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ABSTRACT   

We present a detailed investigation of a novel platform for integration of spintronic memory elements 

and a photonic network, for future ultrafast and energy-efficient memory. We designed and fabricated 

magnetic tunnel junction (MTJ) structures based on (Tb/Co)x5 multilayer stack with optically 

switchable magnetization. Optical single-pulse measurements allowed us to estimate the value of the 

stray field present in the parallel configuration, which prevents the structure from all-optical switching.  

We performed numerical calculations based on the Finite Difference Time Domain method and 

ellipsometry measurements of (Tb/Co)x5 to compute the absorption by the MTJ structure. Simulation 

results are in good agreement with the experimental measurements, where we implemented a thermal 

model to estimate effective absorption in the pillar. These estimations showed up to 14% absorption 

of the incident optical power in 300-nm-wide MTJ. Moreover, we designed and realized an integrated 

optical network with focusing structures to efficiently guide and couple the light into the MTJs. We 

show a chain of necessary steps to obtain the threshold value of the switching energy, and our results 

presenting a path forward for full system integration of optically switchable MRAM technology. 

  
Keywords: integrated photonics, photonic, spintronic, terbium, cobalt, all-optical switching,  

magnetic memory 
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1. INTRODUCTION  

 

Nowadays, when working digitally is not an option but rather the requirement, there is a strong 

need for the development of more efficient data storage elements with higher speed and less power 

consumption. Therefore, for the past decade, it has been an interdisciplinary effort to improve the 

magnetization-switching process used as a fundamental phenomenon in the magnetic memory device.  
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Magnetoresistive random-access memory (MRAM) is one promising technology, offering high read 

and write speed (times of 10 ns/b) and energy-efficient performance thanks to its non-volatility and 

low voltage operation (<0.3V) [1][2]. Additionally, MRAM technology offers practically unlimited 

endurance [3] and its fundamental building block, the magnetic tunnel junctions (MTJs), allows for 

the integration of novel materials. The all-optical magnetization reversal of magnetic layers in the 

MTJs with picosecond optical pulses [4] is of particular interest as it shows the potential for energy-

efficient and faster magnetoresistive random access memory (MRAM) [5]. This phenomenon relies 

on ultrafast thermal effects known as all-optical switching (AOS) of the magnetization. AOS was seen 

in certain multilayer and alloy materials [6][7]. Rare-earth (RE) – transition metal (TM) attracts an 

increasing amount of interest, mainly due to their potential in the field of magneto-optical recording 

[8][9].  Their integration into the MTJ layer stack enabled the vision towards optically written MRAM 

elements [10], which can be read electronically. This approach requires memory elements that are 

optically and electronically accessible, which can be achieved by utilizing transparent conductive 

oxides, like indium tin oxide (ITO) [11].  

 

In addition, a future memory technology should also show the potential for an integrated and scalable 

path forward. It requires an integrated photonic switching network that can deliver and a couple of 

short optical pulses to the MTJ elements, at a low optical loss and with low energy consumption. The 

SPICE [12] project targets the integration of optically accessible MRAM technology with integrated 

photonics. This hybrid integration approach for photonic-spintronic integration could have the added 

advantage of opening up optical bandwidths and low-energy data transmission to data storage and 

electronics in general. The silicon photonics platform was initially identified as the most suitable 

platform for this hybrid integration approach, offering components with comparatively small 

footprints and thus dense photonic integration, and energy-efficient electro-optic modulation, enabling 

integrated optical pulse routing networks. 

The following presents an overview of our efforts to combine modern MRAM technology with a 

photonics platform. We describe critical steps towards finding the energy threshold values for efficient 

AOS. We characterize MTJ layers in terms of their optical properties and investigate their role in the 

switching mechanism. We present components of the photonic platform, which can provide focused 

and high energy light into the MTJ devices, which show potential for future large-scale integration.  

2. MATERIALS AND METHODS 

After the optical observation of all-optical single pulse switching of the Tb/Co half electrode [8][9], 

we fabricated the MTJ electrode [10]. The device consists of the MTJ stack shown in Figure 1(a) 

and is topped with a 150 nm ITO layer. The Tb/Co bilayer was repeated five times in the MTJ stack 

and is magnetically coupled to the top CoFeB layer. The deposition process of all layers was optimized 

to achieve the best performance of the magnetic tunnel junction elements [8] [11].  

 

This following section introduces the methods and material characterization of the material layer stack 

we developed for optically switchable MTJs. These MTJs are built with an optically switchable 

‘storage’ layer, while the ‘sensing’ layer is not susceptible to change by short optical pulses. The 

performance of the devices was established by measuring the resistance dispersion between the low 

and high resistance states of the MTJs. The typical high resistance state (RAP) corresponds to the ‘free’ 

layer’s (Tb/Co multilayers) magnetization in the anti-parallel state to the ‘reference’ layer (CoFeB 

below MgO) and the low resistance state (RP) is obtained for the parallel state (Figure 1(c))  [8][13].  
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2.1 Structure of the multilayers stack  

 

The device consists of the MTJ stack shown in Figure 1(a) and is topped with a 150 nm ITO layer. 

