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MEMORY ELEMENT, MEMORY
APPARATUS

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

RELATED APPLICATION DATA

This application 1s a reissue of U.S. patent application
Ser. No. 15/371,863, now U.S. Pat. Ser. No. 9,917 248, that
is a continuation of U.S. patent application Ser. No. 14/338,
645 filed May 15, 2014, the entirety of which 1s incorporated
herein by reference to the extent permitted by law. U.S.
patent application Ser. No. 14/338,645 1s the Section 371
National Stage of PCT/JP2012/06976 filed Oct. 31, 2012.
The present application claims the benefit of prionty to
Japanese Patent Application No. JP 2011-261854 filed on
Nov. 30, 2011, 1n the Japan Patent Oflice, the entirety of
which 1s incorporated by reference herein to the extent
permitted by law.

TECHNICAL FIELD

The present disclosure relates to a memory element and a
memory apparatus that have a plurality of magnetic layers
and make a record using a spin torque magnetization iver-
S101.

BACKGROUND ART

Along with a rapid development of various information
apparatuses from mobile terminals to large capacity servers,
turther high performance improvements such as higher
integration, increases in speed, and lower power consump-
tion have been pursued in elements such as a memory and
a logic configuring this. In particular, a semiconductor
non-volatile memory has significantly progressed, and, as a
large capacity file memory, a flash memory 1s spreading at
such a rate that hard disk drives are replaced with the flash
memory. Meanwhile, the development of FeRAM (Ferro-
clectric Random Access Memory), MRAM (Magnetic Ran-
dom Access Memory), PCRAM (Phase-Change Random
Access Memory), or the like has progressed as a substitute
for the current NOR flash memory, DRAM or the like 1n
general use, 1 order to use them for code storage or as a
working memory. A part of these 1s already 1n practical use.

Among them, the MRAM performs the data storage using
a magnetization direction of a magnetic material, so that
high speed and nearly unlimited (10> times or more) rewrit-
ing can be made, and therefore has already been used 1n
fields such as industrial automation and an airplane. The
MRAM 1s expected to be used for code storage or a working
memory in the near future due to the high-speed operation
and reliability. However, 1t has challenges related to lower-
ing power consumption and increasing capacity actually.
This 1s a basic problem caused by the recording principle of
the MRAM, that 1s, the method of inverting the magnetiza-
tion using a current magnetic field generated from an
interconnection.

As a method of solving this problem, a recording method
not using the current magnetic field, that 1s, a magnetization
inversion method, 1s under review. In particular, research on
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2

a spin torque magnetization inversion has been actively
made (see, for example, Patent Documents 1, 2, and 3, and
Non-Patent Documents 1 and 2).

The memory element using a spin torque magnetization
inversion oiten includes an MTJ (Magnetic Tunnel Junction)

clement and TMR (Tunneling Magnetoresistive) element,
similarly to the MRAM.

This configuration uses a phenomenon in which, when
spin-polarized electrons passing through a magnetic layer
which 1s fixed 1n an arbitrary direction enter another free (the
direction 1s not fixed) magnetic layer, a torque (which 1s also
called as a spin transier torque) 1s applied to the magnetic
layer, and the free magnetic layer 1s inverted when a current
having a predetermined threshold value or more tlows. The
rewriting of 0/1 1s performed by changing the polarity of the
current.

An absolute value of a current for the inversion 1s 1 mA
or less 1n the case of an element with a scale of approxi-
mately 0.1 um. In addition, because this current value
decreases 1n proportion to a volume of the element, scaling
1s possible. Furthermore, because a word line necessary for
the generation of a recording current magnetic field 1n the
MRAM 1s not necessary, there 1s an advantage that a cell
structure becomes simple.

Heremaftter, the MRAM utilizing a spin torque magneti-
zation inversion will be referred to as ST-MRAM (Spin
Torque-Magnetic Random Access Memory). The spin
torque magnetization inversion 1s also referred to as spin
injection magnetization inversion. Great expectations are
placed on the ST-MRAM as a non-volatile memory capable
of realizing lower power-consumption and larger capacity
while maintaining the advantages of the MRAM in which
high speed and nearly unlimited rewriting may be per-
formed.

