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We describe a new approach to logic devices interconnection by the inductive coupling via a ferro-
magnetic film. The information among the distant devices is transmitted in a wireless manner via a
magnetic field produced by spin waves propagating in the ferromagnetic film, referred to as the spin
wave bus. As an alternative approach to the transistor-based architecture, logic circuits with spin
wave bus do not use charge as an information carrier. A bit of information can be encoded into the
phase or the amplitude of the spin wave signal. We present experimental data demonstrating induc-
tive coupling through the 100 nm thick NiFe and CoFe films at room temperature. The performance
of logic circuits with spin wave bus is illustrated by numerical modeling based on the experimental
data. Potentially, logic circuits with spin wave bus may resolve the interconnect problem and pro-
vide “wireless” read-in and read-out. Another expected benefit is in the enhanced logic functionality.
A set of “NOT,” “AND,” and “OR” logic gates can be realized in one device structure. The coupling
between the circuits and the spin wave bus can be controlled. We present the results of numerical
simulations showing the controllable switching of a bi-stable logic cell inductively coupled to the spin
wave bus. The shortcomings and limitations of circuits with spin wave bus are also discussed.
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1. INTRODUCTION

There is great interest in novel logic circuits! that are
aimed to provide high information/signal processing rates
and that are scalable to the nanometer range. The devel-
opment of novel functional materials and structures at
nanometer scale, together with processes for monolithic,
heterogeneous integration with CMOS, may result in a
breakthrough for revolutionary new types of electronic
circuitry with capabilities far beyond the traditional CMOS
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tary functional units is accomplished in a wireless manner
via inductive voltage signals produced by spin waves prop-
agating in a ferromagnetic film.

Spin wave as a physical phenomenon has attracted sci-
entific interest for a long time.> Spin wave is a col-
lective oscillation of spins in an ordered spin lattice
around the direction of magnetization. The phenomenon
is similar to the lattice vibration, where atoms oscillate
around their equilibrium position. Potentially, it is pos-
sible to use ferromagnetic films as a conduit for spin
wave propagation, referred to as “Spin Wave Bus” (SWB),
where the information can be coded into a phase or the
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The excitation of spin waves can be done by the local

amplitude of the spin wave. The distinct feature and key
magnetic field produced by micro- or nano-scale antenna,

advantage of the SWB is that information transmission is

accomplished without electron transport. Besides, there are
other significant advantages:

(i) ability to use superposition of spin waves in the bus to
achieve useful logic functionality;

(i1) a number of spin waves with different frequencies can
be simultaneously transmitted among a number of spin-
based devices;

(iii) the interaction between spin waves and outer devices
can be done in a wireless manner, via a magnetic
field.

J. Nanoelectron. Optoelectron. 3, 1-11, 2008

while the detection of the spin wave is via the induc-
tive voltage produced by propagating spin waves. The
time-resolved inductive voltage measurement technique
has been successfully applied for spin wave propagation
study in nanoscale ferromagnetic films.*> It was demon-
strated that spin waves in NiFe films can transmit a milli-
volt inductive voltage signal for 50 um distance at room
temperature.> Spin waves can be also implemented in dif-
ferent spin-based nano architectures.® A first working spin-
wave based logic circuit has been recently experimentally

3

M3IATH



REVIEW

Inductively Coupled Circuits with Spin Wave Bus for Information Processing Khitun et al.
demonstrated.” The aim of this work is to present exper- (@) Input 1 Output Input 2

imental data on inductive coupling through ferromagnetic

films and to demonstrate the potential advantages of using ACPS line ACPS line ACPS line

inductively coupled circuits with SWB for information
processing.

The paper is organized as follows: in the next section we
explain the general concept of inductively coupled circuits
with SWB. In Section 3, we describe the experimental
setup and present experimental data showing the inductive
coupling through a 100 nm thick ferromagnetic films at
room temperature. In Section 4, we present the results of
numerical modeling illustrating the performance of logic
circuits with SWB. Discussion and Conclusions are given
in Sections 5 and 6, respectively.

