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In order to calculate the energy dissipated in writing a bit, as well as the probability with 

which the bit is written correctly in the presence of thermal noise, authors solve the stochastic 

Landau-Lifshitz-Gilbert equation given by (Biswas, Bandyopadhyay, and Atulasimha, 2014b)  

                            (3.1) 

where  τss, τth, and τm are the torques due to shape and stress anisotropy energy, thermal 

noise and external magnetic field respectively. The expressions for the τss and τm can be written 

as  

 

Fig. 2. 5 In-plane potential energy profile (azimuthal angle φ = 90) of the nanomagnet in different conditions. 

Curve I shows the profile in the absence of any stress and the static magnetic field, where the energy minima are at θ 

= 0, 180. Curve II shows the profile in the presence of an in-plane magnetic field of 8.5mT along the nanomagnet’s 

minor axis where the energy minima have moved to θ = 24.09 and at θ = 155.9. Curves III and IV show the profile 

when a compressive stress of 9.2 MPa is generated by imposing a potential between the electrodes AA′  and the 

electrodes BB′, respectively. Note that stress makes the potential profile monostable, instead of bistable. (Biswas, 

Bandyopadhyay, and Atulasimha, 2014b) 

 

 

 

 

Fig. 2. 6 In-plane potential energy profile (azimuthal angle φ = 90 ) of the nanomagnet in different conditions. 

Curve I shows the profile in the absence of any stress and the static magnetic field, where the energy minima are at θ 

= 0 , 180 . Curve II shows the profile in the presence of an in-plane magnetic field of 8.5mT along the 

nanomagnet’s minor axis where the energy minima have moved to θ = 24.09  and at θ = 155.9 . Curves III and IV 

show the profile when a compressive stress of 9.2 MPa is generated by imposing a potential between the electrodes 

AA′  and the electrodes BB′, respectively. Note that stress makes the potential profile monostable, instead of 

bistable. (Biswas, Bandyopadhyay, and Atulasimha, 2014b) 
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θ'(t) and φ'(t) are, respectively, the instantaneous polar and azimuthal angles of the 

magnetization vector in the rotated frame, B is the magnetic field, Ms is the saturation 

magnetization of the magnet, Nd–xx, Nd–yy, and Nd–zz are the demagnetization factors that can be 

evaluated from the nanomagnet’s dimensions.  We have shown that energy disspation is 718 kT 

while keeping the bit error probability as low as 2 x 10-6. Interested readers can consult  (Biswas, 

Bandyopadhyay and Atulasimha, 2014b) for details.  

 

2.3.  Pure Straintronic memory: Complete 180° switching of magnetization with 

stress alone  

It is intuitive that a complete 180° angular separation between the ‘0’ and ‘1’ state would 

result in maximum ON-OFF ratio with a magneto-tunneling junction. However, due to the 

inherent shortcoming of stress of not being able to perform a complete rotation, it was a common 

belief that stress would never allow a 180° switching in an elliptical nanomagnet.  
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 In a very recent paper (Biswas, Bandyopadhyay and Atulasimha, 2014a), we showed that 

this impasse can be overcome and a complete 180° rotation can indeed be accomplished with a 

voltage generated strain with a very high probability of success. Unlike the schemes in the 

previous sections, the new scheme uses no magnetic field where is required for the retention of 

magnetization along the major axes of the ellipse. Fig. 4.1 shows the device schematic of such a 

scheme with an MTJ structure placed on top of a PZT thin film. Two pairs of electrode pads are 

still in use and those are delineated on the PZT thin film such that pad pair 1 subtends an angle of 

