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Realization of Ing 75Gag.25As two-dimensional electron gas bilayer system
for spintronics devices based on Rashba spin-orbit interaction

M. Akabori," S. Hidaka,' H. Iwase,' S. Yamada,'® and U. Ekenberg?
'Center for Nano Materials and Technology (CNMT), Japan Advanced Institute of Science and Technology

(JAIST), 1-1, Asahi-dai, Nomi, Ishikawa 923-1292, Japan

2School of Information and Communication Technology, Royal Institute of Technology (KTH),

SE-16440 Kista, Sweden

(Received 5 July 2012; accepted 17 October 2012; published online 10 December 2012)

Narrow gap InGaAs two-dimensional electron gas (2DEG) bilayer samples are fabricated and
confirmed to have good electronic qualities as well as strong Rashba-type spin-orbit interactions
(SOIs). The 2DEG systems are realized by molecular beam epitaxy in the form of wide quantum wells
(QWs) with thicknesses tow ~40-120nm modulation doped in both the upper and lower InAlAs
barriers. From the Hall measurements, the overall mobility values of y, ~15 m?/V s are found for the
total sheet electron density of ng ~8 x 10''/cm?, although the n, is distributed asymmetrically as about
1:3 in the upper and lower 2DEGs, respectively. Careful low temperature magneto-resistance analysis
gives large SO coupling constants of & ~20 x 10~ '?eV m as well as expected electron effective
masses of m*/my ~0.033-0.042 for each bilayer 2DEG spin sub-band. Moreover, the enhancement of
o with decrease of tow is found. The corresponding self-consistent calculation, which suggests
the interaction between the bilayer 2DEGs, is carried out and the origin of o enhancement is discussed.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766749]

. INTRODUCTION

Semiconductor spintronics' is a highly attractive
research area from the viewpoints of fundamental physics as
well as of future electronic/optic device applications. As typ-
ical candidate basic materials to be utilized in those
researches, (dilute) magnetic semiconductors (DMSs)? and
non-magnetic semiconductors/hetero-structures have usually
been proposed and studied. In order to manipulate spins of
fixed and/or conducting electrons, fixed magnetic atoms play
a major role in the former material. However, in the latter
case, some special effects which control spins in a particular
material or hetero-structure are necessary.

One model device in non-magnetic semiconductor spin-
tronics is the so-called Datta-Das spin field-effect-transistor
(FET),? where the specific effect is a Rashba-type spin-orbit
interaction (SOI)* originated from the structure-induced
asymmetry (SIA) in the hetero-structures. Due to this effect,
(two-dimensional) electrons travelling (in the velocity of v,)
along the asymmetric potential interface (of local electric
field, E,) make spin precession around the axis of effective
magnetic field, B, « v, x E,. The sensitivity of the preces-
sion angle is defined as a spin-orbit coupling constant, «,
which is proportional to the expectation value of the inter-
face electric field, (E,).

In order to realize this kind of device, it is necessary to
select semiconductor hetero-structures which can have
both a two-dimensional electron gas (2DEG) with a gate
controllable strong SOI and a ferromagnetic (FM) electrode
with a high spin-injection/detection efficiency. The latter
should be formed on top or side of the hetero-structure sur-
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face with an easy fabrication process. Since o is also
roughly proportional to 1/m*e, (m*: 2DEG electron effec-
tive mass, &,: band gap), there have so far been proposed a
variety of narrow gap material hetero-structures such
as HgTe/CdTe,” InGaAs/InAlAs,®” InGaAs/InP,® InAs
based,” and InGaSb/InAlSb.'® The first problem is mostly
solved in some materials, where the gate controllable « val-
ues of < 20 x 10~'? eV m are obtained.”’ However, a high
efficient spin injection electrode by popular magnetic met-
als or alloys, has not been found for any hetero-junction
systems. In addition, alternative trials to use dilute semi-
conductors or spin Hall effect (SHE)'"'? parts as spin
injectors have not succeeded yet. For example, typical
DMSs, GaMnAs, or InMnAs are usually p-type and diffi-
cult to be hybridized with the above hetero-junctions by
usual epitaxial growth or device process technologies. The
SHE, which is expected to have a universal spin conduct-
ance of e/87 in pure electron system,12 is later found to be
entirely suppressed by impurity damping.'?

