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NON-VOLATILE MA TIC MEMORY L DEV]
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icld 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.
escription of the Rejated

The desired characteristics of la memory cell for computer memory are high speed,
low power, non—volétility 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 crase such contents. This slow access time makes EEPROM cells

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

Unlike DRAM, magnetic memory cellé which store information as the orientation
of magnetization of a ferromagnétic 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 2_5,375,091. 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 conﬁgurétiongs 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 tanglates into very slow access times for su.ch _

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 ;I‘ang etal. in "SpinQValve Ram Cell”, IEEE Trans. Magn., Vol. 31, 3206
(1995). The basic storage element disclosed is a stripe which consists of a pair of
mﬁgnetic layers separated by a thin copper spacer laycr. The magnetization of one of the
magnetic layers is pinned in a fixed magnetic orientation by exchange couplihg toa 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.
Thcse two magnetic configurations represent the “0" and “1" logic states. Such devices
exhibit resistance changes as high as 14%, thch 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, which make the production of high density memofy

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 magnetore;sistance 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. Rev. Lett,, Vol. 74, No.16, April 17, 1995, pp.3273-3276.

A schematic of an MTJ is shown in Figure 1, The central component is a

- sandwich of three layers including two ferromagnetic metal layers (FM1 and FM2)

separated by an insulator layer. The thickness of FM 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 tunheling curreht, I, The magnitude of the tunneling current I, depends on the
magnitude of the voltage. 'fhe resistance of the MT]J is defined as R=V/],, which is also 2
function of the applied voltage. The magnitude of the resistance is also dependent upon
the relationship of the magnetization 6f FM layer 102 and FM layer 104. When the
magnetization of the layers are parallel to each other, R assumes a small value, R ;, -
When the magnetization of the layers are anti-paralle], the magnitude of R is at is its
maximum, R, . In the range between these extremes (0<©<180°), the value of the

resistance varies between the minimum and maximum values.

Generally, the magnetization of FM1 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
commerﬁializatibn of these products. Accordingly, improved MTJ cell construction and
memory device architecture are required to facilitate successful use of MTJ cells in
commercial applications.

MARY OF THE INVENTION

In accordance with one form of the present invention, 2 magnetic tunneling
junction cell for use in memory and logic switchinglapplication.s is formed 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
clement. The cell alsc includes a write conductor 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 in a 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 2 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 are formed with a half-
metallic ferromagnetic material. Such materials include CrO,, Fe,O,, manganites taking
the form of La,., D,MnO; where D is an alkaline earth element, and Heusler alloys of the
form XzMnY, 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 polaﬁz#ﬁon which results in

a cell having near ideal switching characteristics.

The circuit element which enables bidirectional cﬁn*ent flow can take the form of a
capacitor structure which stores charge in a first direction and discharges current in a
set_:ond direction. The circuit element can also take the form of a voltage divider circuit.
In an alternate embodiment, where a bipolar write voltage is available, the cir_cuit element

can take the form of a resistive termination to 2 ground potential

In accordance with another embodiment of the present invention, a magnetic
random access memory (MRAM) device is formed which includes a plurality of bit lines

and a plurality of word lines, The bit lines and word lines run in a substantially
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orthogonal fashion forming a plur#lity of intersef:tion points. The MRAM further
includes a plurality of magneﬁc tunnel junction cells, with a single cell being associated
with each intersection point. The cells are formed with a first ferromagnetic 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 ségment aligned in a second direction, substantially ox:thogonal to the first
direction, and proximate to the second ferromagnetic layer. The write conductor of each
cell is terminated with a circuit element whicﬁ enables bidirectional current flow, such as
a capacitive structure. A first transistor copples the write conductor to a cérresponding
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 formed with a half-
metallic ferromagnetic material. Such materials include CrO,, Fe,O,, manganites taking
the form of La,, D,MnO,; where D is an alkaline earth element, and Heusler alloys of the
form X,MnY, 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 memofy (MRAM) device is formed which includes a plurality of tri-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 whigh 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 columns 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 tunne! junction cells which correspond to the intersection points. The cells
are interposed between the first plane and the second plane and are formed with a first
ferromagnetic layer, a second ferromagnetic layer, and an insulating layer interposed

between the ferromagnetic layers.