CITATION LIST
Patent Document

Patent Document 1: Japanese Unexamined Patent Appli-
cation Laid-open No. 2003-17782

Patent Document 2: U.S. Pat. No. 6,256,223
Patent Document 3: Japanese Unexamined Patent Appli-

cation Laid-open No. 2008-227388

Non-Patent Document

Non-Patent Document 1: Physical Review B, 34, 9353
(1996)

Non-Patent Document 2: Journal of Magnetism and Mag-
netic Matenials, 159, L1(1996)

Non-Patent Document 3: Nature Matenials., 5, 210(2006)

DISCLOSURE OF THE INVENTION
Problem to be Solved by the Invention

Although various maternals are considered as a ferromag-
netic material used for the memory element of the ST-
MRAM, a material having a perpendicular magnetic anisot-
ropy 1s generally regarded as suitable for lower power-
consumption and larger capacity as compared with a
material having an in-plane magnetic anisotropy. This 1s
because the perpendicular magnetization has a lower thresh-
old value that should be exceeded during a spin torque
magnetization inversion and a perpendicular magnetization
film has a high magnetic anisotropy that 1s advantageous for
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holding the thermal stability of the memory element min-
1aturized by the increase in capacity.

Meanwhile, 1 order to realize a memory element with a
high density, 1t 1s essential to hold a record stably at a low
current. However, a memory element having a perpendicular
magnetic anisotropy generally has been known to have a
high damping constant that contributes to a recording cur-
rent, and therefore are disadvantageous for decreasing the
recording current.

In view of the above, it 1s an object of the present
disclosure to propose a relatively easy method of improving
magnetic properties and decreasing a recording current, and

to provide a memory element that 1s capable of making a
record stably at a low current as the ST-MRAM.

Means for Solving the Problem

A memory element of the present disclosure includes a
layered structure including a memory layer having magne-
tization perpendicular to a film face i which a direction of
the magnetization 1s changed depending on information, a
magnetization-fixed layer having magnetization perpendicu-
lar to the film face, which becomes a base of the information
stored 1n the memory layer, and an intermediate layer that 1s
formed of a non-magnetic material and 1s provided between
the memory layer and the magnetization-fixed layer. Then,
the memory layer includes a multilayer structure layer in
which a non-magnetic material and an oxide are laminated,
and the direction of the magnetization of the memory layer
1s changed by applying a current 1n a lamination direction of
the layered structure to record the information in the
memory layer.

Moreover, a memory apparatus of the present disclosure
includes a memory element that holds information based on
a magnetization state ol a magnetic material, the memory
clement including a layered structure including a memory
layer having magnetization perpendicular to a film face 1n
which a direction of the magnetization 1s changed depending,
on information, the direction of the magnetization of the
memory layer being changed by applying a current 1in a
lamination direction of the layered structure to record the
information in the memory layer, the memory layer includ-
ing a multilayer structure layer in which a non-magnetic
material and an oxide are laminated, a magnetization-fixed
layer having magnetization perpendicular to the film face,
which becomes a base of the mformation stored in the
memory layer, and an intermediate layer that 1s formed of a
non-magnetic material and 1s provided between the memory
layer and the magnetization-fixed layer, and two types of
interconnections intersecting with each other. Then, the
memory layer 1s disposed between the two types of inter-
connections, and the current in the lamination direction 1s
applied to the memory element through the two types of
interconnections.

According to the memory element of the present disclo-
sure, because 1t includes a memory layer that holds infor-
mation based on a magnetization state of a magnetic mate-
rial, a magnetization-fixed layer 1s provided on the memory
layer via an intermediate layer, and the information 1is
recorded 1n the memory layer by using a spin torque
magnetization mversion generated with a current flowing in
a lamination direction to invert magnetization of the
memory layer, 1t 1s possible to record the immformation by
applying a current in the lamination direction. At this time,
since the memory layer includes a multilayer structure layer
in which a non-magnetic material and an oxide are lami-
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nated, i1t 1s possible to decrease the current value that 1s
necessary for inverting the direction of the magnetization of

the memory layer.