But, one important thing to be noted here is that those
difficulties are some extent related to the fact that the materi-
als proposed so far for the spin-FET are all 2DEG monolayer
systems. In fact, recently, several advantages of utilizing
2DEG bilayer in the “spintronics based on the Rashba effect
(Rashba spintronics)” are proposed mainly from the theoreti-
cal points of view: Gvozdic and Ekenberg pointed out'* that
the modulation-doped wide quantum well (QW) structure
has a larger (E,) at both the interfaces giving enhanced SOL
As for the new device proposal, an asymmetric wide QW
structure is expected to act as a spin switch'> due to the anti-
cross coupling between the spin dispersions

& = hzk%L/Zm * Foky|,

© 2012 American Institute of Physics
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of the 2DEGs localized at both the interfaces but interacting
loosely with each other. The vertical type device, so called
spin “resonant tunneling diode”'® acting as a spin filter has
also been proposed. Moreover, a quasi interference ring can
be formed by the 2DEG bilayer and the non-magnetic
two-terminal electrodes,17 which could open a field of
“interference transistors” again based on Aharonov-Bohm
(AB)18 and/or Aharonov-Casher (AC)19 effects. Particularly,
no measurement reports have been done as for the vertical
AC rings.

Related to the spin-injection, the theory of SHE in a
bilayer electron gas?® should be paid much more attention.
They have found that “resonant magnification” of the SHE
can occur due to the cross coupling similar to that mentioned
above and the magnified SHE has possibly been robust from
the impurity damping. In other words, only in the bilayer
2DEG systems with strong Rashba SOI, the Datta-Das spin-
FET with SHE spin-injection electrodes could be realized.
Thus, the bilayer 2DEG which reveals strong Rashba effect
has many promising features, but there have so far been
almost no reports relating to the fabrication, transport analy-
sis, and hence application of such a 2DEG bilayer system.

In this article, we report the fabrication and the detailed
analysis results of the 2DEG bilayers realized in a form of
Ing 75Gag 25As/Ing 75Alg25As modulation-doped wide QW
structures. The samples with different QW widths of
tow = 40-120 nm, the layered structure of which is shown in
Fig. 1, have been grown by molecular beam epitaxy (MBE).
Then, sheet electron density ny, effective mass m*, and SO
coupling constant o are successfully estimated for each

In,Ga;_As cap 10 nm
In,Al;_,As 40 nm

In,Al; ,As 20 nm
2DEG
In,Ga; ,As townm

2DEG
In,Al;_,As 20 nm
-------------- S=doping-=======s=s===

In,Al;_,As 200 nm

(x=0.75)

Step graded buffer 1400nm
InAly_As
(x’=0.15~0.8)

AlAs 20 nm
GaAs buffer 330 nm

GaAs (001) subtrate

FIG. 1. Schematic layered structure of 2DEG bilayer sample realized in the
form of modulation-doped wide InGaAs quantum well. Nominal In content
in the 2DEG heterostructure is 0.75. d-doping condition is identical to be
~6 x 10" /em” for both the 2DEGs. InGaAs well widths are 40, 60, 80, 100,
and 120 nm.
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2DEG spin sub-band located at the both interfaces via vari-
able temperature magneto-resistance (MR) measurements.
The changes of m* with decreasing tow and the enhance-
ments of o for the smaller tow are confirmed. Thus, it is dis-
cussed the possibility that the interactions between the upper
and lower 2DEGs give such results depending on tow. In
order to make the discussion even more quantitatively, the
self-consistent calculation of potential and 2DEG spatial dis-
tributions in those wide QW samples is carried out.

