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The electrong factor in an InAs-inserted-channel In0.53Ga0.47As/In0.52Al0.48As heterostructure is
studied by measuring the angle dependence of magnetotransport properties. The gate voltage
dependence of theg factor is obtained from the coincidence method. Theg-factor values are
surprisingly smaller than theg-factor value of bulk InAs, and close to the bareg-factor value of
In0.53Ga0.47As. A large change in theg factor is observed by applying the gate voltage. The gate
voltage dependence is not simply explained by the energy dependence of theg factor. © 2003
American Institute of Physics.@DOI: 10.1063/1.1631082#
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The electrong factor is of fundamental importance fo
the electronic band structure in semiconductors as well as
spin-related devices. Recently, much attention was focu
on theg-factor engineering for processing of quantum info
mation based on the electron spin degree of freedom.1 The
gate controlledg factor has been demonstrated in GaA
AlGaAs systems by time-resolved Kerr rotatio
measurements2 and by the electron spin resonance,3 since a
carrier wave-function penetrates into the barrier mate
with a differentg factor from that of the quantum well re
sulting in a different contribution to theg factor.

The coincidence method,4 where the tilt angle depen
dence of Shubnikov–de Haas~SdH! oscillations is measured
has often been used to deduce theg factor in two-
dimensional electron gas~2DEG!, e.g., in an InAs–AlSb
quantum well,5 an InAs–GaSb superlattice,6 an InAs–GaSb
quantum well,7 and an InGaAs/InAlAs quantum well.8 An
InAs-inserted-channel In0.53Ga0.47As/In0.52Al0.48As hetero-
structure is an interesting system from the view point
g-factor engineering. The smaller band offset at the interf
between InAs and In0.53Ga0.47As than in usual
In0.53Ga0.47As/In0.52Al0.48As or In0.53Ga0.47As/InP hetero-
structures makes the wave-function penetration easier.
thermore, the InAs channel is not lattice matched to
In0.53Ga0.47As. The band structure in semiconductors is infl
enced by strain effects due to the lattice mismatch, but
not well understood how theg factor is affected by the strain
In this letter, we study the gate voltage dependence
g-factor values of this InAs-inserted-chann
In0.53Ga0.47As/In0.52Al0.48As heterostructure. Theg-factor
values are obtained from the coincidence method under
condition where the exchange enhancement of theg factor is
negligible. A large modulation of theg factor is observed by
applying the gate voltage.

The sample is an inverted-doped InAs step quantum w
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with 25-nm-In0.52Al0.48As cap layer. The step quantum we
is composed of 13.5-nm-In0.53Ga0.47As, an inserted 4-nm-
InAs channel, and a 2.5-nm-In0.53Ga0.47As layer. Underneath
the quantum well is a 20-nm-spacer layer of In0.52Al0.48As on
top of 7-nm-thick Si-doped-In0.52Al0.48As layer. The doping
density of 7-nm-thick In0.52Al0.48As carrier supplying layer is
431018 cm23. The sample was grown by molecular bea
epitaxy after In0.52Al0.48As buffer layer growth on Fe-dope
semi-insulating ~100! InP. All In0.53Ga0.47As and
In0.52Al0.48As layers are lattice matched to InP, while th
4-nm-InAs-inserted layer is not matched and strained. It
been reported that the mobility is highest when the thickn
of InAs is 4 nm and starts to decrease above the thicknes
5 nm InAs since the thickness of 4 nm InAs is less than
critical thickness.9 Shown in Fig. 1~a! is the potential profile
and squared wavefunction obtained by a self-consis
Poisson–Schro¨dinger calculation.

