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SPINTRONICS

Observation and control of hybrid
spin-wave-Meissner-current transport modes

M. Borst, P. H. Vree, A. Lowther, A. Teepe, S. Kurdi, I. Bertelli, B. G. Simon,

Y. M. Blanter, T. van der Sar*

Superconductors are materials with zero electrical resistivity and the ability to expel magnetic
fields, which is known as the Meissner effect. Their dissipationless diamagnetic response is central
to magnetic levitation and circuits such as quantum interference devices. In this work, we used
superconducting diamagnetism to shape the magnetic environment governing the transport of

spin waves—collective spin excitations in magnets that are promising on-chip signal carriers—in a
thin-film magnet. Using diamond-based magnetic imaging, we observed hybridized spin-wave-
Meissner-current transport modes with strongly altered, temperature-tunable wavelengths and

then demonstrated local control of spin-wave refraction using a focused laser. Our results demonstrate
the versatility of superconductor-manipulated spin-wave transport and have potential applications

in spin-wave gratings, filters, crystals, and cavities.

he ability to control the transport of spins

and charges with metal electrodes is fun-

damental to information-processing

devices and an indispensable tool in

quantum and condensed-matter physics.
Although devices such as spin valves and tran-
sistors are based on the transport of uncorre-
lated particles (7), the excitations of magnetic
materials, known as spin waves, are emerging
as promising alternative information carriers (2).
These collective spin excitations provide new
opportunities for realizing analog or binary
device functionality based on their wave nature,
nonreciprocal transport properties, and low
intrinsic damping (3).

Control of spin-wave transport is possible by
heavy-metal electrodes that enable modulation
by means of the spin-Hall effect (4-6) or by
auxiliary magnetic materials that modify the
spin-wave spectrum (7, 8). However, metallic
gates can also introduce additional spin-wave
damping because of uncontrolled spin pumping
or spin-wave-induced eddy currents (6, 9, 10).
Furthermore, the diamagnetic response of
normal metals is dominated by ohmic resistance,
precluding effective stray-field control of the
spin-wave spectrum.

An attractive approach for strong, low-damping
spin-wave modulation is to use superconduct-
ing electrodes. Superconductors are materials
with zero electrical resistivity and a strong
diamagnetic response that enables the crea-
tion of magnetic shields, magnetic lenses, and
circuits such as quantum bits and quantum
interference devices (11, 12). Spin-wave spec-
troscopy measurements have demonstrated
that superconducting strips on magnetic films
can alter the spin-wave spectrum through the
backaction of induced currents (13) or the in-
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teraction with Abrikosov vortices (14). Recently,
it was proposed to harness the diamagnetism
of a superconductor to create the spin-wave
equivalents of optical mirrors and cavities (15).
Being able to image and control spin waves as
they travel underneath superconducting elec-
trodes would enable insight into the nature of
the spin wave-superconductor interaction and
unlock opportunities to control the propaga-
tion, dispersion, and refraction of spin waves.

In this work, we developed, imaged, and
studied temperature-, field-, and laser-tunable
spin-wave transport enabled by a supercon-
ducting strip on a thin-film magnetic insu-
lator (Fig. 1A). We used magnetic resonance
imaging based on nitrogen-vacancy (NV) spins
in diamond (16-18) to study the spin waves
as they travelled underneath the optically
opaque superconductor.

Imaging hybrid spin-wave-Meissner-current
transport modes using spins in diamond

Our system consisted of a thin film of yttrium
iron garnet (YIG), a magnetic insulator with
low spin-wave damping (2), equipped with gold
microstrips for spin-wave excitation and a
molybdenum-rhenium superconducting strip
for spin-wave modulation (Fig. 1A). To image
the spin waves, we placed a diamond mem-
brane that contained a thin layer of NV sensor
spins on top of the sample (Fig. 1A and fig. S1)
(18, 19). These spins detect the spin waves by
their microwave magnetic stray fields, which
enables imaging through optically opaque
materials (10). The sample was embedded in a
variable temperature cryostat with a base tem-
perature of 5.5 K and free-space optical access
to read out the NV sensor spins.

NV centers are atomic defects in the dia-
mond carbon lattice with an S = 1 electron
spin (I6). The sensitivity of the NV spin to
magnetic fields, combined with its optical spin
readout and excellent spin coherence, has en-
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ology and biophysics (20-22). Here we used
the sensitivity of the NV spins to microwave
magnetic fields to image the spin waves in
our YIG film (17, 18, 23, 24). When resonant
with an NV electron spin resonance (ESR) fre-
quency, the stray field of the spin waves drives
transitions between the NV spin states, which
we detected through the spin-dependent NV
photoluminescence under green-laser excitation.