On the other hand, 1t 1s possible to hold the thermal
stability of the memory layer sufliciently owing to a strong
magnetic anisotropy energy of a perpendicular magnetiza-
tion film.

From a viewpoint of decreasing an mversion current and
ensuring the thermal stability, attention 1s drawn to the
structure using a perpendicular magnetization film as a
memory layer. For example, according to Non-Patent Docu-
ment 3, the possibility of decreasing an inversion current and
ensuring the thermal stability by using a perpendicular
magnetization film such as a Co/N1 multilayer film as the
memory layer 1s indicated.

Examples of a magnetic material having a perpendicular
magnetic anisotropy include a rare earth-transition metal
alloy (‘TbCoFe or the like), a metal multilayer film (Co/Pd
multilayer film or the like), an ordered alloy (FePt or the
like), and using an interfacial anisotropy between an oxide
and magnetic metal (Co/MgO or the like).

However, a material using an interfacial magnetic anisot-
ropy, that 1s, material 1n which a magnetic material including
Co or Fe 1s laminated on MgO being a tunnel barrier is
promising 1 view of the adoption of a tunnel junction
structure to realize a high magnetoresistance change ratio
that provides a large read-out signal 1n the ST-MRAM, with
consideration of heat resistance or easiness i manufactur-
ng.

However, the anisotropy energy of a perpendicular mag-
netic anisotropy arising from an interfacial magnetic anisot-
ropy 1s smaller than that of a crystal magnetic anisotropy, a
single 1on anisotropy, or the like, and 1s reduced as the
thickness of the magnetic layer increases.

In view of the above, 1n the present disclosure, a ferro-
magnetic material of the memory layer 1s a Co—Fe—B
layer, and the memory layer 1s formed to include a laminated
structure 1ncluding an oxide and a non-magnetic layer.
Accordingly, the amsotropy 1 the memory layer 1s
enhanced.

Moreover, according to the configuration of the memory
apparatus ol the present disclosure, a current 1n the lamina-
tion direction 1s applied to the memory element through the
two types of interconnections and a spin transier occurs.
Thus, 1t 1s possible to use a spin torque magnetization
inversion to record mformation by applying a current in the
lamination direction of the memory element through the two
types of interconnections.

Moreover, because the thermal stability of the memory
layer can be suiliciently maintained, it 1s possible to hold the
information stored in the memory element stably, and to
realize the miniaturization of the memory apparatus, the
improvement of the reliability, and the decrease 1n the power
consumption.

Fftect of the Invention

According to the present disclosure, because a memory
clement having a high perpendicular magnetic anisotropy 1s
obtained, 1t 1s possible to configure a memory clement
having well-balanced properties while ensuring the thermal
stability serving as an information holding capacity suili-
ciently.

Accordingly, it 1s possible to eliminate the operation error
and to obtain an operatlon margin of the memory element
sufliciently. Therefore, 1t 1s possible to realize a memory that
stably operates with a high reliability.
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Moreover, 1t 1s possible to decrease the writing current,
and to decrease the power consumption when writing 1s
performed on the memory element.

Therelore, 1t 1s possible to decrease the power consump-
tion of the entire memory apparatus.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 A structure diagram of a memory apparatus of an
embodiment of the present disclosure.

FIG. 2 A cross-sectional view of the memory apparatus of
the embodiment.

FIG. 3 Diagrams showing a layered structure of respective
memory elements of the embodiment.

FIG. 4 Diagrams showing a laminated structure of respec-
tive samples for experiments of the memory element of the
embodiment.

FIG. 5 A diagram showing an experimental result of the
temperature change of the magnetic anisotropy in diflerent
laminated structures (samples 1 to 5) of the memory element
of the embodiment.

FIG. 6 A diagram showing an experimental result of the
temperature change of the magnetic anisotropy in different
laminated structures (samples 3, 6, and 7) of the memory
clement of the embodiment.

FI1G. 7 Explanatory diagrams of examples of applying a
magnetic head of the embodiment.

