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ENGINEERED MAGNETIC LAYER WITH IMPROVED PERPENDICULAR
ANISOTROPY USING GLASSING AGENTS FOR SPINTRONIC
APPLICATIONS

This is a continuation in part of U.S. Patent application serial number

13/408,555, filed on 2/29/12, which is herein incorporated by reference in its

entirety, and assigned to a common assignee.
TECHNICAL FIELD

The present disclosure relates to a magnetic tunnel junction element
comprised of at least one ferromagnetic layer or multilayer exhibiting
perpendicular magnetic anisotropy (PMA) wherein the ferromagnetic layer is
doped with a glassing agent to retain an amorphous character in a center
region thereof and thereby reduce crystalline anisotropy and provide a higher
PMA for a given magnetic moment along with higher thermal stability for the

device.
BACKGROUND

Magnetoresistive Random Access Memory (MRAM), based on the
integration of silicon CMOS with magnetic tunnel junction (MTJ) technology, is a
major emerging technology that is highly competitive with existing
semiconductor memories such as SRAM, DRAM, and Flash. Similarly, spin-
transfer (spin torque) magnetization switching described by C. Slonczewski in
“Current driven excitation of magnetic multilayers”, J. Magn. Magn. Mater. V
159, L1-L7 (1996), has recently stimulated considerable interest due to its
potential application for spintronic devices such as STT-MRAM on a gigabit

scale.
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Both field-MRAM and STT-MRAM have a MTJ element based on a
tunneling magneto-resistance (TMR) effect wherein a stack 6f layers has a
configuration in which two ferromagnetic layers are separated by a thin non-
magnetic dielectric layer. One of the ferromagnetic layers has a magnetic
moment that is pinned in a first direction while the other ferromagnetic layer has
a magnetic moment which is free to rotate in a direction that is either parallel or
anti-parallel to the first direction. As the size'of MRAM cells decreases, the use
of external magnetic fields generated by current carrying lines to switch the
magnetic moment direction of the free layer becomes problematic. One of the
keys to manufacturability of ultra-high density MRAMs is to provide a robust
magnetic switching margin by eliminating the half-select disturb issue. For this
reason, a new type of device called a spin transfer (spin torque) device was
developed. Compared with conventional MRAM, spin-transfer torque or STT-
MRAM has an advantage in avoiding the half select problem and writing
disturbance between adjacent cells. The spin-transfer effect arises from the
spin dependent electron transport p’roperties of ferromagnetic-spacer-
ferromagnetic multilayers. When a spin-polarized current transverses a
magnetic multilayer in a current perpendicular to plane (CPP) configuration, the
spin angular moment of electrons incident on a ferromagnetic layer interacts
with magnetic moments of the ferromagnetic layer near the interface between
the ferromagnetic layer and non-magnetic spacer. Through this intéraction, the
electrons transfer a portion of their angular momentum to the ferromagnetic free
layer. As a result, spin-polarized current can switch the magnetization direction
of the ferromagnetic free layer if the current density is sufficiently high, and if

the dimensions of the multilayer are small.
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For STT-MRAM to be viable in the 90 nm technology node and beyond, the
ultra-small MTJs (also referred to as nanomagnets) must exhibit a
magnetoresistive (MR) ratio that is much higher than in a conventional MRAM-
MTJ which uses a NiFe free layer and AlOx as the tunnel barrier layer.
Furthermore, the critical current density (Jc) must be lower than about 10°
Alcm? to be driven by a CMOS transistor that can typically deliver 100 pA per

100 nm gate width. A critical current for spin transfer switching (Ic), which is
defined as [(Ic+ +Ic) / 2], for the present 180 nm node sub-micron MTJ having

a top-down oval shaped area of about 0.2 x 0.4 micron, is generally a few |
milliamperes. The critical current density (Jc), for example (Ic/A), is on the
order of several 107 A/lcm?. This high current density, which is required to
induce the spin-transfer effect, could destroy a thin tunnel barrier made of AlOx,
MgO, or the like. Thus, for high density devices such as STT-MRAM on a
gigabit scale, it is desirable to decrease Ic (and its Jc) by approximately an
order of magnitude so as to avoid an electrical breakdown of the MTJ device
and to be compatible with the underlying CMOS transistor that is used to
provide switching current and to select a memory cell.

Several schemes have been presented to use the spin transfer torque
mechanism for magnetic based memory such as STT-MRAM, or current
induced domain wall motion based MRAM, logic, and sensor applications. A
preferred implementation is to employ a magnetic tunnel junction (MTJ) with a
pinned ferromagnetic layer and free ferromagnetic layer separated by a
tunneling oxide layer in a TMR configuration. Although this scheme has been

widely studied, further improvements in overall performance are needed before
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a domain wall motion device is used commercially as a memory element in
MRAM or as a sensor in hard disk drive (HDD) heads.

Referring to FIG. 1, the two magnetic layers in a TMR configuration can
either have their magnetization pointing in the plane or out of the plane of the
film. An example of in-plane magnetization is shown on side (a) of FIG. 1
where a pinned layer 10 has a magnetic moment along an x-axis and the free
layer 12 has a magnetic moment free to rotate in a (+) or (-) x-axis direction. An
insulating (tunnel barrier) layer 11 separates the aforementioned two
ferromagnetic layers. Out of plane magnetization (PMA) is depicted on side (b)
of FIG. 1 where pinned layer 20 has a magnetization pointing in a y-axis
direction or perpendicular to the film plane and the free layer 21 has a magnetic
moment that is free to rotate either in a (+) or (-) y-axis direction. In both
examples, the free layer and pinned layer magnetizations are parallel or anti-
parallel in a quiescent state. Thus, storage of the digital information as a “1” or
“0" magnetic state is provided by the direction of magnetization in the free layer
12 (or 21).

In the case of a free layer having a magnetization direction perpendicular to
the plane of the film, the critical current (ic) required to switch the magnetic
direction in the magnetic element is directly proportional to the perpendicular
anisotropy field as shown in equation (1):

aeMsVH, |

1) i= p

where ¢ is the electron charge, o is a Gilbert damping parameter, Ms is the

saturation magnetization of the free layer, % is the reduced Plank’s constant, g

is the gyromagnetic ratio, H byl is the out-of-plane anisotropy field of the
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magnetic region to switch, and 7 is the volume of the free layer. For most
applications, the spin polarized current must be as small as possible.
Thermal stability is a function of the perpendicular anisotropy field as shown

in equation (2):

@ A=
2k,T

where £, is the Boltzmann constant and 7 is the temperature. In both of the
in-plane and out-of-plane configurations represented in FIG. 1, the
perpendicular anisotropy field of the magnetic element is expresséd in equation
(3) as:

2K,
3) H, ,=-DM + 7 d

5

+H

ky

where D (approximately 4r) is the demagnetizing factor of the structure, M, is
the saturation magnetization, d is the thickness of the magnetic element, H ky 1S

the crystalline anisotropy field, and X~ is the surface perpendicular anisotropy

of the top and bottom surfaces of the magnetic element. In polycrystalline

materials where grains are randomly oriented, H +., 18 the sum of the crystalline

anisotropy of all the grains defining the region of interest. When the grains are

large, H, ,can be significant whereas when the grains are small or the material

is amorphous, this crystalline contribution to the total anisotropy field is small.
From equation (3), one can see that the crystalline anisotropy of the material
plays a detrimental role when the origin of the perpendicular anisotropy is
mostly interfacial.

