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Impact of Spintronics Transducers on the Performance of Spin Wave
Logic Circuit

Sourav Dutta!, Rouhollah Mousavi Iraei', Chenyun Pan', Dmitri E. Nikonov?, Sasikanth Manipatruni?,
Ian A. Young? and Azad Naeemi'

Abstract— We propose a comprehensive scheme for building
spintronics transducers for back and forth signal conversion
between spin and charge domains in addition to the associated
CMOS peripheral circuitry for spin wave device (SWD) circuits.
We perform systematic analysis of the impact of the transducers
on the performance of SWD in terms of energy and area
overhead. Performance evaluation of SWD compared with 7nm
FinFET CMOS technology at the circuit level, yields a 3x
smaller area and an order of magnitude lower energy-delay
product (EDP) for large complex circuits with low overhead.
Overall, SWD outperforms CMOS with increasing ratio of
(logic size/overhead).

I. INTRODUCTION

The scaling of the CMOS integrated circuits is expected
to meet its apparent end due to fundamental physical lim-
itations. This has led to an active search for alternative
state variables and new hybrid systems that can incorpo-
rate CMOS and beyond-CMOS technologies to improve
system performance. Spin-based devices have been among
the forerunners in this search due to their inherent non-
volatility, higher logical efficiency and significant departure
from von-Neumann architecture by enabling memory-in-
logic and logic-in-memory architectures [1].

The possibility of utilizing spin waves along with the
magnetoelectric (ME) effect for information transmission
and computation has been sought for owing to low energy
dissipation comparable or lower than charge based devices
[1], [2], [3]. Recently, an extensive design and benchmarking
methodology have been presented for spin wave devices
(SWD) in [4]. However, the underlying operating principle
is based on [2] which did not fully address some of the
essential requirements of logic applications like concaten-
ability and non-reciprocity. Also, while a micromagnetic
approach has been adopted, the voltage-induced change in
anisotropy as input and voltage-output modeling needs to be
better elucidated. Finally, while all the previous works have
been dedicated to designing an energy efficient non-volatile
SWD with innovative logic synthesis methodology involving
Majority-Inverter Graph (MIG) [5] that fully exploit the
SWD functionality, efficient and scalable mechanisms for
information transduction between spin and charge domain
remains unexplored.

In this work, we present a comprehensive scheme for
building efficient spintronics transducers for SWD includ-
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ing the associated CMOS driving and interfacing circuits.
We provide a thorough analysis of SWD logic circuit by
combining our previously proposed design for non-volatile
clocked SWD [3] and the transducers presented herein. We
perform micromagnetic and HSPICE simulations to estimate
the energy and area overhead introduced by input/output
transducers and evaluate the performance of SWD compared
with 7nm FinFET CMOS technology at the circuit level in
terms of the area and energy-delay product (EDP) metric.

II. CIRCUIT ARCHITECTURE

Fig. 1 shows a general pipeline architecture of SWD logic
circuit consisting of a charge-to-spin (CS) converter block
that translates information from charge to spin domain, the
intermediate ME cells that act as computational blocks, a
spin-to-charge (SC) converter block that transduce informa-
tion from spin state to charge variable and a 3-phase clock
that ensures sequential transmission of information and non-
reciprocity.
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Fig. 1.  Illustration of a SWD logic circuit architecture with CMOS
peripheral circuitry.

III. BUILDING BLOCKS
A. Magnetoelectric cells

The basic computational blocks in a SWD logic circuit
are the ME cells consisting of a ferroelectric or piezoelectric
(FE) layer sandwiched between two metallic electrodes and
a ferromagnetic (FM) layer as shown in Fig. 2a along with
the clocking circuit. As the clock V. toggles between 0 and
Vbp, the ME cell gets charged or discharged through the top
and bottom nFETS respectively. The voltage Vir applied
across the FE creates an isotropic strain € = & +d3,V /tpg,
where & is the residual strain and tgg,d3; are the thickness
and piezoelectric coefficient of FE respectively. The strain
gets coupled to the upper FM, creating a strain-mediated
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Fig. 2. Schematic of the various building blocks in a SWD logic circuit- (a) single stage SWD consisting of ME cells and PMA spin wave bus (SWB),
(b,c) CS converters using MTJ based STT and SHE, respectively, (d-f) SC converters using MTJ readout, ME readhead and ISHE/IREE respectively.

out-of-plane magnetic anisotropy K = %AY& where A,Y are
the magnetostrictive coefficient and Young’s modulus of FM.
Above a critical strain, the magnetic easy-axis rotates out-
of-plane causing an out-of-plane switching of magnetization
and creating spin waves, with the information encoded into
the phase of the waves. Once out-of-plane, the magnetization
continues to be held in the meta-stable state via application
of voltage until the incoming spin waves from the previous
stage arrive. Upon arrival, V. is turned off causing a phase
dependent deterministic switching of the ME cell. Details
about the working principle has been described in [3], [6].

