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PHYSICS

Ultrafast electron cycloids driven by the transverse spin

of a surface acoustic wave

Maximilian M. Sonner'!, Farhad Khosravi***, Lisa Janker'’, Daniel Rudolph*, Gregor KobImiiller®,

Zubin Jacob>*, Hubert J. Krenner®*

Spin-momentum locking is a universal wave phenomenon promising for applications in electronics and photonics.
In acoustics, Lord Rayleigh showed that surface acoustic waves exhibit a characteristic elliptical particle motion
strikingly similar to spin-momentum locking. Although these waves have become one of the few phononic tech-
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nologies of industrial relevance, the observation of their transverse spin remained an open challenge. Here, we
observe the full spin dynamics by detecting ultrafast electron cycloids driven by the gyrating electric field pro-
duced by a surface acoustic wave propagating on a slab of lithium niobate. A tubular quantum well wrapped
around a nanowire serves as an ultrafast sensor tracking the full cyclic motion of electrons. Our acousto-optoelectrical
approach opens previously unknown directions in the merged fields of nanoacoustics, nanophotonics, and nano-

electronics for future exploration.

INTRODUCTION
In 1885, Lord Rayleigh investigated wave propagation on the sur-
face of an elastic medium. He recognized that one specific mode,
the “rolling” Rayleigh mode, exhibits a characteristic counterclock-
wise elliptical motion in the plane normal to the surface and parallel
to the propagation (I). This gyrating motion corresponds to an
angular momentum that is remarkably similar to spin-momentum
locking, a universal property observed in electromagnetic (2-11) as
well as electronic (12-14) systems where the momentum of the waves,
the decay direction, and the spin form a locked triplet (see Fig. 1A).
In photonics, this directional transport of energy, dependent on
local polarization of evanescent waves, has been observed in quan-
tum dot emission near topological photonic crystals (15-17), scat-
tering of surface plasmon polaritons in metasurfaces (3, 18), and
cold atoms coupled to an optical fiber (4). Moreover, in 2D materials,
recent experiments demonstrated that the coupling between the val-
ley pseudospin of tungsten disulfide (WS;) and the optical spin of
plasmons in a silver nanowire (NW) results in the directional prop-
agation of circularly polarized excitations (19). A similar phenome-
non has also been observed in magnon modes of a spherical yttrium
iron garnet magnon resonator where the spin-orbit coupling in the
whispering gallery modes leads to a strong nonreciprocity (20). Re-
cent work has also shown that electrons passing through chiral mol-
ecules exhibit spin selectivity in the transmission (21, 22). This opens
the intriguing question of observing spin-momentum locking and
related phenomena in acoustic waves.

Acoustic waves, described by the motion of mechanical degrees
of freedom, are fundamentally different compared to the electro-
magnetic modes in photonics and fermionic states in electronics.
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However, spin-momentum locking is a universal phenomenon
arising from evanescent waves, and therefore, striking parallels exist
between electromagnetic, electronic, and acoustic waves (23-26).
More specifically, Rayleigh surface acoustic waves (SAWs) (1) ex-
hibit both transverse and longitudinal displacement, with respect to
the propagation direction on the surface of a material, with an in-
trinsic phase difference between these two components. Analogous
to surface plasmon polaritons, the manifestation of acoustic spin
in Rayleigh SAWs makes them an archetypical example of spin-
momentum locking for elastic waves. These SAWSs have the potential
to be integrated on-chip alongside photonic and electronic technol-
ogies. They also find a myriad of applications ranging from quan-
tum technologies for information transduction between microwave
and optical frequencies to the life sciences (27). Despite the fact that
Lord Rayleigh postulated the existence of a gyrating, elliptical mo-
tion, the direct observation of this transverse spin angular momen-
tum has remained an open challenge.