The MRAM further includes me'ans for coupling each cell to a corresponding
word line and bit line during a read cycle and 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 fonmed with a half-
metallic ferromagnetic material. Such materials include CrQ,, Fe,0,, manganites taking
the form of La,, D,MnO, where D is an alkaline earth elemeat, and Heusler alloys of the
form X,MnY, where X is one of Co, Ni, Cu, and Pdand Y is one Al, S, In, and Sb.
Half-metallic ferromagnetic materials feature near total spin 'polari_zation which results in
a cell having near ideal switching characteristics. This results in an MRAM which is

easily and quickly read.

In accordance with another form of fhe present invention, magnetic logic devices
 are formed including first and second half-me_tallic rriagnetic tunneling junction cells each
having an input terminal, an output terminal, and a first write conductor input terminal.
The first half-metallic magnetic tunneling junctiqn cells have an ON state and an OFF
state which are set in response to a signal applied to the write conductor input terminal.
The on state presents a low resistance between the input and output terminals and the off
state presenting a high resistance between said input and output terminals. The write
conductor input terminals of the first and second cells form logic input terminals, the

input and output terminals are interconnected o implement various logic functions
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10

between a logic device output terminal the logic input terminals. Such logic functions

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

In a.ccordance with yet another embodiment of the present invention, a computer
integrated circuit having non-volatile magnetic memory is formed which includes a first
substrate on which a computer processor is formed and a second substrate on which an
magnetic random access memory is formed. The first and second substrates are
preferably joined using flip-chip integ'ration technology, such that the computer processor
is operatively coupled to thé 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 embodirhents

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

F DESCRIPTIO D GS

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 2 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 formed 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 formed 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 “1"

and logic state “0", 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 formed with MTJ cells in accordance

with the present invention.

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

accordance with the present invention.

Figure 10 1s a schematic diagram of a magnetic random memory-logic device

formed with MTYJ cells .in accordance with the present invention.

TAILED DESCRIPTION OF FE ODIMENTS

An MT]J cell has an associated variable resistance which can be used to indicate a
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logic stéte. The resistance of an MTJ cell is low when the orientation of the

magnetization in a ﬁr#t and second ferromagnetic layér are parallel. The resistance is
“high when the orientation of the magnetization is inti-parallel. These two resistance

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

proximate 1o the cell in a first direction and second direction, respectively.

Figures 2A and 2B illustrate a top vigw of an MTJ cell in accordance with the
present invention. The MTJ cell includes an MTJ element 200 formed as a layeréd
structure having a first ferromagnetic (FM) layer a second FM layer and an insulating
layer interposed between the ferromagnetic layers. A first electrical terminﬁl 202 is
coupled to the first FM layer and a second electrical terminal 204 is coupled to the second
FM layer, preferably by forming conductive traces oﬂ a conventional metallic Jayer in
contact with the FM layers. The resistance of the MTJ cell is measurable across tﬁe first
and second electrical temingls 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-a:l:is) which is orthogonal to the first direction. The first conductor segment 206 is
tcm1_inated in first capacitive structure 210 and the second conductor segmént 208 is
terminated 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 terminal of a field
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14

effect transistor. The first and second conductor segments are connected to form a

common input terminal 214 for applying a write signal.

