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MIRAM WITH A WRITE DRIVER AND A METHOD 
THEREFOR 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This application is related to a copending U.S. 
patent application Ser. No. (Attorney docket SC13976TC) 
entitled “MRAM Memory With Residual Write Field Reset” 
filed of even date and assigned to the assignee of record 
herein. 

FIELD OF THE INVENTION 

0002 This invention relates to Magnetoresistive Random 
Access Memories (MRAMs), and more particularly to cir 
cuits and methods for writing data in MRAMs. 

BACKGROUND OF THE INVENTION 

0003 Magnetic memory devices have been proposed as 
a reliable and cost effective nonvolatile memory. One such 
device is magnetoresistive RAM (hereinafter referred to as 
“MRAM). To be commercially practical, however, MRAM 
must have comparable memory density to current memory 
technologies, be scalable for future generations, operate at 
low Voltages, have low power consumption, and have com 
petitive read/write speeds. 
0004 For an MRAM device, the stability of the nonvola 

tile memory state, the repeatability of the read/write cycles, 
and the memory element-to-element Switching field unifor 
mity are three of the most important aspects of its design 
characteristics. A memory state in MRAM is not maintained 
by power, but rather by the direction of a magnetic moment 
vector. Storing data is accomplished by applying magnetic 
fields and causing a magnetic material in a MRAM device 
to be polarized into either of two possible memory states. 
Recalling data is accomplished by sensing the resistive 
differences in the MRAM device between the two states. 
The magnetic fields for writing are created by passing 
currents through Strip lines external to the magnetic structure 
or through the magnetic structures themselves. 
0005. As the lateral dimension of an MRAM device 
decreases, three problems occur. First, the switching field 
increases for a given shape and film thickness, requiring a 
larger magnetic field to Switch. Second, the total Switching 
volume is reduced so that the energy barrier for reversal 
decreases. The energy barrier refers to the amount of energy 
needed to Switch the magnetic moment vector from one state 
to the other. The energy barrier determines the data retention 
and the error rate of the MRAM device from unintended 
reversals which can occur due to thermofluctuations (Super 
paramagnetism) if the barrier is too small. A major problem 
with having a small energy barrier is that it becomes 
extremely difficult to selectively switch one MRAM device 
in an array. Selectability allows switching without inadvert 
ently switching other MRAM devices. It is important to 
control the current flowing during a write operation in the 
array to avoid undesired current Surges or spikes during 
transistor Switching. 
0006 Finally, because the switching field is partially 
controlled by shape of the magnetic device, the Switching 
field becomes more sensitive to shape variations as the 
MRAM device decreases in size. With photolithography 
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Scaling becoming more difficult at Smaller dimensions, 
MRAM devices will have difficulty maintaining tight 
Switching distributions. In any memory type, including 
MRAMs, there is a continuing desire to reduce the memory 
size and increase performance. Savtchenko et al. in U.S. Pat. 
No. 6,545,906 teach a toggle type MRAM with robust 
Switching. 
0007 One important aspect of memory performance is 
the speed with which the memory is read and written. Speed 
limitations include Such things as the performance of the bit 
cell and the capacitance of the lines running through the 
array. A variety of techniques have been developed to 
improve these characteristics. For example, memory arrays 
have commonly been divided into Subarrays so that no 
single line is excessively capacitive. This can also reduce 
power consumption. It is important in memories to effi 
ciently switch the write circuitry to allow the write cycle 
speed to approximate the read cycle speed. The inability of 
a FLASH to accomplish this objective is a major disadvan 
tage of FLASH. 
0008. The promise of MRAMs is, however, that this type 
of memory will be a “universal memory having both high 
speed and being non-volatile. Thus, the need for improve 
ments in implementations of toggle MRAMs continues. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009. The foregoing and further and more specific 
objects and advantages of the instant invention will become 
readily apparent to those skilled in the art from the following 
detailed description of a preferred embodiment thereof taken 
in conjunction with the following drawings: 
0010 FIG. 1 illustrates a simplified sectional view of a 
known magnetoresistive random access memory device; 
0011 FIG. 2 illustrates a simplified plan view of a known 
magnetoresistive random access memory device with word 
and bit lines; 
0012 FIG. 3 illustrates in graphical form of a simulation 
of the magnetic field amplitude combinations that produce 
the direct or toggle write mode in an MRAM; 
0013 FIG. 4 illustrates in graphical form magnetic field 
timing for a known toggle MRAM: 
0014 FIG. 5 illustrates in diagrammatic form the various 
magnetic states of the timing of FIG. 4 when writing a toggle 
MRAM: 
0015 FIG. 6 illustrates in diagrammatic form the various 
magnetic states of a toggle MRAM write operation when 
magnetic Saturation occurs; 
0016 FIG. 7 illustrates in graphical form acceptable 
magnetic field values as a function of temperature for a 
toggle MRAM: 
0017 FIG. 8 illustrates in graphical form a plot of an 
absolute value of total magnetic field as a function of time; 
0018 FIG. 9 illustrates in graphical form individual plots 
of magnetic fields in perpendicular directions as a function 
of time; 
0019 FIG. 10 illustrates in graphical form a plot of an 
absolute value of total magnetic field as a function of time 
in accordance with the present invention; 
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0020 FIG. 11 illustrates in block diagram form an 
MRAM with a write driver in accordance with the present 
invention; 
0021 FIG. 12 illustrates in schematic form a circuit that 
can be used as either a column write driver or a row write 
driver of the MRAM of FIG. 11; 
0022 FIG. 13 illustrates in block diagram form another 
form of an MRAM with a driver in accordance with the 
present invention; and 
0023 FIG. 14 illustrates in schematic diagram form a 
column write driver and bias circuit of the MRAM of FIG. 
13. 

