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SUMMARY

All-optical magnetic switching promises ultrafast magnetization
control without a magnetic field. Existing schemes typically require
power-hungry femtosecond-pulsed lasers and complex magnetic
materials. Here, we demonstrate deterministic, all-optical magnetic
switching in simple ferromagnetic nanomagnets (Ni81Fe19, Ni50Fe50)
with sub-diffraction limit dimensions using a focused low-power,
linearly polarized continuous-wave laser. Isolated nanomagnets
are switched across a range of dimensions, laser wavelengths, and
powers. All square-geometry artificial spin ice vertex configurations
are written at low powers (2.74 mW). Usually, switching with linearly
polarized light is symmetry forbidden; here, the laser spot has a
similar size to the nanomagnets, producing an absorption distribu-
tion that depends on the nanoisland-spot displacement. We attri-
bute the deterministic switching to the transient dynamics of this
asymmetric absorption. No switching is observed in Co or Ni nano-
structures, suggesting the multi-species nature of NiFe plays a role.
These results usher in inexpensive, low-power, optically controlled
devices with impact across data storage, neuromorphic computa-
tion, and reconfigurable magnonics.
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INTRODUCTION

Efficient optical control of magnetic materials is a long-standing goal for data

storage and computational technologies. Continuous-wave exposure of magnetic

materials can have a number of effects, from linearly polarized light-induced modi-

fications of the magnetic anisotropy, susceptibility, and coercivity to magnetization

control via angular momentum transfer from circularly polarized light.1 The latter is

promising for data storage, yet in ferromagnets, domains can only be grown (due to

magnetic circular dichroism effects) and not switched. Of global data, 74% is stored

magnetically and the predominant recording technology uses power-consuming

magnetic fields with a plasmonically focused laser beam for heat-assisted magnetic

recording.2,3 Removing magnetic field requirements for all-optical magnetic switch-

ing (AOMS)4–7 represents a next-generation class of local magnetization control,

with intriguing switching effects beyond current thermodynamic descriptions and

wide-ranging technological implications.

AOMS has been demonstrated in several schemes via ultrafast excitation with vary-

ing underlying switching mechanisms. Helicity-dependent switching with single or

multiple femtosecond laser pulses has been observed in ferrimagnetic, ferromag-

netic, and granular magnetic media.4,8–12 In these systems, light serves to both

demagnetize the material and realign the magnetization via angular momentum
Cell Reports Physical Science 4, 101291, March 15, 2023 ª 2023 The Author(s).
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transfer (arising from the inverse Faraday effect or magnetic circular dichroism). The

effective field breaks system symmetry, driving magnetic reversal.

Helicity-independent switching (HIS) has been demonstrated with a single

femtosecond pulse, yet is largely limited to rare earth ferrimagnets, typically

GdFeCo.8,13–19 In these systems, the electron and spin temperatures and the

different band structures (with different demagnetization rates) between sublattices

play a crucial role. As the system is excited, there is a marked increase in the electron

and spin temperatures.13 This leads to the FeCo sublattice rapidly demagnetizing

within 1 ps, as observed in a number of ferromagnetic materials.20 Because of the

different magnetic moment, Gd demagnetizes at a slower rate, and partial angular

momentum transfer to the demagnetizing FeCo results in a transient ferromagnetic

state.15 As the magnetization and temperatures equilibrate, the magnetization

reverses. The same effect is observed with hot electron injection,21 confirming the

thermal nature of the theory. HIS has also been observed in rare earth-free ferrimag-

nets with near-identical sub-lattice demagnetization rates,22 where switching is

believed to be driven by exchange scattering and angular momentum transfer.

HIS in ferromagnets is typically observed when coupled to GdFeCo layers,23–25

where spin-polarized currents generated from the HIS of GdFeCo transfer angular

momentum to the demagnetized ferromagnetic layer, causing reversal.25 HIS has

been demonstrated in Pt/Co/Pt multilayers through a thermal process when

focusing the laser spot to single-domain sizes,26 implying that the boundary of the

excitation plays an important role. These demonstrations have shown the promise

of AOMS, but the requirement of huge femtosecond-pulsed megawatt lasers and

exotic magnetic materials renders them unsuitable for device integration and up-

scaling for application. Additionally, the majority of studies concern continuous

thin films or well-spaced single nanostructures,17 restricting write density.

