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In this paper, we present two nanoscale architectures with full spin-wave interconnectivity. The
first architecture is a fully interconnected cluster in which each node can simultaneously
broadcast to all other nodes, and can concurrently receive and process multiple data. The
second architecture is a crossbar interconnected with ferromagnetic buses that, while requiring
the same number of switches and buses as the standard crossbar, is capable of simultaneously
transmitting multiple waves at different frequencies on each of the spin-wave buses. The
significance of these designs is that the communication between the nodes can be done in
constant time, which is a noteworthy improvement considering the Q(log N) lower-bound on
the time delay for implementing such networks in VLSI using traditional electrical
interconnects. In these architectures, unlike traditional spin-based architectures that transmit
charge, the information is encoded into the phase of spin waves. As a result of this, the
presented nanoscale designs may have low power consumption.

Keywords: Full interconnectivity; Nanoscale architectures; Spin waves; VLSI

1. Introduction

During the past several decades, many multi-processor VLSI chips have been proposed
with the goal of obtaining optimal speed-ups in minimal area. Nevertheless, the desired
speed-ups are not always realizable due to certain inherent limits in the VLSI
technology. For example, the VLSI area of a fully interconnected network of
multiprocessors on a chip, in which each of the computing nodes can send (or receive)
data to (or from) all the other nodes directly and in constant time, is in the order of
O(N*), which would be unreasonably large to implement. Furthermore, the
implementation of such an organization will require having nodes with O(N) fan-in
fan-out, which also is not practical in VLSI. If constant degree nodes were to be used
instead, there would be an (log N) intercommunication delay lower-bound in realizing
such a network in VLSI using electrical interconnects. The replacement of electrical
wires with free-space optical interconnects, though, can significantly improve the VLSI
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area and fan-in fan-out limitations [1]. However, electro-optical designs have their own
challenges, especially with respect to switching issues [2].

Another alternative for reducing the VLSI area requirement is to use nanoscale
architectures. Several methods have been proposed during the past few years for the
design of such chips. Among them are designs that have single electron transistors,
molecular switches, quantum-dots, carbon nanotubes, and spins [3]. In traditional spin-
based devices, information is stored into spins as a spin orientation (along with or
opposite to the external magnetic field). The spins, attached to carriers, transfer
information from one spin-based device to another through a conducting wire.
We propose to use spin-wave-based devices in which the wave transmits the information
without any charge transfer.

In this paper, we present two nanoscale architectures with full spin-wave
interconnectivity. The first architecture is a fully interconnected cluster in which each
node can simultaneously broadcast to all other nodes, and can concurrently receive and
process multiple data. The second architecture is a crossbar interconnected with
ferromagnetic buses that while requiring the same number of switches and buses as the
standard crossbar, is capable of simultaneously transmitting multiple waves at different
frequencies on each of the spin-wave buses. The significance of these designs is that the
communication between the nodes can be done in constant time, which is a noteworthy
improvement considering the Q2(log N) lower-bound on the time delay for implementing
such networks in VLSI using traditional electrical interconnects. Moreover, these fully
interconnected architectures can be laid out in area O(N?) as opposed to O(N*), and of
course the unit of area is in order of tens of nanometres as opposed to the standard
micron technology that is currently in use. In these architectures, information is
encoded into the phase of spin waves, and charge is not transmitted. As a result of this,
power consumption may be significantly reduced in these architectures.

The rest of the paper is organized as follows: In the next section, we present our
proposed spin-wave-based architectures. In section 3, we show our experimental results.
Our conclusion and future work is presented in section 4.

2. The fully interconnected architectures

The use of spin waves for computation is an entirely new idea. The first computational
architecture to utilize spin waves for massive entanglement of distant spin-based qubits
in a quantum computer was described in earlier publications [4, 5]. Later, in another
publication [6], and here, too, spin waves are used for both information transmission
and information processing. We employ the classical type of computing as opposed to
quantum, and the architectures presented can operate at room temperature as shown
later in this paper.

In this section, we first give a brief introduction to spin waves, and then present our
two proposed nanoscale architectures with full spin-wave interconnectivity: the fully
interconnected spin-wave cluster, and the spin-wave crossbar.

