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Suppression of spin relaxation of conduction electrons by cyclotron motion
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We investigate the spin relaxation of two-dimensional~2D! electrons in a Si/SiGe quantum well by means
of electron spin resonance. Simultaneous observation of cyclotron resonance allows us to evaluate the influence
of momentum scattering on spin relaxation. We identify thus a dominant contribution due to the D’yakonov-
Perel mechanism which is expected to be more efficient for slow momentum-relaxation. The observed relax-
ation times of microseconds can be explained, however, only by an additional motional narrowing due to
modulation of the spin-orbit coupling caused by the cyclotron motion. The latter is evidenced by the observed
dependence of spin relaxation on the direction of applied magnetic field which changes the cyclotron frequency
of the 2D electrons.

DOI: 10.1103/PhysRevB.69.035328 PACS number~s!: 71.55.Eq, 76.30.Fc, 75.50.Pp, 75.30.Gw
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I. INTRODUCTION

Spin-orbit ~SO! coupling in semiconductor structures
crucial for many physical properties. Generally, the SO
teraction governs the coupling between electronic and s
degrees of freedom.1 On the one hand, SO coupling ma
allow electric manipulation or control of magnetic prope
ties. On the other hand, it causes spin-dependent electr
properties which may allow one to read out a spin state
means of electrical features. Simultaneously, however,
presence of SO causes electron motion to affect the
states, leading to spin relaxation and shortening of the s
memory.2,3 Therefore, the SO interaction became a subjec
intense interest again in the context of spintronics.

For applications where a long spin memory is the m
goal,4,5 silicon appears to be the best semiconductor. S
characterized by a very weak SO coupling and presen
technology provides probably the magnetically purest ma
rial available: the concentration of paramagnetic impuritie
extremely small and there is only one isotope of silicon,29Si,
which has nuclear spin~1/2! at a natural abundance of les
than 5%. Recently we found spin coherence times of
order of microseconds for Si quantum wells.6,7 For spintronic
applications the spin coherence should be as long as pos
and therefore it is obviously necessary to investigate
mechanisms that limit the spin lifetime.

Among the different spin relaxation mechanisms two
of importance for pure material at low temperatureT
,40 K). Both are ruled by the momentum relaxation—i.
the electron mobility—and by SO coupling. The first one
the Elliott-Yafet ~EY! mechanism.1,2 The EY treatment is
based on the fact that due to the SO interaction spin is n
good quantum number and free carrier wave functions ar
k-dependent mixed spin character. Therefore a scatte
event changes also the spin state with some probability.

The second group of mechanisms, treated by D’yako
and Perel, appears in systems lacking inversion or mi
symmetry.3 In such a system, the SO interaction causes te
in the Hamiltonian containing products of odd powers of t
0163-1829/2004/69~3!/035328~10!/$22.50 69 0353
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k vector of the electron and spin. For higher symmetry th
terms vanish. The low symmetry may be caused by the c
tal structure8—then these effects are designated as ‘‘bu
inversion asymmetry’’~BIA ! or by structure—e.g., by thin
layers and surface states which cause an electric field in
layer.9 Effects caused by the latter are attributed
‘‘structure-induced asymmetry’’~SIA!. The SIA and BIA
terms in the Hamiltonian cause spin splitting and thus th
may be described by an effective,k-dependent magnetic
field. They modify the spin precession frequency, causin
change ofg factor and broadening of the spin resonan
line.6 Moreover, this field changes as thek vector of the
electron, k, changes and thus they may cause s
relaxation.7

For a two-dimensional~2D! electron gas in a quantum
well, which does not have mirror symmetry, two types
such effective fields may occur: namely, Bychkov-Rash9

~BR! and Dresselhaus10,11 ~DR! fields. Both types of fields
are oriented within the 2D plane. The strength of the BR fi
is proportional to the electron momentum and it is indep
dent of the direction of electron motion while the DR fie
strongly varies its strength with the direction of electron m
tion. Consequently, when the in-plane direction of thek vec-
tor, wk , is changed the BR field varies withwk while the
cubic DR term has also a component changing with 3wk .

In a previous paper6 we analyzed the effect of the BR
field on theg factor and the resonance linewidth for in-plan
orientation of the magnetic field. In this paper we investig
the influence of momentum scattering and of cyclotron m
tion on the transverse and longitudinal spin relaxation ra
We find that the cyclotron motion, leading to addition
modulation of the spin-orbit interaction, causes motional n
rowing and, consequently, a reduction of the spin relaxat
rates. A characteristic anisotropy of spin relaxation occ
since the cyclotron frequency of 2D carriers depends on
direction of the applied field. Finally, we discuss possib
contributions of the BR and DR fields. Because the cubic
field varies 3 time faster withwk as compared to the BR
term, under the cyclotron motion the DR field should
©2004 The American Physical Society28-1
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modulated faster, allowing us to distinguish both contrib
tions to the spin relaxation.

II. EXPERIMENTAL DETAILS

A. Samples

Samples were grown by molecular beam epitaxy
1000V cm Si~001! substrates, which show complete carr
freeze-out below 40 K. A 20-nm-thick Si channel with te
sile in-plane strain was deposited on a strain-relaxed bu
layer, which consists of a 0.5-mm-thick Si0.75Ge0.25 layer on
top of a 2-mm-thick Si12xGex layer with compositional
grading. The upper Si0.75Ge0.25 barrier was modulation dope
with a 12.5-nm-thick, nominally undoped spacer layer a
capped with 5 nm of Si. Three modulation-doped Si/Si
structures with different donor concentrations were exa
ined. The electron concentration could be changed pe
tently by illumination with band-gap light for different per
ods of time. Altogether the sheet electron concentration
the investigated samples could be varied in the range o
3109–731011 cm22.