30° with major axis of the soft layer and pad pair 2 subtends and angle of 150°.  In order to 

perform a complete switching stress is applied by activating one pad pair (say pad pair 1) first 

which rotate the magnetization to some angle (~ 60°) towards the other stable state.  Then the 

stress applied upon the activation of other pad pair (say pad pair 2) and removal of other stress 

will rotate the magnetization by another ~60° towards the same direction. Finally, removal of 

stress will guide the magnetization to the other stable state, thus a complete switching is 

achieved. By altering the sequence of stress application, first activating pad pair 2 and then pad 

pair 1 will result in same 180° switching too. Therefore, for the same initial state if one stress 

sequence switches the magnetization by 180° in clockwise direction, other sequence switches the 

magnetization in anti-clockwise direction. The PZT film with the MTJ and electrode pad pair on 

top is deposited on a n+-Si substrate which is grounded. The PZT flim’s thickness ∼100 nm and 

electrode pad pair 1 has edge dimension of 80 nm and the pad pair 2 of 120 nm. We consider the 

elliptical nanomagnet has a single magnetic domain (Cowburn, et al., 1999) with a major axis a = 

110 nm, minor axis b = 90 nm, and thickness d = 6 nm. These dimensions ensure that the 

nanomagnet has so that macrospin approximation remains valid. Figure 2.6 also shows the 

potential energy profile of the nanomagnet in the magnet’s plane (ϕ = 90°, 270°) as a function of 
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the polar angle θ subtended by the magnetization vector with the common major axis of the 

elliptical hard and soft layers (z-axis). The three potential energy profiles correspond to the 

  

 

 

Fig. 2. 6 Schematic of memory element. (a) [Device schematic]. The PZT film has a thickness of 100 nm and 

is deposited on a conducting n+-Si substrate. It is poled with an electric field in the upward direction. The ratio of 

the distance between the facing edges of the electrodes to the electrode lateral dimensions is 1.67. (b) [2-

dimensional view of the device]. The fixed magnetization orientation of the top (hard) magnet is denoted by the red 

arrow, and the two stable magnetization orientations of the bottom (soft) magnet are denoted by blue arrows. The 

MTJ resistance is high when the soft magnet’s magnetization is aligned along Ψ1 and the resistance is low when the 

soft magnet’s magnetization is aligned along Ψ0. Also shown are the orientations of the intermediate states Ψ′, Ψ′′, 

 ,  . The eccentricity of the hard magnet is more than that of the soft magnet which helps to make the hard 

magnet “hard” and the soft magnet “soft”.  
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situations when neither electrode pair is activated, electrode pair 1 is activated, and electrode pair 

2 is activated. 

 

Consider the case when the magnetization of the nanomagnet is initially in the stable state 

Ψ0 (initial stored bit is ‘0’) and we wish to switch the magnetization from Ψ0 to Ψ1. We will first 

activate electrode pair 1 that will generate a compressive uniaxial stress along the line joining 

that electrode pair. This will rotate the magnetization vector to Ψ′ since that corresponds to the 

only accessible global energy minimum (see the energy profile corresponding to ϕ = 90° in Fig. 

2.7).   

The other global minimum at   is inaccessible owing to the energy barrier between Ψ0 

and   (see energy profile corresponding to ϕ = 270° in Fig. 2.7; the peak of the energy barrier 

 

 

Fig. 2. 8 Potential energy profiles of a Terfenol-D magnetostrictive nanomagnet of stated dimensions when the 

magnetization vector is constrained to the plane of the magnet: (a) ϕ = 90, and (b) ϕ = 270. The three curves show 

the profiles when no electrode pair is activated, electrode pair 1 is activated and electrode pair 2 is activated. 

Activating electrode pair 1 creates global energy minima at Ψ′ (ϕ = 90) and    (ϕ = 270), whereas activating pair 

2, creates global minima at Ψ′′ (ϕ = 90) and   (ϕ = 270). (Biswas, Bandyopadhyay, and Atulasimha, 2014a). 
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separating Ψ0 and   is located roughly at θ = 35°). In other words, the magnetization will rotate 

clockwise instead of anti-clockwise in Fig. 2.6(b). 

Next, de-activating pad pair 1 and activating pair 2 causes a uniaxial compressive stress 

component along the line joining pair 2 that will rotate the magnetization further in clockwise 

direction towards the new global energy minimum Ψ′′, which is the only accessible one. Finally, 

removal of stress will drive the magnetization to Ψ1 (writing the new bit ‘1’) since it is the only 

accessible global energy minimum at that point. The other global energy minimum at Ψ0 is 

inaccessible because of the energy barrier between Ψ′′ and Ψ0. The height of this energy barrier > 

20 kT at room temperature and that prevents the magnetization from migrating to Ψ0 instead of 

Ψ1. 