B. Charge-to-Spin converters

The first stage of the SWD logic circuit involves CS con-
verters that translate information from charge to spin domain
by switching the nanomagnet from a metastable to one of
the low energy magnetization states via a voltage or current
dependent external torque like transfer of angular momentum
to the nanomagnet using spin currents. We investigate two
potential candidates - (a) a magnetic tunnel junction (MTJ)
based structure relying on spin-transfer torque (STT) [3] and
(b) the spin Hall effect (SHE) and/or Rashba effect.

Fig. 2b shows an STT based CS converter consisting of
two MT]J stacks built on top of the ME cell with the fixed
ferromagnetic layers pinned in the opposite directions (d-my.).
When V,;; of ME clock goes low, the write enable signal Viy g

in the writing circuit is turned on. Depending on whether the
data signal Vpg, is high (bit ”17) or low (bit ’0”), either N;
and N4 or N, and N3 are turned on respectively, injecting
currents /| or I, through the MTJ which gets spin polarized
through the pinned layer I, = I; /1 and switches the free FM
layer from +z to +/-x.

A more promising alternative is using the SHE. Fig.
2c shows the proposed structure consisting of a SHE ma-
terial exhibiting high spin-orbit coupling (SOC) and an
insulating FM built on top of the ME cell. The insulating
FM absorbs spin torque while preventing current shunting
to bottom metallic layers. The effect arising from SOC
manifests as the creation of a transverse spin polarized
current /; on the application of a charge current /. flowing
through the material. During the time Viyg is high, depend-
ing on Vpgqa, I. flows through the GSHE material along
+/- y direction injecting -/+ x polarized spin current I; =
%O [1 — sech(4)](2G ™ tanh(55)) /(G  coth( ) + £ )1
[71, [8] along -z dlrectlon where w is the width of the FM
Osy is the internal spin Hall angle(SHA), ¢, A, and o are
the thickness, spin diffusion length and conductivity of SHE
metal respectively and G' is the interfacial spin mixing
conductance.



C. Spin-to-Charge converters

Identifying an efficient spin to charge transduction mech-
anism is crucial for beyond-CMOS spintronics devices. Here
we discuss some of the feasible options for spin-to-charge
(SC) converters - (a) high tunnel magnetoresistance (TMR)
MTJ stack, (b) magnetoelectric (ME) read-head [9] and
(c) inverse spin Hall effect (ISHE) and interface Rashba-
Edelstein effect (IREE) [10], [11].

We consider an MTJ stack displaying high TMR built
on top of the ME cell along with the CMOS read-out
circuity as shown in Fig. 2d. The same clock V. used for
clocking the ME cell is applied to the gate of the pMOS.
The read-out operation is performed when V,; is low and
the magnetization is in one of the in-plane states (+/ — my)
storing either bit 1 or ”0”. As the sense current of few uA
flows through the MTJ with resistance either Rp (parallel
configuration) or R4p (antiparallel configuration) and a fixed
resistance r from a matched MTJ, the nodal voltage Vy
swings between a high and low value. The proposed scheme
provides several advantages: (a) In contrast to an STT-RAM
that uses the same MTJ for read/write, we use the MTJ
for read-out only. Hence, we can have a thicker oxide that
increases the TMR and the output voltage can directly drive a
CMOS interfacing circuit without any bulky sense amplifier
(SA). (b) Since we use a matched MTJ for series resistance,
the circuit is reliable even if there is variation in oxide
thickness.

An alternative is to use a ME read-head shown in Fig. 2e
comprising of a ferroelectric layer sandwiched between two
pinned ferromagnetic/antiferromagnetic layers that provide
a dc exchange bias magnetic field. As the magnetization
in the lower FM layer switches, the dipolar magnetic field
H induces an output voltage V = aHt, where « is the
magnetoelectric coefficient of this material stack and 7 is the
stack thickness. The small induced voltage would require an
amplifier to interface with CMOS circuit.

Fig. 2f shows the schematic for SC converter using
ISHE/IREE. The electrical current injected through the FM
gives rise to a pure spin polarized current in the channel
exhibiting high SOC due to spin accumulation at the in-
terface. The injected spin current gives rise to a charge
current I, = [GSHlstanh(i) + Migee|Is/w where Ajgpg is
the IREE length via bulk ISHE and/or IREE. Depending on
the magnetization of FM, I, either charges or discharges the
capacitor. ISHE/IREE produces a spin to charge conversion
efficiency of 0.1 with known materials and optimized widths,
producing a net output voltage Vi of around 0.1 V [12] and
hence would require amplification to interface with CMOS
circuit.