Referring to Figure 2A, when a voltage potential is applied to iﬁput 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
Ithe layered structure in an anti-paralle] configuration which results in a high resistance
between terminals 202, 204, Cur;ents in the range of 0.1 -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 segmmﬁs 206, 208 by grounding input terminal 214, as illustrated in
Figure 2B. Current flow in the -X, -Y directions polarize the MTJ element 200 with the
magnetization of the layered structure 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 a2 monopolar

write voltage signal and a single port input terminal to the cell.
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15

C’apaﬁitors 210, 212 terminating'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 cx#mple, the write conductors may be
terminated by a voltage divider circuit whibh maintains a voltage around a voltage mid
point. The voltage dividers can be formed with transistors or resistive elements 216, 218
and 220,222, as shown in Figure 2C. Wi:en the write conductor is in a high impedance
state, no current flows. However when the write condut;tor 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 Iayer structure
of MTJ element 200 and the orientation of conductor segments 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 between 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

MT]J element 200.

Preferably, the first FM layer 302 and second FM layer 304 are formed using half-
metallic ferromagnetic materials which exhibit near complete spin polarization. As spin
polarization épproaches 100%, the MTJ element 200 operates in a manner similar to an
ideal switch haviﬁg an off resistance which is extremely high. .'l‘his resistance is on the
order of 100-10,000 KQ -u? (Kilohms- micron squmd). Known half-metallic
ferromagnetic matérials include CrQ,, Fe,0,, manganites taking the form of
La,,D.MnO;, where D is an alkaline earth element and Heusler alloys of the form
X;MnY, where X is one of Co, Ni, Cu, P4, etc. and Y is one Al, Sn, In, Sb, etc.. Itis also
anticipated that other half-metallic _ferromaﬁletic 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 interposed between the '
half-metallic ferromagnetic layers can be a material such as ALO;, TiO,, Mg0, SiO,, AIN.

and the like, having a thickness in the range of about 0.5-10nm.

Figure 4 illustrates a portion of an MRAM array formed in accordance with the

—_—
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present inveﬁtion. The portion of the MRAM afray illustrated includes four memory cells
400-1, 400-2, 400-3, 400-4. However, it is well understood in the art that useful memory
devic;s are formed with far more cells ( oﬁ 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 cbnductors 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 corresﬁond to a crossing point of a vertical rumﬁng
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 ¢;ell 400, a voltage signal is applied to the
corresponding bit line 412 and word line 414, thereby allowing a current to flow through
h:ansir;tc;r 416 and into capacitors 408, 410 (or other circuit elements which provide for
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, 2 ground level voltage potential is applied to the bit line 412 while a positive voltage

is applied to the comresponding 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 Figuré 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 cells can be
replaced with other circuit embodiments which enable bidirectional current flow. Figure
4A illustrates a transistor circuit used to terminate 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, Vdd, and a ground
potential, The gates of transistors 430, 432 are connected together and to the bit line of
the comresponding cell 402. 'i‘he source of ﬁansistor 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 éomplimentary 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,

—

‘This Sheet Has Been

LT



19

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 “1" or a “0" can be written into the cell 402.

The MRAM array also includes read circuitry in order to ascertain the resistance
state of the cells 400. The read circuitry preferably includes a second transistor 418 |
having a gate terminal coupled to a corresponding word line 414, a drain terminal coupled
to a read enable line 420 and a source terminal coﬁpled to the first terminal of each MTJ
element 402 in the word line row. The read enable signallconserves power in the
MRAM as a current is only applied to the cells during a read operation. The second
terminal of each MTJ element is coupled to a corresponding sense amplifier 422. The
output of the sensé 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
word 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 leve] when the MTJ element is in the low
resistance state and indicates a logic level “1" 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 leve] “0". 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 5 illustrates an alternate MRAM topology formed in accordance with the
present invention. As with Figure 4, the .MRAM of Figure 5 is formed with # plurality 6f
MTI 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
‘.'md 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
MT]J element 502. Each bit line 504 and each word line 506 is terminated with a circuit
element which provides for bidirectional current 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, formed in a manner conventional to memory circuit arrays.

