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The electrong factor in an InAs-inserted-channelgleGa, 4AS/INg 5,Al g 46AS heterostructure is
studied by measuring the angle dependence of magnetotransport properties. The gate voltage
dependence of thg factor is obtained from the coincidence method. Titactor values are
surprisingly smaller than thg-factor value of bulk InAs, and close to the bagdactor value of

Ing 54Gay 47AS. A large change in thg factor is observed by applying the gate voltage. The gate
voltage dependence is not simply explained by the energy dependence gfabir. © 2003
American Institute of Physics[DOI: 10.1063/1.1631082

The electrong factor is of fundamental importance for with 25-nm-In, 55Al 46AS cap layer. The step quantum well
the electronic band structure in semiconductors as well as fas composed of 13.5-nm+3Ga 47/AS, an inserted 4-nm-
spin-related devices. Recently, much attention was focuselthAs channel, and a 2.5-nm¢BGa, 4/AS layer. Underneath
on theg-factor engineering for processing of quantum infor-the quantum well is a 20-nm-spacer layer qof 4§l 4gAS On
mation based on the electron spin degree of freetidime  top of 7-nm-thick Si-doped-yxAl 46AS layer. The doping
gate controlledg factor has been demonstrated in GaAs/density of 7-nm-thick IgsAl g 4gAS carrier supplying layer is
AlGaAs systems by time-resolved Kerr rotation 4x 10 cm~3. The sample was grown by molecular beam
measurementsand by the electron spin resonaricgince a  epitaxy after 1 5,Al4gAs buffer layer growth on Fe-doped
carrier wave-function penetrates into the barrier materiabemi-insulating (100 InP. All  IngsGayAs and
with a differentg factor from that of the quantum well re- In; 5,Al, 46As layers are lattice matched to InP, while the
sulting in a different contribution to thg factor. 4-nm-InAs-inserted layer is not matched and strained. It has

The coincidence methdtwhere the tilt angle depen- been reported that the mobility is highest when the thickness
dence of Shubnikov—de HaéSdH) oscillations is measured, of InAs is 4 nm and starts to decrease above the thickness of
has often been used to deduce thgefactor in two- 5 nm InAs since the thickness of 4 nm InAs is less than the
dimensional electron ga@DEG), e.g., in an InAs—AISb critical thickness. Shown in Fig. 1a) is the potential profile
quantum welf, an InAs—GasSb superlattiCean InNAs—GaSb  and squared wavefunction obtained by a self-consistent
quantum well and an InGaAs/InAlAs quantum wéllAn Poisson—Schuinger calculation.

InAs-inserted-channel  h4Ga 4AS/INg 5AI0 4¢AS  hetero- A 20X 80 um? Hall bar sample was made by the typical
structure is an interesting system from the view point ofphotolithography technique. The gate electrode was depos-
g-factor engineering. The smaller band offset at the interfaced on top of the 100-nm-thick AD; insulating layer that
between InAs and UslGasAs than in usual covers the entire area of the Hall bar. All transport measure-
INo 5858 4AS/INg 5AI 0 4AS  OF  INg 558Gy 47AS/INP  hetero-  ments were performed in%de cryostat equipped with a 9 T
structures makes the wave-function penetration easier. Fuguperconducting magnet, where the magnetic field was ap-
thermore, the InAs channel is not lattice matched to thejied at a tilt angle from perpendicular to the heterointerface.
Ing 548G&y 4AAS. The band structure in semiconductors is influ- Figure Xb) shows a gray-scale plot &,(B,V,) data
enced by strain effects due to the lattice mismatch, but it isresenting a Landau fan diagram, where the magnetlcﬁeld
not well understood how thgfactor is affected by the strain. g applied perpendicular to the 2DEG plane. In this figure,

In this letter, we study the gate voltage dependence ofs the filling factor and is determined by comparing with Hall
gfactor ~ values  of this  InAs-inserted-channel resistanceR,,(V,). The carrier concentratioNs and the

INg 54Gap.47AS/INg sAl 0 4gAS  heterostructure.  Theg-factor  electron mobilityu were changed from 8:310' cm™2 and
values are obtained from the coincidence method under thgg 000 cni/Vs atVy=—5V to 1.9x 102 cm™2 and 119 000
condition where the exchange enhancement ofjtfeetoris  cp/vs atVy=5V. The effective mass was* =0.041m, at
negligible. A large modulation of theg factor is observed by Vy=-3V and m* =0.044m, at V,=3V as determined
applying the gate voltage. from the temperature dependence of the SdH-oscillation am-

The sample is an inverted-doped InAs step quantum welbjityde, Here,my is the free-electron mass. The experimen-
tally obtainedm* values are consistent with the previous
3Electronic mail: nitta@will.brl.ntt.co.jp study® From these analyses, the Fermi enefigywas esti-
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FIG. 1. (a) Calculated potential profile and squared wavefunction of the
InAs-inserted-channel InGaAs heterostructureNat 1.4x 102 cm 2. U,

is a potential energyh) Gray-scale plot oR,,(B,V,) data. Black(white)
areas indicate smallarge values of the resistancR,,. v is the filling
factor. A clear spin splitting develops above 5 T.

mated to be 49 meV avy=-5V and 101 meV atV,
=5V.
The Landau level spectrum is given by

o
T2
whereE, is the subband energg,the Planck’s constanty
the cyclotron frequencyn the Landau index, angg the
Bohr magneton. The resistance pdakhite curve$ in the
Rux(B,Vy) plot satisfies the relatioB,= Er . The filling fac-
tor v, where SdH oscillations show spin splitting, is around
15.

