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ELECTROMAGNETIC WAVE DETECTION SYSTEMS AND METHODS

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. patent application no. 61/305,729,
entitled "MICROWAVE DEVICES BASED ON METAMATERIALS AND SPINTRONIC
DEVICES," filed on February 18, 2010, and this application is a continuation-in-part of
U.S. patent application no. 12/779,391, entitled "ELECTROMAGNETIC DETECTION
APPARATUS AND METHODS," filed on May 13, 2010, which claims priority to U.S.
patent application no. 61/178,212, entitled "ELECTROMAGNETIC DETECTION
APPARATUS AND METHODS," filed on May 14, 2009. The contents of each of the above
applications are incorporated herein by reference in their entirety.

‘ FIELD OF THE INVENTION

The present invention relates generally to electromagnetic wave
detection systems and methods, and more particularly, to electromagnetic wave
detection systems and methods that utilize inductive and/or spintronic components.

BACKGROUND OF THE INVENTION

Electromagnetic wave detectors are used to detect electromagnetic
waves. Conventional detectors make direct use of the electric field portion of the
electromagnetic wave for detection. Conventional detectors, however, may have
difficulty detecting high power electromagnetic waves and may be bulky.

SUMMARY OF THE INVENTION

The present invention is embodied in systems and methods for detecting.
electromagnetic waves.

In accordance with one aspect of the present invention, a system for use
in detecting an electromagnetic wave is disclosed. The system comprises an inductive
device and a spintronic device. The inductive device generates an induced
electromagnetic field when the inductive device receives the electromagnetic wave.
The spintronic device is positioned adjacent the inductive device. The spintronic device
has an impedance that changes when exposed to the induced electromagnetic field
from the inductive device. The change in impedance is indicative of the
electromagnetic wave received by the inductive device.

In accordance with another aspect of the present invention, a system for
use in detecting or transmitting an electromagnetic wave is disclosed. The system
comprises a conductive device and an inductive device. The conductive device
comprises a conductive inner wire and a conductive outer cylinder coaxial with the
conductive inner wire. The conductive inner wire and conductive outer cylinder define a

waveguide. The conductive device further comprises a conductive connector connecting
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an end of the conductive inner wire with a corresponding end of the conductive outer
cylinder. The inductive device is positioned adjacent the conductive connector. The
inductive device is configured to generate an induced electromagnetic wave when the
inductive device receives the electromagnetic wave.

In accordance with still another aspect of the present invention, a system
for detecting electromagnetic wave permittivity or permeability of an object is
disclosed. The system comprises a pair of antennas and an inductive device. One of
the pair of antennas is configured to transmit an electromagnetic wave. The other of
the pair of antennas is configured to receive the transmitted electromagnetic wave.

The inductive device is positioned between the pair of antennas. The inductive device
is configured to absorb the electromagnetic wave transmitted by the one of the pair of
antennas. The absorption is indicative of the electromagnetic wave permittivity or
permeability of the object.

In accordance with another aspect of the present invention, a method for
detecting an electromagnetic wave is disclosed. The method comprises the steps of
receiving the electromagnetic wave with an inductive device, generating an induced
electromagnetic field with the inductive device, the induced electromagnetic field
corresponding to the received electromagnetic wave, exposing a spintronic device to
the induced electromagnetic field from the inductive device, and detecting a change in
an impedance of the spintronic device caused by the induced electromagnetic field, the
change in the impedance indicative of the electromagnetic wave received by the
inductive device.

‘ In accordance with yet another aspect of the present invention, a method
for detecting an electromagnetic wave is disclosed. The method comprises the steps of
receiving the electromagnetic wave with an inductive device, generating an induced
electromagnetic wave with the inductive device, and passing the induced
electromagnetic wave for detection along a waveguide defined by a conductive device.

In accordance with another aspect of the present invention, a method for
transmitting an electromagnetic wave is disclosed. The method comprises the steps of
passing an electromagnetic wave along a waveguide defined by a conductive device,
absorbing the passed electromagnetic wave with an inductive device, and generating
an induced electromagnetic field for transmission with the inductive device, the induced
electromagnetic field corresponding to the absorbed electromagnetic wave.

In accordance with still anothér aspect of the present invention, a
method for detecting electromagnetic wave permittivity or permeability of an object is
disclosed. The method comprises the steps of positioning the object adjacent an

inductive device, detecting a change in a resonant frequency of the inductive device,
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and determining the electromagnetic wave permittivity or permeability of the object
based on the change in the resonant frequency of the inductive device.
BRIEF DESCRIPTION OF THE DRAWINGS

The invention is best understood from the following detailed description
when read in connection with the accompanying drawings, with like elements having
the same reference numerals. When a plurality of similar elements are present, a
single reference numeral may be assigned to the plurality of similar elements with a
small letter designation referring to specific elements. When referring to the elements
collectively or to a non-specific one or more of the elements, the small letter
designation may be dropped. This emphasizes that according to common practice, the
various features of the drawings are not drawn to scale unless otherwise indicated. On
the contrary, the dimensions of the various features may be expanded or reduced for
clarity. Included in the drawings are the foilowing figures:

FIG. 1A is a block diagram depicting an exemplary spintronic device for
use in describing systems and methods for detecting an electromagnetic wave in
accordance with aspects of the present invention;

FIGS. 1B and 1C are perspective diagrams depicting exemplary
embodiments of the device of FIG. 1A.

FIG. 1D is a graph depicting the magnitude of the impedance of the
device of FIG. 1A;

FIGS. 2A-2C are diagrams depicting exemplary inductive devices for use
in describing systems and methods for detecting an electromagnetic wave in
accordance with aspects of the present invention;

FIGS. 3A-3C are diagrams depicting exemplary systems for detecting an
electromagnetic wave in accordance with aspects of the present invention;

FIGS. 4A and 4B are diagrams depicting exemplary conductive devices
for use in describing systems and methods for detecting an electromagnetic wave in
accordance with aspects of the present invention;

FIG. 5 is a diagram depicting an exemplary system for detecting or
transmitting an electromagnetic wave in accordance with aspects of the present
invention;

FIGS. 6A and 6B are diagrams depicting exemplary systems for detecting
electromagnetic wave permittivity and/or permeability in accordance with aspects of
the present invention;

FIG. 7 is a flowchart illustrating an exemplary method for detecting an

electromagnetic wave in accordance with aspects of the present invention;
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FIG. 8 is a flowchart illustrating an exemplary method for detecting or
transmitting an electromagnetic wave in accordance with aspects of the present
invention; and

FIG. 9 is a flowchart illustrating an exemplary method for detecting
electromagnetic wave permittivity and/or permeability in accordance with aspects of
the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The exemplary systems and methods disclosed herein are broadly usable
for detecting electromagnetic waves. The disclosed systems and methods may be
particularly suitable for detecting electromagnetic waves in the radio-wave and
microwave regions. The disclosed systems and methods may utilize inductive and
spintronic components to achieve improved electromagnetic wave detection. A brief
explanation of the spintronic and inductive components is provided herein.

