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BIO-SENSOR WITH HARD-DIRECTION FIELD
BACKGROUND OF THE INVENTION
1. Field of the Invention

This invention relates to the detection of small magnetized particles by a
magnetic sensor, particularly when such particles are attached to molecules whose

presence or absence is to be determined in a chemical or biological assay.
2. Description of the Related Art

Magnetic devices have been proposed as effective sensors to detect the presence
of specific chemical and biological molecules when, for example, suéh molecules are a
part of a fluid mixture that includes other molecules whose detection is not necessarily of
interest. The basic method underlying such magnetic detection of molecules first
requires the attachment of small magnetic (or magnetizable) particles to all the molecules
in the mixture that contains the specific molecules to be detected. Because of their small
size these attached particles are “super-paramagnetic”, meaning they ordinarily retain no
meaningful magnetic moment. However, when placed in an external magnetic field,
these particles develop an induced magnetic moment and can produce a corresponding
magnetic field, which we will call a “strayfield” herein.

The magnetic particles are made to attach to the molecules in the mixture by
coating the particles with a chemical or biological species that binds (e.g. by covalent

bonding) to those molecules. Then, a surface (i.e., a substrate) is provided on which
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there has been affixed receptor sites (e.g. specific molecules) to which only the target
molecules (the molecules whose presence is to be measured) will bond. After the mixture
has been placed in contact with the surface so that the target molecules have bonded to it,
the surface can be flushed in some manner to remove all unbound molecules. Because
the bonded target molecules are equipped with the attached magnetic particles, it is only
necessary to detect the magnetic particles to be able, at the same time, to assess the
number of captured target molecules. Thus, the magnetic particles are simply “flags,”
which can be easily detected (and counted) once the target molecules have been captured
by chemical bonding to the receptor sites on the surface. The issue, then, is to provide an
effective method of detecting the small magnetic particles, since the detection of the
particles is tantamount to detection of the target molecules.

One prior art method of detecting small magnetic beads affixed to molecules
bonded to receptor sites is to position a magnetic sensor device beneath them; for
example, to position it beneath the substrate surface on which the receptor sites have
been placed.

Fig. 1 is a highly schematic diagram (typical of the prior art methodology and
also exemplary of a portion of the present invention) showing a magnetic (i.e.
magnetizable) particle (10) covered with receptor sites (20) that are specific to bonding
with a target molecule (30) (shown shaded). The target molecule is shown as bonded to
one of a plurality of identical sites (50) affixed to a substrate (70). The substrate (40) is
covered with such receptor sites (50) that are also specific to the target molecule (30) and
those sites should, in general, be different from the sites that bond the magnetic particle
to the molecule. In general, the sites (20) and (50) are capable of bonding to different
regions of the target molecule (30). The target molecule (30) is shown bonded to one of

the receptor sites (50) on the surface. The magnetic particle (10), being super-
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paramagnetic because of its small size, must be magnetized by an external field (80) that
is directed vertically downward, so that the induced magnetization of the particle (760) '
(shown as a downward directed arrow) has an external strayfield (95) with a component
in the plane of the sensor substrate.

Referring to Fig. 2, there is shown a prior art magnetic sensor (60), similar to a
structure used in magnetic random access memory (MRAM), that can be positioned
beneath the receptor site of Fig. 1. As shown schematically in the cross-sectional view
of Fig. 2, the prior art sensor (60) is based on a magnetic tunneling junction (MTJ) cell,
that includes a magnetized “free” layer (61) whose magnetization direction (610) is free
to move and a magnetized “pinned” layer (63) whose magnetization (630) is fixed in
direction. The two layers are separated by a thin, non-magnetic and electrically non-
conducting layer (62), the tunneling barrier layer. The sensor is incorporated within a
circuit that can detect changes in the magnetic direction of the free layer relative to the
pinned layer, by sensing the changes in the resistance of the sensor, which change is a
function of the change in their relative directions. Typically, the MTJ cell is formed so
that it has some degree of magnetic anisotropy which provides its magnetization
directions (610) with some degree of stability against thermal perturbations and random
magnetic fields.