0024 Skilled artisans appreciate that elements in the 
figures are illustrated for simplicity and clarity and have not 
necessarily been drawn to scale. For example, the dimen 
sions of Some of the elements in the figures may be exag 
gerated relative to other elements to help improve the 
understanding of the embodiments of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

0025. A known toggle MRAM is illustrated by Savtch 
enko et al. in U.S. Pat. No. 6,545,906 and functions to 
provide stored information in a memory cell by selectively 
positioning magnetic fields associated with current con 
ducted by two perpendicular conductors. Each bit of an 
MRAM has a magnetic tunnel junction (MTJ) which is 
composed of a composite of conductive layers separated by 
a single insulator. Each of the conductive layers is magneti 
cally polarized. The resistance of a memory bit is reduced 
when the magnetic polarization of the conductive layers 
adjacent to the insulator are polarized in a same direction. 
Conversely, the resistance of a memory bit is increased when 
the magnetic polarization of the conductive layers adjacent 
to the insulator are polarized in an opposite direction. 
0026. In order to enhance the applied magnetic field from 
current flowing through the two orthogonal conductors, each 
of the conductors has its outward facing Surfaces lined with 
a ferromagnetic cladding material Such as NiFe to focus the 
resulting magnetic field towards the MTJ between the two 
conductors. The cladding material enhances the effective 
Switching magnetic field generated for a given magnitude of 
current in the conductors. However, the cladding material 
may contain some defects that cause residual magnetic fields 
to exist once an externally applied field has been removed. 
These defects are relatively uncommon in a large number of 
memory bits and therefore hard to detect. Also, due to the 
presence of several layers of magnetic materials in the MTJ, 
defects in any of these layers may also contribute to the 
existence of residual magnetic fields in an MRAM bit. 
Further, Stray particles of magnetic materials that are present 
as defects generated during the fabrication process of an 
MTJ may also lead to the presence of residual magnetic 
fields after activation from externally applied fields. The 
residual magnetic fields may impede the proper writing of an 
MRAM cell as will be shown below. Compensation for the 
residual magnetic fields in an MRAM will be described 
herein. 

0027 Turn now to FIG. 1, which illustrates a simplified 
sectional view of an MRAM array 3 in accordance with the 
present invention. In this illustration, only a single magne 
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toresistive memory device 10 is shown, but it will be 
understood that MRAM array 3 consists of a number of 
MRAM devices 10 and we are showing only one such 
device for simplicity in describing the writing method. 
0028 MRAM device 10 is sandwiched between a word 
line 20 and a bit line 30. Word line 20 and bit line 30 include 
conductive material Such that a current can be passed 
therethrough. In this illustration, word line 20 is positioned 
on top of MRAM device 10 and bit line 30 is positioned on 
the bottom of MRAM device 10 and is directed at a ninety 
degree angle to word line 20 (See FIG. 2). 
0029 MRAM device 10 includes a first magnetic region 
15, a tunneling barrier 16, and a second magnetic region 17. 
wherein tunneling barrier 16 is sandwiched between first 
magnetic region 15 and second magnetic region 17. In a 
preferred form, magnetic region 15 includes a tri-layer 
structure 18, which has an anti-ferromagnetic coupling 
spacer layer 65 sandwiched between two ferromagnetic 
layers 45 and 55. Anti-ferromagnetic coupling spacer layer 
65 has a thickness 86 and ferromagnetic layers 45 and 55 
have thicknesses 41 and 51, respectively. Further, magnetic 
region 17 has a tri-layer structure 19, which has an anti 
ferromagnetic coupling spacer layer 66 Sandwiched between 
two ferromagnetic layers 46 and 56. Anti-ferromagnetic 
coupling spacer layer 66 has a thickness 87 and ferromag 
netic layers 46 and 56 have thicknesses 42 and 52, respec 
tively. 
0030 Generally, anti-ferromagnetic coupling spacer lay 
ers 65 and 66 include at least one of the elements Ru, Os, Re, 
Cr, Rh, Cu, or combinations thereof. Further, ferromagnetic 
layers 45, 55, 46, and 56 include at least one of elements Ni, 
Fe, Mn, Co, or combinations thereof. Also, it will be 
understood that magnetic regions 15 and 17 can include 
synthetic anti-ferromagnetic layer material structures other 
than tri-layer structures and the use of tri-layer structures in 
this embodiment is for illustrative purposes only. For 
example, one such synthetic anti-ferromagnetic layer mate 
rial structure could include a five-layer stack of a ferromag 
netic layer/anti-ferromagnetic coupling spacer layer/ferro 
magnetic layer/anti-ferromagnetic coupling spacer layer/ 
ferromagnetic layer structure. 
0031 Ferromagnetic layers 45 and 55 each have a mag 
netic moment vector 57 and 53, respectively, that are usually 
held anti-parallel by coupling of the anti-ferromagnetic 
coupling spacer layer 65. Also, magnetic region 15 has a 
resultant magnetic moment vector 40 and magnetic region 
17 has a resultant magnetic moment vector 50. Resultant 
magnetic moment vectors 40 and 50 are oriented along an 
anisotropy easy-axis in a direction that is at an angle, 
preferably forty-five degrees, from word line 20 and bit line 
30 (See FIG. 2). Further, magnetic region 15 is a free 
ferromagnetic region, meaning that resultant magnetic 
moment vector 40 is free to rotate in the presence of an 
applied magnetic field. Magnetic region 17 is a pinned 
ferromagnetic region, meaning that resultant magnetic 
moment vector 50 is not free to rotate in the presence of a 
moderate applied magnetic field and is used as the reference 
layer. 
0032. While anti-ferromagnetic coupling layers are illus 
trated between the two ferromagnetic layers in each tri-layer 
structure 18, it will be understood that the ferromagnetic 
layers could be anti-ferromagnetically coupled through 
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other means, such as magnetostatic fields or other features. 
For example, when the aspect ratio of a cell is reduced to five 
or less, the ferromagnetic layers are anti-parallel coupled 
from magnetostatic flux closure. 
0033. In the preferred embodiment, MRAM device 10 
has tri-layer structures 18 that have a length/width ratio in a 
range of one to five for a non-circular plan. However, we 
illustrate a plan that is circular (See FIG. 2). However, it will 
be understood that MRAM device 10 can have other shapes, 
Such as Square, elliptical, rectangular, or diamond, but is 
illustrated for simplicity as being circular. 
0034) Further, during fabrication of MRAM array 3, each 
succeeding layer (i.e. 30, 55, 65, etc.) is deposited or 
otherwise formed in sequence and each MRAM device 10 
may be defined by selective deposition, photolithography 
processing, etching, etc. in any of the techniques known in 
the semiconductor industry. During deposition of at least the 
ferromagnetic layers 45 and 55, a magnetic field is provided 
to set a preferred easy magnetic axis for this pair (induced 
anisotropy). The provided magnetic field creates a preferred 
anisotropy axis for magnetic moment vectors 53 and 57. The 
preferred axis is chosen to be at a forty-five degree angle 
between word line 20 and bit line 30, as will be discussed 
presently. 

