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(57) Abstract: Apparatus and associated method for writing data to a non-volatile memory cell (140, 154), such as spin-torque
transfer random access memory (STRAM). In accordance with some embodiments, a resistive sense element (RSE) (140) has a
heat assist region (150), magnetic tunneling junction (MTJ) (142), and pinned region (152). When a first logical state is written to
the MTJ with a spin polarized current, the pinned and heat assist regions each have a substantially zero net magnetic moment.
When a second logical state is written to the MTJ with a static magnetic field, the pinned region has a substantially zero net mag-
netic moment and the heat assist region has a non-zero net magnetic moment.
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STATIC MAGNETIC FIELD ASSISTED RESISTIVE SENSE ELEMENT

Background

Data storage devices generally operate to store and retricve data i a fast and
efficient manner. Some storage devices utilize a semiconductor array of solid-state
mermory cells to store mdividual bits of data. Such mermory cells can be volatile or non-
volatile. Volatile memory cells generally retain data stored in memory only so long as
operational power continues to be supplied to the device. Non-volatile memory cells
generally retain data stored i memory even in the absence of the application of operational
power.

Resistive seuse memory (RSM} cells can be configured to have differcut electrical
resistances to store different logical states. The resistance of the celis can be subsequently
detected during a read operation by applying a read current and sensing a signal n relation
to a voltage drop across the cell.  Exemplary types of RSM cells include resistive random
access memory {RRAM), magnetic random access memory (MRAM), and spin-torque
transfer random access memory (STTRAM or STRAM).

In these and other types of devices, it is often desirable to increase performance
while decreasing power cousumption, lowering swilching currents and decreasing design

complexity.

Summary

Various cmbodiments of the present invention are generally directed to an apparatus
and associated method for writing data to a non-volatile memory cell, such as spin-torque
transfer random access memory (STRAM).

In accordance with some embodiments, a resisitve sense element (RSE) has a heat
assist region, magnetic tunneling junction (MT]}, and pinned region. When a first logical
state 1s written to the MTJ with a spin polarized current, the pinned and heat assist regious
cach have a substantially zero net magnetic moment, When a second logical state is written
to the MTJ with a static magnetic field, the pinned region has a substantially zero net

magnetic moment and the heat assist region has a non-zero net magnetic moment,
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In accordance with other embodiments, a resistive sense clement (RSE) having a
heat assist region, magnetic tunneling junction (M), and pinned region is provided. A
first logical state is then written to the MTJ with a spin polarized current while the pinned
and heat assist regions cach have a zero net magnetic moment. A second logical state is
then written to the MTJ with a static magnetic field while the pinned region has a zero net
magnetic moment and the heat assist region 1s activated to produce a non~zero net maguetic
monent,

These and various other teatures and advantages which characterize the various
embodiments of the present invention can be understood in view of the following detailed

discussion in view of the accornpanying drawings.

Brief Description of the Brawings

FIG. 1 generally dustrates a functional block representation of a data storage device.

FIG. 2 generally iHlustrates a functional block representation of a unit cell.

FIG. 3 generally iHustrates a structure of the memory cell of FIG. 2 construcied and
operated i accordance with various embodiments of the present invention.

FIG. 4 displays an excroplary resistive scuse clernent constructed and operated m
accordance with various embodiments of the present invention.

FIG. 5 shows an cxemplary resistive sense element constructed and operated in
accordance with various embodiments of the present invention.

FIG. ¢ illustrates an alternative exemplary resistive sense element constructed and
operated in accordance with various embodiments of the present wnvention,

FIG. 7 displays an alternative cxemplary resistive sense clement constructed and
operated 1n accordance with various embodiments of the present invention.

FIG. 8 generally illustrates an exemplary operation of a resistive sense clement in
accordance with various embodiments of the present invention,

FIG. 9 provides an exemplary operation of a resistive sense element in accordance
with various embodiments of the present invention,

FIG. 10 displays an exemplary array of vresistive sense elements constructed and

operation in accordance with various embodiments of the present invention.
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FIG. 1115 a flow chart for uni-polar write operation generally illustrative of steps

carried out in accordance with various embodiments of the present invention.