L1

MODE(S) FOR CARRYING OUT TH.
INVENTION

Hereinafter, an embodiment of the present disclosure will
be described 1n the following order.
<1. Configuration of Memory Apparatus ol Embodiment>
<2. Overview of Memory Flement of Embodiment>
<3. Specific Configuration of Embodiment>
<4. BExperiment>
<5. Modified Example>
<1. Configuration of Memory Apparatus of Embodiment>

First, the configuration of a memory apparatus serving as
an embodiment of the present disclosure will be described.

Schematic diagrams of the memory apparatus of the
embodiment are shown i FIG. 1 and FIG. 2. FIG. 1 1s a
perspective view and FIG. 2 1s a cross-sectional view.

As shown 1n FIG. 1, the memory apparatus of the embodi-
ment icludes, for example, a memory element 3 disposed in
the vicinity of the intersection point of two types of address
interconnections (e.g., a word line and a bit line) perpen-
dicular to each other, which serves as the ST-MRAM and 1s
capable of holding information based on a magnetization
state.

That 1s, a drain area 8, a source area 7, and a gate electrode
1 constituting a transistor for selection that selects each
memory apparatus are formed on a portion separated by an
clement 1solation layer 2 of a semiconductor substrate 10
such as a silicon substrate. Of these, the gate electrode 1
serves also as one address interconnection (word line)
extending 1n the back and forth direction in the figure.

The drain region 8 1s formed commonly with right and left
transistors for selection 1n FIG. 1, and an interconnection 9
1s connected to the drain region 8.

Then, the memory element 3 having a memory layer that
inverts a magnetization direction thereof by a spin torque
magnetization inversion 1s disposed between the source
region 7 and a bit line 6 that 1s disposed at an upper side and
extends in the right-left direction 1n FIG. 1. The memory
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6

clement 3 1s configured with, for example, a magnetic tunnel

junction element (M'TJ element).

As shown i FIG. 2, the memory element 3 has two
magnetic layers 15 and 17. In the two magnetic layers 15 and
17, one magnetic layer 1s set as a magnetization-fixed layer
15 1in which the direction of magnetization M15 is fixed, and
the other magnetic layer 1s set as a magnetization-iree layer
in which the direction of magnetization M17 varies, that 1s,
memory layer 17.

Moreover, the memory element 3 1s connected to the bit
line 6 and the source region 7 through upper and lower
contact layers 4, respectively.

Accordingly, when a current 1n the vertical direction 1s
applied to the memory element 3 through the two types of
address interconnections 1 and 6, the direction of the mag-
netization M17 of the memory layer 17 can be inverted by
a spin torque magnetization 1nversion.

In such a memory apparatus, 1t 1s necessary to perform
writing with a current equal to or less than the saturation
current of the selection transistor, and 1t 1s known that the
saturation current of the transistor decreases along with
miniaturization. Therefore, 1n order to miniaturize the
memory apparatus, 1t 1s favorable that spin transier efli-

ciency be improved and the current flowing to the memory
clement 3 be decreased.

Moreover, 1t 1s necessary to secure a high magnetoresis-
tance change ratio to amplity a read-out signal. In order to
realize this, 1t 1s effective to adopt the above-described MTJ
structure, that 1s, to configure the memory element 3 1n such
a manner that an intermediate layer i1s used as a tunnel
isulating layer (tunnel barrier layer) between the two
magnetic layers 15 and 17.

In the case where the tunnel insulating layer 1s used as the
intermediate layer, the amount of the current flowing to the
memory element 3 1s restricted to prevent the insulation
breakdown of the tunnel imsulating layer from occurring.
That 1s, 1t 1s favorable to restrict the current necessary for the
spin torque magnetization mversion from the viewpoint of
securing reliability with respect to repetitive writing of the
memory element 3. It should be noted that the current
necessary for the spin torque magnetization inversion 1s also
called as inversion current, memory current, or the like 1n
sOme cases.

Moreover, because the memory apparatus 1s a non-vola-
tile memory apparatus, 1t 1s necessary to stably store the
information written by a current. That is, 1t 1s necessary to
secure stability (thermal stability) with respect to thermal
fluctuations 1n the magnetization of the memory layer.

In the case where the thermal stability of the memory
layer 1s not secured, an mverted magnetization direction
may be re-inverted due to heat (temperature 1mn an opera-
tional environment), which results 1n a writing error.