0035 Turn now to FIG. 2, which illustrates a simplified 
plan view of a MRAM array 3 in accordance with the 
present invention. To simplify the description of MRAM 
device 10, all directions will be referenced to an X- and 
y-coordinate system 100 as shown and to a clockwise 
rotation direction 94 and a counter-clockwise rotation direc 
tion 96. To further simplify the description, it is again 
assumed that N is equal to two so that MRAM device 10 
includes one tri-layer structure in region 15 with magnetic 
moment vectors 53 and 57, as well as resultant magnetic 
moment vector 40. Also, only the magnetic moment vectors 
of region 15 are illustrated since they will be switched. 
0036) To illustrate how the writing methods work, it is 
assumed that a preferred anisotropy axis for magnetic 
moment vectors 53 and 57 is directed at a forty-five degree 
angle relative to the negative X- and negative y-directions 
and at a forty-five degree angle relative to the positive X- and 
positive y-directions. As an example, FIG. 2 shows that 
magnetic moment vector 53 is directed at a forty-five degree 
angle relative to the negative X- and negative y-directions. 
Since magnetic moment vector 57 is generally oriented 
anti-parallel to magnetic moment vector 53, it is directed at 
a forty-five degree angle relative to the positive X- and 
positive y-directions. This initial orientation will be used to 
show examples of the writing methods, as will be discussed 
presently. 

0037. In the preferred embodiment, a word current 60 is 
defined as being positive if flowing in a positive X-direction 
and a bit line current 70 is defined as being positive if 
flowing in a positive y-direction. The purpose of word line 
20 and bit line 30 is to create a magnetic field within MRAM 
device 10. A positive word current 60 will induce a circum 
ferential word magnetic field, Hwy 80, and a positive bit line 
current 70 will induce a circumferential bit line magnetic 
field, H90. Since word line 20 is above MRAM device 10, 
in the plane of the element, Hwy 80 will be applied to MRAM 
device 10 in the positive y-direction for a positive word 
current 60. Similarly, since bit line 30 is below MRAM 
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device 10, in the plane of the element, H 90 will be applied 
to MRAM device 10 in the positive x-direction for a positive 
bit line current 70. It will be understood that the definitions 
for positive and negative current flow are arbitrary and are 
defined here for illustrative purposes. The effect of reversing 
the current flow is to change the direction of the magnetic 
field induced within MRAM device 10. The behavior of a 
current induced magnetic field is well known to those skilled 
in the art and will not be elaborated upon further here. 
0038 Turn now to FIG.3, which illustrates the simulated 
switching behavior of a SAF tri-layer structure. The simu 
lation consists of two single domain magnetic layers that 
have close to the same moment (a nearly balanced SAF) 
with an intrinsic anisotropy, are coupled anti-ferromagneti 
cally, and whose magnetization dynamics are described by 
the Landau-Lifshitz equation. The x-axis is the word line 
magnetic field amplitude in Oersteds, and the y-axis is the 
bit line magnetic field amplitude in Oersteds. The magnetic 
fields are applied in a pulse sequence as shown in FIG. 4 that 
includes magnetic field H, resulting from word current 60 
and magnetic field H resulting from bit line current 70 as 
functions of time. 

0039 There are three regions of operation illustrated in 
FIG. 3. In a region 92 there is no switching. For MRAM 
operation in a region 95, the direct writing method is in 
effect. When using the direct writing method, there is no 
need to determine the initial state of the MRAM device 
because the state is only switched if the state being written 
is different from the state that is stored. The selection of the 
written state is determined by the direction of current in both 
word line 20 and bit line 30. For example, if a 1 is desired 
to be written, then the direction of current in both lines will 
be positive. If a 1 is already stored in the element and a 1 
is being written, then the final state of the MRAM device 
will continue to be a 1. Further, if a '0' is stored and a 1 
is being written with positive currents, then the final state of 
the MRAM device will be a 1. Similar results are obtained 
when writing a “0” by using negative currents in both the 
word and bit lines. Hence, either state can be programmed 
to the desired 1 or 0 with the appropriate polarity of 
current pulses, regardless of its initial state. Operation in 
region 95 is defined as “direct write mode'. 
0040 For MRAM operation in a region 97, the toggle 
writing method is in effect. When using the toggle writing 
method, there is a need to determine the initial state of the 
MRAM device before writing because the state is switched 
every time the MRAM device is written to, regardless of the 
direction of the currents as long as the same polarity current 
pulses are chosen for both word line 20 and bit line 30. For 
example, if a 1 is initially stored then the state of the device 
will be switched to a “0” after one positive current pulse 
sequence is flowed through the word and bit lines. Repeating 
the positive current pulse sequence on the stored 0” state 
returns it to a 1. Thus, to be able to write the memory 
element into the desired state, the initial state of MRAM 
device 10 must first be read and compared to the state to be 
written. The reading and comparing may require additional 
logic circuitry, including a buffer for storing information and 
a comparator for comparing memory states. MRAM device 
10 is then written to only if the stored state and the state to 
be written are different. One of the advantages of this 
method is that the power consumed is lowered because only 
the differing bits are switched. An additional advantage of 
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using the toggle writing method is that only uni-polar 
Voltages are required and, consequently, Smaller N-channel 
transistors can be used to drive the MRAM device. Through 
out this disclosure, operation in region 97 will be defined as 
“toggle write mode”. 
0041. Both writing methods involve supplying currents 
in word line 20 and bit line 30 such that magnetic moment 
vectors 53 and 57 can be oriented in one of two preferred 
directions as discussed previously. To fully elucidate the two 
Switching modes, specific examples describing the time 
evolution of magnetic moment vectors 53, 57, and 40 are 
now given. 
0.042 Illustrated in FIG. 4 is a timing diagram illustrating 
magnetic fields in two directions X and Y and designated by 
102 and 104, respectively. The timing diagram is represen 
tative of the fields used to switch an MT.J. The magnetic 
fields permit the toggle MRAM to be written. The magnetic 
fields are generated by currents in two orthogonal conduc 
tors. One of the conductors overlies the other with the MTJ 
in between the two conductors at the junction of the two 
conductors. 