Bretailed Description

FIG. 1 provides a functional block representation of a data storage device 100
constructed and operated 1o accordance with various embodiments of the present invention.
The device 100 includes a top level controller (CPUY 102, an interface (I/F) cireuit 104 and
a non-volatile data storage array 106, The UF circuit 104 operates under the direction of the
controller 102 to transfer data between the array 106 and a host device.

FIG, 2 displays functional block representations of a unit cell 110 construction that
can be used in the array 106 of FIG. 1. The unit cell 110 has a resistive seuse eleruent
(RSE) 112 connected in serics with a switching device 114, The switching device 114
functions to increase the resistance of the unit cell 110 when in an open position, as showu,
so as to effectively prevent current from passing through the cell. A closed position allows
read and write currents through the unit cell 110,

FIG. 3 shows an exemplary RSE construction at 120. The RSE 120 is configured as
a spin torque-transfer random access memory (STRAM) cell that includes a magnetic
tunneling janction (MTJ) 122 formed from two ferromagnetic layers 124, 126 separated by
a barrier layer 128 (such as magnesium oxide, MgQ). The resistance of the MTJ 122 1s
determined in relation to the relative magnetization directions of the ferromagnetic layers
124, 126: when the magnetization is in the same direction (parallel), the MTJ i3 in the low
resistance state (R1); wheun the magnetization is in oppostie directions (anti-parallel}, the
MTYJ is in the high resistance state (Ry )

The magnetization direction of the reference layer 126 1s fixed by coupling the
reference layer to a pinned maguetization layer {e.g., a permanent magnet, etc.). The
magnetization direction of the free layer 124 can be changed by passing a driving current
polarized by magunetization in the reference layer 126.

To read the logic state stored by the MTJ 122, a relatively small current is passed
through the MTJ between a source Hine (81) and a bit Hne (BL}). Because of the difference

between the low and high resistances of the MTJ in the respective logical ¢ and 1 states, the
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voltage at the bit line will be different, which can be sensed using a suitable sense amplifier,
A switching device 130 allows selective access to the MTJ 122 during read and write
operations. The switching device 130 can be characterized as a metal oxide semiconductor
field effect traunsistor (MOSFET). A word hine (WL} is connected to a gate terminal of the
transistor 130, as shown.

While operable, unit cells such as represented in FIGS. 2-3 can have disadvantages,
such as asymmetric write current characteristics. For example, a greater write driver effort
may be required to set the RSE 120 in FIG. 3 to the anti-paralic high resistance state ¢hard
programming direction} than to set the RSE to the paraliel low resistance state (easy
programming direction), The relative ordering of the RSE and the switching device within
the unit cell with respect to the durection of write current flow can also contribute to such
asymmetric write characteristics.

Accordingly, varions embodiments of the preseut mvention are generally directed to
a novel memory cell structure with improved write characteristics. As explained below, the
memory cell structure includes a resistive sense element (RSE) having a heat assist region,
a maguetic tunmeling junction (MTJ}, and a pinned region. The pinned and heat assist
regions cach have a substantially zero net magnetic moment while a first logical state is
written to the MTJ with a spin polarized current.

Further, the pinned region has a substantially zero net magnetic morment and the
heat assist region has a non-zero net magnetic moment when a secoud logical state is
written to the MTJ with a static magnetic field. Both logical states are written with
anipolar write currents that pass 1n the same divection through the memory cell,

FIG. 4 provides an exemplary construction for an RSE 140 capable of being used in
the unit cell 110 of FIG, 2 1n accordance with various ermbodimnents, The RSE 140 18
characterized by a magnetic tunneling junction 142 that comprises a free laver 144 as well
as a first and second barrier laver 146 and 148, In some embodiments, the {ree layer 144 15
a ferromagnetic material capable of maitaining a magnetic polarity, and the first and
second barrier layers 146, 148 are oxide barrier layers. The first and second oxide layers

146 and 148 can be consiructed of various materials and are not lumited to oxides. That is, a
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barrier material other than an oxide can be utilized 1 the magnetic tunneling junction 142
to shield the free layer 144 from unwanted magnetic pulses.