B. Spectrometer

All measurements were performed with a standardX-band
ESR spectrometer at a microwave frequency ofv0/2p
59.4 GHz. The sample is placed in the center of the rec
gular TE102 cavity, at the maximum of the magnetic micro
wave field componentH1, which is perpendicular to the ap
plied static magnetic fieldH, and at the minimum~node! of
the electric field component, which is parallel toH.

Making use of the loaded cavity resonance curve we
timate anH1, corresponding to full klystron power~200
mW!, of 0.9 G. We found that this value weakly depends
the sample position in the microwave cavity. Therefore
took this reference value for all measurements. The fact
our results are in good agreement with the direct meas
ments of spin relaxation by means of spin-echo method7,12

for the same sample shows that we estimateH1 correctly.
In this apparatus, the sample can be rotated around an

parallel toH1. The corresponding angleuH is defined to be
zero whenH is perpendicular to the sample layer~parallel to
the growth direction! while u590° stands for in-plane
orientation.

C. Cyclotron resonance

The spectra are characterized by a strong broad
caused by the cyclotron resonance~CR!, corresponding to
the light electron mass (m* 50.2m0) and a very narrow elec
tron spin resonance~ESR! line due to spin resonance of th
2D electron gas corresponding to ag factor6,7 very close to 2.

Analysis of the CR spectra in terms of the Drude mo
allows us to evaluate the momentum relaxation ratetk

21 .
The latter depends on the doping concentration and va
strongly with carrier concentration, from 531010 s21, for
the highest mobility sample, up to 1012 s21 close to the
metal-to-insulator transition.13 For low-mobility samples the
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CR shape is close to Lorentzian, but for very high mobility
is well described by the Gaussian shape function.

D. Electron spin resonance signal

The spin resonance signal is very small as compared
that of the CR. The peak-to-peak amplitude of the derivat
ESR is by 3 orders of magnitude smaller as compared to
CR signal. Since the ESR linewidth is by 4 orders of ma
nitude smaller, one can conclude that the integral CR abs
tion, before differentiation, is by 7 orders of magnitude b
ger than the ESR absorption.

The observed ESR line shape is rather complex; it diff
from the regular shape of an absorption line.14 We relate this
additional complexity to a strong electric absorption and
screening of the electric microwave field by high-mobili
electrons. As is shown in Fig. 1, all spectra observed can
phenomenologically described by a sum of three types
signals: absorption signal~AS!, dispersive signal~DS!, and
polarization signal~PS!.

1. Absorption ESR signal

The AS is the signal related to the magnetic dipo
transitions—the classical signal of spin resonance. In ESR

FIG. 1. ESR signal—i.e., the derivative of the microwave a
sorption as a function of magnetic field—for different microwa
powers. Thick solid lines: fits according to Eq.~11! and shapes
functions by Eqs.~1!, ~5!, and ~7!. A common value of the reso
nance linewidths,Dv/g570 mG, is found. Best fit values of th
amplitudesAAS ~squares!, APS ~solid circles!, andADS ~triangles!,
fitted for individual spectra, are shown in~b!. Open circles: reduced
power p as defined by Eq.~3!. The slope ofp vs H1 yields T1

50.3 ms. In ~c! deconvolution of the three components of the ES
signal with microwave power are shown. Dashed line: classical
Dotted line: PS. Dash-dotted line: DS.
8-2
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SUPPRESSION OF SPIN RELAXATION OF . . . PHYSICAL REVIEW B69, 035328 ~2004!
conduction electrons it dominates at low microwave pow
only. The shape of the AS can be well fitted by the functi

f AS8 52
1

p

2h

~11p1h2!2
, ~1!

which is the field derivative of the handbook Lorentz sha
function15

f AS5
1

p

1

11p1h2
. ~2!

Here we use normalized, dimensionless quantities: for
magnetic fieldH, we useh5(H2H0)/DH, whereH0 is the
resonant field,DH5Dv/g is the Lorentz linewidth, andg is
the gyroscopic factor, while the normalized microwa
power

p5g2H1
2T1 /Dv ~3!

is proportional to the microwave powerP—i.e., to the square
of the amplitude of the magnetic component of the mic
wave, H1, normalized by the resonance linewidthDv and
the longitudinal spin relaxation rate 1/T1.

The linewidth at low microwave power,Dv, is given by
the sum of the transverse spin relaxation rate, 1/T2, and half
of the longitudinal spin relaxation rate, 1/2T1:

Dv5
1

2T1
1

1

T2
. ~4!

The amplitude of the AS is proportional to the square r
of the microwave power,P1/2. The absorption signal corre
sponds to the classical resonance absorption in our typ
ESR experiment. The derivative of the AS is an odd funct
of the normalized fieldh.

2. Dispersion signal

The shape of the observed ESR lines of 2D conduc
electrons in Si/SiGe is neither fully symmetric nor antisy
metric. It is similar to the so-called Dysonian line sha
commonly observed in 3D metals where a small skin p
etration depth causes the occurrence of the dispersion si
in addition to the absorption signal. A 2D metallic layer d
fers from a 3D metal as the skin penetration depth is m
larger than the thickness of the 2D layer. In that sense
microwaves can penetrate the 2D electron gas and the a
metric signal observed cannot be related to the Dyson
effect. Nevertheless, the presence of the sample in the m
wave cavity can strongly perturb the standing-wave mode
the cavity. Ifv0tk!1, then the nonresonant electric abso
tion of the microwaves and the resulting decrease of
quality factor of the cavity are dominant. The AS is partia
suppressed, but as long as the electric conductivity does
depend on the spin structure, the ESR line shape is no
fected. On the other hand, for high-mobility electrons, wh
v0tk@1, the imaginary part of the electric conductivi
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dominates; i.e., the electron motion is delayed in phase
compared to the microwave field. As a result, a DS of
ESR occurs.

