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We systematically investigate how the interplay between the Rashba spin-orbit interaction and Zeeman
coupling affects the electron transport and the spin dynamics in InGaAs-based 2D electron gases. From the
guantitative analysis of the magnetoconductance, measured in the presence of an in-plane magnetic field, we
conclude that this interplay results in a spin-induced breaking of time reversal symemeitiy an enhance-
ment of the spin relaxation time. Both effects are due to a partial alignment of the electron spin along the
applied magnetic field, and are found to be in excellent agreement with recent theoretical predictions.
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Achieving control of the orbital motion of electrons by the quantitative analysis permits us to determine the in-plane
acting on their spin is a key concept in modern spintronicgy factor of the electrons.
and is at the basis of many proposals in the field of quantum The three InAlAs/InGaAs/InAlAs quantum wells used in
information! Two physical mechanisms are used to influenceour work are very similar to those described in detail
the dynamics of the electron spin in normal conductors: spinelsewheré. Here, we recall that each well is designed to
orbit interaction(SOI) and Zeeman coupling. In the presencehave a different(Rashba SOI strength. The characteristic
of elastic scattering, these two mechanisms affect the spin igpin-split energyA for the different samples id=~0.5 1.5,
different ways. SOl is responsible for the randomization ofand 1.8 me\Min what follows we will refer to these samples
the spin direction whereas the Zeeman coupling tends tas to samples 1, 2, and 3, respectiyelhe electron density
align the spin along the applied magnetic field. Dependinggnd mobility at V=0V are n=7x10*m™2 and u
on the relative strength of these interactions, this interplay of=4 m?/V's. All measurements have been performed on
SOl and Zeeman coupling is responsible for the occurrence20x 80 um) Hall-bar shaped devices, at 1.6 K. A 14 T su-
of a variety of physical phenomera. perconducting magnet is used to geneBjtand homemade

Quantum well§fQW'’s) that define two-dimensional elec- split coils mounted on the sample holder are used to inde-
tron gaseg2DEG's) are particularly suitable for the experi- pendently control the perpendicular fiél, ). No significant
mental investigation of the competition between SOI anddifference in the results is observed when the in-plane field is
Zeeman coupling, since they give control over many of theapplied parallel or perpendicular to the direction of current
relevant physical parameters. Specifically, in these systenfiow.
the SOI strength can be controlled by an appropriate QW To understand how an in-plane magnetic field affects the
desigrt and by applying a voltage to a gate electr8@@he  electronic transport, we first discuss the behavior of sample 1
electron mobility is usually density dependent, so that thewith the weakest SOI strength. Figure 1 shows the magneto-
elastic scattering time can also be tuned by acting on theonductance of this sample measured as a functioB, of
gate. Finally, Zeeman coupling to the spin can be achievefbr different fixed values of the in-plane fiel®,. For small
with minimal coupling to the orbital motion of the electrons values ofB; (main pane), the conductance exhibits a maxi-
by applying a magnetic fielgparallel to the conduction mum atB, =0, due to weak antilocalizatiqiWAL ) superim-
plane. posed on the background of weak localizatighiL).2 As B,

In this Communication we study the competition of SOl is increased, the amplitude of this maximum is reduced and
and Zeeman coupling via magnetoconductance measureventually disappears arouBg=300 mT. A further increase
ments in InGaAs-based 2DEG’s with different Rashba SOin B, doesnot result in additional changes of the magneto-
strength. From the detailed quantitative analysis of the weakonductance untiB, reaches approximately 1 [Fig. 1(b)].
antilocalization as a function of an applied in-plane magnetidJpon increasind3, even further, the WL signal is also sup-
field (B,), we find that the partial alignment of the spin along pressed on the scale of sevefall0)T [Fig. 1(c)].