Further, the magnetic tunneling junction 142 of the RSE 140 is disposed between a
heat assist layer 150 and a pinned layer 152, The heat assist layer 150 has the capability of
storing a magnetic polarity with 2 moment in either of two opposing directions. Meanwhile,
the pinned layer 152 has a magnoetic polarity with a moment in a single direction. In some
embodiments, the magnetic moment of the pinned layer 152 opposes the magnetic moment
of the heat assist layer 150 n order to provide a net zero magnetic roomment on the magnetic
tunneling junction 142.

In addition, a switching device 154 is also connected to the RSE 140 to allow
selection of the RSE 140, as desived. |t can be appreciated that the position of the switching
device in relation to the RSE 140 is not limiting and can vary without deterring from the
spirtt of the present invention.

It should be noted that the heat assist layer 150 has a zero net magnetic moment, in
some embodiments, at a first terperature while having a non-zero net magnetic moment at
an elevated second temperature. As shown in FIG. 4, the heat assist layer 150 canbea
single ferromagnetic material such as, but not limited fo, rare carth-transition metals and
their alloys such as ThCoFe. However, multiple heat assist layers 150 can be used in
combination to form a heat assist region, illustrated i FIG. 5,

FIG. § shows an exemplary construction {or an RSE 160 n accordance with the
varigus embodiments of the present invention. A magnctic tunneling junction 162 with a
free layer 164 as well as a first and second oxide layer 166 and 168 1s showu disposed
between a pinned region 170 and a heat assist region 172. The pinned region 170 comprises
a first and second pinned layer 174 and 176 connected by an oxade layer 178, The pinned
fayers 176 and 178 are configured to have opposing magnetic moments in order to provide
a zero net magnetic moment to the magnetic tunneling junction 162,

However, the use of an oxide material to separate the pinned layers 176 and 178 is
not required as any desired spacing material can be used without deterring from the spirit of
the present invention. Likewise, the specific magnetic orientation of the first and second

pinned layers 176 and 178 is not limited and can be any variety of configurations that
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produce a zero net magnetic moment. One skilled i the art can appreciate that the position
of a switching device 184 is adjacent to the heat assist region 172, but can be located
adjacent the pinned region 170 without detrimental effect to the spirit of the present
invention.

As discussed above, the heat assist region 172 comprises nuultiple heat assist layers
180 and 182 configured to provide a zero vet magnetic moment to the maguetic tunneling
junction 162 at a first temperature. Much like the pinned region 176, the heat assist layers
180 and 182 have magnetic onentations that produce opposing magnetic moments, A
barrier, oxide, or similar layver 184 is disposed between the heat assist layers 180 and 182 to
separate the magnetic moments.

As such, the RSE 160 has a zero net magnetic momeut due to the balancing
magnetic moments of both the pinned layers 176 and 174 as well as the heat assist layers
180 and 182, Once the free layer 164 holds a maguetic polarity, a resistance state of the
RSE 160 will be present and allow a logical state to be read. It should be noted that the
muliiple heat assist layers can be constructed with synthetic forri-magnetic material fo
which one layer has a Curie temperature that is higher than the other heat assist layer.
Henee, at a predetermined temperature, the magnetic moments of the heat assist layers 180
and 182 as well as the heat assist region 172 can be manipulated with temperature, as
desired.