ITO layer as a top electrode ensured optical access to the AOS layer and electrical contact within this 

stack.  The magnetization state of the device can be controlled by an external magnetic field, leading 

to hysteresis as shown in Figure 1c, indicating the high resistance state (RAP) and low resistance state 

(RP). This allows us to measure the resistance dispersion over all fabricated devices as well as their 

tunnel magnetoresistance (TMR) value, defined by: 

 

𝑇𝑀𝑅 =
𝑅𝐴𝑃−𝑅𝑃

𝑅𝑃
.                                                                    (1) 

 

 

 

 

 

Figure 1 Schematic representation of (a) The multilayer structure of the full device; (b) Simplified structure of the stack for ellipsometry 
measurements and FDTD calculations of reflection, transmission and absorption. (c) The magnetic field hysteresis of MTJ device, with 
TMR resistance as a function of the applied magnetic field. 

Knowledge about the optical properties of the materials in the multilayer stack is crucial for estimating 

the switching power and absorbed energy. Most of the materials used in the MTJ pillar are well known. 

However, there were not many references for the most essential of AOS materials like terbium (Tb) 

and cobalt (Co). For that purpose, we characterized the multilayer samples with spectroscopic 

ellipsometry in as-deposited state and after each of the annealing steps. Full sheet film samples 

were annealed in vacuum for 10 min at 250°C and subsequently again for 10 min at 300°C in a high-

temperature furnace.  

 

Ellipsometry measurements were done with a Sentech SE 850 PV spectroscopic ellipsometry (SE) 

in a range of optical wavelengths from 0.7 µm to 1.8 µm and at incidence angles of 60°, 65° and 70°. 
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From SE measurements, we obtained a set of the amplitudes ratio (ψ) and  phase shift (Δ) for both 

polarisation (Rp, Rs) of the reflected light which is described by the relation  [14][15]:  

 
𝑅𝑝

𝑅𝑠
= tan(𝜓)𝑒𝑖Δ                                                                (2) 

 

The Kramers-Kronig regression model for the ellipsometry parameters Δ and ψ determined the optical 

constants of the measured thin films [16]. To analyze obtained data, we constructed three optical 

models taking into account the silicon (Si) substrate and other layers present in the sample.  

We compared results from three different analytical models: “multilayers”, “single-layer” and “blend”. 

The thicknesses of all layers were fixed during the entire analysis. For Pt [17], Cu [18] and Ta [17], 

we used known optical constants and left only the Tb/Co as a fitting parameter. We additionally used 

the optical constant of Co [19] in the “multilayer model” that replicated the original structure of the 

stack with 5 alternately repeated layers of Tb and Co. This model was not further investigated since 

we achieved the highest value of the mean square error – MSE [15], which describes the quality of the 

fit, comparing all three models. Such a high value of the MSE suggest an insufficient number of data 

for Co in the near-infrared red (NIR) region (only 5 points) or required more precise input parameters. 

The second – “single-layer” model assumed all repeated layers of Tb and Co as one layer with a total 

thickness of the sum of their thicknesses. The third approach, called “blend” used an effective medium 

approximation to calculate the complex refractive index of all the thin films in the stack as one layer. 

For the estimation of the dielectric function, the analysis was based on a parametric model using the 

Drude-Lorentz oscillator model for Tb and Tb/Co [19] thin films and a series of layers with known 

optical parameters (for Pt, Ta, Cu, Si [19]). Thicknesses of all layers were controlled during the 

optimization of the fabrication process, and for the SE measurements, they were used as fixed input 

parameters throughout the fitting process. The top Pt-layer was assumed as a perfect thin film with a 

neglectable surface roughness of RMS<0.5 nm. We used those analytical models for samples with 

different Tb to Co ratios (1.1:1.5 nm; 1.4:1.5 nm and 1.3:1.5 nm) and made further adjustments due to 

changes in the structure caused by the annealing process.  

 

For estimation of the absorbed optical power by the MTJ multilayers stack, we used the 

commercially available Finite Difference Time Domain (FDTD) simulation tool from Lumerical 

Solution Inc. [22]. We established a 2D numerical model with a maximum mesh (“Yee-cell”) size of 

1 nm in both lateral and vertical dimensions. To mimic the structure of the sample, the simulation cell 

contained a multilayers stack of Air/ITO(150 nm)/Pt(2 nm)/Ta(2 nm)/[Tb/Co](13 nm)/CoFeB(2 nm)/MgO(3 

nm)/Si(5000 nm). Due to computation requirements and simulation time, the second layer of Ta (0.2 nm) 

and all metallic layers below MgO was not included in the model (Figure 1(b)). The small size of the 

pillar (max. 0.3 µm) comparing to the measured spot size of the light (2.5µm [23]) allowed 

implementing the electromagnetic (EM) plane wave as a light source in the 0.6 – 1.6 µm wavelengths 

range with polarisation parallel to the x-axis. The size of the simulation region was set to the size of 

the largest MTJ (0.3 µm). To suppress unwanted reflections and mimic the infinite thicknesses of the 

substrate and air layer, a perfect matching layer (PML) and Bloch boundary conditions were set in x 

and y direction, respectively. To accurately reproduce the experimental conditions, we applied a 

complex refractive index for ITO and Tb/Co based on our spectroscopic ellipsometry measurements. 

