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PRECESSIONAL SPIN CURRENT STRUCTURE FOR MRAM
FIELD
The present patent docurnent relates generally to spin-transfer torque magnetic
random access memory and, more paﬁicuiariy, to a magnetic tunnel junction stack having
5 improved performance of the free layer in the magnetic tunnel junction structure,

BACKGROUND

Magnetoresistive random-access memory (“MRAM”) is a non-volatile memory
technology that stores data through magnetic storage elements. These elements are two
ferromagnetic plates or electrodes that can hold a magnetic field and are separated by a

10 non-magpetic material, such as a non-magnetic metal or insulator. In genersl, one of the
plates has its magnetization pinned (i.e., a “reference layer”™), meaning that this layer has a
higher coercivity than the other layer and requires a larger magnetic field or spin-
polarized current to change the orientation of its magnetization. The second plate is
typically referred to as the free layer and its magnetization direction can be changed by a

15  smaller magnetic field or spin-polarized current relative to the reference fayer.

MRAM devices store information by changing the orientation of the
magnetization of the free layer. In particular, based on whether the free layerisina
parallel or anti-paralle] alignment relative to the reference layer, either a “1” or a “0” can
be stored in each MRAM cell. Due to the spin-polarized electron tunneling effect, the

20 electrical resistance of the cell change due to the orientation of the magnetic fields of the
two layers. The cell’s resistance will be different for the parallel and anti-parallel states
and thus the cell’s resistance can be used to distinguish between a “1” and a 0. Oue
important feature of MRAM devices is that they are non-volatile memory devices, since

they maintain the information even when the power is off. The two plaies can be sub-
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micron in lateral size and the magnetization direction can still be stable with respect to
thermal fluctuations.

Spin transfer torque or spin transfer switching, uses spin-aligned (“polarized™)
electrons to change the magnetization orientation of the free layer in the magnetic tunnel
junction. In general, electrons possess a spin, a quantized number of angular momentum
intrinsic to the electron. An electrical current is generally unpolarized, i.e., it consists of
50% spin up and 50% spin down electrons. Passing a current though a magnetic layer
polarizes electrons with the spin orientation cotresponding to the magnetization direction
of the magnetic layer (i.e., polarizer), thus produces a spin-polarized current. If a spin-
polarized current is passed to the magnetic region of a free layer in the magnetic tunne
junction device, the electrons will transfer a portion of their spin-angular momentum to
the magnetization layer to produce a torque on the magnetization of the free layer. Thus,
this spin transfer torque can switch the magnetization of the free layer, which, in effect,
writes either a “17 or a “0” based on whether the free layer is in the paraliel or anti-
parallel states relative to the reference layer.

Fig. 1 illustrates a magnetic tunnel junction (“MTT") stack 100 for a conventional
MRAM device. As shown, stack 100 includes one or more seed layers 110 provided at
the bottom of stack 100 to initiate a desired crystalline growth in the above-deposited
Jayers. Furthermore, MTJ 130 is deposited on top of SAF layer 120. MTJ 130 includes
reference layer 132, which is a magnetic layer, a non-magnetic tunneling barrier layer
(i.e., the insulator) 134, and the free layer 136, which is also a magnetic layer. It should
be understood that reference layer 132 is actually part of SAF layer 120, but forms one of
the ferromagnetic plates of MTT 130 when the non-magnetic tunneling barrier layer 134

and free layer 136 are formed on reference layer 132. As shown in Fig. I, magnetic
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reference layer 132 has a maguetization direction perpendicular to its plane. As also seen
in Fig. 1, free layer 136 also has a magnetization direction perpendicular to its plane, but
its direction can vary by 180 degrees.

The first magnetic layer 114 in the SAF layer 120 is disposed over seed layer 110,
SAF layer 120 also has a antiferromagnetic coupling layer 116 disposed over the first
magnetic layer 114, Furthermore, a nonmagnetic spacer 140 is disposed on top of MTJ
130 and a polarizer 150 is disposed on top of the nonrmagnetic spacer 140, Polarizer 150
is a magnetic layer that has a magnetic direction in its plane, but is perpendicular to the
magnetic direction of the reference layer 132 and free layer 136, Polarizer 150 is
provided to polarize a current of electrons {(*spin-aligned electrons™) applied to M1J
structure 100, Further, one or more capping layers 160 can be provided on top of
polarizer 150 to protect the layers below on MTJ stack 100. Finally, a bard mask 170 is
deposited over capping layers 160 and is provided to pattern the underlying layers of the
MTT structare 100, using a reactive ton etch (RIE) process.

Various mechanisms have been proposed to assist the free-layer magnetization
switching in magnetic tunnel junction (MT]) devices. One issue has been that to realize
the orthogonal spin transfer effect for in-plane MTJ structures, large spin currents may be
required for switching, The need for large switching currents may limit such device’s
commercial applicability. One way proposed to reduce switching current is to lower the
magnetization of the free layer. However, if the effective magnetization of the free layer
is lowered significantly, the orthogonal effect has to be limited so that the free-layer does
not go into precessional mode that would make the end state of the free-layer
magnetization un-deterministic. This defines the operation window for the in-plane OST

structures. In an in-plane device, unlike that shown in Fig. 1, the magnetization direction
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of the reference layer and free layer are in the plane of the layer. Another aspect of in-
plane devices is that the thermal stability requirements may limit the size of the MTJ
devices to approximately sixty nanometers or higher,

For perpendicular MTJ structures such as those shown in Fig. 1, the precession is
not an issue. The orthogonal polarizer acts on the free layer magnetization at the initial
state, but when the precession takes hold, the fixed orthogonal polarizer 150 helps only
half the cycle of the free-layer magnetization rotation while it harms the other half of the
oyele. This is demonstrated with reference to Figs. 2-3. Figs. 2A-2B shows switching of
a free layer 136 of an MTJ. As is seen, frec layer 136 has a magnetization direction 200
perpendicular to that of the polarizer 150. The magnetization direction 200 of the free
layer 136 can rotate by 180 degrees. Figs. 2A-2B show precession about the axis of the
magnetization vector of free layer 136. During precession, magnetic vector 20{ begins to
rotate about its axis in a cone-like manner such that its magnetization vector 200” deflects
from the perpendicular axis 202 of free layer 136. Whereas prior to initiating precession,
no component of magnetic vector 200 is in the plane of free layer 136, once precession
starts, a compounent of magnetic vector 200 can be found both in-plane and orthogonal to
free layer 136, As magnetic vector 2007 continues to precess (i.e., switch), the rotation of
vector 200° extends further from the center of free layer 136, as is seen in Fig. 2B.

