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CURRENT-SWITCHED SPIN-TRANSFER MAGNETIC DEVICES WITH
REDUCED SPIN-TRANSFER SWITCHING CURRENT DENSITY

Related Patent Application

[0001] This PCT application claims the benefit of U.S. Patent
Application No. 11/318,337 entitled “CURRENT-SWITCHED SPIN-
TRANSFER MAGNETIC DEVICES WITH REDUCED SPIN-TRANSFER SWITCHING
CURRENT DENSITY” and filed December 23, 2005.

Background

[0002] This application relates to magnetic materials and
structures having at least one free ferromagnetic layer.
[0003] Various magnetic materials use multilayer structures
which have at least one ferromagnetic layer configured as a
“free” layer whose magnetic direction can be changed by an
external magnetic field or a control current. Magnetic memoxry
devices may be constructed using such multilayer structures
where information is stored based on the magnetic direction of
the free layer.

{0004] One example for such a multilayer structure is a
magnetic or magnetoresistive tunnel junction (MTJ) which
includes at least three layers: two ferromagnetic layers and a
thin layer of a non-magnetic insulator as a barrier layer
between the two ferromagnetic layers. The insulator for the
middle barrier layer is not electrically conducting and hence
functions as a barrier between the two ferromagnetic layers.
However, when the thickness of the insulator is sufficiently
thin, e.g., a few nanometers or less, electrons in the two
ferromagnetic layers can “penetrate” through the thin layer of
the insulator due to a tunneling effect under a bias voltage
applied to the two ferromagnetic layers across the barrier
layer. Notably, the resistance to the electrical current
across the MTJ structure varies with the relative direction of
the ﬁagnetizations in the two ferromagnetic layers. When the

magnetizations of the two ferromagnetic layers are parallel to
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each other, the resistance across the MTJ structure is at a
minimum value Rp. When the magnetizations of the two
ferromagnetic layers are anti-parallel with each other, the
resistance across the MTJ is at a maximum value Rpp. The
magnitude of this effect is commonly characterized by the
tunneling magnetoresistance (TMR) defined as (Rap-Rp) /Rp.

[0005] The relationship between the resistance to the current
flowing across the MTJ and the relative magnetic direction
between the two ferromagnefic layers in the TMR effect may be
used for nonvolatile magnetic memory devices to store
information in the magnetic state of the MITJ. Magnetic random
access memory (MRAM) devices based on the TMR effect, for
example, may be an alternative of and compete with electronic
RAM devices. In such devices, one ferromagnetic layer is
configured to have a fixed magnetic direction and the other
ferromagnetic layer is a “free” layer whose magnetic direction
can be changed to be either parallel or opposite to the fixed
direction and thus operate as a recording layer. Information
is stored based on the relative magnetic direction of the two
ferromagnetic layers on two sides of the barrier of the MTJ.
For example, binary bits “1” and “0” may be recorded as the
parallel and anti-parallel orientations of the two
ferromagnetic layers in the MTJ. Recording or writing a bit
in the MTJ can be achieved by switching the magnetization
direction of the free layer, e.g., by a writing magnetic field
generated by supplying currents to write lines disposed in a
cross stripe shape, by a current flowing across the MTJ based
on the spin transfer effect, or by other means. In the spin-
transfer switching, the current required for changing the
magnetization of the free layer can be small (e.g., 0.1 mA or
lower) and can be significantly less than the current used for
the field switching. Therefore, the spin-transfer switching
in a MTJ can be used to significantly reduce the power

consumption of the cell.
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Summary
[0006] The device designs and technigques described in this

application are, at least in part, based on the recognition
that the reduced current for switching the free layer via the
spin-transfer effect can allow for the physical dimension of
the transistor that supplies the current to be reduced. This
reduction in the transistor size can be used to increase the
nunber of transistors and MTJ cells per unit area on a chip.
The examples described in this application include magnetic
or magnetoresistive tunnel junctions (MTJs) and other magnetic
multilayer structures that manipulate the spins of the
electrons outside the free layer via an electron diffusion
drift process to enhance the efficiency of the spin dependent
current in switching of the magnetization direction of the
free layer in a magnetic multilayer structure. Accordingly,
the threshold current for switching the free layer can be
reduced due to the enhanced efficiency. Such MTJs and other
magnetic multilayer structures may be used in various
applications, including magnetic memory cells in highly
integrated circuits such as high-density integrated MRAM chips
based on CMOS processing.