An exemplary circuit includes a selection transistor (70) having a source region
(72) to which the sensor element (60) is electrically connected (65), a gate region (74)
over which runs a conducting wordline (200) that can effectively activate the gate and
allow a sensing current between the source (72) and a grounded (85) drain (76). An
electrically conducting bitline (100) contacts the top surface of the sensor to external
circuitry and can provide the sensing current that passes between source and drain,

thereby effectively measuring the resistance of the sensor.
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Referring now to Fig. 3, there is shown an overhead view of the sensor in Fig. 2.
By patterning the shape of the sensor into an elliptical form, whereby the sensor has a
long dimension and a short dimension, the sensor can operate efficiently as a two-state or
“bi-stable” device. The long dimension of the sensor defines an easy axis of
magnetization, along which it is energetically favorable the sensor to retain its direction
of magnetization. The two labeled directions of magnetization, M; and M,, are therefore
stable, forming the bi-stable state, and serve to store binary information. When the sensor
is used as a memory element, as in MRAM devices, these two easy axis directions of
magnetization serve as the storage directions because they define positions of stable
equilibrium which are unlikely to be disrupted by thermal effects or random magnetic
perturbations. Similarly, when such a cell is used as a detector of the presence of
magnetized particles (as in an embodiment of the present invention), the two stable
equilibrium magnetization directions are stable against perturbations not associated with
the presence of a proximate detectable particle. Nevertheless, the cell must be
sufficiently sensitive to register the presence of a proximate particle by flipping from one
stable equilibrium state to the other.

The short dimension of the sensor defines a hard axis of magnetization, along
which the direction of magnetization can be in either of two positions of unstable
equilibrium,M, and Ms. These positions will tend to revert to M; and/or M, when
properly perturbed, as by an external small magnetic field. This lack of stability is a
reason why these directions are not used as storage directions. The aspect ratio of the
elliptical shape determines Hy, the magnetic anisotropy produced by the shape anisotropy
of the ellipse.

Referring to Fig. 4, there is shown an asteroidal curve that defines phase

boundaries for the two equilibrium storage states and the non-equilibrium states of such
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an MT]J cell. The vertical axis measures the magnitude of an external field component,
denoted Hy, directed along the cell’s hard axis (h.a.). The horizontal axis measures the
magnitude of an external field component, denoted H,, directed along the cell’s easy axis
(e.a.). M;and M, denote the vector magnetizations of the cell in either of the two stable
equilibrium positions along the easy axis directions. M; denotes a generic magnetization
vector of the cell when it is directed along a direction 0 as the result of the effect of an
arbitrary external field having the components (Hy, Hy) . The magnitude of 8 is given by:
sin 6 = Hy/ Hy
where Hy is the shape anisotropy. If Hy= Hj, the magnetization vector will be aligned
with the hard axis. On turning off the external field completely, the state of
magnetization will be unstable and even the slightest perturbing field will cause it to
revert to a stable equilibrium direction along the easy axis. An opposing field along the
easy axis direction will cause the magnetization to reverse direction to the other easy axis
equilibrium state. This irreversible process will happen when the field component along
the easy action direction, H, , is at the switching threshold, H,, which has the magnitude
H¢=Hy. This relationship assumes that the external magnetization is rotating uniformly
past the hard axis energy barrier. In practice this does nof happen and when the rotation
of the external magnetic field is non-uniform, the switching barrier is actually lower than
Hy and is found, experimentally, to be approximately Hy/2. This value determines the
stability of stored information.

In a biosensing (magnetic particle sensing) environment, the same sensor serves
to detect the presence or absence of a proximate particle which, as a result of being
magnetized, produces a surrounding strayfield, H,. This strayfield has to cause a
detectable perturbation in the MTJ cell’s state of magnetization. In sensor designs of the

prior art, that detectable perturbation is a polarity reversal of the storage states, from M,
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to M or vice versa. Such a reversal response is advantageous with a biosensor since it
generates a non-ambiguous, storable detection result. The drawback is that a
comparatively large magnetized particle is required in order for its strayfield H, > H..
This, in turn, leads to a problem. because large particles are more difficult to manipulate
in the analyte (the fluid containing the biological particles being identified). Currently,
the compromise particle size is approximately 1 micron.

Because the strayfield, Hp, produced by the magnetized particle is fairly small, it
is imperative to design MTJ sensors that have a high sensitivity. This is usually achieved
by producing sensors with as low a magnetic anisotropy as possible, so that the
magnetization is easily changed in direction, but is not too unstable to allow for storage.
With such low anisotropy, however, the variations from one MTJ to another become
s@gniﬁcant and difficult to control. Therefore, it is difficult to design MTJ sensors that
can reliably and consistently detect small magnetized beads.

Thus, we see there are several mutually conflicting requirements to constructing
an efficient biosensor device based on MTJ cell technology or, for that matter, based on
any technology (not necessarily MTJ technology) in which the sensor operates on the
basis of a bi-stable state.

In MTJ technology high sensitivity requires low anisotropy. But stability and
storage requires high anisotropy. High anisotropy, in turn, requires large particles for
detection, since they produce large strayfields. But large particles are difficult to
maneuver within an analyte. We shall see below how the present invention solves these
problems.