To write a resistance state into a corresponding MTJ element 502, 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 liné or a bit line of a cell, that ccll 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 t,, bit line B, is held in a high impedance state while
‘write linc.W,, is brought low to discharge capacitor Cy,. If capacitor Cy, has a charge at
timé 1, @ current will flow in W, during the period t, to t;. However, as the bit lines are
held in a high impedance state during this peﬁod, no current flows in the bit lines and the

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

At time t,, the word lines are placed in a high impedance state and the bit line B, is
brought low to discharge capacitor Cg, 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 Cpy and Cy, discharged, bit line B, and word line W, are brought high, .
thereby creating the required orthogonal currents proximate to cell 502-1 to polarize the
magnetic moments to the first resistance state, The additional cells 502 associated with
bit line B, word line W, remain unchanged as these cells are only half-selected. Figure
6B illustrates exemplary timing of a write cycie 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 6A, however the capacitors are initially charged during times t,

and t,and then discharged during time t, - ¢,

—_—
—_—
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In the MRAM of Figure 5, each bit line 504 and word line 506 can be terminated
wi-th 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 cun'er;t 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
cjclcs of Figures 6A and 6B are.simpliﬁed into 2 single step process as there is no' longer
a requirement to insure that the capacitive structufes are -in-the proper initial condition to
write to a selected cell. As a further alternative, if the 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 suit;blc msi§tancc in order to achieve the

required bidirectional current flow.

Figure S5A is a schematic diagram illustrating a ¢ell 502 of the MRAM of Figure §
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
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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 cell 502 into bit line 504. Each bit
line includes a second transistor 524 to cou.ple 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 508 from the word line during 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 complimentary device to transistors 526, 528 and then be driven

by a common enable signal without inverter 530.

While 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
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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 charécten'stics 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 M'i'.l 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 form 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 cdupled to the second MTJ cell 702. When a positive voltage is applied to the
input terminal 704, the gate operates in accordance with the ﬁth table of an AND logic

gate, shown below:

Table 1:
A B Ou
0 0 0
0 1 0
1 10
1 1 1
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The output can be inverted by conhecting 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 conﬁgurcd to form a logic OR/NOR gate, as
illustrated in Figure 8. In this embodiment, a first MTJ cell 800 and second MTYJ cell 802 |
are connected in parallel. When cithér MTJ cell is magnetized such that the resistance of
the cell is low, a signal applied to an input termihal 804 is passed to the output terminal

806.

In both Figure 7 and Figure 8, the write conductors 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 ﬁélls in the high
impedance state, in 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 §arallel and a second pair of MTJ t;.ells 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 are controlled by writc. conductors which are responsive to a si gnal applied to
logic input terminal A and cells 902, 906 arc responsive to a signal applied to logic input
terminal B. The §vrite conductors of cells 900 and 902 are arranged such that a high input
signal endures a current in a first Airection which (+x, +y) magnetizes the ceils 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
wﬁich (-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
terminal 910, one of celis 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 defined by the truth table below:

+ Table2:
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Figures 7-9 illustrate exemplary embodiments of logic gates formed with MTJ
cells. While each embodiment illustrated represents a two input logiq function (A,B), the
number of inputs can readily be expanded to any desired number, In addition, a single
MT]J cell can be used as a buffer/inverter. As combinational logic functions can be
implemented with simple arrangements of I;/ITJ cells, the integration of magnetic memory
and associated decoder logic can be fc;nned 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 conn.ection
with Figure 7. The simplified array includes an input terminal, a first bit line terminal Bo
coupled to the write conductors of cell 1000, a second bit line terminal B1 coupled to the
write conductors of cell 1002, a first output terminal O, coupled to the junction of cells
1000, 1002 and a second output tt;.rminal O, 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 O, is related to the api:lied data, the state of cell 1000

and the state of cell 1002. While an AND configuration is illustrated, various logic-

I
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memory combinations can be formed. In addition, the array can bc extended to large

numbers of cells in combination.

Having dés.cribcd 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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WHATIS CLAMED IS BT
1. A magnetic tunneling junction cell comprising:

a first ferromagnetic layer;

a second ferromagnetic layer;

an insulating layér 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 aligneci in a second direction, substantially orthogonal to the first direction and
proximate said second ferromagnetic layer; and |

a circuit structure terminating said first and second conductor ﬁegmcnts, 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 feiromagnetic 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.