[0007] In one example, a device is described to include a
free ferromagnetic laver having a magnetization direction that
is changeable, a pinned ferromagnetic layer having a
magnetization direction fixed along a predetermined direction,
a middle layer formed between the free and pinned
ferromagnetic layers; and a spin diffusion layer located next
to the free ferromagnetic layer and outside a structure formed
by the free and pinned ferromagnetic layers and the middle
layer. The spin diffusion layer interacts with electrons to
diffuse electron spins.

[fooos] In another example, a device is described to include
a substrate and cells formed on the substrate. Each cell

includes a magnetic tunnel junction (MTJ) which includes a



10

15

20

25

30

WO 2007/075889 PCT/US2006/048793

free ferromagnetic layer having a magnetization direction that
is changeable, a pinned ferromagnetic layer having a
magnetization direction fixed along a predetermined direction,
and an insulator barrier layer formed between the free and
pinned ferromagnetic layers. The MTJ further includes a spin
diffusion layer located next to the free ferromagnetic layer
and outside the MTJ to interact with electrons to diffuse
electron spins. This device further includes a circuit formed
on the substrate to electrically control the cells.

[0009] In yet another example, a method is described to
operate a magnetic tunnel junction (MTJ). A write current is
directed through a magnetic tunnel junction (MTJ) to change a
magnetization direction of the MTJ. The write current
comprises at least one write pulse with a write pulse
amplitude and a write pulse width sufficient to change the
magnetization direction. In reading the MTJ, a read current
is directed through the MTJ without changing the magnetization
direction and the read current comprises at least one read
pulse with a read pulse amplitude less than the write pulse
amplitude and a read pulse width less than the write pulse
width.

[0010] These and other implementations, their wvariations
and modifications are described in greater detaill in the

attached drawings, the detailed description, and the claims.

Brief Description of the Drawings

[0011] FIG. 1 shows one example of a MTJ cell structure
without a spin diffusion layer.

[0012] FIGS. 2A, 2B, 3A, 3B and 4 show examples of MTJs and
spin valves with one or more spin diffusion layers to reduce
the spin transfer switching current.

[0013] FIG. 5 shows an example of a memory array device
that implements a MTJ cell based on one of the designs shown
in FIGS. 1 through 4.
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[0014] FIG. 6A shows the switching prcbability as a
function of the normalized current applied to the MTJ based on
spin-transfer switching for pulsed currents with two different
pulse widths.

[0015] FIG. 6B shows the normalized current amplitude as a
function of the pulse width of the current for switching the
MTJ.

[oo1s6l FIGS. 7A and 7B show two implementations of the
asymmetric read and write currents for switching a MTJ with a

reduced read disturb probability.

Detailed Description

[0017] The techniques described in this application may be
applied to a variety of magnetic multilayer structures that
uses a current to switch the magnetization direction of the
free layer via the spin transfer effect. An MTJ is only one
example of such structures. Another example of such a
multilayer structure having a free ferromagnetic layer is a
spin valve structure which can also be used in magnetic memory
devices and other magnetic devices. The spin valve can
include two ferromagnetic layers and a thin layer of a non-
magnetic metal layer as a spacer layer between the two
ferromagnetic layers. Similar to MTJs, one ferromagnetic
layer is fixed and the other is a free layer. The free layer
in the spin valve is subject to the similar stability issues
as in MTJs. The following exampleé use MTJs as examples to
illustrate the designs, examples, and operations of various
structures that manipulate the spins of electrons outside the
free layer.

[0018] FIG. 1 illustrates an example of a MTJ 100 formed on a
substrate 101 such as a Si substrate. The MTJ 100 is
constructed on one or more seed layers 102 directly formed on
the substrate 101. On the geed layers 102, an

antiferromagnetic (AFM) layer 113 is first formed and then a
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first ferromagnetic layer 111 is formed on top of the AFM
layer 113. After the post annealing, the ferromagnetic layer
111 later is pinned with a fixed magnetization. In some
implementations, this fixed magnetization may be parallel to
the substrate 101 (i.e., the substrate surface). On top of
the first ferromagnetic layer 111 is a thin insulator barrier
layer 130 such as a metal oxide layer. In the MTJ 100, a
second ferromagnetic layer 112 is formed directly on top of
the barrier layer 130. In addition, at least one capping
layer 114 is formed on top of the second ferromagnetic layer
112 to protect the MTJ.

