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NON-VOLATILE MAGNETIC MEMORY CELL AND DEVICES 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention generally relates magnetic storage devices and more 

particularly relates to non-volatile magnetic memory cells as well as memory and logic 

switching devices employing the memory cells. 

Description of the Related Art 

The desired characteristics of a memory cell for computer memory BIC high speed, 

low power, non-volatility and low cost. Low cost is generally accomplished by use of 

simple fabrication processes and high cell density. Dynamic random access memory 

(DRAM) cells are fast and expend little power. However, the contents of DRAM cells 

are volatile and consequently have to be refreshed many times each second. Flash type 

EEPROM cells are non-volatile, have low sensing power, and are constructed as a single 

device. However, EEPROM cells generally take microseconds to write data contents and 
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milliseconds to erase such contents. This slow access time makes EEPROM cells 

undesirable for many applications, especially for use in computer main memory. 

Unlike DRAM, magnetic memory cells which store infonnation as the orientation 

of magnetization of a ferromagnetic region can hold stored information for long periods 

of time, and are therefore, non-volatile. Certain types of magnetic memory cells that use 

the magnetic state to alter the electrical resistance of the materials near the ferromagnetic 

region are collectively known as magneto resistive (MR) memory cells. An array. of such 

MR memory cells is generally referred to as magnetic RAM or MRAM. MRAM devices 

were first proposed in the form of a bi-stable magnetic element employing MR sensing in 

U.S. Patent 3,375,091. The cells of the MRAM were designed based on the anisotropic 

magneto resistance (AMR) effect of magnetic metals and alloys. The MRAM cell has 

two stable magnetic configurati~ with a "high" resistance representing a logic state 0 

and "low,, resistance representing a logic state one. However, the magnitude of the AMR 

effect is generally less than 5% in most ferromagnetic systems, which limits the 

magnitude of the sensing signal. This translates into very slow access times for such 

devices. 

More sensitive and efficient prototype MRAM devices have recently been 

fabricated using spin-valve structures exhibiting giant magnetoresistance (GMR), as 
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disclosed by Tang et al. in "Spin-Valve ;Ram Cell", IEEE Trans. Magn., Vol. 31, 3206 

( 1995). The basic storage element disclosed is a stripe which consists of a pair of 

magnetic layers separated by a thin copper spacer layer. The magnetization of one of the 

magnetic layers is pinned in a fixed magnetic orientation by exchange coupling to a thin 

anti-ferromagnetic layer, while the magnetization of the other layer is free. When the 

magnetization of the free layer is the same as that of the pinned layer, the resistance of 

the cell is lower then when- the magnetization of the layers are opposite to one another. 

These two magnetic configurations represent the "O" and .. l 11 logic states. Such devices 

exhibit resistance changes as high as 14%, which result in higher signal levels and faster 

access times than previous MRAM cells. However, upon reading the contents of the cell, 

the contents are destroyed. Moreover, the inherently low resistance of the spin-valve 

devices requires high sensing power, whfoh make the production of high density memory 

devices prohibitive. 

A magnetic tunnel junction (MTJ) is based on substantially different physical 

principles then AMR or GMR cells. In an MTJ, two magnetic layers are separated by an 

insulating tunnel barrier and the magnetoresistance results from the spin-polarized 

tunneling effect of conduction electrons between the two ferromagnetic layers. The 

tunneling current depends on the relative orientation of the magnetization of the two 

ferromagnetic layers. An MTJ is described by Moodera et al. in "Large 
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Magnetoresistance at Room Temperature in Ferromagnetic Thin Film Tunnel Junctions", 

Phy. Rey. Lett.1 Vol. 74, No.16, April 17, 1995, pp.3273-3276. 

A schematic of an MTJ is shown in Figure l . The central component is a 

sandwich of thtee layers including two ferromagnetic metal layers (FM 1 and FM2) 

separ.ated by an insulator layer. The thickness of PM 1 102 and FM2 104 can be any 

value in the range from a few atomic layers to a few microns. The thickness of the 

insulator layer 106 is in the range of 1-10 nanometers (nm). When a voltage 108 is 

applied across FM layers 102 and 104, electrons from one FM layer can tunnel through 

the insulating layer 106 and enter the other FM layer to give rise to an electrical current 

called tunneling current, I,. The magnitude. of the tunneling current I, depends on the 

magnitude of the voltage. The resistance of the MTJ is defined as R=Vllu which is also a 

function of the applied voltage. The magnitude of the resistance is also dependent upon 

the relationship of the magnetization ofFl'v.1; layer 102 and FM layer 104. When the 

magnetization of the layers are parallel to each other, R assumes a small value, R.nm.. 

When the magnetization of the layers are anti-parallel, the magnitude ofR is at is its 

maximum, Rm111 • In the range between these extremes (0<0<180°), the value of the 

resistance varies between the minimum and maximum values. 

Generally, the magnetization ofFM.1 102 can be fixed in a certain direction (for 
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example, by having a higher coercivity material or by pinning it by anti-ferromagnetic 

exchange, as in the case of spin-valves), while changing the magnetization direction of 

FM2 104 by an applied magnetic field to achieve the desired resistance. 

While MTJ devices have several characteristics which make them desirable for use 

in memory applications, previous practical limitations have prevented successful 

commercialization of these products. Accordingly, improved MTJ.cell construction and 

memory device architecture are required to facilitate successful use of MTJ cells in 

commercial applications. 

SUMMARY OF THE INYENTION 

In accordance with one fonn of the present invention, a magnetic tunneling 

junction cell for use in memory and logic switching applications is fonned having a first 

ferromagnetic layer, a second ferromagnetic layer, and an insulating layer interposed 

between the first and second ferromagnetic layers to form a magnetic tunnel junction 

element. The cell also includes a write con~uctor which has a first conductor segment 

aligned in a first direction and placed proximate to the first ferromagnetic layer and a 

·second conductor segment aligned ma second direction, substantially orthogonal to the 

first direction and placed proximate to the second ferromagnetic layer. The cell further 

includes a circuit element which terminates the first and second conductor segments and 

allows ·a bidirectional current to be established in the write conductor using a monopolar 
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write voltage and only a single port write terminal. The bidirectional current writes a 

high impedance state into the cell in a first current direction and a low impedance state 

into the cell in a second current direction. 

Preferably, the first and second ferromagnetic layers ~e formed with a half­

metallic ferro~gnetic material. Such materials include Cr02, Fe30 4 , manganites taking 

the fonn of La1.x DxMn03 where D is an alkaline earth element, and Heusler alloys of the 

form X2MnY, where Xis one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, and Sb. 