Electron spin produces a magnetic moment, and if a magnetic field is applied, then
this spin moment will precess about the field. A collection of such spin precessions is a
spin wave [7], as shown in figure 1. The magnitude of the spin wave is determined by the
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Figure 1. A spin wave: a collection of precession of electron magnetic moment about a magnetic field.

Figure 2. The top view of the architecture with full spin-wave interconnectivity.

precession angle. Typically, the speed of the spin wave is 10* metres per second.
According to our current experimental results presented later in this paper, the
switching frequency is in the order of GHz, but up to the order of THz is possible.
Attenuation of the spin wave is around 50 microns, which makes it a suitable candidate
for ‘nano’-scale communication.

2.1. The fully interconnected spin-wave cluster

This architecture is a fully interconnected cluster in which each node can simultancously
broadcast to all other nodes, and can concurrently receive and process multiple data.
Figure 2 shows the top view of the architecture in which the N computing nodes are
placed around a circle on a magnetic film. The area requirement of this architecture is
O(N?) as opposed to the O(N*) area requirement if electrical interconnects were to be
used. We should also note that all the distances in this architecture are in nanoscale.
Also, unlike electrical interconnection networks, in which only one transmission can be
done at a time, here multiple simultaneous permutations are possible by transmitting
the spin waves over different frequencies. The information is coded into the phase of the
spin waves in the sender and is detected by the receivers. In addition, within each
frequency, data can be sent to one or more other nodes from each node.
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Figure 3. Cross-section view of the architecture with full spin-wave interconnectivity.

Figure 3 shows the cross-view of the layout of this architecture on a semiconductor
chip. Each node is an Asymmetric Co-Planar Strip (ACPS) line (described later in the
implementation section), which can be used as a sender or receiver at each point of time.
In the following, we present a brief discussion about the placement of nodes and
the communication mechanisms among them.

2.1.1. Placement of the nodes. Normally, in architectures where the phases of the
waves are the means of information transmission, the exact location of the nodes with
respect to the size of topology is an important design issue. The distance between the
sender and receiver has to be at a length that is a multiple of the wavelength; otherwise
the receiver might receive the wave with a & radian phase-shift, which is a ‘0’ instead of
a ‘1’ or vice versa. However, in our design, this is not an issue because the wavelengths
of spin waves are considerably larger than the distance between the nodes. The speed of
spin waves is around 10° m/s. Assuming the input frequency range of 1-10 GHz (as in
our experiment), the wavelength will be in the order of 107*~107> m, while the distances
are nanoscale or 10~*m. In other words, the wavelengths of the spin waves are some
orders of magnitude greater than the distances between the nodes. Therefore, all the
nodes receive the same phase regardless of their location, and there is no need to place
the nodes in specific distance relative to the other ones [8].

2.1.2. Communication among the nodes. In this architecture, as shown in the top view,
each node can broadcast to all other nodes simultaneously. For instance, node A can
broadcast to all the other nodes. This requires that the receiving frequencies of all the
nodes be tuned to the same frequency as the transmitting frequency of node A.
Similarly, a node can receive and process multiple data simultancously. For instance,
node G can receive multiple data simultaneously from other nodes. In this case, the
requirement is that all the nodes should transmit at the same frequency as the receiving
frequency at which node G is tuned.
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To distinguish the data being transmitted to different nodes, transmissions are done
at distinct frequencies. In a way, this is similar to having various radio stations, where
each broadcasts at a different frequency. To listen to a specific station, one tunes to the
corresponding frequency. Here, similarly, each node can broadcast or receive at a
specific frequency. Furthermore, at a given frequency, a node can listen to multiple
waves simultaneously. Using the superposition property of waves, it can compute the
sum of all waves destined to it.

In addition to the transmissions at different frequencies, all nodes in this architecture
can work on the same frequency in a broadcast mode, or they can be directed to specific
locations using phased array techniques [9]. It is also possible to combine the phased
array technique with multiple frequencies. This way, for each frequency, some of the
waves are only transmitted to desirable directions and are received by the intended
sources.