1

En:E0+hwc

For 2DEG in large perpendicular magnetic fields, when h
there are unequal populations of electrons with opposité‘v erewc
spins, the electron—electron interaction can lead to a substa
e

tial enlargement of the spin splitting energy, which can b
attributed to an enhancement of the effectivéactor!! Fig-
ure Za) showsR,,-V, data for various tilt angleg. Well-
separated spin splitting was observedat0°, and may be
due to the enhancement of thdactor. However, spin split-
ting became unclear at higher tilt angleThe tilt angled is
defined with respect to the surface normé&=0). In Fig.
2(b), gate voltage spacingVy values separated by the spin
splitting are plotted as a function of tilt angle. Hete/y was
determined from two peak positions B, around the odd
filling factors. The AVy values show nearly casdepen-
dence.
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FIG. 2. (a) RV, data for various tilt angles from 0° to 75° in 5° steps.
Data are shifted for clarity. Arrows show the odd filling factor positidis.

Gate voltage spacindVy as a function of tilt angle. The gate voltage
spacingAV, around the odd filling factors is determined from the splitted
peak positions iR,V data. The solid line shows the céslependence for
comparison. The filled circles, squares, triangles, inverse triangles, and dia-
monds correspond to data obtained fot 5, 7, 9, 11, and 13, respectively.

The electrong factor was determined from the coinci-
dence method. The Zeeman splitting is proportional to the
total magnetic fieldB,y,, Whereas the Landau splitting is
proportional to the component of the field perpendicular to
the 2DEG,Bpe= By COSO. The ratio between the Landau
splitting and the Zeeman spin splitting is given by

[ = gueBiotal
hog

, @

=eBye,/m*. The first minima of the SdH oscilla-
H_ons appears at=1/2 when the tilt angled. satisfies the
condition

m*

cosf.=g—.
c gmo

()

In the above coincident analysis, for simplicity, we neglect
the zero field spin splitting due to the Rashba spin—orbit
interaction since SdH oscillations do not show clear beating
in a low magnetic field.

Shown in Fig. 8a) are Ry, (By.,) traces for various tilt
anglesd. The SdH-oscillation amplitude decreases with in-
creasing tilt angle, and the minima appear arou&d
=80.6°. Further increase of the tilt angle leads to the swap-
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18065 A A /\l N N N @ Grotal( E) = gInAs(E)<q)lnAs>+ gInGaAs(E)<(DInGaAs>v 5
\/ \/ \/ where(®d) is the probability of finding an electron either in
\ /\/\ /\ /\ /\ /\ /\ /\ InAs or Inys:Ga 4As. The calculatedy-factor values are
69.5 . .
2 160 \ \/ I ne_g_a_tlve, but their absolute vaIu_es are plo_tted. These prob-
E 77.’3'\/\/\/ \“ \/ \/ \/ \/ abilities were calculated by solving the Poisson and Schro
£ 10 4 \/\/\/\\/\ dinger equations self-consistently. The calculated probability
S l40go 6\’\%\_/\“/\\/,_ v (®has) changes from 68% aV,=—5V to 63% atV,
o .. i SO N N =5V. In this calculation, we assume that the band offset at
&SNMMWM the interface between InAs andylyGa) 4As is 0.15 eV. In
120_,83_7/\/._\%/‘\“‘/\\/1\\\4’:\\‘/\_‘,/‘\_ Fig. 3(b), the topx axis indicates the energy from the con-
Tilt Angle (deg) \-/\/'\\,gzof duction band edge, considering the confinement energy in
T —— the InAs quantum well. Here, we use the values of the inter-
0.75 0.80 0.85 0.90 0.95 1.00 band matrix element, the band gap, and the spin-orbit split-
BpedT) ting of bulk InysdGay4As, which are D2 /my=25.5¢eV,
Energy (eV) Ey=0.813 eV, andA,,=0.356 eV, respectivelf# The en-
0200 0205 0210 0215 0220 0.225 ergy gap in the strained InAs is calculated to Bg
' ' ' ' ' : =0.593 eV based on a semi-empirical relatidiwe assume
a5Aemesdinii ®..1 2p2,/my=24 eV andA4,=0.4 eV for the strained InAs by
40 } [ T interpolation between bulk InAs andgeGa, 4/As. The cal-
. culation qualitatively explains the gate voltage dependence
% 35 T T of the g factor deduced from the coincidence method. How-
10 + L ever, two quantitative discrepancies are observed: the experi-
mentally obtained-factor values are smaller than the calcu-
25 ek lated values, and the change in thdactor by the gate is

larger than in the above model calculation. More detailed
information, such as band-structure properties and the band
offset, about this strained InAs system is necessary in order
FIG. 3. (@) Magnetoresistanc,, at V,=0 V vs the perpendicular compo- to explain the experimental data.

nent of magnetic fields for various tilt angles. The tilt angle is increased In summary, the ang|e dependence of magnetotransport

from the top(65°) to the bottom(83.79. Data are shifted for clarity(b) ti . tigated i INAS-i ted-ch |
Gate-voltage dependence of tigefactor. The dotted line corresponds to properies was Investigated in an InAs-inseried-channe

calculatedg-factor values. Top axis indicates the energy from the conduc- 1Ng 5dG& 47AS/INg 5Al g 49AS heterostructure. The gate volt-
tion band edge of InAs. Note that the sign of tiéactor cannot be deter- age dependence of ﬂggfactor was obtained from the coin-
mined from the coincidence method. The calculatetctor values are  ~iqence method. The obtainagifactor values are surpris-
negative, but their absolute values are plotted. .
ingly smaller than the value of thggfactor of bulk InAs. The
. o . change of they factor by the gate voltage in this system is
ping of the SdH oscillation phase and an increase of thenych larger than in the GaAs/AlGaAs systém.
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