Half-metallic ferromagnetic materials feature near total spin polarization which results in 

a cell having near ideal switching characteristics. 

The circuit element which enables bidirectional current flow can take the form of a 

capacitor structure which stores charge in a· first direction and discharges current in a 

second direction. The circuit element can also take the fonn of a voltage divider circuit. 

In an altemate embodiment, where a bipolar write voltage is available, the circuit element 

can take the form of a resistive tennination .to a ground potential 

In accordance with another embodiment of the present invention, a magnetic 

random access memory (MRAM) device·is fonned which includes a plurality of bit lines 

and a plurality of word lines. The bit Jines and word lines run in a substantially 
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orthogonal fashion forming a plurality of intersection points. The MRAM further 

includes a plurality of magnetic tunnel junction cells, with a single cell bdng associated 

with each intersection point. The cells are formed with a first feITomagnetic layer, a 

second ferromagnetic layer, and an insulating layer interposed between the ferromagnetic 

layers. Each cell also includes a write conductor which has a first conductor segment 

aligned in a first direction and proximate to the first ferromagnetic layer and a second 

conductor segment aligned in a second direction, substantially orthogonal to the first 

direction, and proximate to the second ferromagnetic layer. The write conductor of each 

cell is terminated with a circuit element which enables bidirectional current flow, such as 

a capacitive structure. A first transistor couples the write conductor to a c6rresponding 

bit line and word line. A second transistor couples the corresponding word line to the 

first ferromagnetic layer for applying a read signal to the cell. Each cell has an associated 

sense amplifier which is interposed between the second ferromagnetic layer and a 

corresponding output bit line for detecting an applied read signal. 

Preferably, the first and second ferromagnetic layers are fonned with a half­

~etallic ferromagnetic material. Such materials include Cr02, Fe30 4 , manganites taking 

the form of La1.x Dlf,Mn03 where Dis an alkaline earth element, and Hensler alloys of the 

form X2Mn Y, where X is one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, and Sb. 

Half-metallic ferromagnetic materials feature near total spin polarization which results in 
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a cell having near ideal switching characteristics. This results in an MRAM which is 

easily and quickly read. 

In accordance with another embodiment of the present invention, a magnetic 

random access memory (MRAM) device is fonned which includes a plurality oftri-state 

bit lines which are substantially parallel to one another and·reside on a first plane. The 

MRAM also includes a plurality of tri-state word lines which are substantially parallel to 

one another and reside on a second plane. The word lines and bit lines are substantially 

orthogonal and establish an array of rows and colunms having a plurality of intersection 

points. Each word line and bit line is terminated with a circuit element which enables 

bidirectional current flow, such as a capacitive structure. The MRAM includes a plurality 

of magnetic tunnel junction cells which correspond to the intersection points. The cells 

are interposed between the first plane and the second plane and are fonned with a first 

ferromagnetic layer, a second ferromagnetic layer, and an insulating layer interposed 

between the ferromagnetic layers. 

. 
The MRAM further includes means for coupling each cell to a corresponding 

word line and bit line during a read cycle ~d electrically isolating the cell from the word 

line and bit line during a write cycle. The state of a cell is written by passing a current in 

the corresponding bit line and word line which establishes a magnetic field sufficient to 
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polarize the cell. A cell is read by enabling the coupling means and providing a read 

signal to the cell. 

Preferably, the first and second ferromagnetic layers are formed with a half­

metallic ferromagnetic material. Such materials include Cr02, FC)O., manganites taking 

the fonn ofLa1•11 D .. Mn03 wh~re Dis an alkaline earth element, and Heusler alloys of the 

form X2Mn Y, where Xis one of Co, Ni~ Cu, and Pd and Y is one~, Sn, In, and Sb. 

Half-metallic ferromagnetic materials feature near total spin polarization which results in 

a celI having near ideal switching characteristics. This results in an MRAM which is 

easily and quickly read. 

In accordance with another fonn of the present invention, magnetic logic devices 

are foxm.ed including first and second half-metallic magnetic tunneling junction cells each 

having an input terminal, an output texminal, and a first write conductor input terminal. 

The first half-metallic magnetic tunneling junction cells have an ON state and an OFF 

state which are set in response to a signal applied to the write conductor input tenninal. 

The on state presents a low resistance between the input and output tenninals and the off 

state presenting a high resistance between said input and output terminals. The write 

conductor input terminals of the first and s~cond cells form logic input terminals, the 

input and output tenninals are interconnected o implement various logic functj.ons 
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between a logic device output tcnninal the logic input tenninals. Such logic functions 

include OR, NOR, AND, NAND and XOR logic functions. 

In accordance with yet another embodiment of the present invention, a computer 

integrated circuit having non-volatile magnetic memory is fanned which includes a first 

substrate on which a computer processor is formed and a second substrate on which an 

magnetic random access memory is fonned. The first and second substrates are 

preferably joined using :flip-chip integration technology, such that the computer processor 

is operatively coupled to the magnetic random access memory. 

These and other objects, features and advantages of the present invention will 

become apparent from the following detailed description of illustrative embodiments 

thereof, which is to be read in connection with the accompanying drawings. 

BJUEF DESCRIPTION OF THE DRAWINGS 

The invention will be described in detail in the following description of preferred 

embodiments with reference to the following figures, wherein~ 
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Figure 1 is a cross-sectional, schematic diagram of a magnetic tunnel junction cell 

known in the prior art; 

Figure 2A is a top-view schematic diagram illustrating a first state being written 

into a MTJ cell, in accordance with the present invention~ 

Figure 2B is a top view schematic diagram illustrating a second state being written 

into a MTJ cell, in accordance with the present invention; 

Figure 3 is a cross-sectional schematic diagram of an MTJ cell fonned in 

accordance with the present invention; 

Figure 4 is a schematic diagram partially illustrating an MRAM array formed in 

accordance with the present invention; 

Figure S is a block diagram illustrating an alternate embodiment of an MRAM 

device fonned in accordance with the present invention; 

Figure 5A is a schematic diagram illustrating exemplary read circuitry associated 

with the MTJ cells in the MRAM of Figure 5. 
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Figures 6A and 6B are timing diagrams depicting a write cycle for ·a logic state "I'' 

and logic state "O'\ respectively, for the MRAM embodiment depicted in Figure 5. 