Electrons have both charge and spin properties. The field of electronics
is based on the charge property of electrons. The field of spintronics is based on the
spin property of electrons. Spintronics generally concerns the detection and/or
manipulation of electron spin within a device, which can influence the charge properties
of the device. Electron spin is a vector quantity with its direction defined as the
direction of magnetization of the electron. There are generally two categories of spin,
spin-up and spin-down. Consequently, electrons may be grouped into spin-up and
spin-down electrons. Charges or currents having any arbitrary spin direction can be
constructed from the combination of these two bases.

In magnetic materials, one type of electron spin may be more common
than the other, in which case they are defined as majority and minority spins. In such
materials, an electrical current through the material can be thought of as consisting of
two parallel channels corresponding to a flow of majority spin and minority spin
electrons. When the number of electrons in each channel is different, the overall
current carries a net spin direction, termed as spin-polarized current. Additionally, the
electrical impedance in the majority spin channel and the minority spin channel may be
different. Similarly, these impedances combine to create a separate overall impedance,
termed a spin-dependent impedance.

As magnetic materials are configured in a multilayer system, the
electrical transport properties of the system will depend on the magnetization direction
of each magnetic layer. The electrical transport properties of a material or system may
include, for example, the electrical current through the system, the impedance of the
system, or the voltage across the system. These electrical transport properties may

vary depending on the spin of the electrons passing through the magnetic layers, and
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can therefore also be understood as spin-polarized transport properties. It will be
understood that any reference herein to the electrical properties of a device such as
current, impedance, or voltage will be referencing the spin-polarized transport
properties of the respective material or device, which are dependent on the magnetic
properties of the material or device.

As used herein, the term "impedance" refers to the dominant affect,
change in impedance and/or resistance, presented by the device. In an exemplary
embodiment, where the dominant affect presented by the device is a change in
impedance, impedance will be determined, and where the dominant affect presented by
the device is resistance, resistance will be determined.

Aspects of the invention will now be described with reference to the
accompanying figures. FIG. 1A illustrates a spintronic device 100 for use in describing
exemplary systems and methods for detecting an electromagnetic wave in accordance
with aspects of the present invention. The electromagnetic wave may optimally be in
the microwave or radio-wave range; however, it is contemplated that spintronic device
100 may be usable to detect electromagnetic radiation outside of the microwave or
radio-wave range. As a general overview, spintronic device 100 includes two magnetic
layers 104 and 106 and a barrier layer 108. Spintronic device 100 may also include a
fixing layer 110. Additiona! details of spintronic device 100 are provided below.

Magnetic layers 104 and 106 are layers of magnetic material. In an
exemplary embodiment, magnetic layers 104 and 106 are formed from ferromagnetic
material. However, it is contemplated that magnetic layers 104 and 106 may be
formed from other magnetic materials including, for example, ferrimagnetic materials,
antiferromagnetic materials, or a combination of magnetic materials. Suitable
magnetic materials for magnetic layers 104 and 106 may include, for example, at least
one of the elements Ni, Fe, Mn, Co, or their alloys, or half-metallic ferromagnets such
as NiMnSb, PtMnSb, Fes;0,4, or CrO,. Other suitable magnetic materials for magnetic
layers 104 and 106 will be understood by one of ordinary skill in the art from the
description herein.

Barrier layer 108 is positioned between magnetic layers 104 and 106. In
an exemplary embodiment, barrier layer 108 is formed from an insulating material such
as, for example, an oxide or nitride of one or more of Al, Mg, Si, Hf, Sr, Zn, Zr, or Ti.
In another exemplary embodiment, barrier layer 108 may be formed from conducting
materials. Such conducting materials may allow electrons to easily pass from one
magnetic layer to the other. Suitable conducting materials for barrier layer 108 will be

understood by one of ordinary skill in the art from the description herein.
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Fixing layer 110 may be positioned adjacent magnetic layer 104. In an
exemplary embodiment, fixing layer 110 fixes the magnetization direction of magnetic
layer 104. Fixing layer 110 may consist of a single layer of material or may consist of a
stack of layers of one or more materials, as would be know to one of ordinary skill in
the art. Fixing layer 110 may optimally be formed from antiferromagnetic or
ferromagnetic materials such as, for example, FeMn, NiMn, FeNiMn, FeMnRh, RhMn,
CoMn, CrMn, CrMnPt, CrMnRh, CrMnCu, CrMnPd, CrMnlIr, CrMnNi, CrMnCo, CrMnTi,
PtMn, PdMn, PdPtMn, IrMn, NiO, CoO, SmCo, NdFeB, FePt, or a combination of these
materials, which fix the magnetization direction of magnetic layer 104, Other suitable
materials for fixing layer 110 will be understood by one of ordinary skill in the art from
the description herein,

Spintronic device 100 has an associated impedance dependent on layers
104-110 of spintronic device 100. In an exemplary embodiment, the impedance of
spintronic device 100 is dependent on the magnetization directions of magnetic layers
104 and 106. Magnetic layers 104 and 106 each have an associated magnetization
direction (depicted by arrows in FIGS 1B-1C). In an exemplary embodiment, the
magnetization direction of magnetic layer 104 is fixed in a single direction and the
magnetization direction of magnetic layer 106 is unfixed, or free.

The magnetization direction of magnetic layer 104 may be fixed by
positioning fixing layer 110 adjacent magnetic layer 104. The unfixed magnetization
direction of magnetic layer 106 may be configured to initially have a given direction
relative to the fixed magnetization direction of magnetic layer 104. For example, the
initial magnetization direction of magnetic layer 106 may be parallel to the
magnetization direction of magnetic layer 104, as depicted in FIG. 1B. Alternatively,
the initial magnetization of magnetic layer 106 may be perpendicular to the
magnetization direction of magnetic layer 104, as depicted in FIG. 1C. In either
configuration, however, the unfixed magnetization direction of magnetic layer 106 may
be free to rotate away from the initially configured direction, e.g., through a full 360°.
The initial magnetization direction of magnetic layer 106 may be selected by applying
an external DC magnetic field to spintronic device 100 in the desired direction of the
unfixed magnetization. The external DC magnetic field may be generated by an
external electromagnet or by a DC current adjacent spintronic device 100.

The impedance of spintronic device 100 is dependent on a relative angle
between the magnetization directions of magnetic layers 104 and 106. FIG. 1D depicts
a graph of impedance of exemplary spintronic device 100 based on the relative angle
between the magnetization directions of magnetic layers 104 and 106. In an
exemplary embodiment, the magnitude of impedance of spintronic device 100 is lowest
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when the relative angle between the fixed magnetization direction and the unfixed
magnetization direction is 0°, i.e., when the directions are parallel. The magnitude of
impedance of spintronic device 100 is highest when the relative angle between the
fixed magnetization and the unfixed magnetization is 180°, i.e., when the directions
are antiparallel, or opposite. In a free electron model, the impedance of spintronic
device 100 may be shown by:
- R, + R, _ (Rap —R,)
2

where Rp and Rap are resistances when the two magnetic layers 104 and

R cos@

106 are in parallel and antiparallel configurations, respectively, and where 6 is the
relative angle between moments of the two magnetic layers 104 and 106.