Artificial spin systems comprising networks of strongly interacting nanomagnets

serve as promising hosts for future information-processing technologies, including

nanomagnetic logic,27,28 neuromorphic computation,29–35 and reconfigurable mag-

nonics.36–43 Information can be stored in the magnetization of a single nanomagnet

or the magnetic configuration of the entire network (microstate), where collective

microstate-dependent dynamics36,40,44 may be harnessed to process informa-

tion.31–35 Local nanomagnet switching has been achieved throughdiffraction-limited

heat-assisted reversal, relying on global fields in conjunction with laser illumina-

tion2,45 and by cumbersome field-assisted46 and field-free scanning-probe41,47,48

techniques. In the latter, themagnetic field from amagnetic tip breaks the nanomag-

net symmetry, causing transient domainwall formation and asymmetric propagation,

leading to switching.48 Realizing rapid low-power single-elementmagnetic switching

is pivotal for the development of functional nanomagnetic computation and storage

devices.

Here, we demonstrate deterministic AOMS in both isolated nanomagnets and

dense square artificial spin ice (ASI)36,49,50 arrays using simple NiFe alloys and nano-

focused low-power (approximately 2.74 mW), linearly polarized continuous-wave

(CW) lasers with no external magnetic fields applied. Under certain conditions, the

optical excitation leads to an asymmetric absorption across the nanomagnet,

breaking the system symmetry and providing a driving force for switching. Despite

the long exposure times (measured in milliseconds) a single, deterministic toggle

switch, or magnetic inversion, occurs. This switching is distinct from helicity-depen-

dent switching, which is magnetic field-like and writes a specific magnetization
2 Cell Reports Physical Science 4, 101291, March 15, 2023



Figure 1. Switching isolated nanomagnets

(A) Schematic of linearly polarized CW laser exposure of isolated nanomagnets (left) and densely packed Py (NiFe) nanomagnets in a square ASI (right)

patterned on Si or Au substrates with a SiO2 coating. MFM images of isolated nanomagnets patterned on an Au (250 nm)/SiO2 (290 nm) substrate (B) in

the saturated state and (C) after linearly polarized CW laser exposure at 3.5 mW power. Scale bars in B and C are equal to 1 mm. Bars with length (L) %

380 nm switch. MFM images of (D) three nanomagnets with L = 280 nm in an initial saturated state.

(E) Subsequent switching after linearly polarized CW exposure with 3.75 mW.

(F) Switching after a second 3.75 mW exposure demonstrating the ability to rewrite/erase previously written states. In each case laser polarization is

parallel to the long axis of nanomagnets and the laser scans perpendicular to the bar long axis. Scale bars in D–F are equal to 500 nm.

ll
OPEN ACCESSReport
direction, implying that our observed switching is a result of transient dynamics as

the system approaches thermodynamic equilibrium. Tuning the geometry and

dimensions of magnetic/di-electric samples can produce significant enhancements

of a number of magneto-optical effects, such as enhanced Kerr rotation.51,52 Addi-

tionally, coupling magnetic systems with optical structures can lead to enhanced

light absorption.53,54 The substrates (here Si/SiO2 or Au/SiO2) on which the

nanomagnets are situated have an anti-reflection function, which enhances optical

absorption within the nanomagnets up to 65% of the total incident light across a

broad frequency range. Sub-diffraction writing and erasing of information is

achieved in single nanomagnets. All square-ASI vertex configurations are determin-

istically written, from low-energy ground states to high-energy monopole-like

states, irrespective of their dipolar energies, ruling out thermal relaxation. Switching

is not observed in Co or Ni nanostructures, suggesting that multi-species interac-

tions play a role in the reversal mechanism. Our results open up intriguing questions

into the manipulation of nanostructured ferromagnets with linearly polarized light

and usher in a new paradigm of low-power magnetization control with vast implica-

tions across data storage, computation, and magnonics.

RESULTS AND DISCUSSION

Deterministic reversal of isolated nanomagnets

Figure 1A shows a schematic of nanomagnets exposed with a focused linearly

polarized CW laser. We first consider reversing isolated Ni81Fe19 (permalloy [Py])

nanomagnets separated by 1 mm, such that dipolar interactions are negligible.