2. PRINCIPLE OF OPERATION

The general idea of using inductively coupled circuits for
information processing is to transmit information between
the circuits using a magnetic flux without transmitting
current via wires. According to the Faraday’s law, the
change of the magnetic flux through the surface generates
an inductive voltage proportional to the rate of the mag-
netic flux change E; ; = —d®,,/dt. In order to direct the
magnetic flux among the circuits, we propose to use mag-
netic materials (ferromagnetic, anti-ferromagnetic, or fer-
rite). The change of magnetization in the magnetic material
alters the outgoing magnetic flux and results in the induc-
tive voltage signal. There are two possible ways to change
magnetization through a magnetic material: (i) by domain
wall motion® or (ii) by propagation of a spin wave without
changing the domain orientation.® In both cases the mag-
netization change is not accompanied by charge transmis-
sion. We consider spin wave as an energetically efficient
approach as it takes much less energy to excite a spin wave
than to reverse the magnetization of the entire domain.
Spin wave is confined within a magnetic film and can be
efficiently guided. The film serves as a “magnetic” waveg-
uide transmitting information coded in a spin wave from
one circuit to another.

The material structure of a prototype logic circuit with
SWB is shown in Figure 1(a). The core of the struc-
ture consists of a ferromagnetic film (NiFe, for example)
deposited on a semi-insulating substrate, e.g., silicon on
insulator (SOI) by a sputtering technique. The film may
be entirely magnetized along the X axis when a magnetic
field is applied. The thickness of the ferromagnetic layer
is about 10 nm to 100 nm. There are three asymmetric
coplanar strip (ACPS) transmission lines on the top of
the structure. These transmission lines are isolated from
the ferromagnetic layer by the silicon oxide layer, and are
used as input/output ports. A voltage pulse applied to an
input ACPS line produces a magnetic field perpendicu-
lar to the magnetization of the ferromagnetic film, and,
thus, generates spin waves. The readout can be done by

4

Insulator

Ferromagnetic film

Fig. 1. (a) Material structure for the prototype logic device with a mag-
netic bus. The core of the structure from the bottom to the top consists of
a semiconductor substrate, a ferromagnetic layer, and an insulator layer.
There are three microstrips on the top. The edge microstrips act as the
input ports, and the one in the middle as the output. (b) The equivalent
circuit schematic for prototype logic device with the magnetic bus. There
are three inductively coupled oscillators (L,, C;, R,), and the transmis-
sion line (L,, C,, R,) stands for the magnetic bus. The phase of oscilla-
tion in each circuit depends on the applied voltage and the relative phase
of oscillations in two other circuits.

an output ACPS line. The structure is similar to the one
used for time-resolved measurements of propagating spin
waves.® Figure 1(b) displays the equivalent circuit for the
proposed logic circuit. The input and output circuits con-
sisting of the spin-based devices shown in (a) are depicted
as LCR oscillators (L;, C,, R,). The LCR transmission
line (L,, Cy, R,) is represented as the SWB. The oscil-
lators are inductively coupled via the interaction with the
ferromagnetic film. The change of the current in any of
the oscillators produces an inductive voltage in the others,
and vice versa. Depending on the relative phase of the cur-
rents in the input circuits, the output inductive voltage at
the central circuit can be maximal (in phase) or minimal
(out of phase).

As we will show, an elementary logic gates such as
“NOT,” “AND” and “OR” can be realized as from the pro-
totype logic circuit shown in Figure 1(a). For example, the
edge ACPS lines can be considered as the input ports, and
the middle ACPS as the output port. The middle ACPS
line detects the inductive voltage produced by the super-
position of two waves. The input data are received in the
form of voltage pulses. For simplicity, we assume that the

J. Nanoelectron. Optoelectron. 3, 1-11, 2008



Khitun et al.