Given the increasing interest in the identification of biological molecules, it is to
be expected that there is a significant amount of prior art directed at the use of magnetic

MT]J cell sensors (and other magnetic sensors) to provide this identification. An early
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disclosure of the use of magnetic labels (magnetized particles) to detect target molecules
is to be found in Baselt (US Patent No. 5,981,297). Baselt describes a system for
binding target molecules to recognition agents that are themselves covalently bound to
the surface of a magnetic field sensor. The target molecules, as well as non-target
molecules, are covalently bound to magnetizable particles. The magnetizable particles
are preferably superparamagnetic iron-oxide impregnated polymer beads and the sensor
is a magnetoresistive material. The detector can indicate the presence or absence of a
target molecule while molecules that do not bind to the recognition agents (non-target
~molecules) are removed from the system by the application of a magnetic field.

A particularly detailed discussion of the detection scheme of the method is
provided by Tondra (US Patent No. 6,875,621). Tondra teaches a ferromagnetic thin-
film based GMR magnetic field sensor for detecting the presence of selected molecular
species. Tondra also teaches methods for enhancing the sensitivity of magnetic sensor
arrays that include the use of bridge circuits and series connections of multiple sensor
stripes. Tondra teaches the use of paramagnetic beads that have very little intrinsic
magnetic field and are magnetized by an external source after the target molecules have
been captured.

Prinz et al. (US Patent No. 6,844,202 and U.S. Patent 6,764,861) teaches the use
of a magnetic sensing element in which a planar layer of electrically conducting
ferromagnetic material has an initial state in which the material has a circular magnetic
moment. In other respects, the sensor of Prinz fulfills the basic steps of binding at its
surface with target molecules that are part of a fluid test medium. Unlike the GMR
devices disclosed by Tondra above, the sensor of Prinz changes its magnetic moment
from circular to radial under the influence of the fringing fields produced by the

magnetized particles on the bound target molecules.
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U.S. Patent 7,031,186 and Patent Application 2004/0120185 (Kang et al) disclose
a biosensor comprising MTJ elements.

U.S. Patent Application 2007/0159175 (Prinz) shows on-chip magnetic sensors to
detect different types of magnetic particles or molecules.

U.S. Patent Application 2007/0114180 (Ramanathan et al) teaches MTJ channel
detectors for magnetic nanoparticles.

U.S. Patent Application 2005/0100930 (Wang et al) discloses detection of
biological cells and molecules.

None of the prior art inventions cited above provide a robust method of reliably
detecting the presence of small magnetized particles bonded to biological molecules. It
is the object of the present invention to provide such a method that has improved

sensitivity so as to be able to reliably detect reduced size particles.

SUMMARY OF THE INVENTION

A first object of this invention is to provide a method of determining the
presence or absence of small magnetized particles.

A second object of this invention is to provide such a method that detects the
aforementioned magnetized particles when they are bonded to chemical or biological
molecules and when the chemical or biological molecules are themselves bonded to a
substrate.

A third object of the present invention is to provide such a method that uses a

sensor having stable and unstable states.
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A fourth object of the present invention is to provide such a method that uses the
magnetoresistive properties of an array of MTJ cells, together with their associated stable
and unstable states, to detect the presence of such small magnetized particles.

A fifth object of the present invention is to provide such an array of MTJ cells
and a method of its use, that can reliably and conclusively indicate the presence of a
small magnetized particle that is bonded in a given position relative to MTJ cells forming
the array.

A sixth object of the present invention is to provide such an array of MTJ cells
wherein detection errors due to the varying magnitudes of the small magnetic fields are
reduced.

A seventh object of the present invention is to provide such an array of MTJ cells
wherein the registration of indications of the presence of small magnetic particles is
energetically stable, so that reliable counts of such detections can be made.

An eighth object of the present invention is to provide such an array of MTJ cells
wherein the energetic stability of the cell does not adversely affect the cell sensitivity to
the affects of small magnetic fields.

The stated objects of the present invention will be achieved by a magnetic sensor
formed as an array of sensor elements that are stable with respect to magnetic and
thermal perturbations, yet are sufficiently sensitive to correctly register the presence of
proximate magnetic particles (i.e. particles that can be magnetized). Such sensors should
have at least two stable low energy states (preferably, the sensor elements should be bi-
stable) and they should have at least one unstable state (of intermediate energy) into
which they can be placed and within which they can be maintained and from which they

can then be made to relax to the stable states under the action of a perturbation.
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In a preferred embodiment of the present invention, the sensor is an MTJ cell for
which the necessary bi-stability is supplied by an elliptical design that produces an
energetically bi-stable MTJ cell element when either of its two free layer magnetization
directions is along its easy axis, which is the long axis of the ellipse. The required
sensitivity of the cell is provided by the fact that, preferably while proximate magnetic
particles are present, the magnetization of the cell free layer is first set and maintained,
by a current induced field, along its hard axis, which is an energetically unstable
equilibrium configuration of magnetization for the cell. Then the magnetic particles are
magnetized by a magnetic field polarized in one direction and the current induced field
maintaining the unstable equilibrium state is eliminated, allowing the state of unstable
equilibrium to transition to one of the stable equilibrium states.

