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ABSTRACT: Electrical creation, control, and detection of magnetic spin
textures are pivotal in the advancement of magnetic data storage and logic Vil
technologies. All-electrical methods are especially important for detecting
such magnetic textures due to their easier implementation in electronic
circuits. Here, we demonstrate the electrical detection of different magnetic
multidomain and vortex patterns through pure spin-polarized electronic
transport in graphene spin-valve devices. We utilized ferromagnetic
electrodes with engineered magnetic domain patterns to inject a spin
current into the graphene spin transport channel, which was subsequently
detected by a reference ferromagnetic electrode with a quasi-single domain.
Distinct multilevel spin-valve switching patterns facilitate the discernment
of the spin polarization from the diverse domain patterns. The
magnetization of the ferromagnetic electrodes is correlated with magnetic force microscopy and micromagnetic simulations.
These developments open avenues for probing magnetic domain and spin dynamics through fully electrical means with pure spin
currents for spintronic memory and logic.
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advantage that they can be performed in nonlocal geometries
utilizing pure spin currents for detection of magnetic textures,
thereby avoiding effects from charge currents on the measured

D 1 agnetic domains and spin textures have attracted a
significant interest due to their great promise for novel
technological applications such as magnetic racetrack,"”

magnetic tunnel junction’ and magnetic domain-wall™”
memories, probabilistic6 and neuromorphic7’8 computing, as
well as magnetologic devices.”'’ Among the main advantages of
using magnetic textures for the storage and processing of data
are their nonvolatility and fast dynamics, opening avenues for a
new generation of fast and energy-efficient computing. For many
of these applications, accurate creation, manipulation and
detection of different magnetic textures are of paramount
importance.

For detection of different magnetic textures, a variety of
different microscopy techniques, such as magnetooptical Kerr
effect microscopy’,z’s’w’11 magnetic force microscopy,l’lo’lz’13
spin-polarized scanning tunneling microscopy,'* Lorentz trans-
mission electron microscopy15 and nitrogen-vacancy magneto-
metry,'® have been utilized in different magnetic materials.
However, for practical applications, all-electrical detection of
magnetic textures is preferable due to its compatibility with
conventional electronic devices and its potential for more
straightforward down-scaling. Such all-electrical detection of
magnetic textures has been demonstrated via magnetoresist-
ance,'”'® spin Hall effect,'” anomalous Hall effect,'®*° magnetic

21-23

S 3, Cs 24-27
tunnel junction and metallic spin-valve

ments. Importantly, spin-valve measurements have the major

measure-
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spin signal.

However, such detection of magnetic textures by nonlocal
spin-valve measurements have so far predominantly been
performed using devices with metals such as copper as the
spin transport channel material.”*>” Due to the short spin
diffusion lengths in metals at room temperatures, these
measurements have been limited to cryogenic temperatures up
to 77 K.**7*" In contrast, graphene has been demonstrated as an
excellent spin transport material with long spin diffusion lengths
and robust spin transport up to room temperature,”* > and has
successfully been utilized for spin-valve devices with a broad
range of different materials**~*” and spin logic circuits.*>*' Such
graphene spin circuits have furthermore been proposed to be
useful for programmable spin-based computing, where electrical
detection and processing of signals from magnetic states are
required.>***
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Here, we demonstrate the electrical detection of magnetic
spin textures of a ferromagnet through pure spin-polarized
electronic transport in graphene spin-valve devices at room
temperature. Using quasi-single-domain, multidomain and
vortex magnetic textures, we demonstrate the discernment of
the spin polarization contributed by the distinct magnetic
domain patterns. The measured spin-valve signals are correlated
with magnetic force microscopy and micromagnetic simulations
of the spin textures in the ferromagnetic (FM) electrodes. These
advancements provide valuable understanding in detecting
magnetic domain configurations via electrical methods using
graphene spin-valve devices, paving the way for integrating
magnetic spin textures in graphene spin circuits.