By applying stress i.e., by activating pad pairs in opposite sequence, first pair 2 and pair 1 

will rotate the magnetization in counter-clockwise direction from Ψ0 to Ψ1 through the 

intermediate states   first and then   (see the energy profile corresponding to ϕ = 270°). 

Therefore, no matter in which sequences the stress is applied by activating the electrode pads a 

complete flip occurs with high probability. Therefore, it is obvious that the present scheme has 

the shortcoming that it will erroneously write the wrong bit every time the stored bit happens to 

be the desired bit (since the stored bit is always flipped in the write step). Therefore, a write 

cycle must be preceded by a read cycle to determine the stored bit. If the stored bit is the same as 

the desired bit, no action is taken. Otherwise, the bit is flipped following the procedure just 

described. This requires an extra read cycle, but it also saves time and energy by obviating the 

write cycle whenever the stored and desired bits are the same. Since writing is both slower and 

more dissipative than reading, there may be an overall gain. 
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In order to check for dynamic error probability at room temperature under thermal 

perturbation, 106 switching trajectories generated by solving the stochastic Landau-Lifshitz-

Gilbert equation in the manner of ref. (Biswas, Supriyo Bandyopadhyay and Atulasimha, 2014b) 

(magnetization orientation θ, ϕ versus time) with initial angles picked up from a Boltzmann 

distribution. All of them showed successful transition from θ ≈ 0° to θ ≈ 180° within 1.36 ns, 

implying that the switching failure probability is < 10−6. The write error probability can be made 

even smaller if one after writing the bit, then reads it to verify if it was written correctly, re-writs 

it if written incorrectly, followed by another read and so on, until the bit is verified to have been 

written correctly. Alternately, one can always carry out a fixed number of write/verification 

cycles. The error probability after n such cycles is 10−6n since it is the probability of having 

written the bit incorrectly n times in a row. Because it will be an overkill to reduce the write error 

probability to below the static error probability, which is the probability of spontaneous 

switching of the nanomagnet due to noise, just four (n = 4) read/verification cycles will be 

sufficient since the static error probability in the designed nanomagnet was 10-27. The penalty 

associated with the ‘repeated writing’ approach to eliminate write errors is the n-fold increase in 

write time. Even if the bit was written correctly in the first attempt, one will still need three 

additional idle cycles since all bits are written simultaneously in parallel. This will increase the 

effective write time to 1.36 × 4 ns = 5.44 ns (again assuming that the read time is negligible 

compared to the write time), resulting in a clock rate of 180 MHz. For random access memory, 

this is still quite good. 

The energy that dissipates in the device is due to twice of (1/2)CV2 and due to Gilbert 

damping. By considering the larger electrodes of lateral dimension 120 nm with the PZT 

thickness 100 nm total dissipation due to CV2 is 3896 kT  where V is 112.5 mV. This dissipation 
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due to smaller electrodes (lateral dimension 80 nm) is 1733 kT.  Mean internal dissipation due to 

Gilbert damping is found to be 514 kT  thus making the total dissipation 6143 kT which is at 

least two orders of magnitude less than what spin-transfer-torque memory STT-RAM dissipates 

in a write cycle (Wang, Alzate and Khalili Amiri, 2013).  
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Chapter 3. Straintronic nanomagnetic logic devices (NML) 

Since straintronic scheme of switching the magnetization in nanomagnets extremely 

energy efficient, we investigate the possibilities of making straintronic logic devices. In section 

3.1 we show a universal NAND logic gate for Boolean computing that relies on strain based 

switching. A reconfigurable bit comparator has been proposed in section 3.2 by combining the 

physics of electron transport in nano-wire spin valve, magneto-elastic switching of nanomagnets 

with strain and magneto-tunneling junction (MTJ). Section 3.3 talks about a spin neuron for non-

Boolean brain inspired computing.   

