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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-dimensiof2) 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.
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I. INTRODUCTION k vector of the electron and spin. For higher symmetry these
terms vanish. The low symmetry may be caused by the crys-

Spin-orbit (SO) coupling in semiconductor structures is tal structuré—then these effects are designated as “bulk-
crucial for many physical properties. Generally, the SO in-inversion asymmetry’(BIA) or by structure—e.g., by thin
teraction governs the coupling between electronic and spifayers and surface states which cause an electric field in the
degrees of freedorh.On the one hand, SO coupling may layer? Effects caused by the latter are attributed to
allow electric manipulation or control of magnetic proper- “structure-induced asymmetry{SIA). The SIA and BIA
ties. On the other hand, it causes spin-dependent electronierms in the Hamiltonian cause spin splitting and thus they
properties which may allow one to read out a spin state bynay be described by an effectivk;dependent magnetic
means of electrical features. Simultaneously, however, théeld. They modify the spin precession frequency, causing a
presence of SO causes electron motion to affect the spichange ofg factor and broadening of the spin resonance
states, leading to spin relaxation and shortening of the spitine.® Moreover, this field changes as thevector of the
memory?3 Therefore, the SO interaction became a subject otlectron, k, changes and thus they may cause spin
intense interest again in the context of spintronics. relaxation’

For applications where a long spin memory is the main For a two-dimensiona(2D) electron gas in a quantum
goal*® silicon appears to be the best semiconductor. Si isvell, which does not have mirror symmetry, two types of
characterized by a very weak SO coupling and present Siuch effective fields may occur: namely, Bychkov-Rashba
technology provides probably the magnetically purest mate(BR) and Dresselhad%!! (DR) fields. Both types of fields
rial available: the concentration of paramagnetic impurities isare oriented within the 2D plane. The strength of the BR field
extremely small and there is only one isotope of silié38j, is proportional to the electron momentum and it is indepen-
which has nuclear spifil/2) at a natural abundance of less dent of the direction of electron motion while the DR field
than 5%. Recently we found spin coherence times of thestrongly varies its strength with the direction of electron mo-
order of microseconds for Si quantum wéliSFor spintronic  tion. Consequently, when the in-plane direction of kheec-
applications the spin coherence should be as long as possilter, ¢, is changed the BR field varies witl, while the
and therefore it is obviously necessary to investigate theubic DR term has also a component changing wigh 3
mechanisms that limit the spin lifetime. In a previous papérwe analyzed the effect of the BR

Among the different spin relaxation mechanisms two arefield on theg factor and the resonance linewidth for in-plane
of importance for pure material at low temperatur€ ( orientation of the magnetic field. In this paper we investigate
<40 K). Both are ruled by the momentum relaxation—i.e.,the influence of momentum scattering and of cyclotron mo-
the electron mobility—and by SO coupling. The first one istion on the transverse and longitudinal spin relaxation rates.
the Elliott-Yafet (EY) mechanisnt:? The EY treatment is We find that the cyclotron motion, leading to additional
based on the fact that due to the SO interaction spin is not enodulation of the spin-orbit interaction, causes motional nar-
good quantum number and free carrier wave functions are abwing and, consequently, a reduction of the spin relaxation
k-dependent mixed spin character. Therefore a scatteringates. A characteristic anisotropy of spin relaxation occurs
event changes also the spin state with some probability.  since the cyclotron frequency of 2D carriers depends on the

The second group of mechanisms, treated by D’yakonowirection of the applied field. Finally, we discuss possible
and Perel, appears in systems lacking inversion or mirrocontributions of the BR and DR fields. Because the cubic DR
symmetry? In such a system, the SO interaction causes termgeld varies 3 time faster withp, as compared to the BR
in the Hamiltonian containing products of odd powers of theterm, under the cyclotron motion the DR field should be
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modulated faster, allowing us to distinguish both contribu- ' '
tions to the spin relaxation.
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Il. EXPERIMENTAL DETAILS -(%’ 3 t H
o P=25dB 4 : -
A. Samples @ W /i
Samples were grown by molecular beam epitaxy on W-A/\/,.,M L |
10000 cm S{001) substrates, which show complete carrier |P-02db , | g
freeze-out below 40 K. A 20-nm-thick Si channel with ten- 3366.5 3367.0 %) N ,.-""-,_
sile in-plane strain was deposited on a strain-relaxed buffel Applied Field (G) &r NN ]
layer, which consists of a 0.am-thick Sp 7:Ge, 5 layer on A - = W ‘\',{/ e
top of a 2um-thick Si_,Ge layer with compositional ¢ [A"A & 8 & A a’ B
grading. The upper §iGe o5 barrier was modulationdoped S (m. m B m H .9 | N
with a 12.5-nm-thick, nominally undoped spacer layer ands | Ans ,C’ X
capped with 5 nm of Si. Three modulation-doped Si/SiGeE :Am=y70 mG g’ PS
structures with different donor concentrations were exam-go.1} /b 4
ined. The electron concentration could be changed persis? ¢ /®
tently by illumination with band-gap light for different peri- () @ T=03us
ods of time. Altogether the sheet electron concentration in 001 051' N T 5 5670
the investigated samples could be varied in the range of 2 Microwave Field (G) Applied Field (G)

X 10°-7x 10" cm™2.
FIG. 1. ESR signal—i.e., the derivative of the microwave ab-
sorption as a function of magnetic field—for different microwave
B. Spectrometer powers. Thick solid lines: fits according to E@l1) and shapes