B, results in a spin-induced time reversal symme&iiRS) These observations allow us to conclude that the suppres-
breaking, and in an increase of the spin relaxation time. Theion of WAL and of WL in a parallel field are due to two
increase in spin relaxation time is found to be quadratic withdistinct mechanisms causing time reversal symmetry break-
By, and strongly dependent on the SOI strength and the elagg. At large fields,B,>1 T, WL (which is not sensitive to

tic scattering time. For both the spin-induced TRS breakinghe spin degree of freedgrs suppressed due to TRS break-
and the increase in spin relaxation time we find excellening caused by the coupling &; to the orbital motion of the
quantitative agreement with recent theory. We also show thatlectrons, owing to the finite thickness of the quantum well
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FIG. 1. The magnetoconductane€B | ) of sample 1 at different FIG. 2. The empty circles are the measured magnetoconduc-

values ofB,. Three regimes can be identified: increasBjgfrom tanceAo=0(B,)-0(0) of sample 2 at different fixed values Bf

0 to 350 mT results in a suppression of the WAL pgak increas-  (offset for clarity). By is increased from 0 to 1 T, in steps of 0.1 T
ing B, further (up to aboutB;=1 T) does not induce additional (top to bottom. The solid lines represent best fits to the ILP theory.
changes in the<(B ) curves(b), for values ofB; larger than 1 T the  The inset shows the amplitude of the WAL peakBat=0 as func-
WL is suppressecc). tion of B, i.e., o(B, =0,B))—0(0,0), and the best fit to the theory

. - . (solid line).
and the asymmetric confining potentlarhe suppression of

fche WAL peak at sm_aller values Bﬁ_originates from a spin- 70)= SX(O):Tsy(O)ZZTsZ(O)- In the presence of an in-plane
induced TRS breaking due to the interplay betwBe(Zee- field, however, these relations may not hold, since relaxing

man coupling and SOI, as predicted theoreticalfyin this the Spin alongB, costs energy~guB,) whereas relaxation
paper we will focus on the spin mechanism for TRS break- ¢ SPIN &iof & nergy=gubi
ing, and discuss the orbital mechanism elsewhere. in the direction perpendicular tB, does not. Nevertheless,

The complete separation of spin and orbital TRS breakfOr sufficiently smallB, (guB,<#/70), kT), the ratios be-

ing, which is essential for the work presented here, has ndtveen the different relaxation times are expected to change
been previously reportetin our samples, this separation is only minorly under the cond_ltlons_o_f our experiments. This
due to the small QW thicknegs=10 nm) and the small ef- allows us to treat(B)) as asinglefitting parameter.

fective masgm* ~0.041m,) which make the subband split-  Figure 2@ displays the results of the fitting procedure on
ting in the QW relatively large, as well as to the relatively sample 2 with the intermediate SO strength. The continuous
large gyromagnetic ratiog=3).%° It allows us to account lines superimposed on the data represent the best fit to the
for the magnetoconductance curve<B,) measured at ILP theory, and show that the agreement between data and

. o . . theory is excellent for all values d&,. Similar agreement is
Bj=<1T in terms of existing theories that only consider theobtained for the other samples and for all the different values
coupling of B, to the electron spin. Therefore, the number of P

parameters that need to be introduced for the quantitativ8f ;[he te Igcftron ?henam. The r\}/alue§ olf:r#,(BH)?’annderfBlg ’ tasth ;
analysis of the data is the smallest possible. This makes fctracted from the fits, are shown in FIgs. S a - vote that,
nce the electron mobility depends on the density, we are

i xtr he val f the ph herence ti . , . ) !
possible to extract the values of the phase coherence t able to investigate how changing the elastic scatterirad-

and the spin relaxation time as a function Bf with great
L fects theB, dependence of the phase coherence and of the
accuracy, as it is needed to observe the dependenegoof X I : L ) i
Y P spin-relaxation time. This is of particular interest as both

the in-plane magnetic field. )
We have performed a guantitative analysis of the magneT</’(B”) and 7¢(B,) are predicted to depend on the Dyakonov-

toconductance curves on all samples and for different valueS€r€! SPin refaxation timey(0) [see Eqsz(2) ar21c§3)], which

of n using the theory of lordanskii, Lyanda-Geller, and Pikus'S rélated tor by the relation 14(0)=A%7/2A"