The nanomagnets are patterned on top of an Au (250 nm)/SiO2 (290 nm) sub-

strate that displays enhanced optical absorption (see Supplementary note 1 and
Cell Reports Physical Science 4, 101291, March 15, 2023 3
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Figures S1 and S2). Figure 1B shows a before magnetic force microscopy (MFM) im-

age of field-saturated nanomagnets with lengths L= 0.28–1.08 mm. Each bar exhibits

a positive (light) and negative (dark) magnetic charge, indicating magnetization

direction, shown by adjacent arrows. Figure 1C shows the same bars after exposure

to a l = 633 nm linearly polarized (parallel to nanomagnet long axis) CW laser with

580 nm diameter spot and 3.5 mW power, swept across the nanomagnets perpen-

dicular to their long axis. Magnetic switching is observed in the three leftmost bars

(L % 0.28–0.38 mm), indicated by light-blue arrows. Figures 1D–1F demonstrate

write/erase functionality in three L = 0.28 mm bars. Bars are initially globally satu-

rated (Figure 1D), then exposed to a l = 633 nm, 3.75 mW power linearly polarized

CW laser such that all bars switch (write) (Figure 1E). All bars then switch back

following a second exposure (erase) (Figure 1F). The observation of toggle-switching

functionality implies that the underlying mechanism is not magnetic field-like,

because repeating the same write operation inverts the magnetization each time.

Note that powers stated are measured before focusing and 90% or less of the power

reaches the sample (see Methods for details).

Deterministic reversal in ASI networks

We now further explore the exposure of strongly interacting, sub-diffraction limited

nanomagnets arranged in a dense square ASI, patterned on a Si/SiO2 (300 nm)

substrate. This substrate was selected to demonstrate the efficacy of the switching

technique on commercially available, sub-optimal substrates (no additional absorp-

tion-enhancing Au layer) (Supplementary note 1 and Figures S1 and S2). Strong

interactions between neighboring nanomagnets lead to four vertex typeswith differing

energies49 (Figure 2A), providing a challenging proving ground for local magnetic con-

trol as strong dipolar interactions will oppose writing of high-energy states. Figure 2A

shows all possible vertex configurations in square ASI in order of increasing energy,

labeled types 1–4 (vertex energies detailed in Supplementary note 4 and Figure S6).

Figure 2B shows an scanning electronmicroscopy image of the ASI array. Nanomagnet

dimensions are L = 226 nm, W = 78 nm, and P = 356 nm (further scanning electron

microscopy images are provided in Supplementary note 2 and Figure S3).

First, we consider exposing ASI to discrete spot illuminations of a l = 633 nm, 5 mW

CW laser for approximately 0.25 s. The laser position is static throughout illumina-

tion. Laser focal spot size is 580 nm. Before exposure, the ASI is initialized via

global-field saturation (–x, +y) to define an array of type 2 vertices (Figure 2C). Fig-

ure 2D shows the array microstate after grid-like spot exposures with a variety of

laser polarizations. Here, points on a grid with a separation of 2 mm are illuminated

for approximately 0.25 s. Laser polarization governs the resultant written vertex

state, with color-coded regions of Figure 2D shown zoomed in in Figures 2E–2L.

Higher powers and longer illuminations lead to sample damage (not shown). The

zoomed regions show successful writing of ASI vertex types 1 (Figures 2I and 2J),

3 (Figures 2E and 2F), and 4 (Figures 2K and 2L) (Figures 2G and 2H are from a

different region of the array). Note that the MFM images are supplemented with

magnetic charge schematics and the corresponding laser polarizations required to

prepare each state, indicated above each MFM image. When illuminating the array

at a single spot (Figures 2E–2H), a single nanomagnet with the long axis parallel to

the laser polarization switches. This selectivity arises from the polarization-depen-

dent absorption (see Supplementary note 1 and Figure S1). This forms a high-energy

state, comprising a pair of type 3 vertices. Two subsequent bx then by -polarized expo-

sures results in two nanomagnets switching (one from each x; y subset). Here, both

low-energy type 1 (Figures 2I, 2J) and high-energy type 4 (Figures 2K, 2L) vertices

may be written. The position of the incident laser with respect to the surrounding
4 Cell Reports Physical Science 4, 101291, March 15, 2023



Figure 2. Single nanomagnet switching in a dense array

(A) Vertex types in square ASI.

(B) Scanning electron microscopy (SEM) image of a square ASI array.

(C) MFM images of an equivalent array after global-field initialization along –x,+y. Scale bars in B and C are equal to 500 nm.