A 20380mm2 Hall bar sample was made by the typic
photolithography technique. The gate electrode was dep
ited on top of the 100-nm-thick Al2O3 insulating layer that
covers the entire area of the Hall bar. All transport measu
ments were performed in a3He cryostat equipped with a 9 T
superconducting magnet, where the magnetic field was
plied at a tilt angle from perpendicular to the heterointerfa

Figure 1~b! shows a gray-scale plot ofRxx(B,Vg) data
presenting a Landau fan diagram, where the magnetic fieB
is applied perpendicular to the 2DEG plane. In this figuren
is the filling factor and is determined by comparing with Ha
resistanceRxy(Vg). The carrier concentrationNs and the
electron mobilitym were changed from 8.331011 cm22 and
66 000 cm2/Vs atVg525 V to 1.931012 cm22 and 119 000
cm2/Vs atVg55 V. The effective mass wasm* 50.041m0 at
Vg523 V and m* 50.044m0 at Vg53 V as determined
from the temperature dependence of the SdH-oscillation
plitude. Here,m0 is the free-electron mass. The experime
tally obtainedm* values are consistent with the previou
study.10 From these analyses, the Fermi energyEF was esti-
5 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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mated to be 49 meV atVg525 V and 101 meV atVg

55 V.
The Landau level spectrum is given by

En5E01\vcS n1
1

2D6
1

2
gmBB, ~1!

whereE0 is the subband energy,\ the Planck’s constant,vc

the cyclotron frequency,n the Landau index, andmB the
Bohr magneton. The resistance peak~white curves! in the
Rxx(B,Vg) plot satisfies the relationEn5EF . The filling fac-
tor n, where SdH oscillations show spin splitting, is arou
15.

For 2DEG in large perpendicular magnetic fields, wh
there are unequal populations of electrons with oppo
spins, the electron–electron interaction can lead to a subs
tial enlargement of the spin splitting energy, which can
attributed to an enhancement of the effectiveg factor.11 Fig-
ure 2~a! showsRxx-Vg data for various tilt anglesu. Well-
separated spin splitting was observed atu50°, and may be
due to the enhancement of theg factor. However, spin split-
ting became unclear at higher tilt angleu. The tilt angleu is
defined with respect to the surface normal (u50). In Fig.
2~b!, gate voltage spacingDVg values separated by the sp
splitting are plotted as a function of tilt angle. Here,DVg was
determined from two peak positions ofRxx around the odd
filling factors. TheDVg values show nearly cosu depen-
dence.

FIG. 1. ~a! Calculated potential profile and squared wavefunction of
InAs-inserted-channel InGaAs heterostructure atNs51.431012 cm22. U0

is a potential energy.~b! Gray-scale plot ofRxx(B,Vg) data. Black~white!
areas indicate small~large! values of the resistanceRxx . n is the filling
factor. A clear spin splitting develops above 5 T.
Downloaded 13 Sep 2006 to 133.87.26.100. Redistribution subject to AIP
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The electrong factor was determined from the coinc
dence method. The Zeeman splitting is proportional to
total magnetic fieldBtotal, whereas the Landau splitting i
proportional to the component of the field perpendicular
the 2DEG,Bper5Btotalcosu. The ratio between the Landa
splitting and the Zeeman spin splitting is given by

r 5
gmBBtotal

\vc
, ~2!

wherevc5eBper /m* . The first minima of the SdH oscilla
tions appears atr 51/2 when the tilt angleuc satisfies the
condition

cosuc5g
m*

m0
. ~3!

In the above coincident analysis, for simplicity, we negle
the zero field spin splitting due to the Rashba spin–o
interaction since SdH oscillations do not show clear beat
in a low magnetic field.

Shown in Fig. 3~a! are Rxx(Bper) traces for various tilt
anglesu. The SdH-oscillation amplitude decreases with
creasing tilt angle, and the minima appear aroundu
580.6°. Further increase of the tilt angle leads to the sw