The magnetization direction of magnetic layer 106 is at least partially
dependent on a magnetic field received by spintronic device 100. Accordingly, as will
be discussed in greater detail below, exposure of magnetic layer 106 to an
electromagnetic wave, which will have electric and magnetic field portions, may cause
the magnetization direction of magnetic layer 106 to change. A change in the unfixed
magnetization direction of magnetic layer 106 causes a change in the relative angle,
which in turn changes the impedance of spintronic device 100. Accordingly, the
impedance of spintronic device 100 may change when exposed to a magnetic field, and
therefore is at least partially dependent on exposure to an electromagnetic wave.

Free magnetic layer 106 is also sensitive to magnetic field due to
ferromagnetic resonance (FMR). When magnetic layer 106 is exposed to an
electromagnetic wave, the magnetic moment of magnetic layer 106 precesses, and
forms a time dependent angle with fixed layer. The larger the amplitude of the
electromagnetic wave and/or the closer the frequency of the electromagnetic wave to
the FMR of magnetic layer 106, the larger the amplitude of the precession. This will
induce a time-dependent resistance in the presence of an electromagnetic wave, which

may be shown by:

1 Re [Zh/f e o ]

6(t) =sin” , Where

s

_ PM [y (H  + H, + M)+ icf
[ (Ho + H, + M)+ i0f N (H  + H, ) +icf)~ 1]

where Hp;s is an external DC magnetic field, Ms; and H, are the saturation magnetization

x

and uniaxial anisotropy of the free magnetic layer, respectively, yx is the magnetic

susceptibility of the free magnetic layer, h,s is the magnetic field of the electromagnetic
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wave, fis the frequency of the electromagnetic wave, y is the gyromagnetic ratio of
28GHz/Tesla, and « is the damping constant of the free magnetic layer.

Although spintronic device 100 illustrates layers 104-110 having the
same width, it is contemplated that any of the layers of spintronic device 100 could be
wider or narrower as necessary to optimize the impedance and magnetization
orientation of spintronic device 100. In a preferred embodiment, spintronic device 100
is a device having a relatively large magnetoimpedance (e.g., greater than 5%), such
as, for example, a magnetic tunne! junction or a spin valve. However, spintronic device
100 may be any suitable spintronic device. Suitable spintronic devices 100 for use with
the present invention will be understood by one of skill in the art from the description
herein.

The interaction between an electromagnetic wave and magnetic layer
106 will now be described. In an exemplary embodiment, the free magnetic layer is
sensitive to ferromagnetic resonance. This means that, when exposed to an
electromagnetic wave, the unfixed magnetization direction precesses in response to the
magnetic field portion of the electromagnetic wave. The free magnetic layer has a
specific ferromagnetic resonant frequency at which the unfixed magnetization direction
experiences the largest angle of precession. This frequency may be located in the
microwave or radio-wave range. '

The angle of precession of the unfixed magnetization direction is
dependent on the magnetic field portion and the frequency of the electromagnetic
wave. For example, as the magnitude of the magnetic field portion of the
electromagnetic wave increases, the amplitude of the precession of the magnetization
direction increases. For another example, as the frequency of the electromagnetic
wave approaches the ferromagnetic resonant frequency of the magnetic layer, the
amplitude of the precession of the magnetization direction also increases. In a
configuration where the fixed and unfixed magnetic layers are initially configured to a
specific relative angle (e.g., parallel or perpendicular), exposure to an electromagnetic
wave may cause the relative angle between the fixed and unfixéd magnetization
directions to precess around the pre-configured angle. Precession of the relative angle
thereby causes a change in the impedance of the spintronic device, which can be
measured by a suitable voltage detector. This allows an exemplary spintronic device of
the present invention to convert a received electromagnetic wave into a voltage signal
which can be measured with a detector.

FIGS. 2A-2C illustrate an inductive device 200 for use in describing
exemplary systems and methods for detecting an electromagnetic wave in accordance

with aspects of the present invention. The electromagnetic wave may optimally be in
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the microwave or radio-wave range; however, it is contemplated that inductive device
200 may be usable to detect electromagnetic radiation outside of the microwave or
radio-wave range. Additional details of inductive device 200 are provided below.

As shown in FIG. 2A, inductive device includes an annulus 202 having a
gap 204. Gap 204 forms a complete break in annulus 202. Annulus 202 is made of
conductive material. Suitable conductive materials for use as annulus 202 include, for
example, Cu, Nb, Ni, Au, Ag, Al, Pt, Cr, Ta, or alloys thereof. Other suitable conductive
materials will be known to one of ordinary skill in the art from the description herein.

In the presence of an electromagnetic field, annulus 202 behaves as an
inductor. Correspondingly, gap 204 behaves as a capacitor in the presence of an
electromagnetic field. As such, inductive device 200 acts as an LC circuit when exposed
to an electromagnetic wave. Inductive device 200 has a resonant frequency dependent
on the inductance of annulus 202 and the capacitance of gap 204. Accordingly, the
resonant frequency may be tuned based on the size of annulus 202 and gap 204.

In an exemplary embodiment, when inductive device 200 is exposed to
an electromagnetic wave, a resonating current is induced in annulus 202. The
resonating current generates an electromagnetic field near the surface of annulus 202.
The frequency of the resonating current is dependent on the frequency of the received
electromagnetic wave. Accordingly, the induced electromagnetic field has the same
frequency as the electromagnetic wave received by inductive device 200.

The induced electromagnetic field may have a substantially greater
amplitude than the amplitude of the received electromagnetic wave (e.g. 1000 times
larger). The amplitude of the induced electromagnetic field may vary based on the
frequency of the received electromagnetic wave. For example, as the magnitude of the
electromagnetic wave increases, the amplitude of the induced electromagnetic field
increases. For another example, as the frequency of the electromagnetic wave
approaches the resonant frequency of the inductive device 200, the amplitude of the
induced electromagnetic field also increases.

It will be understood to one of ordinary skill in the art that inductive
device 200 is not limited to the configuration disclosed in FIG. 2A. As shown in FIG.
2B, the annulus of inductive device 200 may comprise a first annulus 202a and a
second annulus 202b. Annulus 202a is positioned coaxially within annulus 202b.
Annuli 202a and 202b may be formed of the same or different conductive materials.
Annuli 202a and 202b each include a respective gap 204a and 204b. Gap 204a is
positioned diametrically opposite from gap 204b. Annuli 202a and 202b may be
mounted on a substrate 206, as shown in FIG. 2B. Alternatively, annuli 202a and 202b

may be axially spaced from each other, as shown in FIG. 2C. Each of annuli 202a and
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202b may be mounted to the same substrate (as illustrated) or to separate substrates
(not shown). Additional configurations for inductive device 200 will be known to one of
ordinary skill in the art from the description herein.