(D) MFM image showing a grid of reversals after l = 663 nm laser exposure with a 580-nm focal spot at 5 mW for approximately 0.25 s. (E–L) Scale bar is

equal to 2 mm. Zoomed-in MFM images and schematics of color-coded regions of (D) showing nanomagnet reversal after laser exposure with (E, F) bx
polarization, (G, H) by polarization, I–L) bx then by polarization. (G) Comes from a different region of the array. The single polarization exposure in (E–H)

result in a pair of type 3 vertices. When exposing both polarizations, both (I, J) type 1 (GS) and (K, L) high-energy T4 (MP) vertices can be prepared

depending on which nanomagnets are exposed. (E–L) Scale bar, 500 nm. Only written vertices are colored. Scale bars in (E–L) are equal to 500 nm.
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microstate determines whether a type 1 or type 4 is written. The ability to write type 4

vertices strongly suggests that switching occurs in a deterministic manner, rather

than via nanomagnet thermalization and relaxation, which would strongly favor

the system’s ground state and that dipolar interaction does not affect switching.
Cell Reports Physical Science 4, 101291, March 15, 2023 5



Figure 3. Multiple island switching in dense arrays

(A–C) MFM images of switching chains after exposure to l = 633 nm scanning laser with (A) polarization k scan direction writing a chain of type 2 vertices

(B) polarization t scan direction writing a chain of type 3 vertices and (C) polarization at 45+ to the scan direction where both subsets of bars are

exposed to the same incident power and both subsets are written.

(D and E) MFM images and schematics of switching via l = 785 nm after saturating the array in opposite directions. Type 2 chains are written in both

cases, ruling out the effect of stray field, which would assist switching in one case and oppose switching in the other.

(F) MFM images and schematics after exposure to a l = 785 nm laser with polarization k scan direction. Similar writing characteristics to the shorter

wavelength but at approximately a six times power increase because of the lower absorption at this wavelength. Scale bars are equal to 500 nm.
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This Gaussian distribution of power across the beam gives an FWHM of approxi-

mately 340 nm. Combining this with selectivity enabled by the polarization-depen-

dent absorption predominantly results in a single nanomagnet switching during

each exposure. We observe an approximately 20% chance of switching two

nanomagnets with the same polarization, which may be decreased by using larger

nanomagnets or a smaller design wavelength. The observed writing of low and

high-energy states with single-nanomagnet precision shows a deterministic reversal

mechanism and illustrates the applicability of this method to next-generation

storage and memcomputing.

We now explore switching when scanning the laser spot across the array. Here, the

beam traverses the entire 30 mm array at 20 mm/s once, exposing each nanomagnet

for approximately 18 ms. The relative angle between the polarization and the scan di-

rection is either0+, 45+, or 90+. Figure3 showsMFMimagesandcorrespondingmagne-

tization schematics of line-scanned writing exposures at laser wavelengths of 633 nm

(Figures 3A–3C) and 785nm (Figures 3D–3F). At a 633 nmwavelength, switchingoccurs

at laser powers as low as 2.74 mW, whereas 785 nm wavelength switching has an opti-

mum power of 17.7 mW; this is due to the wavelength-dependent absorption of the

nanomagnetic array (Supplementary note 1 and Figure S1) and is higher than expected

because of the wavelength-dependent optical losses in the experimental setup (see

Methods). For ASI fabricated on Au/SiO2 substrates with higher total absorption, we

observe switching across a wider range of nanomagnet dimensions (%1 mmbar length)

at similar laser powers (Supplementary note 5 and Figure S7).
6 Cell Reports Physical Science 4, 101291, March 15, 2023
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Parallel polarization and line-scan direction (Figures 3A, 3D–3F) gives rise to long

chains of switches where adjacent nanomagnet reversals share a common vertex.

Lines written in this configuration comprise a chain of type 2 vertices (yellow circles)

with a single type 3 vertex at either end (blue and orange circles). Other than creating

the type 3 vertex pair, system energy is not increased as the written type 2 vertices

are equal in energy to the initial saturated type 2 background state. Furthermore, the

orientation between the scan direction and the nanomagnet means that one end of

the bar is always exposed first, maximizing the asymmetry in the absorption. Within

one scan, up to 22 consecutive island reversals are observed in this configuration.

Perpendicular polarization and scan direction (Figure 3B) results in a type 3

vertex pair at every point on the line scan (as observed in the static exposures

Figures 2D–2H), continually increasing system energy. In one laser scan, up to seven

consecutive island reversals are observed in this configuration, demonstrating

strong reversal control over highly energetically unfavorable states. If the laser

polarization is oriented 45 + to the scan direction (Figure 3C), both x; y subsets

receive equal power and both can switch, resulting in a chain of type 1 vertices

(green circles). Here, approximately 23 power is required, as expected.

No magnetic fields are applied during writing and Hall probe measurements reveal

stray fields below 1 Oe at the sample. Figures 3D, 3E show MFM images and vertex-

type schematics after saturating the same array in opposite initial directions and

exposing to a scanning beam (l = 785 nm) with polarization parallel to the scan

direction. Any unintended stray field in the experimental setup that assists reversal

in one direction will oppose reversal in the other. Crucially, switching is observed in

both cases, ruling out the role of external fields in switching.