2.1.3. Data detection at the nodes. In our architecture, the communication is done via
spin waves but the computation is done electronically. When mapping an algorithm to
this architecture, one should take into consideration the fact that once the spin waves
are detected by the receiver ACPS lines, the transmitted data can either be digitized or
they can be left analogue.

First, the input information is coded into the polarity of the voltage pulse applied to
the edge ACPS lines (for example, Viypu =1V corresponds to the logic state 1, and
Vinput = —1V corresponds to the logic state 0). Next, in order to detect the output signal
Vind» We use the time-resolved inductive voltage measurement.

In analogue detection mode, the ACPS line detects the inductive voltage produced by
the superposition of multiple waves. For example, if 10 waves are sending a ‘1’, then
their analogue sum through their cumulative amplitude is computed instantly as 10.
Also, this property can be used to compute logical functions as described previously.
In digital detection mode, this value is digitized to just a ‘1, and then the computations
are continued digitally.

It is possible to realize different logic gates AND, OR, and NOT controlling the
relative phase of the spin waves. The voltage measured in the output port is compared to
a reference voltage to determine logic state 1 or 0. This measurement is performed at the
moment of spin-wave packet arrival to the detecting ACPS line area.

2.2. The crossbar with spin-wave buses

Crossbars are attractive architectures because they can realize any permutations of
N inputs to N outputs. However, their main shortcoming is that N switches are used to
transmit only N pairs of data. The architecture described here, while requiring the same
number of switches as standard crossbars, is capable of transmitting N data elements.
This is due to the fact that each spin-wave bus is capable of carrying multiple waves at
any given instance of time. Therefore, each of the N inputs in parallel can essentially
broadcast its data to all of the N outputs. In other words, using this type of architecture,
it would be possible to efficiently realize those types of computations that require
high level of interconnectivity. Also, as compared to molecular nanoscale crossbars,
this design is fault tolerant because if there is a failure in one of the N channels,
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Spin-wave cross-bar architecture

Vit Vi Vit Viez

Figure 4. Crossbar with spin-wave buses.

other channels can be used to transmit the data. This is possible because all the channels
are accessible by all the ports and each channel can handle multiple data.

An example of the proposed spin-wave crossbar architecture is shown in
figure 4. Note that a set of column spin-wave buses on the bottom and a set of row
spin-wave buses on the top are connected via the vertical spin-wave switches presented
below. The switches can be set at GHz speed to direct the data to desired paths. Each
switch can be activated by alternating the bias of the corresponding column and row
contacts [10].

In figure 5(a), the cross-section of the spin-wave switch is shown, which resembles the
cross-section of a metal-insulator—diluted magnetic semiconductor structure used for
the experimental study of the effect of hole-mediated ferromagnetism in another
publication [11]. There, a ferromagnetic film is divided by a region of diluted magnetic
semiconductor (DMS), and it is used as a magnetic channel. The magnetic phase is
controlled by the applied electric field via the effect of hole-mediated ferromagnetism
[11]. A negative gate bias increases the hole concentration in the DMS region, resulting
in the paramagnetic-to-ferromagnetic transition, whereas a positive bias has an
opposite effect as shown in figure 5(b). The cross-section of the spin-wave switch is
shown in figure 5(c). As shown, the ferromagnetic film is divided by the DMS cell. Spin
waves can propagate through the DMS cell only if it is in the ferromagnetic phase.
In the ferromagnetic phase (‘on’ state) the switch transmits spin waves, while in the
paramagnetic state (‘off” state) it reflects any incoming spin waves.

The same structure of the spin-wave switch based on the effect of hole-mediated
ferromagnetism may be used for the vertical integration of the spin-wave buses. In figure
4, we have schematically shown two vertically separated ferromagnetic films with the
DMS cell in the place of intersection. In this structure, the switch serves as a connector
between two spin-wave buses. At the negative applied bias (ferromagnetic phase), the
switch provides coupling between the spins in the ferromagnetic films. At the positive bias
(paramagnetic phase), there is no coupling between the films. The use of the spin-wave
switches for vertical integration makes possible array-based architectures similar to that
proposed for the array of nanowires [12].
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Figure 5. A spin-wave switch design.

