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Zero-field spin splitting in an inverted In g s4Gag 47AS/INg 5Al g 46AS heterostructure:
Band nonparabolicity influence and the subband dependence
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A gated inverted IpsAl g 4gAS/INg 54G&) 4AS/INg 55Al g 4gAS quantum well is studied via magnetotransport.
By analyzing the gate-voltage-dependent beating pattern observed in the Shubnikov—de Haas oscillation, we
determine the gate voltager electron concentratiordlependence of the spin-orbit coupling paramete®@ur
experimental data and its analysis show that the band nonparabolicity effect cannot be neglected. For electron
concentrations aboveX210'?cm 2, it causes a reduction af up to 25%. We report the value for the second
subband[S0163-182€09)09335-2

Study of the spin-orbit coupling in semiconductor and itsting focused on mostly GaAs/ABa,_,As hetero-
influence on transport phenomena is currently of growingstructures;!! recently there is growing interest of using
interest. Spin-orbit coupling in heterostructures with struc-In,Ga,_,As or InAs quantum welfs®1* where the band
ture inversion asymmetry is known to lift the electron sub-nonparabolicity effect is not negligible due to their smaller
band spin degeneracy at finite values of the wave vectognergy gap.
parallel to the interface, leading to a finite spin splitting at In this paper, we report on an investigation of the gate
the Fermi level in the absence of external magnetic fieldvoltage V, dependent SdH oscillations in an inverted
(Bychkov-Rashba spin splitting It causes both macro- NgsAlg4gAS/INg 58Ga 4AS/INg 5 Al 4gAS  quantum — well.
scopic effects like a beating pattern in the Shubnikov—dd-ourier analyzing the SdH oscillations as functions d8 1/
Haas (SdH) oscillatiorf®> and mesoscopic effects such asconfirms the existence of the zero-field spin splitting of the
antilocalizatioft and spin-orbit Berry phast® Recently it second electron subband. The gate voltage dependence of the
was found that a surface gate could control the spin-orbigpin-orbit coupling parameter of both the first and second
coupling parameter.”~® This is a first step to realizing a subband is determined. We find that taking into account the
spin-transistor proposed by Datta and Bs. correction from band nonparabolicity leads to a reduction of

However, the understanding of this subject is still contro-a up to 25% at high concentrations. To our knowledge, this
versial. For example, a contribution of the average electrieffect was not reported in previous studies.
field to the spin splitting is estimated very differently in dif- Our sample is an inverted modulation-doped
ferent  theoretical modefst'™*®  Experiments on INgsAlg4gAS/INg 58Ga 4AS/INg 5 Al 4AS  quantum-well
In,Gay _,As/InAl,_,As (Ref. 7 and 8 and InAs/AISb(Ref.  structure grown by molecular-beam epitaxy on a Fe-doped
14) quantum wells, respectively, found rather different be-semi-insulating(100 InP substrate. The two-dimensional
havior of the gate voltagéor electron concentratiordepen-  (2D) electron gas channel is formed in the undoped
dence ofe. Comparing the theories with experiment requiresing sdGa 47As channel layer of 20 nm thickness. Underneath
accurate determination of the electric field distribution alongthe quantum well, a 7-nm-thick §@Al 46As carrier supply
the growth direction. However, it was usually done by fitting layer with the doping density of 410"®cm™3 is separated
the measured total electron density based on self-consistefiom the channel layer by an undoped 6-nm-thick
subband structure calculations. It is not clear to what extening 507l 5 46AS spacer layer. Standard Hall bar was fabricated,
one can rely on the field distribution obtained in this way.above which a gate electrode was made on the top of a 100-
Indeed, in gated structures it is often found that the applieshm-thick SiG insulating layer. The sample without a SiO
gate voltage differs from the value required to fit the totalinsulating layer and gate electrode was initially characterized
density, indicating that good fitting of the total density doesby SdH measurement and its temperature dependence. The
not reflect a correct determination of the detailed field distri-carrier concentratiomg was estimated to be ®210'2cm™2
bution. More precise and comprehensive experimental dataith an electron mobility of 36 500 cfiV's. From the tem-
are required. In addition, except for a general discussiomerature dependence of the SdH oscillation amplitude, the
given by Daset al,® the band nonparabolicity effect was effective massm* of the electron at the Fermi level was
often neglected both in the evaluation of the spin splittingdeduced to be 0.08,, wherem, is the free electron mass.
from SdH data and in the self-consistent band-structure cal- The SdH measurement of the gated sample is performed
culation. While earlier work on Bychkov-Rashba spin split- in lock-in technique with an excitation current of 73 nA at a

