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Optically reconfigurable magnetic materials
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Structuring of materials is the most general approach for
controlling waves in solids. As spin waves—eigen-excitations
of the electrons’ spin system—are free from Joule heating, they
are of interest for a range of applications, such as processing™>,
filtering®® and short-time data storage®. Whereas all these
applications rely on predefined constant structures, a dynamic
variation of the structures would provide additional, novel
applications. Here, we present an approach for producing fully
tunable, two-dimensionally structured magnetic materials. Us-
ing alaser, we create thermal landscapes in a magnetic medium
that result in modulations of the saturation magnetization and
in the control of spin-wave characteristics. This method is
demonstrated by the realization of fully reconfigurable one-
and two-dimensional magnonic crystals—artificial periodic
magnetic lattices.

There are two general approaches in designing the properties
of a material: changing its chemical composition and structuring.
Structuring has been used to control mechanical, optical'!, and
even magnetic properties’>. Periodic variation of the magnetic
material’s parameters allows the realization of magnonic crystals
with novel properties not found in the unstructured material. For
example, the dispersion relation of spin waves can be controlled
to achieve new schemes for spin-wave-based computing'='*".
The spin-wave dispersion relation depends on many parameters,
such as the geometry of the spin-wave waveguide (film thickness
and waveguide width), external magnetic field H.,, and saturation
magnetization M. In fact, all of these parameters have already
been used to fabricate magnonic crystals®®>!>182; arrays of
metallic stripes, etched grooves or antidots, biasing magnetic
field or periodic variation of the saturation magnetization using
ion implantation.

However, all available methods for the fabrication of such
spintronic devices result in spatially constant magnetic materials.
J. Topp et al. have shown that the parameters of magnetic materials
can be changed locally after the rather time-consuming fabrication
of the spintronic device? —but the functionality of the device stays
the same. Here, we present an alternative method for structuring
and use it for the manipulation of spin waves—namely fully
tunable light patterns (computer-generated holograms), in which
optically induced thermal patterns/landscapes modify the spin-
wave dispersion relation and, hence, the propagation. Thus, the
proposed optically reconfigurable magnetic material allows the
functionality of a magnetic element to be tuned on demand; the
same element can be used as a conduit, a logic gate or a data
buffering element.

The set-up used for the realization of the light patterns consists
of a continuous wave laser as light source, an acousto-optical
modulator for temporal intensity control, and a spatial light

modulator for spatial intensity control (see Fig. 1a). To study the
influence of the thermal gradient induced by the intensity patterns
on the spin waves, we use a 5-um-thick ferrimagnetic yttrium iron
garnet (YIG) waveguide grown on a 500-pum-thick gadolinium
gallium garnet (GGG) substrate (see Fig. 1b). In the structure,
GGG is almost transparent, whereas YIG absorbs about 40% of the
green light used in the experiment. To increase the efficiency of the
heating we use a black absorber coated on top of the YIG. Moreover,
this absorber increases the contrast of the thermal landscape in YIG
owing to its approximately one order of magnitude smaller thermal
conductivity* compared to YIG (refs 23,24). Thus, the heat pattern
inside the spin-wave waveguide is created mainly through thermal
diffusion at the YIG/absorber interface.

The heat landscape modulates the saturation magnetization
Ms, which is one of the key parameters defining the spin-
wave properties. To determine the dependence of M on the
temperature T, the Néel model formalism is used”. The saturation
magnetization decreases with increasing T and vanishes at the Curie
temperature (559K for YIG). However, in the range from 298 K
to 398K, it is almost linear and the following approach can be
used (Ms s x ~ 140 KAm™ is the saturation magnetization at room
temperature Ty = 298 K):