Our results demonstrate deterministic and rewriteable AOMS in isolated and

densely packed nanomagnets. Our methodology requires no external field and op-

erates using simple CW lasers operating at low-power (2.74–6 mW) and low power

densities (1.04–2.27 MW/cm2 for a 580 nm spot). The switching is consistent across

multiple samples and is, therefore, robust against fabrication imperfections. The ab-

sorption profiles allow for attractive optical read/write functionality whereby writing

is performed at a wavelength near the peak absorption and reading, via magneto-

optical Kerr effect microscopy, is performed with a second laser at a wavelength

far from the absorption peak.We do not observe any significant sample degradation

at optimum powers. In general, we observe a range of responses depending on laser

power. At low powers (<P1), no switching and no degradation is observed. At inter-

mediate powers (P1–P2), we observe switching with no degradation (e.g., Figures 2

and 3). At higher powers we observe switching accompanied by damage (P2–P3) and

at very high powers we observe significant degradation (>P3). Sample degradation

occurs because of oxidation and diffusion effects from heating. The exact values of

P1, P2, and P3 depend on the sample and the geometry of the nanomagnets.

Reversal mechanism

The all-optical switching mechanism requires strong polarization-dependent

absorption of light in the nanomagnets, as well as the existence of an asymmetry

to provide a driving force for reversal. The size and shape of the nanomagnets

thus have dual roles, controlling both magnetic behavior and the polarization-

dependent optical absorption. Absorption is strongest when polarized along the

nanomagnet long axis, giving selectivity of different bar subsets as observed in Fig-

ures 2 and 3. There are three light absorption mechanisms: the plasmonic antenna

resonance, a plasmonic grating effect due to the in-plane nanoarray periodicity,

and the interference effect of reflection from the substrate-silica interface. We find
Cell Reports Physical Science 4, 101291, March 15, 2023 7



Figure 4. Enhanced asymmetric absorption

(A) Simulation schematic whereby a nanomagnet is shifted relative to a central Gaussian beam with a diameter of 580 nm.

(B) Absorption profiles of the three positions marked in (A). Asymmetric absorption profiles are observed when the beam is off center.

(C) Simulated normalized absorption and (D) asymmetry factor DAðDx;DyÞ for varying shifts, Dx and Dy. The dashed shape indicates 50% total

absorption. Nanomagnet dimensions of L = 226 nm, W = 78 nm, and t = 20 nm are used.

(E) MFM images (raw and annotated) of a chain of reversals when scanning in y with an offset of 1.6+. Blue dots correspond to reversed nanomagnets.

Two regions of single and double line switches are observed.

(F) Zoomed in MFM image and (G) schematic of region with two columns of switching. At a 1.6+ angle, the two regions of double switching lasts for 3.2

and 5.2 mm in the y direction during which the beammoves 90 and 140 nm in x. This gives an active region of 476G 30 nm within which nanomagnets can

switch.
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the latter mechanism dominates (see Supplementary note 3 and Figures S4 and S5).

This is to our advantage; this mechanism allows design freedom over the nanomag-

net dimensions and array geometry, as well as greater tolerance to nanofabrication

imperfections. Our choice of substrate significantly enhances the total absorption in

the nanomagnet up to 16.25 times compared with conventional Si substrates (see

Supplementary note 1 and Figures S1 and S2).

A key role is played by the location of the laser spot relative to each nanomagnet. We

have computed the absorption, AðDx;DyÞ, of light in the Py layer of a nanomagnet in

a Gaussian beam, where Dx and Dy are displacements relative to a fixed beam, as

shown in Figure 4A. The Gaussian beam has a waist diameter of 580 nm at the sam-

ple, which matches experimental conditions. We also compute the absorption in

four quadrants of the nanomagnet, to evaluate the degree of absorption asymmetry

DAðDx;DyÞ (see Methods). Figure 4B shows the absorption profiles for three

nanomagnet positions. For the central nanomagnet position (i), the absorption is

localized in the center of the nanomagnet. As the nanomagnet is shifted (ii, iii),

the absorption profile becomes asymmetric, providing a driving force for magnetic

reversal (the implications of this asymmetry are discussed later). Figures 4C and

4D show the simulated absorption and absorption asymmetry factor, both normal-

ized to the peak absorption, Að0;0Þ. Asymmetric absorption is a strong effect,

with more than 50% of peak absorption occurring at peak asymmetry. This implies

that one side of the nanomagnet absorbs approximately four times more than the

other side. The asymmetric absorption grows for larger displacements, but with

diminishing total absorption. Thus, the effect of asymmetry is strongest within the

illustrated dotted line boundaries of Figures 4C and 4D, where the absorption is
8 Cell Reports Physical Science 4, 101291, March 15, 2023
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more than 50% of the peak value. The shape of the absorption profile (dotted line) is

a convolution between the circular beam and bar-shaped nanomagnet. When the

polarization is aligned perpendicular to the bar long axis, the same asymmetry

profile is observed, but with a decrease in total absorption (Supplementary note 6

and Figure S8).