0163-1829/99/6(11)/77364)/$15.00 PRB 60 7736 ©1999 The American Physical Society



PRB 60 BRIEF REPORTS 7737

L L L L L B ond subband observed for high positive gate voltage. Al-

JT=04K b though it is difficult to identify beating patterns related with
Y= 11V the second subband, the FFT analysis shows that the second
subband also splits into two spin-resolved sublevels.
5V Recently, based on the consideration of the spin-

dependent density of state, a simple formalism was

W developed where the spin-orbit coupling parametey of
theith subband could be determined from the totg) (and
& the difference An;) of the concentrations of the spin-
5V
‘WMN\/\/W\/\/\/\ resolved sublevels by the form
= W/Z(ni_Ani). (1)

m*

R,, (arb. unit)
FT {R,,} (arb. unit)
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B(T) N, em? Here m* is the electron effective mass at the Fermi level.
This expression is, however, worth checking for
FIG. 1. (@ Shubnikov—de Haas oscillations measuredTat In,Ga _,As/In,Al; _,As heterostructures since it is based on
—0.4K with different gate voltage applie@h) The corresponding the parabolic energy dispersion of the fdrm
Fourier power spectra of traces (a). The horizontal axis is nor-
malized to give the unit in the spin-dependent carrier concentration.
Traces are shifted vertically for clarity.

21,2
o kI, 2
temperature of 0.4 K. Figure(d shows the typical results \yhereE; is theith subband energy is the electron wave
obtained under different gate voltage bias. Beating pattemgector parallel to the interface, anda;k describes the spin-
are observed at the low magnetic-field region, in accordancgpjt coupling energy. In the KyGay 47AS/INy 5,Al 46AS
with a7preV|0u.s'study on a different sample from the samey,antum-well structure studied here with a typical total elec-
wafer. The origin of the beating pattern is known to be the 4o concentration of about:210*2cm 2, the nonparabolic-
zero-field spin splitting, which results in two closely spacedity, jnquced energy correction at the Fermi level can be esti-
SdH oscillation frequency components with similar ampli- 1 oted to beE2/E.~10meV. HereEx is the Fermi energy
tudes. At positive gate voltage, a different low SdH Oscma'measured froi‘n ?he subband edgeF dig=0.81eV is the

tion frequency component appears that becomes clearly Vi%’nergy gap of IgsGay 4As. As found in this work this en-
ergy correction is larger than the Bychkov-Rashba spin split-

ible for V4>0.5V. It indicates the occupation of the second
subband with small carrier density. . :
| _— . ting energy at the Fermi levebf about 5 meV. Therefore
Itis well knpv;_n t.haththe. SdH os%pllllgtlonhfor an 'qegl thone has to take into account the modification of the density
system IS periodic in t € Inverse |e_ » Whose period, Withy¢ giateg by the band nonparabolicity to get the correct value
spin degeneracy 2, is given By(1/B) =(e/fm)/ns, where %f a from the measured electron concentrations. The sim-

ng is the carrier concentration. In a system where sever lest way of including the band nonparabolicity efféne-

s_pin-split subbands are occupied with electrons_, a_fast Fo lecting any anisotropyis to start from an energy dispersion
rier transform(FFT) performed on the SdH oscillations as of the form

functions of 1B gives a direct measurement of spin-

dependent carrier concentrations of each subband. The cor- 72K2\ 2

respondent FFT results of the SdH oscillations displayed in 522 (W)

Fig. 1(a) are shown in Fig. (). The (horizonta) frequency E(K)=E + —— 0 + K. &)
axis is normalized to give the unit in the spin-dependent '2mj = :

carrier concentration. With increasing gate voltage, carrier

concentrations of both subbands are found to linearly in- NiS €quation is based on the two-band model for narrow-

crease till reaching saturation values. While the total saturad@P Semiconductors and comes from an expansion of the

tion density is determined by the doping and layer structureSduare-root dispersion relation. Using the band-edge effec-

the relative concentrations of the two subbands reflect thive massmg ~0.042m, for Ings4Ga 4As, the energy de-
intersubband energy. It is interesting to notice that the gat@endence of the electron effective mass deduced fron3g.
voltages at which the carrier concentrations saturate art® fougj to be in agreement with the previous experimental
slightly different for the two subbands. This implies that theesult:=> Using this energy dispersiom; of theith subband
intersubband energy could not be simply determined fronis found to be of the analytical form