0043. At time to the magnetic fields in both directions are 
Zero. At time t1 the magnetic field in the Y direction is a 
finite value Ho while the magnetic field in the X direction 
is zero. At time t2 the magnetic field in the Y direction 
continues at Ho while the magnetic field in the X direction 
is at Ho. At time t3 the magnetic field in the Y direction 
returns to Zero while the magnetic field in the X direction 
continues at Ho. At time ta the magnetic field in both the Y 
direction and the X direction is at Zero. 

0044 Illustrated in FIG. 5 are various magnetic polariza 
tion states correlated to the timing of FIG. 4. The polariza 
tion nomenclature that is used in FIG. 5 includes the 
polarization of a fixed layer 202 which is below the tunnel 
junction of the MTJ, and the polarization of a synthetic 
antiferromagnet (SAF) above the tunnel junction which 
includes, among other layers, an upper layer 206 and a lower 
SAF layer 204. The lower SAF layer 204 is just above the 
tunnel junction of the MTJ so that the polarization of lower 
SAF layer 204 relative to the polarization of fixed layer 202 
controls the resistance of the MT.J. When the magnetic 
polarizations of fixed layer 202 and lower SAF layer 204 are 
in the same direction, the resistance of the MTJ is in the low 
resistance state which is designated by the logic state “0”. 
When the magnetic polarizations of fixed layer 202 and 
lower SAF layer 204 are in the opposite direction, the 
resistance of the MTJ is in the high resistance state which is 
designated by the logic state “1”. At time to the MTJ is in 
the “0” logic state. In other words the lower SAF layer 204 
is polarized in the same direction as fixed layer 202. The 
upper SAF layer 206 is polarized in the opposite direction of 
the lower SAF layer 204. This polarization represents a 
minimum energy state for the MTJ. 
0045. At time t1, magnetic field Ho 208 is applied to the 
MTJ in the Y direction. The magnetic polarization of SAF 
layers 204 and 206 rotate in a clockwise direction so that 
their net magnetic field 210 aligns with the magnetic field 
Ho. At time t1, both magnetic fields Ho 208 and Ho 212 
are applied to the MTJ in the Y and X direction respectively, 
resulting in a net magnetic field 214. The magnetic polar 
ization of SAF layers 204 and 206 again rotate in a clock 
wise direction so that their net magnetic field 210 aligns with 
the net magnetic field 214. 
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0046) At time t3, magnetic field Ho is removed. The 
magnetic polarization of SAF layers 204 and 206 further 
rotate in a clockwise direction so that their net magnetic field 
210 aligns with the magnetic field Ho 212. At time tak, both 
magnetic fields Ho and Ho are removed. The magnetic 
polarization of SAF layers 204 and 206 further rotate in a 
clockwise direction to a new rest state. Note that lower SAF 
layer 204 is now polarized in a direction opposite to the 
magnetic fixed layer 202 representing a logic “1”. The rest 
states that the SAF layers 204 and 206 end in are substan 
tially opposite to the beginning magnetic States. 

0047 Illustrated in FIG. 6 is bit toggling of a toggle 
MRAM when the net external magnetic field exceeds the 
saturation field of the SAF. A saturation field is a magnetic 
field threshold value above which the two magnetic layers of 
the SAF align with each other in a same direction. In the 
illustrated form, the magnetic field alignments at time to and 
t1 are the same as at that time in FIG. 5. At time t2 in FIG. 
6 however a magnetic Saturation state is illustrated wherein 
lower SAF layer 204 and upper SAF layer 206 are both 
aligned to the external net magnetic field 214. At time t3. 
when the net magnetic field falls below the saturation field, 
two possible magnetic states may occur and which state is 
likely to result is unpredictable. When the two SAF layers 
204 and 206 are magnetically aligned in a same direction, it 
is uncertain how the two SAF layers 204 and 206 will 
separate from each other. For example, in example 302, at 
time t3 lower SAF layer 204 separates counterclockwise of 
upper SAF layer 206 which is the same as at time t3 in FIG. 
5. In example 302, at time ta the magnetic state is the same 
as at time ta of FIG. 5. 

0.048 However, in example 304 a different write result 
occurs. At time t3, the lower SAF layer 204 separates 
clockwise of upper layer SAF 206. At time ta the magnetic 
state is the opposite as at time ta of FIG. 5 which is an 
erroneous result. 

0049 Illustrated in FIG. 7 is a graph illustrating accept 
able magnetic field values which are required in a toggle 
MRAM for reliable switching between logic states. The 
vertical axis is the magnetic field in the Y direction refer 
enced above and the horizontal axis is the magnetic field in 
the X direction referenced above that is orthogonal to the Y 
direction. Region 402 represents an area in which no tog 
gling or switching of the MRAM occurs because at least one 
or both of the magnetic fields are too weak. Region 404 
represents an area in which the weakest bits of a toggle 
MRAM will flip but the strongest bits of the toggle MRAM 
will not flip. Therefore region 404 is a transition region. 
Region 406 is a desired region representing values of the X 
and y direction magnetic fields in which reliable write 
operation occurs. The region 406 is bounded not only by the 
region 404 but also by a saturation region that is a cutoff. The 
cutoff location of the Saturation region is temperature depen 
dent. Saturation regions 408, 410 and 412 are illustrated 
corresponding respectively to temperature T1, T2 and T3 
where T3 is greater than T2 and T2 is greater than T1. 
Therefore, at elevated temperatures the permissible area for 
the write region shrinks significantly which can result in the 
unreliable operation illustrated in FIG. 6. 

0050 FIG. 8 illustrates a graph of the absolute value of 
the net magnetic field for the fields and timing illustrated in 
FIG. 4. At time to the net magnetic field is zero. At time t1 
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the net magnetic field is Ho. At time t2 the net magnetic 
field is the square root of (Ho)+(Ho)). At time t3 the net 
magnetic field is Ho. At time ta the net magnetic field is 
Zero. If the saturation field Hs is less than the peak field, 
the square root of (Ho)+(Ho)), then the SAF will satu 
rate at time t2 thereby resulting in the operation illustrated 
in FIG. 6. 