The observation of the spin of Rayleigh SAW is challenging and
requires a vector field sensor functioning at megahertz to gigahertz
frequencies. It should be noted that conventional methods of de-
tecting acoustic spin of airborne sound at lower audible frequencies
up to a few kilohertz exploit macroscopic meta-atoms with dimen-
sions in the millimeter to centimeter scale. Consequently, these
macroscopic dimensions and moderate periods do not demand
advanced detection schemes. Hence, macroscopic pressure sensors
can be directly used to sense the local pressure field and, thus,
acoustic spin of airborne sound (28, 29). In strong contrast, these
methods cannot be applied to detect the spin of a radio frequency
(rf) Rayleigh SAW at >100 MHz because the approximately one
order of magnitude higher phase velocity shrinks the wavelength to
a few micrometers. Here, we use piezoelectric materials as the sub-
strate for the propagation of Rayleigh SAWs because they produce
a gyrating electric field, resulting from the SAW, on the surface of
the piezoelectric material (30, 31). Direct observation of this spin-
ning field, however, requires an ultrafast sensor at the nanoscale
specifically sensitive to electric fields. Existing nanoscale field probes
such as nitrogen-vacancy centers in diamond only respond to the
magnetic field and also average over the temporal signal for the
observation of the field. We therefore use semiconductor NWs to
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Fig. 1. Spin-momentum locking of a Rayleigh SAW. (A) Calculated real-space profile of a Rayleigh SAW propagating along the z direction on a Y-cut LiNbOs crystal. The
color code is the piezoelectric potential, and arrows show the calculated electric field in the half-space above the solid. Momentum, decay, and spin of the gyrating elec-
tric field generated by a Rayleigh-type SAW form a right-handed triplet. The direction of spin for both electric field and displacement is locked to the propagation direc-
tion. Calculated displacement (B) and electric field (C) (main panels) of the Rayleigh SAW. The side panels show the normalized magnitude of the transverse spin normal
to the surface (Y = 0) calculated from the mechanical motion and electric field as described in the main text. The mechanical spin shows a characteristic sign change at
~0.2 X Asaw below the surface, i.e., from being counterclockwise to clockwise, while the electrical spin changes from counterclockwise to clockwise exactly at the surface.

propose a unique spin sensor for the direct temporal observation of
this gyrating electric field (32, 33).

In this paper, we directly observe the spin of the electric field
produced as a result of a Rayleigh SAW propagating on the surface
of a lithium niobate (LINbO3) slab, a versatile piezoelectric material
(34) with nonlinear and on-chip applications, merging the fields of
nanophotonics and nanoacoustics (35-37). In our work, this spin is
the angular momentum of a classical wave rather than a quantum
mechanical Fock state (38). We exploit a unique NW sensor with a
tubular quantum well (QW) that provides a direct signature of
spin-momentum locking in acoustic waves through time-resolved
motion of electron cycloids. Our approach maps the entire gyrating
vector field, within a subwavelength volume, through a time-resolved
probe of the longitudinal and transverse motion of charges in the
NW sensor. It is fundamentally different from methods used in
photonics and electronics, where the consequences of the spin-
momentum locking are inferred only indirectly through the direc-
tionality of the propagating fields. Our NW sensor is a unique
metrology tool for the observation of vector electric field oscillations
at the nanoscale with ultrafast temporal resolution.

RESULTS

Equations of motions for the surface electric and acoustic waves on
the surface of a piezoelectric material are solved numerically for
one of the technologically most relevant SAW substrates, LiINbO;
(30, 31). We consider, with no loss of generality, that the Rayleigh
SAW is propagating along the Z direction of a Y-cut LINbOj; crystal.
Figure 1A shows the calculated real-space profile of the SAW with
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the color-coded electric potential superimposed. Figure 1 (B and C)
shows the displacement and the electric fields in the sagittal plane
marked in Fig. 1A. The electromagnetic and acoustic spin are given by
Sg = 5-Im(eg E x E+po H x H) (39-41) and Sy = ;- Im(p v* x v)
(24, 28), respectively, where E, H, p, and v are the electric field, mag-
netic field, mass density, and velocity vector, respectively. In solving
the equations for the Rayleigh waves, the electrostatic approximation
has been assumed. Therefore, the contribution to the electromagnetic
spin S comes only from the electric field in our case. The side panels
of Fig. 1 (B and C) show the normalized acoustic and electromag-
netic fields as a function of Y coordinate for propagation along posi-
tive Z direction (kz > 0). The acoustic spin analyzed in the side panel
of Fig. 1B is pointing out of the sagittal plane close to the interface,
and it flips the sign at about 0.2 wavelength away from the inter-
face as shown by the dashed line. This shows that although the direc-
tion of acoustic spin is locked to the direction of momentum, it does
not necessarily form a conventional right-handed triplet with the
momentum and decay, which is a property specific to Rayleigh-type
SAWs. For the electromagnetic spin, however, as shown in the side
panel of Fig. 1C, the spin is pointing out of the plane on top of the
surface. Therefore, the momentum, decay, and spin form a right-
handed triplet as indicated in Fig. 1A. Inside the material, the elec-
tromagnetic spin flips together with the decay direction. Thus, the
right-hand momentum, decay, and spin triplet are preserved.