M (T)~Msgr — 1 (T — Tgr)

where 7 =313AK"'m™'. To demonstrate the viability of our
approach, we realize several one-dimensional magnonic crystals on
a single sample: an array of parallel stripes oriented perpendicular
to the spin-wave propagation direction is projected onto the sample.
The lattice constant a=740um is shown schematically in Fig. 1b.
An infrared camera synchronized to the pulsed laser illumination
measures the resulting temperature distribution from the absorber
side. The left panel in Fig. 1c shows the thermal profiles after 5 ms of
heating and a repetition time of 100 ms with the laser impinging on
the GGG side. As well as a pronounced temperature background, a
small local temperature increase by the stripes is seen. However, this
temperature profile is different from that inside the YIG, because
the infrared camera measures the temperature mainly due to the
absorption of YIG. To obtain the relevant structured temperature
distribution inside YIG caused by the absorber, we perform another
experiment with the laser impinging from the absorber rather than
the GGG side (Fig. 1c, right panel): distinct peaks are visible in the
temperature profile. As the 50-um-thick absorber is in direct contact
with the YIG and has low thermal conductivity, the measured
thermal landscape describes qualitatively well the thermal landscape
in YIG.

In the created one-dimensional thermal landscape, we expect
the following spin-wave behaviour. First, spin waves are excited
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Figure 1| Schematic of the experimental set-up, thermal pictures and spin-wave transmission characteristics. a, Schematic of the set-up for realization of
thermal landscapes. The intensity of a continuous wave laser (wavelength 532 nm) is controlled by an acousto-optical modulator (AOM). A spatial light
modulator (SLM) generates the light pattern/hologram by modifying the phase fronts of the incoming laser beam to achieve the desired intensity
distribution in the focal plane of lens L5 on the magnetic sample. Holograms are calculated using a variation of the Gerchberg-Saxton algorithm (see
Methods), resulting in arbitrary patterns covering an area of 8 x 1.5 mm? with approximately 500 mW maximum integral power on the sample. A CCD
camera after a beam sampler (BS) is used to observe the intensity distribution. b, Schematic of the sample structure consisting of a GGG/YIG/absorber
multilayer system. The optical properties of our sample are as follows. The GGG is almost transparent, whereas YIG absorbs about 40% of the used light,
and 30% is transmitted through GGG/YIG and finally absorbed by the absorber layer. Spin waves are excited and detected by microstrip antennas. A
typical thermal landscape is shown on the waveguide (colour coded: red—maximum temperature, blue—minimum temperature). ¢, Thermal profile of the
absorber taken with the infrared camera (top panels) after illuminating the sample for 5 ms from the GGG side (left panel) and the absorber side (right
panel). The inset shows the illumination (green arrows) and the position of the infrared camera. The grey lines in the IR picture mark the positions of
cross-sections of the thermal landscapes (bottom panels). Determination of the background temperature is done by averaging the minimum values of the
heat profile cross-section between the sharp peaks. d, Measured spin-wave transmission characteristic (solid blue line) in the thermal landscape
schematically shown in € (magnonic crystal with five periods, lattice constant 740 um) and reference data (red) without the projected pattern. Four
bandgaps for the magnonic crystal are clearly observed in the transmission characteristic.

at the input antenna, where the YIG temperature is 301 K. Then,
these waves propagate to the region of the magnonic crystal (with a
background temperature of 309 K). During propagation, a smooth
wavelength transformation takes place owing to conservation of
the spin wave frequency®. Thus, almost no reflection occurs in
this region. In contrast, the temperature peaks inside the magnonic
crystal region cause stronger reflections owing to a larger mismatch
of the spin-wave impedance. Finally, after the spin waves have
passed through the magnonic crystal area, the wavelengths are
smoothly transformed back to their original values (at 301 K where
the output antenna is located). A vector network analyser is used
to measure the transmitted spin-wave power as a function of
frequency f. The reference transmission in the presence of only
the background temperature profile (red line) and the transmission
through five thermal barriers (blue line) are shown in Fig. 1d.
The presence of four bandgaps is clearly visible as dips in the
transmission characteristic.

To understand this transmission characteristic, a closer look at
the spin-wave dispersion relation—the dependence of the spin-wave
angular frequency w =2xf on its wavenumber k—is necessary.
The dispersion relations calculated for different temperatures
(see Methods) are shown in Fig. 2b. No spin-wave propagation
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occurs at the point k= 0rad cm™ (known as ferromagnetic
resonance—FMR). Increasing T decreases Ms(T)—thus w (k) shifts
to lower frequencies.