Il. SAMPLE PREPARATION AND EXPERIMENTAL

The 2DEG bilayer samples are grown by conventional
solid-source MBE. The layer structure from the top is as fol-
lows: Ing75Gag,sAs cap (10nm), Ing75Alg25As (40nm), Si
J-doping, Ing75Alp-5As spacer (20 nm), Ing75Gag,sAs well
(widths, tow), Ing75Alp25As spacer (20nm), Si J-doping,
Ing75Alp-s5As (200nm), In,Al; _(As step-graded buffer
(1400 nm, x =0.15-0.8, increment Ax =0.05, 100 nm step),
AlAs buffer (20nm), and GaAs buffer (30nm) on semi-
insulating GaAs (001) substrate. The upper and lower Si -
doping conditions are identical to be 6 x 10''/cm? The
wafers have typical cross hatch pattern on their surfaces
usual for the metamorphic epitaxial growth.

MR measurements have been performed at temperatures
of 1.5-20K using the AC lock-in method in a “He cryostat
with 8 T superconductive magnet. Hall bar samples with the
width of 50 um and the distance between the probes of
200 um were fabricated, and those with the current direction
parallel to [-110] are mainly measured, since the 2DEG mo-
bility is anisotropic and higher in this planar direction.

In the usual analysis of monolayer 2DEG with Rashba
SOI, the low field part of longitudinal resistivity (p.,) oscil-
lation (or the derivative) is Fourier transformed and the sheet
electron densities (ny; andny) for the spin subbands are
determined, if the peak splits due to the SOI. The SO cou-
pling constant is then estimated® using the equation,
oprr = (Angh? Jm=)(n/2(ng — Any))"/?,  where  ng=
nsy + ng) and Ang = ng| —ngy. This can be cross checked by
the period of beating signal (Ai/A(B~")) corresponding to
the split Fourier peak via the equation, tpe,, = (efi/2m*kr)
(Ai/A(B™")), where i is the node number. However, in the
bilayer samples, there are at least two 2DEG sub-bands most
possibly belonging to the upper and lower 2DEGs and an
additional oscillation such as magneto inter-subband scatter-
ing (MIS) oscillation®' could appear together with the Shub-
nikov de-Haas (SdH) ones. Thus, we often have several
peaks in the Fourier spectrum for the MR signal in the
bilayer samples. This brings the difficulty in identifying the
peaks corresponding to the SdH oscillation of each 2DEG. If
one fails to make those identifications, it then becomes
impossible to estimate a s for each 2DEG from the Fourier
peak splitting and/or beating signal of the oscillation.

We here adopted variable temperature analysis with
inverse Fourier transformation technique. Here, the SdH
oscillations are measured at low temperatures (~20 K) in the
form of longitudinal magneto-resistance signal and the main
(two) Fourier peaks of the SdH oscillation are separated and
then reverse Fourier transformed individually to reproduce
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original oscillations corresponding to the peaks. Temperature
variations of the reproduced oscillation amplitude were fitted
by the theory of approximate SdH oscillations to estimate
the electron effective mass at the Fermi level of the 2DEG.
Since the MIS oscillation amplitude is believed to have a dif-
ferent temperature dependency®> compared with the SdH
case, this type analysis may be effective to distinguish the
SdH signal and the MIS oscillation. Moreover, the separate
reproductions of oscillations make it easy to identify the
beating signal relating to the SOI. The genuine SO coupling
constants a s are indeed deduced by careful analysis of the
temperature dependent spin-split Fourier peaks and corre-
sponding beat signals. As shown later, they are found to
become dominant over MIS oscillation at moderate tempera-
tures close to 20K. The effective masses deduced for the
each 2DEG are crucial, since they should be used to deter-
mine the correct a individually for the each sub-band. We of-
ten see the risky use of band edge mass value in the
determination, which might result in a large over-estimation
of a.

lll. RESULTS AND DISCUSSIONS

We have analyzed five samples with different
Ing 75Gag 2sAs well widths, tow =40-120nm. Van der Pauw
measurements give us the rough results of total ng
~8 % 10" /cm? and e < 1.5 % 10° cm?/V s at ~4 K for those
samples. Figure 2, upper panel, shows magneto and Hall
resistivities (pxx and pyy) of the five samples. As seen in the

