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This work is a micromagnetic simulation-based study on the GHz-frequency ferromagnetic 

resonances (FMR) for the detection of magnetic nanoparticles (MNPs) using spin current nano-

oscillator (SCNO) operating in precession mode. Capture antibody-antigen-detection antibody-

MNP complex on the SCNO surface generates magnetic fields that modify the FMR peaks and 

generate measurable resonance peak shifts. Moreover, our results strongly indicate the position-

sensitive behavior of the SCNO biosensor and demonstrate ways to eradicate this effect to facilitate 

improved bio-sensing. Additionally, a study has been made on how MNPs with different sizes can 

alter the SCNO device performance. This simulation-based study on the SCNO device shows the 

feasibility of a frequency-based nano-biosensor with the sensitivity of detecting a single MNP, 

even in presence of background noise. 

 

I. INTRODUCTION 

It has been two decades since Baselt et al.[1] had designed the bead array counter (BARC) 

that first showed the experimental possibility of bio-detection for multilayer giant 

magnetoresistance (GMR) with magnetic nanoparticles (MNPs) as biomarkers. Since then, 

magnetic biosensing for point-of-care (POC) detection of diseases using magnetoresistance (MR) 

sensors[2–13] have been explored and reviewed intensively[14–16]. In comparison to the other 

traditional biosensors reported such as optical-based sensors[17–23], the GMR sensors exhibit 

lower background noise. This is due to the fact that biomedical samples exhibit negligible magnetic 

background which in turn suppresses noise from the cellular matrix to a great extent[24], enabling 

detection of a single magnetic bead[25,26]. The presence of MNP(s) cause variation in the static 

magnetic configuration of the sensor, altering the device resistance. 

However, these MR sensors tend to suffer from high background noise levels at room 

temperature which compromises the sensitivity of the device. Until recently, ferromagnetic 

resonance (FMR)-based homogeneous and volumetric detection of deoxyribonucleic acid (DNA) 

was reported by Tian et. al[27] where the binding of Vibrio cholerae target DNA sequence led to 

aggregation of MNPs. This gave rise to a significant FMR peak shift when compared to a non-
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aggregated MNP sample. In this kind of biosensing, they inserted the MNP samples inside an 

electromagnet cavity and took the readouts. In the nanoscale level, no such investigation of real-

time frequency-based biosensing has been reported till date. It was Peter Metaxas’s group from 

University of Western Australia who for the first time reported a possibility of such nanoscale 

frequency-based biosensing scheme. But all of their simulations as well as experimental studies 

were limited to detection of MNPs through oscillations on magnonic crystals (MCs) [28,29], 

ferromagnetic nanodots[30] and/or nanodiscs[31]. At the nanoscale, the FMR frequency of the 

device interacts directly with the stray field(s) of the MNP(s)[32] and causes a shift in the peak 

frequency of the device. The advantage of a frequency-based, dynamic approach over the static 

MR-based sensing is that the device response is linear over a large range of the externally applied 

magnetic field leading to enhanced accuracy[33–35]. This frequency is typically in the order of 

several GHz, which is way too high as compared to the low frequency 1/f noise, and hence devoid 

of DC voltage-level drift. 

In this regard, spin torque nano-oscillators (STNO)[33,36–39] driven by spin transfer 

torque (STT)[40,41] deserve special mention[42]. The stack structure being similar to a spin-valve, 

the spin-polarized electric current passing through a thin ferromagnetic (FM) layer dynamically 

excites the magnetic moment of the FM layer through the transfer of spin angular momentum. 

However, STNO devices are limited by consumption of large currents as the electrons by a total 

angular momentum of ћ/2[43]. Furthermore, higher the magnetic moment, higher is the current 

required to operate. But the positive trade-off is that it yields greater thermal stability with higher 

magnetic moment. In-plane magnetized spin Hall nano-oscillators (SHNO)[43–50] consisting of a 

heavy metal (HM)/FM stack do not have that limitation of angular momentum as constant 

scattering takes place at the HM/FM interface. Besides, no electron is required to flow through the 

active FM. Consequently, unpredicted damage due to electromigration and ohmic heating is 

prevented in spin Hall effect (SHE) devices[47,48,51]. Unlike STT, SHE supports magneto-optical 

measurements in direct contact with the active area of the device. From fabrication point-of-view, 

SHNOs are also easier to fabricate. 