The dispersion signal is well fitted by the dispersion co
ponent of the Lorentz shape function. The derivative is
even function of the normalized fieldh:

f DS8 5
1

p

11p2h2

~11p1h2!2
. ~5!

Our observation~see, e.g., data shown in Fig. 1! shows
that when the signal is a sum of AS and DS then both sign
are characterized by the same parametersDv andT1. As a
result an asymmetric, ‘‘Dysonian’’ line shape is observe
The ratio of the AS to DS amplitudes depends on the elec
mobility and the direction of the applied magnetic field. T
AS is dominant in high-mobility samples for low microwav
power and in-plane orientation (uH590°). The DS is pro-
portional toP1/2.

3. Electrically detected polarization signal

The observed spectra cannot be described by a comb
tion of AS and DS alone. A phenomenological analysis of
spectra shows that there must be an additional contribu
with the following properties.

~i! It has the shape of an odd-parity function, similar
shape to the AS@see Eq.~1!#.

~ii ! For high microwave power the linewidth of this sign
is considerably bigger as compared to the widths of the
and DS.

~iii ! It has a different dependence of the signal amplitu
on microwave power: at low power a proportionality toP3/2

is well obeyed.
These properties bring us to the conclusion that this ad

tional contribution results from a change of the electric a
sorption caused by a dependence of the electric conduct
~CR! on the polarization of the electron spin system. In fa
the electric absorption scales with the microwave elec
field, E1}P1/2. In addition, for small power the deviation o
the spin polarization from its thermodynamic equilibrium
h(h,p)2h0, is expected to be proportional to the spin res
nance absorption—i.e., proportional to the absorption fu
tion, as described by Eq.~2!, and to powerP. Together, the
two factors lead to the observedP3/2 dependence. This ex
plains also the similar line shapes of AS and PS.

To fit the experimental data we use the shape function

f PS5
21p12h2

2~11p1h2!2
~6!

and its field derivative

f PS8 52
2ph~11h2!

~11p1h2!3
. ~7!

They were obtained under the assumption that the elec
conductivity s is a quadratic function of the spin polariza
8-3
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Z. WILAMOWSKI AND W. JANTSCH PHYSICAL REVIEW B 69, 035328 ~2004!
tion, s(p,h)5s0„11dPSh
2(p,h)1•••…, and the PS is pro-

portional to the change of electric conductivity:

SPS}P1/2
„s~p,h!2s0…5P1/2dPS„h

2~p,h!2h0
2
…, ~8!

due to a change of spin polarization caused by the ESR
sorption. HeredPS is the material parameter describing t
dependence of electric conductivity on spin polarization a
the dependence of spin polarization on microwave po
and the applied field was obtained from the balance of
absorbed and dissipated powers at steady-state condi
~slow passage!:

h~p,h!5h0

11h2

11p1h2
. ~9!

The change of the squares of the spin polarization is t
proportional to the shape function as described by Eq.~6!.
The expression takes the form h2(p,h)2h0

2

522p h0
2f PS(p,h).

Finally, the PS amplitude is described by the shape fu
tion ~6!:

SPS}P1/2ph0
2f PS~p,h!. ~10!

It scales withP3/2 and the square of the equilibrium sp
polarizationh0

2.
As is shown in Fig. 1~c! the shape of the PS for sma

microwave power (p!1) tends to the Lorentzian shape,
described by Eqs.~1! and ~2!. For high power (p@1), the
derivative is still an odd function ofh, similar to the Lorent-
zian shape function, but the peak-to-peak linewidth of the
@Eq. ~7!# is by a factor 31/2 bigger as compared to the widt
of the AS @Eq. ~2!#.

AS and PS are of similar shapes. They can be dis
guished experimentally by an analysis of power dep
dences. The AS increases withP1/2 while the PS increase
with P3/2.

In the case of a negative amplitude of PS, as is show
Fig. 1, at a certain intermediate power, the AS and PS c
pensate each other and the DS is only seen. At high po
the PS dominates.

4. Deconvolution of three signal components

The analysis of an individual ESR spectrum does not
low one to deconvolute the spectrum or to determine
amplitude of the three contributing signals and thus to eva
ate all important quantities. Deconvolution becomes poss
only considering a set of spectra, measured for various
crowave powers by simultaneous analysis. In that case
describe the spectra by the same formula

S8~p,h!5P1/2~AASf AS8 1ADSf DS8 1pAPSf PS8 !. ~11!

Here the shape functions are given by Eqs.~1!, ~5!, and~7!.
The amplitudes of the contributing signals,AAS, ADS , and
APS, the low-power linewidthDv, and the longitudinal spin
relaxation timeT1 are treated as five independent fitting p
rameters. We look for the best fit to the whole set of m
sured spectra.
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These parameters are weakly correlated. Some of th
can be evaluated directly without undergoing the whole p
cedure. In particular, the signal measured at low microw
power has a very small contribution of a PS. Moreover,
this limit the saturation effect can be also neglected. In t
case only three parameters are of importance: namely,
amplitudes of the AS and the DS and the total linewid
They can be easily evaluated from each spectr
independently—the linewidth can be measured directly, a
the ratioAAS/ADS can be obtained from the asymmetry
the line or by a numerical separation of the even and o
contributions.