Figure 7 is a schematic of a logic AND gate formed with MTJ cells in accordance 

·with the present invention. 

Figure 8 is a schematic of a logic OR gate fonned with MTJ cells in accordance 

with the present invention. 

Figure 9 is a schematic diagram of a logic XOR gate fanned with MTJ cells in 

accordance with the present invention. 

Figure 10 is a schematic diagram. of a magnetic random memory-logic device 

fonned with MTJ cells . in accordance with the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

An MTJ cell has an associated variable resistance which can be used to indicate a 
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Jogic state. The resistance of an MTJ cell is low when the orientation of the 

magnetization in a first and second ferromagnetic layer are parallel. The resistance is 

high when the orientation of the magnetization is anti-parallel. These two resistance 

states can be written into the cell by applying orthogonal currents through conductors 

proximate to the cell in a first direction and second direction, respectively. 

Figures 2A and 2B illustrate a top view of an MTJ cell in accordance with the 

present invention. The MTJ cell incluaes an MTJ element 200 formed as a layered 

structure having a first ferromagnetic (FM) layer a second FM layer and an insulating 

layer intetposed between the ferromagnetic layers. A first electrical terminal 202 is 

coupled to the first FM layer and a second electrical terminal 204 is coupled to the second 

FM layer, preferably by fonning conductive traces on a conventional metallic layer in 

contact with the 1'.l'M layers. The resistance of the MTJ cell is measurable across the first 

and second electrical tenninals 202; 204. The MTJ cell also includes a first conductor 

segment 206 which runs beneath the MTJ element 200 along a first direction (y-axis). A 

second conductor segment 208 runs above the MTJ element 200 along a second direction 

(X-axis) which is orthogonal to the first direction. The first conductor segment 206 is 

tenninated in first capacitive structure 210 and the second conductor segment 208 is 

tenn.inated in a second capacitive structure 212. The capacitive structures 210, 212 can 

be formed in any manner known in the art, including the use of a gate tenninal of a field 
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effect transistor. The first and second conductor segments are connected to form a 

common input tenninal 214 for applying a write signal. 

Referring to Figure 2A, when a voltage potential is applied to input terminal 214, a 

current flows into capacitor structures 210, 212 thereby establishing orthogonal currents 

in the first segment 206 (in a+ Y direction) and second segment 208 (in a + X direction). 

These currents flow until the capacitive structures 210, 212 are charged. The orthogonal 

current flowing proximate to the MTJ element 200 establishes a magnetic polarization of 

the layered structure in an anti-paralJel configuration which results in a high resistance 

between terminals 202, 204~ Currents in the range of0.1 -10 ma are generally sufficient to 

induce a magnetic state change. 

When capacitors 210, 212 are charged, a current of opposite orthogonal directions 

can be induced in segments 206, 208 by grounding input terminal 214, as illustrated in 

Fjgure 2B. Current flow in the -X, -Y directions polarize the MTJ element 200 with the 

magnetization of the layered strucl\Jre in a parallel arrangement, thereby resulting in a low 

resistance across terminals 202, 204. By terminating the conductor segments with charge 

storing capacitive structures, a bidirectional current can be established using a monopolar 

write voltage signal and a single port input terminal to the cell. 

liifii~f 
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Capacitors 21 O, 212 tenninating· the .write conductors of the MTJ cell provide a 

convenient method of establishing a bidirectional current proximate the cell which is 

required to write the two states into the cell. However, other methods of establishing a 

bidirectional current may also be employed. For example, the write conductors may be 

terminated by a voltage divider circuit which maintains a voltage around a voltage mid 

po!nt. The voltage dividers can be fonned with transistors or resistive elements 216, 218 

and 220,222, as shown in Figure 2C. When the write conductor is in a high impedance 

state, no CUITCnt flows. However when the write conductor is brought to a full voltage 

potential, current flows into the voltage divider in a first direction and when the write . 

conductor is brought to a ground potential current flows from the voltage divider in a 

second direction. 

Figure 3 is a cross-sectional elevation view :further illustrating the layer structure 

of MTJ element 200 and the orientation of conductor se~ents 206, 208. The MTJ 

element 200 includes a first ferromagnetic (FM) layer 302, a second ferromagnetic (FM) 

layer 304 and an insulating layer 306 interposed betwee,n the FM layers. The first 

conductor segment 206 is arranged beneath the first FM layer 302 with an electrical 

insulating layer 308 interposed between the FM layer 302 and the conductor segment 206. 

Similarly, an insulating layer 310 separates the second conductor segment 208 from the 

second FM layer 304. In this way, applied currents in conductor segments 206. 208 
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establish magnetic fields proximate to the layered structure but do not flow through the 

MTJ element 200. 

Preferably, the first FM layer 302 and seconci FM layer 304 are formed using half-

metallic ferromagnetic materials which exhibit near complete spin polarization. As spin 

polarization approaches 100%, the MTJ element 200 operates in a manner similar to an 

ideal switch having an off resistance which is extremely high. This resistance is on the 

order of 100-10,000 KO ·µ2 (Kilohms· micron squared). Known half-metallic 

ferromagnetic materials include Cr02, Fe30 4 , manganites taking the form of 

La1.,;DxMn03, where D is an alkaline earth element and Heusler alloys of the form 

X2MnY, where Xis one of Co, Ni, Cu, Pd, etc. and Y is one Al, Sn, In, Sb, etc .. It is also 

anticipated that othei- half-metallic ferromagnetic materials will become available in the 

future and will exhibit acceptable properties for use in the present invention. 

Preferably, the half-metallic ferromagnetic layers are formed with a thickness in 

the range of 1-100 nanometers. The insulating layer which is intexposed between the 

half-metallic ferromagnetic layers can be a material such as Ah03, Ti02, MgO, Si02, AIN 

and the like, having a thiclmess in the range of about 0.5-1 Onm. 

Figure 4 illustrates a portion of an MRAM array fonned in accordance with the 
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present invention. The portion of the MRAM array illustrated includes four memory cells 

400-1, 400~2. 400-3, 400-4. However, it is well understood in the art that ·useful memory 

devices are formed with far more cells ( on the order of thousands and millions of cells) 

and that this limited portion merely illustrates the operating principle of the present 

invention. Each cell 400 includes an MTJ element 402, orthogonal write conductors 404, 

406 and capacitors 408, 410 as discussed in connection with Figures 2A, 2B and 3. The 

cells 400 are located in a matrix and correspond to a crossing point of a vertical running 

bit line 412 and a horizontal running word line 414. For each cell 400, there is a first 

transistor 416 having a gate terminal coupled to the word line 414 and a drain terminal 

coupled to the orthogonal write conductors .of the MTJ element 402. ( It is noted that cells 

400-3 and 400-4 are shown without transistor 416 and associated write conductors for the 

sake of clarity and that such components are included in these cells as well). 