We applied a magnetic bias field to tune the
NV ESR frequency into resonance with spin
waves of different spin wavelengths (Fig. 1B).
By orienting the field along one of the four
possible crystallographic NV orientations (Fig.
1A), we split the ESR frequency of this “field-
aligned” NV ensemble (f;) off from that of the
three other NV ensembles (f3) as shown in the
optically detected resonance spectrum of Fig.
1C. Alternatively, we applied the field in plane
along % to enable measurements at different
frequencies at a given magnetic field. Because
the applied magnetic fields are much smaller
than the YIG saturation magnetization, the
YIG magnetization lies predominantly in-plane
along % for both field orientations (Damon-
Eshbach geometry).

To demonstrate the spin-wave modulation
capabilities of our superconductor, we imaged
the spin-wave transport above and below the
molybdenum-rhenium (MoRe) superconduct-
ing transition temperature 7, = 8.7 K (Fig. 2, A
to D). We generated NV-resonant spin waves
with wavevector k = kg by applying a micro-
wave current at NV frequency f; to the gold
microstrip located just left outside of the im-
aging area. The interference between the mi-
crowave magnetic stray field generated by
these spin waves and the direct microstrip
field leads to a spatial standing-wave modula-
tion of the NV ESR contrast (17, 18). Crucial for
our measurements, this interference effect en-
ables a straightforward extraction of the spin
wavelength. The spatial map of the ESR con-
trast C; at T = 10.7 K (above T;) shows spin
waves traveling toward and then underneath
the MoRe strip without a change in wavelength
(Fig. 2B). By contrast, the spin-wavelength in-
creased almost twofold when the strip was
cooled into its superconducting state at 7' =
5.5 K (Fig. 2C). Averaging the maps along %
(Fig. 2E) highlights the spatial homogeneity of
the wavelength change.

We explained the superconductor-induced
change of the spin wavelength by developing
an analytical expression for the spin-wave dis-
persion in a magnet-superconductor thin-film
hybrid. In this model, building on the formalism
developed in (75), the spin waves induce AC
Meissner currents that are governed by the
London penetration depth A;, of the super-
conductor. These currents, in turn, generate
amagnetic field that acts back on the spin waves.
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Fig. 1. Magnetic resonance imaging of hybridized spin-wave-Meissner-
current transport modes. (A) Overview of the experiment. A gold (Au)
microstrip excites spin waves with wavevector k = ky in a 245-nm-thick film
of yttrium iron garnet (YIG). The spin waves travel toward a molybdenum
rhenium (MoRe) superconducting strip (width W = 30 um, thickness t =

140 nm) where their stray fields induce Meissner currents that act back on
the spin waves, shifting their wave number to kyg/sc < kvig (SC, superconductor).
We imaged the waves underneath and next to the superconductor by their
microwave magnetic stray fields using a ~20-nm-thick layer of nitrogen-
vacancy (NV) spins implanted at ~0.07 um below the bottom surface of a
100 x 100 x 5 um?® diamond membrane placed on top of the sample. A
magnetic field Byy = ByX + B,Z applied at 6 = 54° with respect to the

x axis yields an in-plane YIG magnetization along z for the small fields applied

Fig. 2. Magnetic resonance imaging of spin waves
above and below the superconducting transition
temperature. (A) Spatial map of the NV photo-
luminescence PLg in the absence of microwaves, showing
the MoRe strip (between the vertical dashes). Scale

bar, 10 um. (B and C) Spatial maps of the NV electron
spin resonance contrast C; above (B) and below (C) the
superconducting transition temperature of T, = 87 K

at T=10.7 and 5.5 K, respectively. The Au, which
excites spin waves, is located just outside the left
edge of the imaged area. Above T, the wavelength is
unaffected by the MoRe strip; below T, it is lengthened.
(D) DC resistance R of the MoRe strip as a function of
temperature T, with markers indicating the resistance
of the film during the measurements of (B) triangle and

T=107K

A PL,(107s) g

0 1 2
BT ] 7-107K

c f, f,
1 [
& | |
-
o I
0.98 |
|
2.6 2.8 3
f. (GHz)
sw

and directional Damon-Eshbach spin-wave excitation. GGG, gadolinium gallium
garnet, SW, spin wave. (Inset) Optical micrograph of NV diamond and Au and
MoRe strips on the YIG. Scale bar, 30 um. Au thickness, 200 nm. (B) YIG
dispersion (color map) and NV electron spin resonance (ESR) frequencies