Graphene spin valve devices with a series of specially shaped
FM cobalt electrodes were fabricated and measured, as
illustrated schematically in Figure la and shown with a

Single-domain spin valve

Magnetic texture spin valve

Figure 1. Graphene spin-valve device for electrical detection of
magnetic spin textures. (a, b) Schematic (a) and optical microscope
image (b) of a representative device used for electrical measurements of
different magnetic spin textures in cobalt using a graphene spin valve. A
nonlocal measurement geometry was used, where a pure spin current is
passed between an electrode with a special magnetic texture and an
electrode with a quasi-single magnetic domain. The dashed lines in (b)
indicate the borders of the graphene spin transport channel. (c)
Schematics of expected nonlocal spin signals for spin-valve devices with
single-domain (top) and magnetic-texture (bottom) FM electrodes.
(d) Schematic of the expected spin signal contribution from a vortex
spin texture, as well as the corresponding magnetic textures of a square
electrode at different stages of the magnetic field sweep.

representative device in Figure 1b. The device fabrication was
performed utilizing chemical vapor deposition (CVD) graphene
and scalable fabrication processes. The geometric shapes of the
ferromagnets (FMs) impact their magnetization dynamics in the
presence of an external magnetic field, which can be traced by
spin transport measurements. A charge current I was passed
between the injector FM electrode and a nonmagnetic (NM)
reference, generating spin injection from the FM into the
graphene channel. The spins then diffused along the graphene
channel and could be detected as a nonlocal voltage Vi
between the detector FM contact and a NM reference outside
of the charge-current loop, thereby avoiding charge-current
effects in the measured signal. As an external magnetic field B,
was swept along the easy axis of the FM contacts, the measured
spin signals traced the changing magnetization of the FM
contacts, where a low (high) nonlocal voltage corresponds to a

parallel (antiparallel) magnetization configuration between the
injector and the detector contacts. Whereas the elongated
rectangular electrodes contain quasi-single-domain magnetic
textures that switch in single steps and give rise to typical
rectangular spin valve signals, the specially shaped contacts
exhibit more complex magnetic-texture behaviors and generate
multilevel spin-valve switches, as illustrated in Figure 1c. This
relationship between spin texture and detected spin signal can be
visualized as in Figure 1d, where a nonuniformly changing net
magnetization in the contact gives rise to a correspondingly
uneven nonlocal voltage.

A standard spin-valve signal for quasi-single-domain contacts
(Figure 2a) is shown for reference in Figure 2b, where an
expected switching signal is observed for parallel and antiparallel
alignments of the respective magnetizations of the FM
contacts.”>~** However, in the devices with FM “single-
notch” and “double-notch” contacts (Figure 2c,e), magnetic
domain walls are pinned by the notches.”'*'”** In this way, the
contacts are decoupled into separate magnetic domains that
switch in sequence when the external magnetic field is increased.
Analogously, in the device with a “stepped” contact (Figure 2g),
the wider and the narrower sections of the contact are separated
by a pinned domain wall at the sharp step geometry.”*> The
multidomain magnetization dynamics are seen as subsequent
steps of increasing Vyy; in the spin-valve signals in Figure 2d,fh,
where the relative amplitude of the signal indicates the
proportion of the FM contact that has been switched. These
multidomain contact designs can be extended to realize any
number of magnetic domains and intermediate magnetic states,
which would be distinguishable in such a graphene spin-valve
device. Given the noise level of the present proof-of-concept
devices, it is estimated that net magnetization changes of down
to ~ 7% can reliably be detected, but this resolution can be
dramatically enhanced through fabrication optimization and
integration of hBN tunnel barriers to improve the spin injection
efficiency between the FM contacts and the graphene
channel.*~** The experimental results show good qualitative
agreement with MuMax3 micromagnetic s.imulations,“g_51 as
shown with distinct magnetic textures for different points along
the B, sweeps in the insets of Figure 2b,d,fh as well as with
magnetic hysteresis loops in Supplementary Figure 1—2, which
is discussed further in Supplementary Note 1.