On the other hand, because the PS increases faster
increasing microwave power, the amplitude of the signa
high power directly yieldsAPS.

Evaluation ofT1 needs more careful analysis. Accordin
to handbooks,15 T1 can be evaluated from the analysis
either the amplitude or linewidth. In the case of the discus
ESR signal, because of superposition of three signals,
analysis of the amplitude is possible when the shapes
amplitudes of all spectra, measured for different powers,
simultaneously fitted.

The evaluation ofT1 from the power dependence of th
linewidth is much simpler. An example is shown in Fig. 2.
the low-power limitp!1, the linewidth is equal toDv, and
in the high-power limitp@1, the linewidth increases with
H1. For the AS,Dvp(p)>Dv1/2 g H1 T1

1/2, and for PS the
linewidth, Dvp(p)531/2Dv1/2 g H1 T1

1/2 is bigger by a fac-
tor of 31/2. The experimental data easily allow one to disti
guish which signal dominates in the high-power limit: th
differ by their power dependence. Moreover, as in the
ample shown in Fig. 2 for perpendicular orientation of t
applied field, the sign of the PS is opposite to that of the
~see icons in Fig. 2!.

An example of the detailed fitting procedure is shown
Fig. 1. The shapes of all spectra measured at different mi

FIG. 2. Dependences of the ESR linewidth on microwave pow
for two different Si/SiGe samples~solid and open dots!. At low
power the linewidth stands forDv. The line broadening caused b
saturation of the ESR signals allows us to evaluate the longitud
relaxation rate 1/T1. The icons show the evolution of the line shap
for different powers.
8-4
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wave power were fitted simultaneously. The amplitudes
different signals were treated as fitting parameters for e
spectrum but a common value ofDv has been assumed. Th
value of the parameterp, directly related toT1, was evalu-
ated directly for spectra measured at high microwave pow
where line broadening is visible. To fit signal shapes at l
power a quadratic dependence ofp on H1 was assumed. All
spectra can be satisfactory described by the discussed s
common parameters. Amplitudes of contributing signals
power independent for a wide range of power. We relate
decrease ofAPS at high power to electron heating and hig
sensitivity ofAPS to temperature.

E. Temperature dependence of ESR

The ESR does not depend critically on temperature. T
temperature dependence of the linewidth is presen
elsewhere.6 Some line narrowing with increasing temper
ture is caused by an increasing efficiency of motional n
rowing. Also T1 depends rather weakly on temperature,
least in the temperature rangeT,30 K, whereT1 can be
evaluated.

The temperature dependence of the amplitude of the E
signals is plotted in Fig. 3. The amplitude of the DS sho
similar behavior as the AS. Both are proportional to the s
polarization of the 2D electron gas. They are weakly te
perature dependent at very low temperature, correspon
to the Pauli susceptibility. At higher temperatures, they
crease withT21, reflecting Curie-like magnetism that ap
pears when the temperature exceeds the Fermi tempera
This behavior confirms that the AS corresponds to the c
sical ESR absorption; it is proportional to the imaginary p
and the DS to the real part of the magnetic susceptibility

The amplitude of the PS decreases withT22 in the high-
temperature range. This confirms the origin of the PS wh

FIG. 3. Temperature dependence of the amplitudes of DS~open
circle! and PS~solid squares!. The constant amplitudes at low tem
perature reflect the Pauli susceptibility. The dependences at h
temperatures, where the susceptibility is ruled by the Curie l
show that the DS is proportional to the spin polarizationh0 and for
the PS toh0

2.
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is expected to be proportional to the square of spin polar
tion at thermal equilibrium@see Eq.~10!#—i.e., to the square
of the static susceptibility.

We relate the sharp decrease of the signals atT>30 K to
thermal excitation of electrons to states outside the quan
well. At very high microwave power, whenH1>0.1 G, the
2D electron gas is effectively heated by the electric abso
tion. This is evidenced by an additional reduction of the a
plitudes of all ESR signals. Comparing the decrease of
signal amplitude under microwave power with the decre
caused by increasing temperature at low power allows u
estimate the real temperature of the electron gas. For the
presented in Fig. 3 the observed amplitude atP5200 mW at
T54 K is by a factor of 25 smaller than the amplitude e
pected under the assumption of constant amplitudes in
~11!. Such a reduction of the PS amplitude by a factor of
corresponds to a temperature of the electron gas oT
520 K.

In conclusion, the amplitudes of all three signal comp
nents are more sensitive to temperature and to the microw
heating than can be explained in terms of relaxation tim
which are almost temperature independent. Conseque
the ESR linewidth is less sensitive when applying high m
crowave power as it is needed for the evaluation ofT1. Be-
cause of that, the broadening of the linewidth is more s
able as compared to the saturation of signal amplitude if
evaluation ofT1 is considered.

F. Spin and momentum relaxation rates

In Fig. 4, 1/T1 and 2Dv for perpendicular orientation o
the applied field are plotted as a function of the moment
relaxation ratetk

21 . For low-mobility samples the two de
pendences merge, 2Dv>1/T1, indicating that the longitudi-
nal relaxation is the dominant broadening process. The
crease of the spin relaxation rate with increasing momen
scattering rate may indicate the Elliott-Yafet mechani
where the spin-flip probability is predicted to be proportion
to the momentum relaxation rate:2

er
,

FIG. 4. The longitudinal relaxation rate 1/T1 ~solid dots! and the
double linewidth 2Dv51/T112/T2 ~open squares! measured at
uH50° as a function of momentum relaxation rate. The dashed
stands for the upper limit of the EY rate:aEY52.431026.
8-5
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1

T1
5aEY

1

tk
. ~12!