[0019] The magnetization of the ferromagnetic layer 112 is not
pinned and can be freely changed to be parallel to or anti-
parallel to the fixed magnetization of the pinned layer 111
under a control of a driving current perpendicularly flowing
through the MTJ. For this reason, the layer 112 is a free
layer (FL). An electric current, whose electrons carxry
polarized spins, is applied across the junction in the current
operating range and the interaction of the electron spins and
the free layer 112 can force the magnetization of the free
laver 112 to be substantially parallel to or substantially
opposite to the fixed magnetization of the pinned layer 111.
Many magnetic systems have competing energy contributions that
prevent a perfect parallel or antiparallel alignment of the
magnetic domains or nanomagnets in each ferromagnetic layer.
In MTJs, the dominant contribution to the energy state of the
nanomagnets within the free layer 112 tends to force the
nanomagnets into the parallel or antiparallel alignment, thus
producing a substantial parallel or antiparallel alignment.
[0020] The threshold current that is sufficient to switch
the magnetization direction of the free layer 112 has been
reduced as the device density grows with the decrease in the
dimension of the MTJ cell in a manner compatible to the

semiconductor or CMCS technology evolution to some extent.
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The reduction of the spin-transfer switching current density
Jc is achievable to about 10° A/cm® or less and thus it is now
possible to apply the spin transfer switching to high density
MRAM devices. This level of the low spin-transfer switching
current density Jc allows for 1) low power consumption and 2)
small (isolation) transistor dimension that is proportional to
the saturation current. . The current required for changing the
magnetization direction.of the free layer 112 can be as small
as 0.1 mA in some MTJ devices and is much lower than the
scheme utilizing magnetic field created by a driving current,
significantly reducing the power consumption. In addition,
the degree of integration of such current-switched MTJ devices
can be approximately equal to that of DRAM and; the write and
readout time are expected to be comparable to that of SRAM.
Therefore, magnetic memory devices based on current-switched
MTJ cells can soon compete with electronic DRAM and SRAM
devices in a wide range of applications.

[0021] For practical applications in high density and logic
process compatibility, the critical switching current density
in memory devices using current-switched MTJ cells needs to be
further reduced by approximately one order of magnitude from
10° A/cm?. The change in the fabrication technology from the
prior use of AlOx amorphous materials in the insulator barrier
layer of MTJs to the crystallized MgO insulating barrier in a
basic MTJ structure has contributed to a reduction of critical
switching current density by 2-3 times to the level of about
10° A/cm? in MTJs that use CoFeB free layers with relatively
low magnetic moments. This manipulation of the insulator
barrier layers to improve the spin transfer efficiency,
however, may not be sufficient to achieve the desired
reduction in the switching current by one order of magnitude
in various MTJ designs.

[0022] The present techniques are designed to manipulate

the diffusion of electron spins to further improve the spin
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transfer efficiency by using one or more spin diffusion layers
outside the MTJ structure. The spin diffusion layer may be
made of a material that destroys the spin polarization of the
electrons via diffusion. In implementations, the spin
diffusion layer may include a material that exhibits a short
spin diffusion length less than, e.g., 10° angstroms, to cause
spin polarized electrons to lose their spin polarizations
shortly after entering the spin diffusion layer. In addition,
the spin diffusion layer may also operate to reduce the
damping of the free layer and thus increase the switching
speed of the free layer.

[0023] FIG. 2A illustrates one example of a MTJ cell 200A
that implements a spin diffusion layer 201 on the top of the
free layer 202. The sgpin diffusion layer 201 may be made of a
material with a short spin diffusion length less than 10°
angstroms. As an example, copper is known to have a long spin
diffusion length from approximately 200 to 400 angstroms. The
spin diffusion layer 201 may include a non-magnetic metallic
material to have a short spin diffusion length of several
angstroms or less (e.g., less than 5 angstroms). For example,
the spin diffusion layer 201 may include at least one of Pt,
Pd, PtMn, Py, Au, Ag, V, R4, Ta, Ru and others. The spin
diffusion layer 201 operates to provide spin-flip scattering
centers or outer boundaries with featured reduced spin
accumulation within these regions. As a result, the spin
dependent current flowing through the MTJ diminishes in the
layers outside the free layer so that most of the spin
dependent current is confined in the magnetically active
central part of a MTJ stack. This increases the spin transfer
torque on the free layer 202 and can reduce the critical
switching current density.

[0024] FIG. 2B shows another MTJ cell 200B that implements
a second, additional spin diffusion layer 203 between the AFM

layer 113 and the seed layer 102. The material for the spin
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diffusion layer 203 may be similar to that of the spin
diffusion layer 201 on the top of the free layer 202. The two
spin diffusion layers 201 and 203 on both sides of the MTJ
structure jointly confine the spin dependent current in the
MTJ structure to increase the spin transfexr toque on the free
layer 202.