The memory element 3 (SIT-MRAM) in the memory
apparatus 1s advantageous in scaling compared to the
MRAM 1n the related art, that 1s, advantageous 1n that the
volume of the memory layer can be small. However, as the
volume 1s small, the thermal stability may be deteriorated as
long as other characteristics are the same.

As the capacity increase of the ST-MRAM proceeds, the
volume of the memory element 3 becomes smaller, so that
it 1s an 1mportant problem to secure the thermal stability.

Therefore, in the memory element 3 of the ST-MRAM,
the thermal stability 1s a significantly important property,
and 1t 1s necessary to design the memory element 1n such a
manner that the thermal stability thereof 1s secured even if
the volume 1s decreased.
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<2. Overview of Memory Element of Embodiment>

Next, the overview of the memory element serving as the
embodiment of the present disclosure will be described.

The embodiment of the present disclosure records infor-
mation by inverting the magnetization direction of the >
memory layer of the memory element by the above-men-
tioned spin torque magnetization 1nversion.

The memory layer 1s composed of a magnetic material
including a ferromagnetic layer, and holds the information
based on the magnetization state (magnetic direction) of the
magnetic material.

FIG. 3 show an example of the respective layered struc-
tures of the memory elements 3 and 20.

The memory element 3 has a layered structure, for
example, as shown 1n FIG. 3A, and includes the memory
layer 17 and the magnetization-fixed layer 15 as the at least
two ferromagnetic layers, and an itermediate layer 16
disposed between the two magnetic layers.

The memory layer 17 has magnetization perpendicular to ¢
a film face 1n which the direction of the magnetization 1s
changed corresponding to the information.

The magnetization-fixed layer 15 has magnetization per-
pendicular to a film face that becomes a base of the infor-
mation stored 1n the memory layer 17. 25

The intermediate layer 16 1s formed of a non-magnetic
material and 1s provided between the memory layer 17 and
the magnetization-fixed layer 15.

Then, by 1njecting spin polarized electrons in a lamination
direction of the layered structure having the memory layer
17, the mtermediate layer 16, and the magnetization-fixed
layer 15, the magnetization direction of the memory layer 17
i1s changed, whereby the information i1s recorded in the
memory layer 17.

Here, the spin torque magnetization inversion will be
briefly described.

Electrons have two types of spin angular momentums.
The states of the spin are defined temporarily as up and
down. The numbers of up spin and down spin electrons are 4
the same 1n the non-magnetic material, but the numbers of
up spin and down spin electrons differ 1n the ferromagnetic
matenal. In two ferromagnetic layers, 1.e., the magnetiza-
tion-fixed layer 15 and the memory layer 17, constituting the
ST-MRAM, the case where the directions of the magnetic 45
moment of each layer are 1 a reverse direction and the
clectrons are moved from the magnetization-fixed layer 135
to the memory layer 17 will be considered.

The magnetization-fixed layer 15 1s a fixed magnetic layer
having the direction of the magnetic moment fixed by high 50
coercive force.

The electrons passed through the magnetization-fixed
layer 15 are spin polarized, that is, the numbers of up spin
and down spin electrons diflers. When the thickness of the
intermediate layer 16 that 1s the non-magnetic layer 1s made 55
to be sutliciently thin, the electrons reach the other magnetic
matenal, that 1s, the memory layer 17 belore the spin
polarization 1s mitigated by passing through the magnetiza-
tion-fixed layer 15 and the electrons become a common
non-polarized state (the numbers of up spin and down spin 60
clectrons are the same) in a non-polarized material.

A sign of the spin polarization in the memory layer 17 1s
reversed, so that a part of the electrons 1s inverted for
lowering the system energy, that 1s, the direction of the spin
angular momentum 1s changed. At this time, because the 65
entire angular momentum of the system 1s necessary to be
conserved, a reaction equal to the total angular momentum
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change by the electron, the direction of which 1s changed, 1s
applied also to the magnetic moment of the memory layer
17.

In the case where the current, that 1s, the number of
clectrons passed through per unit time 1s small, the total
number of electrons, the directions of which are changed,
becomes small, so that the change in the angular momentum
occurring 1n the magnetic moment of the memory layer 17
becomes small, but when the current i1s increased, 1t 1s
possible to apply large change 1n the angular momentum
within a unit time.

