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(57) ABSTRACT 

A bias-adjusted giant magnetoresistive (GMR) device 
includes a ferromagnetic reference layer, which has a mag 
netization that remains relatively fixed when a range of 
magnetic fields is applied, and a ferromagnetic Switching 
layer, which has a magnetization that can be changed by 
applying a relatively small magnetic field. In MRAM appli 
cations, the Switching layer stores data in the form of the 
particular orientation of its magnetization relative to the 
magnetization of the reference layer. At least one of the 
reference and Switching layers is split into at least two 
ferromagnetic layers separated by one or more layers of a 
nonmagnetic conductor, Such that the hysteresis curve of 
resistance versus applied magnetic field is substantially 
symmetric about Zero applied magnetic field. 
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BAS-ADJUSTED GIANT MAGNETORESISTIVE 
(GMR) DEVICES FOR MAGNETIC RANDOM 
ACCESS MEMORY (MRAM) APPLICATIONS 

GOVERNMENT RIGHTS 

0001. The United States Government has acquired cer 
tain rights in this invention pursuant to Contract No. 
DTRAO1-00-C-0002 awarded by DTRA. 

BACKGROUND 

0002) 1. Field 
0003. The present invention relates generally to magne 
toresistive devices and, more particularly, to giant magne 
toresistive devices for magnetic random access memory 
applications. 

0004 2. Related Art 
0005 The discovery of the giant magnetoresistive 
(GMR) effect has led to the development of a number of 
spin-based electronic devices. The GMR effect is observed 
in certain thin-film devices that are made up of alternating 
ferromagnetic and nonmagnetic layers. The resistance of a 
GMR device is typically lowest when the magnetic moments 
of the ferromagnetic layers are in a parallel orientation and 
highest when the magnetic moments are in an antiparallel 
orientation. 

