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We have confirmed that a spin-orbit interaction in an invertegidBag 4/AS/INgsAl 0.46AS quantum
well can be controlled by applying a gate voltage. This result shows that the spin-orbit interaction
of a two-dimensional electron gas depends on the surface electric field. The dominant mechanism
for the change in the spin-orbit interaction parameter can be attributed to the Rashba term. This
inverted Inys4Gag4AS/IngsAl 4gAS heterostructure is one of the promising materials for the spin-
polarized field effect transistor which is proposed by Datta and Das [Appl. Phys5bet665
(1990)]. [S0031-9007(97)02425-3]

PACS numbers: 73.20.Dx, 71.70.Ej, 75.25.+z

The concept of a spin-polarized field effect transistor hashe spin-orbit interaction parameter, which is given
been proposed by Datta and Das [1]. The spin-polarizetly the relationAgx = 2kra, did not change significantly
carriers are injected and collected by the ferromagnetiby applying a gate voltage. From the viewpoint of the
electrodes. The key idea of the above device is that a spirproposed device, the most important parameter which
orbit interaction in a narrow gap semiconductor quantungoverns the spin precession is the spin-orbit interaction
well causes the spins of the carriers to precess. The modparameterr. The spin-orbit interaction parameter is pro-
lation of current can be expected by controlling the align-portional to the expectation value of the electric field at the
ment of a carrier's spin with respect to the magnetizatiorinterface and, in principle, can be controlled by the applied
vector in the collector electrode. The gate electrode on thgate voltage. However, this has not yet been demonstrated
top of the device can be used for controlling the spin-orbitexperimentally.
interaction if the spin-orbit interaction is dependent on the In this paper, the spin-orbit interaction in an inverted
interface electric field. One of the unknown problems islng s:Gag 4AS/INo5Al g 4gAS heterostructure with a gate-
to what extent the spin-orbit interaction can be controlleditted structure is studied for various electron concentra-
by the gate voltage. tions by changing the gate voltage. The inverted-type

Even without any external magnetic field, an electricheterostructure has a high breakdown voltage and a low
field perpendicular to the two-dimensional electron gagate-leakage current [12]. The spin-orbit interaction pa-
(2DEG) yields an effective magnetic field for moving elec- rameter has been obtained from the analysis of the beating
trons which lifts the spin degeneracy. Two alternativepattern in the SdH oscillations. We have verified that the
mechanisms for spin splitting are important: (i) the hostspin-orbit interaction parameter can be controlled by the
crystal electric field [2—5] and (ii) the interface electric gate voltage. The dominant mechanism for the change in
field, the so-called Rashba mechanism [6,7]. Lommethe spin-orbit interaction parameter can be attributed to the
et al. have pointed out that the Rashba mechanism beRashba term.
comes dominant in a narrow gap semiconductor system Figure 1 shows the layer structure of the inverted
[8]. Luo et al. have experimentally shown that the Rashbaln s:Gay 4AS/Ing 5Al g.4gAS modulation doped structure.
term is dominant for spin splitting in an InAs based het-The heterostructure used in this study was grown by
erostructure [9]. Das and Datéal. has obtained the spin molecular beam epitaxy (MBE) on a Fe-doped semi-
splitting in three differentln,Ga;_,As/IngsyAlp4gAs insulating (100) InP substrate. All InGaAs and InAlAs
systems from the beat pattern of Shubnikov—de Haakyers were lattice matched to InP. The doping density of
(SdH) oscillations [10]. The origin for this spin split- the 7-nm-thick I 5Al g 4gAS carrier supply layer which
ting in In,Ga,—,As/Ings;Alg43As Systems is believed is underneath a 2DEG channel was< 10'® cm™3. The
to be the Rashba mechanism. The spin-splitting energ DEG channel was formed in an undoped J#5a, 4AS
of 2DEG in an InAgAISb quantum well had been ob- channel layer of 20-nm thickness. The channel layer is
tained as a function of the gate voltage by Hedtlal. [11].  separated by an undoped WAl 5 46AS spacer layer of
The spin-splitting energyr linearly increased by apply- 6-nm thickness to reduce ionized donor scattering.
ing positive gate voltage. However, the origin for the A regular Hall bar sample was made with the above
increase in the spin-splitting energy has been attributetieterostructure. The gate electrode was made on the top
to the increase in the Fermi wave number. Thus, of the 100-nm-thick SiQ insulating layer which covers
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FIG. 1. Schematic layer structure of an inverted Position (nm)