In the prior art, the presence of a proximate magnetized particle is registered
when the bi-stable MTJ cell switches from one of its stable-equilibrium easy axis
magnetization directions to the other stable-equilibrium easy axis magnetization
direction as a result of the magnetic field of that proximate particle. Such a transition
requires a strong magnetic field to cross the energy barrier between the two stable states.
In the present invention, such a registry occurs when the magnetization switches from
the unstable equilibrium hard axis direction, to first one and then the other one of the
stable-equilibrium easy axis directions as a result of two successive magnetizations of
the magnetic field with two different polarities. Such a change in magnetization direction
from a state of unstable equilibrium to a state of stable equilibrium requires a much
smaller “tipping field” than the large field required to shift from one of the two stable
positions to the other. It is then only necessary for the strayfield to be a tipping field,
rather than a field of sufficient magnitude to switch between the two stable states of the

cell. We emphasize that although an embodiment of the present invention is in the form
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of an MT]J cell having an elliptical aspect and easy and hard directions, other sensor
technologies can also be applied if the sensor element has more than one state of stable
equilibrium and at least one state of unstable stability.

Referring successively to Fig’s. 5(a), 5(b), 5(c), and 5(d) there is shown in each
figure an illustration that is useful for comparing the merits of different approaches to
fulfilling the objects stated above. These figures are qualitative but reflect the
experimental observation that that there is always a significant statistical dispersion in
the characteristics of cells as well as particles. Let us assume, therefore, a distribution of
strayfields, H,, characterizing a population of particles. There is also a distribution of
switching fields, He, over a population of sensors, with that distribution varying in value
between a low Hc; and a high He,. We will project the consequences of (a): the present
method using a large particle; (b): the present method using a smaller particle; (c):
accommodating the smaller particle by reducing H,, for example, through the use of a
sensor geometry having a smaller aspect ratio and: (d): the present method using even a
smaller particle. Note that Hy, in the figure represents the small tipping field required to
send the magnetization from its hard-axis position to one of the stable easy-axis
positions. The projected consequences will be labeled as satisfactory (“OK*) when H, >
H. , they will be labeled as undetermined (“?”) when H¢i<Hp<H,; and will be labeled as
false (“NO”) when H, <H,;. There is an additional quality factor: having a large H,,
guarantees correct retention of the detection result.

Fig. 5(a) suggests that current sensor technology will provide essentially 100%
correct responses when the magnetized particles are sufficiently large (approximately 1

micron).
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Fig. 5(b) suggests there will be a mixture of correct and incorrect responses when
current sensor technology is used in conjunction with smaller particles (less than
‘approximately 1 micron).

Fig. 5 ( ¢ ) suggests a mixture of correct and incorrect results.

Fig. 5 (d) suggests a successful outcome for the method of the present invention.

The results of Fig’s 5(a)-5(d) is to suggest that the present technology with large
particles ( Fig. 5 (c)) provides a reasonable base-line. With smaller particles, however,
as in Fig. 5(b), the results are problematic. While reduction of the shape anisotropy will
reduce the average value of H,, as in Fig. 5 ( ¢ ), it will also increase the dispersion of H.
This experimental observation is not surprising since it is the shape anisotropy of the
sensor which defines its response characteristics relative to other perturbations, such as
magnetostrictive, magnetostatic, etc. Therefore, the sensor becomes sensitive to a host
of difficult-to-control factors that would otherwise not be troublesome. Consequently
there are many undetermined sensor responses when H, < H, . Finally, as shown if Fig.
5(d), the method of the present invention yields a correct response when the strayfield of
the particle is larger than the “tipping field”, Hy, and should, therefore, work with much
smaller particles. In addition, the fact that the shape anisotropy can be retained assures
that the dispersion of operating characteristics will be small and a large H,, with the

associated reliable retention of the detection results.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects, features, and advantages of the present invention are understood

within the context of the Description of the Preferred Embodiment as set forth below.
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The Description of the Preferred Embodiment is understood within the context of the

accompanying figures, wherein:

Fig. 1 (prior art) is a schematic representation of a magnetic particle bonded to a target

molecule and the target molecule bonded to a receptor site.

Fig. 2 (prior art) is a schematic cross-sectional representation of a magnetic sensor such

as is positioned beneath the substrate of Fig. 1.

