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ABSTRACT: Magnetic field-free, nonvolatile magnetic memory with low power consumption is highly desired in information
technology. In this work, we report a current-controllable alignment of magnetic domain walls in a single layer La 4,51y 33;MnOj thin
film with the threshold current density of 2 X 10° A/cm? at room temperature. The vector relationship between current directions
and domain-wall orientations indicates the dominant role of spin—orbit torque without an assistance of external magnetic field.
Meanwhile, significant planar Hall resistances can be readout in a nonvolatile way before and after the domain-wall reorientation. A
domain-wall-based magnetic random-access memory (DW-MRAM) prototype device has been proposed.

KEYWORDS: field-free magnetic switching, magnetic domain wall, oxide materials, spin—orbit coupling, planar hall effect,
magnetic random-access memory

B INTRODUCTION switching has been widely studied in a variety of ferromagnetic
and antiferromagnetic materials.'°~"* Compared with previous
studies on magnetic monodomain switching,14 the magnetic
domain wall (DW)-based structure shows nonvolatile in-plane
realignment in a deterministic manner."> Ordered stripe DWs
can be stabilized in single layer ferromagnetic La 4,Sr) 33MnO;
(LSMO) thin films and realigned by in-plane magnetic field

Spintronic devices such as giant magnetoresistance (GMR)/
magnetic tunnel junction (MTJ)-based hard drives' and spin-
transfer torque magnetic random-access memory (STT-
MRAM)” have been already applied in information technol-
ogy. Recently, spin—orbit torque magnetic random-access
memory (SOT-MRAM) shows great potentials in devices with (or effective magnetic field). 7 Tts DWs orientation is
low-power consump tion, high wrltln.g/ reading .speed, and high directly related to the in-plane magnetization, which indicates
endurance.” SOT effect has been discovered in heavy metal/ that LSMO could be a candidate for DW-based SOT.
ferromagnet heterostructures, in which the charge current can

be converted into spin current due to strong spin—orbit B RESULTS AND DISCUSSION

coupling (SOC) of heavy metals or symmetry-broken High-quality LSMO thin films with a thickness of 150 nm have

interfaces, inducing effective torques on the ferromagnets.*’
i, . . . . [sed 1 iti PLD ingl 1
However, traditional SOT devices require an in-plane magnetic been grown by pulsed laser deposition ( ) on single crysta

field or additional effective fields (antiferromagnetic pinning

layer, magnetocrystalline anisotropy, etc.) to deterministically Received:  March 12, 2021

switch the perpendicular magnetization,s_9 bring a lot of Accepted:  May S, 2021

challenges in the integration process of the SOT-MARM. Published: May 11, 2021
In order to achieve a simple device design, SOC effective

magnetic field can be used to switch the in-plane magnet-

ization.* SOT-induced single layer in-plane magnetization
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Figure 1. (a) Magnetic domain images of the LSMO thin film with a thickness of 150 nm. The scale bar is 1 ym. (b) High angle annular dark field
(HAADF) image shows the interface of LAO substrate and LSMO film. The scale bar is 2 nm. (c) Phase-field simulation of the stripe domain
textures. Inside the black square is the vortex-like domain wall.

Intermediate state [1-10] state

Figure 2. Schematics of the device and magnetic domain images of the current-induced DWs rotation process. (a) The LSMO bar structure and
the “write 1” circuit along [1—10] crystal orientation. The MFM images were captured at the red square. (b) The initial stripe DWs along [1—10]
crystal orientation. (c) The stripe DWs rotated to [110] crystal orientation after a current pulse applied along [1—10] crystal orientation. (d) The
“write 2” circuit with a 7 ym width gap along [110] crystal orientation. (e) The stripe DWs rotated to an intermediate state by a current pulse
applied along [110] crystal orientation. (f) The stripe DWs rotated back by a current pulse applied along [110] crystal orientation. The scale size of
these MFM images is S X 5 pm. The insets show the Fourier transformation images of the corresponding MEM patterns.

LaAlO; (LAO) (001) substrates. X-ray diffraction (XRD) the lattice mismatch between the LSMO and LAO gives rise to
pattern (Supporting Information (SI) Figure S1) shows that in-plane compressive and out-of-plane tensile strains. The
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Figure 3. (a) Magnetic domain image and the read circuit of the PHE device. The scale bar is 1 ym. (b) Nonvolatile PHE readout and
corresponding magnetic domain images along different orientations. The MFM picture and planar Hall resistance are captured/measured at room
temperature at zero magnetic field. The insets show the Fourier transformation images of the corresponding MFM patterns. The scale bar is 1 ym.
(c) Magnetic-field dependence of the nonvolatile Hall resistance R,,. The gray arrows indicate loop process from low resistance to high resistance
states. Inset picture shows the magnetic field and the original magnetization direction. (d) The opposite process from high resistance to low

resistance states.