To write a first resistance state to a cell 400, a voltage signal is applied to the 

corresponding bit line 412 and word line 414, thereby allowing a current to flow through 

transistor 416 and into capacitors 408, 410 (or other circuit elements which provide f~r 

bidirectional current flow), This current polarizes the MTJ element 402 in a manner 

discussed in connection with Figure 2A. To write a second resistance state into the cell 

400, a ground level voltage potential is applied to the bit line 412 while a positive voltage 

is applied to the corresponding word line 414 of the selected cell 400. This biases 
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transistor 406 such that the charge stored in capacitors 408, 410 is discharged into the bit 

line 412, thereby creating the required reverse current flow to polarize the MTJ element 

402 in the low resistance state, as discussed in connection with Figure 2B. To ensure that 

the capacitors 408, 410 include sufficient charge to effect the required current flow, 

capacitors 408, 410 may be charged in a first portion of a write cycle then discharged to 

create the second resistance state. 

Capacitors 408, 410 which terminate the write conducts of the MRAM c~Jls can be 

replaced with other circuit embodiments which enable bidirectional current flow. Figure 

4A illustrates a transistor circuit used to tenninate the write conductors for this purpose. 

in place of capacitor 408, the Y running write conductor segment is terminated by a first 

transistor 430 and a second transistor 432. Transistors 430, 432 are complementary 

devices which are connected in series between a voltage source, V dd, and a ground 

potential. "fhe gates of transistors 430, 432 are connected together and to the bit line of 

the corresponding cell 402. The source of transistor 430, which is a P-type device is 

connected to the drain of transistor 432, which is an N-type device and to the Y running 

write conductor 404. The X directed write conductor segment 406 is similarly terminated 

by complimentary transistor pair 434, 436. ·When both the bit line 412 and word line 414 

are high, transistors 432 and 436 are turned on and current flows through transistor 432 in 

a -Y to + Y direction and also through transistor 436 in a -X to + X direction. However, 
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when bit line 412 goes low while word line 414 is high, transistors 432, 436 are turned off 

while P-type transistors 430, 434 are turned on. Current now flows through transistor 430 

in a + Y to -Y direction and also through transistor 434 in a + X to -X direction. In this 

way, a u l '' or a "O" can be written into the cell 402. 

The MRAM auay also includes read circuitry in order to as~ertain the resistance 

state of the cells 400. The read circuitry preferably includes a second transistor 418 

having a gate tenninal coupled to a corresponding word line 414, a drain terminal coupled 

to a read enable line 420 and a source terminal coupled to the first tenninal of each MTJ 

element 402 in the word line row. The read enable signal conserves power in the 

MRAM as a current is only applied to the cells during a read operation. The second 

tenninal of each MTJ element is coupled t~ a corresponding sense amplifier 422. The 

output of the sense amplifier 422 for each MTJ element 402 associated with a bit line 

column is coupled together by a logical OR function. This can be accomplished by 

wiring the outputs together or by using an OR logic gate 424 associated with each bit line 

412. 

To read the state of a selected cell 400, the read enable line 420 and corresponding 

w.ord line 414 are brought to a positive voltage level. The sense amplifier.422 preferably 

includes a detector which is responsive to the applied voltage and MTJ resistance. The 
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sense amplifier 422 detects a first signal level when the MTJ element is in the low 

resistance state and indicates a logic level "I" at its output. Similarly, the sense amplifier 

422 detects a second signal level when the MTJ element is in the high resistance state and 

indicates a logic level uo". The output of the sense amplifier 422 is coupled to the bit 

line OR gate 424 which is coupled to suitable decoding circuitry (not shown). 

Figure S illustrates an alternate MRAM topology fonned in accordance with the 

present invention. As with Figure 4, the MRAM of Figure 5 is fonned with a plurality of 

MTJ cells 502 proximate to the intersection of bit lines 504 and word lines 506. The MTJ 

elements 502 are located between the vertical running bit lines beneath the elements 502 

and the horizontal running word lines above the elements 502. In this way, the word lines 

506 and bit lines 504 directly form the orthogonal write conductor segments across each 

MTJ element 502. Each bit line 504 and each word line 506 is terminated with 8: circuit 

element which provides for bidirectional cUlTent flow such as capacitive element 508. 

The MRAM preferably includes a bit line decoder/driver circuit 510 and a word line 

decoder/driver circuit 512, fonned in a manner conventional to memory circuit arrays. 

To write a resistance state into a corresponding MTJ element S02, current must 

flow in both the corresponding bit line 504 and word line 506 in order to create a 

sufficient magnetic field to polarize the element 502. When a current flows in only a 
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word line or a bit line of a cell, that cell is said to be half-selected, and its resistance state 

is not altered. Figure 6A is a timing diagram depicting the writing of a first resistance 

state into a MTJ cell 502-1. At time to, bit line B0 is held in a high impedance state while 

write line W 0 is brought low to discharge capacitor Cwo· If capacitor Cw0 has a charge at 

time to, a current will flow in W0 during the period to to t1• However, as the bit lines are 

held in a high impedance state during this period, no current flows in the bit lines and the 

cells associated with word line W 0 are only half selected. 

At time th the word lines are placed in a high impedance state and the bit line B0 is 

brought low to discharge capacitor C80• As before, current flowing in the bit line only 

half-selects the cells along the bit line and does not alter the impedance of those cells. 