(ILP)," as it is appropriate for our samples, in which the spin  For all values ofn, the measured,(B,) decreases as a
relaxation is governed by the Dyakonov-Perel mecharfsm. function ofB, (Fig. 3), which shows quantitatively the break-
Specifically, we have used E@13) of Ref. 11 to fit the ing of TRS due to the interplay of Zeeman coupling and SOI.
o(B,) curves measured at different values of the in-planelhis interplay is predicted to result in a quadratic depen-

. . . . . .10
field. In all cases, the elastic scattering timand the diffu- dence ofr, on By;

sion constant were determined by conventional longitudinal 74(B) 1
and Hall resistance measurements, and the Dresselhaus term 74(0) = m (1)
I

was set to zer8 Therefore, for eachh andB,, 7; and 7, are
the only two remaining free fitting parameters. From thiswherec is a constant given by
analysis, we find th&, dependence ofs and 7, i.e., 74(B) _ « 2
and T¢(B\|)-13 c= 7'¢(0) 7(0)(g, ug/th) (2

It is worth noting that in the ILP theory only one param- andg; is the in-planeg factor. The solid lines in Fig. 3 are
eter is needed to account for the spin relaxation, sincéest fits to the data using E@L) and treatingc as a(density
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80 =02 1 (10 =3.5%0.1, for samples 1, 2, and 3, respectively. Theoreti-
60 - oo, 66 cally, theg factor in our quantum well is predicted to depend
1=036ps g e ¢ e . substantially on its thickness, and is calculated to|gé
= =05 N =2.8 and|g;|=3.5 for a thickness of 10 and 15 nm,
0 40t 048 “Bg respectively* This agreement with theory gives additional
g e ‘ support of our analysis in terms of spin-induced dephasing

° 5 w 0 only, and shows that the measurement of WAL in the pres-
i (MT) n (10%m?)

s, ence of an in-plane field permits to determine the in-plgne
X factor. Contrary to other methods based on transport mea-
v 66 surements, this method to determine théctor is suitable
=8 for disordered systems.
A different way to obtain7,(B)) (and c), apart from
fitting the wholeo(B,) curves measured at fixds), is by
B, (M looking at the conductance Bt, =0 as function ofB,. Spe-
_ _ cifically, the theory for spin-induced dephasing predicts
FIG. 3. (Color Onling The symbols represent, as a function  that O'(BJ_:0!0)_0'(BJ_:0!BH):(92/ wh)ln[7¢(0)/7¢(BH)]
of By, as extracted from the analysis of the magnetoconductance o_t(ez/ mh)In(1 +Cl?ﬁ).1° Also in this case, the agreement be-
sample 2, gsing the ILP theorgee Fig. 3’. Differen_t curves corre-  yveen theory and data is excelleffig. 2, inse and the
spond to different values af (and elastic scattering time). The fitting procedure gives values for the parametédentical to
solid lines are best fits based on the theory describing spin-induce{%Ose obtained above. This shows the consistency of our
dephfismg{Ref. 10. The .decrease qf‘f’ W'th 'dec.reasmg electron quantitative analysis and confirms once more the validity of
density is consistent with dephasing originating from eIe(:tron-the interoretation of the data in terms of spin-induced TRS
electron interaction. The inset shows the extractg®,) and the- breakingponly P

oretical fits for sample 1. . . . .
P Finally, Fig. 4 shows the behavior of the measured spin

dependentfitting parameter. Also in this case the agreemenf€laxation time as a function &, for different densities and
between experiment and theory is excellent for all values oflifferent strength of SOI interactiosamples 1 and)2In all _
n and for the different sampldghe inset of Fig. 3 shows the CaSes _the_ meaSL_Jred spin re!axa_non tlme_lncreas_es _quadraU-
behavior of sample 1; equally good agreement is found fofally with increasing the applied |r_1—plane f|gld. This d|rectly_
sample 3. shows that the presence of an in-plane field reduces spin
Using the value of obtained from fitting the data of Fig. r@ndomization. The increase #g(B,) is more pronounced for
3 we directly obtaingﬁ [EqQ. (2)]. We find that, for each a small strength of the SOI interaction and for short values of
sample, the in-plang factor is approximately constant as a the elastic scattering time, i.e., for long Dyakonov-Perel
function of the electron density. The absolute values are desPin-relaxation times(0). This is because the Zeeman en-

termined to be |g;|=2.820.1, |g;|=3.3+0.1, and|g;| ©€"9Y guB,, that drives the alignment of the electron spin
alongB;, competes with the characteristic energy associated

