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SYSTEM AND METHOD FOR PROVIDING CONTENT-ADDRESSABLE

MAGNETORESISTIVE RANDOM ACCESS MEMORY CELLS

FIELD

fOOOl) The present disclosure relates generally to random access memory and more

particularly, but not exclusively, to content-addressable random access memory having

magnetic tunnel junction-based memory cells.

BACKGROUND

[0002] Most memory devices store and retrieve data by addressing specific memory

locations. Addressing specific memory locations, however, often becomes the limiting factor

for systems that rely on fast memory access. The time required to find an item stored in

memory can be reduced considerably if the stored data item can be identified for access by the

content of the data itself rather than by its address. Memory that is accessed in this manner is

called content-addressable memory (CAM).

[0003] Unlike standard random access memory (RAM) in which the user supplies a

memory address and the RAM returns the data word stored at that address, a CAM is designed

such that the user supplies a data word and the CAM searches its entire memory in one-clock

cycle to see if that data word is stored anywhere in it. If the data word is found, the CAM

returns a list of one or more storage addresses where the word was found. The CAM can be

preloaded at device start-up and rewritten during device operation.

[0004] Because a CAM is designed to search its entire memory in a single operation, it is

much faster than RAM in virtually all search applications. CAM is therefore ideally suited for

functions, such as Ethernet address lookup, data compression, pattern-recognition, cache tags,

high-bandwidth address filtering, and fast lookup of routing, high-bandwidth address filtering,

user privilege, security, or encryption information on a packet-by-packet basis for high-

performance data switches, firewalls, bridges, and routers.

[0005] A typical implementation of a static random access memory (SRAM) CAM cell

combines six transistors with additional circuitry (e.g. transistors) to perform the one-digit

comparison between the memory input and the given cell data. The additional circuitry

involves at least three to four additional transistors, hence a very large cell size of eight to ten

transistors, hence a costly device. A schematic of a conventional state-of-the-art SRAM-based

CAM cell is depicted in Fig. 1. The CAM cell of Fig. 1 is provided as a standard SRAM cell

with four or more transistors designed to implement the exclusive-OR (EOR) function.

[0006] Unlike a RAJVf chip, which has simple storage cells, each individual memory bit in

a fully parallel CAM has its own associated comparison circuit to detect a match between the



stored data bit and the input data bit. CAM chips are thus considerably smaller in storage

capacity than regular memory chips. Additionally, match outputs from each cell in the data

word can be combined to yield a complete data word match signal. The associated additional

circuitry further increases the physical size of the CAM chip. Furthermore, CAM as it is done

today (using SRAM elements) is intrinsically volatile, meaning that the data are lost when the

power is turned off. As a result, every comparison circuit needs being active on every clock

cycle, resulting in large power dissipation. With a large price tag, high power and intrinsic

volatility, CAM is only used in specialized applications where searching speed cannot be

accomplished using a less costly method.

[0007] Attempts to improve standard SRAM-based CAM have been proposed using

magnetic storage cells (MRAM). United States Patent No. 6.304,477, for example, discloses a

standard multiple transistor SRAM-like CAM to which two magnetic tunnel junctions have

been attached. The magnetic tunnel junctions provide non-volatility of the stored data, which

is critical both for storing the data as well as for using masking modes architectures.

[0008] In another approach set forth in United States Patent No. 6,191,973, a CAM

architecture has been proposed using only magnetic (MRAM) cells. In this case, the cell

element is a pair of magnetic tunnel junctions (MTJ) in opposite polarity with the input driving

one of the gates of the underlying (for each cell) selection transistor. The disclosed scheme

provides a significant improvement in density, wherein each CAM cell is formed from only

two selection transistors and two magnetic tunnel junctions (2T/2J).

[0009] In view of the foregoing, a need exists for improved MRAM storage cells that

overcome the aforementioned obstacles and deficiencies of conventional memory storage

systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Fig. 1 illustrates a typical prior art content-addressable memory (CAM) cell,

wherein the CAM cell is provided as a standard static random access memory (SRAM) cell

with four or more transistors designed to implement the exclusive-OR function.

[0011] Fig. 2 is a detail drawing illustrating an embodiment of a memory system with at

least one random access memory cell.

[0012] Fig. 3 is a detail drawing illustrating an embodiment of the memory cell of Fig. 2,

wherein the memory cell comprises a magnetic random access memory (MRAM) cell.

[0013] Fig. 4A is a detail drawing illustrating an embodiment of a magnetic tunnel junction

of the MRAM cell of Fig. 3.



[0014] Fig. 4B is a characteristic diagram illustrating an exemplary tunnel

magnetoresistance response of the magnetic tunnel junction of Fig. 4A.

[0015] Fig. 5A is a detail drawing illustrating an exemplary write operation for the MRAM

cell of Fig. 3 .

[0016] Fig. 5B is a detail drawing illustrating the operation of the magnetic tunnel junction

of the MRAM cell during the write operation of Fig. 5A.

[0017] Fig. 6A is a detail drawing illustrating an exemplary read operation for the MRAM

cell of Fig. 3.

[0018] Fig. 6B is a detail drawing illustrating the operation of the magnetic tunnel junction

of the MRAM cell during the read operation of Fig. 6A.

[0019] Figs. 7A-F are detail drawings illustrating an alternative exemplary write operation

for the MRAM cell of Fig. 3, wherein the alternative write operation includes thermally-

assisted switching (TAS).

[0020] Fig. 8A is a detail drawing illustrating an alternative embodiment of the magnetic

tunnel junction of Figs. 4A-B, wherein the magnetic tunnel junction has a pair of magnetic

layers with magnetizations polarized in perpendicular magnetic orientations.

[0021] Fig. SB is a characteristic diagram illustrating an exemplary tunnel

magnetoresistance response of the magnetic tunnel junction of Fig. 8A.

[0022] Fig. 9A is a detail drawing illustrating an alternative embodiment of the MRAM

cell of Fig. 3, wherein the MRAM cell comprises a magnetic self-referenced twin MRAM cell

and includes a pair of magnetic tunnel junctions.

[0023] Fig. 9B is a detail drawing illustrating the operation of a first magnetic tunnel

junction of the MRAM cell of Fig. 9A during an exemplary write operation.

[0024] Fig. 9C is a detail drawing illustrating the operation of a second magnetic tunnel

junction of the MRAM cell of Fig. 9A during an exemplary write operation.

[0025] Fig. 1OA is a detail drawing illustrating an alternative embodiment of the memory

system of Fig. 2, wherein the memory cell comprises a MRAM-based content-addressable

memory (CAM) cell that is provided via a single-cell approach.

[0026] Fig. 1OB is a detail drawing illustrating an alternative embodiment of the memory

system of Fig. 1OA, wherein the MRAM-based CAM cell is provided via a twin-cell approach.

[0027] Fig. 1OC is a detail drawing illustrating another alternative embodiment of the

memory system of Fig. 1OA, wherein the MRAM-based CAM cell is provided via a pre¬

amplifier approach.



[0028] It should be noted that the figures are not drawn to scale and that elements of

similar structures or functions are generally represented by like reference numerals for

illustrative purposes throughout the figures. It also should be noted that the figures are only

intended to facilitate the description of the preferred embodiments of the present disclosure.

The figures do not illustrate every aspect of the present disclosure and do not limit the scope of

the disclosure.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0029] Since currently-available memory systems are expensive, intrinsically volatile, and

dissipate significant power, a memory system that combines higher densities with non-

volatility and reduced power consumption in a cost-effective manner can prove desirable and

provide a basis for a wide range of data applications. This result can be achieved, according to

one embodiment disclosed herein, by memory system 100 comprising at least one random

access memory cell 200 as illustrated in Fig. 2 .

[0030] Turning to Fig. 2, the memory system 100 is illustrated as having a plurality of

memory cells 200 that have been arranged into a plurality of rows and columns. Each column

of the memory cells 200 is associated with a predetermined data input line 300 for providing

received input data bits to selected memory cells 200; whereas, each row of the memory cells

200 is associated with a predetermined word select line 400 for providing stored data bits read

from selected memory cells 200. The data input lines 300 are provided in a parallel

arrangement and preferably are perpendicular to the parallel arrangement of word lines 400 as

shown in Fig. 2. The word lines 400 likewise are coupled with a plurality of end-of-line

amplifiers 500. Thereby, a current value of the stored data bits read from the selected memory

cells 200 can be measured adjacent to an end region of the word lines 400 and sensed via the

end-of-line amplifiers 500. The end-of-line amplifiers 500 enable the memory system 100 to

provide one-state full-word readout and/or comparison.