(red lines) as a function of the in-plane field component B, = Byycos®6. f; and
f, denote the ESR frequencies of NV spins with zero-field quantization axis
aligned or misaligned with Byy, respectively. The intersection of the ESR
frequencies with the spin-wave dispersion sets the detectable spin-wave
numbers k. (C) Optically detected NV ESR spectrum at B, = 10 mT, at a location
denoted by the red cross in the inset of (A). The ESR contrast C; or Cy,

where the subscript identifies the field-aligned or misaligned NV ensemble,
respectively, results from interference between the microstrip field and spin-wave
field, enabling spatial mapping of the spin-wave fronts.

(C) square. (E) Data from (B) and (C) averaged over D
the z direction, with the MoRe strip indicated by yellow
shading. (F) Calculated spin-wave dispersion fyg(k) -
for bare YIG, and fyq/sc(k, M) for YIG, covered by a c
superconducting film with London penetration depth =
=400 nm. The superconductor shifts the dispersion

upwards by fsc(k, M), which manifests as a reduction in the

(1) 1
YIG/SC kgn)e
— e

o fYIG/SC

wave number at NV frequency f; from k% to k\((l‘g;/sc,
indicated by the dashed lines.
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By integrating this field self-consistently into 1_ e 2n

the Landau-Lifshitz-Gilbert equation, we found | Jfsc(%. M) =yuoMsktr
that the spin-wave dispersion shifts upwards

in frequency as (2)

(kAL + 1) — (BAL — 1)%e2/m

Suaysc(ke, h) = fug (k) +fsc(k,AL) (1) | is the superconductor-induced shift [supple-
mentary text, section S1 (19)]. Here, M is the
YIG saturation magnetization, ¢ = 245 nm is

the YIG thickness, 2 = 140 nm is the supercon-

where fy1q(k) is the bare-YIG spin-wave dis-
persion (SI) and

C 035 77035

(1
H kYI)G/SC /

0.3

0 10
B, (mT)

24 26 28
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Fig. 3. Magnetic field dependence of the spin-wave dispersion in the magnet-superconductor hybrid.
(A and B) Spatial line traces of the NV ESR contrasts C; and C- as a function of magnetic field B,. Spin
waves excited in the bare YIG region (y < 0) by the left Au microstrip (outside the imaged area) travel toward
and then underneath the superconducting strip (y > 0), changing their wavelength. Interference with
secondary spin waves excited at the MoRe strip edge (at y = 0) due to inductive coupling between Au

and MoRe strips yields a beating pattern along B, for y > 0. T = 5.5 K. The drive frequency is adjusted at each
B, to maintain resonance with the NV ESR transitions. (C) Spin-wave number as a function of field (left)
and frequency (right), extracted from the data in (A) and (B) by means of Fourier transformation (fig. S2).
The k are the wave numbers measured with the field-aligned (i = 1) and misaligned (i = 2) NV ensembles.
The error bars (indicated by shading) are determined by the inverse of the spatial sampling range in the

y direction. We determined the saturation magnetization Ms by fitting the data in the bare YIG region, and the
London penetration depth &_ by fitting the data in the YIG-MoRe region using our YIG/SC model
[supplementary text, section 2 (19)].
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Fig. 4. Temperature tunability of the hybrid spin-wave-Meissner-current dispersion and extraction
of the London penetration depth. (A) Spatial line traces of the NV ESR contrast C; across the YIG-MoRe
region as a function of temperature, showing the continuous change of the spin wavelength underneath
the MoRe strip, for different in-plane magnetic fields B,. The data are linearly detrended along y. Above
the superconducting phase transition there is no temperature dependence of the wavelength, indicating the
absence of the Meissner effect. A.u., arbitrary units. (B) Spin-wave numbers k extracted from data in (A)
and from additional data in fig. S4 as a function of temperature. The colors indicate the different magnetic
field values B,. (C) London penetration depth A, of the MoRe film as a function of temperature, extracted
from the data in (B) through our YIG/SC model. The black line represents the fit of the temperature
dependence of A(T) from which we extracted T, = 8.7 K and 27 = 380 nm. The colors indicate the different
values of B, as in (B).
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ductor thickness, y = 28 GHz/T is the electron
gyromagnetic ratio, L is the vacuum perme-
ability, and 7 is a dimensionless factor asso-
ciated with the YIG thickness and spin-wave
ellipticity. The approximation holds when the
kinetic inductance dominates the impedance, as
is the case for our superconducting strip [sup-
plementary text, section S1 (719)], and when
Ic%% <« 1. A more general expression is given
in the supplementary text (Z9). The dispersion
shift f5c(k,A1) is maximal when A;, — 0, in which
case the superconductor perfectly screens the
spin-wave stray field. This limit was analyzed
in (25, 26) by considering a magnetic film cov-
ered by a “perfect metal” as defined by a per-
fect magnetic field screening. Indeed, when we
let A;, — 0, the shift calculated by our model
approached the shift predicted in (19, 25, 26).
The calculated bare YIG and hybridized YIG-
MoRe spin-wave dispersions are compared in
Fig. 2F. The upwards frequency shift under-
neath the superconductor manifested as a re-
duction in wave number of the NV-resonant spin
waves detected in our experiments (Fig. 2E).