Fig. 3 (prior art) is a schematic illustration of the states of magnetization in a sensor
element having an elliptical geometry. The states are indicated in an overhead view of

the sensor of Fig. 2.

Fig. 4 (prior art) is a drawing of an asteroidal phase diagram, indicating the relationship

between external magnetic fields and the magnetization of the MTJ sensor cell.

Fig’s. 5(a), 5(b), 5(c) and 5(d) are schematic representations suggesting how the
operating margins are affected by particle size for several methods for detecting

magnetized particles, including the present invention, which is shown in Fig. 5(d).

Fig’s. 6a-6f are a succession of schematic illustrations of an array of the high-aspect ratio

MTJ cells of an embodiment of the present invention demonstrating the steps of the

process by which a magnetic particle is detected.

DESCRIPTION OF THE PREFERRED EMBODIMENT

13
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The preferred embodiment of the present invention is a magnetic sensor for
detecting the presence of small magnetized particles that are bonded to biochemical
species in an analyte, so the sensor, in actuality, becomes a sensor of the molecular
species by sensing the magnetic particles bound to them. These species are, in turn,
caused to be bonded to sites on the substrate of the sensor, so that the magnetic particles
are also then, in effect, affixed to the substrate. The sensor includes a regular array of
sensor elements, each of which has (at least) two low energy states of stable equilibrium
and (at least one) state of intermediate energy unstable equilibrium which can be made to
transition into either of the (at least two) stable states by the presence of a nearby
magnetized particle, such as the particle affixed to the bonded species. The sensor
includes a mechanism for placing each element in its unstable state and a mechanism
(which can be the same mechanism) for maintaining each element in its unstable state. It
also includes a mechanism for magnetizing the small magnetic particles in two polarities
once they have become affixed to the binding sites on the substrate. This mechanism for
magnetizing the particles is, preferably, an external magnetic field which can be directed
perpendicularly to the sensor substrate with two polarities, eg. towards and away from
the substrate. When this external field is activated, the magnetic particles are magnetized
and produce their strayfields. When the external field is off, the magnetic particles are
no longer magnetized and they produce no strayfields. As already noted in Fig. 1, the
magnetizing field, without the presence of a magnetic particle, will not enable the
switching of magnetic states of the sensor element because the direction of the
magnetizing field is perpendicular to the sensor plane. The strayfield of a magnetized
particle, however, will have a component in the plane of the sensor and can cause

transitions within the sensor element as discussed below.
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When the sensor elements are placed in their unstable states but the mechanism to
maintain those states is not acting, the presence of a perturbing field is sufficient to cause
whichever element is subjected to the field to transition from the unstable state to one of
the stable states. The stable states must be characterized by some measurable quantity
that enables them to be differentiated from each other, so that transitions from the
unstable state to either of the stable states can be distinguished. During operation of the
sensor, the perturbing field of a proximate magnetic particle is allowed to cause two
successive relaxations of the same element from its unstable equilibrium state to one of
its stable states, with the element being reset to its unstable state at the initiation of each
relaxation event. In each successive operation, the proximate magnetic particle is
magnetized by an external magnetic field in each of two different polarities (i.e., field
directions relative to the sensor substrate). In this way, the final equilibrium state of the
element is different in each trial, enabling an inference that the particular element was
indeed proximate to a magnetized particle. If there is no magnetic particle proximate to a
given element, the two successive trials will yield relaxations to the same stable
equilibrium state, since the polarity of the external magnetic field used to magnetize
magnetic particles will have no effect on a sensor element in the absence of the induced
strayfield of a proximate magnetic particle.

The particular sensor of the present preferred embodiment comprises a substrate
containing (or covering) a regular array of sensor elements that are MTJ cells positioned
at the orthogonal crossings of parallel rows of conducting lines. The MTJ cells have a
substantially elliptical shape of aspect ratio significantly greater than 1, so as to produce
a relatively high value of Hy, the magnetic anisotropy which is induced by the shape
anisotropy of such a high aspect ratio shape. The MTJ cells have two magnetization

states (a “bi-stable” state) of stable equilibrium which are directed along their easy
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magnetic axis, which is the long axis of the ellipse. These states are normally the
“storage” states of an MTJ cell when it is used in an MRAM array. Each state is a low
energy state of stable equilibrium, but an energy barrier provided by the magnetic
anisotropy of the cell prevents a transition from one state to the other without a
significant external perturbation.