Tn all prior MTJ devices using a polarizer such as polarizer 150, the magnetization
direction of polarizer 150 is fixed, which is shown in Figs. 1 and 3. See also U.S. Patent
No. 6,532,164, which states that the direction of the magnetization of the polarizing layer
cannot vary in the presence of current. Prior to curtent passing through the MTJ, the free
layer 136 has a magnetization direction 200 perpendicular to that of the polarizer 150.

While the magnetization direction 200 of the free layer 136 can rotate by 180 degrees,
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such rotation is normally precluded by the free layer’s inherent damping ability 205,
which is represented by a vector 205 pointing to axis 202 {(shown as a dashed line in Fig.
24 as well as Fig. 3). Axis 202 is perpendicular to the plane of free laver 136. This
damping 205 has value, defined by the damping constant, which maintains the
maguetization direction of the free layer 136,

Passing a current through polarizer 130 produces a spin-polarized current, which
creates a spin transfer torgue 210 in the direction of the polarizer 150 on the
magnetization vector 200. This spin transfer torque from the polarizer adds to the main
spin transfer torque that causes free layer magnetization direction switching. In devices
like those shown in Fig. 1, when the spin transfer torque 210 begins to help overcome the
damping 205 inherent to the free fayer 136, the magnetic direction 204 begins to precess
about its axis, as shown in Fig. 2A. As seen i Fig. 3, spin transfer torque 210 helps the
magnetization direction of the free layer 136 to precess in a cone-like manner around an
axis 202 perpendicular to the plane of the layers. When a spin polarized current traverses
the stack 100, the magnetization of the free layer 136 precesses ina continyous manner
(i.e. it turns on itself in a continuous manner as shown in Fig. 3) with maintained
oscillations until the magnetic direction of free layer 136 is opposite the magnetic
direction prior to the spin lorque causing precession, i.e., the magnetic direction of free
layer 136 switches by 180 degrees.

Fig. 3 illustrates precession of a free layer 136 of an MTJ assisted by spin
polarized current provided by polarizing magnetic layer 150. The spin polarized electrons
from polarizer 150 provide torque 210 that helps overcome the damping 205 in the first
half of the precession 215 because the torque 210 provided by the spin polarized current is

opposite that of the inherent damping 203 of the free layer 136. This is shown on the
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right-hand side of the middle portion of Fig. 3. However, the spin polarized electrons
from polarizer 150 actually harm the switching process during the second half of the
precession 220. The reason for this is that the spin of the electrons in the spin polarized
current only apply a torque 210 in the direction of their polarization. Thus, when the
magnetic vector is in the half of the precession cycle 220 that is opposite the spin of the
polarized electrons, the spin transfer torque 210 actually works with the inherent damping
205 of free layer 136 to make rotation more difficult. This is shown in the lefi-hand side
of the middle portion of Fig. 3. Indeed, it is the magnetization vector of the reference
layer 132 (not shown in Fig. 3) that overcomes the damping of free layer 136 as well as
the spin transfer torque 210 during the half of a precession cycle where the spin of the
electrons harms precession, and thus it is the reference layer 132 that allows for
completion of precession.

Thus, in prior devices, because magnetization direction of polarizer 150 is fixed,
once the precession holds, it has no positive etfect on the switching mechanism for a full
one-hundred eighty degree precession. This is because polarized electrons will help the
spin transfer torque the most when all vectors are closely aligned,

Thus, there is a need for a spin torque transfer device that reduces the amount of
current needed for switching while also switching at high speeds and requiring reduced
chip area.

SUMMARY

An MRAM device is disclosed that has a magnetic tunnel junction stack having a
significantly improved performance of the free layer in the magnetic tunnel junction
structure that requires significantly lower switching currents and which significantly

reduces switching times for MRAM applications.
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In one embodiment, a magnetic device includes a synthetic antiferromagnetic
structure in a first plane. The synthetic antiferromagnetic structure includes a magnetic
reference laver having a magnetization vector that is perpendicular to the first plane and

having a fixed magnetization direction. The device also includes a non-magnetic tunnel

L5

bartier layer in a second plane that is disposed over the magnetic reference layer. A free
magnetic layer is in a third plane and is disposed over the non~magnetic tunnel barvier
layer. The free magnetic layer has a magnetization vector that is perpendicular to the third
plane and also has a magnetization direction that can precess from a first magnetization
direction to a second magnetization direction. The magnetic reference layer, the non-

10 magnetic tunnel barrier layer and the free magnetic layer form a magnetic tunnel junction.
The device also includes a non-magnetic spacer in a fourth plane that is disposed over the
free magnetic layer. The device includes a precessional spin current magoetic layer in a
fifth plane that is physically separated from the free magnetic layer and coupled to the free
magnetic layer by the non-magnetic spacer. The precessional spin current magnetic layer
15  has a magnetization vector with a magnetization component in the fifth plane that can
freely rotate in any magnetic direction. The device also includes a current source that
directs electrical current through the precessional spin current magnetic layer, the non-
magnetic spacer, the free magnetic layer, the non-magnetic tunnel barrier layer, and the
magnetic reference layer. The electrons of the electrical current are aligned in the

20 magnetic direction of the precessional spin current magnetic layer. The magnetization
direction of the precessional spin current magnetic layer follows precession of the
magnetization direction of the free magnetic layer, thereby causing spin transfer torque to

assist switching of the magnetization vector of the free magnetic layer.
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Tn another embodiment, the precessional spin current magnetic layer of the
magnetic device has a circular shape.