[0031] The memory cell 200 is shown in Fig. 3 as being a magnetic random access

memory (MRAM) cell 210. Preferably, the MRAM cell 210 is provided as a MRAM-based

content-addressable memory (CAM) cell. The MRAM cell 210 thereby can store data and can

be sensed, preferably simultaneously. For example, the memory system 100 can store data in

the MRAM cell 210 as registered data with an address that can be subsequently searched;

while, the memory system 100 also senses the MRAM cell 210 by comparing input data with

the registered data stored in the MRAM cell 2 10.

[0032] Advantageously, the MRAM cell 210 can be provided with a magnetic tunnel

junction (MTJ) 220. The magnetic tunnel junction 220 is shown in Fig. 3 as being a



multilayered structure, comprising a plurality of MTJ layers 222. Exemplary MTJ layers 222

of the magnetic tunnel junction 220 can include one or more magnetic MTJ layers 224 and

nonmagnetic MTJ layers 226, such as an insulating layer 226A (shown in Fig. 4A). In a

preferred embodiment, one of the magnetic MTJ layers 224A, 224B of the magnetic tunnel

junction 220 has a magnetization 228 with a fixed magnetization direction; whereas, the

magnetization 228 of another of the magnetic MTJ layers 224A, 224B has an adjustable

magnetic orientation. As shown in Fig. 4A, for example, the hard ferromagnetic layer 224B is

illustrated as being magnetized in a fixed direction 228B. The magnetization direction 228B of

the hard ferromagnetic layer 224B can be fixed in any conventional manner, such as by using a

high coercivity (or large switching magnetic field) material or by coupling the ferromagnetic

layer to an antiferromagnetic material.

[0033] To form the MRAM cell 210, the magnetic tunnel junction 220 is coupled with at

least one current line, such as a sense and field line 230, as well as with a selection transistor

250. Fig. 3 illustrates a typical configuration of the MRAM cell 210. As shown in Fig. 3, the

sense and field line 230 preferably is disposed orthogonally to the field line 240, and the

magnetic tunnel junction 220 is disposed between the sense and field line 230 and the field line

240. During write operations, the sense and field line 230 and the field line 240 act as

magnetic field providers to write incoming data to the MRAM cell 210. Similarly, contents

stored in the MRAM cell 210 can be accessed via the selection transistor 250 and the sense and

field line 230, which serves as a sense line, during read operations.

[0034] The magnetic MTJ layers 222 typically are formed from a conventional

ferromagnetic material, such as iron, cobalt nickel and their alloys, and are separated by an

insulating layer (or barrier) 226A. The insulating layer 226A preferably is provided as a thin

insulating layer and can be formed from any suitable insulating material, such as alumina or

magnesium oxide. As desired, the magnetic runnel junction 220 can comprise any suitable

number and/or arrangement of the MTJ layers 222, including one or more MTJ layers 222 of

other types and/or compositions, as well as a pinning layer 226B as illustrated in Fig. 4A.

Typical antiferromagnetic materials include IrMn, PtMn or NiMn.

[0035] By fixing the magnetization direction, the hard ferromagnetic layer 224B can serve

as the reference layer 224" (shown in Fig. 3) for the MRAM cell 210.

[0036] The soft ferromagnetic layer 224A likewise is shown as having a magnetization

228. Preferably being formed from a low coercivity (or small switching magnetic field)

material, the magnetization 228 of the soft ferromagnetic layer 224A has an adjustable

magnetic orientation 228A and can be switched from a first stable direction to a second stable



direction in any conventional manner. The soft ferromagnetic layer 224A thereby can serve as

the storage layer 224' (shown in Fig. 3) for the MRAM cell 210. Although the soft

ferromagnetic layer 224A and the hard ferromagnetic layer 224B are shown and described as

being the storage layer 224' and the reference layer 224", respectively, for the MRAM cell 210

for purposes of illustration, the soft ferromagnetic layer 224A likewise can be configured to

serve as the reference layer 224", and the hard ferromagnetic layer 224B can serve as the

storage layer 224'.

[0037] Different levels of cell resistance for the MRAM cell 210 are associated with the

relative magnetic orientations of the storage layer 224' and the reference layer 224". Stated

somewhat differently, the magnetic tunnel junction 220 can have a first cell resistance when

the magnetic orientations of the storage and reference layers 224', 224" of the MRAM cell 210

are in opposing directions (or are "antiparallel"); whereas, the magnetic tunnel junction 220 can

have a second cell resistance when the magnetic orientation of the reference layer 224" of the

MRAM cell 210 is in the same direction as, or is "parallel" to, the magnetic orientation of the

storage layer 224'.

[0038] A characteristic diagram illustrating an exemplary tunnel magnetoresistance

response of the magnetic tunnel junction 220 is shown in Fig. 4B. The characteristic diagram

represents the tunnel magnetoresistance response as cell resistance R as a function of magnetic

field strength H . As illustrated by the characteristic diagram of Fig. 4B, the cell resistance R

for the MRAM cell 210 has a first cell resistance value Ri when the magnetic orientation 228A

of the soft ferromagnetic layer 224A and the magnetization direction 228B of the hard

ferromagnetic layer 224B have the same direction (or are "parallel"). The cell resistance R for

the MRAM cell 210 likewise can have a second cell resistance value R , greater than the first

cell resistance value Ri, when the magnetic orientation 228A of the soft ferromagnetic layer

224A and the magnetization direction 228B of the hard ferromagnetic layer 224B have the

different directions (or are "antiparallel").

[0039] The difference in resistance between the first cell resistance value R and the second

cell resistance value R is known as "magnetoresistance" or "tunnel magnetoresistance" (TMR)

and can vary based, for example, upon the characteristics, such as a thickness and composition,

of the insulating material forming the insulating layer 226A (shown in Fig. 4A). The

difference in resistance between the first and second cell resistance values Ri, R can be on the

order of between approximately fifty and seventy percent for alumina-based magnetic tunnel

junctions 220 and can exceed two hundred percent for magnesium oxide-based magnetic tunnel

junctions 220.



[0040] Turning to Figs. 5A-B, operation of the MRAM cell 2 10 is discussed with reference

to a write operation. In the manner discussed in more detail above with reference to Fig. 4A,

the MRAM cell 210 can be provided with a multilayered magnetic tunnel junction (MTJ) 220,

which includes at least two magnetic MTJ layers 224, such as the storage layer (or data layer)

224A and the reference layer (or sense layer) 224B, with at least one intermediate nonmagnetic

MTJ layer 226. The reference layer 224B can be formed from a high coercivity material and is

magnetized in a fixed direction 228B; whereas, the magnetization 228 of the storage layer

224A has an adjustable magnetic orientation 228A. The magnetic orientation 228A of the

storage layer 224A thereby can be switched from a first stable direction to a second stable

direction, as desired, via application of an externally-applied magnetic field and/or a (spin

polarized) write current in the manner set forth above. As desired, the MRAM cell 210 can

provided as a content-addressable memory (CAM) MRAM cell.

[0041] During a write operation, a data bit with a predetermined logic state, such as a high

(or " 1") logic state or a low (or "0") logic state, is provided to the MRAM cell 210 via at least

one current line, such as the sense and field line 230 and/or the field line 240. The MRAM cell

210 receives the data bit, and the data bit is written to the MRAM cell 210 by adjusting the

magnetization 228 of the storage layer (or data layer) 224A to a selected magnetic orientation

228A. Preferably, the magnetic orientation 228A of the storage layer 224A is aligned though

the magnetic field generated by the current lines 230, 240 as discussed above. The polarity of

the current flowing through the current lines 230, 240 determines the magnetic orientation

228A of the storage layer 224A and, therefore, the logic state of the MRAM cell 210. In an

alternative embodiment, the magnetic orientation 228A of the storage layer 224A is aligned by

a (spin polarized) write current flowing through the MRAM cell 210 via the selection transistor

250, or by a combination of both a magnetic field and a write current. The magnetization 228

of the MRAM cell 210 thereby is aligned to correspond with the predetermined logic state

associated with the received data bit. The MRAM cells 210 forming the memory system 100

can be rewritten, in whole and/or in part, at any time. As desired, write operations can include

spin transfer induced effects, wherein current flowing throughout a magnetic tunnel junction

220 can directly switch the magnetization direction 228B of the reference layer 224B (or sense

layer) 224B.

[0042] Operation of the MRAM cell 210 during an exemplary read operation is illustrated

in Figs. 6A-B. A data bit with a predetermined logic state previously written to, and stored by,

the MRAM cell 210. When the read operation is initiated, the memory system 100 senses the

cell resistance R (shown in Fig. 4B) of the MRAM cell 210, which is associated with the

magnetic orientation 228A of the storage layer 224A relative to the fixed magnetic orientation



Thereby, the sensed cell resistance value can be used to determine the logic state of the stored

data bit stored by the MRAM cell 210. The cell resistance R can be sensed in any conventional

manner. For example, an electrical current can be applied to the magnetic tunnel junction 220

via the selection transistor 250 to sense the cell resistance R.