Inductively Coupled Circuits with Spin Wave Bus for Information Processing

input signal amplitudes of 41 V and —1 V correspond to
the logic states 1 and 0, respectively. Next, the input infor-
mation is encoded into the phase of the spin wave. The
conversion of the voltage signal into the spin wave phase is
accomplished by the microstrip. Each microstrip generates
a local magnetic field to excite a spin wave in a ferromag-
netic film. Depending on the polarity of the input signal,
the initial phase of each spin wave may have a relative
phase difference of e.g., 7. Phases of “0” and “7” may be
used to represent two logic states 1 and 0. Depending on
the relative phase of the spin waves, the amplitude of the
inductive voltage may be enhanced (in phase) or decreased
(out of phase) compared to the inductive voltage produced
by a single spin wave. Then, the voltage signal may be
amplified by conventional MOSFET to provide the com-
patibility with the external circuits. The relative phase is
defined by the location of the ACPS lines and the polarity
of the input excitation voltage signal. It is also possible
to control the initial phase by adjusting the time of exci-
tation. With these elementary sets of devices and bus, it
is possible to realize different logic gates AND, OR, and
NOT by controlling the relative phases of the spin waves.

3. EXPERIMENTAL DETAILS

In order to investigate the coupling via ferromagnetic
films, we started with a test structure shown in Figure 2(a).
There are two microstrips on the top of the structure. One

(a)
4 um

Silicon oxide 500 nm
Nig; Fe g 100 nm

Silicon substrate

(b)

Circulator I; - I
Signal generator = i FMfilm ¢
(Agilent 83640B) @ z [ . '
¢_j
X
w Oscilloscope!
Power meter (50 GHz)
(Agilent 8592A)
i %
Trigger I

Fig. 2. (a) Test structure. The core of the structure from the bot-
tom to the top consists of silicon substrate, 100 nm thick ferromag-
netic film (NiFe or CoFe), 500 nm silicon oxide layer. There are two
microstrip elements on the top of the structure: 2 um-wide transmission
line, 8 um-wide ground line. The distance between the microstrips is
4 pwm. (b) Experimental setup for time-resolved inductive voltage mea-
surements. Picosecond 4000B pulse generator was used to bias the exci-
tation antenna. The impedance of the external circuit was matched to
50 Q. The inductive voltage in the receiving microstrip was detected by
a 50 GHz oscilloscope.
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Fig. 3. (a) Inductive voltage measured for the device with 100 nm thick
CoFe layer obtained with and without external magnetic field H,, =0
and H,, = 50 Oe. (b) The result of the subtraction: signal obtained for

ext

H,,, =0 is subtracted from H,, = 50 Oe.

microstrip is the transducer to excite spin waves, and the
other one is the receiver to detect the inductive voltage. In
our experiments, we used CoFe and NiFe ferromagnetic
films. The ferromagnetic films have been fabricated as fol-
lows: A film of Nig,Fe,, (99.99%) was deposited at a rate
of 0.05 nm/s using an electron-beam evaporator. The thick-
ness of all the films was determined to be 95 +4 nm with
small-angle X-ray reflectometry. The films are polycrys-
talline with no magnetic easy axis. SQUID measurements
indicate a small (~10 Oe or smaller) coercivity at room
temperature.

A CosjFe,, (atomic %) film was deposited using a
Perkin-Elmer high vacuum rf-sputtering system and the
film exhibited a saturation magnetization (B,) of ~2.2 T.