NosiGa04AS/INo sl 04AS heterostructure. FIG. 2. Calculated conduction band diagram and electron

distribution.
the Hall bar. The sample without a Si@nsulating layer
and gate electrode was initially characterized by SdH

measurement and its temperature dependence. The carrierF.'gur.e 3 shows the gate voItag_e gleendence (.)f SdH
concentrations, was estimated to bé.9 X 10'2 crm2 oscillations at 0.4 K. The magnetic fie® was applied

from the period of SdH. The fact that the different perpendicular to the 2DEG. During the measurement, the

samples showed identical SdH patterns ensures the samﬂ plied e'eCtFiC field was carefully kept to be less than

homogeneity. An electron mobility 086500 cr?/Vs 1 V/m to avoid excess electron heating. Beat patterns are

was obtained using the relation pf = 1/p,.n,e, where observed in the SdH oscillations because of the existence
xXxrts&y

pxx IS Sheet resistivity. From the temperature dependenc(@)]c two C.Iose!y ;paced SdH oscillation frequency compo-
of the SdH oscillation amplitude, the effective mass nents with similar amplitudes. These observed beat pat-

of the electron was deduced to &05m, where my terns can be attributed to the spin splitting. By increasing
is the free electron mass. The gate voltage dependeFEe %Os't've gate vl;)Itage frorlwg = (L\\l; to V5§50\3/ v,
carrier concentration was obtained from the period of Sdl—‘le Ieeg_ﬁpatternl ecSac:r:_'e ce_:ﬁr._ ;)Vg — YoV, a
oscillation. The variations of Fermi energy and effectiveC'€ary difierent low osciliation frequency compo-

mass as a function of the gate voltage will be estimate§€Nt becomes visible QUe to the occupation Of. th? sec-
below. ond subband. By makinffg more negative, oscillation

The calculated conduction band profile and 2DEGTeAUency becomes lower because of the decrease in the
distribution of this heterostructure are shown in Fig. 2.Carier concentration. The second node position becomes

The conduction band diagram is not symmetric althougﬁmClear avg Is decreased. Qne of the reasons is be(_:ause
the Iny s4Ga 4/AS channel layers is supported by the samdhe decrease in electron mobility causes the broadening of

Ing Al guAs layers. The 2DEG distribution, which is .

shown by the dotted line, is located on the bottom side of v %\

the quantum well, close to the carrier supply layer. This = T=04 K

asymmetry yields a surface electric field perpendicular to 5 W

the 2DEG channel. The spin-orbit interaction parameter Ve=0.7V m@

a is linearly dependent on the expectation value of the . VF_ﬁﬂ\‘“‘““WWWV\AM

electric field(E) at 2DEG. This is given by ‘g . MWW
a = b(E). (1) £ 3 R Y AAS N\

Here the coefficient is inversely proportional to the o \WM"WWWN\AMW\/\N@\]\AQ

energy gap and the effective mass [8]. By applying the & 2 |vg=o:sv v \/

negative gate voltage, the pinning potential at the interface \WMWMMWW\AW/\IWN w \A\

between the IpsAl§4AS Schottky layer and the gate 1 [VesL5Y . v [\

insulator will be shifted to a higher potential position. MMWW\MWNVWVV\/\/\/M\/\/VVVV

Thus the negative gate voltage will increase the potential !

gradient(E) which enhanceg if the Rashba mechanism 0 '

is dominant. It should be possible to distinguish which 0.5 ! 1.5 2 2.5

mechanism is dominant in this system from the gate B (Tesla)

voltage dependence, the host crystal field, or the interface|g. 3.  Schubnikov—de Haas oscillations as a function of the

electric field. gate voltages.
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Landau levels. The first node position of the beat pattersplitting does not appear in the calculation. However,
is marked by an arrow in Fig. 3. The first node posi-we inserted the spin-splitting energy into Eq. (4) by using
tion shifts to a higher magnetic field 4% is decreased. the relationAgx = 2kra. For quantizing magnetic fields
FromVg = 1.5V to Vg = 0.3 V, the second node posi- (o, > o,), transverse resistivitg,, is given as

tion also shifted to a higher magnetic field. It was also 5 5 5 5
observed that the number of oscillations between the beatPxx = Oxx/(0% + 0%) = 0x/0yy = 0xx(B/eny)”.
nodes decreases froy = 1.5 Vto Vg = 0.3 V. These 5)
results suggest the increase in the spin-splitting energy.

The number of oscillation® between two nodes are These equations clearly show a maximumgp, each
~32-31 at Vg = 1.5V and ~27-26 at Vg = 0.3V, time a Landau level passes through the Fermi energy, and
respectively. The spin-splitting energy is inversely a minimum when the Fermi energy is situated between
proportional to the number of oscillations between the twawo Landau levels.
nodes when the total number of electrons is held constant. The gate voltage dependent Fermi energy was obtained
The oscillation frequency reflects the electron carrierusingn; which is estimated from the SdH oscillation pe-
concentration. The carrier concentration decreased fromod. By applying a gate voltage fronffg = +1.5V
241 X 102 cm2 atVg =15V to 223 X 102 cm™?  to —1.0 V, the carrier concentration, of the first sub-
atVg = 0.3 V. If the change in the carrier concentration band was changed from4 X 102 to 1.6 X 10'> cm™2.
is taken into account, the ratio of the spin-splitting energyThe energy dependence of effective massin the in-

is approximately described by verted Iny 54Gag 4AS/INg 5Al g4gAS heterostructures was
A A calculated in the previous report [13], and this calculation
Vg=03 V/Avg—15v ~ Nvg—15 viigvg—03 v/ explained the experimentally obtained. We used this

relation to estimate the effective mass [13]. The varia-
tions of Fermi energy and effective mass in this gate volt-
(2) agerange were from 111 to 79 meV and fror52m, to