[0043] If the MRAM cell 2 10 is provided as a content-addressable memory (CAM)

MRAM cell, for example, a data bit with a selected logic state can be inputted to the MRAM

cell 2 10 for comparison with the stored data bit stored by the MRAM cell 2 10. The MRAM

cell 2 10 receives the inputted data bit via at least one current line, such as the sense and field

line 230 as shown in Fig. 6A. The current flowing through the sense and field line 230 induces

a magnetic field, which aligns the magnetization 228 of the reference layer 224B. Stated

somewhat differently, the polarity of the current flowing through the sense and field line 230

induces the magnetization 228 of the reference layer 224B to be aligned with a predetermined

magnetic orientation 228B.

[0044] The magnetic orientation 228B of the reference layer 224B as induced by the

inputted data bit then is compared with the magnetic orientation 228A of the storage layer

224A associated with the stored data bit. The relative alignment of the storage layer 224A and

the reference layer 224B thereby can be measured. If the magnetic orientation 228B of the

reference layer 224B and the magnetic orientation 228A of the storage layer 224A have the

same direction (or are "parallel"), the inputted data bit matches the stored data bit. The

inputted data bit and the stored data bit are not a match, however, if the magnetic orientation

228B of the reference layer 224B and the magnetic orientation 228A of the storage layer 224A

are in opposing directions (or are "antiparallel"). The MRAM cell 210 therefore can support

data mask operations, wherein data addresses are not associated with data during read

operations. As desired, parallel storage and reference layers 224A, 224B can be indicative of

matching inputted and stored data bits; whereas, unmatched inputted and stored data bits can

be associated with storage and reference layers 224A, 224B with antiparallel magnetic

orientations 228A, 228B.

[0045] The MRAM cell 210 thereby can advantageously operate as a built-in exclusive-

NOR (XNOR) circuit, enabling the MRAM cell 2 10 to determine by itself the matching

between the stored data bits and the inputted data bits. Stated somewhat differently, the

MRAM cell 210 provides the advantage of integrating data storage, data input, and data sense

functionalities into a single memory cell without requiring any additional cell elements. The

MRAM cell 210 further provides the data storage, data input, and data sense functionalities

without requiring any additional cell elements and in combination with intrinsic non-volatility



and high-density (or small dimension), such as via one selection transistor and one magnetic

tunnel junction (IT/ IJ) MRAM cells and/or two selection transistor and two magnetic tunnel

junction (2T/2J) MRAM cells. Providing complete scalability down to small technology

nodes, the MRAM cell 210 can be easy and cost efficient, particularly with reference to

requiring minimum real estate on an integrated circuit substrate, to imbed in a memory system

100. The MRAM cell 210 likewise can combine these advantages with low power

consumption and high-speed operation, particularly in a "dynamic mode."

[0046] Figs. 7A-F illustrate the operation of the MRAM cell 210 during an alternative

write operation, wherein the write operation includes thermally-assisted switching (TAS).

Here, the write operation is performed by combining the actions of providing a magnetic field

to the MRAM cell 210 via one or more of the current lines, such as the sense and field line 230

and/or the field line 240, as set forth above with injecting a current through the magnetic tunnel

junction 220 to induce heat within the MRAM cell 210. The storage layer 224A preferably is

formed as a ferromagnetic/antiferromagnetic bilayer. Exemplary materials for forming the

ferromagnetic/antiferromagnetic bilayer can include FeCo/PtMn and/or FeCo/IrMn. The

MRAM cell 210 thereby can provide the advantages of combining high density and scalability

with facilitated read operations.

[0047] The initial state of the MRAM cell 210 prior to the write operation is shown in Figs.

7A-B. The sense and field line 230 is shown as being the single current line for writing the

input data bit to the MRAM cell 210, and the selection transistor 250 is illustrated as being

deactivated, opening the source-drain path through the selection transistor 250. In the initial

state, the MRAM cell 210 of Figs. 7A-B has a stored data bit with a low (or "0") logic state.

Further, since the stored data bit with a low logic state, the magnetic orientation 228A of the

storage layer 224A and the magnetic orientation 228B of the reference layer 224B are shown

as having the same direction (or are "parallel"). The cell resistance R of the magnetic tunnel

junction 220 therefore is the low cell resistance value R1 in the manner discussed in more detail

above with reference to Fig. 4B.

[0048] Once the write operation has been initiated, the selection transistor 250 is activated

to foπn a source-drain path through the selection transistor 250, and a current pulse 610 is sent

to the MRAM cell 210 via the sense line 230 as illustrated in Figs. 7C-D. The current pulse

610 is associated with a write operation, whereby an input data bit with a high (or "1") logic

state is to be written to the MRAM cell 210. The current pulse 610 reaches the MRAM cell

210 and, since the selection transistor 250 is activated, travels through the source-drain path of

the selection transistor 250 as well as through the magnetic tunnel junction 220. The magnetic

tunnel junction 220 therefore begins to heat.



[0049] As the magnetic tunnel junction 220 heats, a current pulse 610 flowing through the

field line 210 likewise induces a magnetic field, which aligns the magnetization 228 of the

reference layer 224B. The magnetic orientation 228A of the storage layer 224A thereby can be

switched from a first stable direction to a second stable direction via application of the

magnetic field in the manner set forth in more detail above. Upon application of the magnetic

field from the field line 210, the magnetic orientation 228A of the storage layer 224A begins to

reverse as shown in Figs. 7C-D to become aligned in opposing directions (or to become

"antiparallel") to the magnetic orientation 228B of the reference layer 224B.

[0050] When the temperature of the magnetic tunnel junction 220 reaches a predetermined

temperature threshold (or "blocking temperature"), the selection transistor 250 is deactivated,

opening the source-drain path such that the current pulse 610 no longer travels through the

magnetic tunnel junction 220. The magnetic tunnel junction 220 therefore begins to cool. The

magnetic field from the field line 230 continues to be applied to the storage layer 224A as the

magnetic tunnel junction 220 cools and is maintained until the temperature of the magnetic

tunnel junction 220 cools to a predetermined low temperature threshold. The magnetization

228 of the storage layer 224A thereby is "frozen" in the new magnetic orientation 228A as

induced by the magnetic field produced by the current pulse 610 traveling through the field line

230.

[0051] The final state of the MRAM cell 210 after the write operation is illustrated in Figs.

7E-F. As shown in Fig. 7E, the input data bit with the high logic state has been written to the

MFlAM cell 210 and has become the new stored data bit. The selection transistor 250 remains

deactivated with an open source-drain path, and the input data bit with the high logic state has

been written to the MRAM cell 210. Stated somewhat differently, the MRAM cell 210 has a

stored data bit with a high logic state. Furlher, the new magnetic orientation 228A of the

storage layer 224A and the magnetic orientation 228B of the reference layer 224B are shown

as being aligned in opposing directions (or as being "antiparallel"). The cell resistance R of the

magnetic tunnel junction 220 therefore has become the high cell resistance value R in the

manner discussed in more detail above with reference to Fig. 4B. Additional details regarding

write operations with thermally-assisted switching (TAS) can be found in United States Patent

No. 6,950,335, the disclosure of which is hereby incorporated herein by reference in its

entirety.

[0052] Use of thermally-assisted switching during write operations can help improve the

overall performance of the MRAM cell 210, particularly at small feature sizes and/or high

densities. A single current line 230, 240 likewise can be used to write the input data bit to the

MRAM cell 210, and the cost to manufacture the MRAM cell 210 can be reduced. In addition,



the material types and geometries used to produce the MRAM cell 210 can be optimized to

reduce power consumption of the MRAM cell 2 10 by minimizing the reference layer 224B.

[0053]

[0054] In an alternative approach, the MRAM cell 210 is written not.by an external

magnetic field (with or without thermal assist), but by a spin polarized electric current (Current

Induced Magnetic Switching - CIMS). As experimentally demonstrated in entirely metallic

low sized (<100 πrn) structures in the publication, Science, volume 285, page 867 (1999), and,

in United States Patent No. 5,695,864, a spin polarized current is able to induce a precession or

even a switching (reversing) of the magnetization by a transfer process of the angular spin

moment between polarized carriers and the magnetic moment of the system. Such architecture

is highly scalable as the required current scales with the area of the cell. Furthermore it is

potentially very fast and does not require metal lines to generate magnetic field, hence reducing

both the cell size and the drivers overhead.