In the absence of strong crystalline anisotropy, the perpendicular anisotropy

field of a magnetic layer is dominated by the shape anisotropy field on which

5
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little control is available. At a given thickness, lower magnetization saturation
decreases shape anisotropy and the spin-polarized switching current but also
decreases thermal stability which is not desirable. Therefore, an improved
configuration for a magnetic element is needed that provides improved thermal
stability for a free layer with perpendicular magnetic anisotropy. In other words,
it is desirable to increase the perpendicular anisotropy field in a perpendicular-
to-plane structure if one wants to increase thermal stability independently of
moment or volume of the magnetic layer, and without affecting the critical
current. There is presently no teaching as to how perpendicular magnetic
anisotropy can be enhanced at first and second free layer interfaces with

- adjoining layers in a MTJ stack while selectively crysta"izing portions of the free
layer adjacent to these interfaces, and maintaining amorphous character (lower

magnetic moment) in a middle portion of the free layer.
SUMMARY

One objective of the present disclosure is to provide a MTJ with one or both
of a free layer and reference layer having perpendicular magnetic anisotropy
(PMA) wherein a middle region of the magnetic layer remains amorphous while
regions along interfaces with adjoining MTJ layers are selectively crystallized
during annealing which results in higher thermal stability and tolerance to higher
annealing temperatures.

A second objective of the present disclosure is to provide a MTJ according
to the first objective wherein the materials used for the PMA layers are

compatible with a variety of magnetic device applications including STT-MRAM,
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current induced domain wall motion based MRAM, logic, and read head
sensors.

According to one embodiment, these objectives are achieved with a MTJ
structure comprised of a pinned magnetic layer, a magnetic free layer (hereafter
referred to as free layer), and a tunnel barrier layer formed between the pinned
layer and free layer. The free layer has a first surface that forms a first interface
with the tunnel barrier layer thereby inducing PMA in a first region of the free
layer adjacent to the first interface. Moreover, there is preferably a
perpendicular Hk enhancing layer that forms a second interface with a second
surface of the free layer which faces away from the tunnel barrier and thereby
induces PMA in a second region of the free layer that is adjacent to the second
interface. Between the first and second regions is a middle or third region of
the free layer which has an amorphous character that is maintained even at
elevated annealing temperatures by the presence of one or more glassing
agents such as Mo, W, Si, Ta, P, Nb, Hf, Ti, Pd, Be, Cr, Zr, Cu, Os, V, or Mg in
a concentration of 1% to 30% of the ferromagnetic free layer. In one aspect,
one or more glassing agents are codeposited or “doped” into the free layer
which is comprised of a plurality of layers. In one embodiment that involves a
bottom spin valve structure, the first through third regions may comprise three
distinct layers in a composite free layer configuration. For example, the first
region may be a CoFeB layer formed on the tunnel barrier, the second region
may be a CoFeBG (or CoFeB:G) layer where G is a first glassing agent, and
the third region may be a second CoFeB layer. B is considered to be a second
glassing agent. Thus, the glassing agents are distributed such that a first or

higher concentration (B + G) is formed in the middle region of the free layer and
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a second or lower concentration (B + G) is formed in the free layer proximate to
the first ahd second interfaces. In the second concentration, G hay be zero.

Another important factor is the diffusion coefficient of the one or more
glassing agents. Preferably, Ta which has a low diffusion coefficient is not
deposited' proximate to the first or second interfaces. On the other hand, B has
a relatively high diffusion coefficient and tends to migrate out of the first and
third regions near the first and second interfaces thereby enabling a lower
crystallizatidn temperature in those regions.

In an alternative embodiment, there may be a plurality of “n” layers in the
composite free layer wherei’n the bottom and top layers in the free layer stack
have a lower concentration of glassing agents than the other “n-2" layers.
Furthermore, the concentration of the glassing agents becomes greater with
increasing distance from the first and second interface until the highest
concentration is found in the middle one or more layers of the stack of “n”
layers.

In an alternative embodiment, a glassing agent with a relatively low diffusion
coefficient such as Ta is deposited in the form of one or more layers. For
example, the free layer may be formed by sequentially depositing a first CoFeB
layer, a Ta glassing agent layer with about a nanolayer thickness or less, and
then a second CoFeB layer. Moreover, the glassing layer may be comprised of
a plurality of layers that form a laminated structure with one or more glassing
agents such as Ta/Mg/Ta, or Ta/Ta/Ta. It should be understood that during a
subsequent annealing step, the glassing agent layer with low diffusion
coefficient may form nano-crystals along the CoFeB grain boundaries. Since

the nano-crystals typically have a size of less than 10 Angstrof'n diameter with
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randomly oriented magnetic moments, there is a net moment contribution = 0 to
the free layer magnetization. In this case, there is a continuous concentration
gradient of glassing agent with a first or higher concentration at the middle of
the free layer where both B and the low diffusion coefficient glassing agent are
present to a second‘ or lower concentration proximate to the first and second
interfaces where there is only a small concentration, if any, of B present and
none of the low diffusion coefficient glassing agent. Thus,.the glassing agent
concentration gradually increases as one approaches the middle of the free
layer from either the first or second interfaces.

The free layer may be comprised of an alloy of Co, Fe, Ni, and B with a
thickness between 5§ and 25 Angstroms. Preferably, the free layer is thin
enough so that the perpendicular surface anisotropy field is significant
compared with the shape anisotropy field. Furthermore, the free layer may be
engineered such that the interfacial perpendicular anisotropy dominates the
anisotropy field in an out-of-plane magnetization configuratioh also known as a
perpendicular magnetic anisotropy (PMA) structure. In one aspect, the MTJ

“may have a bottom spin valve structure represented by seed layer/AFM
layer/pinned layer/tunnel barrier/free layer/Hk enhancing layer/capping layer.

The perpendicular Hk enhancing layer is made of any material that provides
additional interfacial perpendicular anisotropy when contacting a surface of the
free magnetic layer, and is formed on an oppoéite side of the free layer with
respect to the tunnel barrier layer interface with the free layer. In a preferred
embodiment, both of the tunnel barrier layer and perpendicular Hk enhancing
layer are made of MgO. In this case, the thickness and oxidation state of the

MgO perpendricular Hk enhancing layer are controlled to give a resistance x
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area (RA) product smaller than that of the tunnel barrier layer to minimize the
reduction in the magnetoresistive (MR) ratio. In an alternative embodiment, the
perpendicular Hk enhancing layer may be comprised of other oxides including
SiOx, SrTiOx, BaTiOx, CaTiOx, LaAlOx, MnOx, VOx, AlOx, TiOx, and HfOx. In
yet another embodiment, the perpendicular Hk enhancing layer may be one of
Ru, Ta, Ti, B, V, Mg, Ag, Au, Cu or Cr. Moreover, an oxide perpendicular Hk
enhancing layer may be embedded with conductive particles made of one or
more of Fe, Co, Ni, Ru, Cr, Au, Ag, and Cu to lower the resistivity therein.