Next, we demonstrate the direct experimental observation of the
electric spin of the SAW (Fig. 2A). We fabricated a SAW device
comprising an interdigital transducer (IDT) that enables the electro-
mechanical excitation of a SAW propagating with a phase velocity
csaw = 3495 m/s by applying an rf voltage matched to the IDT
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Fig. 2. Experimental setup. (A) Schematic of device comprising a LiNbO3 substrate and the sensor NW (not to scale) placed on its surface. The SAW is generated by applying
an ac voltage to an IDT, and the orientation of the NW is chosen to be along the propagation direction of the SAW. A pulsed laser is focused to a d| aser = 1.5-um-diameter
spot and excites carriers in the NW at a well-defined time during the acoustic cycle. The emission of the two QW segments is spectrally filtered and detected. (B) Calculat-
ed electric potential of the SAW in the LiNbO; substrate and the NW. (C) Longitudinal and transverse components of E in the center of the NW showing the n/2-phase shift
characteristic for Rayleigh SAWs. (D) Schematic of the tubular QW heterostructure wrapped around the core of the NW. QW1 (blue) and QW2 (red) are offset by dayial
2.0 um along the axis of the NW and located on the upper- and lower-side facet, respectively. The PL spectra from two positions show that the QW1 and QW2 can be
distinguished by their characteristic emission energies. arb. u., arbitrary units. (E) The time-dependent PL emissions of QW1 and QW2 show clear anticorrelation, proving
that both localization sites are interconnected.
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design. Further details can be found in the Supplementary Materi-
als. The design wavelength of Agaw = 18 um of the IDT corresponds
to a precession period of SAW’s spin of Tsaw = 5.150 ns. Experi-
ments are performed at a temperature of T' = 8 K. Thus, the thermal
energy exceeds the energy of a single phonon (kgT > h/Tsaw),
placing our experiment in the classical multiphonon regime. A sin-
gle semiconductor NW is transferred onto the surface of a conven-
tional SAW chip, and electrons inside this nanostructure couple
strongly to the electrical spin of the SAW. Figure 2 (B and C) shows
the result of finite element modeling confirming strong electrical
coupling of the SAW propagating on the surface of LINbOj3 to the
semiconductor NW. Here, we consider an NW whose length is set
to Asaw to sample all local phases of the SAW in a single simulation
run (42). The spatial profile of the electric potential (color-coded) is
presented in Fig. 2B together with the derived electric field (arrows).
The SAW’s electrical component is directly transferred into the
NW. This is further corroborated in Fig. 2C, in which the time evo-
lutions of the transverse (normal to the surface) and longitudinal
(parallel to the propagation direction) electric field components are
evaluated at a fixed position in the NW. These simulation data con-
firm that the characteristic 7/2 phase shift between the longitudinal
and transverse electric field components of the SAW on LiNbOs is
faithfully preserved inside the NW.

