,2;), as it may result from
netic fieldHgs=Hq,+ Hpg is considered. When the external nonparabolicityfdash-dotted line in Fig.(#®)]. Note, that the
field He, is applied at an angl® andHgg is distributed in  correction term withk? is also allowed by symmetry. In ad-
the surface of the layer, then the valuekf; is distributed  dition, 8 may contain also a contribution of the energy de-
around its mean valufH ). For Hgr<<H,,, the variance of pendent penetration of the wave function into the SiGe bar-

ashba F

a=0.55x10"" eV cm -

Bychk

1 n 1 n
4.0x10" 6.0x10" 8.0x10"

FIG. 6. BR field, as evaluated from the linewidil) and from
the g-factor anisotropy(O) as a function of the density of a 2DES.
The solid line is calculated witly as fitting parameter.

the distribution of the effective local field, which contributes
to the linewidth broadening, is

B. Effective g factor
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rier. We can explain the observed dependengg)odn ng by D. Inhomogeneous line broadening

mcludmg on top of the Rashba terrr11t7h|s nonparabolicity g perpendicular field®=0) the second moment of the
correction using a value @@= —5.4x10"" C”_‘z- The value  gistribution of the effective field vanishdsee Eq.(3)] and
of (g) extrapolated for zero concentration gg,=2.00073  the DP-BR mechanism of line broadening does not contrib-
+0.00010. This value corresponds actually to the bottom ofite anymore. For perpendicular orientation of the external
the lowest electron subband in the well and it refers only tomagnetic field only another broadening is seen which is
electrons having the light mass. It is considerably bigger thamaused by the longitudinal spin relaxation or by the sample
that given by Fehét for heavily doped Si:P bulk material inhomogeneity. The longitudinal relaxation rate, as estimated
(gsi=1.99875-0.00010). This difference is a consequencefrom the saturation of the resonance signal at high micro-
of nonparabolicity, barrier effects and the longitudinal massvave powef” is only one of the contributions to the line
contribution. broadening. Another one originates from the fluctuation of
the Fermik vector, that causes a variation in théactor and
thus an inhomogeneous distribution of the resonance field.
Some samples, especially multi-quantum-well samples,
The fieldHgg is perpendicular to thk vector of the elec- where the electron concentration in the individual wells is
tron under consideration. Since the Fermi wave ve&tor different and those with low mobility exhibit much larger
may have any direction in the 2D plane, the BR field also hadsinewidths than those of Fig. 2.
any direction in plane. Since the direction Hfgg is ran- The observed narrowing of the linewidth with increasing
domly distributed within the 2D layer the resonance of thetemperature(see Fig. 3, perpendicular figldhows that a
electrons occurs at different external fields. As a result, theonsiderable fraction of the inhomogeneous broadening is
line becomes broadened by the BR spin-orbit coupling. Necaused by a dependence of the resonance field on kinetic
glecting both momentum scattering and cyclotron motion€nergy. With increasing temperature inelastic scattering of
(weak field regimg one could expect that the linewidth qonductlo_n electron§ occurs anq the klnet|q energy varies in
broadening due to the BR effect would be described by théme leading to motional narrowing of the linewidth. Some
variance of the magnetic field seen by the electrons as dé&ontribution to the inhomogeneous linewidth may also origi-
scribed by Eq.(1). A change of the electron momentum, Nate frorr_l _mterface imperfections, which strongly affect the
which is equivalent to a change of the BR field, leads, howBR coefficient.
ever, to an averaging of the linewidth. If the characteristic
frequency of modulation is much higher than the frequency
Corresponding to the resonance linewidth, then the standard We have shown that CESR measurements provide a very
formula for motional narrowing, as used in this context firstsensitive tool to evaluate the BR constant. The BR field is the
by D'yakonov and PereDP), can be applied‘°Taking the  origin of the observed anisotropies of théactor and of the

C. Line broadening and transverse relaxation

IV. CONCLUSION

angular dependence also into account we obtain CESR linewidth. Both of them increase with increasing car-
YHZBR Si2 O rier o!ensity._ExtrapoIating the meanvalue for low carrie_r
AH=y8H éRTk: e 3) density we find the subband edgdactor of 2D electrons in

2

Here y=gug/# is the gyromagnetic ratio and, the mo-
mentum relaxation time. The observed angular dependen
xsir O [see inset in Fig. @] is well described by Eq(3)
and it is a unique attribute of the discussed broadenin
mechanism where the fluctuating field has only an in-plan
component.

From the experimental data for the CR linewidthig.
5(b)] we evaluater,. Taking these data together with the
linewidth AH, we can evaluate the BR field from E().

Results are also given in Fig. (ull symbolg. Without any ACKNOWLEDGMENTS
further fitting parameter we obtain good agreement with the We thank F. Schéler (JKU) for generously providing
data derived from thg-factor anisotropy. samples and helpful discussions. Work supported within the

The linewidth for in-plane orientation is almost tempera-CELDIS in Poland and in Austria by thdonds zur
ture independentsee Fig. 3. This is a consequence of the Forderung der Wissenschaftlichen Forschurand QAD,
weak temperature dependencies of the Fermi energy and bbth Vienna, and in Germany by thgeutsche Forschungs-
the electron mobility. gemeinschaft

Si, gpo=2.00073:0.00010. For perpendicular field the
DP-BR linewidth broadening vanishes and the CESR is easi-
&stto observe for that orientation.
In Si quantum wells we observe a very weak BR field

ecause of weak spin orbit coupling. Therefore, spin relax-
gtion is also very slow. The extremely small CESR linewidth
(long dephasing timeand very longT; of the order of
10 ° s makes Si quantum wells an interesting candidate for
spintronic devices.
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