Additionally, while inductive device 200 is described as comprising an
annulus, it will be understood to one of ordinary skill in the art that the shape of
inductive device 200 is not so limited. Inductive device 200 may comprise a length of
conductive material forming any shape such as, for example, an ellipse, triangle,
quadrangle, etc. Inductive device 200 may be any suitable metamaterial that
possesses an electromagnetic resonant property, i.e., that resonates in the presence of
an electromagnetic field. Suitable metamaterials for use as inductive device 200
include, for example, split-ring resonators. Other suitable metamaterials will be known
to one of ordinary skill in the art from the description herein.

FIG. 3A is a diagram illustrating an exemplary system 300 for use in
detecting an electromagnetic wave in accordance with aspects of the present invention.
The electromagnetic wave may optimally be in the microwave or radio-wave range;
however, it is contemplated that system 300 may be usable to detect electromagnetic
radiation outside of the microwave or radio-wave range. As a general overview, system
300 includes an inductive device 302 and a spintronic device 304. Inductive device 302
may be an inductive device substantially as described above with respect to inductive
device 200. Spintronic device 304 may be an spintronic device substantially as
described above with respect to spintronic device 100. Additional details of system 300
are provided below.

Inductive device 302 receives the electromagnetic wave to be detected.
Inductive device 302 is configured to generate an induced electromagnetic field
response to receiving the electromagnetic wave, as described above. Inductive device
302 generates the induced electromagnetic field locally, i.e., near the surface of the
annulus of inductive device 302.

Spintronic device 304 is positioned adjacent the surface of inductive
device 302. For example, spintronic device 304 may be mounted directly on the top
surface of the annulus of inductive device 302. Alternatively, spintronic device 304
may be mounted near the surface of inductive device 302, e.g., less than about 100
micrometers. Where inductive device 302 includes an inner and outer annulus, as
shown in FIG. 2B, spintronic device 304 may desirably be positioned adjacent a surface
of the outer annulus. Accordingly, spintronic device 304 is exposed to the induced
electromagnetic field generated by inductive device 302. As set forth above, spintronic
device 304 has an impedance dependent on a relative angle between the fixed
magnetization direction and the unfixed magnetization direction of its magnetic layers.
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Exposure of spintronic device 304 to the induced electromagnetic field from inductive
device 302 causes a change in this relative angle, which causes a change in the
impedance of spintronic device 304.

The positioning of spintronic device 304 relative to inductive device 302
may depend on how the relative angle between the fixed and unfixed magnetic layers
of spintronic device 304 is initially configured. In one preferred embodiment, the
relative angle between the fixed magnetization direction and the unfixed magnetization
direction is initially configured to be approximately 90°. In this embodiment, the
spintronic device 304 is desirably positioned adjacent a point on the inductive device
302 at which a product of the induced magnetic field and the induced electric field is at
a maximum. The determination of such a point on inductive device 302 will be
understood to one of ordinary skill in the art from the description herein.

In another preferred embodiment, the relative angle between the fixed
magnetization direction and the unfixed magnetization direction is initially configured to
be one of approximately 0° and approximately 180°. In this embodiment, system 300
may further include a power source 306 configured to supply a current through
spintronic device 304. Power source 306 may be desirable in this embodiment in order
to measure a change in average impedance of spintronic device 304 caused by the
precession of the magnetization direction. In this embodiment, the spintronic device
304 is desirably positioned adjacent a point on the inductive device 302 at which the
induced magnetic field is at a maximum. Again, the determination of such a point on
inductive device 302 will be understood to one of ordinary skill in the art from the
description herein.

It may be desirable that both inductive device 302 and spintronic device
304 have the same resonant frequency to achieve maximum sensitivity for system 300.
As set forth above, the resonant frequency of inductive device 302 may be tuned, for
example, by changing the size of the gap in the conductive annulus. This may be
achieved by replacing the gap with a tunable capacitor to adjust the capacitance of
inductive device 302. The resonant frequency of spintronic device may be tuned, for
example, by applying an external DC magnetic field to spintronic device 304 via an
external magnetic field source (not shown). An external DC magnetic field may be
applied from an electromagnetic or current adjacent spintronic device 304 (not shown).
Applying an external DC magnetic field to spintronic device 304 may change the

resonant frequency of the unfixed magnetic layer as shown by:

f = }/\/(Hdc +Han)(Hdc +Han +M.\-)
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where v is the gyromagnetic ratio, Hq. is the applied DC magnetic field, Ha, is the
anisotropy field, and M;s is the saturation magnetization. The values of y, Ha, and Mg all
depend on the magnetic material used in the unfixed magnetic layer and may be
predetermined. Therefore, the applied DC magnetic field, Hq., may be swept to tune
the ferromagnetic resonant frequency of spintronic device 304 as desired.

System 300 may also include a detector 308. Detector 308 measures the
voltage across spintronic device 304. In an exemplary embodiment, detector 308 is a
voltage detector such as, for example, a lock-in amplifier. However, detector 308 may
be any suitable voltage detector. The voltage measured by detector 308 is dependent
on the impedance of spintronic device 304. As described above, exposure to the
induced electromagnetic field may change the impedance of spintronic device 304.
Accordingly, system 300 may detect an electromagnetic wave based on a change in the
impedance of spintronic device 304, which is reflected in a change in the voltage
measured by detector 308. A suitable voltage detector will be known to one of ordinary
skill in the art from the description herein.

As set forth above, the change in the relative angle between the fixed
magnetization direction and the unfixed magnetization direction may be influenced by
the FMR of the free magnetic layer of spintronic device 304. The frequency of the
induced electromagnetic field corresponds to the frequency of the electromagnetic wave
received by inductive device 302. As the frequency of the induced electromagnetic field
approaches the ferromagnetic resonant frequency of the free magnetic layer, the
amplitude of the precession of the magnetization direction increases. Thus, the
magnitude of the change in impedance of spintronic device 304 may be indicative of
the frequency of the electromagnetic wave received by inductive device 302. The
frequency of the electromagnetic wave may thereby be determined based on the known
FMR of spintronic device 304 and the magnitude of the observed change in impedance
of spintronic device 304. _

Further, the frequency of the electromagnetic wave may be determined
using an external magnetic field source. To determine the frequency of the
electromagnetic wave, one may sweep the magnitude of the external DC magnetic field
and observe the magnetic field that produces the largest voltage change measured by
detector 308, which corresponds to the largest impedance change of spintronic device
304. The frequency of the electromagnetic wave received by inductive device 302 may
then be determined using value of the external DC magnetic field at which the largest
impedance change occurs.

System 300 may further include a reference electromagnetic wave source

310, as shown in FIG. 3B. Reference electromagnetic wave source 310 is configured to
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apply a reference electromagnetic wave to spintronic device 304. In an exemplary
embodiment, reference electromagnetic wave source 310 is any frequency-tunable
electromagnetic wave source. Reference electromagnetic wave source 310 emits a
reference electromagnetic wave tuned to the same frequency as the electromagnetic
wave received by inductive device 302. In an alternative embodiment, the reference
electromagnetic wave source may generate the reference electromagnetic wave by
splitting the received electromagnetic wave, e.g. as in conventional vector network
analyzers. A suitable reference electromagnetic wave source will be understood by one
of skill in the art from the description herein.