[0055] CIMS writing can be advantageously combined with TAS as described in the

general case of a MRAM memory in United States Patent No. 6,950,335. In this case, the

MRAM cell 210 is written as described in Figs. 7A-F, with the difference that there is no

magnetic field generated by the field line 230. Instead, the heating current 600 itself is used to

witch the magnetic orientation 228A of the storage layer 224A by being appropriately spin

polarized whilst flowing through the magnetic tunnel junction 210. This is done by adding

specific layers in the junction 210, as can be described in United States Patent No. 6,603,677.

[0056] The combined use of TAS and CMS to write the data layer allows for a reduction

in write power, particularly at small feature sizes. The readout would remain the same as in the

magnetic field-driven CAM architecture.

[0057] Input data can be written to, and stored data can be read from, the MRAM cell 210

in the manner discussed in more detail above with reference to Figs. 5A-B and 6A-B,

respectively, including via the write operation with thermally-assisted switching (TAS) of Figs.

7A-F. As for a content-addressable memory (CAM) operation, as illustrated in Fig. 8A, an

input data bit can be received via the data input line 230, inducing a magnetic field. The

induced magnetic field of the data input line 230 is generated in a direction that is

perpendicular to the long dimension of the elongated MRAM cell 2 10. The reference layer

224B therefore can be disposed with the magnetization direction 228B that is in the same

direction as (or "parallel" with), or in a direction opposing (or "antiparallel" with), the

magnetization direction 228A of the storage layer 224A, depending upon the magnetic polarity

of the induced magnetic field of the data input line 230.



[0058] Turning to Fig. 8B, a characteristic diagram illustrating an exemplary runnel

magnetoresistance response of the magnetic tunnel junction 220 of Fig. 8A, wherein cell

resistance R is represented as a function of magnetic field strength H in the manner discussed

with reference to Fig. 8A. As illustrated by the characteristic diagram of Fig. 8B, the cell

resistance R for the MRAM cell 210 has a first cell resistance value R | when the magnetic

orientation 228A of the storage layer 224A and the magnetization direction 228B of the

reference layer 224B reference layer 224B have approximately the same direction (or are

"parallel"). The cell resistance R for the MRAM cell 210 likewise can have a second cell

resistance value R2, greater than the first cell resistance value R], when the magnetic

orientation 228A of the storage layer 224A and the magnetization direction 228B of the

reference layer 224B have approximately opposing directions (or are "antiparallel"). Further,

the MRAM cell 210 can assume a cell resistance value R intermediate the first and second cell

resistance values Ri, R2 as the magnetization direction 228B of the reference layer 224B

transitions between the parallel and antiparallel directions relative to the magnetic orientation

228A of the storage layer 224A. As illustrated in Fig. 8A, for example, the cell resistance

value R of the MRAM cell 210 can decrease as the magnetization directions 228A, 228B

become more parallel and can increase as the magnetization directions 228A, 228B become

more antiparallel.

[0059] Advantageously, the input data bit can be compared with a stored data bit stored

within the MRAM cell 2 10 by moving (or fluctuating) the magnetization direction 228B of the

reference layer 224B via the magnetic field induced by the input data bit current flowing

through the data input line 230. The input data bit and the stored data bit thereby can be

compared without switching the magnetization direction 228B of the reference layer 224B.

The MRAM cell 200 thereby can operate in a dynamic mode without having to switch the

magnetization direction 228B of the sense layer 224B to perform a read operation. The

perpendicular orientations of the magnetization directions 228A, 228B advantageously enable

the MRAM cell 210 to support high-speed read operations combined with reduced power

consumption. Design and manufacturing control of the MRAM cell 210 therefore can be

simplified. Further, the amount of power dissipated by the MRAM cell 2 10 during read

operations can be reduced, and the operating speed of the MRAM cell 210 can be increased,

because the induced magnetic field provided by the data input line 230 fluctuates, rather than

fully switches, the magnetization direction 228B of the reference layer 224B.

[0060] An alternative embodiment of the MRAM cell 210 is shown and described with

reference to Figs. 8A-B. As illustrated in Fig. 8A, the MRAM cell 210 includes a magnetic

tunnel junction 220 that is provided in the manner set forth in more detail above with reference



to Figs. 3 and 4A-B. The magnetic tunnel junction 220 is shown as including at least one

nonmagnetic MTJ layer 226, such as an insulating layer 226A, disposed between a pair of

magnetic MTJ layers 224, such as a storage layer 224A and a reference layer 224B. Here, the

storage layer 224A has a magnetization 228 with a magnetization direction 228A that is

oriented at a right angle to magnetization direction 228B of the reference layer 224B. In other

words, the magnetization direction 228A of the storage layer 224A and the magnetization

direction 228B of the reference layer 224B are polarized in perpendicular directions. The

MRAM cell 210 thereby can operate in a dynamic mode without having to switch the

magnetization direction 228B of the reference layer 224B to perform a read operation. The

perpendicular the magnetization directions 228A, 228B advantageously enable the MRAM cell

210 to support high-speed read operations combined with reduced power consumption.

[0061] The MRAM cell 210 of Fig. 8A can be provided in any conventional manner. For

example, the MRAM cell 210 can be provided as an elongated magnetic cell and the chip (or

wafer) (not shown) upon which the MRAM cell 210 is formed can be cooled in a magnetic

field oriented along the short dimension of the MRAM cell 210. The storage layer 224A

thereby can be provided with the magnetization 228 with the magnetization direction 228A that

is frozen in the direction of the magnetic field applied to the chip (or wafer) during a heating

process. During the heating process, the magnetization direction 228B of the reference layer

224B can be oriented along the long dimension of the elongated MRAM cell 210 such that the

reference layer 224B is disposed in a low energy state.

[0062] Fig. 9A illustrates another alternative embodiment of the MRAM cell 210, wherein

the MRAM cell 210 is shown as comprising a magnetic self-referenced twin MRAM cell. The

MRAM cell 210 includes two magnetic tunnel junctions 220A, 220B, each being provided in

the manner set forth in more detail above with reference to Figs. 3, 4A-B, and 8A-B. Each

magnetic tunnel junction 220A, 220B has at least one nonmagnetic MTJ layer 226, such as an

insulating layer 226A, disposed between a pair of magnetic MTJ layers 224, such as a storage

layer 224A and a reference layer 224B. As shown in Fig. 9A, the storage layer 224A of the

first magnetic tunnel junction 220A and the storage layer 224A of the second magnetic tunnel

junction 220B can be coupled via a first common current line, such as write line 270; whereas,

a second common current line, such as data input line 260 can couple the reference layers 224B

of the magnetic tunnel junctions 220A, 220B. The reference layer 224B of the each magnetic

tunnel junction 220A, 220B likewise can be coupled with a respective selection transistor 250

as shown and sometimes referred to as being a two selection transistors and two magnetic

tunnel junction (2T/2J) configuration.



[0063] By providing the data input line 260 with a U-shaped geometry, the MRAM cell

210 of Fig. 9A is shown with the magnetic tunnel junctions 220A, 220B being connected in

series at write. During a write operation, an input data bit can be provided to the MRAM cell

210 via the data input line 260, which is induced to generate a magnetic field with a selected

polarity. The MRAM cell 210 can receive an input data bit via the data input line 260 such that

the input data bit can be written to each of the magnetic tunnel junctions 220A, 220B. The U-

shaped geometry of the data input line 260 enables the reference layer 224B of the first

magnetic tunnel junction 220A to have a magnetization direction 228B that is opposite of the

magnetization direction 228B of the reference layer 224B of the second magnetic tunnel

junction 220B as illustrated in Figs. 9B and 9C. In other words, the current flowing through

the data input line 260 induces the reference layers 224B of the magnetic tunnel junctions

220A, 220B to have opposite magnetization directions 228B.

[0064] The MRAM cell 210 therefore receives the input data bit with a predetermined

logic state, such as a high (or "1") logic state or a low (or "0") logic state, and writes the input

data bit to the first magnetic tunnel junction 220A as a stored data bit b with the predetermined

logic state. Since the reference layers 224B of the magnetic tunnel junctions 220A, 220B have

opposite magnetization directions 228A, the MRAM cell 210 writes the input data bit to the

second magnetic tunnel junction 220B as a stored data bit Ib, which is the complement of the

stored data bit b of the first magnetic tunnel junction 220A. Stated somewhat differently, the

stored data bit b of the first magnetic tunnel junction 220A and the stored data bit /b of the

second magnetic tunnel junction 220B are complementary data bits with opposite logic states.

The magnetic tunnel junctions 220A, 220B of the MRAM cell 210 therefore are differentially

coupled for read operations because the MRAM cell 210 provides the complementary data bits

b, /b with opposite logic states during subsequent read operations.