All measurements were performed with a standéfgand ~ functions by Eqgs(1), (5), and (7). A common value of the reso-
nance linewidthsAw/y=70 mG, is found. Best fit values of the

ESR spectrometer at a microwave frequenc 121 ) O .
=9.4 GFI)-|Z. The sample is placed in the cgnter (3:‘(':;?; rectandMPlitudesA,s (squares Aps (solid circles, andAps (triangles,

lar T ity at th . f th fi . fitted for individual spectra, are shown (). Open circles: reduced
gular Th, cavity, at the maximum of the magnetic micro- power p as defined by Eq(3). The slope ofp vs H; yields T,

wave f'e'(?' Compon_erit-_l 1, Which is perper!d!cular to the ap- =0.3 us. In(c) deconvolution of the three components of the ESR
plied static magnetic fieléd, and at the minimuninode of  jgnal with microwave power are shown. Dashed line: classical AS.
the electric field component, which is parallelko Dotted line: PS. Dash-dotted line: DS.

Making use of the loaded cavity resonance curve we es-
timate anH;, corresponding to full klystron powef200 i ) ) o
mW), of 0.9 G. We found that this value weakly depends on_CR shape |s_close to Lorentnaq, but for very h|gh mobility it
the sample position in the microwave cavity. Therefore weS Well described by the Gaussian shape function.
took this reference value for all measurements. The fact that
our results are in good agreement with the direct measure-
ments of spin relaxation by means of spin-echo methtrds
for the same sample shows that we estintaiecorrectly. The spin resonance signal is very small as compared to

In this apparatus, the sample can be rotated around an &x4isat of the CR. The peak-to-peak amplitude of the derivative
parallel toH;. The corresponding angl, is defined to be ESR is by 3 orders of magnitude smaller as compared to the
zero wherH is perpendicular to the sample lay@arallel to  CR signal. Since the ESR linewidth is by 4 orders of mag-
the growth direction while #=90° stands for in-plane pityde smaller, one can conclude that the integral CR absorp-
orientation. tion, before differentiation, is by 7 orders of magnitude big-
ger than the ESR absorption.

The observed ESR line shape is rather complex; it differs
. _ from the regular shape of an absorption lifi&Ve relate this

The spectra are characterized by a strong broad lingqgitional complexity to a strong electric absorption and to
caused by the cyclotron resonan@@R), corresponding to  gcreening of the electric microwave field by high-mobility
the light electron massif* =0.2m) and a very narrow elec-  gjectrons. As is shown in Fig. 1, all spectra observed can be
tron spin resonancéSR) line due to spin resonance of the phenomenologically described by a sum of three types of

2D electron gas corresponding .tayéactofmvery closeto 2.  signals: absorption sign#hS), dispersive signalDS), and
Analysis of the CR spectra in terms of the Drude modelygarization signalPS.

allows us to evaluate the momentum relaxation rafeé.
The latter depends on the doping concentration and varies
strongly with carrier concentration, from>&10'°s™1, for
the highest mobility sample, up to ™! close to the The AS is the signal related to the magnetic dipole
metal-to-insulator transitiof® For low-mobility samples the transitions—the classical signal of spin resonance. In ESR of

D. Electron spin resonance signal

C. Cyclotron resonance

1. Absorption ESR signal
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conduction electrons it dominates at low microwave powerdominates; i.e., the electron motion is delayed in phase as
only. The shape of the AS can be well fitted by the functioncompared to the microwave field. As a result, a DS of the

ESR occurs.
1 2h The dispersion signal is well fitted by the dispersion com-
fas=—— —, (1) ponent of the Lorentz shape function. The derivative is an
T (1+p+h9) even function of the normalized fiel
which is the field derivative of the handbook Lorentz shape 2
ionts 1 1+p-—h
functio e 5
DS 2\2 " ( )
T (1+p+h?)
1 1 . ) )
fAs=; —_—. (2 Our observatior(see, e.g., data shown in Fig) $hows
1+p+h that when the signal is a sum of AS and DS then both signals

are characterized by the same paramefarsand T,. As a
Fesult an asymmetric, “Dysonian” line shape is observed.
The ratio of the AS to DS amplitudes depends on the electron
mobility and the direction of the applied magnetic field. The
AS is dominant in high-mobility samples for low microwave
power and in-plane orientationd{=90°). The DS is pro-
portional toPY?.

Here we use normalized, dimensionless quantities: for th
magnetic fieldH, we useh=(H—Hg)/AH, whereH, is the
resonant fieldAH = A w/ y is the Lorentz linewidth, ang is
the gyroscopic factor, while the normalized microwave
power

p=7*HiTi/Aw (3)
. . . . 3. Electrically detected polarization signal
is proportional to the microwave powBr—i.e., to the square ) )
of the amplitude of the magnetic component of the micro-  The observed spectra cannot be described by a combina-
wave, H,, normalized by the resonance linewidtw and  tion of AS and DS alone. A phenomenological analysis of the

the longitudinal spin relaxation rateTl/. spectra shows that there must be an additional contribution
The linewidth at low microwave powepw, is given by ~ With the following properties. _ _ o
the sum of the transverse spin relaxation rat&,1and half (i) It has the shape of an odd-parity function, similar in
of the longitudinal spin relaxation rate, 172 shape to the A$see Eq(1)]. o o
(ii) For high microwave power the linewidth of this signal
1 1 is considerably bigger as compared to the widths of the AS
Aw=z—+=—. (4 and DS.
2T, T,

(iii ) It has a different dependence of the signal amplitude

. i . on microwave power: at low power a proportionality Rd’
The amplitude of the AS is proportional to the square rootis \ye|| obeyed.