Preferably, the capping layer which is also referred to as the buffer layer is
made of Ru. If the perpendicular Hk enhancing layer is an oxide, it is important
to select a buffer layer to have a free energy of formation substantially higher
than that of the Hk enhancing layer so that the buffer layer does not change the
oxidation state of the Hk enhancing layer during an anneal step. In other
words, the metal selected for the buffer layer should not attract oxygen from an
oxide Hk enhancing layer during an anneal step which would undesirably
decrease the induced perpendicular anisotropy at the interface of the free layer
and perpendicular Hk enhancing layer.

Alternatively, the free layer may be formed below the tunnel barrier in a top
spin valve structure represented by seed layer/Hk enhancing layer/free layer/
tunnel barrier/pinned layer/AFM layer/capping layer. In this case, the seed
layer is preferably Ru so that the seed layer has a free energy of oxide
formation substantially less than that of a perpendicular Hk enhancing layer
comprised of an oxide.

The present disclosure also anticipates that both of the free layer and

pinned layer may be comprised of one or more glassing agents having a first or

10
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higher concentration in a middle region of the free layer and pinned layer, and a
second or lower concentration in a region adjacent to interfaces formed with

adjoining layers in the MTJ stack.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a and FIG. 1b are cross-sectional views showing a magnetic tunnel
junction'(M'I.'J) with in-plane magnetizaﬁon and with out-of-plane magnetization,
respectively.

FIG. 2 is a cross-sectional view of a MTJ wherein a composite free layer has
a first region with a first concentration of glassing agent adjoining a tunnel
barrier layer, a second region wifh a second concentration of glassing agent
that forms an interface with a perpendicular Hk enhancing layer, and a third
region with a third concentration of glassing agent greater than the first and
second concentrations formed between the first and second regions according
to one embodiment of the present disclosure.

FIG. 3 is an enlarged cross-sectional view of the free layer in FIG. 2 wherein
each of the first and second regions is comprised of a plurality of layers
according to another embodiment of the present disclosure.

FIG. 4 is a cross-sectional view of a MTJ wherein a composite free layer as
depicted in FIG. 2 is formed in a bottom spin valve structure according to a
second embodiment of the present disclosure.

FIG. 5 is a cross-sectional view of a MTJ wherein a composite free layer
with a gradient of glassing agent concentration is formed in a top spin valve
configuration according to another embodiment of the present disclosure.

FIG. 6 is a cross-sectional view of a MTJ element wherein both of a free

layer and pinned layer are composites comprised of a middle region with a

11
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higher concentration of glassing agent than in regions that form an interface
with overlying and underlying layers according to anoth‘er embodiment of the
present disclosure.

FIG. 7 is a cross-sectional view of a MTJ element including a free layer with
a glassing agent concentration gradient that is formed in a domain wall motion
device according to another embodiment of the present disclosure.

FIG. 8 is a plot of perpendicular magnetic anisotropy vs. magnetic moment
for various free layer/perpendicular Hk enhancing layer/cap layer
configurations.

FIG. 9 is a table that lists the free energy of oxide formation for different

materials.

DETAILED DESCRIPTION

The present disclosure is a magnetic tunnel junction (MTJ) element in which
one or both of a free layer and pinned layer have a gradient of glassing agent
concentration with a highest concentration in a middie region of the free layer
and/or pinned layer to maintain an amorphous character in the middle region
and thereby increase thermal stability of the magnetic device. In embodiments
where more than one glassing agent is employed, glassing agent concentration
is understood to mean the total concentration of all glassing agents in a certain
region or layer. The engineered free layer and/or pinned layer preferably exhibit
perpendicular surface anisotropy (PMA) and selectively crystallize at interfaces
with a tunnel barrier layer and a second adjoining layer in the MTJ stack. The
MTJ may be employed in a STT-MRAM or other spintronic device, in a logic

device design, in a read head sensor, or as a propagation medium for a domain
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wall in a domain wall motion device. The terms interfacial perpendicular
anisotropy and surface perpendicular anisotropy may be used interchangeably.
The middle of the free layer or pinned layer is defined as a plane parallel to the
substrate and essentially equidistant from top and bottom surfaces of the free
layer wherein a top surface is defined as a surface facing away from the
substrate and a bottom surface faces the substrate. One of the top and bottom
surfaces forms a first interface with the adjoining tunnel barrier layer and the
second surface forms a second interface with a perpendicular Hk enhancing
layer on the opposite side of the free layer (or pinned layer) with respect to the
tunnel barrier.

Referring to FIG. 2, a first embodiment of the present disclosure is depicted.
A MTJ structure is shown wherein a pinned magnetic layer 31 or reference
layer, tunnel barrier layer 32, free layer 36, perpendicular Hk enhancing layer
37, and capping layer 38 are sequentially formed on a substrate 30 that may be
a seed layer in the MTJ stack, or a bottom electrode in a MRAM device, or a
bottom shield in a sensor, for example. The pinned layer 31 may have in-plane
magnetization and a synthetic anti-ferromagnetic (SAF) configuration (not A
shown) in which a first ferromagnetic layer also referred to as an AP2 layer
adjoining the substrate has a magnetic moment in a “+ x” directibn, a second
ferromagnetic layer also referred to as an AP1 layer adjoining the tunnel barrier
has a magnetic moment aligned anti-parallel to that of the first ferromagnetic
layer, and there is a coupling layer such as Ru formed between the AP1 and
AP2 layers. In an alternative embodiment, the pinned layer has perpendicular
magnetic anisotropy with a magnetization in the “+y” or “-y” direction and may

be comprised of a laminate such as (Co/Ni)n or the like where “n” is the

13
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lamination number, a L1, ordered alloy, or a rare earth-transition metal (RE-TM) |
alloy as appreciated by those skilled in the art.

The tunnel barrier 32 may be made of MgO that is formed by depositing a
first Mg layer on the pinned layer, performing a natural oxidation (NOX) or
radical oxidation (ROX) process, and then depositing a second MQ layer on the
oxidized first Mg layer. A subsequent annealing step after the remaining MTJ
layers are laid down forms an essentially uniform MgO tunnel barrier layer
wherein the second Mg layer in the tunnel bérrier stack is oxidized by oxygen
diffusion from the underlying MgO layer and by gettering oxygen from the free
layer 36. In an alternative embodiment, the tunnel barrier layer is made of an
oxide or nitride of one or more of Si, Ti, Ba, Ca, La, Mn, V, Al, Ti, Zn, Hf, Mg,
Ta, Ti, B, Cu, and Cr. Furthermore, the tunnel barrier layer may be a laminate
of one or more of the aforementioned oxide or nitride layers.

A key feature of the present disclosure is that the free layer 36 is engineered
such thét a first region 33 which forms a first interface with the tunnel barrier 32,
and a second region 35 which forms a second interface with the perpendicular
Hk enhancing layer are selectively crystallized during a subsequent annealing
step once all of the MTJ layers have been deposited. Meanwhile, a middle or
third region 34 maintains an amorphous character even after an elevated
annealing treatment because the layer includes one or more glassing agents
including a glassing agent (G) such as Mo, W, Si, Ta, P, Nb, Hf, Ti, Pd, Be, Cr,
Zr, Cu, Os, V, or Mg in a concentration of 1% to 30%. As a result, the first and
second regions have a lower crystallization temperature than that of the middle

region. Preferably, the anneal temperature and the maximum temperature

14
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applied during subsequent processing is below the crystallization temperature
of the middle region 34.