The time change of the angular momentum 1s a torque,
and when the torque exceeds a threshold value, the magnetic
moment of the memory layer 17 starts a precession, and
rotates 180 degrees due to its uniaxial anisotropy to be
stable. That 1s, the inversion from the reverse direction to the
same direction occurs.

When the magnetization directions are in the same direc-
tion and the electrons are made to reversely flow from the
memory layer 17 to the magnetization-fixed layer 15, the
clectrons are then retlected at the magnetization-fixed layer
15. When the electrons that are reflected and spin-inverted
enter the memory layer 17, a torque 1s applied and the
magnetic moment can be mverted to the reverse direction.
However, at this time, the amount of current necessary for
causing the inversion i1s larger than that in the case of
inverting from the reverse direction to the same direction.

The mversion of the magnetic moment from the same
direction to the reverse direction 1s difhicult to intuitively
understand, but 1t may be considered that because the
magnetization-fixed layer 15 1s fixed, the magnetic moment
cannot be mverted and the memory layer 17 1s imnverted for
conserving the angular momentum of the entire system.
Thus, the recording of 0/1 1s performed by applying a
current having a predetermined threshold value or more,
which corresponds to each polarity, from the magnetization-
fixed layer 15 to the memory layer 17 or in a reverse
direction thereof.

Reading of information 1s performed by using a magne-
toresistive elflect similarly to the MRAM 1n the related art.
That 1s, as 1s the case with the above-described recording, a
current 1s applied 1n a direction perpendicular to the film
face. Then, a phenomenon 1n which an electrical resistance
shown by the element varies depending on whether or not
the magnetic moment of the memory layer 17 1s the same or
reverse direction to the magnetic moment of the magneti-
zation-fixed layer 15 1s used.

A matenial used for the intermediate layer 16 between the
magnetization-fixed layer 15 and the memory layer 17 may
be a metallic material or an insulating material, but the
insulating material may be used for the intermediate layer to
obtain a relatively high read-out signal (resistance change
ratio), and to realize the recording by a relatively low
current. The element at this time 1s called a ferromagnetic
tunnel junction (Magnetic Tunnel Junction: MTJ) element.

A threshold value Ic of the current necessary to inverse the
magnetization direction of the magnetic layer by the spin
torque magnetization inversion 1s diflferent depending on
whether an easy axis of magnetization of the magnetic layer
1s an 1n-plane direction or a perpendicular direction.

Although the memory elements 3 and 20 of this embodi-
ment are perpendicular magnetization-type, 1 an in-plane
magnetization-type memory element in the related art, the
inversion current for inverting the magnetization direction of
the magnetic layer 1s represented by Ic_para.

When the direction 1s inverted from the same direction to
the reverse direction, the equation holds, Ic_para=
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(A-0-Ms-V/g(0)/P) (Hk+2nMs). When the direction 1s
inverted from the reverse direction to the same direction, the
equation holds, Ic_para=—(A-0-Ms-V/g(m)/P) (Hk+2nMs).

It should be noted that the same direction and the reverse
direction denote the magnetization directions of the memory
layer based on the magnetization direction of the magneti-
zation-fixed layer, and are also referred to as a parallel
direction and a non-parallel direction, respectively.

On the other hand, 1n the perpendicular magnetization-
type memory element according to this example, the mver-
s1on current 1s represented by Ic_perp. When the direction 1s
inverted from the same direction to the reverse direction, the
equation holds, Ic_perp=(A-0Ms-V/g(0)/P) (Hk—4nMs).
When the direction 1s mverted from the reverse direction
to the same direction, the equation  holds,
Ic_perp=—(A-0t-Ms-V/g(m)/P) (Hk—41TMs).

It should be noted that A represents a constant, O repre-
sents a damping constant, Ms represents a saturation mag-
netization, V represents an element volume, P represents a
spin polarizability, g(0) and g(m) represent coefficients cor-
responding to efficiencies of the spin torque transmitted to
the other magnetic layer in the same direction and the
reverse direction, respectively, and Hk represents the mag-
netic anisotropy.