When applied to ASI arrays, nanomagnet switching is affected by polarization and

scan direction. Figure 4E shows an MFM image, raw (left) and annotated to highlight

reversal (right), after scanning a laser along an ASI array. Here the polarization is

aligned in by . The beam traverses 0.7 mm and 25 mm in x and y, respectively, with

an angular offset of 1.6+. Two regions of double column switching are observed

with lengths of 3.2 mm and 5.2 mm in y. Figure 4 shows (F) an enlarged MFM image

and (G) the schematic of a region where two columns of switches occur (switched

nanomagnets are shaded blue). From the angular offset, we deduce that the

beam traverses 90 nm and 140 nm in x, respectively, during these regions. From

this we can approximate the diameter D of the active region of the beam using

D = Dx + P where P is the period of the ASI array. This gives an active region of

D = 476 G 30 nm, slightly smaller than the simulated region of 50% absorption in

Figure 4C. As such, when scanning parallel to the polarization and bar long-axis, a

single line of nanomagnets can be switched asD< 2P, meaning that only one column

of bars is illuminated. This is consistently observed throughout Figure 3. However,

when the scan direction is perpendicular to the polarization, multiple columns of

nanomagnets are seen to switch approximately 20% of the time, as shown in

Figure 3B. We attribute this to the structure of the asymmetric absorption profile

in Figure 4D. While the two regions of asymmetry move one after the other for

scan direction and polarization aligned, theymove side by side for the perpendicular

case. This results in a higher switching yield when scanning parallel to the polariza-

tion, as observed in Figures 3A and 3B. The broader reach of the asymmetry in the

latter case is consistent with the observation of multiple switched lines. Further

evidence of the key role played by the asymmetry is found in the switching fidelity

when scanning parallel to the polarization. In this configuration, one end of the nano-

magnet is preferentially excited, maximizing asymmetry. We consistently observe

greater writing fidelity in this mode of operation. As such, there is strong evidence

that the asymmetric absorption provides the driving force for reversal. A result of

the asymmetric absorption is the presence of a temperature gradient across the

length of the nanomagnet, during the initial stages of excitation, which can facilitate

the flow of magnons, spin currents,55 and domain walls.56

The existence of asymmetry in the writing process alone is not sufficient to explain

the cause of reversal. There must be an additional microscopic mechanism that is

capable of deterministically inverting the magnetization during each illumination.

Here, we begin with a process of deduction. The deterministic switching into any al-

lowedmagnetic state with the same sample mounting as illustrated in Figures 3D, 3E

excludes field-driven heat-assisted switching (as in Pancaldi et al.2) from uninten-

tional stray fields in our system. Our deterministic findings are also not consistent

with stochastic thermal switching effects from heating nanomagnets beyond the

Curie temperature Tc or superparamagnetic limit. The written high-energy, low-en-

tropy monopole defect states are never favored by thermalisation.48 The observed

switching fidelity in Figure 3F of 22 consecutive switches has a corresponding

thermalization probability of 0.522 = 2:33 10 � 7. We anticipate that the low-power

illumination would not heat the lattice temperature above 380 K2. Magnetometry

measurements of a 2 3 2 mm ASI array with equivalent dimensions reveals only an

approximate 10% decrease in the magnetization is observed between 120 and
Cell Reports Physical Science 4, 101291, March 15, 2023 9



ll
OPEN ACCESS Report
380 K, implying that we are not heating close to Tc for these nanomagnet samples

(Supplementary note 7 and Figure S9).