S

————
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4. A magncﬁc tunneling junction cell as defined by claim 2, wherein said circuit

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

5. A magnetic tunncling 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 tranéistor being coupled to said first traﬁsistor and
to a circuit groupd potential, said first and second transistors being complementary
devices controlled bs' a common signal, whereby when said signal is in a first state
current flows from éaid positive voltage po;cntial, through said first transistor into said
conductor segment in a first direction and when said signalisina 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 defined by Claim 2, wherein said half-
metallic material is selected from the group including: CrO,, Fe,O,, manganites taking
the form of La,, D,MnO, where D is an alkaline earth element, and Heusler alloys of

the form X;MnY, where X is 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 forming a plurality of intersection points, tﬁc memory 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 fcrrorﬁagnetic layer;

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

a write conductor, said wﬁté 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;

a circuit structure terminating said first and second conductor
segments, said circuit structure enabling bidirectional current flow in said

conductor segments in response to a received write signal;

a first transistor coupling said write conductor to a corresponding bit
line and word line;

a second transistor coupling said conresponding word line to said
first ferromagnetic layer; and

a sense amplifier, said sense amplifier being interposed between said

—_—

—_—_—
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sccond ferromagnetic layer and a corresponding output bit line.

8. A xﬁagnctic 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: CrO,, Fe,0,, manganites taking the form
of La,,DMnO,; where D is an alkaline earth element, and Heusler alloys of the form

XoMnY, where X is 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 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

| deyiccs 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.

13, A magnetic random access memory device comprising:
a plurality of tri-state bit lines, said bit lines beirig substantially paraliel 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 junctilzm 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;

-
-
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a second ferromagnetic layer, and

I

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 duning a fead 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 tunneling junction cell as defined by Claim 14, wherein said half-
metallic material is selected from the group including: CrO,, Fe;O,, manganites taking
the form of La,, D,MnO; where D is an alkaline earth element, and Heusler alloys of the

form X;MnY, where X is 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 transistof 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.

19. A magnetic logic device comprising:

a first half-metallic magnetic tunneling junction cell having an input terminal, an
output terminal and a first 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 terminal, said on state presenting a low
resistance between said input and output terminals and said off state prescnting a high

resistance between said input and output terminals; and

_—

_—_—
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asecond half-metallic magnetic tunneling junction cell having an input terminal,
an output terminal, and a second write conductor input terminal, said first half-metallic
magnetic tunneling junction cell having ar; bN state and an OFF state which are set in
response to-a signal appliea to said write conductor input terminal,-said on state
presenting a low resistance between said input and output tenminals and said off state
presenting 2 high resistance between said input and output terminals;

said ﬁrst and second write conductor input terminals forming logic input terminals,
said input and 'output terminals 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 terminals are
connected together and are further connected to a positive voltage potential and said
output terminals are connected together forming said logic device output terminal,

whereby said logic function is an OR function

2. A ma'gnetic logic device as defined by Claim 19, wherein said input terminal of

said first cell is coupled to a positive voltage potential, said output terminal of said first
cell is coupled to said input terminal of said second cell and said output termina) of said
second cell is said logic device output terminal, whereby said logic function is an AND

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

resistance c;)upled from a positive voltage potential to said logic device output terminal,
. wherein said input terminals are connected tﬁgether and are further connected to a ground
véltage 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 terminal,
wherein said input terminal of said first cell is coupled to a ground voltage poteﬁtial, said
output terminal of said first cell is coupled ;o 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 NAND function.