0006. One type of GMR device is commonly referred to 
as a “spin valve.” A spin valve typically includes two 
ferromagnetic layers that are separated by a thin layer of a 
non-magnetic metal (usually copper) and also includes an 
antiferromagnetic layer that “pins' the magnetization of one 
of the ferromagnetic layers. FIG. 1 illustrates (in a simpli 
fied form) the layers in a typical spin valve 10. As shown in 
FIG. 1, spin valve 10 includes ferromagnetic layers 12 and 
14 separated by a nonmagnetic layer 16. Ferromagnetic 
layer 14 is adjacent to an anti-ferromagnetic layer 18, Such 
that the magnetization of ferromagnetic layer 14 is "pinned' 
in a particular orientation. The arrow in layer 14 indicates an 
exemplary pinned orientation, though, in general, the orien 
tation could be pinned in either direction. Thus, the mag 
netization of ferromagnetic layer 14 remains relatively fixed 
when moderate magnetic fields are applied to spin valve 10. 
In contrast, the magnetization of ferromagnetic layer 12 is 
free to switch between parallel and antiparallel orientations, 
as indicated by the double-arrow symbol in layer 12. Thus, 
by applying an appropriate magnetic field to spin valve 10, 
the magnetization of ferromagnetic layer 12 can be changed 
while the magnetization of ferromagnetic layer 14 remains 
the same. In this way, applied magnetic fields can change the 
relative orientations of the magnetizations in ferromagnetic 
layers 12 and 14, which, in turn, can be detected as a change 
in resistance. In particular, the resistance of spin valve 10 is 
typically lowest when the magnetizations of ferromagnetic 
layers 12 and 14 are parallel and highest when the magne 
tizations are antiparallel. 
0007 Another type of GMR device is commonly referred 
to as a “pseudo spin valve. Like a spin valve, a pseudo spin 
valve typically includes two ferromagnetic layers that are 
separated by a layer of a nonmagnetic metal, with the 
magnetization of one of the ferromagnetic layers staying 
relatively fixed when moderate magnetic fields are applied. 
However, in a pseudo Spin valve, this fixed magnetization is 
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a result of a relatively high anisotropy and Switching field 
rather than a result of being pinned. FIG. 2 illustrates (in a 
simplified form) the layers in a typical pseudo spin valve 20. 
As shown in FIG. 2, pseudo spin valve 20 includes ferro 
magnetic layers 22 and 24 separated by a non-magnetic 
layer 26. Ferromagnetic layer 24 has a relatively high 
anisotropy and Switching field, so that its magnetization 
remains relatively fixed when moderate magnetic fields are 
applied to pseudo spin valve 20, as indicated by the arrow 
symbol in layer 24. In contrast, ferromagnetic layer 22 has 
a lower anisotropy and Switching field, which, in many 
cases, is achieved by making ferromagnetic layer 24 Sub 
stantially thicker than ferromagnetic layer 22. As a result, 
the magnetization of ferromagnetic layer 22 is free to Switch 
between parallel and antiparallel orientations, as indicated 
by the double-arrow symbol in layer 22. Thus, by applying 
an appropriate magnetic field to pseudo spin valve 20, the 
magnetization of ferromagnetic layer 22 can be changed 
while the magnetization of ferromagnetic layer 24 remains 
the same. The resistance of pseudo spin valve 20 is typically 
lowest when the magnetizations of ferromagnetic layers 22 
and 24 are parallel and highest when the magnetizations are 
anti-parallel. 
0008 GMR devices, including spin valves and pseudo 
spin valves, can be used as data storage elements in mag 
netic random access memory (MRAM) devices. In this 
regard, exemplary MRAM applications of GMR devices are 
described in U.S. Pat. Nos. 6,147,922: 6,175,525; 6,178,111; 
and 6,493.258, all of which are incorporated herein by 
reference. In typical MRAM devices, the logical state of a 
GMR-based memory element is based on its resistance, 
which, in turn, is based on the relative orientations of the 
magnetizations of the ferromagnetic layers. Thus, in one 
logical state, e.g., a “0” state, a GMR device may have its 
ferromagnetic layers in a parallel orientation and, thus, may 
exhibit a low electrical resistance. In the other logical state, 
e.g., a “1” state, the GMR device may its ferromagnetic 
layers in an antiparallel orientation and, thus, may exhibit a 
higher electrical resistance. Data may be written to a GMR 
based memory element by applying a magnetic field Sufi 
cient to change the magnetization of the “free” ferromag 
netic layer, i.e., ferromagnetic layer 12 in spin valve 10 or 
ferromagnetic layer 22 in pseudo spin valve 20. In this way, 
the “free” ferromagnetic layer functions as a “switching 
layer” that stores data in the form of a particular magneti 
Zation orientation relative to the other ferromagnetic layer, 
the “reference layer.” Thus, in spin valve 10, ferromagnetic 
layer 12 may function as the Switching layer, and ferromag 
netic layer 14 may function as the reference layer. Similarly, 
in pseudo Spin valve 20, ferromagnetic layer 22 may func 
tion as the Switching layer, and ferromagnetic layer 24 may 
function as the reference layer. 
0009. The magnetic fields used to write data to a GMR 
based memory element in an MRAM device are typically 
generated by a “word current flowing in a nearby conduc 
tor. For example, a word current flowing in one direction 
may be used to place the GMR-based memory element in 
one logical state, and a word current flowing in the other 
direction may be used to place the GMR-based memory 
element in the other logical state. In particular, in some of 
the common MRAM architectures, each memory element 
includes two GMR-devices that are in opposite logical 
states. Thus, to change the state of the two GRM devices in 
the memory element, the word current is often arranged to 
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apply magnetic fields of the same magnitude but opposite 
sign to the two GMR devices. Because of magnetic hyster 
esis, the Switching layer may retain its magnetization ori 
entation relative to the reference layer even when the word 
current stops and the magnetic field that the current gener 
ated is no longer present. In this way, little or no power may 
be needed in order for a GMR-based memory element to 
retain its logical state. Accordingly, MRAM devices are 
generally regarded to be a form of non-volatile data storage. 
0010. One difficulty with conventional GMR devices for 
MRAM applications, e.g., for write and/or read operations, 
depending on the architecture, is that the hysteresis curve for 
a GMR device is often substantially “biased, i.e., asym 
metric with respect to applied magnetic field. FIG. 3 illus 
trates such a biased or asymmetric hysteresis curve. In FIG. 
3, the vertical axis represents the resistance of an exemplary 
GMR device, and the horizontal axis represents applied 
magnetic field. This GMR device exhibits a resistance R in 
Zero applied magnetic field, after a magnetic field H is 
applied, and exhibits a resistance Ro in Zero applied mag 
netic field, after a magnetic field Ho is applied. Thus, R may 
represent the resistance of the GMR device in the “1” state, 
and R may represent the resistance of the GMR in the “O'” 
State. 