FIG. 2. ~a! Rxx-Vg data for various tilt anglesu from 0° to 75° in 5° steps.
Data are shifted for clarity. Arrows show the odd filling factor positions.~b!
Gate voltage spacingDVg as a function of tilt angle. The gate voltag
spacingDVg around the odd filling factors is determined from the splitt
peak positions inRxx-Vg data. The solid line shows the cosu dependence for
comparison. The filled circles, squares, triangles, inverse triangles, and
monds correspond to data obtained forn55, 7, 9, 11, and 13, respectively
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ping of the SdH oscillation phase and an increase of
amplitude. From the values ofuc andm* , ug* u53.8 is ob-
tained according to Eq.~3!. Figure 3~b! shows the gate volt-
age dependence of theg* values. Theseg* values are much
smaller than theg factor of bulk InAs. In our case, the ex
change enhancement may be negligible since we obta
the g factor at filling factors much larger than the critic
filling factor nc , where the collapse of exchange enhan
ment occurs. When the energy separation of spin-up
-down levels is less than their disorder broadening, the
change contribution will disappear and only the bare Zeem
splitting will remain.12

The energy dependence of theg factor13 is given by

g~E!5g02
4

3

Pcv
2

m0

Dso

~Eg1E!~Eg1Dso1E!
, ~4!

whereE is the energy from the conduction band edge,Eg the
band gap,g0 the free electrong factor, Dso the spin-orbit
splitting of the valence band, and 2pcv

2 /m0 the interband ma-
trix element of the momentum operator. The regime of thg
factor described by Eq.~4! ranges from214.8 for bulk InAs
to 2.0023 for free electrons. The dotted line in Fig. 3~b! is a
calculation of theg factor according to the equation:

FIG. 3. ~a! MagnetoresistanceRxx at Vg50 V vs the perpendicular compo
nent of magnetic fields for various tilt angles. The tilt angle is increa
from the top~65°! to the bottom~83.7°!. Data are shifted for clarity.~b!
Gate-voltage dependence of theg factor. The dotted line corresponds t
calculatedg-factor values. Topx axis indicates the energy from the condu
tion band edge of InAs. Note that the sign of theg factor cannot be deter-
mined from the coincidence method. The calculatedg-factor values are
negative, but their absolute values are plotted.
Downloaded 13 Sep 2006 to 133.87.26.100. Redistribution subject to AIP
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gtotal~E!5gInAs~E!^F InAs&1gInGaAs~E!^F InGaAs&, ~5!

where^F& is the probability of finding an electron either i
InAs or In0.53Ga0.47As. The calculatedg-factor values are
negative, but their absolute values are plotted. These p
abilities were calculated by solving the Poisson and Sch¨-
dinger equations self-consistently. The calculated probab
^F InAs& changes from 68% atVg525 V to 63% at Vg

55 V. In this calculation, we assume that the band offse
the interface between InAs and In0.53Ga0.47As is 0.15 eV. In
Fig. 3~b!, the topx axis indicates the energy from the co
duction band edge, considering the confinement energ
the InAs quantum well. Here, we use the values of the in
band matrix element, the band gap, and the spin-orbit s
ting of bulk In0.53Ga0.47As, which are 2pcv

2 /m0525.5 eV,
Eg50.813 eV, andDso50.356 eV, respectively.14 The en-
ergy gap in the strained InAs is calculated to beEg

50.593 eV based on a semi-empirical relation.15 We assume
2pcv

2 /m0524 eV andDso50.4 eV for the strained InAs by
interpolation between bulk InAs and In0.53Ga0.47As. The cal-
culation qualitatively explains the gate voltage depende
of the g factor deduced from the coincidence method. Ho
ever, two quantitative discrepancies are observed: the exp
mentally obtainedg-factor values are smaller than the calc
lated values, and the change in theg factor by the gate is
larger than in the above model calculation. More detai
information, such as band-structure properties and the b
offset, about this strained InAs system is necessary in o
to explain the experimental data.

In summary, the angle dependence of magnetotrans
properties was investigated in an InAs-inserted-chan
In0.53Ga0.47As/In0.52Al0.48As heterostructure. The gate vol
age dependence of theg factor was obtained from the coin
cidence method. The obtainedg-factor values are surpris
ingly smaller than the value of theg factor of bulk InAs. The
change of theg factor by the gate voltage in this system
much larger than in the GaAs/AlGaAs system.3
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