H 1/2 H H . . . . .
of the microwave powerP™*. The absorption signal corre-  These properties bring us to the conclusion that this addi-
sponds to the classical resonance absorption in our type bnal contribution results from a change of the electric ab-
ESR experiment. The derivative of the AS is an odd functionsprption caused by a dependence of the electric conductivity

of the normalized fielch. (CR) on the polarization of the electron spin system. In fact,
_ o the electric absorption scales with the microwave electric
2. Dispersion signal field, E;< P2, In addition, for small power the deviation of

The shape of the observed ESR lines of 2D conductiohe spin polarization from its thermodynamic equilibrium,
electrons in Si/SiGe is neither fully symmetric nor antisym- 7(h,p) — 70, is expected to be proportional to the spin reso-
metric. It is similar to the so-called Dysonian line shapenance absorption—i.e., proportional to the absorption func-
commonly observed in 3D metals where a small skin pention, as described by Eq2), and to poweP. Together, the
etration depth causes the occurrence of the dispersion sign&o factors lead to the observerf’> dependence. This ex-
in addition to the absorption signal. A 2D metallic layer dif- Plains also the similar line shapes of AS and PS.
fers from a 3D metal as the skin penetration depth is much To fit the experimental data we use the shape function
larger than the thickness of the 2D layer. In that sense the

microwaves can penetrate the 2D electron gas and the asym- 2+ p+2h?

metric signal observed cannot be related to the Dysonian fPszm (6)
effect. Nevertheless, the presence of the sample in the micro- P

wave cavity can strongly perturb the standing-wave mode iy its field derivative

the cavity. If wg7<<1, then the nonresonant electric absorp-

tion of the microwaves and the resulting decrease of the 2ph(1+h?)

guality factor of the cavity are dominant. The AS is partially fpe=————. 7
suppressed, but as long as the electric conductivity does not (1+p+h?)3

depend on the spin structure, the ESR line shape is not af-
fected. On the other hand, for high-mobility electrons, when They were obtained under the assumption that the electric
wo7>1, the imaginary part of the electric conductivity conductivity o is a quadratic function of the spin polariza-
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tion, o(p,h) = oo(1+ 8psn*(p,h) + - - -), and the PS is pro- ok L ” o |
portional to the change of electric conductivity: - é / .
! I
/
SpsxPY(a(p,h) — 00)=PSp(7°(p.0) = 7d),  (®) > Bo=3A0° (1) 4 ,
. L = 1T=06x10°(1/8) @)
due to a change of spin polarization caused by the ESR ab- = %) /]
sorption. Heredpg is the material parameter describing the % s ”
dependence of electric conductivity on spin polarization and H - 59e9’ /
the dependence of spin polarization on microwave power E O A /
and the applied field was obtained from the balance of the o i
absorbed and dissipated powers at steady-state conditions @ @
(slow passage PY @0 20=1.1x10° (1/5)
Lih? oo —.‘—0—‘ 1/T,= 0.7x10° (1/s) |
_ C L 1 L 1 L 1 2 1 L 1 " 1 1
n(p,h)= 770—1+p+h2' ©) 60 -50 -40 -30 20 -10 O

. o Microwave Power (dB)
The change of the squares of the spin polarization is then

proportional to the shape function as described by (By.
The expression takes the form 7?(p,h)— 75  for two different Si/SiGe samplegsolid and open dojs At low
=—-2p 77(2)fps(p’|ﬁ,)_ power the linewidth stands faxw. The line broadening caused by

Finally, the PS amplitude is described by the shape funcsaturation of the ESR signals allows us to evaluate the longitudinal
tion (6): relaxation rate I7;. The icons show the evolution of the line shape

for different powers.

FIG. 2. Dependences of the ESR linewidth on microwave power

1/2 2
Ses* PP nofes(p.h). (10 These parameters are weakly correlated. Some of them

It scales withP®? and the square of the equilibrium spin can be evaluated directly without undergoing the whole pro-
polarizatiomyé. cedure. In particular, the signal measured at low microwave
As is shown in Fig. {c) the shape of the PS for small POwer has a very small contribution of a PS. Moreover, in
microwave power [j<1) tends to the Lorentzian shape, as this limit the saturation effect can be_ also neglected. In that
described by Eqs(1) and (2). For high power p>1), the case_only three parameters are of importance: ngmely, the
derivative is still an odd function df, similar to the Lorent- @mplitudes of the AS and the DS and the total linewidth.
zian shape function, but the peak-to-peak linewidth of the pPghey can be easily evaluated from each spectrum
[Eq. (7)] is by a factor 32 bigger as compared to the width independently—the linewidth can be measured directly, and
of the AS[Eq. (2)]. the ratloAAS/ADS can pe obtained 'from the asymmetry of
AS and PS are of similar shapes. They can be distinthe line or by a numerical separation of the even and odd

guished experimentally by an analysis of power depenfontributions. _ _
dences. The AS increases w2 while the PS increases On the other hand, because the PS increases faster with

with P32, increasing microwave power, the amplitude of the signal at

In the case of a negative amplitude of PS, as is shown iiigh power directly yield#ps. _ .
Fig. 1, at a certain intermediate power, the AS and PS com- Evaluation ofT; needs more careful analysis. According

pensate each other and the DS is only seen. At high powdP handbooks? T; can be evaluated from the analysis of

the PS dominates. either the amplitude or linewidth. In the case of the discussed
ESR signal, because of superposition of three signals, the
analysis of the amplitude is possible when the shapes and
. L amplitudes of all spectra, measured for different powers, are
The analysis of an individual ESR spectrum does not al'simultaneously fitted.