1400 rrrryrrerrrerrprrerrrerreee e 14

Hall-;esistiv ity o, (k€2)

= NameucﬁddB(T)

¥ 3 .
N ~1 5K
D 25§ W (nm) T 5

o° offset 0.5 e /;rh

°" 2f120. SR
5 »~..‘.,¢~

s koo T e sy
§ 1 A NS e parnoret
S 05F83T Wi
I

£ 0 “-Q—» \g.,‘\\-o'"" ,""..,,,.. SN
S 05F et

§ 1 e %'““«"'.w‘
8 METHTHET0os T s

Magnetic field B (mT)

FIG. 2. (Upper panel) Magneto- and Hall resistivities (pxx and pyy) in five
samples measured at 1.5K up to 8 T. In p,,, we can see SdH oscillations
complicated due to the 2DEG occupation in several (spin) sub-bands. But, in
the samples with narrower InGaAs wells of 40 and 60 nm, py, ~ 0 bottoms
and corresponding p,, plateaus were observed. (Lower panel) Weak anti-
localization signals observed in the five samples at the vicinity of B ~ 0.
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figure, non-monotonic and complicated oscillations are
obtained for p, at low fields, while at high fields p., often
approaches to zero values especially for small tow (40 and
60nm) samples. Corresponding to those zero bottoms,
almost flat quantum Hall plateaus are observed in py,. Those
features indeed suggest the high electronic qualities of the
samples. However, as mentioned above, a simple spectrum
analysis of pyx is not enough to deduce the sheet electron
densities or the SO coupling constants (a s) for each 2DEG
sub-band in the 2DEG bilayer systems. As an additional part
of the MR measurements, we also confirmed weak anti-
localization (WAL) signals23 (Fig. 2, lower panel) in the
conductivity in the vicinity of B ~ 0. Although the data sug-
gest the existence of SOI in all the samples, they are useless
for estimating a values for each 2DEG due to the lack of fit-
ting theory for the bilayer system. However, the WAL peak
height as well as the field of minima seem to increase with
the decrease of tgw, which might be a sign of the SOI
enhancements in the narrow well samples.

We then differentiate twice the py, signals of 0-3 T in
Fig. 2, upper panel, and applied fast Fourier transform analy-
sis. We then obtained Fourier spectrum as shown in Fig. 3,
upper panel, for tow =80nm case. Here, we observed three

80 nm sample ‘\ | Peak a oscillation (1.6 K)

dszx/de spectrum
at 1.6 K

Peak ¢ oscillation (1.6 K)
1

|

FFT power (arb. units)

8 ' (Teshs
T
40 50
B. (Tesla)
10 . \
g, 80 m sample \ Homsangle
F peaka osc. at 1172 Tesla \  peakeose.atL113Tesha
g #m 003
£ u m*mg0.035 ] \n‘ my 0040
)
X g 1
E
§ uq |0 epemet 1| 0 eperment
Z - caculabon = caleulation
0= -4
T 1 | — T 1 T T
0 [ T T N A I
Temperzture (K) Temperature (K)

FIG. 3. (Upper panel) FFT spectrum of the d’p,/dB?* oscillation for the
tow = 80 nm sample deduced from py, (within 0-3 T) shown in Fig. 2, upper
panel. Inset: reproduced d’p,,/dB> oscillations for the peak a (upper) and
peak (b + ¢) (lower), respectively, via inverse Fourier transform. Here, cor-
responding to the splitting in the peak a, the beat signal is observed in the os-
cillation in the upper panel. (Lower panels) Fitting results by the theory for
the temperature dependencies of the amplitudes of the oscillations in the
upper panel are shown in lower left and lower right panels for the upper and
lower 2DEGs, respectively. Electron effective masses described in the fig-
ures are the values determined for the each 2DEG.
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TABLE I. Sub-band parameters determined in the present article for five samples with different well thicknesses (tqws). o s for upper 2DEGs in the samples 2,

4, and 5 were not able to be determined due to the lack of FFT peak splitting.