0051 Illustrated in FIG. 9 are graphs illustrating desired 
magnetic fields in each of the X and Y direction over a 
period of time to avoid magnetic Saturation in a toggle 
MRAM. At time to there is no magnetic field in either the X 
or the Y direction. At time t1 the magnetic field in the Y 
direction is at a value of H2 and the magnetic field in the X 
direction is Zero. At time t2 the magnetic field in the Y 
direction is reduced from the initial maximum value during 
time t1 to H. The magnetic field in the X direction is 
increased to a first value H. During time t3 the magnetic 
field in the Y direction is zero and is elevated to H, in the 
X direction. During time ta the magnetic field in both the Y 
direction and the X direction is zero. 

0.052 Illustrated in FIG. 10 is a graph of the absolute 
value of the net magnetic field applied to the MTJ corre 
sponding to the magnetic fields of FIG. 9. During time t0 no 
magnetic field is applied to the MTJ. During time t1 a 
magnetic field having the value H2 is applied to the MTJ. 
During time t2 a magnetic field having the value of the 
square root of L(H)+(H,) is applied to the MT.J. During 
time t3 a magnetic field having the value of H is applied 
to the MT.J. During time ta no magnetic field is applied to 
the MT.J. Note that by reducing the magnetic field applied to 
the MTJ in both the X and the Y direction from their peak 
values at time t2, the absolute value of the time t2 net 
magnetic field is reduced and separately controlled by fields 
H, and H. Since H is less than H2 and H, is less than 
H, the maximum absolute value of the net magnetic field 
has been reduced as compared to the maximum absolute 
value of the net magnetic field in FIG.8. Since the maximum 
absolute value of the net magnetic field controls whether or 
not the SAF in the bit saturates, the probability of saturation 
is reduced and the temperature range of operation of the 
MRAM bit cell is increased. 

0053 Illustrated in FIG. 11 is a first exemplary form of an 
MRAM architecture 800. It should be well understood that 
not all details of a memory architecture are illustrated for 
purposes of explaining the improvement in SAF saturation. 
A row select circuit 804 provides a plurality of row write 
currents to an array 807. Array 807 is a plurality of inter 
secting rows and columns of MRAM bit cells. Row logic 
812 is coupled to the row select circuit 804 for providing a 
row selection signal to select a desired row within the array 
807. A column select circuit 806 provides a plurality of 
column write currents to the array 807. Column logic 810 is 
coupled to the column select circuit 806 for providing a 
column selection signal to select a desired column within the 
array 807. An output of the array 807 is connected to an 
input of a sense circuit 809 for detecting the state of an 
addressed memory bit. An output of the sense circuit 809 is 
connected to an input of a control circuit 816. A data input 
of control circuit 816 receives data to be written into array 
807. Control circuit 816 provides various outputs, only four 
of which are detailed in FIG. 11. In particular, two control 
signals labeled “PULSE 1 and “PULSE 2' are connected to 
first and second control inputs of a column driver 808. Two 
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additional control signals also labeled “PULSE 1 and 
“PULSE 2 are connected to first and second control inputs 
of a row driver 814. Row driver 814 provides an output 
signal to the row select circuit 804 in the form of a current 
which is steered by row select circuit 804 to a row in array 
807 as determined by the row logic 812. Similarly, the 
column driver 808 provides an output signal to the column 
select circuit 806 in the form of a current which is steered by 
column select circuit 806 to a column in array 807 as 
determined by the column logic 810. Column driver 808 and 
column select circuit 806 will be further detailed below in 
FIG. 12. It should be understood that analogous circuitry 
illustrated in FIG. 12 may also be used for the row driver 814 
and the row select circuit 804. 

0054 Illustrated in FIG. 12 is one form of the column 
driver 808. A P-channel transistor 906 has a source con 
nected to a positive supply Voltage V. A P-channel 
transistor 912 also has a source connected to V. A gate of 
transistor 906 is connected to a gate of transistor 912 and to 
an enable signal labeled ENABLE 1. A drain of transistor 
906 is connected to a source of a P-channel transistor 908. 
A gate and a drain of transistor 908 are connected together 
and to a gate of a P-channel transistor 914. A source of 
transistor 914 is connected to a drain of transistor 912. A 
drain of transistor 908 is connected to a drain of an N-chan 
nel transistor 910. A source of transistor 910 is connected to 
a reference Voltage terminal labeled Vss. In one form the 
V, potential is a ground reference potential but may be 
implemented at other Voltage values less than V. A 
current source 902 has a first terminal connected to a 
terminal for receiving V and a second terminal connected 
to both a drain and a gate of an N-channel transistor 904 that 
are connected together. A source of transistor 904 is con 
nected to the Vss reference Voltage terminal. A drain of 
transistor 914 is connected to a drain of an N-channel 
transistor 916. The drain of transistor 916 is connected to a 
gate thereof and to a gate of an N-channel transistor 920. A 
source of transistor 916 is connected to a drain of an 
N-channel transistor 918. A gate of transistor 918 is con 
nected to a terminal for receiving V and a source of 
transistor 918 is connected to the Vss reference voltage 
terminal. A drain of transistor 920 is connected to a drain of 
an N-channel transistor 924 and to the column select circuit 
806. A gate of transistor 924 is connected to the gate of 
transistor 920. A source of transistor 920 is connected to a 
drain of an N-channel transistor 922. A gate of transistor 922 
is connected to a first control signal labeled “PULSE 1. A 
source of transistor 922 is connected to the Vss reference 
voltage terminal. A source of transistor 924 is connected to 
a drain of an N-channel transistor 926. A gate of transistor 
926 is connected to a second control signal labeled “PULSE 
2. A source of transistor 922 is connected to the Vss 
reference Voltage terminal. 