In another embodiment, the magnetization direction of the magnetization vector of
the precessional spin current magnetic layer is in the fifth plane,

In another embodiment, the magnetization direction of the precessional spin
current magnetic layer has a magnetization component in the fifth plane which can freely
rotate in the fifth plane.

In another embodiment, the precessional spin current magnetic layer comprises
CobeBd

In another embodiment, the precessional spin current magnetic layer is
magnetically coupled to the free magnetic layer.

In another embodiment, the precessional spin current magnetic layer is
electronically coupled to the free magnetic layer.

In another embodiment, precession of the precessional spin current magnetic fayer
is synchronized to precession of the free magpetic layer.

In another embodiment, the precessional spin current magnetic layer has a rotation
frequency greater than zero,

Tn another embodiment, a magnetic device includes a precessional spin current
magnetic layer in a first plane. The precessional spin current magnetic layer hasa
magnetization vector with a magnetization component in the first plane which can freely
rotate in any magnetic direction. The device includes a non-magnetic spacer layerina
second plane and disposed over the prccessionﬁ spin current magnetic layer. A free
magnetic layer is in a third plane and disposed over the non~-magnetic spacer layer. The

free magnetic layer has a magnetization vector that is perpendicular to the third plane and
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also has a magnetization direction that can precess from a first magnetization direction to
a second magnetization direction. The device has a non-magnetic tunnel barrier layer ina
fourth plane and disposed over the free magnetic layer. A synthetic antiferromagnetic
structure is in a {ifth pianc; The synthetic antiferromagnetic structure inciudes a magnetic
reference layer having a magnetization vector that is perpendicular to the fifth plane. The
magnetic reference layer has a fixed magnetization direction. The magoetic reference
layer, the non-magnetic tunne! barrier and the free magnetic layer form a magnetic tunvel
junction. The device has a current source that directs electrical current through the
precessional spin current magnetic layer, the non-magnetic spacer, the free magnetic
layer, the non-magnetic tunnel barrier, and the magnetic reference layer. Electrons of the
electrical current are aligned in the magnetic direction of the precessional spin current
magnetic layer. The magnetization direction of the precessional spin current magnetic
layer follows precession of the magnetization direction of the free magnetic layer, thereby
causing spin transfer torque to assist switching of the magnetization vector of the free
magnetic layer.

Tn another embodiment, a magnetic device includes 2 magnetic tunnel junction in
a first plane. The magpetic tunnel junction includes a free magnetic laver and a reference
magnetic tayer. The free magnetic layer and the reference magnetic layer are separated by
a non-magnetic tunneling barrier layer. The free magnetic layer has a magnetization
vector that is perpendicular to the first plane, and can process from a first magnetization
direction 1o a second magnetization direction. The device also has a non-magnetic spacer
in a second plane coupled to the free maguetic layer. A precessional spin current
magnetic layer is in a third plane and is coupled through the non-magnetic spacer to the

free magnetic layer. The precessional spin current magnetic layer is separated from the
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free magnetic layer by the non-magnetic spacer. The precessional spin current magnetic
layer has a magnetization vector witha magnetization component in the third plane which
can freely rotate in any magnetic divection, The magnetization direction of the
precessional spin current maguetic layer follows precession of the magnetization direction
of the free magnetic layer upon application of current to the device. This causes spin
transfer torque to assist switching of the magnetization vector of the free magnetic layer.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included as part of the present
specification, ilustrate the presently preferred embodiments and, together with the general
description given above and the detailed description given below, serve to explain and
teach the principles of the MTJ devices described herein.

Fig. | illustrates a conventional M1J stack for an MRAM device.

Figs. 2A and 2B illustrate the precession of the free layer in an MTL

Fig. 3 illustrates the precession of the frea fayer in an MTT used with a polarizing
magnetic fayer having a fixed magnetization direction,

Fig. 4 illustrates the precession of the free {ayer in an MTJ used with a
precessional spin current magnetic layer having a magnetization direction that rotates
freely.

Fig. 5 illustrates an MTJ stack for an MRAM device having a precessional spin
current magnetic layer.

Fig. 6 illustrates the magnetic divection of the precessional spin current magnetic
jayer of an embodiment.

Figs. 7TA-7E are graphs of simulations ilustrating the improvement in performance

of MTTJ devices having precessional spin current magnetic layer.
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Fig. 8 iilustrates an alternative embodiment of an MTJ stack for an MRAM device
having a precessional spin current magnetic layer.

The figures are not necessarily drawn to scale and the elements of similar
structures or functions are generally represented by like reference numerals for illustrative
purposes throughout the figures, The figures are only intended to facilitate the description
of the various embodiments described herein; the figures do not describe every aspect of
the teachings disclosed herein and do not lirit the scope of the claims.

DETAILED DESCRIFTION

The following description is presented to enable any person skilled in the art to
create and use a precessional spin current structure for a magnetic semiconductor device
such as an MRAM device. Fach of the features and teachings disclosed herein can be
utilized separately or in conjunction with other features (o implement the disclosed system
and method. Representative examples utilizing many of these additional features and
teachings, both separately and in combination, are described in further detail with
reference to the attached drawings. This detailed description is merely intended to teach a
person of skilf in the art further details for practicing preferred aspects of the present
teachings and is not intended to limit the scope of the claims. Therefore, combinations of
features disclosed in the following detailed description may not be necessary {o practice
the teachings in the broadest sense, and are instead taught merely to describe particularly
representative examples of the present teachings.

Tn the following description, for purposes of explanation only, specitic
nomenclature is set forth to provide a thorough understanding of the present teachings,
However, it will be apparent to one skilled in the art that these specific details are not

required to practice the present teachings.
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This present patent document discloses a MRAM device that does not use a
polarization layer having a fixed magnetization direction, and is described with reference
to Figs. 3-7. Instead of a polarization layer having a fixed magnetization direction, the
MRAM device described in this patent document utilizes a precessional spin current
(PSC) magnetic layer 350 in conjunction with a perpendicular MTJ where the in-plane
magnetization component direction of the PSC layer is free to rotate. In one embodiment,
the PSC magnetic layer 350 will rotate with resonant behavior with the free-layer
magnetization precessional dynamics. This will significantly improve the impact of the
spin current in overcoming the inherent damping of the free layer 336 since the PSC layer
will help the spin torque overcome this damping through the entire orbital motion of the
precession cyele rather on only half of the precession. This precessional spin current
effect throughout the ¢ntire one-hundred eighty degree rotation significantly enhances the
free-layer magnetization switching.