Here the EY coefficientaEY depends on the amount of ad
mixture of different spin states and reflects the probabi
that a spin-flip process occurs in a momentum scatte
event. The data in Fig. 4 allow one to estimate an upper li
for the EY coefficient:aEY<2.431027.

For high electron mobility~low tk
21) both 2Dv and 1/T1

are much bigger than estimated by the upper limit of the
spin relaxation rate. This shows that another spin relaxa
mechanism becomes dominant in this mobility range.
will argue below that there the longitudinal relaxation
caused by the DP relaxation.

G. Anisotropy of the ESR linewidth

Tilting the applied magnetic field away from the perpe
dicular direction (uHÞ0), the resonance linewidth increas
strongly ~see Fig. 5!. For high-mobility samples the line
width increases almost by one order of magnitude. For lo
mobility samples, the angular dependence of the linewidt
close to a (sin2uH) dependence,6 but for high mobility the
dependence is relatively weaker for smalluH and shows a
maximum foruH>80°.

The in-plane (uH590°) linewidth is isotropic for all mo-
bility values, independent of the in-plane direction of t
applied magnetic field.

The spin relaxation anisotropy is a clearly pronounced
unexpected experimental finding. None of the known mod
of spin relaxation predicts such a strong anisotropy. In
previous paper we showed that the transverse DP spin re
ation caused by the BR field, which dominates the spin

FIG. 5. Angular dependence of the ESR linewidth~squares! at
high mobility. uH is the angle between the growth direction and t
direction of the applied field. The solid dot shows the contribut
of the longitudinal relaxation to the linewidth. Dashed line: t
anisotropy predicted by Eqs.~13! and ~14!. The solid, dash-dotted
and dotted lines correspond to Eqs.~4!, ~26!, and~29! for the set of
parameters listed in the figure.
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laxation for-in plane orientation of magnetic field, is high
anisotropic and vanishes for perpendicular orientation of
magnetic field:6

1

T2
5V2

sin2uH

2
tk . ~13!

The same model predicts also an anisotropy for the long
dinal spin relaxation rate, which is then described by

1

T1
5V2~11cos2uH!

tk

11v0
2tk

2
. ~14!

HereV2 is the variance of the distribution in resonance fr
quency, caused by a distribution of in-plane oriented
fields, andv0 is the Larmor frequency. For smallv0tk , the
total linewidth @see Eq.~4!# is expected to be isotropic. Fo
sizablev0tk , we expect the anisotropy caused by the fac
1/(11v0

2tk
2) as given by the dashed curve in Fig. 5. Obv

ously this effect is much too small to explain the observ
anisotropy.

An anisotropy of the linewidth occurs for all Si/SiG
samples investigated. As is shown in Fig. 6, the anisotro
increases with increasing momentum relaxation time. T
ratio of the linewidth for in-plane and perpendicular orien
tions ~open squares in Fig. 6! varies from 8 for a high-
mobility sample to 1.7 for low-mobility samples. The aniso
ropy defined as the ratio of the linewidth for in-plane fie
for half the longitudinal relaxation rate for perpendicular f
high-mobility samples is even more pronounced.

To investigate this effect we follow the ratio of the in
plane linewidth and the longitudinal spin relaxation for pe
pendicular orientation of the magnetic field where the tra
verse DP relaxation is expected to vanish. If the origin
both is the same, that ratio should be independent of

FIG. 6. Anisotropy of the spin relaxation rate as a function t
momentum relaxation rate. Open squares: the ratio of the linew
for in-plane orientation of the applied field,Dv(90°), and line-
width for perpendicular orientation,Dv(0°). Solid circles: ratio of
Dv(90°) and the longitudinal contribution to the linewidth
1/2T1(0°). Thesolid line shows the anisotropy predicted byVBR as
described by Eqs.~4!, ~26!, and~29!.
8-6
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magnitude of the SO field. Moreover, this way we bypass
problem of any additional inhomogeneous broadening wh
is comparable to the longitudinal relaxation for (uH590°)
but can be easily neglected as compared to the linewidth
(uH590°). The ratio of the ESR linewidth for (uH50°) and
half the longitudinal spin relaxation rate for (uH590°) is
plotted in Fig. 6 by solid dots as a function oftk

21 . To
estimate the possible errors, the open squares are given:
stand for the ratio of the linewidth for the two orientation

In our experiment, we are not able to properly evalu
the longitudinal relaxation rate for arbitrary directions of t
magnetic field since then there is an in-plane componen
the microwave electric field in some parts of the sample
that case the microwaves are strongly perturbed by
sample and we are not able to estimate the real microw
field amplitudeH1 anymore.

III. MODEL OF SPIN RELAXATION

The observed dependence of the spin relaxation on
momentum scattering rate cannot be explained by
known mechanism. In the discussion below we argue that
peculiarities are caused by the high electron mobility and
resulting cyclotron motion which causes an additional mo
lation of the effective field seen by the electrons. The disc
sion begins with a definition of the effective field for diffe
ent types of zero-field spin splitting. Then the model of sp
relaxation at moderate magnetic field,vctk.1, caused by
the modulation of the effective SO field—i.e., the DP sp
relaxation—is presented. Finally, the experimental results
discussed.