0.055 Column select circuit 806 has a plurality of N+1 
column select transistors, where N is an integer. In the 
illustrated form each column select transistor is an N-chan 
nel transistor having a source connected to a source of each 
of the other column select transistors and to the drains of 
transistors 920 and 924. Each of the column select transis 
tors has a gate coupled to one of a plurality of select signals 
such as “SELECT 0, SELECT 1 . . . SELECT N. Each of 
the column select transistors has a drain connected to a first 
end of a respective column of the array 807. Each of the N+1 
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array columns is represented by a resistance Such as "Ro, R. 
. . . R.N.'. A second end of each column within array 807 is 
connected to V. 
0056. In operation, current source 902 provides a refer 
ence current for column driver 808. Transistors 904 and 910 
mirror and amplify the reference current. When column 
driver 808 is enabled by a low signal on ENABLE 1, then 
transistor 906 connects the source of transistor 908 to V 
and transistor 912 connects the source of transistor 914 to 

V, making transistors 908 and 914 an active current mirror. 
Transistors 908 and 914 mirror and amplify the current from 
the drain of transistor 910. 

0057 Transistor 918 by having its gate to V is always 
conductive and connects the source of transistor 916 to Vss. 
The current from the drain of transistor 914 biases diode 
connected transistor 916 to bias the gates of transistors 920 
and 924. Referring back to the H magnetic field as a 
function of time in FIG. 9, during time t0 and t1, signals 
PULSE 1 and PULSE 2 are low so that transistors 922 and 
926 are nonconductive. At time t2 PULSE 1 is high and 
PULSE 2 is low so that transistor 922 is conductive and 
transistor 926 is not conductive. Transistor 920 along with 
transistor 916 mirror and amplify the drain current from 
transistor 914. This current steered by column select circuit 
806 to an addressed column of array 807 creating a magnetic 
field in the Y direction using the right hand rule. At time t3 
PULSE 2 becomes high but PULSE 1 remains high so that 
both transistors 922 and 926 are conductive. Thus transistors 
920 and 924 along with transistor 916 mirror and amplify the 
drain current in transistor 914. Thus the circuit delivers a 
higher current resulting in a higher magnetic field at time t3 
when compared to time t2. At time taboth the PULSE 1 and 
PULSE 2 signals become low so that transistors 922 and 926 
are again nonconductive. 

0.058 FIG. 12 also illustrates in detail one form of the 
column select circuit 806 and the array 807. A plurality of 
Sources of N+1 column select transistors are each connected 
to the drain of transistors 920 and 924 and are controlled by 
a respective column select signal labeled “Select 0, Select 1 
... Select N”. The column select signals function to couple 
one column of the array 807 to the column driver 808. The 
array 807 is represented by a plurality of N+1 columns, each 
column having a resistance such as "R0, R1 . . . R.N. 
0059 Illustrated in FIG. 13 is another exemplary form of 
an MRAM architecture 1000. It should be well understood 
that not all details of a memory architecture are illustrated 
for purposes of explaining the improvement in SAF satura 
tion. A row driver circuit 1004 provides a plurality of row 
write currents to an array 1007. Array 1007 is a plurality of 
intersecting rows and columns of MRAM bit cells. Row 
logic 1012 is coupled to the row select circuit 1004 for 
providing a row selection signal to select a desired row 
within the array 1007. A column driver circuit 1006 provides 
a plurality of column write currents to an array 1007. 
Column logic 1010 is coupled to the column driver circuit 
1006 for providing a row selection signal to select a desired 
column within the array 1007. An output of the array 1007 
is connected to an input of a sense circuit 1009 for detecting 
the state of an addressed memory bit. An output of the sense 
circuit 1009 is connected to an input of a control circuit 
1016. A data input of control circuit 1016 receives data to be 
written into array 1007. Control circuit 1016 provides vari 
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ous outputs, only four of which are detailed in FIG. 13. In 
particular, two control signals labeled “PULSE 1 and 
“PULSE 2 are connected to first and second control inputs 
of column drivers 1006. Two additional control signals also 
labeled “PULSE 1 and “PULSE 2 are connected to first 
and second control inputs of row drivers 1004. Column 
drivers 1006 will be further detailed below in FIG. 14. It 
should be understood that analogous circuitry illustrated in 
FIG. 14 may also be used for the row drivers 1004. A write 
bias circuit 1018 provides a bias Voltage labeled Vs to 
each of the row drivers 1004 and to the column drivers 1006. 
It should be understood that the voltage value for the bias to 
each of row drivers 1004 and column drivers 1006 may 
differ in value. The write bias circuit 1018 sets a bias voltage 
for the row drivers 1004 and the column drivers 1006. 

0060 Illustrated in FIG. 14 is an exemplary implemen 
tation of the write bias circuit 1018, the write drivers 1006 
and the array 1007 of FIG. 13. In the write bias circuit 1018, 
a current source 1102 for providing a reference current I 
has a first terminal connected to supply Voltage V. A 
second terminal of current source 1102 is connected to both 
a first terminal of a resistor 1104 and to an inverting or 
negative input of an operational amplifier 1112. A second 
terminal of resistor 1104 is connected to a ground reference 
terminal. AP-channel transistor 1106 has a source connected 
to the Supply Voltage V. A gate of transistor 1106 is 
connected to an output of operational amplifier 1112. A drain 
of transistor 1106 is connected to a first terminal of a resistor 
1108. A second terminal of resistor 1108 is connected to a 
non-inverting or positive input of operational amplifier 1112 
and to a first terminal of a resistor 1110. A second terminal 
of resistor 1110 is connected to the ground reference termi 
nal. The output of operational amplifier 1112 provides a bias 
Voltage labeled VELAs. 