The NW sensor itself contains a hexagonal cross-sectional GaAs/
(Al)GaAs multishell heterostructure, wrapped around its Inw =
10-pum-long GaAs core. The schematic in Fig. 2D shows that a nom-
inally 5-nm GaAs (gray) tubular QW is sandwiched in higher band-
gap Aly3Gag 7As barriers. Further details on the NW growth can be
found in the Supplementary Materials and in (33). The unique
three-dimensional nature of this heterostructure is key for the ex-
perimental observation of the transverse spin of the SAW. During
growth of this radial heterostructure, thickness fluctuations and de-
viation from a perfect hexagonal cross section occur (33), which is
crucial for our ultrafast nanoscale sensing experiment. For this par-
ticular NW, the thickness of the QW is locally increased compared
to its nominal value in two distinct segments highlighted in red and
blue in Fig. 2D. In the following, we refer to these segments as QW1
(blue) and QW2 (red), respectively. In each segment, the electron energy
wave function localizes, which leads to a reduction of the quantiza-
tion energies, and the two segments can be readily distinguished
from their optical emission. QW1 and QW2 are spatially displaced.

The two interconnected segments QW1 and QW2 are offset
both along the propagation direction of the SAW and in its trans-
verse direction normal to the LiNbOj; surface. This offset is crucial
for the isolation of signatures corresponding to transverse spin of
the SAW. Therefore, we present extensive evidence characterizing
the fundamental behavior of the NW sensor. Figure 2D shows photo-
luminescence (PL) spectra recorded from two positions in the left
and center panels. The spectrum from the other position is plotted
in light lines in each panel for comparison. The two positions are
offset along the NW axis by dyyia) = 2.0 um. The detected PL signal
stems from recombination of electrons and holes generated by a
660-nm laser within the radial QW. At position 1 (left), emission of
QWI1 (blue) at an energy of about 1.562 eV dominates, while emis-
sion of QW2 (red) at an energy of about 1.585 eV is comparably
weak. When moving to position 2 (center), precisely the opposite
intensity distribution is observed, with QW2 showing a higher intensity
compared to QW1. These observations prove that the two segments
are offset along the axis of the NW, with QW1 being closer to the
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IDT launching the SAW. Furthermore, QW1 and QW2 are located
on different side facets of the hexagon, with QW1 being on the up-
per facet, while QW2 is located on the lower facet closer to the LINDO;
surface. Moreover, the fact that both emission peaks are observed at
both positions is a first indication that the two regions are intercon-
nected and carriers can be exchanged between them.

We now present time-resolved PL experiments that characterize
the NW sensor behavior without the presence of the exciting
SAW. The detected time transients of QW1 and QW2 are compared
in Fig. 2E. We observe coupled emission dynamics of QW1 and
QW?2: While QW1 exhibits a fast decay (time constant Tqw1 fast = 0.4 1ns)
at short times and a slow time constant (tQw1 slow = 0.7 ns) atlonger
times, the behavior of QW?2 is exactly opposite with Tqw fast = 0.3 ns and
TQwaslow = 0.6 s, respectively. These anticorrelated recombination
rates are an unambiguous fingerprint of coupled emission dynamics
and, thus, direct evidence that QW1 and QW2 are interconnected.
We will exploit these coupled charge carrier dynamics of QW1 and
QW?2 to isolate the temporal signature of gyrating electric fields.

In our experiment to probe spin for the SAW, we define an ab-
solute time (#): This time is set by the sinusoidal oscillation of the
SAW’s transverse displacement component, uy, which is plotted in
blue in the center as shown in Fig. 3A. At ¢ = 0, the electric field
vector E is transverse, pointing downward toward the substrate. As
shown in the top panel, E (red arrow) undergoes its characteristic
counterclockwise gyration at the position of QW1 and QW2 with a
period of Tspaw = 5.15 ns. Furthermore, we excite the NW by a Ty a5y =
0.09-ns-long laser pulse shown in red in Fig. 3A. The delay between
the laser pulse and the absolute time set by the SAW is denoted as .
Thus, the laser pulse generates electrons and holes in the QW at a
well-defined time during the acoustic cycle. The time-dependent
electric field couples to charge carriers inside the three-dimensional
heterostructure of the NW via the acoustoelectric effect. The trans-
port mobility of electrons is approximately one order of magni-
tude greater than that of holes (43). Thus, at the SAW power (P, =
—4 dBm) applied in our experiments, the photogenerated holes re-
main quasi-stationary. We can attribute our experimental observation
faithfully to spatiotemporal dynamics of electrons (32). This cou-
pling enables us to observe the transverse spin of the SAW and is
illustrated schematically in Fig. 3B. In these schematics, the direc-
tions along which the electric field E accelerates electrons (black)
inside the heterostructure at distinct absolute times are indicated by
the green arrows. For instance, at ¢t = 0 (schematic I), E is oriented
along the —Y direction, pointing toward the substrate. Thus, elec-
trons are accelerated upward in the opposite direction inside the
heterostructure. As t progresses, E gyrates counterclockwise. The
negative charge of the electron does not affect the counterclockwise
sense of this gyration, which is fully preserved. However, the direc-
tion of the accelerating force exhibits a & phase shift that can be di-
rectly seen in the sequence of schematics I to IV.