ferromagnetic properties of the LSMO thin films have been
discussed previously.'”'® The magnetic domain image of the
LSMO thin film was captured by magnetic force microscopy
(MFM) at room temperature and zero magnetic field (Figure
1a), which shows the stripe domain feature with out-of-plane
upward (bright stripes) and downward (dark stripes) magnet-
izations. The high-quality epitaxial interface has been
characterized by high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) in Figure
1b. Detailed spin textures of the stripe domains are shown in
Figure lc by the phase field simulation. The cross-sectional
DW structure can be consisted by the Néel type at the top/
bottom regions and the Bloch type at the center, forming a
vortex-like spin texture."” Such stripe domain can be easily
reoriented under in-plane magnetic field due to the in-plane
spin orientation of the vortex-like core."

Figure 2 shows the experimental geometry of the current-
induced DWs rotation in LSMO. First, only the “write 17
electrodes were fabricated on the bar structure of LSMO thin
film along [1—10] crystal orientation (Figure 2a). The stripe
DWs were initialized along [1—10] crystal orientation by
magnetic field (about 100 mT for fully saturation, then
removed the magnetic field) as shown in Figure 2b. When a
10-ps-width pulsed current with 2 X 10° A/cm® density was
applied along [1—10] crystal orientation, the stripe DWs were
rotated to [110] crystal orientation (Figure 2c). Second, we
fabricated the “write 2” electrodes on the bar structure (Figure
2d) in order to apply a current along [110] crystal orientation.
When a pulsed current of9 X 10° A/cm® was applied along
[110] crystal orientation, the stripe DWs could not be rotated

23947

by 90 deg but formed an intermediate state (Figure 2e). The
stripe DWs can be rotated by 90 deg to [1—10] crystal
orientation when the current density reaches 1.5 X 10° A/cm?
(Figure 2f).

The different in-plane magnetic anisotropy energies of
LSMO thin film along two crystal orientations explain the
different current densities between two crystal orientations.”
Moreover, the possible thermal effect has been further
analyzed in SI Figure S2. However, these current-induced
realignment behaviors are highly dependent on the orientation
of the current and exhibit an intermediate state, which cannot
be explained only by the thermal effect or Oersted field. In
single layer LSMO film, SOC can be generated by strain-
induced inversion asymmetry from the substrate. The direction
of the SOC effective magnetic field is perpendicular to the
current along [110] (or [—1—10]) and [1—10] (or [—110])
crystal orientations,”'’ which has been qualitatively dis-
cussed”' in SI Figures S3 and S4. For the above reasons, we
speculate that our current-induced domain-wall reorientation is
a SOT effect. However, STT effect can also contribute when
current is driven through the domain texture. The current-
induced domain wall motion has been observed due to vertical
spin-transfer torque by a probe-based technique in our
previous reports in reference.'””* The interaction between
the STT effect with the complex (Neel/Bloch) domain walls
structure is lack of analysis. Further in-depth research is needed
to clear the mechanism of this current induced magnetic
switching.

To readout DW states, we chose the planar Hall effect
(PHE) which is mainly derived from in-plane magnetic
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Figure 4. (a) Schematics of the device six electrodes device with an in-plane pulse magnetic field to simulate the electrodes along [110] crystal
orientation. Single LSMO thin film is used as magnetic memory cell. Blue and orange labeled electrodes indicate read and write circuits. (b) High
resistance ([1—10]) state of the DW-MARM induced by in-plane magnetic field along [1—10] crystal orientation. (c) Low resistance ([110]) state
of the DW-MARM induced by current pulse of 2 X 10° A/cm” along [1—10] crystal orientation. (d) Current/field combined repeatable nonvolatile

switching of the high ([1—-10]) and low ([110]) PHE resistance states.

anisotropy.”””* PHE has many advantages such as high signal/
noise ratio and low thermal drift.”> Figure 3a shows the read
circuit of the PHE and the relationship between the rotation
angle and the crystal orientations. The PHE (normalized Hall
resistance R,)) at different orientations of the stripe DWs are
shown in Figure 3b. The stripe DWs were rotated to each
specific angle by a magnetic field of about 100 mT, then the
magnetic field was removed. The MFM pictures and planar
Hall resistances were captured/measured at room temperature
at zero magnetic field. The resistance difference AR, is about
0.02 €. The calculated resistivity change Ap,, is about 0.3 uQ
cm, at the same order of magnitude of the reported PHE-
single-layer-SOT device.'' The rotation-angle-dependent Hall
resistance value shows a period of 180°. The R, are not the
same at 135° and 315° which may be due to the misalignment
of the sample rotator. However, in contrast to the DW
magnetoresistance effect,”” the valley and peak are at 45° and
135°, which is an obvious characteristic of PHE. We verified
the nonvolatility of the DW rotation through the magnetic-
field-dependent Hall resistance (ny) loop. As shown in Figure
3¢, the initial magnetization direction was at [110] crystal
orientation (or 45°). A gradually increasing magnetic field was
applied along [1—10] crystal orientation (or 315°). The Hall
resistance rapidly changed from low to high states. With
decreasing magnetic field, the Hall resistance did not recover
to low state but maintained in a high resistance state. The
magnetization process from high resistance to low resistance
states shows the same behavior (Figure 3d). The above process
is highly repeatable.