[0025] The presence of the spin diffusion layer near the
free layer or the AFM layer may cause atoms or other particles
in the spin diffusion layer to diffuse into the adjacent free
layer or the AFM layer. The diffusion may occur during the
deposgition of the layers and during any post-deposition
processing such as an annealing process under a high
temperature. Notably, such diffusion may contaminate the free
layer or the AFM layer and thus degrade the magnetic
properties of the free layer or the AFM layer. Therefore,
inter-diffusion and intermixing between the free layer (or the
AFM layer) and the spin diffusion layer are not desirable and
should be minimized when possible.

[0026] In recognition of the above, a physical diffusion
barrier layer may be fabricated between the free layer (or the
AFM layer) and the spin diffusion layer as a barrier to any
diffusion to mitigate or minimize inter-diffusion and
intermixing between the free layer and the short spin
diffusion length layer during the MTJ deposition and post
deposition processing including high temperature annealing.
The composition of the diffusion barrier layer may be selected
according to the materials used for the free layer (or AFM
layer) and the spin diffusion layer. In some implementations,
the diffusion barrier layer may include a non-magnetic
metallic material such as Ru, Ir, Ta and others.

[00271 FIGS. 3A and 3B illustrate two examples of MTJ
structures that implement a spin diffusion layer and an
adjacent diffusion barrier layer. 1In FIG. 3A, the MIJ
spructure 3002 includes two sublayers 310 and 312 on the top
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of the free layer 202. The sublayer 310 is a spin diffusion
layer with a short spin diffusion length and the sublayer 312
is a diffusion barrier layer placed between the sub layer 310
and the free layer 202. The sublayer 310 operates on one side
of the free layer 202 to confine the spin dependent current at
the free layer 202. In FIG. 3B, the MTJ structure 300B
further includes another spin diffusion layer 320 and a
corresponding diffusion barrier layer 322 between the AFM
layer 113 and the seed layer 102 on the other side of the MTJ
structure.

[0028] In the examples illustrated in FIGS. 2A and 3A, a
spin diffusion layer is shown to be on top of the free layer
202. Different from the examples in FIGS. 2B and 3B, there is
not a spin diffusion layer formed on the other side of the MTJ
structure. However, the AFM layer 113 on the bottom of the
pinned layer 111 may be made of a material that can also
operate as a spin diffusion layer by, e.g., having a short
spin diffusion length. This design can enhance the spin
transfer torque on the free layer 202 without requiring a
separate second spin diffusion layer on the bottom of the MTJ.
[0029] Various examples for various layers in MTJs or spin
valves with one or more spin diffusion layers are described
below.

1. FREE LAYER

[0030] The free layers (FL) are Co, Fe, Ni or their alloys
with crystalline structure or with amorphous states modified
by boron or other amorphous forming elements addition at
different composition(0-30 at.%). The saturation
magnetization of the free layer can be adjusted between 400-
1500 emu/cm® by varying the composition of amorphous forming
elements. The layer thickness may be controlled so that the
ocoutput signal (while optimizing current induced switching)

remains at an acceptable level.
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[0031] The free layer could be a single layer or a multiple
layer configuration. For a single layer case, a ferromagnetic
or ferrimagnetic material can be used. The individual layers
of the multiple layer configurations could be either a
combination of magnetic materials, which are either
ferromagnetic or ferrimagnetic, or a combination of magnetic
and non-magnetic layers (such as synthetic anti-ferromagnetic
where two ferromagnetic layers are separated by a non-magnetic
spacer). The spacer layer used in this synthetic structure
also prévides advantage of a diffusion stop layer against the
possible diffusion of Mn element used in an antiferromagnetic
layer into a barrier layer. The ferromagnetic layers could be
Co, CoFe(5-40%), CoFe(5-40%)B(5-30%) CoFe(5-40%)Ta(5-30%),
NiFe (~20%), CoPt(5-40%), CoPd(5-40%), FePt(5-40%), Co;Mn(Al,
Si) or Co,(Cr,Fe) (Al, Si). Ferrimagnetic layers could be

CoGd (15-35%) or FeGd(l10-40%). The non-magnetic spacer could be
Ru, Re or Cu. All compositions are in atomic percent.