the confinement potential, but it changes with the gate volt- 52

age, depending on the detail of the carrier and field distribu- _ A AN &

tion, which must be solved in a self-consistent way. The a=\nl2 mg (Vni+Ani=ni—Am)(1-&), (@)
clearly resolved double-peak structures allow us to determine ) ) o
the concentration of carriers on the same subband but dFhere &=(27A%/mgEg)n; is the normalized modification
different spin orientations. The presence of two types of carfactor arising from the band nonparabolicity. For lagggeor
riers on the first subband with slightly different concentra-small n; where &~0, and by assumingng =m*, «; de-
tions causes the beat observed in the SdH oscillation. Cduced from Eq(4) is approximately equal to that from Eqg.
particular interest is the double structure feature of the sed1).'®
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of Landau fan chat.®!*Instead of using the slight differ-
ence of the density of states of the two spin-resolved sublev-
els, this method relies on the slight difference in the spin-
dependent modification of the otherwise equally spaced
Landau levels. Similar to the above discussion, if the modi-
fication of the electron kinetic energy due to the band non-
04l . parabolicity is comparable or larger than that due to the spin-
02l L° orbit coupling, both effects have to be treated on the same
NS T T L T TP T level to get the correct value af. This is also numerically
confirmed by fitting our SdH data with the use of the Landau
fan chat, where the obtained value @f{taking into account
2 only the correction of the spin-orbit couplingds close to the
open marks in Fig. @). We emphasize that the correction to
{ } a due to the band nonparabolicity depends on both the band-
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8- % i gap energy and the electron concentration. The recent study
oL } bt Pid of a gated InAs/AISb quantum weélt, where the spin-orbit
IR RN coupling constant was found to be gate voltage independent,
R need probably be revised since InAs has a small band-gap
A5 -0 05 00 05 10 15 20 energy. Indeed, cyclotron resonance experiment on similar
Vi (V) INAs/AISb structures confirmed that both the effective mass
and theg factor are strongly energy dependent due to the
FIG. 2. (@ Up (A) and down(V) spin electron concentrations band nonparabolicity’
obtained from experiment shown in Fig. 1 as a function of the gate Finally, we would like to discuss the different value @f
voltage.(b) Spin-orbit coupling parameter of the first(circle) and  found for the first and second subband, respectively. de An-
second(squaré subband obtained includingolid) and not includ-  drada e Silva, La Rocca, and Basgarshowed that in a
ing (open band nonparabolicity correction as a function of the gatesquare quantum wedlt should be determined by the penetra-
voltage. tion of the wave function into the barriers and its asymmetry
) i i at both interfaces. Since the wave function for the second
In Figs. 2a) and 2b) we plot the carrier concentration of (nighep subband penetrates more into the barriers than that
the spin-resolved subbands and the spin-orbit coupling pass ihe first subband, they prediat,> a;, if the asymmetry
rametera as a function of the gate voltage, respectively. Ing¢ poth wave functions is similar. That is what we observe.
Fig. 2@), up and down triangles represent the concentrationy, astimation based on the recent thédripund thata, can
of electrons on different spin-resolved sublevels. For the gat e either smaller or larger tham,, depending on the detail
voltage below 1 V, the spin-splitting for the second subbandi¢ e potential shape of the quantum well. A quantitative
was not resolved. In Fig.(B) we comparatively plot the evolution of botha values would require a detailed knowl-

value ofa determined with(solid marks and without(open  o4qe of electric field distribution in the well, which is at
mark9 band nonparabolicity correction by using E®.and present unknown.

(1), respectively. Circles and squares represent the spin-orbit In conclusion, the Bychkov-Rashba spin-orbit coupling

E\?Lejlgingleczgr?;t?r?é E;rgr;len]:i)rr?;aarggo?i?:(izu?/ngff:gtbibsaggi rr]izrl’ieﬁhrameter of the conduction-band electrons in an inverted
oo ’ Lo ; " Ing 5Al g 4gAS/INg 548G & 47AS/INg 55Al g 4gAS  heterostructure

g|b_le when.the fsubband IS g{gh'yg‘;p”'?]te‘?: With the sallsyith different surface gate voltage bias was investigated. The
ration density of about 2:810""cm * for the first subband, ¢qhcentration dependence of the spin-orbit coupling param-
the modification ofx; due to the band nonparabolicity effect giqr , js determined for two subbands. The band nonparabo-

reaches about' 25%. We therefore confirm that in our Strucﬁcity effect is quantitatively analyzed and it is found to be
ture a, of the first subband could be modulated from a valuéjmortant at high densities or/and in heterostructures with

of 10x10"?eVm at—1V to about 510" eVmat+1.5  gyai energy gap.
V. Such a 100% changing of the value®tould be applied

to modulate the spin precession angle fretto 27, which is This work has been partially supported by the Core Re-
required to get the maximum current modulation in the fieldsearch for Evolutional Science and Technold@REST) of
effect spin transistof’ the Japan Science and Technology Corporation. One of us

Another commonly used method to determimeés to fit ~ (C.M.H.) would like to thank Y. S. Gui, Z. H. Chen, and P.
the measured beating pattern in SdH oscillations with the usB. Ye for many helpful discussions.
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