The free layer 36 preferably exhibits perpendicular magnetic anisotropy and
is a ferromagnetic material that comprises an alloy of one or more of Co, Fe,
and Ni with a thickness between 5 and 30 Angstroms. Optionally, the free layer
may be a ferromagnetic material comprising an alloy of one or more of Co, Fe,
Ni, and B with a thickness from 5 to 30 Angstroms. Thus, the third region 34
has a certain concentration of one or more glassing agents while first and
second regions 33, 35, respectively, have a lower concentration of the one or
more glassing agents than in the third region. The glassing agents suppresses
crystallization and as a glassing agent concentration increases, the middie layer
34 which is preferably deposited as an amorphous film, retains the ambrphous
character even at annealing temperatures of up to 400°C or higher. In an
embodiment where B is used as a second glassing agent, the first glassing
agent (G) concentration is smaller in the first and second regions than in the
third region or layer 34, and the total concentration of glassing agents (B + G) is
also less in the first and second regions than in the fhird region. In fact,
glassing agent concentration (G) may be zero in thé first and second regions
33, 35. Note that B is considered a high diffusing glassing agent meaning that
diffusion within a ferromagnetic layer begins to occur around 240°C, while Ta is
a low diffusing glassing agent and does not begin to diffuse until around 400°C.

There is strong perpendicular surface anisotropy at the first and second
interfaces described above as a result of contact between a metal oxide (or
metal nitride) and a metal layer. The total thickness (d parameter in equation 3)

of the free layer 36 is thin enough so that the interfacial perpendicular
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anisotropy is significant compared with the shape anisotropy field. For
example, the shape anisotropy field for a CoxFegByyo free layer is
approximately 12000 Oe. Depending on the composition of the engineered free
layer 36, we have found interfacial perpendicular anisotropy may be greater
than 12000 Oe by adjusting the thickness in a range of 5 to about 30
Angstroms. Under such conditions, an out-of-plane magnetization (PMA) is
established in the free layer. When interfacial perpendicular anisotropy is less
than the magnitude of the shape anisotropy field, the magnetization remains in
the plane of the free layer. It should be understood that instead of an
amorphous character, the middle region may be comprised of nano-crystals
with a diameter less than about 10 Angstroms and with random magnetic
moments such that the net magnetization of the middle region is essentially
zero.

In other words, when a CoFe or CoFeB layer, which normally has in-plane
magnetization, adjoins an oxide layer such as MgO, the magnetization of the
CoFe or CoFeB layers can be aligned out-of-plane under conditions where
interfacial perpendicular anisotropy exceeds the shape anisotropy field for the
magnetic layer. A Fe rich (Fe > Co content) CoFeB layer is preferred for a high
MR ratio in a MgO/CoFeB tunnel barrier/free layer configuration. In an
embodiment where the tunnel barrier is Al,O3, a Co rich alloy is preferred for
the free layer.

In one aspect, the three regions of the free layer are distinct layers and one
or more glassing agents are introduced into at least the third region or middle
layer 34 by a co-sputtering deposition process. According to one scheme, a

first CoFeB layer or CoFe alloy is sputter deposited in a chamber of an Anelva
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7100 sputter deposition mainframe or the like to form the first region or bottom
most layer 33 on the tunnel barrier layer 32. Then, two targets made of CoFeB
and Ta, for example, may be co-sputtered to form a CoFeBTa layer 34 on layer
33. Alternatively, another glassing agent as described previously may be co-
sputtered with a ferromagnetic alloy of one or more of Co, Fe, and Ni, or with an
alloy of one or more of Co, Fe, Ni, and B to give a middle layer 34 with a
CoFeG, CoFeNiG, CoBG, FeBG, CoFeBG, or CoFeNiBG composition wherein
G is a first glassing agent and B is a second glassing agent. Finally, the second
region or uppermost layer 35 comprised of CoFeB or CoFe alloy, for example,
is sputter deposited on the middle layer. The present disclosure aiso
anticipates that all three layers 33-35 may be deposited with at least two
glassing agents. In this case, the glassing agent cbncentration [(B + G), or (G)
only for a non-B alloy free layer] in the lower layer 33 and upper layer 35 is less
than that in the middle layer 34. Moreover, at least one glassing agent may
diffuse away from the first and second interfaces during an annealing process
such that the glassing agent content (B + G) dr (G) in the lower and upper
layers 33, 35 increases with increasing distance from the first and second
interfaces, respectively.

Referring to FIG. 3, the present disclosure also encompasses an
embodiment wherein the free layer 36 comprises a plurality of layers such that
each of the lower layer 33 and upper layer 35 are composites with up to n
layers where n > 1. In the exemplary embodiment, n = 2 and lower layer 33 is a
composite with a first layer 33a contacting the tunnel barrier layer 32 and a
second layer 33b which contacts middle layer 34. Likewise, upper layer 35 is a

composite with a first layer 35a contacting middle layer 34 and a second layer
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35b which forms an interface with the perpendicular Hk enhancing layer (not
shown). In this case, layers 33a, 35b have the lowest glassing agent
concentration, and middle layer 34 has the highest glassing agent concentration
in free layer 36. Layer 33b has a glassing agent content that is intermediate
between that of IaYer 33a and layer 34. Similarly, layer 35a has a glassing
égent content intermediate between that of middle layer 34 and layer 35b.
Layers 33a, 33b, 34, 35a, and 35b are sequentially deposited on tunnel barrier
32. Inone example, layers 33a, 35b are CoFeB layers, layers 33b, 35a have a
CoFeBG composition with a first glassing agent concentration, and layer 34 has
a CoFeBG composition with a second glassing agent concentration where the
second concentration is greater than the first concentration. Alternatively,
CoFeB may be replaced by an alloy of one or more of Co, Fe, Ni, and B in one
or more bf layers 33-35. It should be understood that there may be diffusion of
glassing agent G from one layer into an adjoining layer during a subsequent
annealing process. Thus, layers 33a, 35b may initially have no G content
immediately after deposition but a certain amount of glassing agent from layers
33b, 35a may diffuse into the bottommost layer 33a and uppermost layer 35b,
respectively, during a high temperature anneal process after all MTJ layers are
deposited.