low one to deconvolute the spectrum or to determine the The evaluation ofT; from the power dependence of the
amplitude of the three contributing signals and thus to evaluﬁnewidth is much sim[:l>ler An example is shown in Fig. 2. In

ate all important quantities. Deconvolution becomes possiblg, low-power limitp<<1, the linewidth is equal td w, and
only considering a set of spectra, measured for various mi-

crowave powers by simultaneous analysis. In that case WE the high-power fimitp>1, the linewidth increases with
: — 1/2 1/2
describe the spectra by the same formula 1. Forthe ASAwp(p)=Aw™ y Hy T17, and for PS the

linewidth, Aw,(p) =3"?Aw*? y H, T1?is bigger by a fac-

tor of 32, The experimental data easily allow one to distin-
guish which signal dominates in the high-power limit: they
differ by their power dependence. Moreover, as in the ex-
The amplitudes of the contributing signaks,s, Aps, and  ample shown in Fig. 2 for perpendicular orientation of the
Aps, the low-power linewidth\ w, and the longitudinal spin applied field, the sign of the PS is opposite to that of the AS
relaxation timeT, are treated as five independent fitting pa-(see icons in Fig. 2

rameters. We look for the best fit to the whole set of mea- An example of the detailed fitting procedure is shown in
sured spectra. Fig. 1. The shapes of all spectra measured at different micro-

4. Deconvolution of three signal components

S'(p,h)=PY(Apsfpst Apsfost PApsfpg). (11

Here the shape functions are given by Ed3, (5), and(7).
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FIG. 3. Temperature dependence of the amplitudes ofdpsn FIG. 4. The longitudinal relaxation rateTL/ (solid dotg and the
circle) and PS(solid squares The constant amplitudes at low tem- double linewidth 2w=1/T,+2/T, (open squargsmeasured at
perature reflect the Pauli susceptibility. The dependences at highélr=0° as a function of momentum relaxation rate. The dashed line
temperatures, where the susceptibility is ruled by the Curie lawStands for the upper limit of the EY rategy=2.4x10"°.
show that the DS is proportional to the spin polarizatignand for

the PS tor2. is expected to be proportional to the square of spin polariza-

tion at thermal equilibriunisee Eq(10)]—i.e., to the square

of the static susceptibility.

wave power were fitted Simultaneou5|y. The amplitudes of We relate the Sharp decrease of the Signargﬁgo K to
different signals were treated as fitting parameters for eacthermal excitation of electrons to states outside the quantum
spectrum but a common value & has been assumed. The well. At very high microwave power, wheH;=0.1 G, the
value of the parametegy, directly related tol;, was evalu- 2D electron gas is effectively heated by the electric absorp-
ated directly for spectra measured at high microwave powetjon. This is evidenced by an additional reduction of the am-
where line broadening is visible. To fit signal shapes at lowplitudes of all ESR signals. Comparing the decrease of the
power a quadratic dependencepobn H; was assumed. All  signal amplitude under microwave power with the decrease
spectra can be satisfactory described by the discussed set@gused by increasing temperature at low power allows us to
common parameters. Amp”tudes of Contributing Signa|5 ar@stimate the real temperature of the electron gas. For the data
power independent for a wide range of power. We relate th@resented in Fig. 3 the observed amplitud®at200 mW at

decrease oAps at high power to electron heating and high T=4 K is by a factor of 25 smaller than the amplitude ex-
sensitivity of Apg to temperature. pected under the assumption of constant amplitudes in Eq.

(11). Such a reduction of the PS amplitude by a factor of 25
corresponds to a temperature of the electron gasrT of
=20 K.

In conclusion, the amplitudes of all three signal compo-
ents are more sensitive to temperature and to the microwave
eating than can be explained in terms of relaxation times

E. Temperature dependence of ESR

temperature dependence of the linewidth is presente

elsewheré. Some line narrowing with increasing tempera- which are almost temperature independent. Consequently,

trgre r:s C:Eze_lc_i bgeagn'ggrgatﬁgg eg;ille n?r/] (t);;noélrg?arlenirtthe ESR linewidth is less sensitive when applying high mi-
wing. 1 dep weakly peratu crowave power as it is needed for the evaluatio of Be-
least in the temperature rande<30 K, whereT; can be

cause of that, the broadening of the linewidth is more suit-
evaluated.