Sample No. 1 2 3 4 5

Well thickness, tow (nm) 40 60 80 100 120

n (upper 2DEG) ( x 10''/cm?) 1.76 0.2 1.61+0.2 1.76 0.2 1.46 +0.2 1.46 +0.2
n, (lower 2DEG) (x 10'!/cm?) 576 +0.3 6.07+0.3 5.76 +0.3 6.34+0.3 6.22+0.3
m*/mg (upper 2DEG) 0.032 = 0.001 0.034 +0.001 0.035 = 0.001 0.035 = 0.001 0.036 + 0.001
m*/m, (lower 2DEG) 0.041 +0.001 0.038 +0.001 0.039 + 0.001 0.040 + 0.001 0.039 + 0.001
o (upper 2DEG) (x10™'? eV m) 23.6+2 17.6+2

o (lower 2DEG) (x 102 eV m) 243+3 20.7+3 255+3 185+3 19.4=3

peaks of a, b, and ¢, and those are identified to be correspond-
ing to upper 2DEG, MIS oscillation, and lower 2DEG, respec-
tively. The reason of the identifications of peak a and c is that
we confirmed the disappearance of peak a by applying nega-
tive voltage to the top-gated sample and also the appearance
of peak a by illuminating a dark sample by visible light. The
characteristic field of peak b is found to be the difference of
the peaks a and c, suggesting the correctness of the peak b
identification as MIS. Thus, for the upper and lower 2DEGs,
n, s are estimated to be ~2 and ~6 x 10''/cm? from Fourier
peaks, respectively, as seen in Table I, although the
modulation-doping conditions are identical.

The insets in Fig. 3, upper panel, are the reproduced
SdH oscillations for the upper and lower 2DEGs, respec-
tively, obtained by the inverse Fourier transformation of
peak a and b + ¢ separately. The amplitude variations of the
oscillations are plotted against temperature in Fig. 3, lower
left and right panels. Thin lines are the fitting curves

A(T)/A(To) ~ T sinh(BTo/B) /Ty sinh(BTo /B),

deduced based on the approximate equation®* of the SdH
oscillation, where T, is the bottom temperature and
p= 2% kgm* /he. From this fitting, we can determine the
electron effective mass at the Fermi level for the corre-
sponding 2DEG. We here obtained for tgw = 80 nm sample
m*/m ~ 0.035 and 0.040 for the upper and lower 2DEG:s,
respectively. Those m* values seem very reasonable, if we
refer the former cyclotron resonance results> for the appro-
priate ng monolayer 2DEG sample and the band non-
parabolicity together with the Fermi level difference
between the 2DEGs. This estimation result also supports
the correctness of our Fourier peak identifications.

The SO coupling constant, a, is determined by the split-
ting of individual Fourier peak and/or by the beat signal
appeared in the reproduced SdH oscillations. In the case of
tow = 80 nm sample, peak a in Fig. 3, upper panel, splits and
the value of o ~18 x 10~ '? eVm is obtained for the upper
2DEG. While a could not be derived for the lower 2DEG
from the data shown in Fig. 3, upper panel, since we
observed neither splitting in the Fourier peak nor beat signal
in the oscillation. We then analyzed the variable temperature
data very carefully. Figure 4 shows temperature dependent
Fourier spectra (left panel) of the second derivative MR
within B=0-3 T and the corresponding SdH oscillations
(right panel) reproduced from the spectra within B.=7-30 T
(peaks b, b’, and ¢ are included) in the sample of

tow = 120 nm. In the left panel of the figure, the behaviors of
peaks b and b’ should be focused on. The peak b, which cor-
responds probably to the MIS oscillation (note that
B.(b) ~B.(c) — B.(a)), seems to decrease and then the peak
b’ increases with the increase of temperature. The difference
between B (b’) ~ B.(b) is very small but finite in this sam-
ple. However, if we look at the temperature dependence of
the oscillation (right panel), it is found that a beat signal at
1.7K almost disappears at ~8K and then a different and