The multidomain magnetization of the notched and stepped
contacts was verified using magnetic force microscopy (MFM).
Figure 2i-l show atomic force microscopy (AFM) and MFM
images of a notched, a rectangular and a stepped contact,
respectively, where the MFM frequency contrast comes from the
second gradient of the magnetic force, which can be related to
the magnetization direction. The MFM signal is mostly
homogeneous along the length of the electrodes, but pinned
magnetic domain walls are clearly visible as adjacent dark and
bright areas at the notch in Figure 2j and as a bright area at the
sharp step geometry in Figure 2l. Similar MFM images with
pinned magnetic domain walls could be recreated from the
simulated magnetic textures, as presented in Supplementary
Figure 1—2. Both the micromagnetic simulations and the MFM
measurements hence agree very well with the observed multistep
magnetic dynamics in the spin-valve measurements.

In order to probe magnetic vortex textures, a spin-valve device
with a circular FM contact (illustrated in Figure 3a) was
investigated. Due to its symmetric shape, the circular contact has
an ill-defined magnetic easy axis, and its magnetization is not
expected to be contained to purely along the y axis. As a
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Figure 2. Detection of multidomain magnetic textures. (a, c, e, g) Schematics of spin-valve devices with two rectangular FM contacts (a) and with a
single-notch (c), a double-notch (e), and a stepped (g) FM contact. (b, d, f, h) Spin-valve signals of the devices in (a, ¢, €, g), respectively. The arrows
indicate the B, sweep directions. Forward and backward sweeps for (b, d) are shown in Supplementary Figure 3. Insets: Simulated magnetic textures
illustrating the magnetization switching of the respective FM contacts. The circled numbers indicate the correlation between the magnetic textures and
the spin-valve signals. (i, j) AFM topography (i) and MFM frequency contrast (j) images of a notch in a FM contact. (k, 1) AFM topography (k) and
MFM frequency contrast (1) images of a rectangular (top) and a stepped (bottom) FM contact.
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Figure 3. Detection of magnetic vortex textures in a circular microstructure. (a) Schematic of a spin-valve device with spin injection from a circular FM
contact. (b) Measured spin-valve signal. The arrows indicate the B, sweep directions. (c) Backward sweep of the spin-valve signal. The simulated y
magnetization is indicated by a dotted line. Inset: Simulated magnetic textures illustrating the magnetization dynamics of the circular contact. The
numbers 1-5 indicate the correlation between the magnetic textures and the measured spin-valve signal, where 3 is an intermediate point in the gradual
shift between 2 and 4. (d, e) AFM topography (d) and MFM phase shift (e) images of a circular FM contact.

testament to the more complex magnetic texture, spin-valve
measurements of the device with a circular contact indicate a
different type of dynamics compared to those of the more
elongated devices above. As shown in Figure 3b, the spin-valve
signal does not only contain sharp steps in Vi, but also a gradual
slope. The magnetization dynamics can be understood as

follows. For a large positive field B,, the magnetization of the
circular contact is saturated in the +y direction. When the
magnitude of the field is reduced below a certain level, a
magnetic vortex is created close to the left side of the circular
contact, which reduces the net magnetization of the contact and
is seen as a sharp step in the spin-valve signal. Interestingly, this
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Figure 4. Detection of magnetic vortex textures in a square microstructure. (a) Schematic of a spin-valve device with spin detection with a square FM
contact. (b) Measured spin-valve signal. The arrows indicate the B, sweep directions. () Extracted spin-valve signal without the contribution from the
rectangular injector contact, thus highlighting the contribution from the square contact. Only the backward sweep is shown for clarity. The simulated y
magnetization is indicated by a dotted line. Inset: Simulated magnetic textures illustrating the magnetization dynamics of the square contact. The
numbers 1-S$ indicate the correlation between the magnetic textures and the spin-valve signal, where 3 is an intermediate point in the gradual shift
between 2 and 4. (d, e) AFM topography (d) and MFM phase shift (e) images of a square FM contact.