0011. Several disadvantages may result from this asym 
metric hysteresis curve. First, because the hysteresis curve is 
not centered about Zero applied magnetic field, the differ 
ence between the two Zero-field resistances, R and Ro, may 
be much smaller than the maximum possible resistance 
difference possible that the GMR device can exhibit. Sec 
ond, the asymmetry of the hysteresis curve may cause higher 
word currents to be required for reliable operation. In 
particular, since word currents of the same magnitude but 
different directions are typically used to write data to the 
GMR devices in an MRAM memory element, a word 
current that generates an applied magnetic field with mag 
nitude Ho may be insufficient. Flowing in one direction, the 
word current may be able to place the GMR device in the “O'” 
state with resistance R. However, when flowing in the other 
resistance R. Instead, a higher word current, Sufficient to 
generate an applied magnetic field of magnitude H may be 
required for reliable operation. 
0012. Accordingly, there is a need for GMR devices that 
exhibit hysteresis characteristics that are more compatible 
with MRAM applications. 

SUMMARY 

0013 In a first principal aspect, the present invention 
provides a magnetoresistive device having a resistance that 
can be changed by applying a magnetic field. The magne 
toresistive device comprises a reference layer, a Switching 
layer, and a first nonmagnetic conductor layer between the 
reference layer and the switching layer. The reference layer 
has a first magnetization direction that remains substantially 
fixed when the magnetic field is applied. The switching layer 
has a second magnetization direction that changes orienta 
tion relative to the first magnetization direction when the 
magnetic field is applied. At least one of the reference and 
Switching layers includes at least a first ferromagnetic layer, 
a second ferromagnetic layer, and a second nonmagnetic 
conductor layer between the first and second ferromagnetic 
layers. The magnetic coupling between the first and second 
ferromagnetic layers is predominantly magnetostatic. 
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0014. In a second principal aspect, the present invention 
provides a magnetoresistive device comprising a first ferro 
magnetic layer having a first magnetization direction, a 
second ferromagnetic layer having a second magnetization 
direction, a third magnetization direction having a third 
magnetization direction, a first nonmagnetic conductor layer 
between the first and second ferromagnetic layers, and a 
second nonmagnetic conductor layer between the second 
and third ferromagnetic layers. The magnetoresistive device 
has a variable resistance that varies with applied magnetic 
field over a range of applied magnetic fields. The variable 
resistance is characterized by a hysteresis curve that is 
Substantially symmetric about Zero applied magnetic field. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0015 FIG. 1 is a schematic view of the layers of a prior 
art spin valve device; 
0016 FIG. 2 is a schematic view of the layers of a prior 
art pseudo spin valve device; 
0017 FIG. 3 is a graph of resistance versus applied 
magnetic field, showing a hysteresis curve of a prior art giant 
magnetoresistive device; 
0018 FIG. 4 is a graph of resistance versus applied 
magnetic field, showing a hysteresis curve of a giant mag 
netoresistive device, in accordance with a preferred embodi 
ment of the present invention; 
0.019 FIG.5 is a schematic view of the layers of a pseudo 
spin valve device, in accordance with a preferred embodi 
ment of the present invention; 
0020 FIG. 6 is a schematic view of the layers of a spin 
valve device, in accordance with a preferred embodiment of 
the present invention; 
0021 FIG. 7 is a schematic diagram of a “2R5T 
memory element in accordance with a preferred embodi 
ment of the present invention; and 
0022 FIG. 8 is a schematic diagram of a “2R2T 
memory element in accordance with a preferred embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

0023 The present invention, in its preferred embodi 
ments, provides GMR devices, such as spin valves or pseudo 
spin valves, with hysteresis curves that are substantially 
symmetric about Zero applied magnetic field. FIG. 4 shows 
an example of Such a Substantially symmetric hysteresis 
curve. As shown in FIG. 4, the difference between the 
highest resistance and lowest resistance is maximal at near 
Zero applied magnetic field. The highest Zero-field resis 
tance, R, may be achieved by applying and then removing 
magnetic field, H, and the lowest Zero-field resistance, Ro, 
may be achieved by applying and then removing magnetic 
field Ho. Ideally, H and Ho represent magnetic fields of the 
same magnitude but opposite direction, so that they can be 
generated by the same Word current flowing in opposite 
directions. Although FIG. 4 illustrates a perfectly symmetric 
hysteresis curve, it is to be understood that GMR devices 
with hysteresis curves that are substantially, though not 
perfectly, symmetric can also result in good performance in 
MRAM applications. 
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0024. It is believed that asymmetric or biased hysteresis 
characteristics, such as shown in FIG. 3, typically results 
from magnetostatic coupling between the reference and 
Switching layers. In accordance with the present invention, 
the extent of this magnetostatic coupling or bias may be 
adjusted by splitting the reference layer and/or Switching 
layer into multiple, i.e., at least two, ferromagnetic layers 
separated by nonmagnetic conductor layers. Splitting the 
reference and/or Switching layers in this way may allow the 
amount of Stray magnetic flux affecting the Switching layer 
to be adjusted and may also compensate for other magnetic 
coupling effects. 