[0065] As desired, the MRAM cell 210 can be provided with two or more of the magnetic

tunnel junctions 220A, 220B as illustrated in Fig. 9A. The magnetic tunnel junctions 220A,

220B of Fig. 9A are shown as being disposed in a series arrangement. With the magnetic

tunnel junctions 220A, 220B in the series arrangement, the MRAM cell 210 can provide a

stored data bit b with the predetermined logic state from each of the magnetic tunnel junctions

220A, 220B during a read operation.

[0066] The memory system 100 can include a sense amplifier 500 (shown in Fig. 2), such

as a differential sense amplifier and/or a multistage differential sense amplifier, to perform a

matching operation for increasing a sensing speed of the MRAM cell 210. Further details

regarding selected embodiments of the sense amplifier 500 are discussed in more detail below

with reference to Figs. lOA-C. The MRAM cell 210 likewise can be coupled with a



conventional static random access memory (SRAM) cell that is configured to operate as an

integrated amplifier, such as an integrated amplifier of the resistance dynamic variation. The

integrated amplifier can advantageously applied to a single MRAM cell 210 that is operating in

a "dynamic "' mode and/or to a pair of the MRAM cells 210 that is operating in a differential

mode.

[0067] The memory system 100 is illustrated in Figs. lOA-C as comprising a memory array

290 with a plurality of memory cells 200, wherein each memory cell 200 comprises a MRAM-

based content-addressable memory (CAM) cell 280. Turning to Fig. 1OA, for example, the

memory array 290 is shown as being provided as a conventional [N+ 1] x [M+ 1] matrix of the

MRAM-based CAM cells 280. The number [N+ 1] thereby represents the number of word

select lines 40Oo - 400N and corresponds with the number of rows of the MRAM-based CAM

cells 280 in the memory array 290; whereas, the number of input data lines 30Oo - 300M is

represented by the number [M+l], which corresponds with the number of columns of the

MRAM-based CAM cells 280 in the memory array 290. Depending upon the memory

capacity and memory configuration of the memory system 100, the numbers [N+l] and [M+l]

each can be any suitable number, as desired.

[0068] The MRAM-based CAM cells 280 can be provided via a single-cell approach in the

manner discussed in more detail above with reference to the MRAM cell 210 (shown in Figs.

3). the single-cell approach, each MRAM-based CAM cell 280 can be provided with a

magnetic tunnel junction 220 and a selection transistor 250 as shown in Fig. 1OA. The

magnetic tunnel junction 220 preferably is provided as a multilayered structure in the manner

discussed in more detail above with reference to Fig. 3, and includes one or more magnetic

MTJ layers 224 (shown in Fig. 3) and/or nonmagnetic MTJ layers 226 (shown in Fig. 3). The

MRAM-based CAM cells 280 therefore can be described as one selection transistor 250 and

one magnetic tunnel junction 220 (IT/1 J) MRAM cells.

[0069] As illustrated in Fig. 1OA, each MRAM-based CAM cell 280 in a selected column

of the memory array 290 shares a common input data line 300j. Stated somewhat differently, a

selected input data line 300i is coupled with each MRAM-based CAM cell 280 in the relevant

column of the memory array 290. For example, the input data line 30Oo is illustrated as being

coupled with the MRAM-based CAM cells 28OOo, , 28ONo; whereas, the input data line 300i

is coupled with the MRAM-based CAM cells 280 0 ], ... , 280 N, . Similarly, each MRAM-based

CAM cell 280 in a selected row of the memory array 290 shares a common word select line

40Oj. The common word select line 400j therefore can be coupled with each MRAM-based

CAM cell 280 in the relevant row of the memory array 290. The word select line 40O is



shown as being coupled with the MRAM-based CAM cells 28Ooo, 280Oi, . . . , 280OM, and the

word select line 40O N is coupled with the MRAM-based CAM cells 280 N0, 280 N ], . . . , 280 NM .

[0070] Each MRAM-based CAM cell 280 in a selected row of the memory array 290

likewise is shown as sharing a common match line 51OK Thereby, the common match line

510κ can be coupled with each MRAM-based CAM cell 280 in the relevant row of the memory

array 290. As shown in Fig. 1OA, the match line 5 1O can be coupled with the MRAM-based

CAM cells 28O00, 2800ι 280 0M, and the match line 5 1ON can be coupled with the MRAM-

based CAM cells 280N0, 280 Ni , ... , 280 NM . The match lines 51O0, ... , 5 1ON are shown as

being further coupled with, and configured to provide input signals (not shown) to, a plurality

of final sense amplifiers 500. The final sense amplifiers 500 can amplify the input signals to a

full logic level and provide output signals (not shown) via output match lines 51O0, . . . , 520N in

a conventional manner.

[0071] Upon initiation of an exemplary write operation, an input data word (not shown) is

loaded onto an appropriate row of the memory array 290. The input data word comprises a

plurality of input data bits each having a plurality of predetermined logic states, such as a high

(or " 1") logic state or a low (or "0") logic state. The final sense amplifier 500 associated with

each relevant match line 510 can be disabled, and the appropriate row of the memory array 290

is selected by applying a voltage (or current) to the associated word select line 400. Each input

data bit of the input data word then is written into the appropriate MRAM-based CAM cell 280

via current pulses applied to the input data lines 300. In the manner set forth in more detail

above with reference to Figs. 5A-B, the current pulses induce magnetic fields in the input data

lines 300 and thereby switch the storage layers 224A of the respective magnetic tunnel

junctions 220 (shown in Fig. 5A), as necessary, to write the data word. The input data word

thereby is stored by the memory array 290 as a stored data word.

[0072] The logic state of the input data bit written to each MRAM-based CAM cell 280

depends upon the direction by which the associated current pulse flows through the relevant

input data line 300. The direction of the associated current pulse, in turn, affects the direction

of the magnetic field induced in the relevant input data line 300. The directions of the induced

magnetic field likewise affects the magnetic orientation 228 A (shown in Fig. 5B) of the

relevant respective storage layer 224A of the MRAM-based CAM cell 280, which magnetic

orientation 228 A determines the logic state of each stored data bit of the stored data word.

This write operation is well-known in the art and sometimes is referred to as Field Induced

Magnetic Switching (FIMS).



[0073] As desired, the memory system 100 can write the input data word to the memory

array 290 by applying an exemplar}' write operation that includes thermally-assisted switching

(TAS) in the manner discussed in additional detail above with reference to Figs. 7A-F. When

the write operation with thermally-assisted switching is applied to write the input data word to

the memory array 290, the final sense amplifier 500 associated with each relevant match line

510 is disabled, and the appropriate row of the memory array 290 is selected by applying a

voltage (or current) to the associated word select line 400. Each match line 510 then is heated

via a heating system 530. The heating system 530 can be provided as any conventional type of

heating system. For example, the heating system 530 can be provided as a global heating

system for heating each match line 510 and/or a plurality of local heating systems, as shown in

Fig. 1OA, for heating an associated match line 510. Stated somewhat differently, the heating

system 530 can comprise a plurality of local heating systems, wherein each row (or column) of

CAM cells 280 in the memory array 290 is associated with a local heating system.

[0074] Although discussed and shown in terms of thermally-assisted switching for

purposes of illustration only, the write operation can be facilitated in any conventional manner,

including via application of voltage and/or current to write the input data word to the memory

array 290. For example, the memory system 100 can include a global voltage (or current)

source system (not shown) for applying voltage (or current) to each match line 510 and/or a

plurality of local voltage (or current) source systems (not shown) for applying voltage (or

current) to an associated match line 510. The memory system 100 likewise can include a

plurality of local voltage (or current) source systems, wherein each row (or column) of CAM

cells 280 in the memory array 290 is associated with a local voltage (or current) source system.

As desired, the memory system 100 can include the voltage (or current) source system in

addition to, and/or as an alternative to, the heating system 530.

[0075] Current pulses are applied to the input data lines 300 in the manner discussed

above. The current pulses induce magnetic fields in the input data lines 300 and thereby switch

the storage layers (or "exchange-bias" layers) 224A of the respective magnetic tunnel junctions

220, as necessary, to write the data word into the appropriate MRAM-based CAM cell 280. As

set forth above, the logic state of the input data bit written to each MRAM-based CAM cell 280

depends upon the direction by which the associated current pulse flows through the relevant

input data line 300 and, therefore, the direction of the magnetic field induced in the input data

line 300. The input data word thereby is stored by the memory array 290 as the stored data

word.

[0076] Once the input data word is written to, and stored by, the memory array 290, as the

stored data word, the memory system, during an exemplary read operation, can provide the



stored data word in the manner set forth in more detail above with reference to Figs. 6A-B.