Reference electromagnetic wave source 310 desirably includes a phase
tuner (not shown). The phase tuner adjusts the phase of the reference electromagnetic
wave from source 310. In an exemplary embodiment, the phase tuner receives the
reference electromagnetic wave from source 310, adjusts the phase of the reference
electromagnetic wave, and transmits the wave to spintronic device 304 via a receiver
312. The receiver may be, for example, a coplanar waveguide. A suitable phase tuner
and receiver will be understood by one of skill in the art from the description herein.

System 300 may detect the frequency of the received electromagnetic
wave as described above. Additionally, system 300 may detect a phase of the received
electromagnetic wave using reference electromagnetic wave source 310. In an
exemplary embodiment, system 300 determines the frequency of a received
electromagnetic wave as set forth above. Reference electromagnetic wave source 310
is then tuned to emit a reference electromagnetic wave having the same frequency as
the received wave. The phase tuner sweeps the phase of the reference electromagnetic
wave from 0° to 360°, and receiver 312 transmits the reference electromagnetic wave
to spintronic device 304.

The detector 308 of system 300 measures the voltage across spintronic
device 304 as the phase of the reference electromagnetic wave is swept. As the phase
of the reference electromagnetic wave is swept, the reference electromagnetic wave will
generate interference with the change in impedance of spintronic device 304 caused by
the induced electromagnetic field from inductive device 302. This interference may be
used to determine the phase of the induced electromagnetic field, which corresponds to
the phase of the received electromagnetic wave. Where the phase of the induced
electromagnetic field and the reference electromagnetic wave are the same, the
measured voltage reaches a maximum value. Accordingly, system 300 may determine
the phase of the electromaghetic wave received by inductive device 302 by noting the
phase of the reference electromagnetic wave at the point during the phase sweep

where a voltage peak is detected.
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While only one spintronic device 304 is illustrated in FIGS. 3A and 3B, it
will be understood by one of ordinary skill in the art from the description herein that
the invention is not so limited. System 300 may comprise a plurality of spintronic
devices 304 positioned adjacent the surface of inductive device 302 in order to enhance
the detection sensitivity of system 300. Spintronic devices 304 may be connected with
each other in series. Additionally, it may be desirable to position the spintronic devices
304 adjacent to respective points of inductive device 302 at which the induced
electromagnetic field differs in amplitude. In this way, different spintronic devices 304
may be usable to detect different power ranges of electromagnetic waves.

Additionally, as shown in FIG. 3C, system 300 may include a plurality of
inductive devices 302 arranged in an array, each inductive device 302n including an
associated spintronic device 304n. Such an array of inductive devices 302 and
spintronic devices 304 may be particularly suitable for use as an electromagnetic wave
imaging system or a non-destructive electromagnetic wave detection system. In the
array, each inductive device/spintronic device pair may function as a pixel that detects
magnitude, frequency, or phase information of the received electromagnetic wave at
the position where the pair is located. In this way system 300 may obtain an
electromagnetic wave image of an object to be imaged 314.

FIGS. 4A and 4B illustrate a conductive device 400 for use in describing
exemplary systems and methods for detecting an electromagnetic wave in accordance
with aspects of the present invention. The electromagnetic wave may optimally be in
the microwave or radio-wave range; however, it is contemplated that conductive device
400 may be usable to detect electromagnetic radiation outside of the microwave or
radio-wave range. Additional details of conductive device 400 are provided below.

As shown in FIG. 4A, conductive device 400 includes a conductive inner
wire 402 and a conductive outer cylinder 404. Conductive outer cylinder 404 is coaxial
with conductive inner wire 402. Together, conductive inner wire 402 and conductive
outer cylinder 404 define a waveguide extending along a length of conductive device
400. Both conductive inner wire 402 and conductive outer cylinder 404 are formed
from conductive material. Suitable conductive materials for use as conductive inner
wire 402 and conductive outer cylinder 404 include, for example, Cu, Nb, Ni, Au, Ag, Al,
Pt, Cr, Ta, or alloys thereof. Other suitable conductive materials will be known to one
of ordinary skill in the art from the description herein.

Conductive device 400 further includes a conductive connector 406.
Conductive connector 406 connects an end of conductive inner wire 402 with a
corresponding end of conductive outer cylinder 404. Conductive connector 406 may be

formed from the same or different conductive materials as conductive inner wire 402
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and/or conductive outer cylinder 404. In an exemplary embodiment, conductive device
400 may be a shorted coaxial cable. Other suitable devices for use as conductive
device 400 will be understood by one of ordinary skill in the art from the description
herein.

In the presence of an electromagnetic wave, conductive device 400
behaves as a waveguide. An electromagnetic wave may propagate along conductive
device 400 toward the end including conductive connector 406. When the
electromagnetic wave reaches the end, it may be reflected at conductive connector 406
due to the impedance mismatch between the inside and outside of conductive
connector 400.

As shown in FIG. 4A, conductive connector 406 may be straight
conductive line formed in a cross-sectional plane of conductive device 400. However, it
will be understood to one of ordinary skill in the art that conductive device 400 is not
limited to the configuration disclosed in FIG. 2A. As shown in FIG. 4B, for example,
conductive connector 406 may be formed as a curved conducting loop. Even further,
conductive connector 406 may comprise a spintronic device as described above with
respect to spintronic device 100. Additional configurations for conductive device 400
will be known to one of ordinary skill in the art from the description herein.

FIG. 5 is a diagram illustrating an exemplary system 500 for use in
detecting and/or transmitting an electromagnetic wave in accordance with aspects of
the present invention. The electromagnetic wave may optimally be in the microwave or
radio-wave range; however, it is contemplated that system 500 may be usable to
detect or transmit electromagnetic radiation outside of the microwave or radio-wave
range. As a general overview, system 500 includes a conductive device 502 and an
inductive device 504, Conductive device 502 may be a conductive device substantially
as described above with respect to conductive device 400. Inductive device 504 may
be an inductive device substantially as described above with respect to inductive device
200. Additional details of system 500 are provided below.

Inductive device 504 is positioned adjacent the conductive connector of
conductive device 502. Inductive device 504 may be positioned such that the annulus
of inductive device 504 is positioned in a plane transverse to the axis of conductive
device 502.

In one exemplary embodiment, inductive device 504 receives an
electromagnetic wave to be detected from free space. Inductive device 504 is
configured to generate an induced electromagnetic field response to receiving the
electromagnetic wave, as described above. Inductive device 504 generates the induced

electromagnetic field locally, i.e., near the surface of the annulus of inductive device



WO 2011/103406 PCT/US2011/025410
- 16 -

504. Conductive device 502 is positioned to receive the induced electromagnetic wave
from inductive device 504 and pass the received electromagnetic wave along the
waveguide defined by conductive device 502. Conductive device 502 may then pass
the induced electromagnetic wave to separate electrical components (not shown) for
detection, processing, and/or analysis. Thus, system 500 may be usable to detect and
receive electromagnetic waves from free space.