Fig. 4 shows the concept behind the MRAM device using a PSC magnetic layer
350 having magnetization vector 270 that rotates instead of a polarization layer 150
having a magnetic vector with a fixed magnetization direction. The free layer 336 in this
embodiment is similar to the free layer 136 previously discussed, in that it bas an inherent
damping characteristic 205 that can be overcome with the assistance of spin transfer
torgue. However, the embodiment shown in Fig. 4 replaces polarizing layer 150 with
PSC magnetic layer 350, As seen in the bottom portion of Fig. 4, the direction of the spin
transfer torque 310 created by spin current passing through free layer 336 changes with
the rotation of PSC magnetic layer 350, As seen in the middle of Fig. 4, spin transfer
torque 310 causes the magnetization direction 200°of the free layer 336 to precess in a

cone-like manner around an axis 202 perpendicular to the plane of the layers. Fig. 4
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shows a progression of rotation of the magnetic direction 2007 about axis 202. As
discussed, when a spin polarized current traverses the device, the magnetization of the
free layer 336 precesses in a continuous manner (i.¢. it turns on itself in a continuous
manner as shown in Fig. 4) with maintained osciilations until the magnetic direction of
free Jayer 336 is opposite the magnetic direction prior to the spin torque causing
precession, i.e., the magnetic direction of free layer 136 switches by 180 degrees. The
precessional spin current layer 350 and the frec-layer 336 are maguetically and/or
electronically coupled such that the magnetization direction of the magnetization vector
270 of the PSC magnetic layer 350 follows the precessional rotation of the magnetic
vector of the free layer 336. This can be seen in Fig. 4.

As seen in on the right-hand side of Fig. 4, the spin polarized electrons provide
torque 310 helps to overcome the damping 203 in the first half of the precession 215
because the torque 310 provided by the spin polarized current is opposite that of the
inherent damping 205 of the free layer 336. As discussed, the magnetization direction of
magnetization vector 270 of PSC magnetic tayer 330 rotates. Thus, the polarization of
electrons of the spin current created by PSC magnetic layer 350 changes as well. This
means that the direction of torque 310 exerted on magnetic vector of free layer 336
changes well, which is seen on the bottom of Fig. 4. Thus, unlike prior devices having a
fixed polarization magnetic layer 130, the spin of the electrons in the spin polarized
current applies a torque 310 in both halves of the precession cycle, including the half of
the precession cycle 220 where devices with fixed polarization magnetic layers 150
actually harmed precession. This is seen in the lefi-hand side of Fig. 4. As is seen, the
torque 310 continues to help overcome the inherent damping 205 of free layer 136

throughout the entire precession cycle.
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fn an embodiment, the precessional vector 270 of the PSC magnetic layer 350
follows the precessional rotation of the magnetic vector of the free layer 336 by being in
alignment therewith. In other embodiments, precessional vector 270 of the PSC magnetic
layer 350 follows the precessional rotation of the magnetic vector of the free layer 336 by
trailing the free layer’s magnetic vector, as will be discussed below. The magnetization
direction of the free layer is switched by the spin torgue 310 from the reference layer 132
where the direction of the current defines the final state.

A memory cell with a precessional spin current MTJ structure 300 is shown in Fig.
5 MTI structure 300 inchudes one or more seed layers 310 provided at the bottom of
stack 300 to initiate a desired crystalline growth in the above-deposited layers. Synthetic
antiferromagnetic (SAF) layer 320 is disposed over seed layer 310, SAF layer 320 is
comprised of a first SAF layer 332, anti-ferromagnetic coupling layer 316 and second
SAF layer 314. Second SAF layer 314 is deposited over seed layer 310, while anti-
ferromagnetic coupling layer 316 is placed over second SAF laver 314. MTJI 330 s
deposited over anti-ferrornagnetic coupling layer 316. MTJ 330 includes first SAF layer
332, which acts as the reference layer of the MTJ, and is also part of SAF fayer 320. A
tunmeling barrier layer (i.e., the insulator) 334 is over first SAF layer 332 while the free
layer 336 is disposed over tunneling barrier layer 334. As shown in Fig. 5, the
magnetization vector of first SAF layer 332 hasa magnetization direction that is
preferably perpendicular to its plane, although variations of a several degrees are within
the scope of what is considered perpendicular. As also seen in Fig. 5, free layer 336 also
has a magnetization vector that is preferably perpendicular to its plane, but its direction
can vary by 180 degrees. A nonmagnetic spacer 340 is disposed over of MTJ 330, PSC

magnetic layer 350 is disposed over nonmagnetic spacer 340. In one embodiment, PSC
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ragnetic layer 350 has a magnetization vector having a magnetic direction parallel to its
plane, and is perpendicular to the magpetic veotor of the reference layer 132 and free layer
136. One or more capping layers 370 can be provided on top of PSC layer 150 to protect
the fayers below on MTJ stack 1{HL

Nonmagnetic spacer 340 has a number of properties. For example, nonmagnetic
spacer 340 physically separates the free layer 336 and the PSC layer 350. Nonmagnetic
spacer 340 promotes strong magnetic and/or electronic coupling such that the magnetic
direction of the PSC magnetic layer 350 follows the precession cycle of the free layer 336.
In other words, nonmagnetic spacer 340 couples the magnetic direction of the PSC
magnetic layer 350 to the magnetic direction of the free layer 336. Nonmagnetlic spacer
340 transmits spin current efficiently from the PSC magnetic layer 350 into the free layer
336 because it preferably has a long spin diffusion length. Nonmagnetic spacer 340 also
promotes good microstructure and high tunneling magnetoresistance (TMR) and helps
keep the damping constant of the free layer 336 low.