Returning to FIG. 2, in another embodiment, a glassing agent (G) is
deposited in a separate process from the free layer ferromagnetic material
deposition. Furthermore, one or more of the aforementioned glassing agents
(G) may be deposited in a laminated configuration wherein each glassing agent
layer is from 0.1 to 5 Angstroms thick. According to this embodiment, a first

CoFeB layer or an alloy of one or more of Co, Fe, Ni, and B may be deposited
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on the tunnel barrier layer 32. Thereafter, one or more glassing agents are
deposited in one or more layers to form a glassing agent layer or laminate on
the first CoFeB layer or alloy layer. Finally, a second CoFeB layer or alloy of
one or more of Co, Fe, Ni, and B is deposited on the glassing agent layer.
During a subsequent anneal step after all of the MTJ layers are laid down, the
one or more glassing agents (G) may form nano-crystals along the grain
boundaries of the CoFeB or alloy layer. The nano-crystals in the middle region
34 have random magnetic moments and contribute essentially zero to the
magnetization of free layer 36. Regions 33, 35 have a lower glassing agent
concentration (G) or (B + G) than in the center or middle region 34. In another
aspect, there may be a plurality of “m” sub-regions within each region 33, 35. In
this case, the glassing agent concentration (G) or (B + G) may increase
incrementally or gradually from a first concentration in a sub-region adjacent to
the first and second interfaces to a second concentration in the middle region
34. When m = 1, the free layer configuration may be represented by
CoFeBG/G/CoFeBG or alloyG/G/alloyG where the alloy has a CoFe, CoFeNi,
CoB, FeB, or CoFeNiB composition.

Referring to FIG. 4, an embodiment of the present disclosure is shown
wherein the MTJ stack described previously is formed in a bottom spin valve
configuration in which a seed layer 30, pinned layer 31, tunnel barrier 32, free
layer 36, perpendicular Hk enhancing layer 37, and capping layer 38 are
sequentially formed on a substrate 28 that may be a bottom electrode in a
MRAM device or a bottom shield in a sensor. The seed layer 30 may be NiCr
or other seed materials used in the art. Within the free layer 36, there is a

gradual change in glassing agent concentration with the lowest concentration of
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glassing agent found proximate to the first interface 71 with the tunnel barrier
layer and proximate to the second interface 72 with the perpendicular Hk
enhancing layer. The glassing agent content gradually increases with
increasing distance away from the interfaces 71, 72 so that the highest
concentration is reached near the middle of free layer 36 and within the middle
or third region 34 (FIG. 2).

In all of the aforementioned embodiments, the perpendicular Hk enhancing
layer 37 is made of a material that provides interfacial perpendicular anisotropy
when contacting a top surface of free layer 36 as depicted in FIGS. 2, 3, ora
bottom surface of the free layer in a top spin valve configuration shown in FIG.
5. In a preferred embodiment, the perpendicular Hk enhancing layer 37 is
comprised of MgO having a thickness and oxidation state that are controlled to
givé a resistance x area (RA) product smaller than that of the MgO layer in the
tunnel barrier layer 32 in order to minimize a reduction in the MR ratio (TMR
ratio in a TMR configuration). In an alternative embodiment, the perpendicular
Hk enhancing layer may be combrised of an oxide, nitride, or lamination of one
or more oxide and/or nitrides of Si, Ti, Ba, Ca, La, Mn, V, Al, Ti, Zn, Hf, Mg, Ta,
B, Cu, and Cr. In yet another embodiment, the perpendicular Hk enhancing
layer may be one or more of Ta, Ti, B, Ag, Au, Cu, Cr, Nb, Zr, V, Mg and Al.
Moreover, when the perpendicular Hk enhancing layer 37 is an oxide, the layer
may be embedded with an alloy made of one or more of Fe, Co, Ni, and B to
lower the resistivity therein. For instance, when the perpendicular Hk
enhancing layer is comprised of SiOx or Al,O3, the embedded particles may be
20% to 45% by weight of the perpendicular Hk enhancing layer. The present

disclosure also anticipates the perpendicular Hk enhancing layer may be a
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laminate that includes a plurality of oxide layers comprised of one or more of
the oxides described above.

Another important feature of the aforementioned embodiments is the
material selected for the capping layer 38. In a preferred embodiment, the
capping layer is made of Ru. Alternatively, other elements may be chosen for
the capping layer. However, materials with a substantially higher free energy of
oxide formation compared with the free energy of the oxide employed in the
perpendicular Hk enhancing layer 37 are most suitable. FIG. 9 lists the free
energy of oxide formation of various elements. Note that if MgO is selected as
the perpendicular Hk enhancing layer, a capping layer material having a free
energy of oxide formation substantially higher than -1146 kJ/mole is preferred.
Thus, elements near the top of the table in FIG. 9 are preferred over elements
near the bottom of the table since the former have a less negative value (higher
energy of oxide formation) than the latter. It follows that Ta is less desirable
than Ru as the capping layer since Ta has an affinity for oxygen close to that of
Mg which means oxygen is more likely to migrate from a MgO perpendicular Hk
enhancing layer into a Ta capping layer than into a Ru capping layer during
annealing. A loss of oxygen from an oxide perpendicular Hk enhancing layer
lowers the interfacial perpendicular anisotropy at the interface with the free
layer thereby reducing the induced PMA in the free layer 36. The largest
advantage provided by a tunnel barrier layer/free layer/Hk enhancing
layer/capping layer configuration according to the present disclosure occurs
when the greatest amount of PMA is induced in the free layer as a result of the
interfacial perpendicular anisotropy associated with the free layer interfaces 71,

72 mentioned previously. In an embodiment wherein the capping layer 38 is a
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composite as in Ru/Ta or Ru/Ta/Ru, the lowermost layer (not shown) contacting
the Hk enhancing layer should have the high energy of oxide formation relative
to an oxide perpendicular Hk enhancing layer.

Referring to FIG. 5, an embodiment is shown where the MTJ has a top spin
valve configuration. All of the layers in the bottom spin valve embodiments
(FIGS. 2-4) are retained except the order of deposition of the MTJ layers is
changed. In one embodiment, a perpendicular Hk enhancing layer 37, free
layer 36, tunnel barrier 32, pinned layer 31, and capping layer 38 are
consecutively formed on a seed layer 30. The seed layer is made of a metal or
alloy, preferably Ru that has a free energy of oxide formation substantially
greater than that of the oxide selected for the perpendicular Hk enhancing layer.
In an embodiment wherein the seed layer is a composite, the uppermost layer
(not shown) contacting the perpendicular Hk enhancing layer should have a
high energy of oxide formation relative to that of an oxide perpendicular Hk
enhancing layer. The pinned layer 31 may have a SAF structure with an
AP1/coupling/AP2 configuration where the AP1 layer contacts the tunnel barrier
to improve thermal stability of the MTJ and also reduce the interlayer coupling
Hin (offset) field applied to the free layer. In one embodiment, the AP2 and AP1
layers (not shown) are comprised of one or more of CoFe and CoFeB, and the
coupling layer is Ru.