SHNOs with perpendicular magnetized anisotropy (PMA) are not feasible as was 

theoretically proved by Tomohiro Taniguchi[52]. The spin-orbit torque (SOT) effects from the 

heavy metal (HM) and perpendicularly magnetized ferromagnetic layer (PMA-FM) bilayer system 

contribute to the current-induced phenomena including the SHE, the Rashba effect[53], the 

DMI[54] etc. A combination of all these interactions contribute to a more stable oscillator system 

than the in-plane magnetized SHNOs. The possibility of inducing dynamical states of HM/FM 

bilayer or altering their static configuration by the current-induced spin torque[40,41] that has 

triggered extensive experimental and theoretical research. In this respect, a promising approach is 

the PMA-SCNO[55] devices with an in-plane externally applied magnetic field and current. 

However, the investigation of SCNOs in terms of frequency-based nano-biosensors have not been 

reported.  

In this research work, we investigate the feasibility of SCNO device as a frequency-based 

spintronic biosensor through micromagnetic simulations on Mumax3[56] and point out its 
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advantages and disadvantages and demonstrate ways to eradicate them. As per our best knowledge, 

none of these spintronic nano-oscillators have been investigated as potential frequency-based 

biosensors. For experimental validation of these SCNO biosensors there are several points of 

concern. First, these nano-oscillator arrays are required to be synchronized. Several 

synchronization techniques of these nano-oscillators have been investigated either through 

experiments [47,48,57,58] or through theoretical [59,60] approaches. Second, the frequency of 

oscillation of these nano-oscillators are in the GHz frequency range. This specific frequency range 

encourages significant water absorption and scattering [61]. Every biomedical sample contains an 

aqueous part. Therefore, after the MNP-detection antibody-antigen-capture antibody sandwich 

complex binding event on the SCNO surface, one needs to air-dry the sample to remove any 

aqueous component. This also explains why drying of the samples after the binding event was an 

extremely important step in the experiments to demonstrate frequency-based biosensing by 

magnonic crystals (MCs) [28,29], ferromagnetic nanodots[30] and/or nanodiscs[31]. Finally, as 

these nano-oscillators are of the dimensions of several nanometers and the size of the antibodies 

is about 10 nm, extremely precise control over printing of these capture antibodies on the SCNO 

sensor surface is required. This work is a proof-of-concept as to the advantages of spintronic nano-

oscillators as a potential frequency-based biosensor as will be discussed in the following sections. 

Since this is a simulation-based study, an elaborative discussion on experimental demonstration 

has been restricted. This paper has been organized as follows: In section II, the schematic model 

of the proposed SCNO biosensor and the simulation parameters associated with the modeling has 

been demonstrated. In section III, a detailed explanation of the device performance from the 

viewpoint of a bare device to that of a regularly and irregularly spaced MNPs have been made. In 

section IV, the effect of the size of MNPs on the SCNO biosensor performance has been made. In 

section V, the room temperature, single molecular sensitivity of the SCNO biosensor has been 

demonstrated. Finally, in section VI, concluding remarks and summary of the proposed SCNO 

biosensor has been made.  