Ia FIGS. 6 and 7, the RSE 160 of FIG. 5 i3 generally iHlustrated in alternative
constructions that conform to varicus embodiments of the present invention. As shown in
FIG. 6, the moaguoetic moment of each of the heat assist layers 180 and 182 as well as the
heat assist region 172 is perpendicular with the magnetic moment of the magnetic tunneling
junction 162 and pinned region 170. This contiguration still provides a zero net magnetic
monent to the magnetic tunneling junction at a first temperature while greatly reducing the
amount of current required to write a logical state to the free laver 164 at a sccond
temperature,

In contrast, the magnetic tunneling junction 162 and pinned region 170 can be
configured to have perpendicular anisotropy in relation to the heat assist region 172, as

tlhustrated in FIG. 7. Despite a perpendicular anisotropy, the net magnetic moment
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experienced by the magnetic tunneling junction 162 remains zero until a second
temperature activates the heat assist region 172 to produce a non-zero net magnetic
moment,

It should be noted that the magnetic orientations of cach of the regious of the RSE
166 depicted in FIGS. 6 and 7 are not limiting. For example, the magnetic tunneling
junction 162 can be configured to have perpendicular amsotropy while the pinned region
170 has a magnetic moment perpendicular to the heat assist region 172 that has in-plane
magnetization,

One issue that has been found with STRAM cells (as well as with other types of
RSE cells) relates to the minirnal achievable sizing of the cell trausistor. Generally, itis
desirable to ensure that the cell transistor s configured to be large enough to be able o
accommodate the requisite write current densities and gate control voltages necessary to
carry out write operations without incurring damage to the cell transistor. At the same time,
sinice the transistor can often be the limiting factor in cell scalability, reducing the size of
the transistor can promote increases in the overall density of the memory array.

A related matter 1s write current asymmetry. STRAM celis are often configured
such that write currents are passed o different directions through the cell in order to write
the different logical states. This can also be true for other types of RSE cells. For example,
application of a write current 1n a first direction may set the resistance of the cell low,
thereby signifying a first logical state {c.g., logical ). Application of a write current in the
oppostite second direction may set the resistance of the cell high, thereby signifying the
opposite logical state (e.g., logical 1),

Depending on the configuration of the cell, it may be harder to write the cell 1n one
direction as compared to the other. A number of factors can contribute to such asymmetry.
One factor relates to the relative ordering of the magnetic tunneling junction and switching
device elements with respect to the direction of the applied write current; that 1s, whether
the write current passes through the magnetic tunneling junction first, or passes through the
switching device first. Other factors can relate to the configuration and ordering of layers

within the magnetic tunneling junction {(or other variable resistive eleruent).
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For the exemplary RSE 160 of FIG. S, it is contemplated that it will be relatively
easy to write the state of the magnetic tunneling junction 162 when the current 1s passed in
a direction such that the write current encounters the magnetic tunneling junction 162 prior
to the switching device 184 (this direction is referred to as the “easy” direction).
Contrawise, it is contemplated that it will be more difficult to write in the opposite direction
when the write current passes through the transistor {drain-source juncture) prior to
encountering the magnetic tunneling junction {this direction is referred to as the “hard”
direction).

Accordingly, as explained below, various embodiments of the present invention
utilize a novel structure and technique to facilitate the writing of various logical states to an
RSE with a uni-divectional and uni-polar current and a static magnetic field. The use of a
single current, polarity, and direction for a RSE allows for complete avoidance of both RSE
and unit cell write current asymmetry. Meanwhule, the use of a static magnetic field to write
a logical state to the RSE provides advantageous power consumption in combination with
improved reliability of data storage due to increased unit cell degradation,

Reference is now made to FIGS. 8 and 9, which provide an exemplary operation of
the RSE 160 of FIG. 5. In FIG. 8, the RSE 160 1s depicted as a variable resistor in series
with the switching element {(transistor} 184. The bit line ts positioned adjacent the pinned
region 170 while the switching device 184 and source hine are adjacent the heat assist
vegion 172, It should be noted that the heat assist region 172 is shown at a first temperature
to which a zero net magnetic moment is produced.