PSC magnetic layer 330 has at least the following properties. First, in one
embodiment, the magnetization direction of PSC magnetic layer 350 Is in the plane of the
layer but is perpendicular to magnetization direction of free layer 336, In other
embodiments such as shown in Fig. 6, the magnetization direction of PSC magnetic layer
350 can have a horizontal component X and perpendicular component Z such that the
angle @ between the plane of free layer 336 and the magnetic direction 270 of PSC
magnetic layer 350 can be anywhere between 0 and less than 90 degrees.

PSC magnetic layer 350 preferably has very low coercivity and is therefore
manufactured with a very soft magnetic material, e.g., less than fifty (50} Oersteds. PSC

magnetic layer 350 should have a strong magnetic coupling to free layer 336 so that its
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magnetization direction follows magnetic direction of free layer 336 as it precesses about
is axis. In one embodiment, PSC magnetic layer 350 is free to rotate near the same
frequency as the precessional motion of the free layer 336. By having nearly the same
frequency of the magnetization rotations (P8C magnetic fayer 350 magnetization direction
and free layer 336 magnetization precession), the free layer switching time is significantly
reduced and also tightens the thermal distribution of switching times. Inan embodiment,
PSC magnetic layer 350 has a rotation frequency greater than zero. Likewise, in an
embodiment, PSC magnetic layer 350 has a cireular {or near circular) shape 5o that its
magnetization direction has no shape induced anisotropy in the x-y plane (i.¢., in the plane
of the magnetic film}.

Seed layer 310 in the MTJ structure shown in Fig. 5 preferably comprises Ta,
TaN, Cr, Cu, CuN, Ni, Fe or alloys thereof. Sceond SAF iaver 314 preferably comprises
either a Co/Ni or Co/Pt multilayer structure, First SAF layer 332 preferably comprises
either a Co/Ni or Co/Pt multilayer structure plus a thin non-magnetic layer comprised of
tantalum having a thickness of two to five Angstroms and & thin CoFeB3 tayer (.5 to three
nanometers). Anti-ferromagnetic coupling layer 316 is preferably made from Ru having
thickness in the range of three 1o ten Angstroms, Tunneling barrier layer 334 is preferably
made of an insulating material such as MgQ, with a thickness of approxim ately ten
Angstroms. Free layer 336 is preferably made with CoFeB deposited on top of tunneling
barrier layer 334. Free layer 336 can also bave layers of Fe, Co, Ni or alloys thereot,
Spacer layer 340 over MTJ 330 can be any non-magnetic material such as 2 to 20
Angstroms of ruthenium, 2-20 Angstroms of Ta, 2-20 Angstroms of TaN, 2-20

Angstroms of Cu, 2-20 Angstroms of Cul, or 2-20 Angstroms MgO layer,
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PSC magnetic layer 350 is preferably made from CoFeB. It can also be made with
Co, Fe, Ni magnetic layers or can be made out of their alloys. The magnetic alfoys can
also have boron, tantalum, copper or other materials. Finally capping layer 370 can be
any material that provides good interface to PSC layer such as Ta, TaN, Ru, MgO, Cu,
eie,

The manner in which a bit is written using the precessional spin current MTJ
structure 300 will now be described. In particular, an electrical current is supplied, for
example, by a current source 375, which passes electrical current through the precessional
spin current magnetic layer 350, the non-magnetic spacer 344, the free magoetic layer
336, the non-magnetic tunneling barrier layer 334, and the reference tayer 332, The
electrons of the electrical current passing through the precessional spin current magnetic
layer 350 become spin polarized in the magnetic direction thereof, thus creating a spin
polarized current that passes through non-magnetic spacer layer 340, frec magnetic layer
336, tunneling barrier layer 334, and reference magnetic layer 332. The spin polarized
current exerts a spin transfer torque on free magnetic layer 336, which helps overcome the
inherent damping of the magnetic material making up the free layer 336. This causes the
free magnetic layer 336 to precess about its axis, which is shown in Fig. 4.

Once the magnetic direction of the free magnetic layer 336 begins to precess, the
magnetic direction of the PSC magnetic layer 350 begins to rotate, as is also seen in Fig.
4. This rotation is caused by the magnetic and/or electronic coupling between the free
magnetic layer 336 and the PSC magnetic layer 350 through the non-maguetic spacer 340,
The rotation of the magnetic direction of the PSC magnetic layer 350 causes the spin
polarization of the electrons of the electrical current to change in a manner corresponding

to the magnetic divection of the PSC magnetic layer 350. Because the spin of the
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electrons of the spin polarized current corresponds to the magnetic direction of PSC
magnetic layer 350, and the magnetic direction of PSC magnetic layer 350 follows the
precession of free magnetic layer 336, the spin of the electrons applies spin transfer torque
to the free layer 336 in a direction that varies through an entire switching cycle. Thus,
devices using PSC magnetic layer 350 can provide spin transfer torque 205 for an entire
switching cycle.

In particular, the structure described herein utilizing PSC magnetic layer 350 and
spacer layer 340 creates precessional magnetization that provides spin current to the free
layer 336 of an MTJ throughout the whole precession cyele and therefore significantly
enhance the free layer switching process, which will result in faster write fimes.

The results of simulating a device having the structure described herein are seen in
Figs. 7A-7E. In Figs. 7TA-TE, the Y axis is the magnetization in the Z axis of a device 300
from -1.0 to +1.0. The X axis shows the amount of time it takes with switch the
magnetization direction of free layer 336 180 degrees. In the simulations, the precession
frequency of the magnetization direction of the PSC magnetic layer 350 is designated as
() while the precessional frequency of fiee layer 336 is designated as {wy). The results
are shown for o/, ratios of 0 (Fig. 7A), 0.5 (Fig. 7B}, 0.7 {Fig. 7C), 0.9 (Fig. 7D), and
1.0 (Fig. 7E). In all cases the tilt angle is 30 degrees, which indicates the efficiency of the
spin current effect.