Figure 3 (C and D) shows experimental data evidencing the cy-
clic motion of the electrons driven by the SAW’s transverse angular
momentum for an exemplary delay t© = -5 The raw PL time
transients of QW1 (blue) and the other one of QW2 (red) are plot-
ted in Fig. 3C. We process these data and determing the ;iegree of
normalized emission intensity defined as DoEI = 7o This
quantity is a measure of the electron population of the two QW seg-
ments, with DoEI = +1 and DoEI = -1 for emission occurring only
from QW1 and QW2, respectively. In the Supplementary Materials,
we present additional data in which we tune 1 over a full acoustic
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Fig. 3. Observation of the SAW'’s transverse spin. (A) The transverse displace-
ment component uy (blue) oscillates with the SAW's period of Tsaw = 5.15 ns. Elec-
trons and holes are injected by photoexcitation using a pulsed laser, marked in red,
at a freely programmable delay t during the acoustic cycle. As time progresses, the
electric field vector gyrates as indicated in the lower part. (B) The schematics show
the motion of electrons (black) within the QW at distinct times during the acoustic
cycle. The direction of this motion is exactly opposite to the orientation of Eand
leads to cyclic, gyrating trajectories. The sense of this cycloid is set by the trans-
verse spin. (C) Experimental observation of electron cycloids in the time-dependent
PL of QW1 (blue) and QW2 (red). The two transients exhibit clear anticorrelated
rising and falling slopes (arrows) at characteristic times during the acoustic cycles
shown in (B). These anticorrelations are direct evidence for the cyclic motion of the
electrons inside the tubular QW. The inset shows the transients illustrating the oppo-
site slopes of the two signals in the selected time interval. A conservative estimate
of the temporal resolution is given by the scale bar. (D) Degree of normalized emis-

sion intensity DoEl = W derived from the data in (C). The black and red lines

are raw and smooth data, respectively.
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cycle and, thus, map out the full dynamics. These data corroborate
the observation of the transverse acoustic spin of the SAW. The
schematics show that the direction electrons (black) are accelerated
in the region of QW1 and QW2 as the absolute time ¢ progresses.
For t =0, the electric field is pointing downward along —Z (schematic I)
and, thus, electrons are accelerated in the opposite direction toward
the upper facet of the NW. In the raw time transients in Fig. 3C, we
observe a quenching of the emission intensity of QW2, while that of
QW1 remains high. This anticorrelated nature can be clearly seen as
an increase of the DoEI in Fig. 3D, which is direct evidence of cou-
pled depopulation of QW2 and population of QW1. The electrons
are accelerated from the lower to upper facet due to the transverse
component of the electric field because the segments are located at
different side facets as indicated in the schematics. As ¢ progresses,
the intensity of QW2 remains low, while that of QW1 decays very
slowly, leading to a plateau of DoEL These observations arise due to
the combination of two effects: the injection of electrons into the region
of QW1 and the depopulation of QW2. This first effect is induced
by the electric field being parallel to the wave vector of the SAWE I k