2.0 | Subtracted H =0 from H = 300 Oe

Oscilloscope output (mV)

0.0 0.2 0.4 0.6 0.8 1.0
Time (ns)

Fig. 4. Inductive voltage measured for the device with 100 nm thick
NiFe layer obtained with and without external magnetic field H,, =0
and H,, =50 Oe. (b) The result of the subtraction: signal obtained for
H,, =0 is subtracted from H,, = 50 Oe.
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While a static magnetic field of 50 Oe was applied during
the deposition to align the easy axis, the B-H measurement
after the deposition gave an in-plane isotropic square-like
hysteresis loop with a coercivity (H,) of ~101 Oe. In order
to improve the magnetic alignment, a field annealing was
applied after the deposition at 270 C for 10 hours with
an applied magnetic field of 1 T along the easy axis in
vacuum (~1-107¢ Torr). The H, values were decreased to
23 Oe and 11 Oe along the easy and hard axes, respec-
tively, after the field annealing.

The structure was patterned and etched by reactive ion
etch (RIE) to form a mesa structure. After the mesa forma-
tion and another 450 nm CVD-SiO, deposition on top of
the patterned samples, metal transmission lines (500 nm-
thick gold wires) were formed with various sizes of line
width and spacing. The distance between the microstrips
is 4 um. The experimental setup is shown in Figure 2(b).
We use a pulse generator (Picosecond 4000B) to apply a
voltage signal to the excitation microstrip. The inductive
voltage in the receiving microstrip was detected by a high-
frequency 500 MHz oscilloscope. The impedance of the
excitation microstrip is matched to that of the outer circuit
(50 Q), to provide the maximum current.

In our first experiment we obtained the time-domain
data on spin wave propagation in 100 nm thick CoFe
film. The excitation voltage pulse has the rise time of
100 ps and the pulse voltage of 2.5 V. In order to elimi-
nate the direct electromagnetic coupling and obtain a pure
spin-wave response, the two measured spectra of with and
without magnetic filed are subtracted from each other. In

Signal generator 1 | f1 =6.2 GHz N

(Agilent 83711B) > >
Isolator

Signal generator 2 f2 = 6.9 GHz R

(Agilent 83640B) »> >

p—
S——
==

a

- .
: e

_% 1

»( Spectrum analyzer
Agilent 8592A

Figure 3 we present the experimental data for the sam-
ple with CoFe film obtained after the subtraction (signal
obtained for H,,, = 0 is subtracted from H,,, = 50 Oe). In
Figure 4 we show results for a similar experiment with a
NiFe film obtained after the subtraction (signal obtained
for H,, = 0 is subtracted from H,, = 300 Oe). These
graphs illustrate the spin wave signal as a result of voltage
pulse excitation. In both cases, the inductive voltage has
a form of high frequency (w ~ 2.5 GHz) damping voltage
oscillations, with a characteristics decay time 7 ~ 0.6 ns.
The results for spin wave extraction are consistent with the
previously reported one in Refs. [4, 5] for permalloy films.
All measurements were performed at room temperature.
Next, we carried out experiments to investigate the cou-
pling when the input signal is a mix of two frequencies,
fi and f,. In Figure 5 we show the experimental setup.
Two continuous signals at 6.2 GHz and 6.9 GHz were
generated by Agilent 83711B and Agilent 83640B signal
generators. A set of RF devices were used to mix and to
amplify the combined signal. Two band pass filters BF1
and BF2 (6.16-7.0 GHz window) are used to cutoff mixed
frequencies produced by TWT power amplifier. The out-
put signal was detected by the Agilent 8592A spectrum
analyzer. In Figure 6 we plot the power of the detected sig-
nal at different frequencies. The frequency conversion was
observed, where the output spectrum contains the mixed
frequencies of the two inputs. In Figure 6(a), the out-
put signal spectrum in the range of 3—15 GHz is shown.
The two most prominent frequency responses (—11 dBm)
observed correspond to the excitation frequencies 6.2 GHz

Power Att t TWT power
) -enua or amplifier
combiner
Circulator BPF 2 BPF 1
(g’ A
6.16-7.0 GHz  6.16-7.0 GHz
y
| 10W Attenuator |

|

| Load (50 Ohm) |

Fig. 5. Experimental setup for frequency-domain measurements. Two continuous signals on 6.2 GHz and 6.9 GHz were generated by a Agilent
83711B and a Agilent 83640B signal generators. The set of RF devices were used to mix and amplify the combined signal. Two band pass filters
BF1 and BF2 (6.16-7.0 GHz window) are used to cutoff mix frequencies produced by TWT power amplifier. The output signal was detected by the