I
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FIG. 4. Temperature dependent FFT spectra of d’p,/dB? (normalized by
the peak ¢ height, left panel) and corresponding oscillations reproduced
from the peak (b+b’+¢) via inverse FFT (normalized by the maximum
amplitude, right panel) in the tow = 120nm sample. A peak b appeared at
1.7K almost decays at ~7K and a new peak b’ slightly shifted reveals and
grows at higher temperatures in the left panel. Corresponding to the peak
behaviors, two kinds of beating signals are appearing when the temperature
increases in the right panel. Similar behaviors are commonly observed in all
the five samples making it possible to estimate an accurate o in the lower
2DEG.
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stronger beat signal grows from ~10K. This means that the
MIS signal seen at the bottom temperature disappears
quickly and then a new signal masked initially by the MIS
becomes dominant at higher temperatures. Since the peak
height of peak b’ almost reaches to that of peak ¢ at higher
temperatures, we conclude that this peak and peak ¢ repre-
sent the correct spin splitting of the lower 2DEG. Similar
behaviors are confirmed also for the other samples with dif-
ferent tows. The reason of this behavior is probably twofold:
First is the relatively rapid damping of the upper 2DEG os-
cillation due to the low mobility, which helps the quick dis-
appearance of the MIS peak. Second is the kind of averaging
due to the suppression of inter spin-subband scattering. We
thus deduced a s of the lower 2DEGs from such a style anal-
ysis. Of course, we here used m*/mg values of ~0.035 and
~0.040, for the upper and lower 2DEGs, respectively,
deduced experimentally in each sample.

Table I summarizes the sheet electron densities (ngs),
electron effective masses (m*/my s), and spin-orbit coupling
constants (o s) in the 2DEGs (spin sub-bands) obtained in
the present analysis and Figure 5 shows the well width (tow)
dependency of the quantities related to the three important
parameters. From this table and Fig. 5, we can confirm that
ng of upper 2DEG increases, while that of lower 2DEG
decreases with the decrease of tow and the total is kept
almost constant. Electron effective mass, m*/mg, at the
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FIG. 5. (Upper panel) Well width (tow) dependency of various sheet elec-
tron  densities, D total = Ns,upper (2DEG)+ns,lowcr (2DEG)> Dslower (2DEG)
:ns,lowerT(up spin)+ns,lowerl(down spin) determined by the FFT anaIYSis of
temperature dependent SdH oscillations. (Lower panel) Well width (tow)
dependency of electron effective mass (m*/my) and SO coupling constant
(o) for the upper and lower 2DEGs, respectively. Some «s for the upper
2DEG are lacked due to the insufficient FFT peak slitting. Note that the data
for the two samples are plotted for tow = 80 nm.
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Fermi level seems to be decreasing for the upper 2DEG and
almost constant for the lower 2DEG, when tqyw decreases.
The dependency of the upper 2DEG mass is not easily ac-
ceptable, if we see only the ng increase with the decrease of
tow, since the higher ng usually leads to a heavier 2DEG
mass due to the band non-parabolicity. SO coupling con-
stants, o s, of ~20 x 1072 ev m, which are as high as the
largest values ever obtained so far,7’9 are indeed confirmed
for almost all cases, although the error bars are to some
extent large due to the averaging for several samples. It is
interesting that they are likely increasing with the decrease
of tow. This behavior seems reliable, since the WAL mea-
surement described earlier also suggests the enhancement of
SOI in the narrow well samples.

In order to discuss and find the reason of the tow
dependencies of those parameters, especially m*/mg and o,
we show in Fig. 6, left panel, the results of self-consistent
calculations for the 2DEG bilayer system samples. In the cal-
culation, we have assumed materials parameters estimated
by Vegard’s law and an asymmetric doping condition which
nearly gives the experimental ng values in the tow = 120nm
sample. We should here pay attention that electron distribu-
tions, I¥I%, of the upper 2DEG expand to the inside of the
well from the upper interface, especially for the narrower
QW samples, due to the asymmetric and relatively low
potential barrier at the center of the well, although the lower
2DEGs have mostly similar spatial distribution localized at
the lower interface. This could be a major reason for the
lighter mass of the upper 2DEG in the narrower QW
samples.