3.1. Boolean NAND logic devices  

A universal logic gate, that possesses all essential characteristics such as concatenability, 

non-linearity, isolation between input and output, gain, universal logic implementation and 

scalability along with ultralow energy delay product while maintaining high switching 

probability, is extremely desirable for the replacement of CMOS technology with nanomagnetic 

logic. Several efforts have been attempted with dipole coupled magnets (Cowburn, R. P. and 

Welland, M. E. 2000), with single MTJ (Ney et al. 2003), and with spin current (Behin-Aein et 

al. 2010). Dipole coupled architectures not only tend to be error-prone in the presence of thermal 

noise, (Salehi Fashami et al., 2013, Salehi Fashami, Atulasimha, Bandyopadhyay 2013), but they 

are also not robust against misalignments due to fabrication imperfections (Bandyopadhyay and 

Cahay, 2009). Moreover, the first two papers do not fulfill the requirement of concatenation for a 

universal logic gate whereas the third paper although fulfill all the requirements does not study 

error probability of the gate under room temperature. In a very recent paper Ref. (Biswas, 

Atulasimha and Bandyopadhyay, 2014), we proposed an error resilient non-volatile straintronic 
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universal NAND gate that fulfills all essential characteristics of a logic gate and possesses 

ultralow energy delay product of 2.78×10-26 J-s while maintaining bit error rate <10-8 .  

Fig. 3.1 shows the schematic of the single device that works as a logic unit. A pair of 

electrodes and a MTJ are delineated on the top of a PZT thin film while the whole structure is 

deposited on conducting n+-Silicon substrate. An in-plane magnetic field ensures the ~90° 

separation between stable states (ψ0 and ψ1) in the soft layer of the magnet as we discussed in 

section 2.2 (Tiercelin et al, 2011)  . Compressive stress at EEʹ will rotate the magnetization to ψ0 

while tensile stress will bring the magnetization to ψ1. The magnetization of the hard layer is 

implemented with SAF and permanently magnetized along ψf opposite to ψ1. Method of stress 

generation is same as we have discussed in section 2.3 (Cui et al., 2013) hence not repeated here.  

Let us encode bit ‘1’ with the magnetization state of ψ1 (high voltage state as Vo) and bit ‘0’ with 

ψ0 (low voltage state as Vo/2). Resistors and current/voltage sources ensure that the all logic 

operation in the NAND gate is achieved. Fig. 3.1 shows all four operations for the gate which we 

discuss below (Biswas, Atulasimha and Bandyopadhyay, 2014).  

Before any gate operation a RESEST is performed by setting both inputs to Vo/4 that 

leaves the gate at high voltage state Vo (see Fig. 3.1).  The bias voltage Vbias is turned on and set 

to 2Vo/3. Hence, the potential difference applied across the thickness of the PZT film under E (or 

Eʹ) is -5Vo/12. This produces 37.5 MPa tensile stress along E-Eʹ (compressive stress 

perpendicular to it) and deterministically rotates the magnetization to the state ψ1 which produces 

an output voltage of Vo. Therefore, after every RESET operation MTJ reads bit ‘1’. Let us 

discuss the other logic operations. When both the inputs are low, potential difference across the 

PZT is -Vo/6 (corresponding tensile tress of 15 MPa). This stress will not change the state of 

magnetization from ψ1 and the output continues to remain Vo representing bit ‘1’.  
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When one of the inputs is high, potential difference across the PZT is lowered to + Vo/12 

generating a stress (compressive) of -7.5 MPa (see figure 1.19). This stress is not high enough to 

rotate the magnetization from its initial states that is high state and thus output remains high 

representing bit ‘1’. Subsequently inputs are applied to the gate (bits ‘1’ and ‘0’ correspond to 

input level Vo and Vo/2 respectively). When both the inputs are high, the potential difference 

becomes +Vo/3 across the thin film underneath E (or Eʹ)  resulting in a -30 MPa compressive 

 

Fig. 3. 1 Straintronic-MTJ based universal logic gate that satisfies all characteristics for logic (top) 

Elevation view of device schematic (bottom) equivalent circuit representation of the gate (Biswas, Atulasimha, 