When mapping an algorithm to this architecture, one should take into consideration
the fact that two different types of data detections are possible at the nodes. Once the
spin waves are detected by the receiver ACPS lines, the transmitted data can either
be digitized or they can be left analogue as explained above in the case of fully
interconnected spin-wave clusters.

The proposed spin-wave crossbar architecture has two key advantages: (i) as briefly
noted above, there is no strict requirement on the exclusive use of the buses; and
(i1) signal information can be encoded in the phase of the propagating spin wave rather
than in the number of electrons to be transmitted via conducting wires. As is shown,
there is a common p-doped DMS layer for the whole structure. The magnetic phase in
every region is controlled by the hole concentration. Using conducting ferromagnetic
films (NiFe, for example), it is possible to control the hole distribution along the
structure by the applied electric field. The hole concentration is high when both the top
and the bottom ferromagnetic films are biased by a negative voltage. There is a self-
alignment mechanism that makes the proposed structure tolerant to structure
imperfections.



11:19 15 January 2011

Downl oaded At:

80 M. M. Eshaghian-Wilner et al.

3. Implementations of the architectures

While the architectures presented above have not yet been fully implemented, we have
some preliminary experimental results based on a simple prototype that we built in our
nano lab at UCLA. The significant point about our experimental results is that the
architectures are operable at room temperature and currently have GHz switching
speed. In the following, we show our prototype and experimental results, along with
a theoretical discussion explaining the operation of the prototype.

3.1. Our prototype and experimental results

Spin waves have been attracting scientific interest for a long time, but only recently were
there several experimental types of projects devoted to the problem of spin-wave
detection using the inductive voltage measurement technique [13, 14]. The results
indicate that spin-wave packets propagating in a 100 nanometre thick ferromagnetic
film may produce an inductive voltage in the order of several mV, suitable for
experimental detection [14]. The inductive voltage measurement technique appears to be
one of the most convenient physical methods for spin-wave detection and integration in
a semiconductor platform.

In the ideal case, spin waves can be used to provide an ‘LC’ coupling of devices,
without dissipative resistance. With the spin-wave concept, the spin rotates as a
propagating wave and there is no particle (electron/hole) transport [14]. In figure 6, we
have schematically shown the prototype of the spin-wave-based logic device structure
being built at our nano lab. The core of the structure consists of a 100 nm-thick CoFe
film deposited on a silicon substrate. There are two asymmetric coplanar strip (ACPS)
transmission lines on the top of the structure. The distance between the lines is 8 pm.
The lines and the ferromagnetic layer are isolated by a 300 nm silicon oxide layer. The
dimensions of the ACPS lines are adjusted to match 50 © of the external coaxial cable.
One of the ACPS lines (shown on the right) is used for spin-wave excitation. Hereafter,
we will refer to this ACPS line as the ‘excitation’ line. A voltage pulse applied to the
excitation line produces a magnetic field and excites a spin wave (spin-wave packet)
in the ferromagnetic layer. Being excited, the spin wave propagates through the
ferromagnetic film. The other ACPS line (shown on the left) is used to detect the
inductive voltage signal produced by the propagating spin wave. Hereafter, we will refer
to this line as the ‘detection’ line.

In figure 7, we present the experimental data on spin-wave detection by the time-
resolved inductive voltage measurement technique [15]. The dashed line depicts the
voltage pulse applied to the excitation line. The pulse characteristics are as follows:
pulse amplitude 24.5V; rising time 1.2 ns; and pulse length 20 ns. The solid line depicts
the inductive voltage signal detected by the detection line. One can see the inductive
voltage oscillation at the detection line caused by the inductive coupling via the spin
waves. The output voltage signal has maximum pulse amplitude 26 mV, and the period
of oscillation is 9 ns.