Because the o/o, ratio for the device shown in Fig 8a is 0, the PSC magnetic layer
350 is not rotating. Thus, the results shown in Fig. 7A actually show the switching time
for a device as in Figs. 1 and 3, i.e., a device with a polarizing layer 150 in which the
magnetization direction does not rotate. In contrast, Figs. 7B-TE show the switching

tirnes for m/o, ratios for a device as in Figs. 4-6, i.e., a device with a PSC magnetic layer
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350 in which the magnetization direction rotates and thus follows the precession of free
layer 336. In these embodiments, PSC magnetic layer 350 has a rotation frequency
greater than zero. Note that the w/op ratio indicates how closely the precessional vector
270 of the PSC magnetic layer 350 follows precession of the free layer 336. In other
words, as the w/m,, ratio approaches unity, the more closely aligned are the precessional
vector 270" of the precessing PSC magnetic layer 350 and the magnetic direction of
precessing free layer 336, As is seen in the simulations shown in Figs. 7A-7E, the more
the precessional vector 270 of the precessing PSC magnetic layer 350 and the magnetic
direction of precessing free layer 336 are aligned, the shorter the switching times of the
magnetization direction of layer 336. Thus, in an ermnbodiment, the frequency of rotation
of the precessional vector 270 of the precessing PSC magnetic layer 350 is synchronized
to be close to the frequency of rotation of free layer 336. Fig. 7A shows the switching
time for a device such as shown in Figs. 1 and 3, in which the magnetization direction of
polarizer 150 is fixed and thus has a frequency of rotation of zero. This embodiment has
the longest switching time. As the ratio of the precession frequency o of PSC magnetic
layer 350 to the precession frequency of free layer 336 @, increases to 0.5, the switching
speed has increases. As is seen in Figs. 7C-7E, as the ratio of the precession frequency ®
of PSC magnetic layer 350 to the precession frequency of free layer 336 @, increases to
0.7, 0.9 and then to 1.0, the switching speed has increased significantly, thus
demonstrating the significant improvement provided by the various embodiments
described herein.

An alternative embodiment is shown in Fig. 8. In this embodiment, magnetic
device 400 has had its MTJ stack inverted with respect to the embodiment shown in F ig.

5, In particular, magnetic device 400 includes a seed layer 470. PSC magnetic layer 430
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is placed over seed layer 450. Nonmagnetic spacer 440 is placed over PSC layer 430,
Nonmagnetic spacer 440 has the same properties, construction and characteristics as
nonmagnetic spacer 340, discussed above. PSC magnetic layer 450 has the same
properties, construction and characteristics as PSC magnetic fayer 350, discussed above.
MTJ 430 is placed over nonmagnetic spacer 440. MTJ 430 is generally constructed of
free layer 436 (which is placed over nonmagnetic spacer 450) and reference layer 432,
Free layer 436 and reference layer 432 are spatially separated from each other by
tunneling barrier layer 434, which is made of an insulating material. Tunneling barrier
layer 434 also forms part of synthetic antiferromagnetic (SAF) layer 420. SAT layer 420
is comprised of a first SAF layer 432, which is also the reference layer of device 400, anti-
ferromagnetic coupling layer 416 and second SAF layer 414, Anti-ferromagnetic
coupling layer 416 is placed over first SAF layer 432. Finally, capping layer 410 is placed
over SAF layer 420. Current can be provided by a current source 474, Other than the
ordering of the layers, magnetic device operates in the same manner as described with
respect to the embodiment shown in Fig. 5. Thus, just as shown in Fig. 4, PSC magnetic
fayer 450 rotates in such a way that spin transfer torque 310 is applied in a beneficial
manner throughout the entire precession cycle of free layer 436.

All of the layers of devices 300 and 400 illustrated in Figs. 3 and 8 can be formed
by a thin film sputter deposition system as would be appreciated by one skilled in the art.
The thin film sputter deposition system can include the necessary physical vapor
deposition (PVD) chambers, each having one or more targets, an oxidation chamber and a
sputter etching chamber. Typically, the sputter deposition process involves a sputter gas
{e.g., oxygen, argon, or the like) with an ultra-high vacuum and the targets can be made of

the metal or metal alloys to be deposited on the substrate. Thus, when the present
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specification states that a layer is placed over another layer, such layer cou id have been
deposited using such g system. Other methods can be used as well. It should be
appreciated that the remaining steps necessary t© manufacture MTJ stack 300 are well-
known to those skilled in the art and will not be described in detail herein so as not to
unnecessarily obscure aspects of the disclosure herein.

It should be appreciated to one skilled in the art that a plurality of MTJ stractures
360 can be manufactured and provided as respective bit cells of an STT-MRAM device.
In other words, cach MTJ stack 300 can be implemented as a bit cell for a memory array
having a plurality of bit cells.

The above description and drawings are only to be considered iflustrative of
specific embodiments, which achieve the features and advantages described herein,
Madifications and substitutions to specific process conditions can be made. Accordingly,
the embodiments in this patent document are ot considered as being limited by the

foregoing description and drawings.
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CLAIMS
What is claimed is:
i, A magnetic device, comprising

a synthetic antiferromagnetic structure in a first plane, the synthetic
antiferromagnetic structure including a magnetic reference layer, the magpetic reference
layer having a magnetization vector that is perpendicular to the first plane and having a
fixed magnetization direction;

a non-magnetic tunnel barrier layer ina second plane and disposed over the
magnetic reference layer;

a free magnetic layer in a third plane and disposed over the non-magnetic tunnel
barrier layer, the free maguetic layer having a magnetization vector that is perpendicular
to the third plane and having a magnetization direction that can precess from a first
magnetization direction to a second magnetization direction, the magnetic reference layer,
the non-magnetic tunnel barrier layer and the free magnetic layer forming a magnetic
tunnel junctior;

a non-magnetic spacer in a fourth plane and disposed over the free magnetic layer;

a precessional spin current magnetic layer in a fifth plane that is physically
separated from the free magnetic layer and coupled to the free magnetic layer by the non-
magunetic spacer, the precessional spin current magnetic layer having a magnetization
vector with a magnetization component in the fifth plane which can freely rotate in any
magnetic direction, and

a current source that directs electrical current through the precessional spin current

magnetic layer, the non-magnetic spacer, the free magnetic layer, the non-magnetic funnel
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barrier layer, and the magnetic reference layer, wherein clectrons of the electrical current

are aligned in the magnetic divection of the precessional spin current magnetic layer; and
wherein the magnetization direction of the precessional spin current magnetic

layer follows precession of the magnetization direction of the free magnetic layer, thereby

causing spin transfer torque to assist switching of the magnetization vector of the free

magnetic layer,

2. The magnetic device of claim 1 wherein the precessional spin current magnetic

layer has a circular shape.