accelerating electrons in the opposite direction as shown in schematic
II. The next distinct effect occurs during the acoustic cycle at t =
2.7 ns. At this time, E is transverse, pointing upward, and conse-
quently, electrons are moving toward the substrate. This leads to a
depopulation of the upper facet on which QW1 is located and an
injection into QW2 on the lower facet. As time progresses, the electric
field vector rotates, and electrons are accelerated along the axial di-
rection toward QW2. In the experimental data, we observe precisely
the expected anticorrelated behavior of the emission of QW1 quenching
that of QW2 reappearing as marked by arrows in Fig. 3C. The inset
shows the derivative of the data highlighting the opposite slopes of
the two transients. Moreover, the obtained DoEI initially decreases
slowly and rapidly drops and becomes negative. At t = 4.5 ns, the
electrons have completed the full cycloid and the DoEI reaches its
global minimum. Last, at t = Tsaw = 5.15 ns, the next cycle starts with
the quench of the emission of QW2 and DoEI increases again. The
local maxima of DoEI may arise from a weak but finite motion
of the lower mobility holes (32, 44). Together, all observed anti-
correlated intensity modulations are faithfully reproducing the
cycloidal motion of electrons driven by the transverse electrical spin
of the SAW.

DISCUSSION

In summary, the three-dimensional nature of the tubular QW en-
abled us to faithfully detect electron cycloids driven by the transverse
spin momentum of a SAW. Our sensor’s ultrafast, subnanosecond
temporal resolution is particularly capable of detecting the orienta-
tion and, thus, gyration of the electric field vector at frequencies
>100 MHz, which are important for phonon-based hybrid quantum
technologies (45-51). Last, our NW-based method paves the way
for the direct observation of photonic skyrmions and, eventually,
spatially resolved angular momentum detection of light and sound
in quantum optical, photonic, and optomechanical systems (52-55).

MATERIALS AND METHODS

Sample design

IDTs with a design wavelength of Agaw = 18 pm were patterned di-
rectly on oxygen-reduced Y-cut LiNbOs_, substrates by electron
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beam lithography in a standard lift-off process using a metallization
of 10-nm Ti followed by 60-nm Al.

The studied NW is identical to NW5 in our previous publication
(33) and was grown by molecular beam epitaxy (56). It is approxi-
mately lyw = 10 um long and contains a hexagonal GaAs core with a
diameter of about 60 nm, which is grown along the {111} direction. In
the radial direction, the heterostructure was grown around the hexag-
onal {110} NW sidewall surfaces of the core as shown schematically in
fig. S2A. It is built up from 30-nm Al 3Gag 7As shell layer followed by a
nominally 5-nm-thick radial GaAs QW and a 70-nm-thick Aly 3Gag 7As
second shell layer, resulting in a tubular GaAs QW embedded between
two Alg3Gag7As barriers. For passivation, the multishell structure was
overgrown by a 5-nm-thin GaAs capping layer.

Phase-locked acousto-optoelectric spectroscopy

Optical measurements reported in this paper were performed in a
helium-flow cryostat equipped with integrated rf connectors at
temperatures of T'= 8 K. The NW was excited by an externally trig-
gered diode laser, emitting Ty ,er = 90-ps-long pulses at a wavelength
of ALyser = 660 nm, which was focused to a spot size of dyyeer = 1.5 pm
by a 50x microscope objective. The repetition rate of the laser puls-
es is actively locked to a well-defined phase of the rf signal generat-
ing the SAW. By setting the delay time © between the laser and the
SAW excitation from 0 to Tsaw, charge carriers can be excited at a
distinct phase of the SAW. The individual emission bands were fil-
tered using a 0.75-m imaging grating monochromator and detected
in the time domain using a Si single photon-counting detector. The
time resolution of these detectors is Tspap < 350 ps. Decay times are
obtained directly from the raw data without further deconvolution
of an instrument response function. Further details on phase-locked
acousto-optical spectroscopy can be found in (32) and (57). Thus,
the hierarchy of the system’s parameters is Taser < TspaD < dLaser/
csaw = 430 ps < dayial/csaw = 570 ps. Thus, the resolution is ulti-
mately limited in our specific setup by the spatial separation daxia of
the two localization regions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/31/eabf7414/DC1
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