We observed that the ESR contrast just to the
right of the MoRe strip was higher than that in
the MoRe-strip region (Fig. 2C), consistent with
the screening of the spin-wave field by the
Meissner currents. In addition, we observed that
the ESR contrast just to the right of the MoRe
strip exceeded that just to the left of it (Fig. 2E),
which indicated the excitation of additional, sec-
ondary spin waves by the MoRe strip itself. This
enhanced excitation of secondary spin waves is
presumably caused by an additional microwave
current in the MoRe strip that is excited through
the direct geometric inductive coupling with the
gold microstrip when the MoRe impedance
changes as it is cooled below T..

Temperature- and field dependence of the
spin-wave dispersion and extraction of the
London penetration depth

We characterized the magnetic-field depen-
dence of the spin-wave dispersion underneath
the superconductor and used it to extract the
London penetration depth A, at the 7= 5.5 K
base temperature of our cryostat. Spatial line
traces of the NV ESR contrast across the strip
shows the dependence of the spin wave-
length on the applied magnetic field for the
field-aligned (Fig. 3A) and misaligned (Fig. 3B)
NV ensembles. In both measurements, we ad-
justed the drive frequency at each magnetic
field to maintain resonance with the NV ESR
frequency. We extracted the spin-wave numbers
in the bare YIG and YIG-MoRe regions sepa-
rately by Fourier transformation (fig. S2) and
plotted these as a function of field and frequen-
cy in Fig. 3, C and D. A similar measurement
with the bias field applied in plane along %
shows that Meissner screening of the bias field
does not play a significant role in the wave-
length shift (fig. S3).
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Fig. 5. Laser-induced spin-wave refraction at
target locations. (A) Schematic illustration of a
laser-induced scattering spot. By shining an
auxiliary 594-nm laser on the sample, we created

a hot spot in the MoRe strip that locally altered
the effective refractive index governing the
spin-wave propagation. (B) Scanning confocal
microscope images of the NV photoluminescence
at T = 5.5 K, with the auxiliary laser focused onto
the MoRe strip at three different locations indicated
by the arrows. Scale bar, 10 um. (C) Spatial maps
of the NV ESR contrast with auxiliary laser turned
on (C{") showing spin waves in the YIG-MoRe region
that scatter on the laser spot. (D) Background-
subtracted ESR contrast highlighting the laser-
induced spin-wave scattering obtained by subtracting
the ESR contrast with the auxiliary laser turned

off Cfff from the measurements in (C). B, = 3.3 mT.

From the field dependence of the extracted
spin-wave numbers in the bare YIG region, we
extracted the YIG saturation magnetization
My = 194(1) kA/m [supplementary text, sec-
tion S2 (19)] in agreement with previous low-
temperature measurements (27). We then
used M as a fixed parameter to fit the field
dependence of the spin-wave numbers under-
neath the superconducting strip using the hy-
bridized YIG-MoRe spin-wave dispersion (Eq. 1).
From this fit, we extracted a London penetration
depth A1, = 405(10) nm at 7" = 5.5 K, which agrees

Borst et al., Science 382, 430-434 (2023)

well with static-field nano-superconducting quan-
tum interference device measurements (28).