In another exemplary embodiment, conductive device 502 passes an
electromagnetic wave to be transmitted from separate electrical components (not
shown). Conductive device 502 passes the electromagnetic wave along the waveguide
defined by conductive device 502 toward the conductive connector. As set forth above,
when an electromagnetic wave reaches the end of conductive device 502, it may be
reflected at the location of the conductive connector. However, when the conductive
connector is positioned adjacent inductive device 504, the effective permeability of the
conductive device 502 changes. The degree of the change in the effective permeability
is dependent on the difference between the frequency of the transmitted
electromagnetic wave and the resonant frequency of the inductive device.

As the frequency of the electromagnetic wave passed by the conductive
device 502 approaches the resonant frequency of inductive device 504, inductive device
504 absorbs the passed electromagnetic wave. As described above, absorption of the
electromagnetic wave induces a resonating current in inductive device 504, which
generates an induced electromagnetic wave in the free space surrounding inductive
device 504. Thus, system 500 may be usable to transmit electromagnetic waves into
free space.

One may determine the amplitude, frequency, or phase of the
electromagnetic wave similarly to the methods as described above with respect to
system 300. By employing both of the above-described efnbodiments of system 500 in
one or more conductive device/inductive device pairs, system 500 may be usable as an
electromagnetic wave antenna, as will be understood to one of ordinary skill in the art
from the description herein.

When used for electromagnetic wave imaging, it may be desirable to use
two conductive device/inductive device pairs to act as an electromagnetic wave emitter
and receiver, as shown in FIG. 5. For example, an object to be imaged 510 may be
placed between two such pairs, with the pairs scanned along the area of the object to
be imaged. An electromagnetic wave image of the object 510 may then be obtained
based on the electromagnetic waves transmitted between the conductive
device/inductive device pairs or reflected off of the object to be imaged 510. The

transmission and reflection signals may be measured, for example, by a network
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analyzer. Suitable network analyzers for use with system 500 will be understood to
one of ordinary skill in the art from the description herein.

System 500 may also include a barrier having an aperture. In an
exemplary embodiment, the barrier is a conductive sheet including a hole for
functioning as the aperture. The use of a barrier having an aperture may be desirable
to limit the size of the electromagnetic wave generated by inductive device 504. This
may generate a relatively focused electromagnetic wave, which may allow for better
spatial resolution in the electromagnetic wave imaging system described above.

In addition to electromagnetic wave imaging, system 500 may be usable
to detect the electromagnetic wave permittivity and/or permeability of object 510. As
set forth above, the resonant frequency of inductive device 504 is dependent at least in
part on the effective inductance and capacitance of inductive device 504. It has been
determined that the inductance of inductive device 504 depends on the permeability
near inductive device 504, while the capacitance of inductive device 504 depends on
the permittivity near inductive device 504.

Accordingly, when object 510 approaches system 500, inductive device
504 may experience a shift in resonant frequency or a broadening in resonant
frequency line-width. The shift or broadening may be indicative of the permittivity
and/or permeability of the object 510. The shift or broadening in the resonant
frequency of inductive device 504 may be monitored by transmitting and monitoring
the reflection of electromagnetic waves along conductive device 502.

Additionally, in order to achieve broadband permeability or permittivity
detection, one may use an inductive device 504 having a tunable capacitors (as
described above), or use an array of inductive devices 504 with different resonance
frequencies. Further, it may be desirable to insert a spacing material (not shown) with
known permittivity/permeability in between the object 510 and the inductive device
504. _

FIGS. 6A and 6B are diagrams illustrating an exemplary system 600 for
use in detecting electromagnetic wave permittivity and/or permeability in accordance
with aspects of the present invention. The permittivity and permeability may optimally

"be in the microwave or radio-wave range; however, it is contemplated that system 600
may be usable to detect or transmit electromagnetic wave permittivity and/or
permeability outside of the microwave or radio-wave range. As a general overview,
system 600 includes an inductive device 602 and antennas 604. Inductive device 602
may be an inductive device substantially as described above with respect to inductive
device 200. Antennas 604 are operable to transmit and receive an electromagnetic

wave, respectively. Suitable electromagnetic wave antennas will be known to one of
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ordinary skill in the art from the description herein. Additional details of system 600
are provided beiow.

In an exemplary embodiment, one of antennas 604a emits a continuous
electromagnetic wave, and the other antenna 604b receives the electromagnetic wave.
The electromagnetic wave transmission between antennas 604 is then measured while
the frequency of the electromagnetic wave is swept. The transmission may be
measured, for example, with a conventional network analyzer. As.the frequency of the
electromagnetic wave approaches the resonant frequency of inductive device 602, the
transmission of the electromagnetic wave will decrease, due to absorption of the
electromagnetic wave by inductive device 602. Thus, one may determine both the
resonant frequency and line-width of inductive device 602 by sweeping the microwave
frequency that is transmitted between antennas 604 and monitoring the transmission.

The resonant frequency of inductive device 602 is dependent at least in
part on the effective inductance and capacitance of inductive device 602. As set forth
above, it has been determined that the inductance of inductive device 602 depends on
the permeability near inductive device 602, while the capacitance of inductive device
602 depends on the permittivity near inductive device 602. Accordingly, when an
object 610 approaches system 600, inductive device 602 may experience a shift in
resonant frequency or a broadening in resonant frequency line-width. The shift or
broadening in the resonant frequency of inductive device 602 may be monitored by
antennas 604, as described above. This shift or broadening is indicative of the
permittivity and/or permeability of the object 610. Derivation of the electromagnetic
wave permittivity and/or permeability of object 610 based on the change in resonant
frequency of inductive device 602 will be understood to one of ordinary skill in the art
from the description herein.

Additionally, in order to achieve broadband permeability or permittivity
detection, one may use an inductive device 602 having a tunable capacitors (as
described above), or use an array of inductive devices 602 with different resonance
frequencies. Further, it may be desirable to insert a spacing material with known
permittivity/permeability in between the object to be detected and the inductive device
602.

While only one inductive device 602 is illustrated in FIG. 6A, it will be
understood by one of ordinary skill in the art from the description herein that the
invention is not so limited. System 600 may comprise at least a pair of inductive
devices 602 positioned on either side of the object to be detected 610, as shown in FIG.
6B. In this embodiment, the permittivity and permeability may be determined by

scanning the pair along the area of the object to be imaged. The permittivity and
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permeability may then be obtained based on the electromagnetic waves transmitted
between the inductive device pairs or reflected off of the object to be imaged 610, as
described above with reference to system 500. This may be desirable for applications
requiring the high sensitivity detection of electromagnetic wave permittivity and
permeability, e.g., for ultra-thin objects.

Additionally, system 600 may be usable for surface imaging. By
scanning 600 along the surface of an object, the surface topography of the object 610
may be determined based on the detected changes in permittivity and permeability
near inductive device 602.

