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Manipulation of mobile spin coherence using
magnetic-field-free electron spin resonance
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Electron spin resonance (ESR) has applications in the
manipulation of individual electron spins for quantum infor-
mation processing’. In general, ESR requires two external
magnetic fields: a static field (B,) to split the spin states in
energy and an oscillating field (B,) with the frequency resonant
to the splitting energy. However, spin manipulation methods
relying on real magnetic fields—much broader than the
size of individual electrons—are energetically inefficient and
unsuitable for future device applications. Here we demonstrate
an alternative approach where the spin-orbit interaction’
of trajectory-controlled electrons induces effective B, and
B, fields. These fields are created when electron spins surf
on sound waves®'° along winding semiconductor channels.
The resultant spin dynamics—mobile spin resonance—is
equivalent to the usual ESR but requires neither static nor
time-dependent real magnetic fields to manipulate elec-
tron spin coherence.

In the electron systems in inhomogeneous magnetic fields
or systems with spin—orbit coupling, the motion of electrons
is converted to time-dependent effective magnetic fields. The
latest studies have reported that ESR can be driven by effective
B, fields, which are produced by the reciprocating motion of
electrons with spatially dependent spin splitting''™"* or with
spin—orbit coupled systems'*'°, but these techniques still need
external By fields. A promising approach for incorporating effective
B, fields is the use of long-distance spin transport, which
induces spin precessions around the static spin—orbit magnetic
fields>'7. In addition, spin-qubit operations using moving quantum
dots have been theoretically proposed'®. Thus, we expect all
of the magnetic fields needed for ESR to be replaced with
spin—orbit effective magnetic fields (B°) by using trajectory-
controlled travelling electrons.

Mobile spin resonance is based on the dependence of B5° on
the electron momentum vector k. For simplicity, we assume a
two-dimensional electron system in a (001) III-V quantum well
with only k-linear terms in the Dresselhaus spin—orbit interaction'®
(SOI). The effective Dresselhaus field is described by

k
B =22 | &, (1)
g/LB 0

where we used a coordinate system with base vectors £ || [110],
# || [110] and 2 || [001]. Here, g is the g factor of the electrons, 5 is
the Bohr magneton and f is a constant proportional to the strength
of the Dresselhaus SOI. The vectors determined by equation (1) in
k-space are plotted in Fig. la.
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Figure 1| Direction of momentum vectors and spin-orbit effective
magnetic fields. a, Dresselhaus spin-orbit effective fields for different
k-vectors. b, k-vectors and Dresselhaus fields for electrons moving along a
sinusoidal channel. ¢, The travelling electrons experience static (Bgo) and
oscillating (Bfo) fields that are normal to each other.

Now we consider electrons travelling along the sinusoidal
channel shown in Fig. 1b. At each position of the channel, the
deflection angle of the path determines the direction of the k-vector.
As a result, the moving electrons experience an effective magnetic
field that swings with the frequency f = v,/A, where v, is the
time-averaged y-component of the electron velocity and A is the
period of the winding channel. In the reference frame moving with
the electrons, the time-dependent effective magnetic field can be
expressed as the sum of a static field (B$°) and an oscillating field
(B39; Fig. 1c). As B;° and B3° are normal to each other, they can
drive coherent Rabi rotations when hf matches the spin-splitting
energy, that is, hf = gup|B;°|, where h is the Planck constant. Note
that a similar mechanism with different vector configurations also
applies to electron systems with the Rashba SOI (ref. 20), or with
both Dresselhaus and Rashba contributions.

To control the trajectory of travelling electrons, we adopted
acoustically induced moving dots*"** produced in an undoped
20-nm-thick GaAs/AlGaAs (001) quantum well, where the SOI
acting on the two-dimensionally confined electrons is dominated by
the Dresselhaus term'?. The piezoelectric field induced by a surface
acoustic wave (SAW) beam propagating along #(||[110]) produces
an array of potential wires, which align in the (110) direction and
move along y with the acoustic velocity vsaw =~ 2.97 kms™'. A Ti
film with 3-um-wide slits deposited on the wafer partially screens
the piezoelectric field and produces moving dots that travel along
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Figure 2 | Experimental set-up for mobile spin resonance. a, Schematic
view of the sample. An interdigital transducer (IDT) formed on the
quantum well wafer generates SAWs propagating along y (||[110]). A Ti film
with slits defines the straight and winding channels for the moving
piezoelectric dots. We set the sample in an electromagnet so that Byt is
parallel to the x axis. b, Optical reflectivity images of the straight and
winding channels.
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the channels formed beneath the slits (Fig. 2a). Here, we discuss
experimental results for acoustically induced spin transport along
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Figure 3 | Spin dynamics affected by BSC

straight and winding channels whose dimensions are provided in
the optical reflectivity images shown in Fig. 2b.