The temperature dependence of the London
penetration depth provides a powerful tool for
tuning the spin wavelength. To demonstrate
this, we imaged the spin waves in the YIG-
MoRe region while sweeping through 7, at
different magnetic fields (Fig. 4A and fig. S4).
The extracted spin-wave number % is shown in
Fig. 4B, with the color indicating the in-plane
component of the magnetic field. We observed
that £ changes continuously with temperature
over the superconducting phase transition in
the YIG-MoRe region and remains unchanged
in the bare YIG region (fig. S5). We did not
observe global heating of the superconductor
due to our excitation laser (fig. S6). Using our
model, we extracted the London penetration
depth A;(7) for every observed value of % (Fig. 4C)
[supplementary text, section S2 (19)]. We found
that almost all data collapse onto a single curve
described by A, = 221 — (T/ T.)*]? (29),
with 7, = 8.7 K and A? = 380nm. The excep-
tions occurred when the spin wavelength
Asw = 2n/k became comparable to the width
of the MoRe strip. Here, our approximation
of the superconducting strip by an infinite film
breaks down. These results highlight that
imaging the hybridized spin-wave-Meissner-
current transport modes is a powerful tool for
extracting the temperature dependence of the
London penetration depth.

Local control of spin-wave transport by
laser-induced spin-wave refraction

Thus far, we have demonstrated dispersion
engineering through global control of temper-
ature and magnetic field. We now show that
the creation of a hot spot in the superconduc-
tor with a focused laser enables local manip-
ulation of the spin-wave transport by tuning
the effective refractive index (Fig. 5A). To do
so, we coupled an auxiliary, orange laser into
our setup and focused it at target sites on the
superconductor (Fig. 5B). The laser spot is
visible through the locally enhanced NV photo-
luminescence. Spatial measurements of the NV
ESR contrast C;™ with the auxiliary laser on
(Fig. 5C) show the spin-wave scattering pat-
terns induced by the local hot spot. The reduc-
tion in amplitude behind the hot spot indicates
destructive interference between the scattered
and incident spin waves. Subtracting a refer-
ence measurement with the auxiliary laser
turned off (Fig. 5D) highlights the angular pro-
file of the scattered spin-wave patterns.

The characteristic “caustic” angles observed
in these scattered patterns (dashed lines, Fig.
5D) result from the highly anisotropic dipolar
spin-wave dispersion (30). Tracing the patterns
to their origin shows that the scattering site is
tightly confined to the laser location. Presum-
ably, the laser locally breaks the superconduc-
tivity, inducing a local change in the magnetic

27 October 2023

environment seen by the spin waves, leading
to local spin-wave refraction akin to defect-
controlled spin-wave scattering (30). The abil-
ity to optically induce spin-wave refraction at
target sites could be used to create devices
such as gratings or magnonic crystals (31) and
enable spin-wave manipulation through opti-
cal switching of flux-focusing regions in the
superconducting strip.

Conclusions

We demonstrated local measurements of hy-
bridized spin-wave-Meissner-current transport
modes in a magnetic thin film equipped with
a superconducting gate. The wavelength was
tunable by temperature and field, enabling
efficient phase-shifting of the spin-wavefronts
and a notable in situ visualization and quanti-
tative extraction of the London penetration depth
as a function of temperature. Because MoRe
is a type-2 superconductor with an estimated

lower critical feld of H = 2 [m (%) i 0.5] ~

4mT at T'= 5 K (32, 33), where & = 0.01 um is
the coherence length (34) and @, the super-
conducting flux quantum, Abrikosov vortices
were expected in measurements such as those
in Fig. 3B with a few-mT out-of-plane field com-
ponent. However, we did not identify vortex-
related effects in these measurements, which
look qualitatively similar to those with purely
in-plane field (fig. S3). Presumably, the pres-
ence and location of vortices is strongly in-
fluenced by our focused excitation laser, as
highlighted by recent magneto-optical (35) and
wide-field NV-imaging experiments (36). In
particular, (35) showed that vortices can be
annihilated by the laser through local heating
above T, or pushed by the laser to new pinning
sites or border regions of the superconductor.
The presented microwave magnetic imaging
of the spin-wave transport modes in a YIG-
MoRe heterostructure shows the versatility of
superconducting gates for spin-wave manipu-
lation, enables determining the temperature-
dependent London penetration depth, and
opens new opportunities for creating wave-
based circuit elements such as filters, mirrors,
and cavities.
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Editor’'s summary

The ability to control spin and charge transport on a chip has revolutionized information technology. For spintronics,
the collective spin excitations of magnetic materials, known as spin-waves, have emerged as a promising platform
that can offer new functionalities because of their wave nature. However, control of the spin-waves has remained

a formidable challenge. Borst et al. show that the diamagnetism of a superconductor can be used to shape the
magnetic environment that governs the transport of spin-waves in a magnetic thin film. Magnetic imaging showed
how the diamagnetism leads to spin-waves with strongly altered, temperature-tunable wavelengths. Control of spin-
wave transport using the diamagnetic response of a superconducting gate will be important for developing device
applications. —lan S. Osborne
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