The temperature dependence of the amplitude of the ESB\tl)Ie as compared to the saturation of signal amplitude if the

signals is plotted in Fig. 3. The amplitude of the DS shows aluation ofT is considered.
similar behavior as the AS. Both are proportional to the spin
polarization of the 2D electron gas. They are weakly tem-
perature dependent at very low temperature, corresponding In Fig. 4, 17T, and 2A » for perpendicular orientation of

to the Pauli susceptibility. At higher temperatures, they dethe applied field are plotted as a function of the momentum
crease withT™ 1, reflecting Curie-like magnetism that ap- relaxation ratefk‘l. For low-mobility samples the two de-
pears when the temperature exceeds the Fermi temperatugpgsndences merge A20=1/T,, indicating that the longitudi-
This behavior confirms that the AS corresponds to the clasnal relaxation is the dominant broadening process. The in-
sical ESR absorption; it is proportional to the imaginary partcrease of the spin relaxation rate with increasing momentum
and the DS to the real part of the magnetic susceptibility. scattering rate may indicate the Elliott-Yafet mechanism

The amplitude of the PS decreases with? in the high-  where the spin-flip probability is predicted to be proportional

temperature range. This confirms the origin of the PS whicho the momentum relaxation rate:

The ESR does not depend critically on temperature. Tha

F. Spin and momentum relaxation rates
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FIG. 5. Angular dependence of the ESR linewidsiquares at FIG. 6. Anisotropy of the spin relaxation rate as a function the

high mobility. 6y, is the angle between the growth direction and the ;momentum relaxation rate. Open squares: the ratio of the linewidth
direction of the applied field. The solid dot shows the contributionoy jn-plane orientation of the applied fieldyw(90°), and line-

of _the Iongltudl_nal relaxation to the linewidth. _Dashed line: the width for perpendicular orientatiody (0°). Solid circles: ratio of
anisotropy predicted by Eqél3) and(14). The solid, dash-dotted, A (90°) and the longitudinal contribution to the linewidth,
and dotted lines correspond to E¢$), (26), and(29) for the setof 15T, (0°). Thesolid line shows the anisotropy predicted @y as

parameters listed in the figure. described by Eq€4), (26), and(29).
1 1 laxation for-in plane orientation of magnetic field, is highly
— =agy—. (12 anisotropic and vanishes for perpendicular orientation of the
Tk magnetic fielf

Here the EY coefficientrgy depends on the amount of ad- 1_ zsmz_eH

mixture of different spin states and reflects the probability T2 2
that a spin-flip process occurs in a momentum scatteringhe same model predicts also an anisotropy for the longitu-
event. The data in Fig. 4 allow one to estimate an upper limigjing| spin relaxation rate, which is then described by

for the EY coefficientag,<2.4xX10'.

For high electron mobilitylow Tk_l) both 2Aw and 1T, 1 T
are much bigger than estimated by the upper limit of the EY T—=Qz(1+00§9H)j- (14)
spin relaxation rate. This shows that another spin relaxation ! 1+ wpi
mechanism becomes dominant in this mobility range. WeHere ()2 is the variance of the distribution in resonance fre-
will argue below that there the longitudinal relaxation is quency, caused by a distribution of in-plane oriented SO
caused by the DP relaxation. fields, andw, is the Larmor frequency. For smally7,, the
total linewidth[see Eq.4)] is expected to be isotropic. For
sizablewg7,, we expect the anisotropy caused by the factor
1/(1+ w?r?) as given by the dashed curve in Fig. 5. Obvi-

Tilting the applied magnetic field away from the perpen-ously this effect is much too small to explain the observed
dicular direction @y #0), the resonance linewidth increases anisotropy.
strongly (see Fig. 5. For high-mobility samples the line- An anisotropy of the linewidth occurs for all Si/SiGe
width increases almost by one order of magnitude. For lowsamples investigated. As is shown in Fig. 6, the anisotropy
mobility samples, the angular dependence of the linewidth isncreases with increasing momentum relaxation time. The
close to a (sif¥y) dependenc® but for high mobility the ratio of the linewidth for in-plane and perpendicular orienta-
dependence is relatively weaker for sméj| and shows a tions (open squares in Fig.)6varies from 8 for a high-
maximum for §;=80°. mobility sample to 1.7 for low-mobility samples. The anisot-

The in-plane ¢,=90°) linewidth is isotropic for all mo- ropy defined as the ratio of the linewidth for in-plane field
bility values, independent of the in-plane direction of thefor half the longitudinal relaxation rate for perpendicular for
applied magnetic field. high-mobility samples is even more pronounced.

The spin relaxation anisotropy is a clearly pronounced but To investigate this effect we follow the ratio of the in-
unexpected experimental finding. None of the known modelplane linewidth and the longitudinal spin relaxation for per-
of spin relaxation predicts such a strong anisotropy. In gendicular orientation of the magnetic field where the trans-
previous paper we showed that the transverse DP spin relaxerse DP relaxation is expected to vanish. If the origin of
ation caused by the BR field, which dominates the spin reboth is the same, that ratio should be independent of the

Tk« (13)

G. Anisotropy of the ESR linewidth
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magnitude of the SO field. Moreover, this way we bypass the Hps= Yosl oKyl ki—(ki)) + oyky(<k§> -k31. 17
problem of any additional inhomogeneous broadening which
is comparable to the longitudinal relaxation fof(=90°)  The mean valuékZ) does not vanish but it depends on the
but can be easily neglected as compared to the linewidth fowvidth of the quantum well and on the number of occupied
(64=190°). The ratio of the ESR linewidth foW(;=0°) and  electric subbands. In that sense it is an independent material
half the longitudinal spin relaxation rate fog,(=90°) is  parameter. The formation of a 2D structure, however, can
plotted in Fig. 6 by solid dots as a function ef . To  modify the value ofyps. Moreover,yps, which vanishes
estimate the possible errors, the open squares are given: théye to high symmetry in bulk Si, does not vanish in Si 2D
stand for the ratio of the linewidth for the two orientations. structures anymore. Consequently, the possibility of such a
In our experiment, we are not able to properly evaluatehigh-order SIA spin splitting should be considered also in 2D
the longitudinal relaxation rate for arbitrary directions of the Si structures. According to theoretical calculations the mag-
magnetic field since then there is an in-plane component ofitudes of the BR and structure-induced DS splitting are of
the microwave electric field in some parts of the sample. Irthe same order of magnitude:”
that case the microwaves are strongly perturbed by the For the evaluation of the experimental data we consider
sample and we are not able to estimate the real microwaveoth types of zero-field spin splittings as described by Eqgs.