(Agilent 8592A) spectrum analyzer.
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(b) Detected spectrum (0.6-0.8 GHz)
-40
_50 -

f2—f1 = 0.698 GHz

—-80 H 1 H 1 H 1

0.68 0.69 0.70 0.71 0.72
Frequency (GHz)

Fig. 6. Experimental data on frequency-domain measurement. (a) Out-
put signal spectrum in the range of 3—15 GHz. The two most prominent
frequency responses (—11 dBm) correspond to the excitation frequencies
6.2 GHz and 6.9 GHz. A signal with a lower power was observed at
the frequencies that correspond to the second harmonics of the input sig-
nal and the linear combinations of the input signal frequencies and the
second harmonics, 2f, — fi, 2f;, fi + f,, 2f5, and 2f, — f,. (b) Output
signal spectrum in the range of 0.6-0.8 GHz. A much lower power signal
(—62 dBm) was detected at the frequency f, — f;.

and 6.9 GHz. Signal with a lower power was observed
at the frequencies that correspond to the second harmon-
ics of the input signal and the linear combinations of
the input signal and the second harmonics, 2f, — f;, 2f,
fi+ /s 2f,, and 2f; — f,. A much lower power signal
(—62 dBm) detected at the frequency f, — f; is presented
in Figure 6(b). We attribute this frequency conversion to
the non-linear magnetization response of the ferromagnetic
material to the external excitation magnetic field produced
by the microstrip. The appearance of the mixed frequen-
cies gives us an additional possibility to achieve useful
logic functionality for the proposed inductively coupled
circuits.

J. Nanoelectron. Optoelectron. 3, 1-11, 2008

4. LOGIC PERFORMANCE SIMULATIONS

Information to be transmitted among the inductively cou-
pled circuits can be encoded in two possible ways. First,
one can use the phase of the inductive voltage signal. For
example, two relative phases 0 and 7 can be used to rep-
resent the logic states 0 and 1, respectively. In this case, all
coupled circuits operate at the same frequency and com-
putations are performed by simply the superposition of
different input waves. In an earlier work, we presented
numerical simulations showing the inductive voltage pro-
duced by the superposition of two spin wave packets.® The
inductive voltage is maximum if two waves are in phase
(twice the amplitude of the local magnetization change),
and the inductive voltage is minimum if the two waves are
out of phase and cancel each other. Second, we can rep-
resent logic states 0 and 1 by using the amplitude (power)
of the inductive voltage signal at a particular frequency.
In this case, different bits can be assigned to different fre-
quencies. Below, we present the results of numerical sim-
ulations illustrating logic performance.

The general approach to the inductive coupling model-
ing in the proposed circuit structure includes three major
components:

(i) input circuit coupling to the spin wave bus,
(ii) signal propagation through the ferromagnetic film,
(iii) output circuit coupling to the spin wave bus.

The coupling of the input circuit to the spin wave bus and
the magnetization dynamics in the ferromagnetic film can
be described by the Landau-Lifshitz-Gilbert equation as
follows:

dm

v
ar = T wx At ariix Hy] ()

where m =M /M is the unit magnetization vector, M, is
the saturation magnetization, vy is the gyro-magnetic ratio,
and « is the phenomenological Gilbert damping coeffi-
cient. The first term of Eq. (1) describes the precession of
magnetization about an effective field (I:Ieff) and the second
term describes dissipation of this precession (or damping).
The effective field, Ijleff, is given below:

-

Ay = Hy+ 2V 4 25 - &)e + 1 )
eff — *4d 1‘4S m MS m-c)c ext

where ﬁd = —V® and V’® =47MV -m; A is the
exchange constant, K is the uniaxial anisotropy constant,
¢ is the unit vector along with the uniaxial direction, and
I:Iexl is the external magnetic field. Then, the inductive volt-
age produced in the output circuit can be found according

to Ref. [4] as follows:

woldf (2, y) z dM,
Via = 3
ind ( 4 Z+0.5R,. ) di ®)

where u, is the vacuum permeability, [ is the length of
the ACPS line, f(z, w) is the spatial loss function, Z is
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the strip line impedance, and R, is the total ACPS line dc
resistance.