1. Exemplary Bias-Adjusted Pseudo Spin Valve 
Construction 

0.025 FIG. 5 shows the layers of an exemplary bias 
adjusted pseudo spin valve 100 on a substrate 102. In an 
exemplary embodiment, substrate 102 includes one or more 
layers of a dielectric, such as silicon oxide, e.g., SiO, or 
silicon nitride, e.g., SiNa, which may be grown or deposited 
on a silicon wafer. However, other materials may be used for 
substrate 102. For example, substrate 102 may be fabricated 
from non-magnetic materials, such as oxides, nitrides, 
borides, carbides, metals, glass, or polymers. 
0026. A seed layer 104 may be formed atop substrate 102 
in order to facilitate the formation of the metal layers above 
it in pseudo spin valve 100. In an exemplary embodiment, 
seed layer 104 is a metal such as tantalum. The thickness of 
seed layer 104 may range from about 10 to 100 A, depending 
on the materials used. Thus, in a typical example, seed layer 
104 may be about 50 A of tantalum. 
0027. The reference layer of pseudo spin valve 100 is 
formed on seed layer 104. In the example of FIG. 5, the 
reference layer is split into a ferromagnetic layer 106, a 
nonmagnetic layer 108, and a ferromagnetic layer 110. 
Ferromagnetic layers 106 and 110 include ferromagnetic 
materials, such as iron, nickel, cobalt and/or alloys thereof. 
Nonmagnetic layer 108 is a nonmagnetic conductor. Such as 
copper. Nonmagnetic layer 108 may be relatively thin but 
still thick enough to space ferromagnetic layers 106 and 110 
Sufficiently apart Such that the magnetic coupling between 
ferromagnetic layers 106 and 110 is predominantly magne 
tostatic. For example, nonmagnetic layer 108 may be about 
5 to 35 A of copper. The thickness of each of ferromagnetic 
layers 106 and 110 may, for example, range from about 10 
to about 120 A. 

0028 Ferromagnetic layers 106 and 110 have magneti 
Zation directions that remain Substantially fixed over a range 
of applied magnetic fields, e.g., the applied magnetic fields 
used to store data in pseudo spin valve 100. In general, the 
magnetizations of ferromagnetic layers 106 and 110, relative 
to one another, may be parallel, antiparallel, or in some other 
relative orientation. Preferably, the relative orientations of 
the magnetizations of ferromagnetic layers 106 and 110 is 
not constrained by exchange coupling. The particular mag 
netizations and thicknesses of ferromagnetic layers 106 and 
110 may be chosen so that the hysteresis curve of pseudo 
spin valve 100 is substantially symmetric. 
0029) Although in the example shown in FIG. 5, the 
reference layer includes two ferromagnetic layers, the ref 
erence layer may, in general include a greater or fewer 
number of ferromagnetic layers. Thus, in some embodi 
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ments, the reference layer may include three ferromagnetic 
layers separated by two nonmagnetic layers. In other 
embodiments, the reference layer may include a single 
ferromagnetic layer, and the Switching layer may be split 
into multiple ferromagnetic layers. 
0030) A nonmagnetic layer 112 is formed on ferromag 
netic layer 110. Nonmagnetic layer 112 is a nonmagnetic 
conductor, Such as copper, and may have a thickness in the 
range of 5 to 35A. The switching layer of pseudo spin valve 
100 is formed on nonmagnetic layer 112. In the example of 
FIG. 5, the switching layer consists of a single ferromag 
netic layer 114. Ferromagnetic layer 114 includes ferromag 
netic materials, such as iron, nickel, cobalt and/or alloys 
thereof. In an exemplary embodiment, the thickness of 
ferromagnetic layer 114 is in the range of 10 to 60 A. 
Ferromagnetic layer 114 has a magnetization direction that 
changes orientation relative to that of ferromagnetic layers 
106 and 110 over a range of applied magnetic fields, e.g., the 
applied magnetic fields used to store data in pseudo spin 
valve 100. 