field amplitudeH, anymore. (15) and(17). Consequently, we introduce a set of three dif-
ferent material parametergsr, Yps, and(k§> or, equiva-
IIl. MODEL OF SPIN RELAXATION lently, a set of three independent magnitudes of the zero-field
splitting:
The observed dependence of the spin relaxation on the
momentum scattering rate cannot be explained by any hQgr= agrkK, (18

known mechanism. In the discussion below we argue that the

peculiarities are caused by the high electron mobility and the 3

resulting cyclotron motion which causes an additional modu- hQpsi= )’Ds( (k3)k— Z) , (19
lation of the effective field seen by the electrons. The discus-

sion begins with a definition of the effective field for differ- 3K3

ent types of zero-field spin splitting. Then the model of spin A Qb= Yps—- (20)
relaxation at moderate magnetic field,7,=1, caused by 4

the modulation of the effective SO field—i.e., the DP SPMNThe first stands for BR splitting; the two other terms origi-

(rjiacﬁasizr(]j_ls presented. Finally, the experimental results aHate from DS splitting. DS1 varies linearly with vector

while DS3 is proportional td®.
When the in-plane direction of tHevector of an electron
is ¢, around the crystal axis then each of the three indepen-
The D’yakonov-Perél mechanism for spin relaxation dentterms resulting from Eqél5) and(17) can be described
originates from thek-dependent spin splitting of the elec- in the form of a scalar produéi=7#Q-o, where the vectors
tronic band states. Such zero-field splitting can occur in

A. Zero-field spin splitting

structures lacking inversion symmetry. The linear antisym- Qgr= Qg —sing,,cosey, 0], (21)

metric term is known as the BR term and has the form of the

vector prOdUCq[ QDSl:QDSl[_COSQDkISinQDkI O], (22)
Har= apr(0xk)-n. (15 Qps3=Qpgs[ —C0s 3y, —sin 3¢y, 0] (23

Hereo, are Pauli matrices and the vectois parallel to the
symmetry axigthe growth direction for 2D layeysThe BR
spin splitting can originate from BIA due to an axial symme-
try of the crystdl or it can result from a SIA due to lack of
the mirror symmetry of the quantum wéll.

are equivalent to vectors of effective SO fields acting on the
electron spinHgo= /.

All effective fields are oriented in plane. Each of them has
a uniform in-plane distribution. As a consequence, if one of

A higher-order antisvmmetric term. which leads to zero-the fields occurs, then the resulting phenomena are charac-
9 y ’ terized by axial symmetry. Then all directions of thesec-

field spin splitting, has been introduced by DresselHdus. tor, ¢, and all directions of the in-plane applied fielg,

f#:;corcnr]ystals lacking inversion symmetry, the DS term hasare equivalent,

When the different components of the SO field are of
_ 2_ 2 2_ 2 2_ 12 similar amplitude then an in-plane anisotropy can be
Hos= yosl oxkulky —ky) + oyl =Ko+ ozko(k ky()l]é) expected? The fieldsQgg andQpsg; are similar. They differ
by their phase due to the dependencepQronly. Because of

Hereypsis a material parameter. The DS spin splitting is thethat, they are hardly distinguishable by experiment. The field
dominant effect in crystals, e.g., of zinc-blende structure. caused by()ps; is characterizedypa 3 times faster depen-

In 2D structures, when the grOWth direction is parallel tOdence onpy, . As a conseguence the momentum Scattering or
the cubic axis ), the mean valuék,)=0 and the DS term the cyclotron motion causes much faster modulation of this
has the form component.
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B. D’yakonov-Perel spin relaxation eraging 3p. For a small-angle scattering procesg,is ex-
pected to be shorter as comparedrio®!

o ] _ The expressions for the spin relaxation rates, caused by
The effective field acting on an electron affects its resothe different types of zero-field splitting, are not equivalent
nance frequency, while a time-dependent perturbation resulignymore. The expressions for the longitudinal relaxation are

in a finite probability for a spin flip; i.e., it leads to longitu-
dinal spin relaxation. Simultaneously, the spread of the effec- 1 T
tive fields, originating from the distribution df vectors, T—=QER(1+CO§0H)
leads to a spread in resonance frequencies—i.e., to a broad- !
ening of the resonance line. In that sense it contributes to the
decoherence of spin precession and thus to transverse spin
relaxation.
According to general rulé8 the spin relaxation rate cor-

responds to the Fourier transforn{§T’s) of the time- 1 -
gepen_dent compon,ents of the perturbln_g fields or, strictly T_:Q%83(1+C0520H) _k . 29)

peaking, to the FT’s of the autocorrelation function of the 1 1+ (wo—3we) 7y
effective field. The expressions of Eq4.3) and(14) corre- 5 ) . i
spond to the autocorrelation function of a simple exponential1€re 2 (1+C°520H,) is the variance of the SO field perpen-
decay,)2exp(— /7,), resulting from momentum scattering. dicular to the ap_phed field. The transverse relaxation rate is
The decoherence rateTh/corresponds to the zero-frequency "U1€d by the variance of the longitudinal component of the
component of the autocorrelation function for fluctuationsS© field. 2 sirffy. They are given by

parallel to the applied magnetic field. The longitudinal rate

1. Classical DP relaxation in a 2D electron gas

. 26
1+(w0_wc)27k 20

1 Tk
7, = Qosi(1+cos o) 5. (@)

1+((1)0+ (l)c)z’Tk

1/T, is obtained as the FT'’s of the autocorrelation function i: 2 SIr? Oy Tk (29)
for the perpendicular components of the effective field at the T2 BRO2 14 wﬁfﬁ’
Larmor frequencyw,. The different Fourier components re-
sult in different dependences of the relaxation rates,an 1 sif0, 7