As awrite current 190 flows from the bit ined to the pinued region 170, the RSE
166 has a zero net magnetic moment due the balanced magnetic moments of both the
pinned and heat assist regions 170 and 172, In some embodiments, the write current 190 1s
spin polarized as it passes through the RSE 160 to set the magnetic orientation of the free
layer 164 of the magnetic tunneling junction 162 to a first polarity, The sct plurality has an
associated reststance for the RSE 160 that corresponds to a predetermined logical state.
After the write current 190 has passed through the RSE 160, switching device 184, and

source line the RSE 160 experiences a general magnetic moment from the free layer 164
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because the magnetic moments of the heat assist region 172 and pinned region 170 remain
balanced with respect to magnetic moment.

In order to write a second logical state to the RSE 160, FIG. 9 depicts a static
magnetic field 192 geveration and function. When it s desired to write a second logical
state to the RSE 160, the heat assist region 172 is heated to a second temperature in which
one of the heat assist layers 180 or 182 has a modified maguoetic moment. The lack of
balancing magnetic moments in the heat assist region 172 produces a non-zero net magnetic
moment and a static magnetic field strong enough to switch the polarity of the free layer
164 of the magnetic tunneling junction 162 to the second logical state.

It should be noted that the pinned region 170 remains balanced with a zero net
magnetic moment during the generation and utilization of the static magnetic field 192, The
zero net magnetic moment of the pinned region 170 allows the static field to change the
magnetic polarity of the free layer 164 with less intensity than would be required if a
magnetic moment of the pinned region 170 would need to be compensated.

Consequently, the net zero magnctic moment of the various regions of the RSE 160
allows improved reliability, performance, and power consumption. The use of a single uni-
polar and uni-directional write current greatly reduces the corplexity often required to
compensate for write current asymmetry. Meanwhile, the use of a static magnetic field
provides precision and low power consumption that cannot be realized with bi-directional
write currents,

It should further be noted that the manner in which the heat assist region 172
reaches a second temperature is not limited. That is, various compounents or procedures can
be utilized to clevate the temperature of the heat assist region 172 and generate a static
magnetic ficld, Furthermore, the elevation of temperature of the heat assist region 172 does
not require the passing of a current through the entire RSE 160. For example, the heat assist
region 172 can be heated mdependent of the magnetic tunneling junction 162 and pinned
region 170. Thus, control and manipulation of the heat assist region 172 can be facilitated
in various manncrs that generate a non-zero net magnetic moment and an associated static

wmagnetic field.
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It can be appreciated that using a bi-directional write current to write a logical state
to a resistive sense element has numerous disadvantages such as high power consumption,
reduced reliability, and complex write current asymmetry compensation circuitry. Indeed,
the use of bi-divectional write current provides more disadvantages than advaniages
considering the imprecision and inconsistency of passing write current through a resistive
sense element in opposing directions.

Accordingly, various embodiments of the present invention generally operate to
provide a precise and reliable resistive sense clement that has specific regions that have a
substantially zero net magnetic moment during a uni-polar and uni-directional write current,
but have a non-zero net magnetic moment when a static magnetic field is used to write a
fogical state to the resistive seuse elewent. The use of a static magnetic ficld 1stead of a
write current passing through the resistive sense element in the opposing direction provides
greater performance while reducing power consuruption.

An cxemplary embodiment is st forth by FIG. 10 to explain the foregoing features
and advantages. FI1G. 10 llustrates an array 200 of resistive sense clements as set forth by
FIGSK. 5-9 arranged into a semiconductor array. More specifically, FIG. 10 tlustrates three
STRAM cells denoted 202A-202C, cach having an associated switching device (transistor)
204 A-C. The switching devices are each connected and controlied by word hines 206 that
ar¢ capable of selecting a particular one, or many, resistive sense elements, as desired.