With capacitors C80 and Cwo discharged, bit line B0 and word line W 0 are brought high, 

thereby creating the required e>rthogonal currents proximate to cell 502-1 to polarize the 

magnetic moments to the first resistance st~te. The additional cells 502 associated with 

bit line B0 word Jine W 0 remain unchanged as these cells are only half-selected. Figure 

6B illustrates exemplary timing of a write cycle to change the resistance state of cell 502-

1 to the second resistance state. This process is analogous to the process described in 

connection with Figure 6AJ however the capacitors are initially charged during times to 

and ~and then discharged during time ~ - t3• 



22 

In the MRAM of Figure 5, each bit line 504 and word line 506 can be tenninated 

with a voltage divider structure rather than capacitive structures 508. In this case, when 

the bit lines and word lines are in a high impedance state, no current flows. However, 

when the lines are brought high, current flows in a first direction into the voltage divider 

structure and when the lines are brought low current flows in a second direction, from the 

voltage divider structure. While this embodiment increases the quiescent current of the 

MRAM, this can be managed by only enabling the voltage divider structure during a 

write operation. By using a voltage divider structure, the previously described write 

cycles of Figures 6A and 6B are simplified into a single step process as there is no longer 

a requirement to insure that the capacitive structures are in·the proper initial condition to 

write to a selected cell. As a :filrther alternative, if~e decoder/driver circuits 510, 512 are 

formed with bidirectional voltage outputs, the bit lines and word lines can be simply 

connected to a ground potential through a suitable resistance in order to achieve the 

required bidirectional current flow. 

Figure SA is a schematic diagram illustrating a cell 502 of the MRAM of Figure S 

. further illustrating an exemplary read circuit. A transistor 520 couples the first FM layer 

of the cell 502 to a corresponding word line 506. The gate of the transistor 520 is coupled 

to a read enable signal. The second FM layer of cell 502 is connected to a corresponding 

iliiiiiUf 
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bit line 504. When the read enable signal is present, a signal presented on word line 506 

establishes a read current through transistor 520 and cel1 502 into bit line 504. Each bit 

line includes a second transistor 524 to couple the read current to a sensing amplifier 524 

and a second transistor 526 to decouple the capacitive structure 508 from the bit line 

during a read operation. Similarly, each word line includes a third transistor 528 to 

decouple the capacitive structure SOS from the word line durin~ a read operation. When 

transistors 522, 526 and 528 are NMOS devices, the read enable signal applied directly to 

the gate of transistor 522 and is.passed through an inverter 530 and is coupled to the gate 

of transistors 526, 528. In this way, only a single control line is required. Alternatively, 

transistor 522 can be a complimentacy device to transis~ors 526, 528 and then be driven 

by a common enable signal without inverter 530. 

W11ile the read circuitry of Figure 5A is illustrated with transistor 520 coupled to 

word line 506 and the sensing amplifier coupled through transistor 522 to bit line 504, it 

will be appreciated that this circuit could be equivalently configured with the bit line and 

word lines reversed for one another. 

Besides being applicable to stand alone memory devices, the MRAM devices of 

Figures 4 and 5 can also be integrated into a microprocessor for use as internal registers 

and cache memory. To· facilitate the integration, flip-chip packaging technology is 

iliiffi~f 
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preferably employed to merge the two fabrication technologies. 

When an MTJ cell is formed with half-metallic ferromagnetic materials, the 

improved switching characteristics enable the construction of magnetic logic gates. 

Referring to Figure 7, a logic AND gate formed with MTJ cells is depicted. The gate is 

· formed with a first MTJ cell 700 connected in series with a second MTJ cell 702. The 

write conductors of the first MTJ cell 700 form a first logic input (A) and the write 

conductors of the second MTJ cell 702 fonn a second logic input (B). The gate also has 

an input terminal 704 connected to the first MTJ cell 700 and an output terminal 706 

which is coupled to the second MTJ cell 702. When a positive voltage is applied to the 

input tenninal 704, the gate operates in accordance with the truth table of an AND logic 

gate, shown below: 

Table 1: 

A 

0 

0 

l 

I 

B. 

0 

1 

1 

l 

QY! 

0 

0 

0 

1 
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The output can be inverted by connecting the input to a logic low potential and 

connecting a pull-up resistance from the output terminal 706 to a positive 'voltage source. 

In this configuration, a logical NAND function is achieved. 

Similarly, MTJ cells can be configured to fonn a logic OR/NOR gate, as 

illustrated in Figure 8. In this embodiment, a first MTJ cell 800 and second MTJ cell 802 

are connected in parallel. When either MTJ cell is magnetized such that the resistance of 

the cell is low, a signal applied to an input tenninal 804 is passed to the output tenninal 

806. 

In both Figure 7 and Figure 8, the write con~uctors of the MTJ cells are arranged 

such that the cells respond in a like manner to an applied signal at the logic input 

terminals A,B. In other words, the application of a positive voltage places the cells in the 

low resistance state while the application of a ground potential places the cells in the high 

impedance state, jn a manner described in connection with Figures 2B and 2A, 

respectively. 

Figure 9 illustrates an embodiment of an exclusive OR (XOR) logic gate formed in 

accordance with the present invention. The XOR gate is formed with a first pair of MTJ 

cells 900, 902 which are connected in parallel and a second pair of MTJ cells 904, 906 
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connected in parallel with each other and in series with the first pair of cells. Cells 900 

and 904 arc controlled by write conductors .which are responsive to a signal applied to 

logic input tenninal A and cells 902, 906 arc responsive to a signal applied to logic input 

tenninal B. The write conductors of cells 900 and 902 are arranged such that a high input 

signal endures a current in a first direction which (+x, +y) magnetizes the cells in the low 

resistance state. The write conductors in cell 904 and 906 are oppositely directed to those 

in cells 900, 902 such that a high input signal induces a current in a second direction 

which (-x, -y)magnetizes cells 904, 906 in the high resistance state. As a result, when a 

high level signal is applied to terminal A, cell 900 is set in the low resistance state while 

cell 904 is set in the high resistance state. Similarly, when a high level signal is applied to 

terminal B, cell 902 is set in the low resistance state while cell 906 is set in the high 

resistance state. In order to pass a signal from the input terminal 908 to the output 

tenninal 910, one of cells 900 or 902 must be in the low resistance state and one of cells 

904 or 906 must also be in the low resistance state, thus establishing an XOR logic 

function as defi:iied by the truth table below: 

Table 2: 

m A R QUI 

l 0 0 0 

l 0 1 l 

1 1 0 1 
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1 1 1 0 

Figures 7-9 illustrate exemplary embodiments oflogic gates fonncd with MTJ 

cells. While each embodiment illustrated represents a two input logic function (A,B), the 

number ofinputs can readily be expanded to any desired number, In addition, a single 

MTJ cell can be used as a buffer/inverter. As combinational logic functions can be 

implemented with simple arrangements ofMTJ cells, the integration of magnetic memory 

and associated decoder logic can be formed on the same substrate, using the same 

manufacturing process, if desired. 