The differences in the angular dependences reflect the pla- T IQESIT — (30
nar distribution of the SO fields. The decoherence ratg 1/ 2 1+ weTi
is ruled by the fluctuation of SO fields parallel to the external
field while a spin flip is caused by the fluctuation of the 1 sir 6y T 31)
transverse component of SO field. T, PSS 2 1+ 927, 2"

2. DP spin relaxation under an external magnetic field These formulas differ in details but generally they contain

changes not only due to momentum scattering but also due &aused by BR or DS1 and by a bigger factor9¢;)* when

the cyclotron motion. Consequently, the effective modulatiorcaused by DS3. This difference in the dependence of the spin
frequency of the SO field is bigger, leading to a more effecr€laxation rate orr allows us to evaluate the dominant type
tive motional narrowing of the linewidth and to a reduction of SO field when the dependence of the spin relaxatiomon

of the longitudinal spin relaxation. is analyzed.
The direction of thek vector rotates in timep(t) These expressions were found under the assumption that

= w,t, with the cyclotron frequency,. The resulting auto- the SO field, momentum scattering, and cyclotron motion are
correlation function of thek vector is then (k(7)k) weak perturbations of a free-electron state, with a well-
=k?(cosey(7))=Kexplwt—17). The strengths of the ef- defined momentunk. From that point of view, the model
fective fields, as described by Eq®1)—(23), are invariant presented should not be applied for the case when Landau
but their directions change in tim&gx rotates in plane with quantization is well pronounced. On the other hand, the ob-

frequencyw. . The autocorrelation function of the BR field is tained expression reflects well the trends expected for the
then case of strong quantizatiorf! They show the effect of the

suppression of spin relaxations and the scaling of the spin
(24) relaxation rates with the square of the SO coupling. For the
limit wgm>1, the expression@6)—(31) predict proportion-
ality of the spin relaxation rates to the momentum relaxation
rate where the proportionality coefficient is given by the
square of the ratio of SO and cyclotron splitting. Such a
dependence is also expected when we discuss the probability
5 . , of a spin flip which accompanies the transition between dis-
(Qps3(7), Losar) = NpsseXN —Biwct—7/7). (25 crete states. These reasons can explain why the discussed
model reasonably fits the experimental data also outside the
Here the prime at the momentum relaxation times indi-range of the initial assumptions. The agreement, however,
cates that in that case the relaxation time is obtained by awshould be treated rather as qualitative than quantitative.

<QBR( T) 1QBR> = Q%Rexﬂi wct — 1/ Tk) .
Qpg rotates in the opposite direction with the frequency

—w¢, While the fieldQpg; rotates &a 3 times higher fre-
quency— 3w, and the resulting autocorrelation function is
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IV. DISCUSSION OF THE EXPERIMENTAL DATA sponds to the minimum of the denominator. Because in Si
both frequenciesv, and w, are of the same sign, the ob-
served maximum ofA w indicates that the contribution can
For low mobility, whenw, 7 <1, the expressions for spin pe caused by)gg or Qpss but not fromQpg;. Moreover,
relaxation caused by the different kinds of SO splitting be-keeping in mind that only one of the discussed SO contribu-
come equivalent and tend to the classical formulas, B@. tjons is dominant, we can conclude that the effechlgfs; is
and(14). For high mobility, however, whew 7, >1, all DP  really negligible.
relaxation rates described by formulés6)—(31) are ex- To conclude whethef) g or Qps dominates we rely on a
pected to be suppressed by the cyclotron motion. The suguantitative evaluation of the angular dependence or on the
pression is well visible in the experiment. The observed spirestimation of the parameters as described by E@—(20).
relaxation rate for perpendicular orientation is by an order ofrhe lines in Fig. 5 were calculated under the assumption that
magnitude smaller than for in-plane orientation, where  the BR term is the only contribution. The momentum relax-
=0, or in comparison to the relaxation rates estimated bytion rate was found from the cyclotron resonance linewidth.
Egs.(13) and (14) when the modulation of the SO field by The frequenciesv, and w, are precisely known from the
cyclotron motion is neglected an@ is taken from other experiment. Thus)gy is a single fitting parameter. The rea-
experimental dat8. sonable fit indicates BR as the dominant type of SO cou-
Analyzing the angular dependence of the spin relaxatiorpling. Also the solid line in Fig. 6 is plotted under the as-
brings more direct evidence of the effect of cyclotron mo-sumption that BR is the only SO contribution. The
tion. Generally, the dependence of the relaxation rates on thgnisotropy of the linewidth caused by thi,s; contribution
direction of the applied magnetic field,;, comes from the s expected to be much more pronounced.
angular dependence of the variance of the longitudinal and The angular dependence dfw(6y) shows that in the
transverse components of SO fi¢kke Eqs(26)-(31)] and  investigated Si layers the linear DS tetfl,; can be ne-
of the cyclotron frequency of 2D electrons,= w¢C0S.  glected. Since both amplitude®pg; and Qpg have the
The former origin causes a strong anisotropy of both contrisame origin, one can show that in the investigated structures
butions 1/, and of 1T, but it does not lead to any strong also() s, can be neglected. The width of the quantum well
anisotropy of the total linewidtiA » (see the dotted line in  gj1ows us to estimaték?)Y?=10" cm~* while the Fermik
Fig. 5. In that sense, the anisotropy of the linewidth ob-yecior corresponding to an electron concentration of 3
served is a fingerprint of the suppression of the spin relaxs 101t cm=2 is k=10° cm %, an order of magnitude
ation by the cyclotron motion. _ smaller. As a consequence, according to Ei8) and (20),
~ Moreover, according to Eq626)—(31), the anisotropy ra- ¢ is expected to be by an order of magnitude smaller
tio, as plotted in Fig. 6, does not depend on the magnitude %anﬂosy Thus it can be also well neglected.
the zero-field splitting but on the anisotropy of the modula- ¢ valueQgr=6.3x 10° s ! (see data in Fig. 5corre-
tion rates, caused predominantly by the anisotropy of the 2'%ponds to a BR field of 36 G, and it matches well the BR