2. PIN LAYER

[0032] The pin layer (PL) may be made from Co, Fe, Ni or
their alloys with crystalline structure or with amorphous
states modified by boron or other amorphous forming elements
addition at different composition(0-30 at.%). The pin layer
could be a single layer or a multiple layer configuration. For
a single layer case, a ferromagnetic or ferrimagnetic material
can be used. The individual layers of the multiple layer
configurations could be either a combination of magnetic
materials, which are either ferromagnetic orx ferrimagnetic, or
a combination of magnetic and non-magnetic layers (such as
synthetic anti-ferromagnetic where two ferromagnetic lavers
are separated by a non-magnetic spacer). The ferromagnetic
layers could be Co, CoFe(5-40%), CoFe(5-40%)B(5-30%) CoFe (5-
40%)Ta(5-30%), NiFe(~20%), CoPt(5-40%), CoPd(5-40%), FePt (5-
40%), Co:Mn(Al, 8i) or Coy(Cr,Fe) (Al, Si). Ferrimagnetic
layers could be CoGd(1l5-35%) or FeGd(10-40%). The non-magnetic
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spacer could be Ru, Re or Cu. All compositions are in atomic
percent.

3. BARRIER LAYER

[0033] The tﬁnneling barrier layer could be either single
layers of AlO(40-70%), MgO(30-60%), AlO0(40-70%)N(2-30%),
AIN(30-60%) and Al (Zr, Hf, Ti, Ta)O or a multilayer of the
above films with crystalline structure or with amorphous
states. The barrier layers with thickness between 5 A and 40 A
are processed by depositing original metal starting material
and then oxidizing the deposited films using natural oxidation
and/or plasma oxidation, or by rf sputtering original oxide
starting material so that there is tunneling current across

the barrier. The resistance-area product range of the barrier

is between 10 and 100 Q-pm?. The structure of the interfaces
between the barrier and free layer as well as the barrier and
the pinned layer are optimized to get maximum spin
polarization of electrons (polarization > 40%) as well as
maximum tunneling magneto-resistance (TMR) values (e.g., TMR >
20%) .

4. SPACER LAYER

[0034] In a spin valve cell, the barrier layer 130
described above for MTJ cells is replaced by a non-magnetic
metal spacer laver. Examples for the spacer material include
Cu, Ag, Pt, Ru, Re, Rh , Ta, Ti, combinations of two or more
these metals, or alloys of these metals. The non-magnetic
spacer layer may be made of one or more of the above metals in
combination with a nano-oxide (NOL) layer or current
confinement layer insertion. In some implementations, the non-
magnetic spacer may be formed by first depositing an original
metal starting material and then oxidizing the deposited f£ilms
using natural oxidation and/or plasma oxidation, or by rf
sputtering an original oxide starting material. The starting
metal material may use materials similar to the pinned or free

layer material such as magnetic material CoFe, CoFeB, and non
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magnetic material Al, Ta, Ru, and Ti. The current confinement
layer could be Cu/CoFe, FeSi, Al, Ta, Ru or Ti/NOL/Cu for
instance.

[0035] The MTJ cells shown in FIGS. 1 through 3B use a “bottom
MTJ” configuration where the pinned ferromagnetic layer 111 is
located between the barrier layer 130 and the substrate 101.
Alternatively, the free layer 202 may be placed under the
barrier layer 130 and above the substrate 101 in a “top MTJ”
configuration where the spin diffusion layer is placed between
the free layer 202 and the seed layer 102.

[0036] More complex structures may be constructed based on the
above MTJs with one or more gpin diffusion layers. FIG. 4
shows a dual MTJ structure 400 where two MTJs 410 and 420 are
stacked over each other and share a common spin diffusion
layer 401. In this example, the first MTJ 410 has a pinning
AFM layer 113A directly formed on the top of the seed layers
102 and other layers of the MTJ 410, the pinned layer 111A,
the barrier layer 130A, the free layer 411 and the spin
diffusion laver 401, are sequentially placed above the AFM
layer 113A. The spin diffusion layer 401 for the MTJ 410 is
also the spin diffusion layer for the MTJ 420 which includes a
free layer 421, a barrier layer 130B, a pinned layer 111B and
a pinning AFM layer 113B that are sequentially placed on top
of the spin diffusion layer 401. One or more capping layers
114 are then formed on the top of the MTJ 420. 1In addition,
two diffusion barrier layers may be formed on two sides of the
spin diffusion layer 401 to separate it from the two free
layers 411 and 421. Additional spin diffusion layers may also
be formed on the other sides of the AFM layers 113A and 113B.
[0037] As suggested in FIG. 4, the barrier layer 130A or 130B
may also be a spacer metal layer when a spin valve is used.
For example, the top MTJ 420 may be configured as a spin valve
by using a non-magnetic metal as a spacer layer to replace the

barrier layer 130B so that the device in FIG. 4 is a device
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with stacked MTJ and spin valve. In each of the above
illustrated examples, a MTJ structure may be replaced by a
spin valve structure where the barrier insulator layer in the
MTJ is replaced by a non-magnetic metal spacer layer.

