
VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997

pan

apan

tion
nism
This

n-
Gate Control of Spin-Orbit Interaction in an Inverted
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We have confirmed that a spin-orbit interaction in an inverted In0.53Ga0.47AsyIn0.52Al 0.48As quantum
well can be controlled by applying a gate voltage. This result shows that the spin-orbit interac
of a two-dimensional electron gas depends on the surface electric field. The dominant mecha
for the change in the spin-orbit interaction parameter can be attributed to the Rashba term.
inverted In0.53Ga0.47AsyIn0.52Al 0.48As heterostructure is one of the promising materials for the spi
polarized field effect transistor which is proposed by Datta and Das [Appl. Phys. Lett.56, 665
(1990)]. [S0031-9007(97)02425-3]

PACS numbers: 73.20.Dx, 71.70.Ej, 75.25.+z
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The concept of a spin-polarized field effect transistor h
been proposed by Datta and Das [1]. The spin-polariz
carriers are injected and collected by the ferromagne
electrodes. The key idea of the above device is that a sp
orbit interaction in a narrow gap semiconductor quantu
well causes the spins of the carriers to precess. The mo
lation of current can be expected by controlling the alig
ment of a carrier’s spin with respect to the magnetizatio
vector in the collector electrode. The gate electrode on
top of the device can be used for controlling the spin-orb
interaction if the spin-orbit interaction is dependent on th
interface electric field. One of the unknown problems
to what extent the spin-orbit interaction can be controlle
by the gate voltage.

Even without any external magnetic field, an electr
field perpendicular to the two-dimensional electron g
(2DEG) yields an effective magnetic field for moving elec
trons which lifts the spin degeneracy. Two alternativ
mechanisms for spin splitting are important: (i) the ho
crystal electric field [2–5] and (ii) the interface electri
field, the so-called Rashba mechanism [6,7]. Lomm
et al. have pointed out that the Rashba mechanism b
comes dominant in a narrow gap semiconductor syst
[8]. Luo et al. have experimentally shown that the Rashb
term is dominant for spin splitting in an InAs based he
erostructure [9]. Das and Dattaet al. has obtained the spin
splitting in three differentInxGa12xAsyIn0.52Al0.48As
systems from the beat pattern of Shubnikov–de Ha
(SdH) oscillations [10]. The origin for this spin split-
ting in InxGa12xAsyIn0.52Al0.48As systems is believed
to be the Rashba mechanism. The spin-splitting ene
of 2DEG in an InAsyAlSb quantum well had been ob-
tained as a function of the gate voltage by Heidaet al. [11].
The spin-splitting energyDR linearly increased by apply-
ing positive gate voltage. However, the origin for th
increase in the spin-splitting energy has been attribut
to the increase in the Fermi wave numberkF . Thus,
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the spin-orbit interaction parametera, which is given
by the relationDR  2kFa, did not change significantly
by applying a gate voltage. From the viewpoint of th
proposed device, the most important parameter wh
governs the spin precession is the spin-orbit interact
parametera. The spin-orbit interaction parameter is pro
portional to the expectation value of the electric field at t
interface and, in principle, can be controlled by the appli
gate voltage. However, this has not yet been demonstra
experimentally.

In this paper, the spin-orbit interaction in an inverte
In0.53Ga0.47AsyIn0.52Al 0.48As heterostructure with a gate
fitted structure is studied for various electron concent
tions by changing the gate voltage. The inverted-ty
heterostructure has a high breakdown voltage and a
gate-leakage current [12]. The spin-orbit interaction p
rameter has been obtained from the analysis of the bea
pattern in the SdH oscillations. We have verified that t
spin-orbit interaction parameter can be controlled by t
gate voltage. The dominant mechanism for the change
the spin-orbit interaction parameter can be attributed to
Rashba term.

Figure 1 shows the layer structure of the inverte
In0.53Ga0.47AsyIn0.52Al 0.48As modulation doped structure
The heterostructure used in this study was grown
molecular beam epitaxy (MBE) on a Fe-doped sem
insulating (100) InP substrate. All InGaAs and InAlA
layers were lattice matched to InP. The doping density
the 7-nm-thick In0.52Al 0.48As carrier supply layer which
is underneath a 2DEG channel was4 3 1018 cm23. The
2DEG channel was formed in an undoped In0.53Ga0.47As
channel layer of 20-nm thickness. The channel layer
separated by an undoped In0.52Al 0.48As spacer layer of
6-nm thickness to reduce ionized donor scattering.

A regular Hall bar sample was made with the abo
heterostructure. The gate electrode was made on the
of the 100-nm-thick SiO2 insulating layer which covers
© 1997 The American Physical Society 1335
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FIG. 1. Schematic layer structure of an inverte
In 0.53Ga0.47AsyIn0.52Al 0.48As heterostructure.

the Hall bar. The sample without a SiO2 insulating layer
and gate electrode was initially characterized by Sd
measurement and its temperature dependence. The ca
concentrationns was estimated to be1.9 3 1012 cm22

from the period of SdH. The fact that the differen
samples showed identical SdH patterns ensures the sam
homogeneity. An electron mobility of36 500 cm2yVs
was obtained using the relation ofm  1yrxxnse, where
rxx is sheet resistivity. From the temperature dependen
of the SdH oscillation amplitude, the effective massmp

of the electron was deduced to be0.05m0, where m0
is the free electron mass. The gate voltage depend
carrier concentration was obtained from the period of Sd
oscillation. The variations of Fermi energy and effectiv
mass as a function of the gate voltage will be estimat
below.