Like the input data word, the stored data word comprises a plurality of stored data bits each

having a plurality of predetermined logic states, such as a high (or "1") logic state or a low (or

Q" ) logic state. When the read operation initiated the final sense amplifier 500 associated

with each relevant match line 510 is enabled. A static current then can be applied to each input

data line 300. The polarity of the static current preferably comprises an image vector of the

desired stored data word. The heating system 530 can be disabled during the read operation or,

as desired, can be enabled to operate as a current polarizer for a voltage sensing approach.

[0077] Each stored data word in the memory array 290 is globally selected via the word

select lines 400. The static currents are provided with appropriate current magnitudes such that

the static currents can polarize the reference layers 224B (shown in Fig. 6B) of the respective

magnetic tunnel junctions 220 within the memory array 290, preferably without disturbing the

corresponding storage layers 224A. Advantageously, global selection of the stored data words

enables the stored data words to be sensed in parallel. If the final sense amplifiers 500

comprise current sense amplifiers, for example, the induced current provided to a selected final

sense amplifier 500 via the match line 510 can depend upon a sum of the currents of each

stored data bit in a corresponding stored data word; whereas, the current flowing through the

input data lines 300 can depend upon the relative magnetic orientation between the magnetic

orientation 228A (shown in Fig. 6B) of the storage layer 224A and the magnetic orientation

228B (shown in Fig. 6B) of the reference layer 224B.

[0078] A matching bit can be defined as having a magnetic orientation equal to the

different between the magnetic orientation 228A of the storage layer 224A and the magnetic

orientation 228B of the reference layer 224B. The matching bit can be equivalent to a parallel

state and, therefore, is associated with a low cell resistance value R ) and a high current value

IH. A no-matching bit, in contrast, can be defined as having a magnetic orientation in

opposition to the different between the magnetic orientation 228A and the magnetic orientation

228B. Likewise being equivalent to an anti-parallel state, the no-matching bit can be

associated with a high cell resistance value R2 and a low current low IL.

[0079] A match between the input data word and a stored data word therefore can result in

an equivalent input current being providing to the final sense amplifier 500 with an aggregate

current magnitude that is equal to the product [M+l] x IH. Similarly, a non-match between the

input data word and a stored data word can result in an equivalent input current with an

aggregate current magnitude that is less than or equal to ( M x In ) + IL. Each final sense

amplifier 500 preferably is suitable for sensing currents with an accuracy that is less than the

difference ( IH - Ii. ) . Therefore, after a current-to-voltage conversion, the final sense amplifier



500 can provide an appropriate output signal via the relevant output match line 510. The final

sense amplifier 500 provides the output signal with a first predetermined logic level, such as a

high logic level, if the input data word and the stored data word match; otherwise, the output

signal is provided with a second predetermined logic level, such as a low logic level. During

matching, the input field current is applied to the relevant input data line 300 without system

heating, and the relevant sense amplifier 500 is activated.

[0080] Turning to Fig. 1OB, the memory system 100 is provided with a memory array 290

comprising a plurality of MRAM-based CAM cells 280, wherein the memory array 290 is

provided with a differential MRAM-CAM memory architecture. In the differential MRAM-

CAM memory architecture, the MRAM-based CAM cells 280 are provided as magnetic self-

referenced twin MRAM cell in the manner set forth in more detail above with reference to

Figs. 9A-C. Each of the MRAM-based CAM cells 280 therefore can be provided with a pair of

magnetic tunnel junctions 220, such as first and second magnetic tunnel junctions 220A, 220B,

arid two selection transistors 250 as shown in Fig. 1OB. The magnetic tunnel junctions 220

preferably are provided as multilayered structures in the manner discussed in more detail above

with reference to Fig. 3, and include one or more magnetic MTJ layers 224 (shown in Fig. 3)

and/or nonmagnetic MTJ layers 226 (shown in Fig. 3). The MRAM-based CAM cells 280

therefore can be described as being two selection transistor 250 and two magnetic tunnel

junction 220 (2T/2J) MRAM cells.

[0081] Each MRAM-based CAM cell 280 is coupled with a data input line 300, which

communicates with the first and second magnetic tunnel junctions 220A, 220B. The first and

second magnetic tunnel junctions 220A, 220B likewise are coupled with a pair of match lines

510. The first magnetic tunnel junction 220A is shown as being coupled with a first match line

512; whereas, the second magnetic tunnel junction 220B can be coupled with a second match

line 514. As illustrated in Fig. 1OB, the match lines 512, 514 can couple the magnetic tunnel

junctions 220A, 220B with a differentia] sense amplifier 500. The differential sense amplifier

500 preferable comprises a multistage differential sense amplifier and is advantageously

applied to increase operating speed during matching operations.

[0082] An exemplary row of the memory array 290 is illustrated in Fig. 1OB with reference

to a row of M MRAM-based CAM cells 28O00 280 0M- The MRAM-based CAM cells

28O0 O . , 28O0M are shown as being respectively coupled with input data lines 30Oo - 300M

and selected via word select lines 400 0A, 4OOOB - A S desired, the memory system 100 can

include at least one heating system 530 for heating each match line 512, 514 in the manner

discussed in more detail above. Although the structure and operation of the memory system

100 is shown and described with reference to one row of MRAM-based CAM cells 280 for



purposes of illustration, the memory system 100 can include any suitable number N (shown in

Fig. 10A) of rows of MRAM-based CAM cells 280.

[0083] Write operations can comprise one or more cycle load operations. When the data

input line 260 is provided with a straight geometry, for example, the write operation can

include two cycle load operations. Input data is written to the first magnetic tunnel junction

220A of the relevant MRAM-based CAM cells 280 during the first cycle of the load operation;

whereas, the input data is written to the second magnetic tunnel junction 220B of the relevant

MRAM-based CAM cells 280 during the second cycle. Thereby, the storage layers 224A

(shown in Figs. 9B-C) of the magnetic tunnel junctions 220A, 220B of each MRAM-based

CAM cell 280 advantageously can have the same magnetic orientation 228A (shown in Figs.

9B-C). If the data input line 260 is provided with a U-shaped geometry (shown in Fig. 9A), the

write operation can be performed in one cycle load operation, wherein the magnetic tunnel

junctions 220A, 220B of the MRAM-based CAM cell 280 have the opposite magnetic

orientations 228A. The magnetic tunnel junctions 220A, 220B of each MRAM-based CAM

cell 280 advantageously can share the same data input line 300 without adversely affecting the

sensing speed of the MRAM-based CAM cells 280.

[0084] Returning to the above example wherein the data input line 260 is provided with the

straight geometry, current pulses are applied to the input data lines 30Oo - 300 M during the first

cycle of the two-cycle load operation to induce magnetic fields in the input data lines 300o -

300M, d the first word select line 4OOOA is activated each in the manner discussed above.

Activation of the first word select line 4OOOA enables the input data associated with the current

pulses on the input data lines 30O0 - 300 M to be written to the first magnetic tunnel junction

220A of the relevant MRAM-based CAM cells 280. As desired, the heating system 530

likewise can be activated to heat the first match line 512, which is associated with the enabled

first magnetic tunnel junctions 220A. Data thereby can be written to the first magnetic tunnel

junction 220A of the MRAM-based CAM cells 280 during the first cycle of the load operation.

[0085] Current pulses likewise are applied to the input data lines 30Oo - 300 M during the

second cycle of the two-cycle load operation. Magnetic fields thereby are induced in the input

data lines 30Oo 300 M as discussed above. Here, the second word select line 4OOOB is

activated, enabling the input data associated with the current pulses on the input data lines 30Oo

- 300 M to be written to the second magnetic tunnel junction 220B of the relevant MRAM-

based CAM cells 280. The heating system 530 can be activated, as desired. The second match

line 512, which is associated with the enabled second magnetic tunnel junctions 220A, thereby

can be heated in the manner discussed above. Data thereby can be written to the second



magnetic tunnel junction 220B of the MRAM-based CAM cells 280 during the second cycle of

the load operation.

[0086] The two-cycle load operation can be followed by a matching operation. During the

matching operation, the first and second word select lines 4OOOA, 4OOOB a activated. The

reference layers 224B (shown in Figs. 9B-C) of the magnetic tunnel junctions 220A, 220B of

each MRAM-based CAM cell 280 thereby can have the same magnetization directions 228B

(shown in Figs. 9B-C). If the storage layer 224A and the reference layer 224B of a selected

magnetic tunnel junction 220A, 220B have respective magnetic orientations 228A, 228B in

opposing directions (or are "antiparallel"), the selected magnetic tunnel junction 220A, 220B

can have a high cell resistance value R (shown in Fig. 4B), and the associated match line 512,

514 can have a low line current in the manner set forth in more detail above. Similarly, the

selected magnetic tunnel junction 220A, 220B can have a low cell resistance value R | (shown

in Fig. 4B) such that the associated match line 5 12, 514 has a high line current if the storage

layer 224A and the reference layer 224B of the selected magnetic tunnel junction 220A, 220B

have respective magnetic orientations 228A, 228B in the same direction (or are "parallel").