To analyse the influence of the thermal landscape on the
spin-wave properties, the transmission difference (calculated by
subtraction of the reference measurement on a dB scale) is shown
in Fig. 2a. Four bandgaps are observed in the frequency range from
6.91 t0 6.99 GHz. In defining the frequencies of the bandgaps, we use
a background temperature of 309 K, rather than the temperature at
the positions of the antennas. As expected, the frequencies of the
bandgaps correspond to the wavenumbers k, = nr /a, where n is the
number of the bandgap.

To demonstrate the flexibility of the proposed approach,
the transmission of magnonic crystals with different lattice
constants is depicted in Fig. 3a. As different magnonic crystals
can be programmed simply into the laser hologram, only a single
YIG sample is used—in contrast to all existing static methods.
In this two-dimensional map, 27 different lattice constants
between 400 and 1,200 um are investigated and the normalized
transmission is plotted as a function of frequency f and lattice
constant a. It is worth noting, that with changing a the density
of the laser stripes varies, resulting in a modification in the
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Figure 2 | Comparison of spin-wave transmission difference through the thermal landscape and dependence of the dispersion relation on temperature.
a, Transmission difference through a 1D magnonic crystal with five layers extracted by subtraction of the reference measurement from the transmission
characteristics in Fig. 1d (using a dB scale). Zero dB corresponds to an unaffected transmission signal compared to the reference measurement. Maximal
suppression of the transmission difference is observed for the fundamental bandgap and reaches almost 20 dB. The full-width at half-maximum of the
bandgaps is around 6-8 MHz. b, Dispersion relation of the backward volume magnetostatic spin waves—see Methods—for different temperatures
according to Fig. Tc. The green curve, corresponding to the background temperature, is used to define the frequency bandgaps. The inset shows the
hologram intensity distribution (CCD camera) and the thermal profile on the sample (IR camera), respectively. The ferromagnetic resonance (FMR) is
around 6.99 GHz. The drop in transmission near this frequency (see a) is due to the not perfectly fitting falling edge of the transmission characteristics for

the reference and magnonic crystal measurement in Fig. 1d.
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Figure 3 | Bandgap position depending on lattice constant. a, The measured spin-wave transmission is normalized to the reference (grey-scale map; white,
same as the reference; black, suppressed transmission) for different lattice constants of the magnonic crystal. For all lattice constants the bandgaps are
well pronounced. Measurements are compared to theoretically expected frequencies for bandgaps with number n (white dashed lines). The ferromagnetic
resonance (FMR) corresponds to n=0. b, Dependence of the background temperature on the lattice constant, a, caused by heat diffusion (using pulsed
heating). Because Tpackground is @ mean value, the error bars correspond to the standard deviation. The contrast of the thermal landscape decreases for
smaller lattice constants owing to the increased hologram energy density. An empirical fit function for the background temperature is

Thackground (@) =To + T1exp(—a/$), with the parameters To =(305+ DK, T1=(22+ DK and § =(485+44) um.

background temperature. The measured Tiagomd 1S Shown in
Fig. 3b and is taken into account for the theoretically determined
dependencies of the bandgap frequencies (dashed white lines in
Fig. 3a). A very good agreement between theory and experiment
is observed.