We interpolated the permittivity of Pt, Ta, CoFeB [23], MgO [25]  and Si to fit into our FDTD model. 

We compared our reflection and transmission results with analytical calculations based 
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on the analytical transfer matrix method [15][26]. This comparison allowed us to confirm 

the correctness of the model and calculate absorption profile (Pabs) of Tb/Co, ITO and MTJ layers 

using the relation [27]: 

 

𝑃𝑎𝑏𝑠 =  −0.5𝜔|𝐸|2𝐼𝑚(𝜀).                                                             (3) 

 

Where ω is frequency, E electric field intensity and ε is an imaginary part of the permittivity.   
 

2.2 Thermal model  

 

All-optical switching effects were mainly characterized in terms of optical fluence required to trigger 

it in a full sheet film sample. These values cannot simply be applied to patterned structures below the 

diffraction limit [28][29], due to the modification of the absorption of the laser pulse by the size 

and shape of the structure. The effective absorption of the laser pulse must be evaluated to obtain AOS 

threshold values for a patterned structure [29]. 

 

For that purpose, we applied a lumped elements model as a thermal equivalent model for the MTJ, 

where we considered our MTJ as a thermal element with a mean thermal resistance and a mean heat 

capacitance. We computed these values for the full MTJ structure with literature values of thermal 

conductivity for each of the layers [Table 1 [30]]. The thermal model was built on the basic principle 

of heat conduction in a material slab [31][32][33]:   

 
Q

t
=  κA

( Thot− Tcold)

𝑑
 .                                                              (4) 

 

Where Q is the heat transferred in the time t, and where κ is the thermal conductivity of the slab. A is 

the surface area normal to the heat flux, Thot and Tcold are the temperatures on the two sides of the slab, 

and d is the thickness of the slab. The thermal resistance (Rth) of each layer was taken as d/κ. Thus 

equation (4) can be rearranged to 

 
Q

At
=  

( Thot− Tcold)

𝑅𝑡ℎ
 .                                                                (5) 

 

This approach assumed measuring the increase of the temperature in the MTJ due to laser heating 

at equilibrium, meaning that the heat flux is constant: heatin = heatout. This allowed us to ignore 

the thermal capacitance of the materials and to consider each part of the junction as thermal resistors 

connected in an equivalent circuit [31]. Moreover, we isolated the bottom and top contact of the 

structure because we considered that measured thermal change of resistance was mainly due to the 

resistivity change of the MTJ structure and not the contacts.  In our equivalent circuit, we separated 

the entire MTJ layer stack into three elements (Figure 2): the two contacts and the MTJ, with the latter 

consisting of ‘storage’ layer, tunnelling layer (MgO), and the ‘sensing’ layer. We considered that the 

laser illumination results in a heat source qheat located between the MTJ and the top contact. We placed 

the MTJ (Rth,MTJ) and the bottom contact (Rth,bot) in series and the top contact (Rth,ITO) in parallel, as 

shown in Figure 2. The parallel resistance was due to the boundary condition of our system: we have 

the top of the ITO in contact with air and thus considered at room temperature. The bottom contact 
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was in thermal contact with the Si bulk substrate, and we considered the bulk to be at room temperature 

given its size relative to the MTJ and the thermal conductivity of Si (Table 1). This gave us two anti-

parallel heat flows from the heat source to the top contact and from the heat source to the bottom 

contact. The heat source location inside our circuit resulted in an energy minimum, which was 

identified by splitting the MTJ resistance in two fractional resistances x RthMTJ and (1-x) RthMTJ and 

solving the resulting equivalent circuit: 

𝑅𝑡ℎ,𝑒𝑞(𝑥) =
((1−𝑥)𝑅𝑡ℎ,𝑀𝑇𝐽+𝑅𝑡ℎ,𝑏𝑜𝑡)(𝑅𝑡ℎ,𝑡𝑜𝑝+(𝑥)𝑅𝑡ℎ,𝑀𝑇𝐽)

(𝑅𝑡ℎ,𝑀𝑇𝐽+𝑅𝑡ℎ,𝑏𝑜𝑡)+𝑅𝑡ℎ,𝑡𝑜𝑝
                                             (6) 

 

 A more precise analysis of this system would require a full temporal simulation of both the laser 

absorption and the thermal response of the structure. For simplicity, the contact and substrate were 

taken as cylinders of the same diameter as the MTJ during the calculation.  

 

 
 
Figure 2 Equivalent circuit of the thermal model of heat flow in an MTJ during laser irradiation (qlaser).  

We can express the equivalent thermal resistance for our equivalent circuit as follows: 

 

𝑅𝑡ℎ,𝑒𝑞 =
(𝑅𝑡ℎ,𝑀𝑇𝐽+𝑅𝑡ℎ,𝑏𝑜𝑡)𝑅𝑡ℎ,𝑡𝑜𝑝

(𝑅𝑡ℎ,𝑀𝑇𝐽+𝑅𝑡ℎ,𝑏𝑜𝑡)+𝑅𝑡ℎ,𝑡𝑜𝑝
 .                                                 (7) 

 

This leads to the equation of the heat flow (qheat) through the MTJ in equilibrium: 

 

𝑞ℎ𝑒𝑎𝑡 =
Q

AMTJ∙t
=  

( TMTJ−T0)

𝑅𝑡ℎ,𝑒𝑞
=

Tmeas

𝑅𝑡ℎ,𝑒𝑞
 ,                                             (8) 

 

where both T0 (room temperature), and Tmeas (TMTJ-T0) come from the performed experiments.  