In principle, a rigorous simulation would require
detailed analysis of the magnetic field produced by
microstrip, calculation of the magnetization change pro-
duced in the ferromagnetic film as well as the propagation
of the spin wave packet, and the inductive voltage calcula-
tions. The high-fidelity simulations are important for better
understanding of the coupling phenomena and for circuit
performance optimization. However, in order to illustrate
the logic performance, we use a simplified approach and
express the correlation between the input and output volt-
age signals in a convenient empirical form:

‘/ind =TI ‘/in ' eit/f Sin(wt + ¢) (4)

where V,, is the peak input voltage applied to the trans-
ducer, I" is the coupling coefficient, 7 is the attenuation
time, w is the frequency, and ¢ is the initial phase of the
inductive voltage signal. The parameters can be extracted
from the time-domain experimental data given in Figures 3
and 4.

As the amplitude of the output inductive voltage sig-
nal scales with the number of superposed spin waves, it
provides a tool for analog computation. In order to make
computation in a digital form, the circuit structure has to
be modified by introduction of a non-linear element. In
Figure 7(a) we depict a network, where each logic cir-
cuit consists of a pair of resonant tunnel diodes (RTDs)
inductively coupled to the SWB. In our numerical simula-
tions, we use a piece-wise approximation of the RTD -V
characteristic shown in Figure 7(b). There are three lin-
ear portions in the approximated curve, labeled as b1, b2
and b3. Vp, Ip, V,, I, are the peak voltage, the peak cur-
rent, the valley voltage, and the valley current, respectively.
The slopes of the branches b1 and b3 are assumed the
same. The voltage and current are plotted normalized to
V, and [, respectively. At a constant bias Vpp, each circuit
may have two possible stable states: two output voltages
“low”—V/V, = 0.5 and “high”—V/V, = 2.5, correspond-
ing to logic states O and 1, respectively. The switching
between the states can be achieved by the inductive volt-
age pulse. In the simple case, the switching occurs if the
amplitude of the inductive voltage exceeds 2.0V,. We will
show that the switching can be controlled by an exter-
nal parameter—V,,, making the circuits sensitive to the
inductive voltage signal depending on the Vj, signal.

In Figure 8 we present the results of numerical simula-
tions showing the possibility of switching of the bi-stable
RTD-based circuit by the inductive voltage signal. The
switching is achieved by changing the bias voltage V.
In Figure 8(a) the solid line corresponds to the output
voltage. The dashed line labels the bias voltage V. The
input inductive voltage is shown in the inset. All volt-
ages are normalized to Vo and the time is normalized to
RC (R=V,/I, and C is the RTD’s capacitance). For the
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Fig. 7. (a) An example of digital circuits connected via the spin wave
bus. With a constant bias V,, each circuit may have two possible sta-
ble states: “low” and “high” output voltages, corresponding to the logic
states 0 and 1, respectively. (b) Approximate tunneling characteristics of
a tunneling diode. There are three linear portions of the approximated
curve, labeled as b1, b2, and b3. Vp Ip, V,, I, are the peak voltage, the
peak current, the valley voltage, and the valley current, respectively. The
slopes of the branches b1 and b3 are the same.