To calculate the transmission suppression of spin waves through
a magnonic crystal, a transfer matrix approach is used (see
Methods): in contrast to conventional step-like variations (for
example, film thickness in ref. 12), a generalized approach was
used to describe smooth variations of the magnetic properties
(magnetization Ms in our case). Figure 4 shows a comparison
between the resulting theoretical transmission suppression (solid
line) and the experimental data (dashed line). The calculations
qualitatively predict the frequency dependence as well as the
expected suppression of the transmitted spin-wave signal. However,
the theoretical model does not describe parasitic losses in the
regions between the bandgaps due to heat-dependent damping.
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The potential of the proposed technique is demonstrated
further by realizing different two-dimensional thermal landscapes.
In Fig. 5a, the hologram intensity distributions (monochrome
panels), temperature patterns and the crystal's transmission
characteristics are shown and compared with the case of the one-
dimensional magnonic crystal. In these structures, an additional
lattice constant appears for the wave propagating along the
shifted stripes (a/4 for middle panel and a/2 for the bottom
panel), forming a waveguide. As a result, specific bandgaps
disappear for the two-dimensional structures as compared with
the one-dimensional-crystal: for the pattern in the centre panel
we observe the disappearance of the second bandgap, whereas
the first and third bandgaps vanish in the bottom panel. To
explain this behaviour qualitatively, we perform a fast Fourier
transformation (see Fig. 5¢) of the effective hologram intensity
shown in Fig. 5b (only the axis oriented along the spin-wave
propagation direction is analysed). The Fourier transformation
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5 of the distribution of My in coordinate space gives the spin-wave
spectrum in wavenumber-space (and consequently in frequency-
space), and in Fig. 5c the existence/absence of each band gap is
clearly visible.

Finally, we would like to discuss the rate of material variation,
which is limited by the dynamics of the heating process—the
transfer of heat from the absorber to the YIG film. This involves
thermal diffusion and limits the dynamics to a 10 ms scale (see
Supplementary Methods). The ultimate limitation for faster thermal
variation of YIG itself lies in the picosecond timescale for nm-
thick magnetic layers and fs-duration laser pulses—see experiments
on the ultrafast magnetization dynamics***. Moreover, spin waves
might be controlled optically in the picosecond range by non-
thermal effects®*. We aim to reach these timescales in future

1 n=5 ‘n:4 n=3 n=2 n=1 FMR

Transmission suppression (dB)

----- Measurement
—— T-matrix method

—20 L T studies, opening access to so-called dynamic media and novel
690 6.92 694 6.96 698 7.00 physical phenomena*. Furthermore, the optically reconfigurable
Frequency, f (GHz) magnetic media proposed here open a wide range of opportunities
Figure 4 | Bandgap calculation. A transfer matrix approach is applied to for the novel field of spin caloritronics, addressing the interplay
spin-wave propagation through the one-dimensional heat-induced between magnonic, phononic and electronic systems of solid
magnonic crystal to calculate the transmission suppression as a function of ~ bodies®'. In particular, those media can be used for the formation of
spin-wave frequency (see Methods). The dashed line corresponds to the two-dimensional spin current density distributions induced by the
experimental data shown in Fig. 2a. The theoretical calculation is presented ~ spin Seebeck effect’”” in magnetic film/normal metal bilayers with
as a solid line. complex thermal gradients.
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Figure 5 | 2D light patterns for magnonic crystals. a, Measured spin-wave transmission characteristics for different lattice shifts. The centre of the stripes
is moved in the z-direction (for the coordinate system see Fig. 1b). The inset shows the hologram intensity and the temperature distribution, respectively.
b, These two-dimensional thermal patterns can be described by an effective one-dimensional thermal landscape or intensity profile, les, of the hologram.
The mean value of I in the y-direction of the hologram intensity distribution (normalized to maximum) as a function of the z coordinate. ¢, The fast
Fourier transformation of I assigns the spacing between the stripes to wavenumbers and, thus, to the number of the corresponding bandgap (pronounced
peaks in the plot). Again, theory and experiment are in good qualitative agreement. Indeed, both the experiment and the calculations show vanishing
bandgaps due to interference of reflected spin waves for specified lattice shifts.
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Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Sample. Yttrium iron garnet (Y;Fe;O,,) is often the material of choice in
spintronics because of its small Gilbert damping parameter®. Spin waves can
propagate several millimetres in this material. Furthermore, the rather high Curie
temperature of YIG of 559 K (ref. 25) allows the creation of thermal landscapes for
the control of spin-wave propagation. In our experiments we used a 5-um-thick
YIG spin-wave waveguide of 1.5 mm width. Initially, the sample is a
YIG/GGG/YIG multilayer system. We remove one YIG layer by hot
orthophosphoric acid etching'?. About 10% of the used green light (wavelength
532 nm) is absorbed in the 500-pm-thick GGG substrate and about 40% in the YIG
(obtained by Fourier transform infrared spectroscopy measurements), with about
30% being transmitted through both layers. To optimize the heat confinement in
YIG, a lacquer based on nitrocellulose/acrylic paint and containing carbon black
nanoparticles (CI 77266, CAS 1333-86-4) is used. It absorbs all of the light
transmitted through GGG/YIG. The thickness of the absorber is around 50 um
(determined via surface profilometry). The heat conductivity of YIG is around
5-6 WK™ m™" at room temperature***. In contrast, the thermal conductivity of
the black polymer-nanoparticle compound is approximately one order of
magnitude smaller”?. Measurements of magnonic crystal characteristics at different
YIG temperatures (uniform temperature profile) showed that there are no
magnetostriction effects arising due to the difference in the thermal expansion
coefficients of the absorber and the YIG layer. Moreover, in doped YIG,
photomagnetic effects are observed because of highly anisotropic photosensitive
ions™. As our sample is not doped, photomagnetic effects are negligible. The
external magnetic field, created by a permanent neodymium magnet, saturates the
magnetization of YIG and is aligned in-plane and in the propagation direction of
the spin waves (BVMSW geometry).