Referring to FIG. 6, another embodiment of the present disclosure is
depicted wherein a MTJ structure has a bottom spin valve configuration in
which both of the free layer 36 and pinned layer 40 are comprised of one or
more glassing agents, and préferably at least two glassing agents within each

layer. The free layer 36 composition and interfaces 71, 72 with tunnel barrier

22



WO 2014/011950 PCT/US2013/050190

layer and perpendicular Hk enhancing layer were previously described. In this
case, the pinned layer 40 is comprised of at least three regions with a middle
region 42 having a higher glassing agent concentration than that of lower region
41 and upper region 43. Glassing agent G is one of Mo, W, Si, Ta, P, Nb, Hf,
Ti, Pd, Be, Cr, Zr, Cu, Os, V, or Mg and has a concentration from 1% to 30% in
the pinned layer. In one aspect, B may be added as a second glassing agent in
at least regions 33, 35 of the free layer and in regions 41, 43 of the pinned
layer. Thus, pinned layer 40 may be comprised of CoFeB or an alloy of one or
more of Co, Fe, Ni, and B. |

According to one embodiment, the three regions of the pinned layer 40 are
distinct layers and the one or more glassing agents are introduced into at least
the third region or middle layer 42 by a co-sputtering deposition process. Thus,
a bottom layer 41 comprised of CoFeB or an alloy of one or more of Co, Fe, Ni,
and B is deposited on a substrate such as a perpendicular Hk enhancing layer
(not shown). Then, a glassing agent G as described previously may be co-
sputtered with a ferromagnetic alloy of one or more of Co, Fe, and Ni, or with an
alloy of one or more of Co, Fe, Ni, and B to give a middle layer 42 with a
CoFeG, CoFeNiG, CoBG, FeBG, CoFeBG, or CoFeNiBG composition wherein
G is a second glassing agent and B is a first glassing agent. Finally, the upper
layer 43 comprised of CoFeB or an alloy of one or more of Co, Fe, Ni, and B,
for example, is sputter deposited on the middle layer.

The present disclosure also anticipates that all three layers 41-43 may be
deposited with at least two glassing agents. In this case, the glassing agent
concentration in the lower layer 41 and upper layer 43 is less than that in the

middle layer 42. Moreover, at least one glassing agent may diffuse away from
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the first and second interfaces during an annealing process such that the
glassing agent content in the lower and upper layers 41, 43 increases with
increasing distance from a first interface with ‘the tunnel barrier layer and from a
second interface with the perpendicular Hk enhancing layer. Also, each of the
lower and upper layers 41, 43 may be comprised of a plurality of n layers as
explained earlier with respect to layers 33, 35 in free layer 36.
In another embodiment, the one or more glassing agents may be deposited
“in a separate process from the pinned layer ferromagnetic material deposition.
Furthermore, one or more of the aforementioned glassing agents may be
deposited in a laminated configuration wherein each glassing agent layer is
from 0.1 to 5 Angstroms thick. According to this embodiment, a first CoFeB
layer or an alloy of one or more of Co, Fe, Ni, and B may be deposited on a
perpendicular Hk enhancing layer. Thereafter, one or more glassing agents are
deposited in one or more layers to form a glassing agent layer or laminate on
the first CoFeB layer or alloy layer. Finally, a second CoFeB layer or alloy of
one or more of Co, Fe, Ni, and B is deposited on the glassing agent layer.
During a subsequent anneal step after all of the MTJ layers are laid down, one
or more glassing agents from the middle glassing agent layer may diffuse into
the adjoining CoFeB (or alloy) layers. In one embodiment, the glassing agent G
in the middle glassing agent layer forms nano-crystals along the grain
boundaries of the adjoining CoFeB or alloy layers. The nano-crystals have a
net magnetic moment of essentially zero. As a result, the perpendicular
interfacial anisotropy in the first and second regions (layers) near the first and
second interfaces dominates the shape anisotropy field and PMA is established

in the free layer 36 and in pinned layer 40. Furthermore, regions 41, 43 have a
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lower glassing ‘agent concentration than in-the center region 42. In this case,
the pinned layer (and free layer) configuration may be represented by
CoFeBG/G/CoFeBG or alloyG/G/alloyG where the alloy has a CoFe, CoFeNi,
CoB, FeB, or CoFeNiB composition.

Referring to FIG. 7, another embodiment of the present disclosure is
illustrated wherein the free layer 36 described in previous embodiments is part
of a domain wall motion device. Pinned Iayér 31, tunnel barrier layer 32,
perpendicular Hk enhancing layer 37, and capping layer 38 are also retained
from previous embodiments. In one aspect, free layer 36 is comprised of
regions 33-35 with a gradient of glassing agent concentration as described
previously that increases from a second concentration at interfaces with layers
32, 37 to afirst concentration at a middle region 34. In one aspect, the glassing
agent concentration may increase in continuous increments from the second
concentration to first concentration. Alternatively, regions 33-35 may be distinct
layers such that free layer 36 is considered to be a composite structure. In the
exemplary émbodiment,'the MTJ stack is shown with a bottom spin valve
structure and has a pinned layer/tunnel barrier/ free layer/perpendicular Hk
enhancing layer/capping layer configuration. A key feature is that pinned layer
31 has a width along an in-plane x-axis direction that is substantially less than
the width of the overlying stack of layers. In fact, the stack of layers including
tunnel barrier 32, free layer 36 comprised of regions 33-35, perpendicular Hk
enhancing layer 37, and capping layer 38 may be patterned to provide a wire
which from a top-down view (not shown) is part of an array of wires that are
employed for storage of digital information. Another important feature is that

free layer 36 has a plurality of domain walls (75a -75d) each extending vertically
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from a top surface that forms a first interface with layer 37 to a bottom surface
which forms a second interface with tunnel barrier layer 32. There is a
magnetic domain bounded by each pair of domain walls within the free layer.

The ﬁumber of domain walls is variable but is selected as four in the
exemplary embodiment for illustrative purposes. In particular, the magnetic
domain 92 aligned in a z-axis direction above pinned layer 31 has a switchable
magnetization that changes from a (+) z-direction to a (-) z-direction or vice
versa when a switching current is applied during a write process. Note that free
layer has two ends 45, 46 connected to a current/voltage source 81 in a first
electrical loop including wiring 85a to a junction 82 to wire 83 and to end 45,
and a wire 84 attached to end 46 to enable a write process. Furthermore, there
is a second electrical loop which allows a readout of digital information in the
switchable magnetic domain 92 during a read process. Thus, current can be
sent from source 81 through wires 85a, 85b and to readout 80 and then to wire
86 and through pinned layer 31, tunnel barrier 32, and the free layer before
exiting end 46 and returning to the source to complete a circuit. In so doing, the
readout device 80 is able to recognize whether the switchable magnetic domain
92 has a magnetization in a (+) z-axis direction 90b or in a (-) z-axis direction
90a.

Although only one MTJ element or only one domain wall motion device is
pictured in the exemplary embodiments ‘(FIGS. 2-7), it should be understood
that typically an array of MTJ elements (or domain wall motion devices) are
fabricated on a substrate. Moreover, the array of MTJ elements or the array of
domain wall motion devices are connected by an array of wires that allow one

or more of the MTJ elements or domain wall motion devices to be selectively
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written to or read to determine a memory state therein during a write process or
read process, respectively. Thus, a top surface of a MTJ element>(or domain
wall motion device) may be connected to one or more adjacent MTJs (or
domain wall motion devices) by one or more wires. In each case, the
ferromagnetic or free layer serves as the storage layer since it is the
magnetization direction of the ferromagnetic or free layer which determines
whether the MTJ or domain wall motion device has a “0” or “1” magnetic state.
Referring to FIG. 8, a plot of perpendicular anisotropy field as a function of
the magnetic moment of the free layer is illustrated as measured by a vibrating
sample magnetometer (VSM). Full film MTJ samples were prepared by
sequentially forming a 50 Angstrom thick layer Ta seed layer, 3 Angstrom thick
CoFeB layer, MgO tunnel barrier, free layer, MgO perpendicular Hk enhancing
layer, and a Ru capping layer on a Si/SiO. substrate. The thin CoFeB layer
formed on the Ta layer serves as a seed layer for MgO formation. Thickness of
the CoFeB layer is only 3 Angstroms to minimize any magnetic contribution to
the MTJ stack. All samples were annealed at 300°C for 1 hour. In samples 60
and 62, conventional free layers are formed as a 14 Angstrom thick CozoFegBzo
film and a 16 Angstrom thick CoyFegoB2o film, respectively, which serve as a
reference. The free layer in sample 61 was prepared by sequentially depositing
a first 10 Angstrom thick CozgFegoB2o film, a 1.5 Angstrom thick Ta layer (less
than one monolayer), and then a second 10 Angstrom thick CozgFegiBag film
according to an embodiment described herein. The free layer in sample 63 was
prepared by sequentially depositing a five Angstrom thick CozsFegoB2o film, a 10
Angstrom thick CozoFesgBzo:Ta layer, and then a second CogFegoBoo film that is