[0038] Magnetic devices with ocne or more free layers that
implement spin diffusion layers can reduce the spin transfer
switching current in comparison with similar constructed
devices without the spin diffusion layers. The reduced
switching current allows the transistor which supplies the
switching current to be small. The combination of the reduced
powexr consumption and reduced transistor dimension due to the
presence of spin diffusion layers is attractive for ultra high

density MRAM applications because the CMOS size is dictated by
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the spin transfer switching current density of the individual
magnetic cell. A magnetic cell with lower spin transfer
switching current requires smaller driving current from a
select CMOS circuit that features a scaling down of the size
of a CMOS, serving to achieve ultrahigh density of MRAM
devices. In another aspect, the reduced spin transfer
switching current in magnetic devices with the spin diffusion
lavers can facilitate compatibility between the magnetic cell
integration and the logic integration process based on the
same fabrication technology. If the spin transfer switching
current density of a magnetic cell is not sufficiently small,
more advanced lithographic technology is needed to pattern a
smaller magnetic cell size to compromise the driving force
provided by a CMOS device based on a larger CMOS technology
node. Thus the integration process for the magnetic cell and
the integration process for the logic device are not
compatible with each other. This incompatibility is not
desirable in part because of increased complexity in
fabrication and the increased production cost. The use of the
spin diffusion layers can be used to reduce the spin transfer

switching current density of a magnetic cell sufficiently
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small to allow for the sizes of a magnetic cell and a CMOS
transistor to be scaled down on an equal foot based on the
same lithographic technology.

[0039] In addition, the reduced spin transfer switching
current density of a magnetic cell by using the spin diffusion
layers can be used to make the resistance of the magnetic cell
comparable with that of the select CMOS. A small spin
transfer switching current provides a large margin between the
opexration voltage on the cell and the intrinsic breakdown
voltage of an insulating barrier in the MTJ stack that sets a
limitation of the current a magnetic cell can carry out. This
large margin is beneficial and can improve the reliability of
magnetic cell devices.

[0040] FIG. 5 shows an example of a current switched spin-
transfer MRAM device 500 having an array of memory cells 510
where an MTJ 501 in each cell 510 is connected to an
isoclation/write transistor 520 and a bit line 530. Switching
via the spin-transfer occurs when a DC current, passing
through a magnetic layer of the magnetic tunnel junction 501,
becomes spin polarized and imparts a spin torque on the free
layver of the MTJ. When a sufficient spin torque is applied to
the free layer, the magnetization of the free layer can be
switched between two opposite directions and according;y the
MTJ can be switched between the parallel and antiparallel
states depending on the direction of the DC current. The
isolation/write transistor 520 controls the direction and
magnitude of the DC current flowing through the MTJ 501. This
control may be achieved by the relative voltages on the gate,
source and drain of the transistor 520. The MTJ 501 may be
implemented in various configurations, including the cell
designs with the spin diffusion layers as described in this
application.

[0041] In operation, the transistor 520 supplies both the

write current for writing data by changing the magnetic state
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of the free layer in the MTJ 501 and the read current for
reading data without changing the magnetic state of the free
layer in the MTJ 501. Notably, the write current and the read
current are both directed to f£low through the MTJ 501 in a
direction perpendicular to the layers and are different only
in their relative magnitudes. Hence, there is a probability
that the read current may inadvertently change the
magnetization of the free layer. This phenomenon is the read-
disturb effect and is undesirable.

[0042] The probability of accidentally flipping a bit during
read for pulse widths greater than 10ns is given by the

cumulative probability distribution as:

-1

P[—I—]=1-—exp £
Lo t,eXp|l Al 1—- !
o CXP 7

where tp is the time of the current pulse, A is the thermal
factor, K,V/kgT, for the magnetic bit, I is the current of the
pulse and I. is the critical current at ts. FIG. 6A shows the
cumulative probability distribution for a sample with a K V/ksT
of 85 for current pulses of 10 ns and 3 ns in their pulse
widths assuming the 20% increase in I.. Ieo in this case is
defined by the extrapolation from long pulse widths. The
switching probability distribution function is assumed to be
unchanged for pulse width from 200ps to 10ns as is seen in the
paper by Tulapurkar [A. 2A. Tulapurkar, T Devolder, K. Yagami,
P. Crozat, C. Chappert, A. Fukushima and Y. Suzuki. Applied
Physics Letters 85 5358 (2004)]. The dashed line represents
the probability of switching the sample at 10 ns, which limits
to 1 at I/I, =1. The solid line represents the probability of