These experimental data illustrate the possibility of signal transmission by spin waves
over micrometre range distances. The attenuation time is about 20 ns, and the signal-to-
noise ratio is satisfactory (at least for 8 um propagation distance). We would like to
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Figure 7. Experimental data on spin-wave detection.

stress that the utilization of spin waves is prominent for short-range in-chip
communication. There are several important issues that require additional considera-
tion: (i) power dissipation in the spin-wave bus; and (ii) signal gain. In principle, the
energy per spin wave can be scaled down to several kT, to be just above the thermal
noise level. On the other hand, in order to compensate for the damping of spin waves,
one needs to include an amplification mechanism (gain). One of the possible gain
mechanisms may be parametric spin-wave amplification, which has been experimentally
demonstrated [16].
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3.2. The principle of operation

In order to illustrate the principle of operation, we consider the propagation of a spin
wave excited by an ACPS transmission line. The spin dynamics can be described using
the Landau—Lifshitz equation as follows:

dm y - R >
E:—mm[Heﬁ—l-amxHeff], (1)

where 1 = M /M is the unit magnetization vector, M, is the saturation magnetization,
y 1is the gyro-magnetic ratio, and « is the phenomenological Gilbert damping
coefficient. The first term of equation (1) describes the precession of magnetization
about the effective field and the second term describes its dissipation. H, is the effective
field that consists of the superposition of the external field and contributions from
anisotropy, and exchange fields.

- 24 ., 2K . .. =~
H‘”ff = —V2(I) + ﬁ Vzm + M(m . 6_;)6 + lel/Sé’s (2)

N

where V>® =47 M,V -m, A is the exchange constant, K is the uniaxial anisotropy
constant, and ¢ is the unit vector along with the uniaxial direction, H,y is the pulse
field produced by the source—drain current. The first terms in equation (2) are defined
by the material properties of the ferromagnetic sample, while the last term, the
excitation pulse field, can be artificially controlled. Theoretically, by adjusting the form
of the external field pulse, it is possible to excite a spin wave of any desired frequency
and amplitude. To be realistic, we use experimental data and an analytical model
developed in [13], where spin wave excitation in NiFe film by applying current pulses
has been investigated in detail. It was found that a short current pulse (<100 ps) through
a conducting strip placed close to the NiFe film (0.54 um oxide thickness) excites a
spin-wave packet, which is a linear superposition of spin waves. An analytical solution
to equation (1) was found, and it describes the propagation of the wave packet through
the ferromagnetic film. The results of the numerical simulations demonstrated a good
agreement with experimental data [13].

In figure 6, we have shown two ACPS lines, one as input and one output. If we add
another ACPS line, it can be used as a second input port. Each of the input devices
(ACPS lines) excites a spin-wave packet consisting of a Gaussian distribution of wave
vectors that is 2/8 in width and centred about k,. The wave packet propagates along
with the y direction and can be described with one magnetization component M, as
follows:

Cexp(—1t/7) —8%(y — vit)?
M, =—5 e [4(84 n '32‘;2)} cos(koy — ot + ¢), 3)

where C is a constant proportional to the amplitude, t is the decay time, ¢ is the initial
phase, v=0w/ok (k=ko) and B=(1/2) 8°w/dk> (k=k,) are the coefficients of the first
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Figure 8. Numerical simulations results: propagation of a spin-wave packet.

and second order terms, respectively, in the Taylor expansion of the nonlinear
dispersion, w(k). The dispersion relation for spin waves propagating orthogonally to the
magnetization is given by

o = y{87K + QaM)[1 — exp(—2kd)]} ", 4)

where d is the thickness of the film. In numerical simulations, we used NiFe material
characteristics: 4=1.6 x 10 %ergem™', 47M,=10kG, 2K/M,=40e, y=19.91 x
10°rad/s Oe, «=0.0097, known from the literature [14, 17]. Taking the fitting
parameters for the wave packet obtained in [13], we use T=0.6ns, ko=0.25um""
and §=5.7um for d=27nm. In figure 8, we have shown the results of numerical
simulations illustrating spin-wave packet propagation.

The distance between the excitation point and the point of observation is 50 pum. The
spin waves produce a perturbation in spin orientation perpendicular to the direction
of magnetization, whose amplitude is much less than the saturation magnetization
M|/ M, < 1.

Next, we consider the combined effect of spin-wave packets produced by two input
devices. We assume that each of the input devices generates a spin-wave packet, which is
described by equation (3). The amplitudes of the input signals are the same, while the
relative phase between the signals can be controlled, for example, by the polarity of the
applied current pulses. The current pulses having the same polarity produce local
magnetic fields oriented in the same direction, so the generated spin-wave packets have
the same initial phase (¢ = ¢»,). In the other case, when the current pulses have different
polarity, the produced spin-wave packets have relative phase difference (¢; — ¢ = 7).