Coincidentally, the current-control DW rotation along [1—
10] and [110] crystal orientations are perfectly match with the
peak and valley values of the PHE. Therefore, we have chosen
these two orientations as high and low resistance states to
design a prototype domain-wall-based magnetic random-access
memory (DW-MARM) device. The schematic concept of the
full-scale eight electrodes DW-MRAM is shown in SI Figure
SS. The demonstration of a full-scale electrical controlled DW-
MARM device still needs further studies because our
manufacture technology does not fit the current density
along [110] crystal orientation. Therefore, as shown in Figure
4a, we use six electrodes device with an in-plane pulse
magnetic field to simulate the electrodes along [110] crystal
orientation. Single LSMO thin film is used as the magnetic
memory cell. The pulsed currents input from electrodes along
[1-10] crystal orientations served as write circuit. Four
terminal electrodes along [100] and [010] crystal orientations
are used for read process. Due to this unique orientation/angle
relationships, the write and read circuits are separated, which
can effectively reduce the circuit interference.” As shown in
Figure 4b, an in-plane pulse magnetic field of 100 mT along
[1-10] crystal orientation was applied to realign the stripe
DWs to high resistance ([1—10]) state. By applying a current
density of 2 X 10° A/cm’® along [1—10] crystal orientation at
zero magnetic field, the stripe DWs were rotated to low
resistance ([110]) state (Figure 4c). Such high/low resistance
switching shows nonvolatile and highly repeatable PHE
readouts (Figure 4d).
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B CONCLUSIONS

In summary, room-temperature current-controlled DW
rotation in LSMO thin film has been observed. This DWs
realignment shows intrinsically nonvolatile behavior, which can
be readout by PHE. A DW-MRAM prototype device has been
proposed. This concept shows great potentials with advantages
including field-free switching, simple material structure and
insensitive readout to thermal effect. Furthermore, the LSMO
stripe domain can be stabilized in nanoscale islands®® with a
high integration capability. This design can be further extended
to a broad variety of DW-based magnetic materials in
multistate memory or even neuron memristor devices.

B EXPERIMRNTAL METHODS

Epitaxial Growth of Lag 4,5t 33MNnO; (LSMO) Thin Films. The
epitaxial LSMO thin films were grown on LaAlOj; substrates by pulsed
laser deposition. Stoichiometric targets were ablated by a KrF excimer
laser (248 nm). During the growth, the substrate temperature was
kept at 780 °C and the oxygen pressure was 25 Pa. The laser energy
density and frequency were set as approximately ~0.7 ] cm™ and §
Hz, respectively. After the deposition, the films were in situ cooled
down to room temperature at 1 atm of oxygen with a cooling rate of S
°C min~",

High Angle Annular Dark field (HAADF) Scanning Trans-
mission Electron Microscopy (STEM). The cross-sectional STEM
specimen was thinned to less than 30 ym first by mechanical polishing
and then we performed argon ion milling. The ion-beam milling was
carried out using PIPS (model 691, Gatan Inc.) with the accelerating
voltage of 3.5 kV until a hole was made. Low voltage milling was
performed with accelerating voltage of 0.3 kV to remove the surface
amorphous layer. The HAADF—STEM images were recorded at an
aberration corrected FEI (Titan Cubed Themis G2) operated at 300
kV. The convergence semiangle for imaging is 30 mrad, the collection
semiangles snap is 39—200 mrad. The fast scanning directions are
perpendicular to the surface and interface while the slow scanning
direction are parallel in order to minimize errors induced by the
scanning noise and specimen drift, in order to minimize errors
induced by the scanning noise and specimen drift. To further reduce
the errors, multiple images were fast recorded with small dwell time
and summed together after careful alignments, which were automati-
cally done by the Velox software provided by the microscope
manufacturer Thermo fisher Scientific.

Synchrotron X-ray Diffraction (XRD). X-ray diffraction has been
measured at beamline IWIA of Beijing Synchrotron Radiation
Facility with X-ray wavelength of 1.54851 A.

Magnetic Force Microscopy. Magnetic force microscopy
(MFM) were carried out on a Digital Instruments Nanoscope-V
Multimode AFM under ambient conditions. The surface topography
and domain structures were imaged by a tapping-mode MFM using
commercially available Co—Cr-coated Si tips (MESP, Bruker). The
magnetization of the tip was controlled using an external magnet.
During the measurements, typical scanning rate of the cantilever was
0.8 Hz.
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