0031. Although the embodiment shown in FIG. 5 has 
only a single ferromagnetic layer in the Switching layer, 
alternatively, the Switching layer may include multiple fer 
romagnetic layers separated by nonmagnetic layers. In the 
case that the Switching layer includes multiple ferromagnetic 
layers, the magnetic coupling between the ferromagnetic 
layers is, preferably, predominantly magnetostatic. In addi 
tion, the multiple ferromagnetic layers preferably each have 
a magnetization direction that can be changed by the mag 
netic fields applied to pseudo spin valve 100. 
0032) Pseudo spin valve 100 may also include other 
layers, depending on the particular application and/or 
method of fabricating pseudo spin valve. For example, in 
Some embodiments, a cap layer 116 may be formed on 
ferromagnetic layer 114. Cap layer 116 may be formed, for 
example, as a passivation layer, diffusion barrier, etch stop, 
and/or in order to enhance the magnetoresistance of pseudo 
spin valve 100. Cap layer 116 may consist of only one layer, 
or cap layer 116 may consist of multiple layers that may 
include multiple materials. Thus, in an exemplary embodi 
ment, cap layer 116 may include a diffusion barrier, e.g., a 
layer of tantalum about 10 to 50 A thick, in order to prevent 
the diffusion of materials into ferromagnetic layers 106, 110. 
and 114 that may potentially degrade the ferromagnetic 
properties of these layers. In an exemplary embodiment, cap 
layer 116 may also include an etch stop formed on top of the 
diffusion barrier in order to facilitate the fabrication of 
pseudo spin valve 100. 
0033. In addition to the layers of pseudo spin valve 100 
on substrate 102, a complete device that includes pseudo 
spin valve 100 may also include other layers, which may be 
located on top of and/or to the side of pseudo spin valve 100. 
For example, for MRAM applications, conductors for word 
current may be formed above pseudo spin valve 100. 
0034 Layers 104-116 may be formed using various tech 
niques, including, for example, ion beam deposition, sput 
tering, plasma vapor deposition, evaporation, and/or 
molecular beam epitaxy. 

2. Exemplary Bias-Adjusted Spin Valve 
Construction 

0035 FIG. 6 shows the layers of an exemplary bias 
adjusted spin valve 200 on a substrate 202. As set forth 
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below, the construction of spin valve 200 is similar to the 
construction of pseudo spin valve 100. The main differences 
are that spin valve 200 includes an antiferromagnet, and the 
stacking of the reference and Switching layers are reversed. 
0036) A seed layer 204 is formed on substrate 202 in 
order to facilitate the formation of the metal layers above it 
in spin valve 200. Seed layer 204 may be a layer of tantalum, 
for example. The Switching layer is formed on seed layer 
204. In the example of FIG. 6, switching layer includes a 
single ferromagnetic layer 206. Ferromagnetic layer 206 
may include ferromagnetic materials, such as iron, nickel, 
cobalt and/or alloys thereof. A nonmagnetic layer 208, such 
as copper, is formed on ferromagnetic layer 206. 
0037. The reference layer is formed on nonmagnetic 
layer 208. In the example of FIG. 6, the reference layer is 
split into a ferromagnetic layer 210, a nonmagnetic layer 
212, and a ferromagnetic layer 214. An antiferromagnetic 
layer 216 is formed on ferromagnetic layer 214. Antiferro 
magnetic layer 216 may include antiferromagnetic materi 
als, such as FeMn alloys or PtMn alloys. 
0038 Spin valve 200 may also include other layers, 
depending on the particular application and/or method of 
fabricating pseudo spin valve. For example, in some 
embodiments, a cap layer 218 may be formed on antiferro 
magnetic layer 216. Cap layer 218 may be formed, for 
example, as a passivation layer, diffusion barrier, etch stop, 
and/or in order to enhance the magnetoresistance of spin 
valve 200. Cap layer 218 may consist of only one layer, or 
cap layer 218 may consist of multiple layers that may 
include multiple materials. Thus, in an exemplary embodi 
ment, cap layer 218 may include a diffusion barrier, e.g., a 
layer of tantalum about 10 to 50 A thick, and an etch stop 
formed on the diffusion barrier. In addition, other layers may 
be formed above or to the side of spin valve 200. 
0.039 Antiferromagnetic layer 216 pins the magnetiza 
tion of at least ferromagnetic layer 214 into a particular 
orientation. As a result, the magnetization direction of 
ferromagnetic layer 214 remains Substantially fixed over a 
range of applied magnetic fields. Preferably, the magnetic 
coupling between ferromagnetic layer 210 and 214 is pre 
dominantly magnetostatic, so that the magnetization of 
ferromagnetic layer 210 is not also pinned by antiferromag 
netic layer 216. Nonetheless, the anisotropy and switching 
field of ferromagnetic layer 210 is sufficiently high that its 
magnetization direction also remains relatively fixed over 
the range of applied magnetic fields. In contrast, the mag 
netization direction of ferromagnetic layer 206 changes 
orientation when magnetic fields are applied. 
0040 Although the reference layer includes two ferro 
magnetic layers in the embodiment shown in FIG. 6, the 
reference layer may include a greater or fewer number of 
ferromagnetic layers. In addition, although the Switching 
layer is shown with only a single ferromagnetic layer, the 
Switching layer may include multiple ferromagnetic layers 
separated by nonmagnetic layers. In any event, either the 
reference layer and/or the Switching layer is split into 
multiple ferromagnetic layers in order to achieve a hyster 
esis curve that is Substantially symmetric, such as shown in 
FIG. 4. 