In the respective equations, when the term (Hk—4nMs) 1n
the perpendicular magnetization type 1s compared with the
term (Hk+27tMs) 1n the in-plane magnetization type, 1t can
be understood that the perpendicular magnetization type 1s
suitable to decrease a recording current.

Here, a relationship between an inversion current IcO and

a thermal stability index A 1s represented by the following
(Math. 1).

Math. 1]

deks TN oA
wo=(=5)5)
7 7]

It should be noted that e represents an electron charge, 1
represents spin injection efficiency, h with bar represents a
decreased Planck constant, o represents a damping constant,
k. represents a Boltzmann constant, and T represents a
temperature.

In this embodiment, the memory element includes the
magnetic layer (memory layer 17) capable of holding the
information based on the magnetization state, and the mag-
netization-fixed layer 15 1n which the magnetization direc-
tion 1s fixed.

It has to hold the written information to exist as a memory.
It 1s judged by the value of the thermal stability 1ndex
A(=KV/k,T) as an index of ability to hold the information.
The A 1s represented by the (Math. 2).

Math. 2]

Here, Hk represents an effective anisotropic magnetic
field, k; represents a Boltzmann constant, T represents a
temperature, Ms represents a saturated magnetization
amount, V represents a volume of the memory layer, and K
represents the anisotropic energy.

The effective anisotropic magnetic field Hk 1s affected by
a shape magnetic anisotropy, an mduced magnetic anisot-
ropy, a crystal magnetic anisotropy and the like. Assuming
a single-domain coherent rotation model, this will be equal
to coercive force.
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The thermal stability index A and the threshold value Ic of
the current often have the trade-off relationship. Accord-
ingly, 1n order to maintain the memory characteristics, the
trade-off often becomes an 1ssue.

In practice, 1n a circle TMR element having, for example,
the memory layer 17 with a thickness of 2 nm and a plane
pattern with a diameter of 100 nm, the threshold value of the
cuwrrent to change the magnetization state of the memory
layer 1s about one hundred to several hundreds of pA.

In contrast, in the normal MRAM that inverts the mag-
netization using a current magnetic field, the written current

exceeds several mA.

Accordingly, 1n the case of the ST-MRAM, the threshold
value of the written current becomes sufficiently low, as
described above. Therefore, 1t can be seen that it 1s effective
to decrease the power consumption of the integrated circuit.

In addition, because the interconnections for generating
the current magnetic field used in the normal MRAM are
unnecessary, 1t 1s advantageous over the normal MRAM 1n
terms of the integration.

Then, when the spin torque magnetization 1nversion 1s
performed, a current 1s applied directly into the memory
element to write (record) the information. Therefore, 1n
order to select a memory cell to which writing 1s performed,
the memory element 1s connected to a selection transistor to
configure the memory cell.

In this case, the current flowing to the memory element 1s
limited by the amount of the current that can flow to the
selection transistor (the saturation current of the selection
transistor).

In order to decrease the recording current, the perpen-
dicular magnetization-type 1s desirably used, as described
above. Moreover, the perpendicular magnetization film can
generally provide higher magnetic anisotropy than the 1n-
plane magnetization film, and therefore 1s desirable in that
the A 1s kept greater.

Examples of the magnetic material having the perpen-
dicular anisotropy include a rare earth-transition metal alloy
(TbCoFe or the like), a metal multilayer film (Co/Pd mul-
tilayer film or the like), an ordered alloy (FePt or the like),
and using an interfacial anisotropy between an oxide and
magnetic metal (Co/MgQO or the like). When the rare earth-
transition metal alloy 1s diffused and crystallized by being
heated, the perpendicular magnetic anisotropy 1s lost, and
therefore the rare earth-transition metal alloy 1s not favor-
able as the ST-MRAM material.