IV. PERFORMANCE EVALUATION

We perform micromagnetic simulations in OOMMF [13]
for a single stage SWD. We consider an 80nm x40nm X 12nm
CogoFeq0/(001) PMN-PT (30nm thick) as the ME cell het-
erostructure (Mg = 800 kA/m, A = 20 pJ/m, o = 0.027,
A = 200 ppm, ¥ = 200 GPa, d3; = -1000 pm/V) and a
100nm long Co/Ni multilayer (Mg = 790 kA/m, A = 16

pJ/m, Hx = 16.78 kA/m, a = 0.01) as the perpendicular
magentic anisotropy (PMA) spin wave bus. The voltage
induced strain-mediated out-of-plane anisotropy required for
magnetization switching yields a low operating voltage Vg
of 0.1V and an intrinsic energy dissipation (%%me)
of 4.5a] keeping the switching delay to a minimum of 0.4-
0.6ns and a spin wave propagation time of 0.2ns. Following
the clocking design in [3], the single stage delay is 2.4ns. We
perform HSPICE simulation for the clocking circuit shown
in Fig. 2a with the ME cell represented as a capacitance of
Cue = €8&-AmE /tp; =0.9 fF and interconnect capacitance of
0.15fF /um and obtain an energy dissipation of 0.4fJ which
is about 100x larger than the intrinsic energy dissipation of
ME cell.

For CS converter, we use SHE of Pt (6sy = 0.1, 0 =
3.2x100Q 'm~ !, G = 0.57x105Q " 'm 2,4, = 1.4 nm and
t = 3.4 nm) and obtain a delay of 1.3ns from micromagnetic
simulation. The energy dissipation from HSPICE simulation
for the writing circuit with Pt represented as a resistance of
45.58Q yeild 1fJ/write which is 20x larger than the intrinsic
energy dissipation of 50.6aJ for the GSHE obtained from
micromagnetic simulation. We use a Viyg of 40mV which
can be further lowered at the cost of the area of the driving
transistors.

Similar HSPICE simulations for the SC converter using
MTJ with high TMR of 277% for CosoFesoB20/MgO(1.5
nm)/CoFe stack and resistance-area product (RAp) of 1060
Qum? [14] yield an energy dissipation of 2.2-2.3fJ con-
sidering inverter and D-Latch as interfacing CMOS circuit
respectively, with an operating voltage of 0.4V. This is nearly
10x higher than the intrinsic energy dissipation of 240aJ in
the read-out MTJ stack.
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Fig. 3. Energy overhead imposed by transducers.

For estimating the energy overhead for the transducers,
we consider a logic block of size N (number of ME cells)
and a 3-phase clocking scheme as shown in Fig. 1. From
Elmore’s delay calculation including interconnect resistance
(20 ©/um) and capacitance, we find that each clock can
drive approximately upto 250 ME cells. Fig. 3 shows the %
overhead in energy considering N;/, input, N,/, output and
Ni/p +N,/p input-output transducers. It is seen that the %



overhead goes down as the size of the logic block (number
of ME cells) increases. However, even for a size of 2x10%
and 32 bit input/output (total 64), the energy overhead still
remains at 25% and becomes even worse for 64 or 128
bits. For the delay estimation, if a program has a large
number of instructions that need to be executed without any
data dependencies, it can take the advantage of the pipeline
structure of the SWD block by fetching input data at each
clock cycle. The overall execution time per instruction is
application dependent. At the optimal situation, the delay is
equal to the clock cycle period of 2.4ns, which is applicable
to all types of instructions.

1/P overhead

Fig. 4. Area overhead imposed by transducers.

The area of a CMOS inverter is calculated following [1]
as 160F%, where the minimum feature size F = 7nm. The
area for nFETS is calculated as 12F2xN rx1.5, assuming 50%
area overhead with fin pitch of 3F, contact pitch of 4F and
Ny = number of fins. Fig. 4 shows the % overhead in area
considering N;/, input, N,,, output and N;/, +N,, input-
output transducers. The area-overhead follows a similar trend
as energy with less detrimental effect compared to energy.
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Fig. 5. Comparison between SWD and 7nm CMOS in terms of area (A),
energy (E) and delay (D).

Finally, we evaluate the performance of SWD in terms
of the area, energy and delay and compare it with the
CMOS implementation at the circuit level as shown in Fig.
5. A variety of circuits are synthesized using the Synopsys
Design Compiler. The cell library is adopted from the 7nm
FinFET technology. SWD-based circuits are evaluated based
on MIG optimization [5]. On an average SWD shows a 3x

improvement in terms of area compared to CMOS and upto
10x improvement in energy-delay product (EDP) for large
complex circuits with low overhead. For smaller circuits
like ripple carry adders (RCA), the energy overhead for
transducers overshadows any gain achieved in terms of area.

V. CONCLUSIONS

We have for the first time investigated the impact of
transducers on the performance of SWD logic circuitry in
a comprehensive fashion. We propose and compare feasible
mechanisms to efficiently translate information back and
forth between charge and spin domain. Our study shows
that even with the best possible options, the transducers act
as a bottleneck, imposing nearly 20-40% energy overhead.
However, SWD can still outperform CMOS at the circuit
level for large complex circuits with low overhead.
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