The short axis of the ellipse determines the hard magnetic axis, which provides a
position of unstable equilibrium for the cell magnetization. These states are higher
energy states than those along the easy axis direction. When current passes through the
conducting lines that are oriented parallel to the easy axis of the sense elements (eg. of
the MTJ cell), the current- induced magnetic fields of those lines cause the magnetization
of the MT]J cells to become oriented along the hard axis of the MTJ cell free layer, which
is the position of unstable equilibrium. We shall term those current-induced magnetic
fields the “hard direction fields.” When those hard direction fields are turned off, even a
small perturbing “tipping field” produced by the strayfields of proximate magnetized
particles captured on the sensor substrate can easily cause a transition between the
magnetization of a cell in its higher energy unstable equilibrium position defined by the
hard axis of the cell, to a stable low energy equilibrium position defined by its easy axis.
The shift of the cell magnetization from the hard axis direction to one or the other of the
easy axis directions produces a final state with a measurable resistance that will be low,
if it is parallel to the magnetization of the fixed layer and high if it is antiparallel to the
magnetization of the fixed layer. If such a transition is performed twice in succession,
with an external magnetizing field whose polarity is changed for each transition, then
when a magnetic particle is in a fixed position proximate to an MTJ cell and produces a
strayfield that is induced by the polarity of the external field, the final stable equilibrium

states will have an oppositely directed magnetization after each succeeding transition.
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Since the resistance of the MTJ cell is determined by the direction of this free layer
magnetization relative to the fixed magnetization direction of the fixed layer of the MTJ
cell, the difference in final resistances can be measured and used to indicate the presence
of a magnetic particle and, correspondingly, the capture of a biochemical species.

The proximate magnetic particle is magnetized, after being bound to the
substrate, by an external magnetic field directed substantially orthogonally to the hard
and easy axes of the cell’s free layer, such as has already been shown in Fig. 1. After the
proximate magnetic particle has been magnetized and while its magnetizing field
remains in effect, the hard direction field is removed by turning off the currents in the
conducting lines that are parallel to the easy axis, so that the strayfield remains to trigger
the transition of the proximate cell from its unstable intermediate equilibrium state (the
hard axis state) to one of the bi-stable states (the easy axis state).

Referring to Fig. 6a there is shown a schematic illustration of a magnetic sensor
formed as a planar MTJ array employing exemplary, high aspect ratio elliptical MTJ
cells (60) (the sensing elements) of a type shown in greater detail in Fig. 2. The cells are
formed beneath or within a planar substrate (70) on which are formed bonding sites (not
shown) for molecular species to be analyzed. There is also shown a schematic
indication of exemplary circuitry (5), (6), (7), required to identify the presence of
captured magnetized particles based on comparing successive resistance measurements
of the individual cells as will be discussed further below. The free layer magnetization
direction of all the cells are shown as arrows pointing to the right. It may be assumed
that the magnetic directions of their fixed layers, which are not shown, are similarly
directed, so the cells would be in their low resistance states. The array includes a row (5)
and column (6) decoder to identify the locations of MT]J cells in the array and measure

their resistances to determine which cells have been activated by the magnetic fields of a
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proximal magnetized particle in accord with the method of the iﬁvention. The array also
includes conducting lines (200) that are parallel to the easy axis of the cells and which
can produce hard direction fields to set the magnetizat.ion of the cells in the hard axis
unstable state.

In accord with the method of the invention the sensor operates in accord with the

following process steps shown sequentially, beginning with in Fig. 6a above:

1. An analyte containing molecular species labeled with magnetic particles is
brought into contact with the array substrate (70) so that the magnetic particles (i.e. the
molecular species to which they are attached) are captured at positions proximate to MTJ
cells (60) in the array. For exemplary purposes, we will assume that a molecular species
and its attached magnetic particle (shown as a circle (650)) have been captured adjacent
to cell (65). The cells are typically in one or another of their stable equilibrium states
and the magnetic particles have not yet been magnetized. This configuration is illustrated

schematically in Fig. 6a.

2. Referring to schematic Fig. 6b, there is shown that while the magnetic particle
(650) is affixed to its position or before the particle is affixed, the hard direction field is
turned on by a current, I, in lines (200), thereby causing all the MT]J cells (60) to
transition to a specific one of their unstable states (arrows pointing up) and to remain in
that state. Fig. 6b shows that the magnetization of the free layers of all cells is now

pointed in a direction in accord with the induced magnetic field of the lines (200).

3. Referring to Fig. 6c¢, there is shown schematically that an external magnetizing

field having a first polarity (e.g., directed downward (750) relative to the array plane) is
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turned on, magnetizing (760) the captured magnetic particle (650) and producing
strayfields (shown as radially-outward extending arrows) at the positions of the MTJ cell

(65) proximate to the position of the magnetic particle.