0041 Layers 204-218 may be formed using various tech 
niques, including, for example, ion beam deposition, sput 
tering, plasma vapor deposition, evaporation, and/or 
molecular beam epitaxy. 
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3. Exemplary MRAM Memory Element 
Architectures 

0042. One application of the bias-adjusted spin valves 
and pseudo spin valves of the present invention is in MRAM 
memory elements. FIG. 7 is a schematic diagram showing 
an exemplary MRAM memory element 300, in which the 
bias-adjusted spin valves and pseudo spin valves of the 
present invention can be used. Memory element 300 
includes magnetoresistive elements 302 and 304, which 
may, for example, be spin valves or pseudo spin valves. 
Memory element 300 also includes transistors 306, 308, 
310, and 312 connected together in a latching configuration. 
In addition, a reset or write transistor 314 is connected 
between the gate terminals of transistors 308 and 312. 
Because of the presence of two resistors and five transistors, 
this memory element configuration may be referred to as a 
“2R5T architecture. 

0043. In this configuration, transistors 306 and 308 func 
tion as a first inverter, which is connected to a power Supply 
terminal, V, and connected to ground via magnetoresis 
tive element 302. Transistors 310 and 312 function as a 
second inverter, which is connected to a power Supply 
terminal, V, and connected to ground via magnetoresis 
tive element 304. The first and second inverters are con 
nected together in a cross-coupled configuration as shown in 
FIG. 7. In addition, transistor 314 is arranged so that, when 
transistor 314 is turned on, it substantially equalizes the 
voltages at the inputs of the first and second invertors. 
0044) Memory element 300 also includes word lines 316 
and 318 that direct word currents from a current source (not 
shown) to ground. Word lines 316 and 318 are arranged near 
magnetoresistive elements 302 and 304, respectively, so that 
the word currents can generate magnetic fields Sufficient to 
change the logical States of magnetoresistive elements 302 
and 304. More particularly, word lines 316 and 318 are 
arranged Such that the word currents flowing to ground 
apply magnetic fields to magnetoresistive elements 302 and 
304 in opposite directions. In this way, word currents of the 
same magnitude flowing through word lines 316 and 318 
program magnetoresistive elements 302 and 304 into oppo 
site logical states. Because magnetoresistive elements 302 
and 304 exhibit substantially symmetric hysteresis charac 
teristics, as illustrated by FIG. 4, this use of word currents 
to program magnetoresistive elements 302 and 304 into 
opposite logical states may be facilitated. 
0045. To use memory element 300, magnetoresistive 
elements 302 and 304 are first programmed into the desired 
logical states by word currents flowing through word lines 
316 and 318. Then, when the first and second inverters are 
either powered up by V or reset by turning on transistor 
314, the first and second inverters assume a latched state that 
corresponds to the logical states of magnetoresistive ele 
ments 302 and 304. The latched state of memory element 
300 may be sensed at the “Q' terminals. 
0046 FIG. 8 shows another exemplary MRAM memory 
element 400 in which the bias-adjusted spin valves and 
pseudo spin valves of the present invention may be used. 
Memory element 400 includes magnetoresistive elements 
402 and 404, which may, for example, be spin valves or 
pseudo spin valves. Magnetoresistive elements 402 and 404 
are connected to ground via transistors 406 and 408, respec 
tively. The gates terminals of transistors 406 and 408 are 
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connected to a "SELECT line that may be used to turn these 
transistors on and, thereby, sense the resistance of magne 
toresistive elements 402 and 404. Because of the presence of 
two resistors and two transistors, this memory element 
configuration may be referred to as a “2R2T architecture. 
0047 A word line 410 is arranged near magnetoresistive 
elements 402 and 404 so that the word current flowing 
through word line 410 applies magnetic fields to magne 
toresistive elements 402 and 404 in opposite directions. In 
this way, the same word current may be used to program 
magnetoresistive elements 402 and 404 into opposite logical 
states. Because magnetoresistive elements 402 and 404 
exhibit Substantially symmetric hysteresis characteristics, as 
illustrated by FIG. 4, the ability to use the same Word 
current to program magnetoresistive elements 402 and 404 
into opposite logical states may be facilitated. 
0.048. Once magnetoresistive elements are programmed 
in this way, memory element 400 may be selected by a 
“SELECT' voltage that turns on transistors 406 and 408. 
The resistances of magnetoresistive elements 402 and 404, 
and, thus, the logical state of memory element 400, may then 
be sensed through the “BIT lines. In practice, the “BIT 
lines may be connected to a latch to provide a latched output. 