A. Zero-field spin splitting

The D’yakonov-Perel3 mechanism for spin relaxatio
originates from thek-dependent spin splitting of the elec
tronic band states. Such zero-field splitting can occur
structures lacking inversion symmetry. The linear antisy
metric term is known as the BR term and has the form of
vector product9

HBR5aBR~s3k!•n. ~15!

Heresa are Pauli matrices and the vectorn is parallel to the
symmetry axis~the growth direction for 2D layers!. The BR
spin splitting can originate from BIA due to an axial symm
try of the crystal8 or it can result from a SIA due to lack o
the mirror symmetry of the quantum well.9

A higher-order antisymmetric term, which leads to ze
field spin splitting, has been introduced by Dresselhaus.10 In
cubic crystals lacking inversion symmetry, the DS term h
the form

HDS5gDS@sxkx~ky
22kz

2!1syky~kz
22kx

2!1szkz~kx
22ky

2!#.
~16!

HeregDS is a material parameter. The DS spin splitting is t
dominant effect in crystals, e.g., of zinc-blende structure

In 2D structures, when the growth direction is parallel
the cubic axis (ẑ), the mean valuêkz&50 and the DS term
has the form
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HDS5gDS@sxkx~ky
22^kz

2&!1syky~^kz
2&2kx

2!#. ~17!

The mean valuêkz
2& does not vanish but it depends on th

width of the quantum well and on the number of occupi
electric subbands. In that sense it is an independent mat
parameter. The formation of a 2D structure, however, c
modify the value ofgDS . Moreover,gDS , which vanishes
due to high symmetry in bulk Si, does not vanish in Si 2
structures anymore. Consequently, the possibility of suc
high-order SIA spin splitting should be considered also in
Si structures. According to theoretical calculations the m
nitudes of the BR and structure-induced DS splitting are
the same order of magnitude.16,17

For the evaluation of the experimental data we consi
both types of zero-field spin splittings as described by E
~15! and~17!. Consequently, we introduce a set of three d
ferent material parametersaBR , gDS , and ^kz

2& or, equiva-
lently, a set of three independent magnitudes of the zero-fi
splitting:

\VBR5aBRk, ~18!

\VDS15gDSS ^kz
2&k2

k3

4 D , ~19!

\VDS35gDS

3k3

4
. ~20!

The first stands for BR splitting; the two other terms orig
nate from DS splitting. DS1 varies linearly withk vector
while DS3 is proportional tok3.

When the in-plane direction of thek vector of an electron
is wk around the crystal axis then each of the three indep
dent terms resulting from Eqs.~15! and~17! can be described
in the form of a scalar productH5\V"s, where the vectors

VBR5VBR@2sinwk ,coswk , 0#, ~21!

VDS15VDS1@2coswk ,sinwk , 0#, ~22!

VDS35VDS3@2cos 3wk ,2sin 3wk , 0# ~23!

are equivalent to vectors of effective SO fields acting on
electron spin,HSO5V/g.

All effective fields are oriented in plane. Each of them h
a uniform in-plane distribution. As a consequence, if one
the fields occurs, then the resulting phenomena are cha
terized by axial symmetry. Then all directions of thek vec-
tor, wk , and all directions of the in-plane applied field,wH ,
are equivalent.

When the different components of the SO field are
similar amplitude then an in-plane anisotropy can
expected.18 The fieldsVBR andVDS1 are similar. They differ
by their phase due to the dependence onwk only. Because of
that, they are hardly distinguishable by experiment. The fi
caused byVDS3 is characterized by a 3 times faster depen
dence onwk . As a consequence the momentum scattering
the cyclotron motion causes much faster modulation of t
component.
8-7
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B. D’yakonov-Perel spin relaxation

1. Classical DP relaxation in a 2D electron gas

The effective field acting on an electron affects its re
nance frequency, while a time-dependent perturbation res
in a finite probability for a spin flip; i.e., it leads to longitu
dinal spin relaxation. Simultaneously, the spread of the ef
tive fields, originating from the distribution ofk vectors,
leads to a spread in resonance frequencies—i.e., to a br
ening of the resonance line. In that sense it contributes to
decoherence of spin precession and thus to transverse
relaxation.

According to general rules19 the spin relaxation rate cor
responds to the Fourier transforms~FT’s! of the time-
dependent components of the perturbing fields or, stri
speaking, to the FT’s of the autocorrelation function of t
effective field. The expressions of Eqs.~13! and ~14! corre-
spond to the autocorrelation function of a simple exponen
decay,V2exp(2t/tk), resulting from momentum scattering
The decoherence rate 1/T2 corresponds to the zero-frequen
component of the autocorrelation function for fluctuatio
parallel to the applied magnetic field. The longitudinal ra
1/T1 is obtained as the FT’s of the autocorrelation functi
for the perpendicular components of the effective field at
Larmor frequencyv0. The different Fourier components re
sult in different dependences of the relaxation rates ontk .

The differences in the angular dependences reflect the
nar distribution of the SO fields. The decoherence rate 1T2
is ruled by the fluctuation of SO fields parallel to the exter
field while a spin flip is caused by the fluctuation of th
transverse component of SO field.

2. DP spin relaxation under an external magnetic field

In the case of a strong magnetic field the electronk vector
changes not only due to momentum scattering but also du
the cyclotron motion. Consequently, the effective modulat
frequency of the SO field is bigger, leading to a more eff
tive motional narrowing of the linewidth and to a reductio
of the longitudinal spin relaxation.