Bandyopadhyay, 2014).  
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stress to rotate the magnetization to ψ0 . The output voltage thereby drops to Vo/2 implementing 

a log logic state for bit ‘0’ (see Fig. 3.1). Thus, a NAND gate is implemented. When we turn off 

all the bias voltage, there is no stress on the magnet, hence both ψ0 and ψ1 are stable (Tiercelin et 

al., 2011) due to the permanent bias magnetic field applied along the hard axis of the elliptical 

nanomagnet. Thus, ‘0’ and ‘1’ states (ψo and ψ1 respectively) are stable and this implementation 

is non-volatile.   

Finally, for these gates to be concataneble, the ‘0’ and ‘1’ states (ψ0 and ψ1 magnetization states 

of the MTJ respectively) should produce an output voltage of Vo/2 and Vo respectively.  For 

more elaborate discussion please see Ref. (Biswas, Atulasimha, Bandyopadhyay, 2014). 

 

 

3.2.  Reconfigurable bit comparator 

In this section, we propose a reconfigurable bit comparator implemented with a nanowire 

spin valve whose contacts are magnetostrictive and possess bistable magnetization. Reference 

and input bits are “written” into the magnetization states of the two contacts with electrically 

generated strain and the spin-valve’s resistance is lowered if the bits match. Multiple 

comparators can be interfaced in parallel with a magneto-tunneling junction to determine if an N-

bit input stream matches an N-bit reference stream bit by bit.  

Fig. 3.2 (a) shows the schematic of an N-bit comparator fabricated on a conducting n+- Si 

substrate and a piezoelectric layer. A single bit comparator block is shown in the left panel of 

Fig. 6.1 (b) and consists of a nanowire “spin valve” whose two ferromagnetic contacts are two-

phase multiferroics each consisting of a magnetostrictive material deposited on a piezoelectric 

layer.
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A global static magnetic field is directed along the minor axes of the magnetostrictive contacts to 

make the magnetization orientation bistable. Two pairs of electrically shorted electrodes are also 

delineated on the piezoelectric film, with each pair flanking a magnetostrictive contact. 

Application of a potential (of appropriate sign and magnitude) between an electrode pair and the 

underlying grounded n+-Si substrate selectively determines either stable state. When the 

 

Fig. 3. 2 A straintronic-spintronic multi-bit comparator integrated with a magneto-tunneling junction whose 

resistance indicates whether the input and reference bit streams match bit by bit. The MTJ unit and the comparator 

unit share the same (grounded) conducting substrate although that has not been shown explicitly in the  figure for 

the sake of clarity. (b) [Left panel] A single bit comparator unit showing the nanowire spin valve with 

magnetostrictive contacts fabricated on a piezoelectric layer. The programming and input leads are shown. [Right 

panel] Uniaxial tensile stress applied along one stable orientation of the nanomagnet takes the magnetization to 

that orientation while compressive stress takes the magnetization to the other orientation. (Biswas, Atulasimha 

and Bandyopadhyay, 2015). 
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potentials applied in both the reference and the input contacts are of same type (meaning the 

identical bits are received), both contacts form parallel magnetization configuration, resulting in 

a low resistive path from one contact to the other through the spin valve. When the potentials are 

of different types, the magnetizations in the contacts remain perpendicular to each other 

providing a high resistive path. Voltage at the across the road resistance R for a N-bit comparator 

unit will be given as  
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n n n
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                                                           (6.1)        

where Rn = R ∥ r1 ∥ r2 ∥ · · · ∥ rn−1 ∥ rn+1 ∥ · · · ∥ rN and rn is the resistance of the n-th spin 

valve. Note that the voltage V0 is applied at the MTJ electrodes. There is a positive threshold 

voltage Vth which, when applied at these electrodes, will generate enough compressive stress in 

the soft layer of the MTJ to rotate its magnetization from the initial (“reset”) orientation to the 

other stable orientation that is roughly perpendicular to the magnetization of the hard layer. This 

will abruptly take the MTJ to the low-resistance state and reduce the resistance by a factor of 1= 

(1 − η1η2) from the initial high-resistance state. The MTJ is biased by a constant current source I0 

which generates an output voltage Vout = I0RMTJ , where RMTJ is the MTJ resistance. If V0 ≥ Vth, 

then Vout is low; otherwise, Vout is high. However, V0 might be far away from Vth value but the 

former can be fine-tuned with a variable current source Idc as shown in Fig. 3.2 (a). We 

determine the transfer characteristic of the soft magnetic layer of the MTJ at room temperature 

(see Fig. 3.3). At room temperature, there will be a broadening of the threshold to Vth ± ΔV=2. 