Experimental set-up. Using several optical components, a continuous wave laser
(Coherent Verdi V2) with a maximum power of 2.2 W and 532 nm wavelength
creates a thermal profile on the sample. An acousto-optical modulator (Isomet
1205C) for temporal modulation of the laser controls the heating (6 ms) and
cooling time (94 ms) of the thermal landscape. The heating pattern is generated by
reconstructing a hologram on the sample. A spatial light modulator (Holoeye Pluto
VIS) modifies the phase fronts of the incoming laser beam using a
liquid-crystal-on-silicon display. A combination of a Galilean and a Keplerian
telescope (L1-L4 in Fig. 1a) expands and confines the laser beam. Finally, a Fourier
lens reconstructs the hologram on the sample. Twenty-three percent (23%) of the
input laser power is available for the heating process. To minimize the speckle
phenomena, the intensity pattern consists of 31-um-wide spots separated by

124 um (seven spots per stripe). The spatial resolution of the heat pattern induced
by the hologram is of the order of ten micrometres and mainly limited by thermal
diffusion effects. Taken together, the focusing optics and the SLM resolution define
the minimal structure size. The optical patterns can be changed on a timescale of
tens of milliseconds (SLM repetition rate of 60 Hz, but faster modulation in the
kHz regime using modern digital mirror devices is possible), and switched on and
off on a timescale of roughly 80 ns (rise time of the AOM). A vector network
analyser (Anritsu MS4644B) measures the transmitted power (respectively, the
scattering parameter S,;) of the spin waves in a frequency range from 6.85 to

7.10 GHz, which is divided in 501 steps with a spacing of 0.5 MHz. The frequency is
constant for every laser pulse. The excitation power of the microwave signal is set
to —10 dBm to avoid nonlinearities. The experimental transmission characteristics
show small oscillations with a period of approximately 2 MHz due to parasitic
effects between the antennas. Thus, we use a FFT filter to smooth the raw data. The
reference data of the complete spin-wave frequency range is determined via a
single-shot measurement between two laser pulses. Thus, the FMR shifts to slightly
higher frequencies owing to the onset of the cooling process (decreasing Thacigrouna)-
Thermal pictures are recorded with an infrared camera (FLIR SC-655).

Gerchberg-Saxton algorithm and intensity balancing. Calculated phase
patterns are used to modify the laser beam through a spatial light modulator. The
well-known Gerchberg-Saxton algorithm (GSA) is an iterative method to generate
such holograms with a computer. The GSA iterates between the front and back
focal planes of the Fourier lens. In each plane, constraints on the intensity (uniform
intensity in the front focal or SLM plane and target intensity in the back focal
plane) are applied. At each iteration step, the spatial phase is kept as a free
parameter. Further details of this method can be found, for example, in refs 34,35.
The resulting intensity pattern consists of spots, which are iteratively balanced in
their intensity by a variation of the Gerchberg-Saxton algorithm (ref. 36). The
experimental feedback is provided by a CCD camera (Thorlabs DCU224M) that
measures the intensities. If some spots are more pronounced than others, the
iterative algorithm—based on the mean intensity value—balances out the
inequality of the intensity and thus of the thermal landscape inside the

spin-wave waveguide.