The direction of thek vector rotates in time,wk(t)
5vct, with the cyclotron frequencyvc . The resulting auto-
correlation function of thek vector is then ^k(t)k&
5k2^coswk(t)&5k2exp(ivct2t/tk). The strengths of the ef
fective fields, as described by Eqs.~21!–~23!, are invariant
but their directions change in time.VBR rotates in plane with
frequencyvc . The autocorrelation function of the BR field
then

^VBR~t!,VBR&5VBR
2 exp~ ivct2t/tk!. ~24!

VDS1 rotates in the opposite direction with the frequen
2vc , while the fieldVDS3 rotates at a 3 times higher fre-
quency23vc , and the resulting autocorrelation function

^VDS3~t!,VDS3R&5VDS3
2 exp~23ivct2t/tk8!. ~25!

Here the prime at the momentum relaxation times in
cates that in that case the relaxation time is obtained by
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eraging 3wk . For a small-angle scattering process,tk8 is ex-
pected to be shorter as compared totk .11

The expressions for the spin relaxation rates, caused
the different types of zero-field splitting, are not equivale
anymore. The expressions for the longitudinal relaxation

1

T1
5VBR

2 ~11cos2uH!
tk

11~v02vc!
2tk

2
, ~26!

1

T1
5VDS1

2 ~11cos2uH!
tk

11~v01vc!
2tk

2
, ~27!

1

T1
5VDS3

2 ~11cos2uH!
tk8

11~v023vc!
2tk8

2
. ~28!

HereV2(11cos2uH) is the variance of the SO field perpen
dicular to the applied field. The transverse relaxation rate
ruled by the variance of the longitudinal component of t
SO field,V2sin2uH . They are given by

1

T2
5VBR

2 sin2uH

2

tk

11vc
2tk

2
, ~29!

1

T2
5VDS1

2 sin2uH

2

tk

11vc
2tk

2
, ~30!

1

T2
5VDS3

2 sin2uH

2

tk8

119vc
2tk8

2
. ~31!

These formulas differ in details but generally they conta
a reduction factor of the order (vctk)

2 when the relaxation is
caused by BR or DS1 and by a bigger factor 9(vctk8)

2 when
caused by DS3. This difference in the dependence of the
relaxation rate ontk allows us to evaluate the dominant typ
of SO field when the dependence of the spin relaxation ontk
is analyzed.

These expressions were found under the assumption
the SO field, momentum scattering, and cyclotron motion
weak perturbations of a free-electron state, with a we
defined momentumk. From that point of view, the mode
presented should not be applied for the case when Lan
quantization is well pronounced. On the other hand, the
tained expression reflects well the trends expected for
case of strong quantization.9,21 They show the effect of the
suppression of spin relaxations and the scaling of the s
relaxation rates with the square of the SO coupling. For
limit v0tk@1, the expressions~26!–~31! predict proportion-
ality of the spin relaxation rates to the momentum relaxat
rate where the proportionality coefficient is given by t
square of the ratio of SO and cyclotron splitting. Such
dependence is also expected when we discuss the proba
of a spin flip which accompanies the transition between d
crete states. These reasons can explain why the discu
model reasonably fits the experimental data also outside
range of the initial assumptions. The agreement, howe
should be treated rather as qualitative than quantitative.
8-8
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IV. DISCUSSION OF THE EXPERIMENTAL DATA

A. Suppression of DP relaxation by cyclotron motion

For low mobility, whenvctk!1, the expressions for spi
relaxation caused by the different kinds of SO splitting b
come equivalent and tend to the classical formulas, Eqs.~13!
and~14!. For high mobility, however, whenvctk.1, all DP
relaxation rates described by formulas~26!–~31! are ex-
pected to be suppressed by the cyclotron motion. The s
pression is well visible in the experiment. The observed s
relaxation rate for perpendicular orientation is by an orde
magnitude smaller than for in-plane orientation, wherevc
50, or in comparison to the relaxation rates estimated
Eqs. ~13! and ~14! when the modulation of the SO field b
cyclotron motion is neglected andV is taken from other
experimental data.6

Analyzing the angular dependence of the spin relaxa
brings more direct evidence of the effect of cyclotron m
tion. Generally, the dependence of the relaxation rates on
direction of the applied magnetic field,uH , comes from the
angular dependence of the variance of the longitudinal
transverse components of SO field@see Eqs.~26!–~31!# and
of the cyclotron frequency of 2D electrons,vc5vc0cosuH .
The former origin causes a strong anisotropy of both con
butions 1/2T1 and of 1/T2 but it does not lead to any stron
anisotropy of the total linewidthDv ~see the dotted line in
Fig. 5!. In that sense, the anisotropy of the linewidth o
served is a fingerprint of the suppression of the spin re
ation by the cyclotron motion.

Moreover, according to Eqs.~26!–~31!, the anisotropy ra-
tio, as plotted in Fig. 6, does not depend on the magnitud
the zero-field splitting but on the anisotropy of the modu
tion rates, caused predominantly by the anisotropy of the
cyclotron frequency.

B. Dominance of the BR contribution

When different types of SO splitting@Eqs.~18!–~20!# oc-
cur simultaneously then the total relaxation rate is obtai
not only by the simple sum of expressions~26!–~31! but also
some additional terms caused by interference effects hav
be considered. For example the interference of the two lin
terms in the absence of an external magnetic field has b
discussed by Averkievet al.18 They showed that in the cas
when VBR and VDS1 are of similar order of magnitude th
expression for the total spin relaxation is more complex. T
spin relaxation rate becomes anisotropic and dependen
the in-plane directionwH .