It will be appreciated that the array can be extended to have any nurabers of
columns and rows of such cells, so the simplified 2x2 array in FIG. 7 1s merely for purposes
of illustration and is not linuting. The various directions of the word, bit and source lines
across the array are also merely exemplary and can be oriented as desired. Each of the
resistive sense elements 202A-C also 15 connected to a heat assist line 208 that 1s coupled to
a mudtiplexer 210, The heat assist lines 208 allow the heat assist region of the resistive
scnse element to be heated from a first temperature 10 a second temperature without having
to pass a current through the entire resistive sense element.

However, the configuration of the heat assist lines 208 is not limiting as one heat
assist fine 208 could be counected to any nurnber of resistive seuse elernents, Likewise, the

number and orientation of the multiplexer 210 is not limited to the configuration shown in
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FIG. 10, For example, a multiplexer 210 could be implemented for each row or column of
resistive sense elements.

During operation, the array 200 can provide voltages to each, or all, of the resistive
sense elements 202A-C from a driver 212, The driver 212 produces voltages that travel, in
some embodiments, through the bit line 214 to a predetermined number of resistive sense
clemeunts 202A-C that have been selecied by having the word line 206 operate a gate ou
each desired switching device 204A-C. After passing through the resistive sense element,
voltage can pass through a source line 216 to a ground 218,

It should be noted that due to the static magnetic field writing capability of the
resistive sense elements 202A-C, a second voltage driver capable of passing current
through the resistive seuse elements in the opposing direction (from source hine to hit ling)
is not needed. However, the configuration of the driver 212 being positioned on the bit line
214 is not limting as the position of the daver 212 and ground 218 can be inverted without
deterring from the spirit of the present mvention.

FIG, 11 provides a flow chart for an uni-directional write operation 230, generally
thustrative of steps carried out in accordance with various embodiments of the present
invention. At step 232, a resistive sense element (RSE) 1s provided that has at least g heat
assist region, pinned region, and magnetic tunneling junction. A first logical state is written
to the RSE at step 234 with a spin polarized current, In some embodiments, the heat assist
region is at a first temperature to which a substantially zero vet yoagoetic moment s
produced. Likewise, the pinned region is characterized during step 234 as having a zero net
magnetic moment,

Subsequently, the heat assist region of the RSE is activated at step 236 to provide a
non-zero not magnctic moment and generate a static magnetic ficld, In step 238, the static
magnetic field migrates to the magnetic tunneling junction of the RSE to write a second
logical state to the RSE. The routine then ends at step 240,

The various steps of the uni~-directional write operation 230 are not limiting as steps
can be omitted or repeated any number of times. That is, a first logical state could be

written to an RSE repeatedly without ever writing a second logical state, or vice versa.
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Although various cmbodiments set forth above generally identity the hard and casy
directions based on the relative sequential ordering of a resistive sense element and a
switching device of a cell, such is not necessarily limiting. Rather, it is contemplated that
various memory cell constructions may alternatively have an “easy” and a “hard” direction
based on some other feature of the cell. It will be understood that the various embodiments
disclosed herein are equally suitable for these other types of memory cells in obtaning read
current synmmetry without compromising cell reliability.

As can be appreciated by one skilled i the art, the various embodiments illustrated
herein provide advantageous writing of data to a resistive sense element in a fast and
reliable manner, The ability to write various resistance states with a single uni-directional
write current allows for consistent data writing without elevated power consumption. The
use of a static magnetic ficld to write a logical state to a resistive sense element vastly
improves the efficiency and complexity of any electronic data storage device, Moreover,
the dynamic nature of the static magnetic field write provides increased performance with
respect to write current driving ability, However, it will be appreciated that the various
embodiments discussed herein have numerous potential applications and are not limited to a
certain ficld of electronic muedia or type of data storage devices.