 

II. MODELING & SIMULATION 

The SCNO device has been simulated numerically by solving the Landau–Lifshitz–Gilbert 

(LLG) equation (1) in addition to SOT term: 

                        
𝑑𝒎

𝑑𝑡
= 𝛾0𝒉𝒆𝒇𝒇 × 𝒎 + 𝛼𝒎 ×

𝑑𝒎

𝑑𝑡
+

𝑢

𝑡
𝒎 × (𝒎𝑝 × 𝒎),                                    (1) 

where, 𝒎 =  𝑴/𝑀s  is the normalized magnetization, 𝛾0 = 1.85 × 1011 rad T−1s−1 is the 

gyromagnetic ratio, 𝒉eff  =  𝑯eff /𝑀s is the reduced effective field, 𝑡 is the thickness of the FM 

layer, 𝒎𝑝 is the current polarization vector, 𝑢 = 𝛾0(
ђ𝑗𝑃

2𝑒𝑀𝑠
),  j is the density of the spin current, ђ is 

the reduced Planck’s constant (ђ =  1.054571817 × 10−34 𝐽𝑠 and e is the fundamental charge of an 

electron (𝑒 = 1.602 × 10−19𝐶). All parameters for simulation that define the FM layer and the 

MNPs are adopted from Ref.[62] and Ref[63] respectively (Table I).  
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                                               Table 1. Micromagnetic simulation parameters 

Parameters Description FM nanopillar[62] MNP(s)[63] 

 Gilbert damping factor 0.015 0.1 

Aex Exchange constant 13 × 10−12 J/m 2.64 × 10−11J/m 

𝑷 Electrical current Polarization 0.6 NA 

𝑴𝒔 Saturation magnetization 1200 𝑘A/m 350 𝑘A/m 

𝑲𝒖𝟏 Uniaxial anisotropy 0.7 × 106  Jm-3 1.25 × 104 Jm−3 

DMI 
Dzyaloshinskii-Moriya 

interaction 
0.7 × 10−4  Jm-2 NA 

 

For a bilayer of PMA-FM and HM, under an externally applied current and uniform DC 

magnetic field, the device operates in precession mode. It is with a precession frequency that the 

bare SCNO device oscillates, referred to in this work as the ‘peak frequency’ or the frequency 

which has maximum intensity.  

Fig.1(a) gives a schematic view of the SCNO array with the FM nanopillar of dimensions 

160 nm × 80 nm × 5 nm located 0.5 μm apart such that the stray fields of adjacent PMA-FM 

nanopillars do not influence the device performance (see Supplementary Material S2). Fig.1(a) 

also shows the mechanism in which the SCNO would facilitate magnetic biosensing through 

formation of capture antibody-antigen-detection antibody-MNP complex (sandwich structure). On 

applying a charge current (Jc, A/m2) through the HM layer along -x direction, it causes spin 

accumulation along ±y and generation of a spin current along z direction (see Fig.1(b)). When a 

magnetic field (Hdc, Oe) is externally applied along +y direction, the spin current causes the FM 

nanopillar to operate in precession. The effects of a reversed direction of Jc and Hdc on SCNO 

device performance are given in Supplementary Material S1. The color and symbol codes for 

antigen, antibody, MNP, MNP- capture antibody – antigen complex, FM layer, HM layer & 

substrate of the SCNO used throughout in this work are specified in Fig.1. Although the 

performance of SCNO biosensor has been reported at T = 0 K [64], discussion on thermal effects 

have been made in section IV. 
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Figure 1. (a) Schematic of the SCNO biosensor array with the sandwich mechanism of capture 

antibody-target antigen-detection antibody-MNP complex demonstrated. (b) A single PMA-FM 

nanopillar of the SCNO biosensor array zoomed in. The black-dashed arrow in the ferromagnetic 

nanopillar demonstrates precession mode operation. 

III. RESULTS AND DISCUSSION 

A. Device operation 

For Hdc = 1.1 kOe in Fig. 2(a) the peak frequency for the SCNO biosensor changes with a 

variation of HM current. As reported previously, for in-plane SHNO[43,44], a constant magnetic 

field with increase in current, decreases the peak frequency while the intensity of the main 

frequency component of the SCNO device increases (see Fig. 2(b)). Again, at constant current of 

i = 15 mA, but for varying DC magnetic field, we observe a clear increase in the peak frequency 

value in Fig. 2(c). This kind of peak frequency shift with increase in the static external magnetic 

field agrees with previously reported results in [45,55]. The black diamonds represent the 