The calculated conduction band profile and 2DE
distribution of this heterostructure are shown in Fig.
The conduction band diagram is not symmetric althou
the In0.53Ga0.47As channel layers is supported by the sam
In0.52Al 0.48As layers. The 2DEG distribution, which is
shown by the dotted line, is located on the bottom side
the quantum well, close to the carrier supply layer. Th
asymmetry yields a surface electric field perpendicular
the 2DEG channel. The spin-orbit interaction parame
a is linearly dependent on the expectation value of th
electric fieldkEl at 2DEG. This is given by

a  bkEl . (1)

Here the coefficientb is inversely proportional to the
energy gap and the effective mass [8]. By applying th
negative gate voltage, the pinning potential at the interfa
between the In0.52Al 0.48As Schottky layer and the gate
insulator will be shifted to a higher potential position
Thus the negative gate voltage will increase the potent
gradientkEl which enhancesa if the Rashba mechanism
is dominant. It should be possible to distinguish whic
mechanism is dominant in this system from the ga
voltage dependence, the host crystal field, or the interfa
electric field.
1336
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FIG. 2. Calculated conduction band diagram and electr
distribution.

Figure 3 shows the gate voltage dependence of S
oscillations at 0.4 K. The magnetic fieldB was applied
perpendicular to the 2DEG. During the measurement, t
applied electric field was carefully kept to be less tha
1 Vym to avoid excess electron heating. Beat patterns
observed in the SdH oscillations because of the existen
of two closely spaced SdH oscillation frequency comp
nents with similar amplitudes. These observed beat p
terns can be attributed to the spin splitting. By increasi
the positive gate voltage fromVg  0 V to Vg  0.3 V,
the beat pattern became clear. AboveVg  0.5 V, a
clearly different low SdH oscillation frequency compo
nent becomes visible due to the occupation of the se
ond subband. By makingVg more negative, oscillation
frequency becomes lower because of the decrease in
carrier concentration. The second node position becom
unclear asVg is decreased. One of the reasons is becau
the decrease in electron mobility causes the broadening

FIG. 3. Schubnikov–de Haas oscillations as a function of t
gate voltages.
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Landau levels. The first node position of the beat patte
is marked by an arrow in Fig. 3. The first node pos
tion shifts to a higher magnetic field asVg is decreased.
From Vg  1.5 V to Vg  0.3 V, the second node posi-
tion also shifted to a higher magnetic field. It was als
observed that the number of oscillations between the b
nodes decreases fromVg  1.5 V to Vg  0.3 V. These
results suggest the increase in the spin-splitting energy

The number of oscillationsN between two nodes are
,32 31 at Vg  1.5 V and ,27 26 at Vg  0.3 V,
respectively. The spin-splitting energyD is inversely
proportional to the number of oscillations between the tw
nodes when the total number of electrons is held consta
The oscillation frequency reflects the electron carrie
concentration. The carrier concentration decreased fro
2.41 3 1012 cm22 at Vg  1.5 V to 2.23 3 1012 cm22

at Vg  0.3 V. If the change in the carrier concentration
is taken into account, the ratio of the spin-splitting energ
is approximately described by

DVg0.3 V yDVg1.5 V , NVg1.5 V nsVg0.3 V y

NVg0.3 V nsVg1.5 V , 1.1 .

(2)

This result shows that the spin-splitting energy can be i
creased by applying a more negative gate voltage. T
increase in the spin-splitting energy can be attributed
the surface electric field. At the same time, the negati
gate voltage decreases the carrier concentration and th
fore decreases the Fermi wave numberkF . These results
lead to the increase in the spin-orbit interaction parame
a, and suggest that the Rashba mechanism is dominan

To deduce the spin-orbit interaction parametera,
numerical calculation was performed to simulate th
measured SdH oscillations. We followed the establish
method by Luoet al. [9] with the assumption that the
origin for the spin splitting is the Rashba mechanism. Th
magnetoconductance of a 2DEG atT  0 K is given by

sxx ~
X
n6

sn 6 1y2d exp

µ
2

sEF 2 E6
n d2

G2

∂
, (3)

where EF is the Fermi energy andE1
n is the energy of

thenth Landau level with spin ups1d and spin downs2d.
Here the Landau level broadeningG is assumed to be a
constant. In a magnetic fieldB, the energy spectrum for
thenth Landau level is described by

E0 
1
2

h̄vc whenn  0,

E6
n  h̄vc

"
n 6

1
2

s
s1 2 gmpy2d2 1 n

D
2
R

EFh̄vc

#
,

(4)

where vc is the cyclotron frequency which is given by
vc  eBymp, and g is the effectiveg factor. Here, it
should be noted that in the Rashba model the spin-or
interaction parametera is the only variable, and the spin
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splitting does not appear in the calculation. Howeve
we inserted the spin-splitting energy into Eq. (4) by usin
the relationDR  2kFa. For quantizing magnetic fields
ssxy ¿ sxxd, transverse resistivityrxx is given as

rxx  sxxyss2
xx 1 s2

xyd ø sxxys2
xy ø sxxsByensd2.