We performed Kerr microscopy'®” to measure the spin
dynamics of the electrons moving along the channels. A circularly
polarized pump light generates electron spins oriented along
Z at position (x,y) = (0,0) on the channels, and a linearly
polarized light probes the magneto-optic Kerr rotation, which
is proportional to the spin density at the probe position. By
scanning the probe position in the quantum well plane, we can
obtain two-dimensional images of the spin distribution under a
SAW.

Figure 3a maps the steady-state spin density for the straight
channel in the absence of an external magnetic field. The
long-lasting Kerr rotation signal indicates the successive carrier
transport along the channel formed under the slit of the metal
film. The Kerr rotation signal oscillations are attributed to the
spin precession induced by BC (ref. 9). Although the random
fluctuations of B due to the electron scattering in the moving dots
induce the D’yakonov Perel’ spin relaxation*, the spin coherence
is maintained for a very long time (~20ns) because of the
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and Beyt. a,b, Kerr rotation (KR) images of the straight (a) and winding (b) channels obtained by optically

pumping spin-polarized electrons at (x,y) = (0, 0). The same data averaged along the x axis are plotted as a function of y on the right side of each Kerr
rotation image. ¢,d, Comparison of experimental and calculated Kerr rotation signals plotted as a function of Bext and y for the straight (¢) and winding (d)
channels. The inset in € shows the Beyt dependence of the spatial Larmor frequency (k| ) together with a fitted line from which we obtained the |B%O| and

g-factor values described in the text.
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Figure 4 | Initial-phase dependence of the spin dynamics under resonant conditions (Beyt = 0). a, The Kerr rotation measurements for the winding
channel were carried out by pumping the spins at different positions, which define the initial phase (¢) of the alternating field B1So as shown in the
diagram. b, Comparison of experimental and calculated results for Kerr rotation (KR) plotted as a function of ¢ and y. €, Three-dimensional spin trajectories
(red lines) calculated for the transport during O <y <30 um plotted in Bloch spheres for ¢ =0, /2, w and (3/2)zt. The grey lines are their projections on

the three coordinate planes.

motional narrowing resulting from the SAW-induced mesoscopic
confinement®. During this long spin lifetime, the electron spins
with averaged wave vector k= (m*vsaw /)y (m* is the effective mass
of the electrons) behave as if they effectively experience only the
average field given by

SO 2Bm* vsaw |,

0 - 9

guph

which is obtained by substituting k into equation (1).

The application of B along the x axis enables us to obtain
quantitative information about the spin dynamics during transport.
The colour images in Fig. 3c show experimental and calculated Kerr
rotation signals as a function of y and B,y for the straight channel.
When B, approaches 23 mT, the precession slows almost to a
halt, thus indicating that B’ is cancelled out at B =23 mT. In
the inset of Fig. 3¢, we fitted the B, dependence of the Larmor
frequency (k) by:

gUB
Vsaw

Ky = Bext + BSO ‘

from which we obtained |g| = 0.36. In the following, we assume
g = —0.36 in accordance with the negative g-value sign previously
reported for similar quantum wells*®. The calculated data shown
in Fig.3c were obtained by assuming the above parameters
(B%© =23 mT and g = —0.36) and a spin decay length L, = 60 um.
The simulation well reproduces the experimental spin dynamics,
thus showing that B%® acts on spins in the same way as the real
magnetic field By, applied along the x axis.

The effects induced by B$© appear in the spin dynamics of
electrons travelling along the winding channel, which is designed
to be close to the resonance condition hvsaw/A = g,uBIBgOI. We
set the origin (that is, the pump position) at a position where the
dot velocity component along the x axis takes its maximum value.
As shown in Fig. 3b, the phase of the spin precession inverts when
the probe position crosses y ~ 30 um. Such changes in precession
dynamics were not observed for the straight channel (Fig. 3a), and
appeared as peculiar features at around Be, = 0 and 46 mT as
shown in the experimental data in Fig. 3d. The fact that they appear
symmetrically about By, = 23 mT suggests that the corresponding
phenomenon occurs when the total static field |Bex +Bj°| =23 mT.
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We simulated the spin dynamics under effective magnetic fields by
solving a Bloch equation,

s gus
i (2)

Vsaw
; (Bex +By° +B%) x S— 3

where we neglected equilibrium spin polarization and assumed that
the longitudinal and transverse relaxation times were identical for
simplicity. The parameters we used were B{® =23 mT, g = —0.36,
BS© = 10mT and L, = 60 um. The experimental and calculated
results in Fig. 3d show excellent agreement and this proves the
feasibility of the mobile spin resonance, which can be implemented
even without external magnetic fields.