20

1.4 to the spin randomizatiork/7,(0). Note that the opposite
behavior, i.e.,rs decreasing with increasing, has been re-
.l cently observed in systems with different spin-relaxation

mechanisms®

A quantitative analysis of the data requires a comparison
with theory. For the case of a magnetic field normal to the
conduction plane, extensive theoretical analysis eXtsear
the case of an in-plane field, in which the behaviorrpfs
determined by the Zeeman coupling and not by orbital ef-
fects, only the relaxation time of ttlecomponent of the spin
has been calculated as a functionByf-” When the Zeeman

=)
Pw
£ qz2h
o

11+

1.0 . X ) ] ) i energyguB, is much smaller tha/7(0), this quantity is
0.0 02 0.4 06 0.8 1.0 given by
B, (M
75,(B) 1 . 5
FIG. 4. (Color Onling The symbols represent as a function of ) =1+ E[Kg” ueBy7(0)/h]°. 3
B, as extracted from the analysis of the magnetoconductance of Ts,

sample 1l(open symbolsand sample 2filled symbolg. Each set of
symbols corresponds to a different value of the Dyakonov-Pere :

spin-relaxation timery(0), with 1/740)=A%7/242 (controlled by hOt 'a\./allable, we eXpe.dsx(B”)/T%(o) and Tsy(BH)/TSy(O) to
changing the gate voltagerhe solid lines are best fits to the theory exhibit the same functional depgndencerg(sBH)/TSZ(O) as
[Eq. (3)], with « as an added parametesee text Note that the 10Ng asguB;<#/7(0) andKT. This allows us to compare
symbol code used in this figure fot corresponds to that used in the measuredy(B))/74(0) to Eq. (3). All the quantities that
Fig. 3 for 7, appear in Eq(3) are known from the previous analysis, and

Although theoretical predictions far, (B) andr, (B,) are
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we add a parameterto achieve best fits to the ddtheoryt’”  <#/740) andkgT, as mentioned before, it may result in a
predictsk=1 in Eq. (3)]. Figure 4 shows that in all cases deviation from«=1. Finally, for sample 1 with the weakest
good agreement is obtained with=1 (continuous lines  Rashba SOI, the Dresselhaus term may not be entirely
We conclude that the qualitative behavior of the spin-neg|igib|e_18
relaxation time as a function &, ~andA [or, equivalently, In conclusion, we have observed how the partial align-
74(0)] is the one expected, and that, within a small correctionnent of the electron spin along an applied in-plane magnetic
factor, our results are in quantitative agreement with theoretfie|d determines the orbital and spin dynamics of electrons in
ical predictions. o Rashba 2DEG's. This alignment results in a spin-induced
In view of the quantitative agreement between theory andime reversal symmetry breaking and in a quadratic increase
data obtained throughout this work, it is worth consideringyf the spin-relaxation time. The detailed quantitative analysis

the origin of the small correction factar. <+ 1 may origi-  f our results demonstrates the validity of the existing theory
nate from the limited accuracy with which the quantities in 5 gives indications to its limits.

Eq. (3) are determined. The largest uncertainty comes from

g; and is approximately 10%. An additional possibility is the  We would like to thank J. Schliemann, B. Nikolic, C.M.
Bj-induced anisotropy of the in-plane spin relaxation timesHu, and H. Takayanagi for stimulating discussion and sup-
i.e., B, breaks spin-rotational symmetry in the 2D plane. Al- port. The work of AFM is part of the NWO Vernieuwingsim-
though this anisotropy is expected to be small g@pBH puls 2000 program.
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Present address: Graduate School of information Science and large B, this automatically takes into account any small mis-
Technology, Hokkaido University, Sapporo, Japan. alignment of the sample.
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