Figure 10 is a schematic diagram illustrating a portion combinational memory and 

logic array formed in accordance with the present invention. The array includes MTJ 

cells 1000, 1002 connected in series in a manner similar to that described in connection 

with Figure 7. The simplified array includes an input tenninal, a first bit line terminal Bo 

coupled to the write conductors of cell 1000, a second bit line terminal B 1 coupled to the 

write conductors of cell 1002, a first output terminal 00 coupled to the junction of cells 

1000, 1002 and a second output tenninal Oi coupled to the output of cell 1002. In this 

configuration, the first output is related to the applied data and the current state of cell 

1000. The second output terminal 0 1 is related to the applied data, the state of cell 1000 

and the state of cell 1002. While an AND configuration is illustrated, various logic-
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memory combinations can be fonned. In addition, the array can be extended to large 

numbers of cells in combination. 

Having described preferred embodiments of the present invention, it is noted that 

modifications and variations can be made by persons skilled in the art in light of the 

above teachings. It is therefore understood that changes may be made in particular 

embodiments of the invention disclosed which are within the scope and spirit of the 

invention as outlined by the appended claims. 
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1. A magnetic tunneling junction cell comprising: 

a first ferromagnetic layer; 

a second ferromagnetic layer; 

an insulating layer interposed between said first and second ferromagnetic layers; 

a write conductor, said write conductor including a first conductor segment aligned 

in a first direction and proximate said first ferromagnetic layer and a second conductor 

segment aligned in a second direction, substantially orthogonal to the first direction and 

proximate said second ferromagnetic layer; and 

a circuit structure tenninating said first and second conductor segments, said 

circuit structure enabling bidirectional current flow in said conductor signals in the 

presence of a write signal, 

2. A magnetic tunneling junction cell as defined by Claim 1, wherein said first and 

second ferromagnetic layers are formed with half-metallic ferromagnetic material. 

3. A magnetic tunneling junction cell is defined by claim 2, wherein said circuit 

structure is a capacitive element. 
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4. A magnetic tunneling junction cell as defined by claim 2, wherein said circuit 

structure is a voltage divider circuit1 and wherein said write signal is a tri-state signal. 

5. A magnetic tunneling junction cell as defined by claim 2, wherein said circuit 

structure comprises: 

a first transistor coupled to a positive voltage potential; and 

a second transistor, said second transistor being coupled to said first transistor and 

to a circuit ground potential, said first and second transistors being complementary 

devices ~ontrolled by a common signal, whereby when said signal is in a first state 

current flows from said positive voltage po~ntial, through said first transistor into said 

conductor segment in a first direc~ion and when said signal is in a second state current 

flows from said conductor segment, through said second transistor to the circuit ground 

potential in a second direction. 

6. A magnetic tunneling junction cell as def med by Claim 2, wherein said half-

metallic material is selected :from the group including: Cr02, FCJ04 , manganites taking 

the fonn of La1.~ DxMn03 where D is an alkaline earth element, and Heusler alloys of 

the form X2MnY, where Xis one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, and Sb. 

7. A magnetic random access memory device having a plurality of bit lines and a 
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plurality of word lines, the bit lines and word-lines running in a substantially orthogonal 

fashion fonning a plurality of intersection points, the memocy device comprising: 

a plurality of magnetic tunnel junction cells, said cells being associated with 

the plurality of intersection points, the cells comprising: 

a first ferromagnetic layer; 

a second ferromagnetic layer; 

an insulating layer interposed between said first and second 

ferromagnetic layers; 

a write conductor1 said write conductor including a first conductor 

segment aligned in a first direction and proximate said first ferromagnetic layer 

and a seco:p.d conductor segment aligned in a second direction, substantially 

orthogonal to the first direction, and proximate said second feITomagnetic layer; 

a circuit structure terminating said first and second conductor 

segments, said circuit structure enabling bidirectional CUirent flow in said 

conductor segments in response to a received write signal; 

a first transistor coupling said write conductor to a correspc;mding bit 

line and word line; 

a second transistor co~pling said corresponding word line to said 

first ferromagnetic layer; and 

a sense amplifier, said sense amplifier being interposed between said 
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second ferromagnetic layer and a corresponding output bit line. 

8. A magnetic memory device as defined by Claim 7, wherein said first and second 

ferromagnetic layers are formed with half-metallic ferromagnetic material. 

9. A magnetic memory device as defined by Claim 8, wherein said half-metallic 

material is selected from the group including: Cr02, Fe304, manganites taking the fonn 

of La1.x D11Mn03 where D is an alka1ine earth element, and Heusler alloys of the form 

X2Mn Y, where Xis one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, and Sb. 

10. A magnetic memory device as defined by Claim 8, wherein said circuit structure is 

a capacitive element. 

11. A magnetic memory device as defined by Claim 8, wherein said circuit structure is 

a voltage divider circuit, and wherein said write signal is a tri-state signal. 

12. A magnetic memory device as defined by Claim 8, wherein said circuit structure 

comprises: 

a first transistor coupled to a positiv~ voltage potential; and 

a second transistor, said second transistor being coupled to said first transistor and 

B Replaced 

\\ii\\ i l\ \\\\ 



33 

------------/ f flf 1111~ llf I H~l/1111 
... 

to a circuit ground potential, said first and second transistors being complementary 

devices controlled by a common signal, whereby when said signal is in a first state 

current flows from said positive voltage potential, through said first transistor into said 

conductor segment in a first direction and when .said signal is in a second state current 

flows from said conductor segment, through said second transistor to the circuit ground 

potential in a second direction. 

l3. A magnetic random access memory device comprising: 

a plurality of tri-state bit lines, said bit lines being substantially parallel to one 

another and residing on a first plane; 

a plurality of tri-state. word lines, said word lines being substantially parallel to one 

another and residing on a second plane, said word lines running in a substantially 

orthogonal fashion to said bit lines fonning a plurality of intersection points; 

a plurality of circuit structures, said circuit structures terminating each of said 

word lines and said bit lines and enabling bidirectional current flow in response to a 

received write signal; 
.. 

a plurality of magnetic tunnel junction cells, said cells being associated with said 

plurality of intersection points and intexposed between said first plane and said second 

plane, the cells comprising: 

a first feITomagnetic layer; 

iiiiifli~if 
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a second ferromagnetic layer~ and 

an insulating layer interposed between said first and second 

ferromagnetic layers; and 

means for coupling said cell to said corresponding word line and bit 

line during a read cycle, whereby the state of said cell is written by passing a current in 

said corresponding bit line and word line and said cell is read by enabling said coupling 

means to detect a read signal from said cell. 