BVMSW dispersion relation. The external magnetic field is aligned in-plane
and in the propagation direction of the spin waves. The type of waves in this

geometry is called backward volume magnetostatic spin waves (BVMSWs). The
BVMSW dispersion relation—also accounting for the effective anisotropy—can be
approximated by®:

1— —kd
wpynsw (k, T)=2mf (k, T)= \/G)H |:UJH +wy (T) ( k; ) _wam:| (1)

where wy =y oHex, 0y (T) =y j1oMs (T), @ani = 1toH,y and d is the YIG film
thickness. Here, y =27 - 28.0 GHz T is the electron gyromagnetic ratio,
Ho=47 -1077 N A2 the permeability in vacuum, H,, = (1434 1) kAm™! the
external applied magnetic field (Hall probe measurement), and H,; < Hex» Ms
the effective anisotropy field (a fitting parameter in our case). The temperature
dependency of H,,; is neglected owing to its small influence. A special point

of the dispersion relation at k=0 radcm™" is known as the ferromagnetic
resonance (FMR) frequency:

opyr (T) =/ o (@5 + 0y (T) — 0y (2)

A series expansion of equation (1) for small wavenumbers k (kd < 1) leads to the
linear approximation:

o (k, T)~opur (T) +v, (T) k (3)

where wryr (T) is the ferromagnetic resonance and
dwpymsw (K, T) 1 wy wy(T)

== T4 ()

(4)

kd<1

the group velocity, which is negative.

Transfer matrix method. Transfer matrices are used to describe the propagation
of electromagnetic signals through media. They may thus be applied to model, for
example, the propagation of spin waves in a magnonic crystal designed with sharp
grooves etched into the YIG layer'. Here, for comparison of the experimental data
against the theory, a transfer matrix approach is generalized for smooth
one-dimensional thermal landscapes. The basis of the calculation is the thermal
profile recorded with an infrared camera from the absorber side. The power of the
laser impinging from the same side was adjusted to 30% of the maximum power.
This corresponds to the amount of laser light transmitted through GGG/YIG
without the absorber. Owing to the modified energy density of the stripes, the
background temperature has to be adjusted to the value at which the maximum
amount of laser power impinges on the black layer. We divided the thermal pattern
into N very narrow ranges with constant temperature. The step width Ax is about
45um. For each step j=1,...,N two transfer matrices T are computed:

—ikj Ax
A () e 0
76 = ( 0 e’*f“) and

—1 -1
T — (I—I‘]) » Fi(l_rjzl 5)
FJ(I_FJ) (I—Fj)
Here, T'; is the reflection coefficient given by (where Z is the wave impedance):
Zin—2;  k—k

r=20 %
22 katk

76D characterizes the spin-wave propagation over the distance Ax, including the
temperature-dependent wavenumber k obtained from equations (2)-(4)

(e =const ¥j):

= onn (T)

Vg (TJ)

Equation (5) contains the reflection at the next temperature step:

b(0)~

ki (@.T) = kit (@, )

Multiplication of all the T-matrices, obtained through the discretization of the heat
pattern, results in the transfer matrix of the thermal landscape T™:

N-1
TIL_ FD H 7G2) F(G:1)

j=1
The matrices are multiplied from the left side for signal propagation to the right
direction. In the last step N, the propagation matrix 7" is applied.
The power transmission coefficient P,, is finally obtained from the diagonal
elements of 7™

1 1

Tl el

TL |2
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The transmission suppression in Fig. 4 is shown in decibel units. The conversion is 34. Gerchberg, R. W. & Saxton, W. O. A practical algorithm for the
as follows: determination of the phase from image and diffraction plane pictures.
Py =10log,, (P,) Optik 35, 237-246 (1972).

35. Ripoll, O., Kettunen, V. & Herzig, H. P. Review of iterative
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