We observe a single, deterministic reversal for each exposure as opposed to multi-

ple switches across approximately millisecond timescales. The inverse Faraday ef-

fect and dichroism effects are ruled out, both because of the linearly polarized expo-

sure and the deterministic inversion functionality we observe. Helicity-dependent

effects have a magnetic field-like symmetry breaking and so write a specific magne-

tization direction, with no effect if the magnetization is already in that direction, un-

like our observed toggling. As such, it is likely that the microscopic process involves

transient dynamics during the initial stages of excitation when the temperature

gradient arising from asymmetric absorption is maximum, that is, as the system is ap-

proaching thermodynamic equilibrium. It is plausible that, during the initial expo-

sure, the electron and spin temperatures at the ends of the nanomagnets increase

rapidly, as observed in a number of AOMS studies,13 leading to rapid demagnetiza-

tion. Magnetization reversal may then proceed via transient spin currents, magnon

generation and propagation, or domain wall propagation along the absorption-

induced temperature gradient. Another possibility is spin redistribution through

dynamic changes in the spin bands. There has been recent theoretical and experi-

mental evidence of optically induced spin transfer (OISTR) in ferromagnetic

alloys57–59 whereby incoming photons may excite electrons between spin minority

bands of a heterogeneous material provided that the band structure satisfies neces-

sary requirements. Specifically, there should be an available transition between two

spin minority bands at the incident photon energy and no available transitions in the

spin majority bands. These studies do not observe switching, yet single-pulse HIS is

observed in Co/Pt multilayers,26 which possess the necessary band structure.60 The

phenomenon is general to all multi-component magnetic media59 and therefore

strong in Ni50Fe50,
57 more so than Ni81Fe19, but not present in Co or Ni.

To test our working hypothesis that the observed AOMS is driven by a plasmonically

enhancedOISTRmechanism, we fabricated a set of Ni50Fe50 (20 nm thickness), Co (8

nm thickness), andNi (20 nm thickness) nanomagnetic arrays patterned on a Au/SiO2

substrate (Supplementary note 8 and Figure S10), with the prediction that switching

fidelity/power threshold would be as good or better in Ni50Fe50 and significantly

worse in pure Co and Ni. A lower Co thickness is used to give a roughly

equivalent bar magnetization. Both predictions were confirmed in the subsequent

experiments. For Ni50Fe50, isolated nanomagnet switches were observed at 3 mW

(approximately a 14% decrease in power) across a broader range of nanomagnet

dimensions compared to Ni81Fe19. Conversely, no switches were observed in Co

nanostructures up to incident powers of 30 mW and Ni nanostructures up to

8 mW, consistent with the OISTR process. Both Co and Ni nanostructures become

damaged at approximately 7 mW, meaning that the necessary power to observe

switching has been trialed. Previous OISTR studies focus on ultrafast spin dynamics,

and the effects over longer timescales remain unknown. The use of CW exposure, as

opposed to ultrafast, suggests that OISTR may both stronger and persist for longer

than previously expected, highlighting the need for dedicated studies at longer

timescales. Although OISTR alone cannot cause switching, the rapid redistribution

of spins during the initial transient stages of excitation may be sufficient to nucleate

a reversal.

In summary, we have demonstrated selective and deterministic AOMS of individual

and densely packed ferromagnetic nanostructures using a linearly polarized,

low-power CW laser. We achieve sub-diffraction limit, single nanomagnet
10 Cell Reports Physical Science 4, 101291, March 15, 2023
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switching of diverse ASI microstates including thermally unfavorable high-energy

configurations. Our observation of toggle switching, or deterministic inversion,

strongly implies a symmetry-breaking driving force, but is not consistent with a

magnetic field-like force. The optical excitation and absorption within the nanomag-

net are strongly asymmetric, yielding a transient temperature gradient and other

transient dynamics. This raises fascinating questions about the microscopic reversal

mechanism and many avenues for future work. Our results demonstrate high-power

ultrafast excitation is not a prerequisite to AOMS, and highlight the need for

magneto-optic studies across longer time frames. The materials employed are

cheap and earth abundant, and we expect switching functionality to be retained

across a broad range of substrate and ferromagnetic materials making the technique

saleable and highly compatible with existing technologies. The low-power con-

sumption and cheap cost of the non-specialized CW laser have profound implica-

tions across a host of device technologies including data storage, magnonics,

and non-conventional computing functionalities, particularly neuromorphic and

memcomputing hardware.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Kilian D. Stenning (k.stenning18@imperial.ac.uk).

Materials availability

The materials used during this study are available from the lead author upon reason-

able request.