4. Referring to schematic Fig. 6d, there is shown that the hard direction field is
turned off, (there is no current in lines (200)) causing all MTJ cells to relax to their initial
stable, low energy equilibrium states. Although the external magnetic field (750) is still‘
on, it does not affect the transition of the MTJ cells. The MTJ cell (65) proximate to the
captured magnetic particle (650) transitions to a high resistance state (left-pointing free
layer magnetization) which is induced by interaction with the in-plane components of the

local strayfield perturbations (radial arrows).
5. Resistance measurements are made of all MTJ cells.

6. Referring now to Fig. 6e, there is shown the external magnetic field is off and the
MTIJ cells are once again placed in their unstable states by activation of the hard
direction field (current in lines (200) again turned on), after which the magnetic particle
magnetizing field is also turned on (750), but with a second polarity that is opposite to
the first polarity and now points out of the figure plane (circle with a central dot). The
magnetic particle is once again magnetized with strayfield components indicated as

inward pointing arrows.
7. Referring now to schematic Fig. 6f; there is shown the hard direction field is

turned off, allowing the second polarity perturbative strayfields to cause a relaxation of

proximate MT]J cells to a stable state that is opposite in magnetic direction to the state
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induced by the first polarity strayfields. Those MT]J cells not proximate to a captured

particle relax to the same state as in Fig. 6d.

8. Resistance measurements are made of all MTJ cells and compared with the

resistance measurements in step 5.

9. The resistance measurement of step 5 and step 8 are subtracted (or otherwise
compared), producing a non-zero value only at cells proximate to a captured magnetic
particle and thereby determining the number of such captured magnetic particles.

The easy axis of each MTJ cell in the sensor array should be well defined. This
can be achieved, for example, by patterning the cells to produce an appropriate shape
anisotropy, such as the elliptically formed cells indicated in the present figure which
have an aspect ratio significantly greater than 1.

As is finally understood by a person skilled in the art, the preferred embodiments
of the present invention are illustrative of the present invention rather than limiting of the
present invention. Revisions and modifications may be made to methods, materials,
structures and dimensions employed in forming and providing a magnetic sensor
comprising an array of addressable MTJ cells having a high aspect ratio for a bi-stable
state and an unstable state, a method for placing their magnetizations in the unstable
state, a method for inducing a transition back to the bi-stable state in accord with an
externally induced strayfield of a proximate captured magnetic particle, a method of
measuring resistance differences resulting from successive strayfield-induced transitions
induced by two different external magnetic field polarities and an associated data
analysis algorithm that permits the detection of the magnetized particles bound to the

sensor array, while still forming and providing such a magnetic sensor and its method of
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formation in accord with the spirit and scope of the present invention as defined by the

appended claims.

What is claimed is:
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1. A magnetic sensor comprising:

A planar array of multi-state sensor elements, wherein each of said elements has
at least two stable low energy equilibrium states and at least one intermediate energy
state of unstable equilibrium; and

a mechanism for placing said element into said at least one intermediate energy
state of unstable equilibrium; and

a mechanism for maintaining said element in said at least one intermediate
ehergy state of unstable equilibrium; whereby

while said element is in said unstable equilibrium state but not being maintained
therein, said element will transition from said unstable equilibrium state to one of said at
least two stable equilibrium states by interacting with an appropriate external
perturbative magnetic field; and wherein

each of said at least two stable equilibrium states is measurably distinguishable

from the other states.

2. The magnetic sensor of claim 1 further comprising a planar substrate formed over
said array on which substrate is formed a plurality of sites for binding molecular species,
to which species there are attached magnetic particles which are thereby also bound at

said sites.
3. The magnetic sensor of claim 2 wherein said bound magnetic particles are

magnetized by being subjected to an external magnetic field of a given polarity,

producing thereby a surrounding strayfield corresponding to said polarity.
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4. The magnetic sensor of claim 3 wherein said transition of said element is effected
by means of said strayfield produced at said element by one of said bound magnetized

particles proximate to said element.

5. The magnetic sensor of claim 4 wherein said polarity determines to which of said

at least two stable equilibrium states said element transitions to.

6. The magnetic sensor of claim 1 further including a mechanism for measuring said

measurable quantity.

7. The magnetic sensor of claim 1 wherein:

said multi-state sensor elements are MTJ cells, wherein each MT]J cell includes a
fixed layer of spatially fixed magnetization direction and a free layer of movable
magnetization direction, wherein said free layer has an easy axis that determines two low
energy states of stable magnetic equilibrium corresponding to the magnetization of said
free layer being oriented in either of two directions along said easy axis and wherein said
free layer has a hard axis that defines two intermediate energy states of unstable
equilibrium when the magnetization of said free layer is oriented in either of two
directions along said hard axis, wherein a resistance of said MTJ cell is a function of the
relative alignments of said free layer magnetization and said fixed layer magnetization

and wherein differences of said resistances are measurable.
8. The magnetic sensor of claim 7 wherein each said MTJ cell is patterned with a

horizontal cross-sectional shape of high aspect ratio and having a long axis that is said

easy axis and a short axis that is said hard axis, wherein said long and short axes are
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substantially perpendicular, said shape producing thereby a magnetic anisotropy
sufficient to render said equilibrium magnetizations thermally and magnetically stable
when they are direcfed along said long axis, while causing a magnetization along said
short axis to be a position of unstable equilibrium and allowing a small magnetic
perturbative tipping field to produce a transition between said unstable magnetic

equilibrium position and said stable magnetic equilibrium position.