14. A magnetic tunneling junction cell as defined by Claim 13, wherein said first and 

second ferromagnetic layers are formed with half-metallic ferromagnetic material. 

15. A magnetic tunnelingjunction cell as defmed by Claim 14, wherein said half-

metallic material is selected from the group including: Cr02, Fe30 4 , manganites taking 

the form of La1•11 D.Mn03 where Dis an alkaline earth element, and Heusler alloys of the 

fonn X:zMnY, where Xis one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, and Sb. 

16. A magnetic memory device as defined by Claim 14, wherein said circuit structure 

is a capacitive element. 

17. A magnetic memory device as defined by Claim 14, wherein said circuit structure 
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is a voltage divider circuit. 

18. A magnetic memory device as defined by Claim 14, wherein said circuit structure 

comprises: 

a first transistor coupled to a positive voltage potential; and 

a second transistor, said second transistor being coupled to said first transistor and 

to a circuit ground potential, said first and second transistors being complementary 

devices controlled by a common signal, whereby when said signal is in a first state 

current flows from said positive voltage potential, through said first transistor into said 

conductor segment in a first direction and when said signal is in a second state cuITent 

flows from said conductor segment, through said second transistor to the circuit ground 

potential in a second direction. 

19. A magnetic logic device comprising: 

a first half-metallic magnetic tunneling junction cell having an input tenninal, an 

output tetininal and a first write conductor input tenninal, said first half-metallic magnetic 

tunneling junction cell having an ON state and an OFF state which are set in response to a 

signal applied to said write conductor input tenninal, said on state presenting a low 

resistance between said input and output teiminals and said off state presenting a high 

resistance between said input and output tenninals; and 

. ff 1ii1i1Dir 
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a second half-metallic magnetic tunneling junction cell having an input terminal, 

. . 
an output tenninal, and a second write conductor input terminal, said first half-metallic 

magnetic tunneling junction cell having an ON state and an OFF state which are set in 

response to a signal applied to said write conductor input tenninal,·said on state 

presenting a low resistance between said input and output tenninals and said off state 

presenting a high resistance between said input and output tenninals; 

said first and second write conductor input tenninals forming logic input teiminals, 

said input and output tenninals being coupled to implement a logic function between a 

' 
logic device output terminal and said logic input terminals. 

20. A magnetic logic device as defined by Claim 19, wherein said input tenninals are 

connected together and are further connected to a positive voltage potential and said 

output terminals are connected together Conning said logic device output terminal, 

whereby said logic function is an OR function 

21. A magnetic logic device as d~fined by Claim 19, wherein said input tenninal of 

said first cell is coupled to a positive voltage potential, said output tenninal of said first 

cell is coupled to said input terminal of said second cell and said output terminal of said 

second cell is said logic device output terminal, whereby said logic function is an AND 

function. 
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22. A magnetic logic device as defined by Claim 19, further comprising a puJJ up 

resistance coupled from a positive voltage potential to said logic device output terminal, 

. wherein said input tenninals are connected together and are further connected to a ground 

voltage potential, said output terminals are connected together forming said logic device 

output terminal .. whereby said logic function is an NOR function 

23. A magnetic logic device as defined by Claim 19, further comprising a pull up 

resistance coupled from a positive voltage potential to said logic device output tenninal, 

wherein said input tenninal of said first cell is coupled to a ground voltage potential, said 

output t~inal of said first cell is coupled to said input terminal of said second cell and 

said· output tenninal of said second cell is said logic device output terminal~ whereby said 

logic function is an NAND function. 

24, A magnetic logic device as defined by Claim 19, :further comprising: 

a third half-metallic magnetic tunneling junction cell having an input terminal, an 

output terminal and a third write CQnductor input terminal, said ~t half-metallic 

magnetic tunneling junction cell having an ON state and an OFF state which are set in 

response to a signal applied to said. write conductor input tenninal with respect to said 

first and second cells , said on state presenting a low resistance between said input and 

1iiliiifflii~fli 
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output terminals and said off state presenting a high resistance between said input and 

output terminals; 

a fourth half-metallic magnetic tuMelingjunction cell having an input terminal, 

an output tenninal, and a fourth write conductor input terminal, said first half-metallic 

magnetic tunneling junction cell having an ON state and an OFF state which are set in· 

response to a signal applied to said write conductor input tenninal, said on state 

presenting a low resistance between said input and output tenninals and said off state 

presenting a high resistance between said input and output terminals; 

said input tenninals of said first and second cells being coupled together to form a 

device input terminal; 

said output tenninals of said first and sec~nd cells being coupled together and to 

said input terminals of said third and fourth cells; 

said output terminals of said third and fourth cells being coupled together and 

forming said logic output terminal; 

said write conductor of said first cell and said write conductor of said third cell 

being coupled together forming a first logic input terminal, said write conductor of said 

first cell being arranged in an opposite orientation with respect to said write conductor of 

said third cell, whereby an applied signal to said first logic terminal sets the state of said 

first and third cell in opposite states; and 

said write conductor of said second cell and said write conductor of said fourth cell 
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being coupled together forming a second logic input tennin~l, said write conductor of said 

second cell being arranged iri an opposite orientation with respect to said write conductor 

of said fourth cell, whereby an applied signal to said second logic terminal sets the state 

of said first and third cell in opposite states. 

25. A magnetic logic device as defined by Claim 24, wherein said device input , 

terminal is coupled to a positive voltage potential whereby said logic function is an 

Exclusive OR function. 

26. A magnetic logic device as defined by Claim 24, further comprising a pull up 

resistance between a positive voltage potential and said logic output t~rminal and wherein 

said device input terminal is coupled to a ground voltage potential, whereby said logic 

function is an Exclusive NOR function. 