Therefore, to make the scheme work at room temperature, we ensure that if even one bit does not 

match, the resulting V0 appearing across the resistor R is considerably less than Vth − ΔV=2. 

This can be ensured by choosing VI , R, Idc and the spin valve resistances in the low- and high-
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resistance states judiciously. We designed a 16-bit reconfigurable parallel comparator satisfying 

all the criteria mentioned above (Biswas, Atulasimha, Bandyopadhyay, 2015).   

 

We found that the system is robust against thermal noise at room temperature and  it can operate 

at ∼294 MHz while dissipating at most ∼19 fJ per cycle. 

3.3. Non-Boolean logic devices: straintronic spin neuron  

Inspired from a human brain’s capability of performing immense parallel operation with 

very low energy dissipation, a neural computing architecture has been proposed recently.   

‘Neurons’ are the central units of computation which are usually connected to each other and to 

external stimuli through programmable synapses. However, neurons are implemented with 

CMOS operational amplifiers and usually consume exorbitant amount of energy. An alternative 

 

 

Fig. 3. 3 Switching characteristic of the MTJ switch R(V ) versus V in the presence of thermal noise at room 

temperature. This plot is generated by simulating 105 switching trajectories to find the thermal spread in the 

switching threshold. (Biswas, Atulasimha and Bandyopadhyay, 2015). 
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is an energy efficient spin neuron implemented with nanomagnets driven by spin transfer torque 

(STT) generated from spin polarized current. When the latter happens to be far more energy 

efficient than CMOS based counterpart, its room temperature operation has not been properly 

studied. We propose a straintronic spin neuron that will be operated with voltage generated strain 

unlike the current. We show that our neuron is even more energy-efficient than STT based 

neuron with better thermal stability.  

 

Fig. 3.4 shows the schematic of a straintronic neuron connected to other neurons through 

programmable synapses (represented as resistors in Fig. 3.4) and an external bias. When the sum 

of the voltages at node P exceeds a critical value (corresponding to a critical stress of soft 

 
Fig. 3. 4 Schematic of a straintronic spin-neuron implementing a step transfer function. The artificial 

synapses are realized with the passive resistors r1 · · · rn. (Biswas, Atulasimha and Bandyopadhyay, 2015a) 
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magnetic layer in the MTJ) the output voltage V0 changes abruptly.  This mimic the behavior of 

a neuron’s firing which is usually formalized by a step transfer function given as  

 ,i i

i

O f w x b
 

  
 
                                                         (7.1) 

where xi-s are the inputs to the neurons, wi-s are the weightages of the synapses, b represents an 

external bias and f is some non-linear function. The inset in Fig. 3.4 shows the implementation of 

above equation for our straintronic spin neuron. We show that this neuron dissipates only 8.83 aJ 

energy at 0 K temperatures which is four orders of magnitude less than CMOS based neurons 

and 29,445 times less than a STT-based spin neuron. We further compare the transfer 

characteristic of both strain-based and STT-based neurons at 0 K and at room temperature. Fig. 

3.5 shows all four different criteria. It is clearly shown that both of the neurons deviate from their 

sharp transfer characteristics to a broadened transitional behavior at the critical voltage/current 

value. These broadenings are inevitable since thermal noise at room temperature budges the 

magnetization around its equilibrium. However, the percentage of broadening in critical value 

(current) for the STT-based neuron is way higher than that (broadening in critical voltage) of the 

strain-based neuron which makes the viability of the former at room temperature questionable .   

 