happens before the applied field reaches zero, indicating that the
vortex texture is the ground state of the circular contact’s
magnetization.'”>>>? As the external magnetic field is
subsequently swept toward the —y direction, the vortex moves
continuously toward the right side of the FM contact, which
gradually increases the —y net magnetization of the contact.
Since the spin-valve measurements are only sensitive to spins
along the y direction (i.e., the easy axis of the FM detector
contact), this leads to a gradual increase in Vyy;. The small spikes
during this gradual slope may come from pinning of the
magnetic vortex as well as electrical noise. To be noted, while the
presence and continuous movement of the magnetic vortex can
be tracked by the spin-valve measurement, the vortex’ chirality
cannot be discerned. Finally, at a sufficiently large negative B,,
the vortex is annihilated and the contact magnetization is
saturated in the —y direction, which is seen as the second sharp
step in the spin signal. These magnetization dynamics were
replicated by simulations, and are illustrated by five
representative simulated spin textures in the inset of Figure 3¢
and as an animation in Extended Data 1. Further, the conformity
between the experimental spin signal and the simulated net y
magnetization of the FM contact is presented in Supplementary
Figure 4, and the experimental and simulated signals are
discussed in more detail in Supplementary Note 2.

The magnetic texture of the circular contact was confirmed
using MFM. The AFM topography and MFM images, where the
phase shift correlates to the magnetization direction in the
sample, are shown in Figure 3d,e. The main features in Figure 3e
are dark and bright arcs that are extending outward from a point
close to the center of the FM. This indicates a radial texture with
changing magnetization around that point, such as a magnetic
vortex. In fact, by generating an MFM image from a simulated
vortex texture (shown in Supplementary Figure 4), similar dark
and bright arcs could be replicated. The offset of the vortex core
from the center of the contact is likely due to remanent
magnetization from the in-plane field sweep. Discernibly, the

experimental image also contains a smaller pattern toward the
left side of the circular contact, which was not captured by the
simulations. This may have arisen from inhomogeneities in the
magnetic texture, such as smaller magnetic vortices, possibly
because of defects in the cobalt or frustrations due to the
relatively large size of the magnetic domains.'”

Finally, a spin-valve device with a vortex spin texture in a
square FM contact was measured, as illustrated in Figure 4a.
The square contact has an ill-defined magnetic easy axis due to
its 4-fold geometrical symmetry, but it is not fully symmetric like
the circular contact.'’ The measured spin-valve signal (Figure
4b) showcases sharp steps and gradual slopes with both
increasing and decreasing Vy;. This added complexity stems
from the rectangular injector FM contact and the square
detector FM contact (left and right in Figure 4a, respectively)
having overlapping contributions to the measured spin signal. In
order to alleviate the analysis of the spin-valve signal and the
magnetization dynamics of the square contact, the contribution
from the rectangular contact was subtracted. This was possible
because the signal contribution of the rectangular contact is
known from reference measurements (a single sharp step at the
coercive field B, = —19 mT; see Supplementary Note 3 for
details). In this way, the contribution from the square contact
could be isolated, as shown for the backward magnetic field
sweep in Figure 4c.

The square contact contribution consists of a sharp step in
Vi before the applied field reaches zero, followed by a gradual
slope and finally a second sharp step. Interestingly, the key
difference between the circular and the square contact lies in the
shape of the magnetization texture. When an external field B, is
swept from a large positive value toward zero, the magnetization
of the square contact goes from being saturated in the +y
direction to a vortex texture. However, this vortex texture is
nonuniform and consists of four distinct triangular domains,
contrary to the continuously changing spin orientations in the
vortex texture of the circular contact.”>* This special type of
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vortex is energetically preferential for the square contact since it
encompasses both a flux-closing configuration and alignment of
the spins with the straight contact edges.”” As the applied
magnetic field is swept toward negative values, the vortex core
moves continuously from the left side of the contact to the right
side, after which it is eventually annihilated so that the magnetic
texture becomes saturated with a —y alignment. These
magnetization dynamics were also captured by simulations,
which accurately reproduce both the expected magnetic textures
(inset in Figure 4c and as an animation in Extended Data 2) and
the shape of the experimental spin signal (Supplementary Figure
6). The minor deviations from the gradual slope of increasing
Var may be attributed to pinning of the magnetic vortex by
defects in the cobalt thin film.