case of constant Vp, =3V, the amplitude of the inductive
voltage is too small to switch the state of the RTD-based
cell, as seen in the top graph. In Figure 8(b) we show the
results of numerical simulations for the same circuit and
the same inductive voltage signal when a time-dependent
Vpp (dashed line) is applied. The bias voltage is chosen
to have one cycle of oscillation at the same frequency as
the input inductive voltage signal. The bias oscillation and
the inductive voltage signal are synchronized in time. In
this case, the circuit switches its state from the “low” to
the “high” output voltage. By adjusting the parameters of
the RTD-based circuit with the parameters of the SWB,
it is possible to realize a network where the switching of
an individual bi-stable cell takes place if and only if there
are both inductive voltage signal and bias voltage oscilla-
tions which are synchronized. Following this approach, it
is possible to selectively couple a specific individual cir-
cuit to the SWB, making some of the circuit sensitive to
the transmitted signal and some not at different periods of
time.

There is a set of logic gates that can be realized using
inductively coupled circuits in one device structure. In

J. Nanoelectron. Optoelectron. 3, 1-11, 2008
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Fig. 8. Results of numerical simulations showing selective switching of
the bi-stable RTD-based circuit by the inductive voltage signal. (a) Induc-
tive voltage signal (shown in the inset) does not switch the state of
the RTD-based circuit. (b) Time dependent bias Vp is synchronized
with the inductive voltage signal. The circuit switches its state from
the “low” output voltage to the “high” output voltage by the induc-
tive signal. Voltage and time are normalized to V,, and RC, respectively,
where C is the circuit capacitance and R =V, /I, I, the RTD peak
current.

Figure 9 we show possible “NOT” and “AND” gates. The
simplest inverter is a delay line, where the time of sig-
nal propagation in the SWB between the input and out-
put ports is adjusted to provide 7 phase difference. In
this case the sign of output signal is always opposite to
the input one. The “AND” gate can be realized in two
possible ways: using the effect of spin wave superposi-
tion or the frequency conversion. As the amplitude of the
inductive voltage scales with the number of signals com-
ing in phase, the parameters of the output circuit can be
adjusted so the switching takes place only at twice the sig-
nal amplitude. In other words, the amplitude of a single
signal (or two signals coming out of phase) is not suffi-
cient to switch the output state from “low” to “high.” The
switching occurs if and only if two signals are coming in
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Fig. 9. Logic gates implementation in the inductively coupled circuits.
(a) “NOT” gate as a delay line. The signal transmission time from the
input to the receiver can be adjusted to provide a 7 phase difference
between the input and output voltage signals. (b) “AND” gate as a result
of the superposition of two signals. The magnitude of the output signal
is a function of the input signals relative phase. (c) “AND” gate using the
frequency conversion. The output signal at frequency f, + f, is nonzero
if and only if there are nonzero inputs at both input frequencies f;
and f,.

phase. The “OR” gate can be realize by analogy with the
“AND” gate by adjusting the circuit parameters and circuit
coupling synchronization. Another possible realization of
the “AND” gate is to use input ports tuned to different fre-
quencies f, and f,, respectively, and the output port tuned
to frequency f, + f,. The output signal at frequency f; + f,
is nonzero if and only if there are nonzero inputs at both
frequencies f; and f;.

With “AND,” “OR” and “NOT” gates, one can imple-
ment any logic function, and all these gates can be realized
in one device structure.

5. DISCUSSION

The experimental data shows the prominent inductive cou-
pling via ferromagnetic films at room temperature. At
least several millivolts amplitude inductive voltage sig-
nal can be transmitted to a distance over micrometers
in a wireless manner. The transmitted signal has a form
of damping harmonic oscillations, whose phase correlates
with the input voltage signal. Another interesting phe-
nomenon is the frequency conversion observed for the
mix input signal consisting of two frequencies. Based on
these results, we have described a set of possible logic
gates allowing us to realize any logic function for data
processing.
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There are many potential advantages for induc-
tively coupled logic circuits with SWB for information
processing.