FIG. 7 is a flow chart illustrating an exemplary method 700 for detecting
an electromagnetic wave in accordance with aspects of the present invention. The
electromagnetic wave may optimally be in the microwave or radio-wave range;
however, it is contemplated that method 700 may be usable to detect electromagnetic
radiation outside of the microwave or radio-wave range. As a general overview,
method 700 includes receiving an electromagnetic wave with an inductive device,
generating an induced electromagnetic field, exposing a spintronic device to the
induced electromagnetic field, and detecting a change in an impedance of the spintronic
device. Additional details of method 700 are provided below. For the purposes of
illustration, method 700 will be described herein with respect to the components of
system 300.

In step 710, an electromagnetic wave is received. In an exemplary
embodiment, inductive device 302 receives an electromagnetic wave to be detected by
system 300.

In step 720, an induced electromagnetic field is generated. In an
exemplary embodiment, the electromagnetic wave induces a resonating current in
inductive device 302, as described above. The resonating current generates an induced
electromagnetic field that corresponds to the received electromagnetic wave.

In step 730, a spintronic device is exposed to the induced
electromagnetic field. In an exemplary embodiment, spintronic device 304 is
positioned adjacent a surface of the annulus of inductive device 302, as set forth above.
Accordingly, spintronic device 304 is exposed to the induced electromagnetic field from
inductive device 302.

In step 740, a change in the impedance of the spintronic device is
detected. In an exemplary embodiment, exposure of spintronic device 304 to the
induced electromagnetic field causes a change in the relative angle between the fixed
and unfixed magnetization directions of spintronic device 304. In turn, this causes a

change in the impedance of spintronic device 304, which is dependent on the relative
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angle. Detector 308 detects the change in impedance of spintronic device 304 caused
by the induced electromagnetic field, which is indicative of the electromagnetic wave
received by inductive device 302.

It will be understood to one of ordinary skill in the art that method 700 is
not limited to the above-described steps. For example, method 700 may include the
step of detecting a magnitude of the change in impedance of the spintronic device. As
described above, the magnitude of the change in impedance of spintronic device 304
may be indicative of the frequency of the electromagnetic wave received by inductive
device 302. For another example, method 700 may include the step of detecting
interference in the change in impedance of the spintronic device. As described above,
when reference electromagnetic wave source 310 applies a reference electromagnetic
wave to spintronic device 304, interference may be created that is indicative of the
phase of the electromagnetic wave received by inductive device 302. Additional or
alternative steps for method 700 will be understood by one of ordinary skill in the art
from the description herein.

FIG. 8 is a flow chart illustrating an exemplary method 700 for detecting
an electromagnetic wave in accordance with aspects of the present invention. The
electromagnetic wave may optimally be in the microwave or radio-wave range;
however, it is contemplated that method 800 may be usable to detect electromagnetic
radiation outside of the microwave or radio-wave range. As a general overview,
method 800 includes receiving an electromagnetic wave with an inductive device,
generating an induced electromagnetic wave, and passing the induced electromagnetic
wave along a waveguide of a conductive device. Additional details of method 800 are
provided below. For the purposes of illustration, method 800 will be described herein
with respect to the components of system 500.

In step 810, an electromagnetic wave is received. In an exemplary
embodiment, inductive device 504 receives an electromagnetic wave to be detected by
system 500.

In step 820, an induced electromagnetic wave is generated. In an
exemplary embodiment, the electromagnetic wave induces a resonating current in
inductive device 504, as described above. The resonating current generates an induced
electromagnetic wave that corresponds to the received electromagnetic wave.

In step 830, the induced electromagnetic wave is passed along a
waveguide. In an exemplary embodiment, conductive device 502 passes the induced
electromagnetic wave along the waveguide defined by the inner conductive wire and

the outer conductive cylinder. Conductive device 502 may pass the induced
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electromagnetic wave to separate electrical components (not shown) for detection,
processing, and/or analysis.

It will be understood to one of ordinary skill in the art that method 800 is
not limited to the above-described steps. In particular, method 800 may alternatively
include the following steps for transmitting an electromagnetic wave into free space as
opposed to detecting an electromagnetic wave. For example, conductive device 502
may transmit an electromagnetic wave along the waveguide to inductive device 504.
Inductive device 504 then absorbs the transmitted electromagnetic wave. As set forth
above, the absorption of the electromagnetic wave may be dependent on the resonant
frequency of inductive device 504 and the frequency of the transmitted electromagnetic
wave. Then, inductive device 504 generates an induced electromagnetic field
corresponding to the absorbed electromagnetic wave. Thus, method 800 may be
usable to transmit electromagnetic waves into free space.

FIG. 9 is a flow chart illustrating an exemplary method 700 for detecting
electromagnetic wave permittivity or permeability in accordance with aspects of the
present invention. The electromagnetic wave may optimally be in the microwave or
radio-wave range; however, it is contemplated that method 900 may be usable to
detect electromagnetic radiation outside of the microwave or radio-wave range. As a
general overview, method 900 includes positioning an object adjacent an inductive
device, detecting a change in resonant frequency of the inductive device, and
determining an electromagnetic wave permittivity or permeability of the object.
Additional details of method 900 are provided below. For the purposes of illustration,
method 900 will be described herein with respect to the components of system 600.

In step 910, an object is positioned adjacent an inductive device. In an
exemplary embodiment, the object to be detected 610 is positioned adjacent inductive
device 602.

In step 920, a change in the resonant frequency of the inductive device is
detected. In an exemplary embodiment, antennas 604 are used to detect a change in
resonant frequency of inductive device 602. As described above, the resonant
frequency of inductive device 602 may be determined based on the electromagnetic
wave transmission between antennas 604 over a range of frequencies. When the
electromagnetic wave transmission is at a minimum, the frequency of the
electromagnetic wave may substantially match the resonant frequency of inductive
device 602. This process may further be used to detect a change or broadening in the
resonant frequency of inductive device 602 caused by object 610.

In step 930, the electromagnetic wave permittivity or permeability of the

object is determined. In an exemplary embodiment, the electromagnetic wave
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permittivity or permeability of object to be imaged 610 is determined based on the
change in resonant frequency of inductive device 602. As set forth above, the change
in resonant frequency is indicative of the permittivity and/or permeability of the object
610. Derivation of the electromagnetic wave permittivity and/or permeability of object
610 based on the change in resonant frequency of inductive device 602 will be
understood to one of ordinary skill in the art from the description herein.

The disclosed systems and methods provide advantages over
conventional electromagnetic wave detection systems and described below.

Use of the disclosed inductive devices in systems and methods for
detecting electromagnetic waves enables improved electromagnetic wave imaging and
non-destructive detection by allowing for relative small systems having stronger
resonances. The disclosed systems and methods may achieve better spatial resolution
than conventional detectors for electromagnetic wave imaging and non-destructive
detection due to their decreased size.

Additionally, due to the unique properties of the disclosed spintronic
devices and the resonance properties of the inductive devices, their combination of
provides for improved free space electromagnetic wave detection that far exceeds the
abilities of the devices by themselves.