9. The magnetic sensor of claim 8 further including an orthogonal array formed of
vertically separated, orthogonally directed parallel sets of conducting wires, wherein an
MT]J cell is located adjacent to an orthogonal crossing of said wires and wherein one set
of parallel wires is oriented paralle] to said long axis of said MTJ cell, whereby current
induced magnetic fields produced by said set of wires parallel to said long axis at the-

location of said MTJ cell magnetizes said cell in a position of unstable equilibrium.

10.  The magnetic sensor of claim 7 wherein said perturbative magnetic field is
produced by the strayfield of a proximate magnetized particle having a size that is less
than 1 micron, wherein said proximate magnetic particle is bound to a site on said

substrate.
11. The magnetic sensor of claim 10 wherein said magnetized particle has been
magnetized by an external field directed substantially orthogonal to said easy and said

hard axes.

12. The magnetic sensor of claim 11 wherein said perturbative magnetic field is

insufficient in magnitude to cause a transition between said two stable equilibrium states.
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13. A method for detecting the presence of a bound magnetic particle comprising:

providing a substrate on which is formed a planar array of multi-state magnetic
field sensors wherein each sensor has two measurably distinguishable low energy stable
equilibrium states and an unstable intermediate energy state into which said sensor can
be placed and within which said sensor can be maintained by activation of a maintenan;:e
mechanism, , wherein a transition from said unstable intermediate state to either of said
low energy stable equilibrium states can be induced by the presence of a perturbative
magnetic field and wherein each sensor is proximate to a site on said substrate at which a
magnetic particle can be bound; then

placing and maintaining each of said of magnetic field sensors in said unstable
intermediate state; and

prior thereto or subsequent thereto, binding at least one magnetic particle to a
site; then

contacting said magnetic particle with a substantially uniform external magnetic
field directed substantially perpendicularly to said substrate whereby said magnetic
particle is magnetized with a first polarity and produces a strayfield corresponding to
said polarity; then

deactivating said maintenance mechanism, whereby said magnetized magnetic
particle causes a proximate magnetic field sensor to transition to one of said measurably
distinguishable stable equilibrium states in accord with said strayfield while remaining
magnetic field sensors relax to a common equilibrium state; then

determining the state of each magnetic field sensor; then

again placing and maintaining each of said of magnetic field sensors in said

unstable intermediate state; and
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again contacting said magnetic particle with an external magnetic field whereby
said magnetic particle is magnetized with a second polarity that is opposite to said first
polarity and produces a strayfield corresponding thereto; then

deactivating said maintenance mechanism, whereby said magnetized magnetic
particle causes a proximate magnetic field sensor to transition to one of said measurably
distinguishable stable equilibrium states in accord with said strayfield while remaining
magnetic field sensors relax to said common stable equilibrium state; then

determining the state of each magnetic field sensor; whereby,

only said proximate sensor \;vill have been determined to have transitioned to two
different stable equilibrium states, by which can be inferred the presence of said bound

magnetic particle.

14. The method of claim 13 wherein each of said array of magnetic sensors is an
MT]J cell and wherein said two stable low energy equilibrium states is provided by
patterning each said cell in a horizontal shape of high aspect ratio having a long axis and
a short axis, wherein an easy axis of magnetization is produced along said long axis and
a hard axis of magnetization is produced along said short axis and whereby a
magnetization of a free layer of said cell along either direction of said long axis provides
two stable low energy equilibrium states and whereby a direction of magnetization along

said hard axis produces an intermediate energy unstable state.

15.  The method of claim 14 further comprising an array of parallel current carrying
wires, formed parallel to said easy axis, wherein a current in said wires will orient a
magnetization of said free layer in a hard axis direction and wherein maintaining said

current will maintain said magnetization in said hard axis direction.
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16.  The method of claim 13 wherein said strayfield contacts said magnetic sensor
with a field component that causes said unstable state to transition to a specific one of

said stable low energy equilibrium states.
17. The method of claim 16 wherein said magnetized particle is less than

approximately 1 micron in size and is bound to a chemical or biological molecule which

is itself bound to said substrate surface by a binding site that is specific to said molecule.
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