-switching the sample with a 3-ns pulse, which limits to 1 and

I/I¢co =1-2. Where the thin vertical line crosses the
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probability lines shows the reduction in the read-disturb
probability by changing the read pulse from 10ns to 3 ns.
[0043] For pulses with a pulse width less than about 10 ns,
the critical spin transfer switching current is usually not
dominated by the thermal activation. Under this condition,
the critical spin transfer switching current increases as the
inverse of the pulse width for a given current pulse
amplitude. Therefore, as shown in FIG. 6B, when the pulse
width in time decreases, a large increase in the amplitude of
the switching current is needed to f£lip the magnetization of
the free layer. Accordingly, the reduction in the read-
disturb probability can be achieved by changing the width of
the read pulse from a pulse width of 10 ns used for writing to
a smaller pulse width of 3 ns. The increase in the critical
switching current corresponds to a decrease of several orders
of magnitude in the read disturb probability. Therefore, in
addition to controlling the current amplitudes of the current
pulses between the read and write currents, the pulse width of
the read current can be set to be smaller than the pulse width
of the write current. Under this asymmetric read and writing
pulse setting, the pulse amplitude and the pulse width of the
read current are less than theose of the write current to
greatly reduce the read disturb'error rate, creating a larger
margin for high-density memory arrays, e.g., at mega and giga-
bit scales. The pulse widths of 10 ns and 3 ns are used here
as examples and actual pulse widths may be selected according
to the specific properties the MTJ structures.

[0044] FIGS. 7A and 7B illustrate two examples of read and
write schemes based on the above asymmetric read and writing
pulse setting to reduce the read-disturb prcbability. A long
writing pulse is used to switch bit while a much shorﬁer
reading pulse has a much smaller probability of flipping the

bit. For multiple read pulse scheme, the access time of the

memory cell may be considered in setting the pulse widths of
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the read and write currents. Due to the inherent RC time
constants of the read circuitry the read pulse time must be
long enough to overcome these times. In addition, multiple
read pulses separated by a time greater than the relaxation
time of the free ferromagnetic recording layer can be used to
read the device without disturbing the bit. FIG. 7B shows a
schematic of single 10ns write pulse followed by a series of
short, lower voltage (and current) read pulses. The read
pulses are separated by a time comparable to the relaxation
time allowing the magnetic state to approach equilibrium prior
to the next pulse. In.this manner, multiple pulses do not
disturb the bit.

[0045] When the MTJ 501 in the device 500 in FIG. 5 is
implemented with one or more spin diffusion layers toc reduce
the switching current density, the margin between the read and
write currents of the spin transfer switching current for
programming the bit reduces accordingly. This may lead to an
increased read disturb probability. The above asymmetric
pulse write/read scheme can be used to reduce the read disturb
probability and to offset the loss of process margin due to
the reduced spin transfer switching current.

[0046] Only a few examples have been disclosed. One of
ordinary skill in the art can readily recognize that
variations, modifications and enhancements to the described

examples may be made.
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. Claims

What is claimed is:

1. A device, comprising:

a free ferromagnetic layer having a magnetization
direction that is changeable;

a pinned ferromagnetic layer having a magnetization
direction fixed along a predetermined direction;

a middle laver formed between the free and pinned
ferromagnetic layers; and

a spin diffusion layer located next to the free
ferromagnetic layer and outside a structure formed by the free
and pinned ferromagnetic layers and the middle layer, wherein
the spin diffusion layer interacts with electrons to diffuse

electron spins.

2. A device as in claim 1, wherein the middle layer is an
insulator barrier layer formed between the free and pinned
ferromagnetic layers to effectuate tunneling of electrons
between the free and pinned ferromagnetic layers under a bias

voltage across the insulator barrier layer.

3. A device as in claim 1, wherein the middle layer is a

non-magnetic metal spacer layer.

4. A device as in claim 1, wherein the spin diffusion
layer comprises a material which exhibits a short spin

diffusion length less than 10° angstroms.

5. A device as in claim 4, wherein the material comprises

a non-magnetic metallic material.
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6. A device as in claim 5, wherein the material comprises

at least one of Pt, Pd, PtMn, Py, Au, Ag, V, Rd, Ta and Ru.

7. A device as in claim 1, further comprising a diffusion
barrier layer formed between the spin diffusion layer and the
free ferromagnetic layer to separate the spin diffusion layer

and the free ferromagnetic layer.

8. A device as in claim 7, wherein the diffusion: barrier

layer comprises a non-magnetic metallic material.

9. A device as in claim 8, wherein the diffusion barrier

layer comprises at least one of Ru, Ir, and Ta.