It was possible to estimate the coupling efficiency αeff of the MTJs, by comparing the qheat value 

to the measured out-coupled laser power (Plaser): 

 

αeff =
𝑞ℎ𝑒𝑎𝑡∙𝐴𝑀𝑇𝐽

𝑃𝑙𝑎𝑠𝑒𝑟
                                                             (9) 
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Table 1 Thermal resistances and heat capacitances for materials used in the equivalent model [30]. 

 

2.3 Single-pulse switching measurement  

Optical switching of the MTJ with the shown layer stack from Figure 1(a) was experimentally 

investigated with a free-space optical setup, allowing placement of the MTJs in an external magnetic 

field. The coercive field of the Tb/Co bilayer lies typically above 100 mT, which was outside of our 

experimental capacities [8]. However, the bottom CoFeB layer has a typical coercive field below 30 

mT (Figure 1(c)). This allowed us to measure the tunnelling magnetoresistance as a function of the 

applied magnetic field where the magnetization of the bottom CoFeB layer was changed with respect 

to the magnetization of the top CoFeB layer, which was coupled to Tb/Co. In the case where the 

magnetic top and bottom layers were parallel with respect to each other, we observed a relatively low 

resistance while in the case of an anti-parallel configuration a relatively high resistance. We performed 

experiments with two different initial states of the magnetization where we excited the MTJ device 

with a laser pulse with a pulse duration of 2 ps and a central wavelength of 800 nm at a fluence of 20 

mJ cm-2. After each pulse, we measured the voltage of the device as a function of the applied magnetic 

field using a Keithley 2700 multimeter under a DC current of 5 μA which was provided by a Keithley 

2400 source meter.  

 
2.4 Grating couplers 

Successful photonic-spintronic integration requires layer couplers, which are able to vertically couple 

optical signals up/down to the spintronic elements, depending on the integration strategy. The silicon 

photonics platform offers a high-refractive-index contrast and thus enables compact device design 

and high photonic integration densities. Diffractive grating couplers are the standard method 

for coupling optical signals into the silicon photonic chip [34] and have the potential for highly 

efficient coupling [35]. 

 

Compact out-of-plane focusing grating couplers (FGC) was designed with footprints of around 

5x5μm2 for the 1D components and around 10x10μm2 for the 2D FGCs. Device areas in this range 

allow for both: optical-bandwidths exceeding the 100nm simulation window and diffraction-limited 

focusing to micron-/submicron sized focal spot sizes [23]. The design principle used the phase-

matching condition to ensure constructive interference in the focal spot located just a few micrometres 

above the device plane. The resulting curved and chirped 1D/2D gratings were optimized based on a 

coupled simulation routine using MATLAB and a full 3D FDTD simulator [22] with promising results 

published in [23]. 

 Rth (10-9 m2 K/W) Cth (10-15 J/K m2) 

MTJ 1.50 2.55 

Pt bottom contact 1.43 0.53 

ITO top contact 14.7 28.2 

Si bulk 0.417 0.0059 
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3. RESULTS AND DISCUSSION 

3.1 Optical properties of MTJ’s layers 

The results of the spectroscopic ellipsometry used the multilayer structure presented in Figure 1(a). 

Due to a strong dependence of transparent conductive oxide’s (TCO) optical properties on deposition 

conditions, we used samples without the ITO electrode, which was measured separately. Additionally, 

the first capping layer of Ta was substituted for Cu layer as presented on the first version of AOS-

MTJ [1]. The complete investigated multilayers stack was built 

with Si/Ta(30Å)/[Co(15)/Tb(tTb)]x5/Cu(20Å)/Pt(30Å), where the thickness of the Tb (tTb) varied from 

1.1 to 1.5 nm.  

 

Introducing the Tb/Co as a “single-layer” with a thickness of the sum of the Tb/Co layers showed 

a significantly higher quality of the fitting procedure (MSE < 1), which suggested correctness of the 

analytical model. Results for the best fit are presented in Figure 3. Samples with all investigated Tb’s 

thicknesses showed very high values of the Tb/Co’s complex refractive index (ñ) (Figure 3), which 

agreed with a primary assumption based on results presented by Palik et al. of Tb [37] and Co [38] 

separately. Annealing of these samples at 250°C changed the results insignificantly. Such behaviour 

is characteristic of multilayers stacks exhibiting a “crystalline-like structure” [39]: The repeated layers 

with nanometer-scale thicknesses create an arrangement similar to the crystal’s lattice. Such a 

structure is more resilient to temperature as well as shows higher values of n and k than in the 

amorphous form with same materials composition [40]. Substantial increase of the fitting quality also 

suggested improvement of the layers’ morphology.   
 