27. A computer integrated circuit having non-volatile magnetic memory comprising: 

a first substrate on which a computer processor is formed; and 

a second substrate on which an magnetic random access memory is formed, said 

first substrate and second substrate being joined using flip-chip integration technology, 

whereby said computer processor is operatively coupled to said magnetic random access 

memory. 

iiii[iittf 
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28. . A computer integrated circuit as defined by Claim 27, wherein said magnetic 

random access memory includes a plurality of bit lines and a plurality of word lines, the 

bit lines and word lines running in a substantially orthogonal fashion fonning a plurality 

of intersection points, the magnetic memory comprising: 

a plurality of magnetic tunnel junction cells, said cells being associated with 

the plurality of intersection points, the cells comprising: 

a first ferromagnetic layer; 

a second ferromagnetic layer; 

an insulating layer interposed between said first and second 

ferromagnetic layers; 

a write conductor, said write conductor including a first conductor 

segment aligned jn a first direction and proximate said first ferromagnetic layer 

and a second conductor segment aligned in a second direction, substantially 

orthogonaJ to the first direction, and proximate said second ferromagnetic layer; 

a circuit structure texminating said first and second conductor 

segments, said circuit structure enabling bidirectional current flow in said 

conductor segments·in response to a rec~ved write signal; 

a first transistor coupling said write conductor to a corresponding bit 

line and word line; 
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a second transistor coupling said corresponding word line to said · 

first ferromagnetic layer; and 

a sense amplifier, said sense amplifier being interposed between said 

second ferromagnetic layer and a corresponding output bit line. 

29. A computer integrated circuit as defined by Claim 28, wherein said first and 

second ferromagnetic layers are formed with half-metallic ferromagnetic material. 

30. A computer integrated circuit as defined by Claim 29, wherein said half-metallic 

material is selected from the group including: Cr02, Fe30", manganites taking the form 

of La1.x DxMn03 where D is an alkaline earth element, and Heusler alloys of the fonn 

X2MnY, where Xis one of Co, Ni, qu, and Pd and Y is one Al, Sn, In, and Sb. 

31. A computer integrated circuit as defined by Claim 29, wherein said circuit 

structure is a capacitive element. 

32. A computer integrated circuit as defined by Claim 29, wherein said circuit . 

structure is a voltage divider circuit, and wherein said write signal is a tri-state signal. 

33. A computer integrated circuit as defined by Claim 29, wherein said magnetic 

·-----
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random access memory further comprises: 

a plurality of tri-state bit lines, said bit lines being substantially parallel to one 

another and residing on a first plane; 

a plurality of tri·state word lines, said word lines being substantially parallel to one 

another and residing on a second plane, said word lines running in a substantially 

orthogonal fashion to said bit lines forming a plurality of intersection points; 

a plurality of circuit structures, said circuit structures terminating each of said 

word lines and. said bit lines and enabling bidirectional current flow in response to a 

received write signal; 

a plurality of magnetic tunnel junction cells, said cells being associated with said 

plurality of intersection points and interposed between said first plane and said second 

plane, the cells comprising: 

a first ferromagnetic layer; 

a second ferromagnetic layer; and 

an insulating layer interposed between said first and second 

ferromagnetic )ayers; and 

means for coupling said cell to said corresponding word line and bit 

line during a. read cycle, whereby the state of said cell is written by passing a CUirent in 

said corresponding bit line and word line and said cell is read by enabling said coupling 

means to detect a read signal from said cell. 
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34. A computer integrated circuit as defined by Claim 33, wherein said first and 

second ferromagnetic layers are formed with half-metallic ferromagnetic material. 

35. A computer integrated circuit as defmed by Claim 34, wherein said half-metallic 

material is selected from the group including: Cr02, Fe30,, manganites taking 

the form of La1•11 D:itMn03 where Dis an alkaline earth element, and Heusler alloys of the 

form X2MnY, where Xis one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, and Sb. 

36. A computer integrated circuit as defined by Claim 33, wherein said circuit 

structure is a capacitive element. 

37. A computer integrated circuit as defined by Claim 33, wherein said circuit 

structure is a voltage divider circuit. 

38. A computer integrated circuit as defmed by Claim 33, wherein said circuit 

structure comprises: 

a first transistor coupled to a positive voltage potential; and 

a second transistor, said second transistor being coupled to said first transistor and 

------··----·--
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to a circuit ground potential, said first and second transistors being complementary 

devices controlled by a common signal, whereby when said signal is in a first state 

current flows from said positive voltage potential, through said first transistor into said 

conductor segment in a first direction and when said signal is in a second state current 

flows from said conductor segment, through said second transistor to the circuit ground 

potential in a second direction. 

39. A magnetic random access memory-logic array having a plurality of bit lines and a 

plurality of word linesJ the bit lines and word lines running in a substantially orthogonal 

fashion fanning a plurality of intersection points, the memory-logic array comprising: 

a plurality of magnetic tunnel junction cells, said cells being associated with 

the plurality of intersection points, the cells comprising: 

a first ferromagnetic layer; 

a second ferromagnetic layer; 

an insulating layer interposed between said first and second 

ferromagnetic layers; 

a write conductor, said write conductor including a first conductor 

segment aligned in a first direction and proximate said first ferromagnetic layer 

and a second conductor segment aligned in a second direction, substantially 

orthogonal to the first direction, and proximate said second ferromagnetic layer, 
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a circuit structure terminating said first and s~cond conductor 

segments, said circuit structure enabling bidirectional current flow in said 

conductor segments in response to a received write signal to set an associated celJ 

into one of a low resistance state and a high re$istance state; and 

at least a portion of sajd plurality of magnetic tunnel junction cells 

being interconnected to implement a combinational logic function, said array 

having at least one 9utput signal related to the state of said at least a portion of 

cells and said combinational Jogic function. 

40. A magnetic random access memory-logic array as defined by Claim 39, wherein 

said first and second ferromagnetic layers are formed with half-metallic ferromagnetic 

material. 

41. A magnetic random access memory-logic may as defined by Oajm 40, wherein 

said half-metallic material is selected from the group including: Cr02, Fe30 4 , manganites 

taking the fonn of La1 ... DxMn03 where D is an alkaline earth element, and Heusler 

alloys of the fonn X2MnY, where Xis one of Co, Ni, Cu, and Pd and Y is one Al, Sn, In, 

and Sb. 
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41. A magnetic random access memory-logic array as d~fined by Claim 40, wherein 

said circuit structure is a capacitive element. 

42. A magnetic random access memory-logic array as defined by Claim 40, wherein 

said circuit structure is a voltage divider circuit, and wherein said write signal is a tri-state 

signal. 

43. A magnetic memory device as defined by Claim 40, wherein said circuit structure 

comprises: 

a first transistor coupled to a positive voltage potential; and 

a second transistor, said second transistor being coupled to said first transistor and 

to a circuit ground potential, said first and second transistors being complementary 

devices controlled by a common signal, whereby when said signal is in a first state 

current flows from said positive voltage potential, through said first transistor into said 

conductor segment in a first direction and when said signal is in a second state current 

flows from said conductor segment, through said second transistor to the circuit ground 

potential in a second direction. 