10. A device as in claim 1, further comprising a second
spin diffusion layer which interacts with electrons to diffuse
electron spins, wherein the free and pinned ferromagnetic
layers and the middle layer are between the spin diffusicon

layer and the second spin diffusion layer.

11. A device as in claim 10, further comprising:

a first diffusion barrier layer formed between the spin
diffusion layer and the free ferrémagnetic layer to separate
the spin diffusion layer and the free ferromagnetic layer; and

a second diffusion barrier layer formed between the
pinned ferromagnetic layer and the second spin diffusion layer
to separate the second spin diffusion layer and the pinned

ferromagnetic layer.

12. A device as in claim 1, further comprising:
an antiferromagnetic layer deposited adjacent to and
magnetically coupled to pin the magnetization direction of the

pinned ferromagnetic layer.
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13. A device as in claim 12, wherein the
antiferromagnetic layer is configured to interact with

electrons to diffuse electron spins.

14, A device as in claim 13, wherxein the
antiferromagnetic layer comprises a material which exhibits a

short spin diffusion length less than 10% angstroms.

15. A device as in claim 12, further comprising

a second spin diffusion layer which interacts with
electrons to diffuse electron spins, wherein the
antiferromagnetic layer is between the pinned ferromagnetic

layer and the second spin diffusion layer.

16. A device as in claim 15, further comprising a
diffusion barrier layer formed between the second spin
diffusion layer and the antiferromagnetic layer to separate
the second spin diffusion layer and the antiferromagnetic

layer.

17. A device as in claim 15, further comprising:

a second free ferromagnetic layer having a magnetization
direction that is changeable and located next to the spin
diffusion layer so that the spin diffusion layer is between
the free ferromagnetic layer and the second free ferromagnetic
lavyer;

a second pinned ferromagnetic layer having a
magnetization direction fixed along a predetermined direction;
and

a second middle layer formed between the second free and

the second pinned ferromagnetic layers;

18. A device as in claim 1, wherein the middle layer is

an insulator barrier layer formed between the free and pinned
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ferromagnetic layers to effectuate tunneling of electrons
between the free and pinned ferromagnetic layers under a bias
voltage across the insulator barriexr layer, the device further
comprising:

a circuit to supply the bias voltage to inject an
electric current through the free and pinned ferromagnetic
layers and the insulator barrier layer; and

a control mechanism which controls the circuit to (1)
produce at least one write pulse with a first pulse amplitude
and a first pulse width in the electric current when changing
the magnetization direction of the free ferromagnetic layer,
and (2) produce at least one read pulse with a second pulse
amplitude and a second pulse width in the electric current
when reading the magnetization direction of the free
ferromagnetic layer without changing magnetization direction
of the free ferromagnetic layer,

wherein the second pulse width is less than the first
pulse width and the second pulse amplitude is less than the

first pulse amplitude.

19. A device, comprising:

a substrate;

a plurality of cells formed on the substrate, each cell
comprising a magnetic tunnel junction (MTJ) which comprises a
free ferromagnetic layer having a magnetization direction that
is changeable, a pinned ferromagnetic layer having a
magnetization direction fixed along a predetermined direction,
and an insulator barrier layer formed between the free and
pinned ferromagnetic layers, wherein the MTJ further comprises
a spin diffusion layer located next to the free ferromagnetic
layer and outside the MTJ to interact with electrons to
diffuse electron spins; and .

a circuit formed on the substrate to electrically control
the cells.
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20. A device as in claim 192, wherein each cell further
comprises a diffusion barrier layer formed between the spin
diffusion layer and the free ferromagnetic layer to separate
the spin diffusion layer and the free ferromagnetic layer

against diffusion.

21. A device as in claim 20, wherein the diffusion

barrier layer comprises at least one of Ru, Ir, and Ta.

22. A device asg in claim 19, wherein the spin diffusion

layer comprises a non-magnetic metallic material.

23. A device as in claim 22, wherein the metallic
material comprises at least one of Pt, Pd, PtMn, Py, Au, Ag,

V, Rd, Ta and Ru.

24 . A method, comprising:

directing a write current through a magnetic tunnel

junction (MTJ) to change a magnetization direction of the MTJ,

wherein the write current comprises at least one write pulse
with a write pulse amplitude and a write pulse width
sufficient to change the magnetization direction; and
directing a read current through the MTJ to read the

magnetization direction without changing the magnetization
direction, wherein the read current comprises at least one
read pulse with a read pulse amplitude less than the write
pulse amplitude and a read pulse width less than the write

prulse width.

25. A method as in claim 25, wherein the read current

comprises at least a second read pulse.
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FIG. 6A
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