Additional annealing at 300°C followed by the ellipsometry measurement with the same analytical 

model as before showed significant changes of Tb/Co layer’s complex refractive index.  We observed 

modifications of the real part of the refractive index (Re(ñ)) in two wavelengths regions. For 

wavelengths below ~1µm, the Re(ñ) increased by ~40% compared to the as-deposited sample, were 

for the region above 1.3µm Re(ñ) decreased by ~30%. These changes in the structure’s morphology 

were results of the annealing in the high temperature. On the other hand, the extinction coefficient 

(Im(ñ)) showed a significant decrease in all the regions around 1.2µm. Reduction of ~89% of Im(ñ) at 

1.55 µm relates directly to a decrease of the absorbed optical power, which could explain the observed 

lack of AOS in MTJs after annealing at 300°C [8].  Even though the quality of the fit was at an 

acceptable level, it was much higher than before annealing for the same model and sample (MSE ~10 

[41]).   

The third analytical model (based on effective medium approximation) consists of only 3 

materials; air, “blend layer” (all the layers between ITO and Si) and Silicon substrate (Figure 3(c)). 

Here, the MSE decreased to below 1 for the sample annealed at 250°C, and below 2 for the further 

annealing at 300°C, which suggested a high quality of the fitting process. Annealing procedure 

is usually performed to improve the crystallinity of the structure and their optical properties 

[42][43][44]. However, in most literature cases, the investigated materials were oxides and 

semiconductors. In our case, the decrease of the refractive index happened above a particular 

temperature. During the annealing, the morphology and interfaces between layers underwent changes 

leading to interfaces with more indistinction between layers, which influence the “crystalline-like 

structure”. Performing the annealing at high temperature with an access of air can introduce a 

generation of oxides with some of the metallic layers. Presence of the oxides in non-crystalline form 
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would decrease the optical parameters of the stack [45][46]. Lower complex refractive index 

of “the blend” in comparison to the previous method is understandable, due to the presence 

of other metals in the stack. Especially Cu, Ta and Pt show Re(ñ) with values in the range of 1-2 in 

the NIR range. The substantial decrease of the extinction coefficient in the region above 1.4 µm 

suggested a significant influence of the Tb/Co multilayers in the entire MTJ. 
 

 

Figure 3 Near-infrared refractive index Re[ñ], and extinction coefficient Im[ñ] of Tb1.4/Co1.5 structure based on the spectroscopic 
ellipsometry results with single-layer model: (a) before and after annealing at 250°C, (b) the sample with Tb1.1/Co1.5  annealed at 250°C 
and 300°C. (c) The complex refractive index of the “blend” (Pt/Cu/(Tb1.1/Co1.5)/Ta)  annealed at 250°C and subsequently at 300°C.  

No negligible optical losses in each layer of the stack require taking into account all the materials 

present in the pillar for estimating the absorption of the MTJ. Based on obtained results from the 

ellipsometry measurements, we build a numerical model of the multilayers stack to estimate the optical 

energy that is absorbed by the elements responsible for AOS. In our model, the absorption of the MTJ 

included all the metallic layers between ITO and CoFeB (Figure 1(b)). Preliminary simulation’s results 

of ITO showed that the type of underlying material and substrate had a crucial influence for the 

reflection (R), transmission (T) and absorption (A) of the sample Numerical results were compared 

with experimental one [11] and showed a similar trend of R, T, A curves. We observed a discrepancy 

of ~15% transmission in favour of calculations, which is an expected occurrence, due to the perfect 

conditions the simulation model assumes as well as the possible differences of optical parameters 

of the substrate and Pt thin film. Changing the substrate from SiO2 to Si resulted in an increase 

of the reflection at 1550 nm wavelength from ~11% to 31% and the decrease of the transmission 

from ~67% to 52%. Those changes are natural consequences of a higher difference in refractive index 

between substrate and ITO.  
 
After implementing additional materials presented in the stack, we performed a series of FDTD 

calculations to obtain the absorptions of each layer (Figure 4(a)). In our model, the “ITO layer” 

contained ITO and Pt, and MTJ layer covered Pt, Ta and (Tb/Co) thin films. Due to additional metals 

in the stack, the reflection increased from 31% (ITO + Pt) to 48% at 1550 nm wavelength. Based on 

this model, we calculated that the MTJ layer absorbed around 17.5% of the optical power at 1550 nm, 

with a maximum peak of ~32% at 1050 nm. We noticed that a similar percentage of the energy was 

lost due to absorption in ITO (~16.9% at 1550 nm, with a peak of ~24.5% at 1088 nm). Absorption 

in the junction can be increased by implementing antireflection coating or fabricating an additional 

structure that can enhance the electromagnetic field around and inside the pillar. 
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3.2 Coupling efficiency based on the thermal model 

We aimed to characterize AOS events in nanometre-scaled MTJ pillars, for which optical absorption 

values are critical parameters in estimating the optical power required to switch the AOS-layer. Here, 

we described the estimation of the optical absorption in MTJ pillars of 200nm and 300nm diameter 

using laser light at a wavelength of 1550nm. By measuring the thermal dependence of the MTJ’s 

resistive high state and low state, we could calculate the effective absorption of the laser light 

by the pillar.  
 