The differential sense amplifier 500 can receive the line currents provided by the respective

match lines 512, 514 and can provide the result of a comparison of the line currents via an

output match line 510.

[0087] The memory system 100 likewise can be provided in a pre-amplifier approach as

illustrated in Fig. 1OC. In the pre-amplifier approach, each MRAM-based CAM cell 280 is

provided as magnetic self-referenced twin MRAM cell in the manner set forth in more detail

above with reference to Figs. 9A-C. The MRAM-based CAM cells 280 therefore can be

provided with a pair of magnetic tunnel junctions 220, such as first and second magnetic

tunnel junctions 220A, 220B as shown in Fig. 1OB. The magnetic tunnel junctions 220

preferably are provided as multilayered structures in the manner discussed in more detail above

with reference to Fig. 3, and include one or more magnetic MTJ layers 224 (shown in Fig. 3)

and/or nonmagnetic MTJ layers 226 (shown in Fig. 3). The MRAM-based CAM cells 280

preferably is provided as a two selection transistor 250 (shown in Fig. 10B) and two magnetic

tunnel junction 220 (2T/2J) MRAM cell as discussed above.

[0088] The exemplary MRAM-based CAM cell 280 as shown in Fig. 1OC further includes

a local pre-amplifier system 282. The local pre-amplifier system 282 can be provided in any

conventional manner and preferably is provided as a local sense amplifier system. For

example, the local pre-amplifier system 282 of Fig. 1OC is illustrated as comprising a latch-

based local pre-amplifier system 282. The MRAM-based CAM cell 280 can be coupled with a

data input line 300, which communicates with the first and second magnetic tunnel junctions



220A, 220B, and can be selected via word select lines 4OOOA , 400 0B. The magnetic tunnel

junctions 220A, 220B can communicate with at least one match line 510 via the local pre¬

amplifier system 282. As desired, the memory system 100 can include at least one heating

system 530 (shown in Fig. 10B) for heating each match line 510 in the manner discussed in

more detail above. Although the structure and operation of the memory system 100 is shown

and described with reference to one MRAM-based CAM cell 280 for purposes of illustration,

the memory system 100 can include any suitable number and/or configuration of MRAM-

based CAM cells 280.

[0089] In the manner set forth above with reference to the differential MRAM-CAM

memory architecture (shown in Fig. 10B), write operations for the MRAM-based CAM cells

280 in the pre-amplifier approach can comprise one or more cycle load operations. When the

data input line 260 is provided with a U-shaped geometry (shown in Fig. 9A), for example, the

write operation can be performed in one cycle load operation, wherein the magnetic tunnel

junctions 220A, 220B of the MRAM-based CAM cell 280 have the opposite magnetic

orientations 228A. Alternatively, or in addition, if the data input line 260 is provided with a

straight geometry, for example, the write operation can include two cycle load operations, and

the storage layers 224A (shown in Figs. 9B-C) of the magnetic tunnel junctions 220A, 220B of

each MRAM-based CAM cell 280 advantageously can have the same magnetic orientation

228A (shown in Figs. 9B-C).

[0090] For two-cycle load operations, input data is written to the first magnetic tunnel

junction 220A of the MRAM-based CAM cell 280 during the first cycle of the load operation;

whereas, the input data is written to the second magnetic tunnel junction 220B of the relevant

MRAM-based CAM cell 280 during the second cycle. As shown in Fig. 1OC, the first word

select line 4OOOA can be coupled with the first magnetic tuimd junction 220A via a first

switching transistor, such an N-channel metal-oxide semiconductor field effect transistor (or N -

channel MOSFET) N0. The second word select line 4OOOB and the second magnetic tunnel

junction 220B similarly can be coupled via a second switching transistor, such N-channel

MOSFET Ni.

[0091] During the first cycle of the two-cycle load operation, current pulses are applied to

the input data line 300 to induce magnetic fields in the input data line 300, and the first word

select line 4OOOA is activated each in the manner discussed above. Activation of the first word

select line 4OOOA enables an input data bit associated with the current pulses on the input data

line 300 to be written to the first magnetic tunnel junction 220A of the MRAM-based CAM

cell 280. The input data bit thereby can be written to the first magnetic tunnel junction 220A

during the first cycle of the load operation. Current pulses likewise are applied to the input



data line 300 during the second cycle of the load operation. Magnetic fields thereby are

induced in the input data line 300 as discussed above. Here, the second word select line 4OOoB

is activated, enabling the input data bit associated with the current pulses on the input data line

300 to be written to the second magnetic tunnel junction 220B of the MRAM -based CAM cell

280. The input data bit thereby can be written to the second magnetic tunnel junction 220B

during the second cycle of the load operation.

[0092] Illustrated as being provided in a conventional push-pull configuration, the local

pre-amplifier system 282 can include a first pair of cross-coupled P-channel metal-oxide

semiconductor field effect transistors (or P-channel MOSFETs) Po, P i and a second pair o f

cross-coupled N-channel MOSFETs N2, N . The configuration of the first pair of cross-

coupled P-channel MOSFETs PQ, P I and the second pair of cross-coupled N-channel

MOSFETs N , N 3 form a conventional latch system 284. One of the current-carrying

electrodes, such as a source electrode and/or a drain electrode, of each of the P-channel

MOSFETs Po, P i is coupled with a voltage source (not shown) such that a voltage potential Vdd

associated with a high (or " 1") logic state is applied to the current-carrying electrodes. The

base electrodes of the MOSFETs P0, Pi, N2, N3 further are shown as being coupled via a P -

channel MOSFET P2, which has a base electrode coupled with an enable signal EN. The

enable signal EN likewise can b e coupled with a base electrode of an N-channel MOSFET N 5.

The N-channel MOSFET N5 is disposed between the match line 510 and another N-channel

MOSFET N , which provides a source-drain path to ground.

[0093] The magnetic tunnel junctions 220A, 220B of the MRAM-based CAM cell 280

preferably are isolated from the match line 5 10 during the loading cycles. As desired, the

magnetic tunnel junctions 220A, 220B likewise can be isolated from the match line 510 when

the MRAM-based CAM cell 280 is in a standby mode and/or when the word select lines 4OOOA ,

40O0B each have a low (or "0") logic state. The magnetic tunnel junctions 220A, 220B and the

match line 510 can be isolated in any conventional manner. As shown in Fig. 1OC, for

example, the magnetic tunnel junctions 220A, 220B are isolated from the match line 5 10 via

the N-channel MOSFET N5. The N-channel MOSFET N 5 can be configured to isolate the

magnetic tunnel junctions 220A, 220B from the match line 510 by providing and/or

maintaining the high logic state at the enable signal EN.

[0094] The two-cycle load operation can be followed by a sensing operation. When the

sensing operation has been initiated, the match line 510 is precharged to the high logic state,

and the enable signal EN assumes the high logic state. The first and second word select lines

4 00(A, 400oB are activated, and input data bit is applied to the data input line 300 as pulses of a

static current, inducing a magnetic field in the data input line 300, each as set forth above. The



latch system 284 formed by the P-channel MOSFETs P0, P i and the N-channel MOSFETs N2,

N3 thereby becomes unbalanced, enabling the local pre-amplifier system 282 to sense the

differential magnetic state of the magnetic tunnel junctions 220A, 220B. Thereby, if the

magnetic tunnel junction 220B stores a data bit b with a low logic state, the match line 510

remains at the precharged logic state; whereas, the potential on the match line 510 drops to the

low logic state if the stored data bit b has a high logic state.

[0095] If the storage layer 224A (shown in Figs. 9B-C) and the reference layer 224B

(shown in Figs. 9B-C) of a selected magnetic tunnel junction 220A, 220B have respective

magnetic orientations 228A, 228B (shown in Figs. 9B-C) in opposing directions (or are

"antiparallel"), the magnetic tunnel junction 220A, 220B can have a high cell resistance value

R.2 (shown in Fig. 4B) in the manner set forth in more detail above. Similarly, the magnetic

tunnel junction 220A, 220B can have a low cell resistance value Ri (shown in Fig. 4B) if the

storage layer 224A and the reference layer 224B of the magnetic tunnel junction 220A, 220B

have respective magnetic orientations 228A, 228B in the same direction (or are "parallel"). A

mismatch between the magnetic tunnel junctions 220A, 220B of the MRAM-based CAM cell

280 thereby drive the latch output node 286 of the latch system 284 to the high logic state.