(5)

These equations clearly show a maximum inrxx each
time a Landau level passes through the Fermi energy, a
a minimum when the Fermi energy is situated betwe
two Landau levels.

The gate voltage dependent Fermi energy was obtain
usingns which is estimated from the SdH oscillation pe
riod. By applying a gate voltage fromVg  11.5 V
to 21.0 V, the carrier concentrationns of the first sub-
band was changed from2.4 3 1012 to 1.6 3 1012 cm22.
The energy dependence of effective massmp in the in-
verted In0.53Ga0.47AsyIn0.52Al 0.48As heterostructures was
calculated in the previous report [13], and this calculatio
explained the experimentally obtainedmp. We used this
relation to estimate the effective mass [13]. The vari
tions of Fermi energy and effective mass in this gate vo
age range were from 111 to 79 meV and from0.052m0 to
0.049m0, respectively. Theg factor was assumed to be 4
in these calculations. It should be noted that theg factor
does not strongly affect the numerical simulation when
is less than 8.

Figure 4 compares the measured SdH oscillations a
the numerical simulations. Here the valuesDR and
G were adjusted to fit the first node position of th
beat pattern and to minimize the deviation between t
experimental data and the calculations. AtVg  20.3 V,
the measured data can be well explained by the numer
simulation with DR  5.6 meV andG  2.3 meV. At
Vg  0.3 V, the oscillation above 2 T and the first nod
position can be well explained by the simulation wit
DR  5.2 meV and G  1.4 meV. The fact that the
numerical simulations agree with the measured resu

FIG. 4. Comparison between the measured SdH oscillati
data and numerical simulations. Solid lines are experimenta
measured data; dotted lines are numerical simulations. T
parameters used in the calculation areDR  5.6 meV and
G  2.3 meV for Vg  20.3 V, andDR  5.2 meV andG 
1.4 meV for Vg  0.3 V.
1337
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FIG. 5. Gate voltage dependence of the spin-splitting energ
DR and the spin-orbit interaction constanta. Circles are the
spin-orbit interaction parameters, and triangles are the sp
splitting energy. The open circles and triangles were obtain
by fitting the first node positions. The filled symbols wer
obtained by fitting the second node positions.

supports the Rashba mechanism. The small discrepa
for the second node position and the number of th
oscillation of the beat pattern is not yet clear. It wil
be a future study. We obtainedDR by fitting first and
second node positions. Then the spin-orbit interactio
parameters were calculated using the relationDR  2kFa

as a function of the gate voltageVg.
The gate voltage dependences ofDR anda are plotted

in Fig. 5. The open circles and triangles were obtaine
by fitting the first node positions. The filled ones were ob
tained by the second node positions. AsVg becomes more
negative,a andDR are increased. These experimentall
obtaineda values are the same order as the previous
obtained values of0.9 3 10211 eV m in an InAsyGaSb
quantum well [9],0.4 3 10211 eV m in InGaAsyInAlAs
systems [10], and0.6 3 10211 eV m in an InAsyAlSb
quantum well [11]. The increase ina can be attributed
to the increase inkEl by the negative gate voltage becaus
Vg cannot significantly changemp andEg; therefore, the
coefficient b can be treated as a constant. We can ru
out the mechanism based on the host crystal field. T
Rashba term is the only mechanism which can explain t
gate voltage dependence because the negative gate vol
enhances the spin-orbit interaction. The spin-orbit intera
tion parametera at Vg  21 V is about 1.5 times larger
than the value atVg  11.5 V.

Relating this result to the field effect spin transistor, th
spin precession angleDu is given by [1]

Du  2mpaLyh̄2, (6)

where L is the length between injector and collecto
ferromagnetic electrodes. This implies that the sp
precession angle which is proportional toa can be
1338
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controlled by the gate voltageVg. If we assumeL 
0.4 mm, the spin precession angle can be controlled fro
Du  p at Vg  1.5 V to Du  1.5p at Vg  21 V.
To get a maximum current modulation, it is necessary t
control from Du  p to Du  2p. In this experiment,
a did not reach a saturated value in the above gate volta
range. It will be possible to improve the gate insulatio
properties and get largera modulation.

In conclusion, the spin-orbit interaction parametera

in an inverted In0.53Ga0.47AsyIn0.52Al 0.48As heterostruc-
ture with a gate-fitted structure has been studied from th
viewpoint of device application which has been propose
by Datta and Das [1]. We have experimentally demon
strated thata can be controlled by the interface electric
field because the Rashba mechanism is dominant. T
result suggests that the precession of the injected pola
zed spin can be controlled by the gate voltage. This is th
first step for realizing the spin-polarized field effect tran
sitor.
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