As the directions of the initial spins S, (]|2), BSC (||#) and BS©
(|ly) are orthogonal to each other, the spin dynamics under the
resonance conditions strongly depends on the initial phase (¢) of
B3°, which is defined by the initial position of the spins along the
winding channel as shown in Fig. 4a. To confirm this, we measured
Kerr rotation along the winding channel for different initial phases
(¢) at Bexy = 0. The experimental result in Fig. 4b reveals a pattern
that has periods of w and ~115um along ¢ and y, respectively.
Several peculiar features, which are also observed in Fig. 3d, indicate
that B$© drives the Rabi rotation effectively when ¢ =0 and m,
whereas it is ineffective when ¢ =1t /2 and (3/2) .

The simulation of the ¢-dependent Kerr rotation reveals
the three-dimensional dynamics of the mobile spin resonance
demonstrated here. The calculated pattern in Fig. 4b was obtained
by Bloch simulations using the parameters B;° =23 mT, g = —0.36,
B© =10mT and L, = 60 um. The /2 pulse length of the ESR
dynamics corresponds to L./, = 29.5um, which determines the
characteristic region of the pattern in Fig. 4b; the precession phase
is almost unchanged for 0 <y <L, and 3L, <y < 4L,
whereas it gradually shifts for L/, <y <3L,/,. The Rabi oscillation
period of 4L, = 118 um is slightly longer than the expected value
of 93 um, which was calculated from the shape of the winding
channel assuming only the k-linear terms of the Dresselhaus SOI.
This minor discrepancy is probably due to the contribution of
Rashba-type SOIs, which are expected to suppress B3°, or to the
fact that the actual trajectories of the electrons do not follow the
shape of the slit exactly.

The phase sensitivity of the mobile spin resonance indicates
that we can prepare arbitrary spin states in the absence of external
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magnetic fields. Figure 4c shows the three-dimensional trajectories
of the spin dynamics in the Bloch sphere calculated with the
parameters defined above. When ¢ = /2 and (3/2)m, the spin
trajectories are always close to the y—z plane. This motion is almost
the same as the spin precession around the x axis in the straight
channel and allows spin preparation only in the y—z plane. In
contrast, when ¢ =0 and m, the spin gradually acquires components
along the x axis. This fact indicates that the coherent Rabi rotation
induced by the mobile spin resonance enables us to prepare any
three-dimensional spin direction in the Bloch sphere by controlling
the amplitude and transport length of the winding channel.

The experimental results presented here reveal coherent spin
rotation using geometrically controlled SOI without any real mag-
netic fields. The phase-sensitive spin dynamics under resonance
conditions suggests the applicability of general pulsed-ESR tech-
niques such as the spin-echo sequence produced by connecting the
winding and straight channels in series, although the effectiveness
will depend on the decoherence mechanism of the target spin
systems. The mobile spin resonance technique can also be extended
to the electron spin transport induced by a lateral electric field'”?,
if their trajectories can be well defined by nanofabrication or gate-
induced confinement. Furthermore, combination with electric-
field-dependent Rashba SOI (ref. 28) or with gate-defined moving
quantum dots'® will enable the external control of the travelling spin
coherence, thus opening the way for quantum gate operations on
flying spin qubits in solid-state systems. Recent advances in related
research, such as single electron transfer between static quantum
dots?®* or the spin lifetime extension using the persistent spin
helix®®, may open avenues for further development of the present
technique towards quantum information applications.

Methods

The sample was a 20-nm-thick undoped GaAs single quantum well with
short-period GaAs/AlAs barriers (30% average Al content) grown by
molecular-beam epitaxy on a (001) semi-insulating GaAs substrate. The quantum
well was located 485 nm below the surface. A 50-nm-thick Al film deposited on
top of the sample was processed by electron-beam lithography into interdigital
transducers, which were designed for operation at a SAW wavelength of 2.56 um
and a frequency of 1.16 GHz. Rayleigh SAWs propagating along [110] with a SAW
velocity vsaw ~ 2.97 kms™! produce the one-dimensional lateral confinement of
the piezoelectric potential. In the SAW propagation area, we formed a Ti film with
3-um-wide slits with straight or sinusoidal centre lines as shown in Fig. 2b. The
film partially screens the piezoelectric fields in areas other than the channel formed
beneath the slits. The resultant potential produces moving dots that travel along the
channel. The dot velocity component along y is determined by vsaw.

The spin dynamics during transport was measured using spatially resolved
Kerr rotation microscopy with a pair of Ti:sapphire lasers. Circularly polarized
pump light (with an average power of 3.5 uW) was focused at a certain position on
the channel, and the Kerr rotation angle of the reflected linearly polarized probe
light (1 wW) was measured with a balanced detection technique. The pump light
was modulated between left- and right-circular polarizations at 50.1 kHz, and the
probe light was chopped by using an acousto-optic modulator at 52.0 kHz. The
difference frequency (1.9 kHz) was used as a reference for lock-in detection. The
full-width at half-maximum spot size of the normally incident probe beam was
approximately 3 um, whereas the waist size of the obliquely incident pump beam
was 6 um. All of the measurements were carried out at 8 K.
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