(i) The coupling between the circuits and the SWB can
be done in a wireless manner, using micro- or nanometer
scale strips. It may potentially resolve the interconnectivity
problem faced today’s IC’s, as there are no conducting
wires needed to unite the circuits.

(i) The use of spin waves for information transmis-
sion through ferromagnetic films eliminates the need
in using electric current for this purpose, which may
be beneficial from the power consumption point of
view.

(iii) Transmitting signal in a waveform allow us to encode
information in the phase of the propagating spin wave sig-
nal. Various logic gates (“NOT,” “AND” and “OR”) can
be realized in one device structure by controlling the rel-
ative phase of spin wave signals. The utilization of wave
superposition offers the possibility to accomplish useful
information processing inside the bus, without the use of
additional logic elements.

(iv) The observed frequency conversion phenomenon pro-
vides an alternative approach to the logic gate con-
struction. Potentially, it is possible to build a multi-bit
processor, where a number of bits assigned to different
frequencies can be processed in parallel.

(v) The coupling between an elementary circuit and the
SWB can be controlled (by an external parameter as
shown in our numerical simulations). The combination
of the RTD-based logic cells with SWB preserves all
advantages of the Cellular Non-linear Network for image
processing.’

(vi) There is no major departure from CMOS fabrication.
The inductively coupled circuits can be built on silicon
platform and integrated with conventional CMOS-based
circuits.

There are several fundamental drawbacks inherent to the
SWB. (i) The speed of signal propagation in the SWB
is limited by the spin wave phase velocity, which usu-
ally does not exceed 10° m/s.> This low phase velocity
inevitably results in time delay for signal propagation.
The intrinsic SWB delay can be compensated, in part, by
decreasing the distances among the inductively coupled
circuits. (ii) Another significant drawback is high signal
attenuation. Our experimental results for NiFe and CoFe
films show that the peak inductive voltage in the out-
put circuit is about 1000 times less than the peak volt-
age in the input circuit. The signal attenuation is mainly
due to the fact that the output voltage is proportional
to the spin wave amplitude which carries only a small
fraction of the energy from the large excitation voltage.
The majority of the input energy is “wasted” in the stray
field. In addition, the spin wave signal can only propa-
gate to a finite distance due to damping. The fundamental
cause of spin wave amplitude damping is the scattering on
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conducting electrons, phonons, and magnons. It has been
shown experimentally and verified theoretically that mag-
netic dissipation plays a significant role in propagation of
spin waves. Due to the dissipation even in the high quality
low-loss yttrium iron garnet (YIG) films the propagation
length has been found not to exceed one centimeter. The
typical spin wave life-time is limited to the order of a few
hundred nanoseconds.'® This fact restricts the application
of the SWB to short-range in-chip interconnects. The cou-
pling efficiency can be improved by optimizing the struc-
ture and by using ferrite materials with significantly lower
intrinsic attenuation.

6. CONCLUSIONS

We presented experimental data on inductive coupling via
100 nm thick NiFe and CoFe ferromagnetic films at room
temperature. The inductive voltage signal was observed in
the output microstrip, as spin wave transit via the ferro-
magnetic film. Oscillations of the inductive voltage and
frequency conversion have been observed. Based on the
obtained experimental data, we modeled the logic perfor-
mance of the inductively coupled circuits. Our numeri-
cal simulations show the examples of “NOT” and “AND”
logic gates. An original scheme of RTD-based logic cell
inductively coupled to the SWB has also been described.
The controllable switching is shown by numerical model-
ing. There are many potential advantages associated with
the use of inductively coupled circuits for information pro-
cessing. The information exchange between the circuits
can be accomplished via the spin wave bus, where a bit
of information is encoded into the phase or the amplitude
of the spin wave signal. The use of spin waves offers an
original way to build a new type of micro and nanome-
ter scale logic devices without caring charge current. The
issues of low group velocity and damping restrict the
potential applications of the SWB to short-range in-chip
interconnects.
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