0061. In the column drivers 1006, a NAND gate 1114 has 
a first input connected to a SELECT signal. A second input 
of NAND gate 1114 is connected the PULSE 1 signal of 
FIG. 13. A NAND gate 1118 has a first input connected to 
the SELECT signal. A second input of NAND gate 1118 is 
connected to the PULSE 2 signal of FIG. 13. An output of 
NAND gate 1114 is connected to an input of an inverter 
1116. An output of inverter 1116 is connected to a gate of a 
P-channel transistor 1122 and to a gate of an N-channel 
transistor 1124. An output of NAND gate 1118 is connected 
to an input of an inverter 1120. An output of inverter 1120 
is connected to a gate of a P-channel transistor 1126 and to 
a gate of an N-channel transistor 1128. A source of each of 
transistor 1122 and transistor 1126 is connected to supply 
voltage V. A drain of transistor 1124 and transistor 1128 
is connected to the bias Voltage VAs. A drain of transistor 
1126 is connected to a drain of transistor 1128. A drain of 
transistor 1122 is connected to a drain of transistor 1124 and 
to a gate of a P-channel transistor 1130. A source of 
transistor 1130 is connected to V and a drain of transistor 
1130 is connected to the array 1007. In particular, the drain 
of transistor 1130 is connected to a single column, column 
1134, of the array 1007 which has multiple columns. Col 
umn 1134 is represented by a resistance that is connected to 
ground. A P-channel transistor 1132 has a source connected 
to the V Supply Voltage, a gate connected to the drain of 
transistor 1126, and a drain connected to the column 1134 of 
array 1007. 
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0062. In operation, current source 1102 provides a refer 
ence current to resistor 1104. Resistor 1104 and resistor 1110 
are size ratioed so that the resistance of resistor 1104 is a 
multiple of the resistance of resistor 1110. Operational 
amplifier 1112 is used to bias transistor 1106 so that the 
Voltage across resistor 1110 is the same as the Voltage across 
resistor 1104. Therefore, resistor 1110 will conduct signifi 
cantly more current than resistor 1104. Resistor 1108 func 
tions to control the drain voltage on transistor 1106. The bias 
Voltage V.As is also used by column drivers 1006. It should 
be noted that only one driver of column drivers 1006 and one 
column of the array 1007 is illustrated in FIG. 14. Therefore, 
each column within array 1007 is connected to a separate 
driver of the column drivers 1006. 

0063) The driver of column driver 1006 functions to 
provide a write current to the associated column of the array 
1007 in response to the SELECT signal from column logic 
1010 and under control of the PULSE 1 and PULSE 2 
signals. The PULSE 1 and PULSE 2 signals are timed so that 
the desired magnetic fields are applied to bits (not shown) in 
the selected column. In particular, at time t0 and t1 in FIG. 
9 for H both PULSE 1 and PULSE 2 are not asserted. At 
time t2, PULSE 1 is asserted which makes transistor 1124 
conductive as a result of the logic action of NAND gate 1114 
and inverter 1116. Transistor 1124 connects the gate of 
transistor 1130 to the bias voltage Vs. Transistor 1130 is 
size ratioed proportional to transistor 1106. Thus transistor 
1130 provides a known current into the connected single 
column 1134 of array 1107. The current in column 1134 
using the right-hand rule creates field H at the selected 
magnetic tunnel junction in array 1107. 

0064. At time t3, both PULSE 1 and PULSE 2 are 
asserted to make both transistors 1124 and 1128 conductive 
thus connecting the gates of transistors 1130 and 1132 to 
Voltage VAs. Transistor 1132 is also size ratioed propor 
tional to transistor 1106. Thus transistors 1130 and 1132 
provide known currents into the connected single column 
1134 of array 1107. The total current in column 1134 using 
the right-hand rule creates field H at the selected magnetic 
tunnel junction in array 1107. 

0065. At time tA, both PULSE 1 and PULSE 2 are not 
asserted. Therefore neither transistor 1124 nor transistor 
1128 is conductive and transistors 1122 and 1126 connect 
the gates of transistors 1130 and 1132 respectively to V. 
0066. In one form there has been provided a method of 
writing a memory cell of an MRAM. A first magnetic field 
is applied to a memory cell at a first level during a first time 
period. A second magnetic field is applied to the memory 
cell at a second level during a second time period, wherein 
the second time period follows the first time period. The first 
magnetic field is applied to the memory cell at a third level 
during at least a portion of the second time period, wherein 
the third level is less than the first level. The second 
magnetic field is applied to the memory cell at a fourth level 
during a third time period, wherein the third time period is 
after the second time period, and the fourth level is greater 
than the second level. The first magnetic field is reduced to 
a fifth level during at least a portion of the third time period. 
The second magnetic field is reduced to a sixth level during 
a fourth time period, wherein the fourth time period is after 
the third time period. In one form the fifth level and sixth 
level are substantially Zero. In a second form applying the 
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first field and the second field are performed by passing 
current through conductors in the memory cell. In a third 
form the first level is greater than a vector sum of the second 
level and the third level, and the vector sum is greater than 
the fourth level. In a fourth form the first magnetic field is 
applied at the first level by passing a first current through the 
memory cell at a first magnitude. The second magnetic field 
is applied at the second level by passing a second current 
through the memory cell at a second magnitude. The first 
magnetic field is applied at the third level by passing the first 
current through the memory cell at a third magnitude, 
wherein the third magnitude is less than the first magnitude. 
The second magnetic field is applied at the fourth level by 
passing the second current through the memory cells at a 
fourth magnitude, wherein the fourth magnitude is greater 
than the second magnitude. Reducing the first magnetic field 
is implemented by reducing the first current to a fifth 
magnitude. Reducing the second magnetic field is imple 
mented by reducing the second current to a sixth magnitude. 
The fifth magnitude and the sixth magnitude are substan 
tially zero. In one form, the fifth magnitude and the sixth 
magnitude are Substantially Zero. 
0067. In a second form there is provided a method of 
writing a memory cell of an MRAM, wherein the memory 
cell has a synthetic antiferromagnet (SAF) layer that can be 
saturated by a magnetic field of Sufficient magnitude applied 
to the memory cell. A first magnetic field and a second 
magnetic field are applied to the memory cell at different 
times. The first magnetic field and the second magnetic field 
are applied to the memory cell during an overlap time 
wherein a vector Sum of the first magnetic field and second 
magnetic field during the overlap time is lower than the 
Sufficient magnitude. In one form the applying of the mag 
netic fields is performed by passing current through con 
ductors in the memory cell. In a second form the first 
magnetic field and the second magnetic field are applied to 
the memory cell at different times by applying the first 
magnetic field at a first level prior to the overlap time and 
applying the second magnetic field at a second level after the 
overlap time. In one form the first level exceeds the vector 
Sum, and the vector Sum exceeds the second level. 
0068. In a third form there is provided an MRAM having 
an MRAM array having a plurality of MRAM cells. A write 
driver is provided for writing a memory cell of the plurality 
of MRAM cells. The write driver includes a first driver 
coupled to the memory cell for passing a first portion of a 
first current through a first current path of the memory cell 
and a second driver coupled to the memory cell that passes 
a second portion of the first current through the first current 
path. A third driver is coupled to the memory cell for passing 
a first portion of a second current through a second current 
path. A fourth driver is coupled to the memory cell for 
passing a second portion of the second current through the 
second current path. A select circuit enables the first driver 
and the second driver during a first time period, the first 
driver during a second time period, the third driver and the 
fourth driver during a third time period, and the third driver 
during the second time period. In one form the first driver 
includes a first plurality of transistors connected in parallel, 
and the second driver includes a second plurality of tran 
sistors connected in parallel with the first plurality of tran 
sistors. In one form the third driver includes a third plurality 
of transistors connected in parallel, and the fourth driver 
includes a fourth plurality of transistors connected in parallel 
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with the third plurality of transistors. In a second form the 
select circuit includes a first select circuit coupled to the first 
driver and the second driver. A second select circuit is 
coupled to the third driver and the fourth driver. In one form 
the first select circuit includes a bias circuit, a logic circuit, 
and an output stage coupled to the bias circuit, the logic 
circuit, the first driver, and the second driver. In one form the 
logic circuit includes a first logic gate having a first input for 
receiving a first pulse, a second input for receiving an enable 
signal, and an output coupled to the output stage. A second 
logic gate has a first input for receiving a second pulse, a 
second input for receiving the enable signal, and an output 
coupled to the output stage. In a second form the output 
stage includes a first pair of transistors connected in series 
and coupled to the logic circuit and the first driver. A second 
pair of transistors is connected in series coupled to the logic 
circuit and the second driver. In a second form the first select 
circuit includes a current mirror coupled to the first driver 
and the second driver and sets a bias for the first driver and 
the second driver. In one form the first select circuit couples 
a first pulse to the first driver and a second pulse to the 
second driver. In one form the current is enabled by an 
enable signal. 
0069. By now it should be apparent that there has been 
provided an MRAM having an improved mechanism for 
avoiding magnetic field saturation of the SAF layers of 
tunnel junctions. Various changes and modifications to the 
embodiments herein chosen for purposes of illustration will 
readily occur to those skilled in the art. For example, 
although a toggle programming MRAM is discussed for 
Some applications, it should be apparent that other types of 
memory cells may utilize the features disclosed herein. 
Variations in the types of conductivities of transistors, the 
types of transistors, etc. may be readily made. Although 
specific logic circuits have been shown, numerous logic 
circuit implementations may be used to implement the 
functions discussed herein. To the extent that such modifi 
cations and variations do not depart from the spirit of the 
invention, they are intended to be included within the scope 
thereof which is assessed only by a fair interpretation of the 
following claims. 