This result shows that the spin-splitting energy can be in9'049m0’ respectively. The factor was assumed to be 4

ceased by appbing a more negale Gale volisge. TH,°56 CACURLONC, 1 2noud e noted trgiector
increase in the spin-splitting energy can be attributed t gy

_ . . s less than 8.
the surface electric field. At the same time, the negatlvé Figure 4 compares the measured SdH oscillations and

gate voltage decreases the carrier concentration and ther,

fore decreases the Fermi wave numbkgr These results the numeru_:al S|mu|at_|ons. I_—|ere the Valu.é?’* and
]r“ were adjusted to fit the first node position of the

lead to the increase in the spin-orbit interaction parameteoeat attern and to minimize the deviation between the
a, and suggest that the Rashba mechanism is dominant. P . o
experimental data and the calculations. VAt = —0.3 V,

To deduce the spin-orbit interaction parametey the measured data can be well explained by the numerical
numerical calculation was performed to simulate the. P y

- . imulation withAp = 5.6 meV andI’ = 2.3 meV. At
measured SdH oscillations. We followed the establishe R X
method by Luoet l ] wih e assumpton that he £ 05, e cseiaton shoue 2T e et roce
origin for the spin splitting is the Rashba mechanism. The P y

magnetoconductance of a 2DEGTat= 0 K is given b Ag =52 meV andI' = 1.4 meV.  The fact that the
9 9 y numerical simulations agree with the measured results

Nyg=03 visvg=15v ~ 1.1.

(Er — Ey)

P Z(n + 1/2)ex;(—FT ., @ .

where Er is the Fermi energy and;" is the energy of At

thenth Landau level with spin up+) and spin dowr(—). ) :

Here the Landau level broadenidgis assumed to be a 5 3

constant. In a magnetic fiel, the energy spectrum for -5 r

the nth Landau level is described by =2

1 o«

Ey = 5hwc whenn = 0, ! F
EX =h + i 1 - */2)2 + A%? 00-5 1 1.5 2 2.5 3

e s "Erho. |’ B (Tesla)

(4) FIG. 4. Comparison between the measured SdH oscillation

where w, is the cyclotron frequency which is given by data and numer.ical simulations. Solid lines are experimentally
" . . . measured data; dotted lines are numerical simulations. The
w. = eB/m*, and g is the effectiveg factor. Here, it

. ; parameters used in the calculation akg = 5.6 meV and
should be noted that in the Rashba model the spin-orbift — 2.3 meVv for Vg = —0.3 V, andAz = 5.2 meV andl’ =

interaction parametex is the only variable, and the spin 1.4 meV for Vg = 0.3 V.
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controlled by the gate voltag¥g. If we assumelL =

JAN .
wol O, Z‘ : i 0.4 um, the spin precession angle can be controlled from
G A R A = atVg=15V1to A =157 atVg = —1V.
% sl o b 1°° > To get a maximum current modulation, it is necessary to
'~,‘° o N g control fromA@ = 7 to A9 = 27. In this experiment,
T oaf 95 % « did not reach a saturated value in the above gate voltage
~ : o° 8 1° - range. It will be possible to improve the gate insulation
® oef a2 ° properties and get larger modulation.
2 A In conclusion, the spin-orbit interaction parameter
0.5 bbb i b 4.5 in an inverted IR s4Gag 47AS/INg5Al g 4gAS heterostruc-
-1.5 1 -0.5 0 0.5 1 1.5 2 . 7 .
Vg (V) ture with a gate-fitted structure has been studied from the

FIG. 5. Gate voltage dependence of the spin-splitting energi yiewpoint of device application which has been proposed

e .
Ar and the spin-orbit interaction constamt Circles are the By Datta and Das [1]. We have exper_lmentally demqn-
spin-orbit interaction parameters, and triangles are the spirstrated thate can be controlled by the interface electric

splitting energy. The open circles and triangles were obtainefield because the Rashba mechanism is dominant. This

by fitting the first node positions. The filled symbols were result suggests that the precession of the injected polari-

obtained by fitting the second node positions. zed spin can be controlled by the gate voltage. This is the
i i first step for realizing the spin-polarized field effect tran-

supports the Rashba mechanism. The small discrepangyq,.

for the second node position and the number of the \ya thank Dr. V. Antonov for his help in making the

oscillation of the beat pattern is not yet clear. It will ,aasurement program. We are also indebted to Dr. T.
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