The fact that the observed linewidth for in-plane orien
tion of the magnetic field does not depend on the in-pla
direction of the applied field,wH , implies that the interfer-
ence effects ofVBR and VDS are weak and, consequentl
that the spin relaxation is dominated by one of the discus
types of SO splitting defined by Eqs.~18!–~20!.

Some conclusion can be drawn from the type of angu
dependence of the linewidth. The differences in the deno
nators in the Eqs.~26!–~28!, describing the longitudinal spin
relaxation rates, shows that the observed maximum of
linewidth, which occurs foruH,90° ~see Fig. 5!, corre-
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sponds to the minimum of the denominator. Because in
both frequenciesvc and v0 are of the same sign, the ob
served maximum ofDv indicates that the contribution ca
be caused byVBR or VDS3 but not fromVDS1. Moreover,
keeping in mind that only one of the discussed SO contri
tions is dominant, we can conclude that the effect ofVDS1 is
really negligible.

To conclude whetherVBR or VDS dominates we rely on a
quantitative evaluation of the angular dependence or on
estimation of the parameters as described by Eqs.~18!–~20!.
The lines in Fig. 5 were calculated under the assumption
the BR term is the only contribution. The momentum rela
ation rate was found from the cyclotron resonance linewid
The frequenciesv0 and vc are precisely known from the
experiment. ThusVBR is a single fitting parameter. The rea
sonable fit indicates BR as the dominant type of SO c
pling. Also the solid line in Fig. 6 is plotted under the a
sumption that BR is the only SO contribution. Th
anisotropy of the linewidth caused by theVDS3 contribution
is expected to be much more pronounced.

The angular dependence ofDv(uH) shows that in the
investigated Si layers the linear DS termVDS1 can be ne-
glected. Since both amplitudesVDS1 and VDS3 have the
same origin, one can show that in the investigated structu
alsoVDS3 can be neglected. The width of the quantum w
allows us to estimatêkz

2&1/2>107 cm21 while the Fermik
vector corresponding to an electron concentration of
31011 cm22 is k>106 cm21, an order of magnitude
smaller. As a consequence, according to Eqs.~18! and ~20!,
VDS3 is expected to be by an order of magnitude sma
thanVDS1. Thus it can be also well neglected.

The valueVBR56.33108 s21 ~see data in Fig. 5! corre-
sponds to a BR field of 36 G, and it matches well the B
coefficient as evaluated fromg-factor and linewidth
analysis.6

Summarizing, the analysis of experimental data sho
that in the investigated Si/SiGe structures the zero-field sp
ting is dominated by the BR effect. Some deviation betwe
experimental data and the theoretical prediction described
the model can originate from other mechanisms of spin
laxation or from the limited validity of the model which
should not be applied for well-pronounced Landau quanti
tion. The observed spin relaxation for perpendicular orien
tion is, however, extremely slow. It indicates that the sp
relaxation rate of other relaxation mechanisms is very sm
In the whole investigated range the DP relaxation domina
the total spin relaxation. It stands also for low-mobili
samples where the observed anisotropy is well described
a model which considers DP relaxation only. In the case
an important contribution of the EY mechanism a smal
anisotropy would be expected.

V. CONCLUSIONS

Our comparison of the experimental data with the mo
explains the observed anisotropy quite well. We are not a
to estimate the possible fluctuation of the in-plane magn
field, caused by fluctuations of the perpendicular compon
of the electric field as postulated by Sherman.20 Such fluc-
8-9



pe
s
fre
it

lo

lie

il

-

a

te
EY
la
tte
an

o

e

ion

ns-

lo-
he
eat
is
be
e-

g-
P

an
y is

very
w-
N
nd

ll

ce

;

th
tor,

s.

Z. WILAMOWSKI AND W. JANTSCH PHYSICAL REVIEW B 69, 035328 ~2004!
tuations are expected to be characterized by a fast de
dence on the electron position. The characteristic length i
the order of a few nm, so the corresponding modulation
quency, seen by an electron moving with the Fermi veloc
(33106 cm/s), is very high (1012 s21) and leads to very
small spin relaxation.

The expressions for spin relaxation@Eq. ~28!–~31!! which
take into account modulation of the SO fields by the cyc
tron motion indicate the following.

~i! Spin relaxation can be strongly reduced by the app
field.

~ii ! The effect becomes important for high electron mob
ity, whenvctk>1.

~iii ! For increasingvctk both components of spin relax
ation decrease. It reflects the known fact that forvctk@1,
when Landau quantization occurs, new eigenstates
formed.21

We estimate the upper limit of the EY spin relaxation ra
but our data do not prove the occurrence of effective
relaxation. Just opposite, the strong anisotropy of spin re
ation observed in the whole range of the momentum sca
ing rate indicates that the DP relaxation is the domin
mechanism of spin relaxation.

Electron-electron scattering may involve the exchange
the magnetic moments among the two electrons. Such
event does not change, however, the total magnetic mom
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In that sense, it does not affect the longitudinal relaxat
rate. But it causes decoherence—i.e., dephasing~in spite of
the fact that the total magnetic moment, including the tra
verse component, is invariant!.

The effect of damping of the spin relaxation by the cyc
tron motion is expected to be much more efficient for t
cubic DS term. Because of that, it is expected to be of gr
importance in III-V semiconductors where the DS splitting
by orders of magnitude bigger. But the spin relaxation can
effectively reduced by the external field. The observed lin
width of spin resonance in high-mobility GaAs at high ma
netic field is very narrow, indicating the suppression of D
relaxation by the cyclotron motion.

The effect of the suppression of the spin relaxation by c
be applied in spintronic devices where a long spin memor
needed.4,5
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