We calibrated the electrical characteristic of measured MTJs with an externally controlled heat source 

(Peltier module and thermistor) and used this calibration to estimate the heat generated by the incident 

laser light (ΔTlaser) inside the MTJ. A thermal equivalent model [47][48] of an MTJ structure helped 

to calculate the power required to generate this particular temperature’s increase (qheat). We retrieved 

an effective absorption coefficient by comparing this power to the incident laser power. 
 

At first, we calibrated the MTJ thermal response with an external thermo-electric controller (TEC) 

by measuring the resistance of MTJ (RMTJ) at various temperatures (Figure 4(b)). Using linear 

regressions, we extracted a temperature coefficient of resistance (αAP/P) [49]  with temperature’s 

variation for both MTJ states. The temperature difference during the experiment can be calculated 

from the change in the resistance, described by: 

 

𝑇1𝑀𝑇𝐽
𝐴𝑃/𝑃−𝑇2𝑀𝑇𝐽

𝐴𝑃/𝑃 =
𝑅𝑀𝑇𝐽

𝐴𝑃/𝑃
(𝑇1)−𝑅𝑀𝑇𝐽

𝐴𝑃/𝑃
(𝑇2)

𝛼𝐴𝑃/𝑃
                                             (10) 

The laser incident on the MTJ can have two thermal effects. Firstly, the absorption of the laser by the 

MTJ raises the temperature of the pillar. Secondly, the vertical alignment of the laser and the 

progressively occurring light absorption through the MTJ (Beer-lambert’s law) lead to a thermal 

gradient across the device. This thermal gradient generates a thermal voltage (Vth) in an MTJ structure 

known as the Seebeck effect [50][51], and the thermally influenced resistivity of the tunnel junction 

has to be considered during the measurements. To estimate and remove the latter effect, we measured 

the voltage across the MTJ against two symmetrical current source value (i.e. +Idc,-Idc). Since the 

thermal gradient from the laser generates the thermal voltage (Seebeck effect), it is independent of the 

current source direction. This gave us two  relations: 
 

𝑉𝑀𝑇𝐽(+𝐼𝑑𝑐) = +𝐼𝑑𝑐𝑅𝑀𝑇𝐽 + 𝑉𝑡ℎ

𝑉𝑀𝑇𝐽(−𝐼𝑑𝑐) = −𝐼𝑑𝑐𝑅𝑀𝑇𝐽 + 𝑉𝑡ℎ
                                                      (11) 

 

Combining these two equations (11) isolates the MTJ’s resistance: 

 

𝑅𝑀𝑇𝐽 =
𝑉𝑀𝑇𝐽(+𝐼𝑑𝑐)−𝑉𝑀𝑇𝐽(−𝐼𝑑𝑐)

(+𝐼𝑑𝑐)−(−𝐼𝑑𝑐)
                                                             (12) 

 

The MTJ’s resistance depended on the measuring current and showed a small asymmetry between 

polarities. The average of the two-measured voltage had a nonzero value, even without the presence 

of the laser, which suggested that the MTJ’s resistance as an athermal component likely due to the 

asymmetry of the pillar stack. 
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Figure 4 (a) Simulated absorption by 150 nm of ITO, MTJ layer (Pt/Ta/(Tb/Co)), and in multilayers stack of (Tb/Co)x5, (b)  thermal 
dependence calibration of an MTJ in both high (AP) and low (P) resistive state. 

To characterize the effects of the laser light onto the MTJ, we aligned a single-mode tapered fibre 

(SMF) with a spot size of 2.5±0.5µm on top of the MTJ. The alignment was tracked by measuring 

the resistance feedback continuously from the MTJ. Proper alignment of the continuous wave (CW)  

laser (at a wavelength of 1550 nm) onto the junction was evaluated by the drop of resistance due to 

the increase of the temperature by the laser light absorption.   

We performed a scan of the fibre across the MTJ using piezo controllers with 30µm travel in the XY 

plane to find a resistance minimum (Figure 5). Using the coefficient of resistance variation 

with temperature αAP/P based on Figure 4 (b), we could calculate the temperature change of the MTJ 

due to the illumination of the laser (Figure 5). After alignment, we measured the resistance behaviour 

against the input optical power from our CW laser. This enabled us to estimate the coupling efficiency 

of incident optical power to absorbed optical power in the MTJ. 

(a) (b) 
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Figure 5 (a) and (b) The MTJ’s resistance and temperature increase ΔT vs fibre position in X- and Y-axis, respectively; (c) and (d) X and 
Y-axis thermal feedback with piezo controller alignment; the full range of piezo controller was 30 µm for each axis. 

Based on the presented thermal model, we calculated the absorption efficiency for various MTJs. We 

achieved the best absorption value of about -8.6 dB (14%) for a 300nm diameter MTJ and ~-14dB 

(3.7%) for a 200nm diameter MTJ. These values include 0.44dB of additional losses from a fibre 

coupler and a polarisation controller located between the laser power meter and the fibre output. 

Removing these losses give absorption values of -8.16dB (15%) and -13.56dB (4.4%). Obtained 

results are consistent with preliminary numerical calculation. Higher convergence for both sets of data 

should not be required. The numerical model presents the ideal situation excluding the influence of 

roughness of the layers, incidence angle deviations and structure’s shape. Those parameters might 

bring additional changes in the heat distribution and change the absorption of the junction 

significantly. 