Data and code availability

The data and code used/analyzed during this study are available from the lead

author upon reasonable request.
Simulation details

The numerical simulations of asymmetric absorption were carried out using the finite

element method technique (COMSOL Multiphysics). To simulate a Gaussian beam

with the diffraction limited spot size, the paraxial Gaussian beam formula was applied

along the negative z-direction in our simulation. The incidence is polarized in the x-direc-

tion with its focus point at the structure-substrate interface. In this simulation, a single

nanomagnet with dimensions of L = 226 nm, W = 78 nm, and t = 20 nm are used. We

also include a 20 nmAl2O 3 capping on either side of the Py layer tomatch experimental

conditions. Thenanomagnet ispositionedon the topofa Si/SiO2 (300nm) substratewith

its longaxis along the x-direction. In all directions, perfectlymatched layer boundary con-

ditions were applied to absorb incident light with minimal reflections. To simulate the

normalized absorption and the asymmetric absorption, the nanomagnet is separated

into left-upper, left-bottom, right-upper, and right-bottom parts, and the absorption of

the Py layer in these four parts of the nanomagnet correspondingwith different displace-

ments, namely,Al;uðDx;DyÞ,Al;bðDx;DyÞ,Ar;uðDx;DyÞ, andAr;bðDx;DyÞ, is calculated. The
absorption of the left and right half sides of the nanomagnet were calculated using

AlðDx;DyÞ = Al;uðDx;DyÞ+Al;bðDx;DyÞ and ArðDx;DyÞ = Ar;uðDx;DyÞ+Ar;bðDx;DyÞ.
The absorption of the upper and bottom half sides of the nanomagnet were calculated

using AuðDx;DyÞ = Al;uðDx;DyÞ+Ar;uðDx;DyÞ and AbðDx; DyÞ = Al;bðDx; DyÞ+
Ar;bðDx; DyÞ. The asymmetry was then calculated as DAðDx; DyÞ =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðAlðDx;DyÞ � ArðDx;DyÞÞ2 + ðAuðDx;DyÞ � AbðDx;DyÞÞ2
q

. The incident wavelength
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is 633nm.The refractive indexesof theAl2O3, Py, SiO2, Si are set1.7662,2.3813–3.9415i,

and 1.4570, 3.8813–0.0189i, respectively.
Sample fabrication

Samples were fabricated via electron beam lithography with liftoff on a Raith eLine

system with a bilayer 495K/950K PMMA resist. Si substrates with a 300 nm SiO2 layer

were purchased commercially. The Au substrates were deposited on an Si/SiO2 sub-

strate with the following thicknesses (nm): Cr(2)/Au(250)/Cr(2)/SiO2 (290). Cr is used

to aid Au adhesion. Al2O3, Ni81Fe19, Ni50Fe50, and Co were thermally evaporated

at a base pressure of 2310 � 6 mbar. For samples fabricated on Si/SiO2, a 15-nm

Al2O3 layer is deposited on either side of the nanomagnet to protect against oxida-

tion. For samples fabricated on Au/SiO2 substrates, a 4 nm Al2O3 coating on the top

layer is used to protect oxidation. The presence and thickness of Al2O3 does not

significantly affect light absorption.
MFM

Magnetic force micrographs were produced on a Dimension 3100 using commer-

cially available low-moment and normal-moment MFM tips.
Illumination experiments

Laser illumination by continuous wave lasers with different wavelengths (633 nm and

785 nm) were focused to a diffraction limited spot on the sample through a confocal

Raman microscope (alpha300 RSA+, WITec). The light was linearly polarized and

focused by a 100 3 (NA = 0.9) (Zeiss) microscope objective. The focal spot was

scanned to illuminate the locations of interest. To achieve the fastest line scanning

speed, the instrument was simply scanned between two pre-defined points. For

slower scans, 50 points were defined along each scan line and the detector integra-

tion time was used to control the dwell time. It should be noted that the integration

time is usually used to control spectra collection, but here this parameter controls

the illumination time. The power of the beam was measured by a power meter

(PM100D) (Thorlabs) attached to the objective turret and all powers stated are

measured before focusing. The power transmitted through the objective is 90% or

less, and may be lower because of optical losses in the set up. Measurements sug-

gest that approximately 65% and approximately 45% of the power may be reaching

the sample at wavelengths of 633 nm and 785 nm, respectively.
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Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2023.101291.
ACKNOWLEDGMENTS

This work was supported by the Leverhulme Trust (RPG-2017-257) to W.R.B. and the

Engineering and Physical Sciences Research Council (Grant No. EP/W524335/1) to

K.D.S. J.C.G. was supported by the Royal Academy of Engineering under the

Research Fellowship program. A.V. was supported by the EPSRC Center for Doctoral

Training in Advanced Characterisation of Materials (Grant No. EP/L015277/1). X.X.

was supported by the EPSRC (Engineering and Physical Sciences Research Council)

(Grant No. EP/M013812/1). The authors thank Lesley F. Cohen of Imperial College
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