calculated ferromagnetic resonance frequency (fFMR) value for a particular externally applied 

magnetic field as calculated by the normal magnetization Kittel Equation for in-plane magnetic 

field, 𝑓𝐹𝑀𝑅 = 𝛾√𝐻𝑑𝑐(𝐻𝑑𝑐 + 4𝜋𝑀𝑧) , γ being the gyromagnetic ratio and Mz being the 

magnetization of the free layer along z direction. As reported earlier[55], the precession frequency 

for the designed SCNO biosensor must lie below the calculated FMR frequency. The trajectory of 

the magnetization vectors (mx, my and mz) due to precessional motion of the FM nanopillar are 

shown in Fig. 2(d). A single crossover point[65,66] for the magnetization vector trajectories in Fig. 

2(d) clearly demonstrates that there are two dynamic modes or two frequencies of oscillation for 

the SCNO system. There is one big loop followed by another small loop. This suggests that of the 

two frequencies, one frequency at 2.387 GHz has an extremely high intensity (140 arbitrary units 
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(a.u.)) while the other frequency at 7 GHz, has significantly low intensity (10 a.u.). The two 

different frequencies of oscillation for i = 15 mA and Hdc = 1.1 kOe have been demonstrated in 

Supplementary Material S5.  The peak with the higher intensity will be used for biosensing purpose.  

 
Figure 2. (a) Variation of peak frequency shift of a SCNO biosensor with current at Hdc = 1.1 kOe. 

(b) Variation of intensity (in a.u.) and magnitude of peak frequency with current for Hdc = 1.1 kOe. 

(c) Variation of the peak frequency with Hdc at i = 15 mA. The black diamonds represent the value 

of the FMR at the corresponding frequency calculated by the Kittel Equation. (d) The 

magnetization vector trajectory due to their precessional motion due to i = 15 mA and Hdc = 1.1 

kOe. 

 

B. Effect of position of MNPs on the sensor 
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In Fig.3, a SCNO device devoid of any MNP positioned on the sensor surface has been 

termed as the ‘bare’ SCNO device. Fig. 3(a) shows 5 independent positions of a single MNP: (i) 

= (0, 0), (ii) = (40, 20), (iii) = (-40, 20), (iv) = (-40, -20), (v) = (40, -20). Fig. 3(b) correspond to 4 

independent positions of 6 MNPs, each spaced regularly at 30 nm apart: (i) = first, (ii) = second, 

(iii) = third, (iv) = fourth quadrants. Fig. 3(c) corresponds to 8 &10 MNPs positioned at the center 

of the SCNO biosensor at similar spacing. All MNPs are identical with diameter of 20 nm and are 

defined to be superparamagnetic in nature. Usually, when MNPs are used as biomarkers [16,63,67], 

they are superparamagnetic in nature. If they are not superparamagnetic, when one MNP-detection 

antibody-target antigen complex binds to the capture antibody on the sensor surface, the other 

MNPs are attracted by the remanence field of that MNP which has bonded to the surface.  

The highlighted picture background color-codes corresponding to the peak frequencies for 

cases in Fig. 3(a), (b) & (c) have been displayed in Fig.3(d), (e) & (f), respectively. Both Fig.3(d) 

& (e) show that the peak frequency varies for different positions of the MNP(s). Furthermore, for 

both the cases of a single MNP and of 6 MNPs, the peak frequency for the positions in the first & 

fourth quadrant and for the positions in second & third quadrants are same. Therefore, the two 

halves of the SCNO device work differently due to unique magnetization distribution (see 

Supplementary Material S3). In Fig. 3(d) when the MNP is situated at the center, the frequency 

shift is higher from the bare device than when the MNPs are situated along the edges. Therefore, 

the SCNO biosensor is more sensitive at the center than along the two edges. Similarly, in Fig. 

3(e), with the larger shift for 6 regularly spaced MNPs positioned in (ii) & (iii) as compared to (i) 

& (iv), it can be estimated that the left half of the SCNO sensor is more sensitive than its right half. 