3. The magnetic device of claim | wherein the magnetization direction of the

magnetization vector of the precessional spin current magaetic layer is in the fifth plane.

4. The magnetic device of claim 1 wherein the magnetization direction of the

precessional spin current magoetic layer has a magnetization component in the fifth plase

which can freely rotate in the {ifth plane.

5. The magnetic device of claim 1 wherein the precessional spin current magnetic

layer comprises CoFeB

6. The magnetic device of claim 1 wherein the precessional spin current sagnetic

layer is magnetically coupled to the free magnetic layer.

7. The magnetic device of claim 1 wherein the precessional spin current magnetic

layer is electronically coupled to the free magnetic layer.

8. The magnetic device of claim | wherein precession of the precessional spin

current magnetic layer is synchronized to precession of the free magnetic layer.

28 The roagnetic device of claim 1 wherein the precessional spin current magnetic

layer has a rotation frequency greater than zero.
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10. A magnetic device, comprising

a precessional spin current magnetic layer in a first plane, the precessional spin
current magnetic layer having a magnetization vector with a magnetization corponent in
the first plane which can freely rotate in any magnetic direction, and

a non-magnetic spacer layer in 4 second plane and disposed over the precessional
spin current maguetic layer;

a free magnetic layer in a third plane and disposed over the non-magnetic spacer
layer, the free magnetic layer having a magnetization vector that is perpendicular to the
third plane and having a magnetization direction that can precess from a fivst
magnetization direction to a second magnetization direction;

a nqn~i'nagnetic tunnel barrier layer in a fourth plane and disposed over the free
magnetic layer;

a synthetic antiferromagnetic structure in a fifth plane, the synthetic
antiferromagnetic structure including a magnetic reference layer, the magnetic reference
layer having a magnetization vector that is perpendicular to the fifth plane and having a
fixed magnetization direction, the magnetic reference layer, the non-magnetic tunnel
barrier and the free magnetic layer forming a magnetic tunnel junction;

a current source that directs electrical current through the precessional spin current
magnetic layer, the non-maguetic spacer, the free magnetic layer, the non-magnetic tunnel
barrier, and the magnetic reference layer, wherein electrons of the electrical current are
aligned in the magnetic direction of the precessional spin current magnetic layer; and

wherein the magnetization direction of the precessional spin current magnetic

layer follows precession of the magnetization direction of the free magnetic layer, thereby
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causing spin transfer torque to assist switching of the magunetization vector of the free
magnetic layer.
11.  The magnetic device of claim 10 wherein the precessional spin current magnetic
layer has a circular shape.
12.  The magnetic device of claim 10 wherein the magnetization direction of the
magnetization vector of the precessional spin current magnetic layer is in the first plane.
13.  The magnetic device of claim 10 wherein the magnetization direction of the
precessional spin current maguetic layer has a magnetization component in the first plane
which can freely rotate in the fifth plane.
14.  The magnetic device of claim 10 wherein the precessional spin current magnetic
layer comprises CoFeB.
15.  The magnetic device of claim 10 wherein the precessional spin current magnetic
layer is magnetically coupled to the free magnetic layer.
16.  The magnetic device of claim 10 wherein the precessional spin current magnetic
layer is electronically coupled to the free magnetic layer.
17.  The magnetic device of claim 10 wherein precession of the precessional spin
current magnetic layer is synchronized to precession of the free magnetic layer.
18, The magnetic device of claim 10 wherein the precessional spin current magnetic
layer has a rotation frequency greater than zero.
19. A magnetic device, comprising

a magnetic tunnel junction in a first plane comprising a frec magnetic layer and a
reference magnetic layer, the free maguetic layer and the reference magnetic layer
separated by a non-magnetic tunneling barrier layer, the free magnetic layer having a

magnetization vector that is perpendicular to the first plane and having a magnetization
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direction that can precess from a first magnetization direction to a second magnetization
direction;

a non-magnetic spacer in a second plane coupled to the free magnetic layer;

a precessional spin current magnetic layer in a third plane coupled through the
non-magnetic spacer to the free magnetic layer, the precessional spin current magnetic
layer separated from the free magnetic layer by the non-magnetic spacer, the precessional
spin current magnetic layer having a magnetization vector with a magnetization
component in the third plane which can freely rotate in any magnetic direction, wherein
the magnetization divection of the precessional spin current magnetic layer follows
precession of the magnetization direction of the free magnetic layer upon application of
current to the device, thereby causing spin transfer torque to assist switching of the
magnetization vector of the free magnetic layer.

20.  The magnetic device of claim 19 wherein the precessional spin current magnetic
layer has a circular shape.

21, The magnetic device of claim 19 wherein the magnetization direction of the
magnetization vector of the precessional spin current magnetic layer is in the first plane.
22, The magnetic device of claim |9 wherein the magnetization direction of the
precessional spin current magnetic layer has a magnetization component in the first plane
which can freely rotate in the fifth plane.

23.  The magnetic device of claim 19 wherein the precessional spin current magnetic
layer comprises Col'eB.

24.  The magnetic device of claim 19 wherein the precessional spin current magnetic

layer is magnetically coupled to the free magnetic layer.
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25, The magnetic device of claim 19 wherein the precessional spin current magnetic
fayer is electronically coupled to the free magnetic layer.
26, The magnetic device of claim 19 wherein precession of the precessional spin
current magnetic layer is synchronized to precession of the free magnetic layer.

5 27.  The magnetic device of claim 19 wherein the precessional spin current magnetic

layer has a rotation frequency greater than zero.