 
3.3 Switching mechanism  

 

An investigation of all-optical single pulse switching of the MTJ electrode was performed 

with the sample presented in Figure 1(a). For the first experiment, we configured the magnetic top 

layer parallel with respect to the magnetic bottom layer before the arrival of each laser pulse (Figure 

6(a)).  After each laser pulse, we measured the magnetic hysteresis as is shown in Figure 6(b) and then 

extracted the resistance value of the device at 30 mT (Figure 6(c)).  
In the second experiment, we applied similar procedures, however, now we configured the 

magnetic top and bottom layer to be anti-parallel with respect to each other before the arrival of each 

laser pulse Figure 6(d). The magnetic hysteresis and resistance values after each laser pulse is shown 
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in Figure 6(e) and Figure 6(f), respectively. The magnetic hysteresis at pulse 3 and 4 (Figure 6(b), (c)) 

did not show a reversal, and this was due to mechanical vibrations and drifting of the sample holder 

resulting in occasional misses of the laser pulse onto the MTJ device target. 

Since the applied magnetic field was only strong enough to reverse the magnetization of the 

bottom layer, we understood a reversal of the magnetic hysteresis behaviour as the switching of the 

top Tb/Co magnetization. Figure 6(b) shows that the hysteresis did not change after the laser pulse 

excited the MTJ device in the parallel configuration. However, Figure 6(e) shows that the hysteresis 

did change after the laser pulse excited the MTJ device in the anti-parallel configuration. 

 

The fact that the optical pulse did not affect the magnetic hysteresis of the MTJ device in the 

parallel configuration (while in the case of the anti-parallel configuration we observed a clear reversal 

of the magnetic hysteresis) meant that the top magnetic layer must experience a stray field originating 

from the bottom magnetic layer. It is well known that the magnetization under an ultrashort laser pulse 

is suppressed at a sub-picosecond timescale [14]. During the recovery period of the magnetization, 

it became susceptible to small magnetic fields. This high sensitive during the later time could prevent 

the top layer from switching the magnetization from a parallel to anti-parallel configuration 

with the bottom layer while without the bottom layer the magnetization of the top layer could switch 

deterministically under a single laser pulse [8] [10]. To estimate this stray field, we applied a magnetic 

field at various field strengths during the arrival of the laser pulse. We estimated that an average of 6.3 

mT was needed to switch the MTJ device from a parallel configuration to an anti-parallel 

configuration. 
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Figure 6 . (a) Scheme of the parallel pre-optical-pulse configuration; (b) The magnetic field hysteresis of MTJ device after each laser’s 
pulse with the resistance of the TMR as a function of the applied magnetic field; (c) The resistance at 30 mT is compared after each 
pulse. The same experiment was performed for (d) the anti-parallel configuration with the respective (e) magnetic field hysteresis and 
(f) resistance at 30 mT. 

3.4 Focusing grating couplers   

We have presented out-of-plane focusing grating couplers (FGCs) as a solution for vertical co-

integration in [23]. To enable dense integration, the FGCs were designed for a small footprint, high-

bandwidths (permitting short optical pulse handling), effective and diffraction-limited focusing and 

were investigated both in a 1D configuration, as shown schematically in Figure 7 (a), and in a 2D 

configuration, as shown in Figure 7 (c). Since the binary resistivity state of the MTJs changes, 

if the absorbed optical energy surpasses a material-specific threshold value, it becomes particularly 

important to achieve high peak intensities within a small focal area. The 2D FGCs have the additional 

advantage for full-control of the emitted polarization, given the relative phase control of the two input 

ports [23]. Design restrictions aroused from the fact that fabrication was done on the standard 220-

nm-silicon-on-insulator platform available by IMEC [36], defining the layer stack, layer thickness 

and minimum design feature sizes. 
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We experimentally determined the focusing characteristics with a cross-scan procedure using 

a tapered-and-lensed fibre, evaluating the spatial coupling efficiency to the fibre. The measurements 

revealed the expected focusing behaviour, indicating a minimum x-/y-FWHM of  2.3μm and 2.1μm 

for a well-performing single-silicon-layer 1D FGC and 1.4μm and 2.8μm x-/y-FWHM values for 

a well-performing 2D FGC. Given that the experimental analysis relied on the assumption 

of a Gaussian-like elliptical beam profile, the FGC emission was imaged with a custom-built high-NA 

microscope and an infrared camera. A recorded image of a double-layer FGC is shown in Figure 7 (b), 

indicating low side-lobes and a focal spot with a low degree of ellipticity. Figure 7 (d) shows much 

more pronounced side-lobes in the case of the 2D FGC and a higher degree of ellipticity. While image 

magnification and resolution, as well as, poor height control of the microscope very likely increased 

the measured FWHM values, the images revealed the diffraction of a considerable amount of light 

into the side-lobes, which was intensity lost in the maximum peak. 