We next consider the possible reason of o« enhancements
in the narrower QWs. Since in our system the directions of
electric field (Ey,) and hence those of effective magnetic field
(B,) are opposite between the upper and lower 2DEGs, the
spin precession directions also become opposite. In such a
case, if the 2DEGs are fully symmetric (ng (upper
2DEG) = n, (lower 2DEG) and the 2DEGs have the same ),

08 r T r — 0.1

20 160 200
d(nm)

02l
40 &

FIG. 6. (Left panel) Self-consistent calculation results of potential and spa-
tial distribution of electrons in our 2DEG bilayer samples. Note here that the
distributions of the upper (left) 2DEG in the narrow well samples
(tow < 80 nm) seem to expand to the inside of the well suggesting the stron-
ger interaction with the lower 2DEGs in those samples, although the cou-
pling itself is not so tight. (Right panel) Schematic picture of anti-cross
coupling between the spin-split dispersions of the upper and lower 2DEGs.
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the precession motion would cancel out with each other, sug-
gesting “apparent no spin-split” in the bilayer system itself.
So that, even when the system is some extent asymmetric,
the cancelling between the spin precessions would occur.
This might suppress the overall SOI in the bilayer 2DEG sys-
tem, even when there are no interactions between the
2DEGs. But, this simple picture is likely inconsistent with
the experimental result obtained here for o by both the WAL
and variable temperature MR measurements.

As seen in the left panel in Fig. 6, the electric field
strengths, (E,), at the upper and lower interfaces seem
almost the same for the five samples with different tgws. So
that, the change of E, does not seem to the main reason of
the o enhancements. In addition, ng and m* have not changed
so much depending on tow enough to vary the o value. Thus,
we again focus on the effect of |¥|* expansions in the narrow
QWs, since it implies the super-position of |¥|* and then the
tunneling between the upper and power 2DEGs. One candi-
date mechanism to enhance the o is thus the anti-cross cou-
pling between the spin dispersions of the upper and lower
2DEGs'>?° as schematically shown in Fig. 6, right panel.
Since in our system, the same kinds of spin dispersions inter-
act with each other, a strong mode coupling, which might
bring about the dispersion deformation and hence the Rashba
spin-splitting enhancement, would take place.

IV. SUMMARY

In summary, we have fabricated bilayer 2DEG samples
in a form of doubly modulation-doped wide Ing75Gag25As
quantum wells, the width of which are 40-120nm. They
were found to have high quality 2DEGs with the typical mo-
bility of e < 1.5 x 10° cm?/V s for the total n,~ 8 x 10'!/
cm?. The detailed parameter values such as ng, the effective
mass m*/mg, and the SO coupling constant o for each 2DEG
sub-band were estimated successfully via variable tempera-
ture MR analysis.

Although the structure and doping condition are sym-
metric, ngs are found to be asymmetric and the ratio of 1:3
([upper]:[lower]) was confirmed. Relating to this result,
lighter m*/my s in the upper 2DEGs than in the lower ones
could be explained. Beyond the simple expectation,
enhanced oo were found for the samples with narrower QW
widths in both the MR and WAL measurements. One possi-
ble origin is the result of interaction between the 2DEGs in
the form of electron distribution super position suggested by
the self-consistent calculation. The interaction in our case
means implicitly the anti-cross coupling of the dispersion
between the asymmetry and loosely coupled 2DEGs.

J. Appl. Phys. 112, 113711 (2012)

Fundamental spin transport properties confirmed here in
the 2DEG bilayer, especially the very large o' s (~20 x 107'2
eV m) for both the upper and lower 2DEGs possibly interact-
ing, seem to be promising to create a new class of spintronics
devices based on the Rashba SOI.
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