Fig.3(f) demonstrates the case for 8 and 10 regularly spaced MNPs. In summary, Fig. 3(a)-(f) 

validates the fact that SCNO biosensor performance is position specific, precisely, the two 

identical halves of the device work uniquely. As much as this position sensitivity of the designed 

SCNO biosensor is detrimental to biosensing performance for magnetic biosensors, one cannot 

deny the fact that the other magnetic biosensors, including the GMRs are position sensitive too. 

Analytical studies by Klein et al.[68] had shown how the edges of the GMR sensors are more 

sensitive towards detection of MNPs than the rest of the sensor stripe.  
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Figure 3. Schematic top view of the FM nanopillar containing (a) single MNP at positions marked 

(i), (ii), (iii), (iv) & (v). (b) 6 MNPs at 4 positions marked (i), (ii), (iii) & (iv). (c) 8 MNPs & 10 

MNPs positioned at the center. (d), (e) & (f) Peak frequency for MNP positions demonstrated in 

(a), (b) & (c) respectively. (g) Peak frequencies for 1, 6, 8 & 10 no. of MNPs situated at random 

positions (n = 5). (h) Peak frequencies (in GHz) for regular and random positions. (i) The peak 

frequency shift (in MHz) for values in (h) from that of the bare SCNO device. 

 

However, in real experiments[29,30,69], the MNPs are unlikely to be uniformly spaced as 

was the case in Fig. 3(a)-(c). To demonstrate a more realistic SCNO performance, we have further 

investigated the cases of 1, 6, 8 and 10 MNPs, but this time for 5 random arrangements on the 
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SCNO surface for each number of MNPs. Fig. 3(g) demonstrates the box-whisker plots for the 

peak frequencies of 5 cases of randomly positioned 1, 6, 8 & 10 MNPs, each. The mean values 

(colored diamonds) for 1, 6, 8 & 10 MNPs have been found to be 2.378 GHz, 2.556 GHz, 2.862 

GHz and 3.314 GHz respectively. Furthermore, as the number of MNPs on the SCNO biosensor 

surface increases, the deviations decrease; the distance between the maximum and minimum points 

in the box-whisker plot decreases in each case of the number of MNP(s). Fig. 3(h) shows the 

comparison of peak frequencies of regularly spaced 1, 6, 8 & 10 MNPs as discussed in Fig. 3(a)-

(f) to that of the mean peak frequency values for randomly spaced 1, 6, 8 & 10 MNPs as discussed 

in Fig. 3(g). It is evident that for both regularly and randomly spaced MNPs, the peak frequency 

(in GHz) value increases with increase in number of the MNPs from 1, 6, 8 to 10 MNPs. This fact 

is validated from Fig. 3(h) by the shift in peak frequency (in MHz) from the bare SCNO device.  

 

C. Effect of various sizes of MNPs  

In Fig.4, we have defined one MNP of 7 different diameters at random positions on the 

SCNO device surface. For 6 random positions on the SCNO device surface, MNPs of diameters, 

10 nm, 20 nm, 25 nm, 30 nm, 35 nm, 40 nm and 45 nm show a mean peak frequencies 2.418 GHz, 

2.43 GHz, 2.514 GHz, 2.554 GHz, 2.562 GHz, 2.647 GHz and 2.56 GHz, respectively. With 

increase in the diameter of the MNPs, the mean peak frequency increases gradually until at 45 nm 

where a sudden drop in mean peak frequency is observed. Analogous results for GMR signal level 

were experimentally observed by Wang et al.[69] for the purpose of GMR biosensing. Their 

reasoning for such kind of experimental observation was that between large and small size of 

MNPs, the latter encourages greater degree of Brownian motion[70] in experiments, which in turn 

facilitates greater diffusion and binding of the MNPs with the SCNO biosensor surface. Therefore, 

with increased diameter of the MNP, the binding tendency to the SCNO sensor surface decreases 

significantly thereby leading to a sudden drop in peak frequency. 
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Figure 4. SCNO performance for varied sizes of a single MNP at random positions (n = 6) on the 

surface.  

