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1. Introduction

In Spintronics [1,2], control of the spin degrees of
freedom for carriers is under intensive investigation to find
ways of making new devices, such as a spin field-effect
transistor (spin FET) [3] and a spin interference device [4].
The Rashba spin-orbit interaction (SOI) [5,6], which is
induced by the structural inversion asymmetry in a quantum
well (QW), is a key to controlling the electron spin in
semiconductors. Electric-field control of the Rashba
SOI and estimation of the Rashba SOI parameter, o, have
recently been achieved [7,8]. This success has stimulated
us to make a spin interferometer. In the spin FET, injection
of spin-polarized carriers from a ferromagnetic electrode is
crucial. However, spin-polarized carriers are not necessary
in the spin interferometer. This paper reports on the
electric-field-controllable spin interferometer based on the
Rashba SOI. The experimental results clearly demonstrate
that the interference of the electron spin in an InGaAs QW
can be controlled by means of the electric field.

2. Experiments

In this work, four samples which consists of an
Ing 5, Aly 4sAs/Ing 5:Gay ;7 As/ Ing 5,Aly .5As QW are fabricated,
and these samples have the same layer structure used in Ref.
8. Figure 1(a) shows a scanning electron microscope
(SEM) image of the spin interferometer fabricated by the
electron beam lithography and the ECR dry etching. In the
lighter region, the InGaAs quantum well exists, and the
darker region is etched. Each spin interferometer was
etched into square-loop-shaped mesa, and many square-loop
spin interferometers are arrayed. Figure 1(b) shows a
schematic view of the Hall bar. The entire Hall bar was
covered with a voltage-gate electrode, which makes it
possible to control the Rashba SOI in the QW. Figure 1(c)
shows a schematic view of the spin interferometer. The
side length of the square loop, Lg, varies between 1.2 um
and 1.8 wm. In this work, the Al’tshuler-Aronov-Spivak
(AAS) oscillations, which are due to the self-interference
effect of two partial electron waves related by the time
reversal operation [9], are measured in order to investigate
the spin interference. In the AAS effect, an incident
electron wave that comes to the square-loop spin
interferometer splits into two partial electron waves. In the
square-loop spin interferometer, one partial electron wave

goes in the clockwise direction and the other goes in the
counter-clockwise direction. Then, these two partial
electron waves come back at the incident point and interfere
each other. The paths of the two partial electron waves are
completely same because of the time reversal operation. In
Fig. 1(c), the electron paths for the AAS oscillations are
depicted. The Aharonov-Bohm (AB) oscillations are also
caused by the self-interference effect of the two partial
electron waves [10], and electron paths for the AB
oscillations are shown in Fig 1(d). In The AB effect, the
two partial waves goes through half of the square loop and
interfere each other. The electron-path lengths in the
clockwise and the counter-clockwise directions are not
completely same, so that phases of the AB oscillations
among different spin interferometers are sample specific.
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Figure 1(b) The SEM image of the sample. The lighter region is
electron path and the darker region is etched. Many spin
interferometers are arrayed. (b) The schematic view of the Hall
bar. The gate electrode covers the entire Hall bar. The array of
the spin interferometers is fabricated in the shaded area in order to
measure the ensemble averaged conductivity. The number of the
spin interferometers is more than 4000. (c) The schematic view
of the spin interferometer. The incident electron splits into the
two partial electron waves that go through the square loop. The
electron paths of these two partial electron waves for the AAS
oscillations are completely same. (d) The electron-path lengths of
these two partial electron waves for the AB oscillations are not
completely same.
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The electric conductivity measurements for the four
samples with various Lg were carried out by the four-probe
method at 0.3 K. The ensemble averaged conductivity of
many spin interferometers is investigated in order to
measure the AAS oscillations. The AB oscillations and the
universal conductance fluctuations [11] that are sample
specific to each spin interferometer should be averaged out.

3. Experimental Result and Discussion

Figure 3(a) shows the electric conductivity o,, of the
sample 4 (denoted in ref. 8) with Lg=1.4 um as a function of
the magnetic field B for gate voltages V, of 1.2, -0.5, and 0
V at 0.3 K. Oscillations in o,, are observed. In order to
extract the oscillatory part of o,,, the Fourier transformation
analysis is applied. The oscillatory part of o, after the
Fourier transformation analysis, Ao,, is presented in Fig.
3(b), and the oscillations are very clearly visible. The
period of B of the oscillations corresponds to (h/2e)/L?,
which shows the oscillations are due to the AAS oscillations
and the AB oscillations with the period of B of (hle)/L} are
averaged out.

The partial electron waves experience the spin
precession due to the Rashba SOI while they travel through
the square loop. In this work, ballistic transport of the
electron through the each side of the square loop is assumed.
So the spin precession angle 6 at the each side of the loop
caused by the Rashba SOI is written by the following
equation,

6 =20m"L,/h* (1).
Here, m" is the electron effective mass. The presence of
this spin precession results in a modulation of the amplitude
of the AAS oscillations.  This modulation has been
theoretically calculated and the amplitude of the AAS
oscillations, A(6), is given by [12],
A(6) = -(cos*0 + 4cos 0 sin’0 + cos20)/4 ).
This equation shows the details of the spin interference can
be controlled by the a value that depends on the applied gate
voltage. In Fig. 3, with increasing V,, the sign of
Ao, (B=0) changes from minus to plus. The amplitude of
Ao, (B=0)=0 corresponds to A(6)=0. From the equations
(1) and (2), 6 and a values at Ao, (B=0)=0, where V, is
around —0.8 V, should be —0.424x and -0.782x107'? eVm,
respectively.  This o value agrees well with o value
deduced from the kep perturbation theory [13] together with
the potential profile of the QW obtained by the Poisson-
Schrodinger self-consistent calculations.  These results
clearly show the details of the spin interference are
controlled as expected theoretically by the applied gate
voltage. In the other samples, the electric-field control of
the spin interference was also confirmed.

4. Conclusion

By means of the gate voltage, the electron spin
interference in the InGaAs QW was controlled by the
Rashba SOI. The details of the spin interference were
investigated from the amplitude of the AAS oscillations on
the array of many interferometers. The gate dependence of
the amplitude of the AAS oscillations coincided well with

the gate dependence obtained from the theoretical
calculation.
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Figure 3(a) The electric conductivity o,, with L=1.4 um as a
function of the magnetic field B for gate voltages V, of 1.2, -0.5,
and 0 V at 0.3 K. (b) The oscillatory part of the electric
conductivity Ag,, as a function of B. The oscillations are clearly
visible and only the AAS oscillations are observed. With
increasing V,, the Ao, at B=0 increases and the sign of Ao, (B=0)
changes from minus to plus as expected theoretically. The spin
interference is controlled by means of V.
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