cyclotron frequency. coefficient as evaluated fromg-factor and linewidth
analysis®

Summarizing, the analysis of experimental data shows
that in the investigated Si/SiGe structures the zero-field split-

When different types of SO splittind=gs. (18)—(20)] oc-  ting is dominated by the BR effect. Some deviation between
cur simultaneously then the total relaxation rate is obtaine@xperimental data and the theoretical prediction described by
not only by the simple sum of expressidi26)—(31) but also  the model can originate from other mechanisms of spin re-
some additional terms caused by interference effects have taxation or from the limited validity of the model which
be considered. For example the interference of the two lineashould not be applied for well-pronounced Landau quantiza-
terms in the absence of an external magnetic field has be&ion. The observed spin relaxation for perpendicular orienta-
discussed by Averkieet al!® They showed that in the case tion is, however, extremely slow. It indicates that the spin
whenQggr andQpg; are of similar order of magnitude the relaxation rate of other relaxation mechanisms is very small.
expression for the total spin relaxation is more complex. Then the whole investigated range the DP relaxation dominates
spin relaxation rate becomes anisotropic and dependent ahe total spin relaxation. It stands also for low-mobility
the in-plane directionpy, . samples where the observed anisotropy is well described by

The fact that the observed linewidth for in-plane orienta-a model which considers DP relaxation only. In the case of
tion of the magnetic field does not depend on the in-planen important contribution of the EY mechanism a smaller
direction of the applied fieldey, implies that the interfer- anisotropy would be expected.
ence effects of)gg and Q) pg are weak and, consequently,
that the spin relaxation is dominated by one of the discussed
types of SO splitting defined by Eg&l8)—(20).

Some conclusion can be drawn from the type of angular Our comparison of the experimental data with the model
dependence of the linewidth. The differences in the denomiexplains the observed anisotropy quite well. We are not able
nators in the Eqs26)—(28), describing the longitudinal spin to estimate the possible fluctuation of the in-plane magnetic
relaxation rates, shows that the observed maximum of th&eld, caused by fluctuations of the perpendicular component
linewidth, which occurs forf,<90° (see Fig. 5, corre- of the electric field as postulated by Shermf@rsuch fluc-

A. Suppression of DP relaxation by cyclotron motion

B. Dominance of the BR contribution

V. CONCLUSIONS
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tuations are expected to be characterized by a fast depem that sense, it does not affect the longitudinal relaxation
dence on the electron position. The characteristic length is afate. But it causes decoherence—i.e., dephaSmgpite of

the order of a few nm, so the corresponding modulation frethe fact that the total magnetic moment, including the trans-
guency, seen by an electron moving with the Fermi velocitywerse component, is invarignt

(3x10° cm/s), is very high (1¥ s 1) and leads to very The effect of damping of the spin relaxation by the cyclo-
small spin relaxation. tron motion is expected to be much more efficient for the

The expressions for spin relaxatipeq. (28)—(31)) which  cubic DS term. Because of that, it is expected to be of great
take into account modulation of the SO fields by the cyclo-importance in 111-V semiconductors where the DS splitting is
tron motion indicate the following. by orders of magnitude bigger. But the spin relaxation can be

(i) Spin relaxation can be strongly reduced by the appliedeffectively reduced by the external field. The observed line-
field. width of spin resonance in high-mobility GaAs at high mag-

(i) The effect becomes important for high electron mobil-netic field is very narrow, indicating the suppression of DP
ity, when w.m.=1. relaxation by the cyclotron motion.

(iif) For increasingw.7, both components of spin relax- The effect of the suppression of the spin relaxation by can
ation decrease. It reflects the known fact that dgm:>1, be applied in spintronic devices where a long spin memory is
when Landau quantization occurs, new eigenstates amgeeded"®
formed?!

We estimate the upper limit of the EY spin relaxation rate
but our data do not prove the occurrence of effective EY
relaxation. Just opposite, the strong anisotropy of spin relax- We thank F. ScHéer (JKU) for generously providing
ation observed in the whole range of the momentum scattesamples and helpful discussions. We also appreciate very
ing rate indicates that the DP relaxation is the dominanstimulating and helpful discussions with P. Vogl, J. Majew-
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