The vortex dynamics in the square contact were also studied
via minor-loop measurements (see Supplementary Note 4 for
details), as an additional probe of the magnetic texture. Here, the
B, sweep was reversed before the annihilation of the magnetic
vortex texture, leading to the spin signal retracing the gradual
slope but not the sharp step in Vy;. From this, it can be
understood that the gradual slope and its associated continuous
vortex movement are reversible, while the sharp steps and their
associated vortex creation/annihilation events are hysteretic.
This type of behavior is indeed expected for these types of
magnetization dynamics, and acts as further support of our
interpretation of the observed spin-valve signal. The AFM and
MFM images in Figure 4d,e further confirm the existence of a
nonuniform vortex texture in the square FM contact. Figure 4e
shows an MFM image with a triangular pattern with straight
borders between the bright and dark areas, noticeably different
from the arcs in Figure 3e. A simulated magnetization texture
with four distinct triangular domains gives rise to a near identical
MFM image, as seen in Supplementary Figure 6, once again
showing good agreement between experimental observations
and theoretical calculations.

Finally, Hanle spin precession measurements were performed
for some of the differently shaped FM contacts (see
Supplementary Note S for details), where an applied out-of-
plane magnetic field B, caused the spins in the graphene channel
to precess in the xy plane. Interestingly, the stepped FM contact
generated similar spin signal amplitudes for the spin-valve and
the Hanle spin precession measurements, while the square
contact had a much smaller amplitude of the Hanle signal
compared to the spin-valve signal, which indicates that the
stepped contact was fully magnetized during the Hanle
measurement, whereas the square contact had a vortex spin
texture with a small net magnetization. Hence, this agrees well
with the expected magnetic domains and textures from the spin-
valve, MFM and micromagnetic simulation results above.

The magnetic domain formation and their dynamics with
magnetic field sweeps can vary between different magnetic
structures and also between different magnetic field sweeps. We
would like to mention that, depending on the domain structures
in the devices, the multilevel switching signals are reproducible,
as demonstrated in Supplementary Figure 10—13, although
switching fields can be different due to magnetic domain wall
pinning effects. This includes the observation of single-step spin-
valve signals in some instances where the geometric con-
strictions did not properly pin the domain wall to stabilize the
intermediate magnetic states. Because of these effects, different
spin-valve signal shapes were sometimes observed between
forward and backward magnetic field sweeps, which is also
present in conventional spin-valve devices. Hence, we find that

our method has a good reliability for detecting spin textures, and
that the aforementioned variability lies in the magnetization of
the FM contacts, which can be improved through optimization
of the fabrication process.

In conclusion, we demonstrated the electrical detection of a
series of multidomain and vortex magnetic patterns at room
temperature utilizing pure spin-polarized electronic transport in
graphene spin-valve devices. The device allows for the
discrimination of spin polarizations contributed by diverse
domain patterns, resulting in distinctive multilevel spin-valve
switching patterns. The validity of the different domain patterns
in the investigated cobalt electrodes in the spin-valve devices was
confirmed through magnetic force microscopy and micro-
magnetic simulations. These findings pave the way for exploring
magnetic domain dynamics and spin textures using a pure spin
current in graphene spin circuits at room temperature, including
in two-dimensional (2D) magnets in all-2D heterostruc-
tures.”>*® Such technology can become pivotal for fast and
energy-efficient read-out of magnetic states in innovative types
of memory and computing applications, includin% racetrack ">’
and multilevel”> memories, compute-in-memory ' and neuro-
morphic computing”® devices.