10 Angstroms thick according to another previously described embodiment.
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The middle layer contains about 20% Ta glassing agent. In all samples, the
perpendicular interfacial anisotropy is strong enough to overcome the
demagnetizing field so that the magnetization of the MTJ is pointing out of the
plane of the film.

The dafa in FIG. 8 illustrate the benefit of a glassing agent (in this case Ta)
in maintaining interfacial perpendiculavr anisotropy and reducing the crystalline
anisotropy as a result of nano-crystalline character or an amorphous character
in the middle layer of samples 61, 63, respectively. As a resuit, higher
perpendicular anisotropy is achieved for a given magnetic moment. For
example, MTJ samples 61 and 62 have nearly the same moment but MTJ 61
has a considerably higher perpendicular anisotropy field. Furthermore, a higher
magnetic moment is realized at the same perpendicular anisotropy field as
indicated by a comparison of MTJ sample 63 to MTJ 62.

All layers in the MTJs depicted in FIGS. 2, 4-7 may be formed in an Anelva
C-7100 thin film sputtering system or the like which typically includes three
physical vapor deposition (PVD) chambers each having five targets, an
oxidation chamber, and a sputter etching chamber. At least one of the PVD
chambers is capable of co-sputtering. Usually, the sputter deposition process
involves an argon sputter gas and the targets are made of metal or alloys to be
deposited on a substrate. Once all of the layers in the MTJs are laid down on a
substrate, a high temperature annealing may be performed in a vacuum oven at
a temperature of about 300°C to 400°C. Thereafter, an array of MTJ elements
with substantially vertical sidewalls may be fabricated by a process involving a
conventional photolithography patterning and ion etch sequenCe as is well

known in the art and will not be described herein. Subsequently, an insulation
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layer may be deposited to electrically isolate adjacent MTJ elements. A
chemical mechanical polish (CMP) process is typically employed to form a
smooth surface of the insulation layer which becomes coplanar with a top
surface of the MTJ array. Then additional metal levels such as a bit line layer
may be formed on the MTJs to continue the fabrication of a magnetic device.

All of the embodiments described herein may be incorporated in a
manufacturing scheme with standard tools and processes. In particular, a
substantial gain in thermal stability by way of higher interfacial perpendicular
anisotropy at a given magnetic moment is realized without sacrificing other
performance characteristics such as MR ratio which is an important advantage
in enabling high density STT-MRAM technology, and other magnetic devices
where low switching current, low RA value, high MR ratio, and high thermal
stability are critical parameters.

While this disclosure has been particularly shown and described with
reference to, the preferred embodiment thereof, it will be understood by those
skilled in the art that various changes in form and details may be made without

departing from the spirit and scope of this disclosure.
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We claim:

1. A magnetic tunnel junction (MTJ) element including a ferromagnetic layer
with at least two interfaces that produce interfacial perpendicular anisotropy,
comprising:

(a) a tunnél barrier layer;

(b) the ferromagnetic layer that has a first interface with said tunnel barrier
layer and a second interface with a perpendicular Hk enhancing layer
formed on a surface of the ferromagnetic layer that is opposite a surface
adjoining the tunnel barrier layer, the ferromagnetic layer comprises a
glassing agent (G) made of Mo or W and having a first concentration in a
middle portion thereof and a second concentration less than the first
concentration in portions of the ferromagnetic layer proximate to the first and
second interfaces; and

(c) the perpendicular Hk enhancing layer.

2. The MTJ element of claim 1 wherein the first concentration of glassing
agent inhibits crystallization and maintains an amorphous character in the
middle portion of the ferromagnetic layer.

3. The MTJ element of claim 1 wherein a glassing agent content
incrementally increases from the second concentration at the first and second
interfacés to the first concentration in the middle portion of the ferromagnetic
layer.

4. The MTJ element of claim 1 wherein the glassing agent (G) is deposited
as a single layer or as a laminated configuration wherein each glassing agent

layer is from 0.1 to 5 Angstroms thick.
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5. The MTJ element of claim 1 wherein the ferromagnetic layer is a
composite of a plurality of layers in which one or more layers contain a glassing
agent (G) and the layers adjoining the first and second interfaces have a
smaller concentration of glassing agent (G) than a layer proximate to a middle
of the ferromagnetic layer.

6. The MTJ element of claim 2 wherein the ferromagnetic layer is
comprised of an alloy of one or more of Co, Fe, and Ni, or an alloy of one or
more of Co, Fe, Ni, and B, and is doped with the glassing agent (G) having a
concentration of about 1% to 30% in the ferromagnetic layer.

7. The MTJ element of claim 6 wherein the ferromagnetic layer is a single
layer or a laminated stack of layers comprised of an alloy of one or more of Co,
Fe, Ni, and B with a thickness between about 5 and 30 Angstroms, or is an
alloy of one or more of Co, Fe, and Ni with a thickness from about 5 to 30
Angstroms.

8. The MTJ element of claim 1 wherein the perpendicular Hk enhancing
layer is comprised of an oxide, a nitride, or a lamination of oxide and/or nitride
layers of one or more of Si, Ba, Ca, La, Mn, Zn, Hf, Ta, Ti, B, Cu, Cr, V, Mg,
and Al, or is one of Ta, Ti, B, Ag, Au, Cu, Cr, Nb, Zr, V, Mg, or Al

9. The MTJ element of claim 1 wherein the tunnel barrier layer is made of
an oxide or nitride of one or more of Si, Ti, Ba, Ca, La, Mn, V, Al, Ti, Zn, Hf, Mg,
Ta, Ti, B, Cu, and Cr.

10. The MTJ element of claim 8 wherein the perpendicular Hk enhancing
layer is embedded with magnetic particles of an alloy of one or more of Co, Fe,

"Ni, and B.

31



WO 2014/011950 PCT/US2013/050190

11. The MTJ element of claim 1 wherein the interfacial perpendicular
anisotropy dominates a shape anisotropy field of the ferromagnetic layer such
that a magnetization direction is oriented out of the plane of the ferromagnetic
layer.

12. The MTJ element of claim 11 wherein the ferromagnetic layer is a free
layer and the magnetization direction of the free layer determines a “1” or “0”
magnetic state in a memory device.