The exemplary systems and methods are usable to provide
electromagnetic wave detectors that are both sensitive and robust, and have a good
frequency sensitivity. The exemplary systems and methods may provide a miniature
size free space electromagnetic wave detector that has the ability to detect the
electromagnetic wave phase. The exemplary systems and methods provide for
electromagnetic wave imaging and non-destructive detection having relatively
improved spatial resolution with respect to conventional systems.

Although the invention is illustrated and described herein with reference
to specific embodiments, the invention is not intended to be limited to the details
shown. Rather, various modifications may be made in the details within the scope and

range of equivalents of the claims and without departing from the invention.
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What is Claimed:

1. A system for use in detecting an electromagnetic wave,
comprising:

an inductive device that generates an induced electromagnetic field when
the inductive device receives the electromagnetic wave; and

a spintronic device positioned adjacent the inductive device, the
spintronic device having an impedance that changes when exposed to the induced
electromagnetic field from the inductive device, the change in impedance indicative of
the electromagnetic wave received by the inductive device.

2. The system of claim 1, wherein the spintronic device comprises:

a first magnetic layer having a fixed magnetization direction;

a second magnetic layer having an unfixed magnetization direction; and

a barrier layer positioned between the first and second magnetic layers.

3. The system of claim 2, wherein:

the impedance of the spintronic device is dependent on a relative angle
between the fixed magnetization direction and the unfixed magnetization direction, and

exposure of the spintronic device to the induced electromagnetic field
from the inductive device causes a change in the relative angle between the fixed
magnetization direction and the unfixed magnetization direction.

4. The system of claim 3, wherein the change in the relative angle
causes the change in the impedance of the spintronic device, the system further
comprising:

a detector configured to measure the change in the impedance of the
spintronic device.

5. The system of claim 4, wherein the magnitude of the change in
impedance of the spintronic device is indicative of the frequency of the electromagnetic
wave received by the inductive device.

6. The system of claim 4, further comprising:

a reference electromagnetic wave source configured to apply a reference
electromagnetic wave to the spintronic device,

wherein the reference electromagnetic wave interferes with the change in
the impedance of the spintronic device caused by the induced electromagnetic field,
and

wherein the interference is indicative of the phase of the electromagnetic

wave received by the inductive device.



WO 2011/103406 PCT/US2011/025410

- 24 -

7. The system of claim 3, wherein the relative angle between the
fixed magnetization direction and the unfixed magnetization direction is initially
configured to be approximately 90 degrees.

8. The system of claim 7, wherein the spintronic device is positioned
adjacent a point on the inductive device at which a product of an induced magnetic
field of the induced electromagnetic field and an induced electric field of the induced
electromagnetic field is at a maximum.

9. The system of claim 3, wherein the relative angle between the
fixed magnetization direction and the unfixed magnetization direction is initially
configured to be one of approximately O degrees and approximately 180 degrees, and
further comprising:

a power source configured to apply a voltage across the spintronic
device. ‘

10. The system of claim 9, wherein the spintronic device is positioned
adjacent a point on the inductive device at which an induced magnetic field of the
induced electromagnetic field is at a maximum.

11. The system of claim 3, further comprising a plurality of spintronic
devices, the plurality of spintronic devices connected with each other in series, each of
the spintronic devices positioned adjacent a surface of the inductive device,

12. The system of claim 11, wherein the spintronic devices are
positioned adjacent respective points on the inductive device at which the induced
electromagnetic field differs in amplitude.

13. The system of claim 1, wherein the inductive device comprises an
annulus of conductive material, the annulus including a gap.

14. The system of claim 13, wherein the spintronic device is
positioned adjacent a surface of the annulus.

15. A system for use in detecting or transmitting an electromagnetic
wave, comprising:

a conductive device comprising:

a conductive inner wire;
a conductive outer cylinder coaxial with the conductive inner wire,

the conductive inner wire and conductive outer cylinder defining a

waveguide; and

a conductive connector connecting an end of the conductive inner

wire with a corresponding end of the conductive outer cylinder; and
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an inductive device positioned adjacent the conductive connector, the
inductive device configured to generate an induced electromagnetic wave when the
inductive device receives the electromagnetic wave.

16. The system of claim 15, wherein to detect the electromagnetic
wave, the conductive device is positioned to receive the induced electromagnetic wave
from the inductive device and pass the received electromagnetic wave along the
waveguide for detection.

17. The system of claim 15, wherein to transmit the electromagnetic
wave, the conductive device is positioned to pass an electromagnetic wave to the
conductive connector along the waveguide; and

the inductive device is configured to absorb the passed electromagnetic
wave and to generate an induced electromagnetic wave for transmission.

18. The system of claim 15, wherein the inductive device comprises
an annulus of conductive material, the annulus including a gap.

19. A system for detecting electromagnetic wave permittivity or
permeability of an object, comprising:

a pair of antennas, one of the pair of antennas configured to transmit an
electromagnetic wave, the other of the pair of antennas configured to receive the
transmitted electromagnetic wave; and

an inductive device positioned between the pair of antennas, the
inductive device configured to absorb the electromagnetic wave transmitted by the one
of the pair of antennas, the absorption being indicative of the electromagnetic wave
permittivity or permeability of the object.

20. The system of claim 19, wherein the inductive device comprises
an annulus of conductive material, the annulus including a gap.

21. A method for detecting an electromagnetic wave, comprising the
steps of:

receiving the electromagnetic wave with an inductive device;

generating an induced electromagnetic field with the inductive device,
the induced electromagnetic field corresponding to the received electromagnetic wave;

exposing a spintronic device to the induced electromagnetic field from
the inductive device; and

detecting a change in an impedance of the spintronic device caused by
the induced electromagnetic field, the change in the impedance indicative of the
electromagnetic wave received by the inductive device.

22. The method of claim 21, wherein the detecting step comprises:
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detecting a magnitude of the change in impedance of the spintronic
device caused by the induced electromagnetic field, the magnitude indicative of the
frequency of the electromagnetic wave received by the inductive device.

23. The method of claim 21, further comprising the step of:

applying a reference electromagnetic wave to the spintronic device;

wherein the detecting step comprises:

detecting interference in the change in the impedance of the spintronic
device caused by the induced electromagnetic field, the interference indicative of the
phase of the electromagnetic wave received by the inductive device.

24. A method for detecting an electromagnetic wave, comprising the
steps of:

receiving the electromagnetic wave with an inductive device;

generating an induced electromagnetic wave with the inductive device;
and

passing the induced electromagnetic wave for detection along a
waveguide defined by a conductive device.

25. A method for transmitting an electromagnetic wave, comprising
the steps of:

passing an electromagnetic wave along a waveguide defined by a
conductive device;

absorbing the passed electromagnetic wave with an inductive device; and

generating an induced electromagnetic field for transmission with the
inductive device, the induced electromagnetic field corresponding to the absorbed
electromagnetic wave.

26. A method for detecting electromagnetic wave permittivity or
permeability of an object, comprising the steps of:

positioning the object adjacent an inductive device;

detecting a change in a resonant frequency of the inductive device; and

determining the electromagnetic wave permittivity or permeability of the

object based on the change in the resonant frequency of the inductive device.
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