B METHODS

Device Fabrication. The CVD graphene spintronics
devices were fabricated on n++Si/SiO, (285 nm) chips. The
graphene channels were patterned from large-area CVD
graphene (from Grolltex Inc.) to a width of 2—3 pm by electron
beam lithography (EBL) and oxygen plasma etching. Character-
ization of CVD graphene channels is shown in Supplementary
Figure 14. Both the NM (15 nm Ti/80 nm Au) and the FM (~1
nm TiO,/60 nm Co) tunnel contacts were defined using EBL,
followed by electron beam evaporation and lift-off processes.
The FM contacts were produced by electron beam evaporation
of Ti followed by in situ oxidation in a pure oxygen atmosphere
to form a TiO, tunnel barrier layer, after which Co was deposited
in the same chamber. Our selection of scalable materials and
fabrication processes is expected to alleviate future fabrication
optimization and applications.

Electrical Characterization and Measurements. The
spin transport measurements were performed at room temper-
ature in vacuum. A relatively low bias current (typically within
—50 to —100 pA) was applied using a Keithley 6221 current
source to minimize heating and spin-transfer-torque effects on
the magnetic patterns. A negative current was used because this
was found to maximize the signal-to-noise ratio in our setup
(illustrated in Supplementary Figure 15), which can be due to
hot-electron effects, magnetic proximity effects or electron-
structure hybridization in the Co/graphene interface.”” The
nonlocal voltage was detected by a Keithley 2182A nano-
voltmeter. The magnetic field was applied with a GMW 5403
electromagnet. The three-terminal resistance of the FM contacts
was generally in the range of 2—25 kQ for the FM electrodes,
and the sheet resistance of the graphene channels was around 1
kQ/[].

Micromagnetic Simulations. The micromagnetic simu-
lations were performed in the GPU-based finite-difference
micromagnetic software package MuMax3."”™>" Saturation
magnetization M, = 1325 kA/m, exchange stiffness A,, = 20
pJ/m, Gilbert damping constant @ = 2-10™* and gyromagnetic
ratio ¥, = 1.0-10’ Hz/T were used as parameters for all
simulations. The FM electrodes were modeled by grids of 512 X
256 nanopillar cells with a cell size of 2 X 2 nm”® in the xy plane.
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The lateral extension of the grid was set to model a relatively
large area of 8 X 4 ym® (extending beyond the studied FM/
graphene intersection area in order to avoid boundary-condition
artifacts), which was scaled down to the aforementioned grid
size to reduce calculation times. The magnetization of the FM/
graphene intersection area was then extracted from the
simulation results. The vertical dimension of the grid was
typically set to either 1 X 60 nm or 2 X 30 nm. To be noted, the
micromagnetic simulations in this work were only used for
qualitative comparison with the experimental results, and
refinement of the material parameters would be necessary for
closer alignment with the experimental data. The MFM
simulations were performed with the simulated magnetization
textures as inputs and using the same magnetic parameters as
above.

AFM and MFM Measurements. AFM and MFM imaging
was performed using a Bruker ICON AFM with a Nanoscope 6
controller in tapping and lift scan modes without an applied
magnetic field. A Bruker MESP-V2MFM probe was used for
both types of measurements. The MFM was measured using
frequency contrast for the rectangular, stepped and notched FM
contacts, and using phase shift for the circular and square FM
contacts. Both frequency contrast and phase shift MFM images
contain the same information about the second gradient of the
magnetic force, which can be related to the magnetization
direction, but the phase shift mode was found to give a slightly
better image quality for the latter contacts, which is why it was
used instead of the frequency contrast mode. The MFM
measurements are discussed further in Supplementary Note 6.

Additional information about the devices and the presented
measurement data is given in Supplementary Note 7.
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