WO 2016/204835

100

k& 160

: 13{)@3

120 —=

1/12

PCT/US2016/021691

""170

L.~150

140

136

134

132

116

w7114

~=110

it

SUBSTITUTE SHEET (RULE 26)



WO 2016/204835

200~

202~
205~

b/

§

3

...sww-*""“
.,@M"(
PR

::{«“v“,,h-‘f,

ot

-

Pral

NSRS
{ .& “'z ««* |

o

o '

¢

‘.

b
iy
B

1

PCT/US2016/021691
2/12
136
e
,»Mﬂ\ﬂlfs\
- 200°

-+-205

SUBSTITUTE SHEET (RULE 26)



WO 2016/204835
3/12

200

PCT/US2016/021691
A 150
205 210
B

136 <

SUBSTITUTE SHEET (RULE 26)




WO 2016/204835

PCT/US2016/021691
4/12

' S E——— S3B0
P Sesoscennaes iy P

e

H _ §
E et gt f
N '!‘{Fi’*m & % “\v (’:‘: iy ,@:_\,.ﬁﬁww‘i;m%

- - . -
e P . e
e ik SR
SRR s 2

202 202~—w~«*: /J<\3—g 5
J 200 200"}/ 200

336 4

o Konpels
7 L

S 75
o / Bz ) ) :
“ 3 - A 4
. ‘::'?::-,, 4 A RAL

SUBSTITUTE SHEET (RULE 26)



WO 2016/204835

5/12

300

320 ™

PCT/US2016/021691

370

‘ R0

L340

W 5 ¥4

™36

L3148

-+ 310

SUBSTITUTE SHEET (RULE 26)

FiG. 5



WO 2016/204835

350

6/12

PCT/US2016/021691

SUBSTITUTE SHEET (RULE 26)

FlG. 6




PCT/US2016/021691

WO 2016/204835

7/12

P

s
e e,

LRapss

’ Yrve
s 7 “ o,
Lo 2 i 2% oo
v Yot L Pas e
s
Z
73

2

PP e,
o -

FIG. 7A

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/021691
8/12

WO 2016/204835

N
&
W

Y

A

vy
Yoot
"

£
hele 5

C R
g
%
i
Q\\\NH
L4
55
.
o
P
e
G,
sl
e,
Py Ay it
o w7 Grondt: 2
7 £ £
s Yoot Yooty Eed
%
%
e
L

FIG. 7B

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/021691

WO 2016/204835

9/12

P
Setprd

7

%

SN

grren,
%

s,
Yani:

A
F;

%

v,
Yol

2
s
Yt

oo

FIG.7C

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/021691

WO 2016/204835

10/12

A
23
K

e,
‘N\\\\

7

FIG. 7D

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/021691

WO 2016/204835

11/12

o
'

Ly,

ey P e, e,
A Higer: 2] Yo

H

“as
e

e
e
Aty 4

AL

o

1Y,

o % o K .

N

53

RIS

PG
P

&

FIG. 7E

SUBSTITUTE SHEET (RULE 26)



WO 2016/204835 PCT/US2016/021691
12/12

400

\a W & Ey

Le"414

420 s - .~ 416

T 432
FIG. 8

430 "~ T34

475

436

450

470

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2016/021691

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 43/02(2006.01)i, HO1L 43/08(2006.01)i, HO1L 43/10(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOIL 43/02; G11C 7/00; G11C 11/15; HO1L 29/82; HO1L 27/22; G11C 11/14; HO1L 21/00; G11C 11/00; HO1L 43/08; HO1L 43/10

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models

Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: magnetic tunnel junction, precess, magnetization direction, switch, spacer

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2010-0246254 A1 (IOAN LUCIAN PREJBEANU et al.) 30 September 2010 1-27
See paragraphs [0018], [0045]-[0049], [0059]-[0060], claim 1 and figures 3, 4.
A US 2011-0058412 A1 (YUANKAI ZHENG et al.) 10 March 2011 1-27
See paragraphs [0033], [0046]-[0052], claim 1 and figures 1A-1C, 3.
A US 2014-0169085 A1 (THE REGENTS OF THE UNIVERSITY OF CALIFORNIA) 19 June 1-27
2014

See paragraphs [0039]-[0046], claim 1 and figure 3B.

A US 2008-0151614 A1 (YIMIN GUO) 26 June 2008 1-27
See paragraphs [0036]-[0042], claim 1 and figure 7.

A KR 10-2014-0115246 A (SAMSUNG ELECTRONICS CO., LTD.) 30 September 2014 1-27
See paragraphs [0018]-[0047], claim 1 and figure 12.

. . . . N .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
17 June 2016 (17.06.2016) 17 June 2016 (17.06.2016)
Name and mailing address of the [SA/KR Authorized officer

International Application Division
¢ Korean Intellectual Property Office

! ) LEE, Seoung Young
189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

inb;imile No. +82-42-481-8578 Telephone No. +82-42-481-3535

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2016/021691
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2010-0246254 Al 30/09/2010 EP 2232495 Al 29/09/2010
EP 2232495 B1 23/01/2013
JP 05586473 B2 10/09/2014
JP 2011-507243 A 03/03/2011
US 8102701 B2 24/01/2012
WO 2009-074411 Al 18/06/2009
US 2011-0058412 Al 10/03/2011 CN 102414756 A 11/04/2012
CN 102414756 B 22/07/2015
JP 05623507 B2 12/11/2014
JP 2012-525710 A 22/10/2012
KR 10-1405854 Bl 12/06/2014
KR 10-2012-0025489 A 15/03/2012
US 2010-0271870 Al 28/10/2010
US 2013-0228884 Al 05/09/2013
US 7936598 B2 03/05/2011
US 8416620 B2 09/04/2013
US 8670271 B2 11/03/2014
WO 2010-126854 Al 04/11/2010
US 2014-0169085 Al 19/06/2014 US 9036407 B2 19/05/2015
US 2008-0151614 Al 26/06/2008 US 7508042 B2 24/03/2009
KR 10-2014-0115246 A 30/09/2014 CN 104051610 A 17/09/2014
JP 2014-183319 A 29/09/2014
US 2014-0264671 Al 18/09/2014
US 9130155 B2 08/09/2015

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report