4. Conclusion 

0049 Exemplary embodiments of the present invention 
have been described above. Thus, references to specific 
thicknesses, materials, and fabrication methods are meant to 
be illustrative rather than limiting. Those skilled in the art 
will understand that changes and modifications may be made 
to these embodiments without departing from the true scope 
and spirit of the invention, which is defined by the claims. 

1-13. (canceled) 
14. A magnetoresistive device comprising: 
a first ferromagnetic layer, having a first magnetization 

direction; 
a second ferromagnetic layer, having a second magneti 

Zation direction; 
a third ferromagnetic layer, having a third magnetization 

direction; 
a first nonmagnetic conductor layer between said first and 

second ferromagnetic layers; and 
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a second nonmagnetic conductor layer between said sec 
ond and third ferromagnetic layers, 

wherein said magnetoresistive device has a variable resis 
tance that varies with applied magnetic field over a 
range of applied magnetic fields, said variable resis 
tance being characterized by a hysteresis curve that is 
Substantially symmetric about Zero applied magnetic 
field. 

15. The magnetoresistive device of claim 14, wherein said 
first magnetization direction remains substantially fixed over 
said range of applied magnetic fields. 

16. The magnetoresistive device of claim 15, wherein said 
third magnetization direction changes orientation relative to 
said first magnetization direction over said range of applied 
magnetic fields. 

17. The magnetoresistive device of claim 16, wherein said 
second magnetization direction changes orientation relative 
to said first magnetization direction over said range of 
applied magnetic fields. 

18. The magnetoresistive device of claim 17, wherein 
magnetic coupling between said second and third ferromag 
netic layers is predominantly magnetostatic. 

19. The magnetoresistive device of claim 18, wherein said 
second nonmagnetic conductor layer comprises copper. 

20. The magnetoresistive device of claim 16, wherein said 
second magnetization direction remains Substantially fixed 
over said range of applied magnetic fields. 

21. The magnetoresistive device of claim 20, wherein 
magnetic coupling between said first and second ferromag 
netic layers is predominantly magnetostatic. 

22. The magnetoresistive device of claim 21, wherein said 
first nonmagnetic conductor layer comprises copper. 

23. The magnetoresistive device of claim 16, further 
comprising: 

an antiferromagnetic layer magnetically coupled to said 
first ferromagnetic layer, wherein said antiferromag 
netic layer pins said first magnetization direction. 

24. The magnetoresistive device of claim 23, wherein said 
magnetoresistive device is a spin valve. 

25. The magnetoresistive device of claim 16, wherein said 
magnetoresistive device is a pseudo spin valve. 