 

IV. ROOM TEMPERATURE SENSITIVITY OF THE SCNO BIOSENSOR 

In the work, all the previous performance of the SCNO biosensor was demonstrated at T = 0 K. In 

Fig. 5 (a) & (b) the performance of a bare SCNO device has been compared to that of the SCNO 

biosensor with a single MNP positioned at the center of the device in presence of thermal 

perturbation. It is a known fact that for room-temperature performance of magnetoresistive (MR) 

biosensors, the real-time sensitivity is highly compromised by background noise. Thus, to validate 

the fact that SCNO devices will perform better in this respect, some theoretical studies at different 

temperatures ranging from T = 0 K, 60 K, 200 K, 300 K, 400 K and 500 K have been carried out. 

The FFT peaks in Figure 5(a) demonstrate that with the gradual increase in temperature, the 

intensity of the peaks for a bare SCNO device decreases implying the plot becomes noisy at 500K 

but still the peaks are detectable. Figure 5(b) gives a detailed analysis of the intensity and peak 

frequency of the bare SCNO biosensor in comparison to that of a SCNO biosensor with a single 

MNP situated at the center. In both cases, with increase in temperature, the value of peak frequency 

increases but the intensity decreases significantly. This phenomenon is quite intuitive as with 

increase in surrounding temperature, the thermal effects increase significantly. This adds to the 

noisy background in the FFT data floor and the peaks become of comparable intensity to the 

background noise, thereby compromising the signal to noise (SNR) ratio. Thermal effects also 
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significantly alter the magnetic properties. For instance, with increase in temperature, the 

saturation magnetization (Ms) of the ferromagnetic free layer increases [71]. Therefore, following 

Kittel Equation for in-plane magnetic field, 𝑓𝐹𝑀𝑅 = 𝛾√𝐻𝑑𝑐(𝐻𝑑𝑐 + 4𝜋𝑀𝑧) , γ being the 

gyromagnetic ratio, Hdc being the external magnetic field and Mz is the magnetization along z 

direction (Mz = mz*Ms). Hence, with increase in Ms with temperature, the FMR frequency 

increases. This justifies why we get a gradually increasing shift in the peak frequency value due to 

increase in temperature. It is evident that at T = 500 K, apart from the intensity (in a.u.) being low, 

there is no significant shift in frequency for presence of a single MNP (fpeak = 3.067 GHz) in 

comparison to the frequency of a bare SCNO device (fpeak = 3.061GHz). 

 It is unlikely that the real-time biosensing experiments using SCNO will be conducted at 

T = 500 K. At room temperature (T = 300 K), the difference in peaks for a bare SCNO device and 

a device with only a single MNP positioned at the center is discernible, both in terms of frequency 

and intensity (see Figure 5(b); color-symbol code: cyan-stars). Fig. 5 not only demonstrates good 

room temperature sensitivity of the SCNO biosensor but also demonstrates single molecular 

sensitivity of the SCNO biosensor at room temperature. 

 
Figure 5. (a) Variation of the peak frequency of the SCNO biosensor at different temperature. It 

shows a prominent peak at T = 300 K. (b) Comparison of the peak frequency and the intensity at 

different temperatures for a bare sensor and a single MNP situated at the center of the MNP. 

 

V. CONCLUSION 

In conclusion, we have proposed and investigated the feasibility of a SCNO structure with 

PMA as a frequency-based biosensor. Through micromagnetic simulations, we have demonstrated 

that the SCNO biosensor has the sensitivity of detecting a single MNP and its performance varies 

with the position of the MNP on the sensor surface. However, with random position of the MNP(s), 

the position specific behavior of the SCNO biosensor can be eliminated to a great extent. Unlike 
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MR sensors, the SCNO biosensor performance is not noisy at room temperature, yielding a more 

realistic device performance. Finally, in order to observe a distinct peak shift on addition of MNPs, 

a standard binding process is required to be initiated which demands an optimized selection of the 

size of the MNPs to be used as a biomarker. 
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