The experimentally determined focusing characteristics of the designed out-of-plane FGCs 

revealed the unambiguous focusing behaviour of the emitted beam. Measurement results for the 1D 

FGC showed relatively uniformly shaped Gaussian beam profiles and FWHM values of the focal spot 

of a few micrometres. Characterization of the focusing achieved by 2D FGCs also revealed the desired 

focusing, but measurements implied a more distorted focal spot and intensity diffraction into focal 

side-lobes. With emission efficiencies not exceeding -13dB for our single-silicon-layer gratings, 

further optimization of these devices is needed, which should yield higher efficiencies. The double-

silicon-layer gratings showed the potential for improvement with simulated 74% (-1.3 dB) 

directionality. 

 

 
Figure 7  Schematic representation of FGCs and their focal spot imaging by a microscope with IR-camera for 1D FGC (a) and (b), 
respectively; and (c), (d) for 2D FGC; 
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3.5 Network and output power  

For the all-optical switching event of MTJ cells, sufficient optical pulse energy is required after 

the photonic distribution network. When composing the photonic network with silicon waveguides, 

the optical throughput may be limited due to nonlinear loss. At telecom wavelengths, the propagation 

loss increases with higher optical intensities originating from two-photon absorption (TPA) 

and consequently resulting in free-carrier absorption (FCA). The saturation of out-coupled power has 

been shown for CW light and silicon strip waveguides (220nmx450nm) in [52]. Here, we show 

the power saturation for pulsed light (5ps, 10GHz repetition rate). The experimental results 

are illustrated in Figure 8 (a), indicating the limitation of out-coupled optical pulse energy.  

 
From the pulse energy, we calculated the expected optical fluence using focusing grating couplers 

as designed in [23] with a spot size of 4μm^2. The results are presented in Figure 8 (b). It becomes 

clear that the fluence is below the requirements for all-optical magnetic reversal. In order to increase 

this value, we suggest reducing the nonlinear absorption in active structures based on reverse-biased 

pin-diodes [53][54] or in passive structures based on rib waveguides [52].  
 

 

Figure 8 Experimental characterization of nonlinear loss in silicon strip waveguides; (a) Pulse energy after photonic chip vs average 
power of optical pulse train; (b) Optical fluence after photonic chip vs average power of optical pulse train. 

4. CONCLUSION AND OUTLOOK 

In this work, we showed crucial steps towards spintronic-photonic integration. The ellipsometry 

investigated the optical properties of the MTJ storage layer stack consisting Pt(2 nm)/Ta(2 

nm)/[Tbx/Co1.5](13 nm)/ Si(5000 nm) before and after annealing. The complex refractive index of 

the multilayer stack of (Tb/Co)x5 was determined from a multi-sample analysis of layers with a variety 

of Tb’s thicknesses. Presented results showed higher than previously reported values of the refractive 

index and an extinction coefficient for Tb, Co or their alloys. This unique behaviour indicated the 

crystalline-like structure formed by alternating layers of Tb and Co in the MTJ. Obtained optical 

properties were stable for samples annealed at a temperature below 300°C. Those parameters were 

implemented into a theoretical FDTD model to calculate absorption in full-sheet films and into the 

thermal model to estimate effective absorption by the pillar (Pt(2 nm)/Ta(2 nm)/[Tbx/Co1.5](13 nm)) in the 

working device. Results showed high convergence of the results with max 17.5% and 14% absorption 

at 1550 nm for the 300nm diameter MTJs from simulations and experiments, respectively.  

(a) (b) 
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Single-pulse switching measurements on the MTJ electrode showed that the reversal of the 

magnetic hysteresis was possible only in the case of anti-parallel configuration. These results 

suggested that the top magnetic layer became susceptible to small magnetic fields from the bottom 

layer during short light pulses, and in consequence, prevented switching of the optically switchable 

layer. We estimated that the strength of a stray field that is needed to switch the MTJ device from a 

parallel to an anti-parallel configuration is at an average of 6.3 mT. This finding shows that all-optical 

switching is possible regardless of the starting configuration with proper adjustment against the 

intrinsic stray field. Next crucial steps towards proper integration are to provide an adequate amount 

of the laser light to the MTJs. We proposed and investigated integrated silicon photonics networks 

with focusing grating couplers in terms of sufficient out-coupled energy and the spot size. The FGCs 

offer a small footprint and show the potential for highly efficient coupling. Even though the silicon 

photonic platform limits the maximum optical output power due to nonlinear losses, we can conclude 

from the presented experimental data, that it is, in fact, suitable for integrating photonics with 

electronics for both monolithic and hybrid integration schemes,  

However, the footprint mismatch between the photonics and electronics technology remains 

large. Scaling micrometre sized and diffraction-limited photonic components to nanometre-sized 

electrical components remains a technological challenge. In addition, a knowledge of all the 

mechanisms in the AOS structure is crucial to overcome the energy losses that are limiting the 

performance of the integrated device. Energy improvement can be done in many ways from applying 

active elements in the network, fabricating antireflection coating on top of the MTJ up to implementing 

plasmonic structures for enhancing the electromagnetic field in the junction’s structures. These 

developments represent the next step towards the integration of spintronic-photonic systems on the 

chip-level. Feasible further optimization of the elements opens a new path for faster memory devices 

with lower energy consumption. 
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