13. The MTJ element of claim 1 wherein a top surface of the MTJ element is
connected to one or more other adjacent MTJ elements by one or more wires to
form an array thereby enabling one or more of the MTJ elements to be
selectively written to or read during a write process or read process,
respectively.

14. The MTJ element of claim 12 further comprised of a seed layer, pinned
layer, and a capping layer in a bottom spin valve configuration wherein the seed
layer, pinnved layer, tunnel barrier layer, free layer, perpendicular Hk enhancing
layer, and the capping layer are sequentially formed on a substrate.

15. The MTJ element of claim 12 further comprised of a seed layer, pinned
layer, and a capping layerin a top spin valve configuration wherein the seed
layer, perpendicular Hk enhancing layer, free layer, tunnel barrier layer, pinned
layer, and the capping layer are sequentially formed on a substrate.

16. The MTJ. element of claim 14 wherein the pinned layer has an interface
with the tunnel barrier layer and an interface with the seed layer, there is a first
concentration of glassing agent in a middle portion of the pinned layer and a
second concentration of glassing agent in portions of the pinned layer

proximate to the interfaces with the tunnel barrier layer and seed layer.
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17. A domain wall motion device, comprising:

(a) a pinned magnetic layer having a first width;

(b) a tunnel barrier contacting a top surface of the pinned layer;

(c) a free layer having a width substantially larger than the first width, and
forming a first interface with the tunnel barrier layer and a second interface
with a perpendicular Hk enhancing layer formed on a surface of the free
layer that is opposite a surface at the first interface, there is a glassing agent
made of Mo or W with a first concentration in a middle portion of the free
layer and a second concentration less than the first concentration in portions
of the free layer proximate to the first and second interfaces, and wherein
domain walls extend vertically between first and second interfaces to
establish magnetic domains including a switchable magnetic domain aligned
above the pinned magnetic layer,;

(d) the perpendicular Hk enhancing layer; and

(e) a capping layer that contacts a top surface of the perpendiéular Hk
enhancing layer, the domain wall motion device is electrically connected to a
current/voltage source and to a readout device to enable read and write
processes.

18. The domain wall motion device of claivm 17 wherein the glassing agent
(G) inhibits crystallization and maintains an amorphous character in the middle
portion of the free layer.

19. The domain wall motion device of claim 17 wherein a glassing agent
content incrementally increases from the second concentration at the first and
second interfaces to the first concentration in the middle portion of the free

layer.
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20. The domain wall motion device of claim 17 wherein the glassing agent
(G) is deposited as a single layer or as a laminated cbnfiguration wherein each
glassing agent layer is from 0.1 to 5 Angstroms thick.

21. The domain wall motion device of claim 17 wherein the free layer is a
composite of a plurality of layers in which one or more layers contain a glassing
agent (G) and the layers adjoining the first and second interfaces have a
smaller concentration of glassing agent (G) than that of a layer proximate to a
middle of the free layer.

22. The domain wall motion device of claim 18 wherein the free layer is
comprised of an alloy of one or more of Co, Fe, and Ni, or an alloy of one or
more of Co, Fe, Ni, and B, and is doped with the glassing agent (G) with a
concentration of about 1% to 30% in the free layer.

23. The domain wall motion device of claim 18 wherein the free layeris a
single layer or a laminated stack of layers comprised of an alloy of one or more
of Co, Fe, Ni, and B with a thickness between about 5 and 30 Angstroms, or is
an alloy of one or more of Co, Fe, and Ni with a thickness from about 5 to 30
Angstroms. -

24. The domain wall motion device of claim 18 wherein the perpendicular Hk
enhancing layer is comprised of an oxide, a nitride, or a lamination of oxide
and/or nitride layers of one or more of Si, Ba, Ca, La, Mn, Zn, Hf, Ta, Ti, B, Cu,
Cr, V, Mg, and Al, or is one of Ta, Ti, B, Ag, Au, Cu, Cr, Nb, Zr, V, Mg, or Al.

25. The domain wall motion device of claim 18 wherein the tunnel barrier
layer is made of an oxide or nitride of one or more of Si, Ti, Ba, Ca, La, Mn, V,

Al, Ti, Zn, Hf, Mg, Ta, Ti, B, Cu, and Cr.
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- 26. The domain wall motion device of claim 24 wherein the perpendicular Hk
enhancing layer is embedded with magnetic particles of an alloy of one or more
of Co, Fe, Ni, and B. |

27. The domain wall motion device of claim 18 wherein the interfacial
perpendicular anisotropy dominates a shape anisotropy field of the free layer
such that a magnetization direction is oriented out of the plane of the free layer.

28. The domain wall motion device of claim 18 wherein a top surface thereof
is connected to one or more other adjacent domain wall motion devices by one
or more wires to form an array thereby enabling one or more of the domain wall
motion devices to be selectively written to or read during a write process or read
process, respectively.

29. A method of forming a MTJ element exhibiting interfacial perpendicular
anisotropy at a first interface between a free layer and an adjoining tunnel
barrier layer and at a second interface between the free layer and an adjoining
perpendicular Hk enhancing layer, comprising:

(a) providing a pinned layer formed on a substrate;

(b) forming a tunnel barrier layer on the pinned layer;

(c) depositing a free layer having a bottom surface that forms a first
interface with a top surface of said tunnel barrier, and having a top surface
that forms a second interface with a subsequently deposited perpendicular
Hk enhancing layer, the free layer comprises a glassing agent made of Mo
or W with a first concentration in a middle portion thereof that crystallizes at
a first temperature, and a second glassing agent concentration less than the

first concentration in top and bottom portions of the ferromagnetic layer
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proximate to the first and second interfaces such that the top and bottom
portions crystallize at a second temperature less than the first temperature;

(d) forming the perpendicular Hk enhancing layer on the free layer;

(e) forming a capping layer that contacts a top surface of the perpendicula; Hk
enhancing layer; and

(f) performing an anneal process.

30. The method of claim 29 wherein the anneal process is performed at a
temperature that is less than the first temperature and greater than the second
temperature.

31. The method of claim 29 wherein the glassing agent (G) is formed with a
concentration between about 1°A; and 30% in thé free layer.

32. The method of claim 31 wherein the glassing agent (G) is deposited as a
single layer or as a laminated configuration in which each glassing agent layer
is from 0.1 to 5 Angstroms thick.

33. The method of claim 31 wherein the free layer is a composite with a
plurality of layers wherein one or more layers contain the glassing agent (G)
and the layers adjoining the first and second interfaces have a smaller
concentration of glassing agent (G) than that of a layer proximate to a middle of
the free layer.

34. The method of claim 29 wherein the free layer is a single layer ora
laminated stack of layers comprised of an alloy of one or more of Co, Fe, Ni,
and B with a thickness between about 5 and 30 VAn.gstroms, or is an alloy of one
or more of Co, Fe, and Ni with a thickness from about 5 to 30 Angstroms.

35. The method of claim 29 wherein the perpendicular Hk enhancing layer is

comprised of an oxide, a nitride, or a lamination of oxide and/or nitride layers of
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one or more of Si, Ba, Ca, La, Mn, Zn, Hf, Ta, Ti, B, Cu, Cr, V, Mg, and Al, or is

one of Ta, Ti, B, Ag, Au, Cu, Cr, Nb, Zr, V, Mg, or Al.
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