[0096] Therefore, when the first magnetic tunnel junction 220A and the second magnetic

tunnel junctions 220B of the MRAM-based CAM cell 280 do not match, the latch output node

286 of the latch system 284 assumes the high logic state and enables the N-channel MOSFET

N4. The N-channel MOSFET N4, in turn, drives the match line 510 to a low (or "0") logic

state. Similarly, the latch output node 286 of the latch system 284 assumes the low logic state

if a match occurs between the magnetic tunnel junctions 220A, 220B of the MRAM-based

CAM cell 280. The latch output node 286 of the latch system 284 provides the low logic state,

disabling the N-channel MOSFET N4. The match line 510 thereby is not driven to the low

logic state and is permitted to maintain the previous logic state. The logic state of the match

line 510 is provided to the sense amplifier 500, which can provide an appropriate output signal

via the relevant output match line 510.

[0097] The disclosure is susceptible to various modifications and alternative forms, and

specific examples thereof have been shown by way of example in the drawings and are herein

described in detail. It should be understood, however, that the disclosure is not to be limited to

the particular forms or methods disclosed, but to the contrary, the disclosure is to cover all

modifications, equivalents, and alternatives.



CLAIMS

What is claimed is:

1. A method of sensing data stored in a content-addressable memory (CAM)

memory cell including a switching transistor coupled with a multilayer magnetic tunnel

junction formed from an insulating layer being disposed between first and second magnetic

layers, said first magnetic layer being in communication with a first line and having a

magnetization with a predetermined magnetization direction, said second magnetic layer being

in communication with a second line and having a magnetization with an magnetization

direction that is adjustable relative to said fixed magnetization direction of said first magnetic

layer, said method comprising:

during a write operation,

providing write data to said first magnetic layer via the first line;

heating said magnetic tunnel junction by applying at least a portion of

current in the first line to said magnetic tunnel junction via said switching transistor;

and

establishing said predetermined magnetization direction of said first

magnetic layer in accordance with the write data; and

during a sense operation,

providing input data to said second magnetic layer via the second line; and

establishing said magnetization direction of said second magnetic layer in

accordance with the input data; and

comparing the input data with the write data by measuring a resistance value of said

magnetic tunnel junction.

2. The method of claim 1, wherein said providing the write data to said first

magnetic layer during the write operation comprises including the write data in a current pulse.

3. The method of claim 2, wherein said heating said magnetic tunnel junction

comprises activating said switching transistor and applying at least a portion of the current

pulse to said magnetic tunnel junction via said switching transistor.

4 . The method of claim 3, wherein said heating said magnetic tunnel junction

includes heating said magnetic tunnel junction until a temperature of said magnetic tunnel

junction reaches a predetermined high temperature threshold.



5 . The method of claim 4, further comprising deselecting said switching transistor

after said temperature of said magnetic tunnel junction reaches said predetermined high

temperature threshold to inhibit the portion of the current pulse from being applied to said

magnetic tunnel junction.

6. The method of claim 4, further comprising maintaining the current pulse until a

.temperature of said magnetic tunnel junction cools to a predetermined low temperature

threshold.

7. The method of claim 2, wherein said establishing said predetermined

magnetization direction of said first magnetic layer includes applying a magnetic field induced

in the first line by the current pulse to said first magnetic layer and aligning said predetermined

magnetization direction of said first magnetic layer in accordance with the induced magnetic

filed such that the write data is written to said memory cell.

8. The method of claim 1, wherein said comparing the input data with the write

data includes comparing said magnetization direction of said second magnetic layer with said

predetermined magnetization direction of said first magnetic layer.

9. A method of writing data to a content-addressable memory (CAM) memory cell

including a switching transistor coupled with a multilayer magnetic tunnel junction formed

from an insulating layer being disposed between first and second magnetic layers, said first

magnetic layer being in communication with a first line and having a magnetization with a

predetermined magnetization direction, said second magnetic layer being in communication

with a second line and having a magnetization with an magnetization direction that is

adjustable relative to said fixed magnetization direction of said first magnetic layer, said

method comprising:

providing write data to said first magnetic layer as a current pulse via the first line, the

current pulse inducing a magnetic filed in the first line;

activating said switching transistor and applying at least a portion of the current pulse to

said magnetic tunnel junction via said switching transistor;

heating said magnetic tunnel junction to a predetermined high temperature threshold by

applying at least a portion of the current pulse to said magnetic tunnel junction via said

switching transistor;

deselecting said switching transistor once said magnetic tunnel junction reaches said

predetermined high temperature threshold;

maintaining the induced magnetic field until said magnetic tunnel junction reaches a

predetermined low temperature threshold; and



aligning said predetermined magnetization direction of said first magnetic layer in

accordance with the induced magnetic field such that the write data is written to said memory

cell.

10. The method of claim 9, further comprising sensing the data written to said

memory cell by:

providing input data to said second magnetic layer as a second current pulse via the

second line, the second current pulse inducing a magnetic filed in the second line;

aligning said magnetization direction of said second magnetic layer in accordance with

the magnetic field induced in the second line; and

comparing the input data with the write data by measuring a resistance value of said

magnetic tunnel junction.

11. The method of claim 10, wherein said comparing the input data with the write

data includes comparing said magnetization direction of said second magnetic layer with said

predetermined magnetization direction of said first magnetic layer.

12. A method of writing data to a content-addressable memory (CAM) memory cell

including a switching transistor coupled with a multilayer magnetic tunnel junction formed

from an insulating layer being disposed between first and second magnetic layers, said first

magnetic layer being in communication with a first line and having a magnetization with a

predetermined magnetization direction, said second magnetic layer being in communication

with a second line and having a magnetization with an magnetization direction that is

adjustable relative to said fixed magnetization direction of said first magnetic layer, said

method comprising:

providing write data to said first magnetic layer as a current pulse via the first line, the

current pulse having a predetermined amplitude and being spin polarized;

activating said switching transistor and applying at least a portion of the current pulse to

said magnetic tunnel junction via said switching transistor;

heating said magnetic tunnel junction to a predetermined high temperature threshold by

applying at least a portion of the current pulse to said magnetic tunnel junction via said

switching transistor;

applying the spin-polarized current pulse to said first magnetic layer to induce a local

spin torque on said first magnetic layer;

deselecting said switching transistor once said magnetic tunnel junction reaches said

predetermined high temperature threshold; and



progressively reducing the amplitude of the current pulse as said magnetic tunnel

junction cools to a predetermined low temperature threshold,

wherein said predetermined magnetization direction of said first magnetic layer is

aligned in accordance with the induced local spin torque such that the write data is written to

said memory cell.

13. The method of claim 12, further comprising sensing the data written to said

memory cell by:

providing input data to said second magnetic layer as a second current pulse via the

second line, the second current pulse being spin polarized;

applying the second spin-polarized current pulse to said second magnetic layer to

induce a local spin torque on said second magnetic layer;

aligning said magnetization direction of said second magnetic layer in accordance with

the local spin torque induced by the second current pulse; and

comparing the input data with the write data by measuring a resistance value of said

magnetic tunnel junction.

14. The method of claim 13, wherein said comparing the input data with the write

data includes comparing said magnetization direction of said second magnetic layer with said

predetermined magnetization direction of said first magnetic layer.

15. A content-addressable memory (CAM) memory cell, comprising:

a multilayer magnetic tunnel junction formed from an insulating layer being disposed

between first and second magnetic layers, said first magnetic layer being in communication

with a first line and having a magnetization with a predetermined magnetization direction, said

second magnetic layer being in communication with a second line and having a magnetization

with an magnetization direction that is adjustable relative to said fixed magnetization direction

of said first magnetic layer; and

a switching transistor coupled with said multilayer magnetic tunnel junction and being

selectable to heat said magnetic tunnel junction during a write operation by applying at least a

portion of current in the first line to said magnetic tunnel junction,

wherein write data is written to said first magnetic layer via the first line during the

write operation to establish said predetermined magnetization direction of said first magnetic

layer, and

wherein, during a sense operation, input data is written to said second magnetic layer

via the second line to adjust said magnetization direction of said second magnetic layer, and the



input data is compared with the write data by measuring a resistance value of said magnetic

tunnel junction.

16. The memory cell of claim 15, wherein said switching transistor heats said

magnetic tunnel junction during the write operation until a temperature of said magnetic tunnel

junction reaches a predetermined high temperature threshold.

17. The memory cell of claim 16, wherein said switching transistor is deselected

after said temperature of said magnetic tunnel junction reaches said predetermined high

temperature threshold to inhibit the portion of the current from flowing through said magnetic

tunnel junction.

18. The memory cell of claim 16, wherein said temperature of said magnetic tunnel

junction cools to a predetermined low temperature threshold.

19. The memory cell of claim 18, wherein the write data is provided to said first

magnetic layer until said temperature of said magnetic tunnel junction cools to said

predetermined low temperature threshold.
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