24, A magnetic logic devige as dgﬁnéd by Claim 19, further comprising:

 a third half-metallic magnetic tunneling junction cell having an input terminal, an
output terminal and a third write conductor input terminal, said first half-metallic
magnetic tunneling junction cell having an ON statg and an OFF state which are set in
Tesponse to a signal applied to said write conductor input terminal with respect to said

~ first and second cells, said on state presenting a low resistance between said input and
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output terminals and said off state presenting a high resistance between said input and
oufput terminals; |

a féurth half-metallic magﬁetic mmelingjuncﬁon cell having an input términal,
an output terminal, and a fourth write conductor ir'xput' terminal, said first half-metallic
magnetic tunneling junction cell having an ON state and an OFF state which are set in
response to a sighal applied to said write conductor input terminal, said on state
presenting a low resistance between said input and outptln terminals and said off state
presenting a high resistance between $aid input and output terminals;

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

device input terminal;

said output terminals of said first and second 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 coupied together and
forming said ldgic 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 writé 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 terminal, said write conductor of said
second cell being arranged in 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 2 pull up
resistance between a positive voltage potential and said logic output terminal 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.

I
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28. A computer integrated circuit as defined by Claim 27, wherein said magﬁetic
random access memory includes a plurality of bit lines and a plurality of word lines, the
bit lines and word lines running in 2 sub#tantially orthogonal fashion forming a plurality
of intersection- points, the magnetic memory comprising:
| a plurality of magnetic tunne] junction cells, said cells being associated with
the plurality of intersection points, the cells comprising:

a first ferromagnetic layer,

a second ferromagnetic layer;

an insulaﬁng layer interposéd 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 §cgment aliéned in a second direction, substantially
orthogonal to the first direction, a_nd proximate said second ferromagnetic layer;

a circuit structure terminating said first and second conductor
segments, said circuit structure enabling bidirectional current flow in said
conductor segments in response to a received 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 oufput bit Jine.

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
matenal is selected from the group including: CrO,, Fe, Oy, rﬁanganites taking the form
of Lé,., DMnO, where D is an alkaline earth element, and Heusler alloys of the form

X,MnY, where X is one of Co, Ni, Cu, 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 merhory ﬁlﬁhér 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 Bcing substantially paraliel to one
- another and residing on a second plane, said word lines funning 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 6f said
word lines and said bit lines and epabling bidirectional current flow in respc;nse toa
received write signal;

a plurality of magnetic tunnel junction cells, said cells being associated with said
plurality of intersection points and interpo#ed 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
fenomagneﬁc 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 correéponding 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'domputer integrated circuit as defined by Claim 34, wherein said half-metallic
material is selected from the group including: CrO,, Fe;O,, manganites taking
the form of La,., D,MnO; where D is an alkaline earth element, and Heusler alloys of the

form X,MnY, where X is 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 defined by Claim 33, wherein said circuit
structure comprises:
a fivst 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 trahsistors being complcmeﬁtary
devices controlled by a common signal, whereby wﬁen said signal is in a first state
current flows from said positive voltage ﬁotentia], through said first transisbor- 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 lines, the bit lines and word lines running in a substantially orthogonal
fashion forming a plurality of intersection points, the memory-logic array comprising:
| a plurality of magnetic tunnei junction cells, said cells being associated with
the plurality of intersection points, the cells comprising:
a first fercromagnetic layer;
a second ferromagnetic layer;
an insulating layer interposed between said first and second
ferrqmagnctic layers;
a v-(rite conductor, said write conductor including a first conductor
segment aligned in a first direction a.nd 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 teminaﬁng said first and second conductor
segments, said circuit.stru_cture enabling bidirectional current flow in said
conductor segments in response to a received write signal to set an associated cell
intoonc of a loﬁr resistance state and a high resistance state; and

at least a port;on of said plurality of magnetic tunnel junction cells
being interconnected to implement a corpbinational logic function, said array
having at least one output signal related to the state of said at least a portion of

cells and said combinational logic 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 array as defined by Claim 40, wherein
said half-metallic material is selected from the group including: CrOQ,, Fe;0,, manganites
taking the form of La,, D,MnO; where D is an alkaline earth element, and Heusler
alloys of the form X,MnY, where X is 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 defined 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 merrllory device as defmed 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, wh.ereby 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 te the circuit ground

potential in a second direction.
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