In order to find the magnetization change caused by two spin-wave packets,
we calculated the resultant magnetization as a superposition of waves of the same
frequency from each packet:

_ 1 w/2
iy = f . / [M3,(@) + M3, () + 2M1,(0) Moy ) cos(n — @) Jdeody ()
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Figure 9. Numerical simulations results: output of two spin-wave packets.

In above equation, w is the width of the detecting device along the Y axis (the gap
between the strips in figure 6), and the subscripts depict the magnetization components
of the first and the second packets, respectively. We made integration over the finite
length (w=200nm) to take into account the effect of dephasing. Then, we calculated
the inductive voltage according to [14]:

Vo (Moldj;(z,w)> < Z ) daM, ’ ©)

Z+0.5R, ) dt

where jq is the magnetic constant, / is the length of the sample, f{(z,w) is the spacing loss
function, Z is the strip line resistance, and Ry is the total ACPS line dc resistance.
In our calculation, we neglected the additional losses due to the ACPS line resistance.
In figure 9, we present the results of numerical simulations showing the inductive
voltage as a function of time obtained in two cases: spin-wave packets are excited in
phase (the solid line) and out of phase (the dashed line).

The results of simulations illustrate the output of the prototype logic device described
above. As shown in figure 9, the amplitude of the inductive voltage is maximum when
the spin-wave packets are coming in phase. In the other case, the waves from two
packets compensate each other and produce inductive voltage of much less amplitude.

4. Future directions and conclusion

As mentioned in section 2, the attenuation of a spin wave is about 50 microns. In order
to overcome this size limitation, we propose using a hierarchical multi-scale
architecture, which will embody the spin-wave modules described above.

The proposed architecture will be based on the Optical Reconfigurable Mesh (ORM)
architecture [18], which consists of three layers: the deflection layer, the microscale
processing layer, and the nanoscale processing layer. In this architecture, the deflection
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Figure 10. The hierarchical architecture with fully interconnected clusters or crossbars in the
computing layer.

layer consists of N? deflecting units, while the microscale processing layer consists of
N? processing units. Here each processing unit will be connected to a fully connected
nanoscale module at the nanoscale processing layer. The nanoscale module can be
either the spin-wave crossbar or the spin-wave cluster explained previously. Each
deflecting unit consists of one fixed and one reconfigurable mirror as well as a unit to
control the direction of the reconfigurable mirror according to the address sent to it.
The processing units at the microscale layer have optical receiver and transmitters as
well as regular switches. They are interconnected as a standard reconfigurable mesh and
can also intercommunicate optically using the deflection layer.

Data at the microscale processing module level can be routed in three different ways:
electrical routing through electrical buses, optical routing via free-space optical
interconnections, and electro-optical routing that uses electrical and optical free-space
connections to allow a complete connection among N processors [19]. The nanoscale
computing modules are interconnected using spin waves, and at the higher microscale
level they are interconnected electro-optically as shown in figure 10. This architecture
presents one of the many ways in which the spin-wave nanoscale modules introduced
here can be integrated into chips. The following are a few concluding remarks about the
work we presented in this paper.

Two nanoscale architectures with full spin-wave interconnectivity were presented that
are operable at room temperature. In the first one, the fully interconnected spin-wave
cluster, each node can simultancously broadcast to all other nodes, and can
concurrently receive and process multiple data. The second one, the spin-wave
crossbar, is capable of simultaneously transmitting multiple waves at different
frequencies on each of the spin-wave buses.

Both of these designs allow nodes to intercommunicate in constant time. In these
architectures, unlike traditional spin-based architectures that transmit charge, the
information is encoded into the phase of spin waves. As a result of this, the presented
nanoscale designs have low power consumption.

Finally, to address the limitation of scaling the size of these modules due to
attenuation of spin waves, we proposed using a hierarchical multi-scale architecture
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that interconnects the nanoscale spin-wave modules -electro-optically at the
microscale level.
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