1.-6. (canceled) 
7. A method of writing a memory cell of an MRAM, 

wherein the memory cell has a synthetic antiferromagnet 
(SAF) layer that can be saturated by a magnetic field of 
Sufficient magnitude applied to the memory cell, compris 
1ng: 

applying a first magnetic field and a second magnetic field 
to the memory cell at different times; and 

applying the first magnetic field and the second magnetic 
field to the memory cell during an overlap time wherein 
a vector Sum of the first magnetic field and the second 
magnetic field during the overlap time is lower than the 
Sufficient magnitude. 

8. The method of claim 7, wherein the first magnetic field 
and the second magnetic field are applied by passing current 
through conductors in the memory cell. 

9. The method of claim 7, wherein the applying the first 
magnetic field and the second magnetic field to the memory 
cell at different times comprises: 

applying the first magnetic field at a first level prior to the 
overlap time; and 
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applying the second magnetic field at a second level after 
the overlap time. 

10. The method of claim 9, wherein the first level exceeds 
the vector Sum, and the vector Sum exceeds the second level. 

11. An MRAM, comprising: 

an MRAM array comprising a plurality of MRAM cells; 
and 

a write driver for writing a memory cell of the plurality of 
MRAM cells; 

wherein the write driver comprises: 
a first driver coupled to the memory cell for passing a 

first portion of a first current through a first current 
path of the memory cell; 

a second driver coupled to the memory cell that passes 
a second portion of the first current through the first 
current path; 

a third driver coupled to the memory cell for passing a 
first portion of a second current through a second 
current path; 

a fourth driver coupled to the memory cell for passing 
a second portion of the second current through the 
second current path; and 

a select circuit that enables the first driver and the 
second driver during a first time period, the first 
driver during a second time period, the third driver 
and the fourth driver during a third time period, and 
the third driver during the second time period. 

12. The MRAM of claim 11, wherein the first driver 
comprises a first plurality of transistors connected in paral 
lel, and the second driver comprises a second plurality of 
transistors connected in parallel with the first plurality of 
transistors. 

13. The MRAM of claim 12, wherein the third driver 
comprises a third plurality of transistors connected in par 
allel, and the fourth driver comprises a fourth plurality of 
transistors connected in parallel with the third plurality of 
transistors. 

14. The MRAM of claim 11, wherein the select circuit 
comprises: 

a first select circuit coupled to the first driver and the 
second driver, and 

a second select circuit coupled to the third driver and the 
fourth driver. 

15. The MRAM of claim 14, wherein the first select 
circuit comprises: 

a bias circuit; 

a logic circuit; and 

an output stage coupled to the bias circuit, the logic 
circuit, the first driver, and the second driver. 

16. The MRAM of claim 15, wherein the logic circuit 
comprises: 

a first logic gate having a first input for receiving a first 
pulse, a second input for receiving an enable signal, and 
an output coupled to the output stage; and 
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a second logic gate having a first input for receiving a 
second pulse, a second input for receiving the enable 
signal, and an output coupled to the output stage. 

17. The MRAM of claim 15, wherein the output stage 
comprises: 

a first pair of transistors connected in series coupled to the 
logic circuit and the first driver; and 

a second pair of transistors connected in series coupled to 
the logic circuit and the second driver. 
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18. The MRAM of claim 14, wherein the first select 
circuit comprises a current mirror coupled to the first driver 
and the second driver and sets a bias for the first driver and 
the second driver. 

19. The MRAM of claim 18, wherein the first select 
circuit couples a first pulse to the first driver and a second 
pulse to the second driver. 

20. The MRAM of claim 19 wherein the current mirror is 
enabled by an enable signal. 

k k k k k 