It is to be understood that even though numerous characteristics and advantages of
vartous embodiments of the present invention have been set forth in the forcgoing
description, together with details of the structure and function of varions embodiments of
the invention, this detailed description is illustrative only, and changes may be made in
detail, especially in matters of structure and arrangewents of parts within the principles of
the present invention to the full extent indicated by the broad general meaning of the terms

in which the appended claims are expressed.
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What 1s claimed 1s:
I. An apparatus comprising a resistive sense element (RSE) having a heat

assist region, magnetic tunneling junction (MT]), and pioned region, wherein the pinned
and heat assist regions each have a substantially zero net magnetic moment while a first
fogical state is written to the MTJ with a spiv polarized current, and further wherein the
pinned region has a substantially zero net magnetic moment and the heat assist region has a
non-zero net magnetic moment when a second logical state 1 writlen to the MTJ with a

static magnetic field.

2. The apparatus of claira 1, wherein the pinned region comprises a phurality of
fixed magnetic layers configured in an anti-parallel orientation.
3. The apparatus of claim 1, wherein the pinned and heat assist regions each

have a substantially zero net magnetic moment during a read operation.

4. The apparatus of claim 1, wherein the spin polarized current passes through

the RSE in a single direction.

5 The apparatus of claira 4, wherein the spio polarized current passes through

a switching device after the RSE.

6. The apparatus of claim 1, wherein the heat assist region comprises at least a

first synthetic forri-magnetic layer and a second synthetic ferri-magnetic layer,

7. The apparatus of claim 6, wherein the first synthetic ferri-magnetic layer has

a lower Curie temperature than the second synthetic ferrt-magnetic layer of the RSE.
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8. The apparatus of claitn 1, wherein the heat assist region has a substantially
zero net magnetic moment at a first temperature and a non-zero net magnetic moment at a

second temperature.

9. The apparatus of claim 1, wherein the heat assist region is activated by

current induced heat,

140 The apparatus of claim 1, wherein the heat assist region has an out-of-planc

anisotropy in relation to the MT and pinned regions.

1. The apparatus of claira 1, wherein the heat assisted region corprises a single

ferri-magnetic layer comprising a rare carth transition metal.
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An apparatus comprising a resistive sense element (RSE) having a heat
assist region, a magnetic tunneling junction (MT]}, and a pinned region, wherein the pinned
and heat assist regions cach have a substantially zero net magnetic moment while a first
logical state is written to the MTJ with a spin polarized curtent, wherein the pinned region
has a substantially zero net magnetic moment and the heat assist region has a non-zero net
magnetic moment when a second logieal state 18 written to the MTJ with a static maguetic
field, wherein the pinned region comprises a plurality of fixed magnetic layers configured
in an anti-parailel orientation, and wherein the heat assist region comprises at least a first

synthetic ferri~-magnetic laver.

13, The apparatus of claira 12, further comprising:

a first barrier layer between first and second synthetic ferri-magnetic layers;
a second barrier layer between the heat assist region and the pinned region;
a third barrier layer between the MTJ and the pinned region; and

a fourth barrier layer between a first pinned layer and a second pinned layer.
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4, A method comprising:

providing a resistive sense element (RSE) having a heat assist region, a magnetic
tunneling junction (MTJ), and a pinned region;

writing a first logical state to the MTJ with a spin polarized current while the pinned
and heat assist regions each have a zero net magnetic moment; and

writing a secoud logical state to the MTJ with a static wagnetic ficld while the
pinned region has a zero net magnetic moment and the heat assist region is

activated to produce a non-zero net magnetic moment.

15, The method of claim 14, wheren the pinned region comprises 4 plurality of

fixed magnetic layers configured 1o an anti-parallel onentation,

16, The method of claim 14, wherein the pinned and heat assist regions each

have a substantially zero net magnetic moment during a read operation.

17.  The method of claim 14, wherein any spin polarized current passes through

the RSE in a single direction.

I8, The method of claim 14, wherein the heat assist region comprises a plurality

of synthetic ferri-magnetic layers.,

19, The method of claim 14, wherein the heat assist region has a substantially
zero net magnetic moment at a first tomperature and a non-zero net magnetic moment at a

second temperature.

20. The method of claim 14, wherein the net magnetic moment of the heat assist

region is orthogonal to the MTI.
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