It 1s known that also the metal multilayer film 1s diffused
when being heated, and the perpendicular magnetic anisot-
ropy 1s degraded. Because the perpendicular magnetic
anisotropy 1s developed when 1t has a face-centered cubic
(111) orientation, 1t 1s difficult to realize a (001) orientation
necessary for a high polarizability layer including MgQO, and
Fe, CoFe, and CoFeB disposed adjacent to MgO. An L10
ordered alloy 1s stable even at high temperature and shows
the perpendicular magnetic anisotropy 1n the (001) orienta-
tion. Therefore, the above-mentioned problem 1s not
induced. However, the 1.10 ordered alloy has to be heated at
sufficiently high temperature of 500° C. or more during the
production, or atoms should be arrayed regularly by being
heated at a high temperature of 500° C. or more after the
production. It may induce unfavorable diffusion or an
increase 1n interfacial roughness i1n other portions of a
laminated film such as a tunnel barrier.

In contrast, the material utilizing interfacial magnefic
anisotropy, 1.e., the material including MgQO being the tunnel
barrier and a Co-based or Fe-based material laminated
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thereon hardly induces any of the above-mentioned prob-
lems, and 1s therefore highly expected as the memory layer
material of the ST-MRAM.

However, in order to increase the density of the minute
clement, 1t needs to further decrease the power consumption
of the entire memory apparatus, particularly, to decrease the
writing current, similarly to other matenals.

In order to solve this, the writers of the present disclosure
created a structure in which the memory layer 17 1s formed
to 1nclude a multilayer structure layer in which a non-
magnetic material and an oxide are laminated, as shown in
FIG. 3B.

Accordingly, 1t 1s possible to obtain the memory element
20 having a high perpendicular magnetic anisotropy, to
suiliciently secure the thermal stability, which 1s an infor-
mation holding capacity, and to configure the memory
clement 20 having well-balanced properties.

Moreover, operation errors can be eliminated, and opera-
tion margins of the memory element 20 can be sufliciently
obtained. Thus, it 1s possible to realize a memory that stably
operates with a high reliability.

Moreover, 1t 1s possible to decrease the writing current
and to decrease the power consumption when performing
writing 1nto the memory element 20.

As a result, it 1s possible to decrease the power consump-
tion of the entire memory apparatus.

Furthermore, in view of the saturated current value of the
selection transistor, as the non-magnetic intermediate layer
16 between the memory layer 17 and the magnetization-
fixed layer 15, the magnetic tunnel junction (MTJ) element
1s configured using the tunnel mnsulating layer including an
insulating materal.

This 1s because by configuring the magnetic tunnel junc-
tion (MTJ) element using the tunnel insulating layer, 1t 1s
possible to make a magnetoresistance change ratio (MR
rat10) high compared to a case where a giant magnetoresis-
tive eflect (GMR) element 1s configured using a non-mag-
netic conductive layer, and to increase the read-out signal
strength.

Then, 1n particular, by using magnestum oxide (MgQO) as
the material of the intermediate layer 16 serving as the
tunnel nsulating layer, 1t 1s possible to make the magne-
toresistance change ratio (MR ratio) high.

Moreover, generally, the spin transfer efliciency depends
on the MR ratio, and as the MR ratio 1s high, the spin transfer
ciliciency 1s i1mproved, and therefore it 1s possible to
decrease the magnetization mversion current density.

Therefore, when magnesium oxide 1s used as the material
of the tunnel msulating layer and the memory layer 17 is
used, it 1s possible to decrease the writing threshold current
by the spin torque magnetization inversion and therefore it
1s possible to perform the writing (recording) of information
with a small current. Moreover, 1t 1s possible to increase the
read-out signal strength.

Accordingly, 1t 1s possible to decrease the writing thresh-
old current by the spin torque magnetization inversion by
securing the MR ratio (TMR ratio), and to perform the
writing (recording) of information with a small current.
Moreover, 1t 1s possible to increase the read-out signal
strength.

As described above, 1n the case where the tunnel insulat-
ing layer 1s formed of the magnesium oxide (MgO) film, 1t
1s desirable that the MgO film be crystallized and a crystal
orientation be maintained 1n the (001) direction.

It should be noted that 1n this embodiment, 1n addition to
a configuration formed of the magnesium oxide, the inter-
mediate layer 16 (tunnel insulating layer) disposed between
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the memory layer 17 and the magnetization-fixed layer 15
may be configured by using, for example, various msulating
materials, dielectric materials, and semiconductors such as
aluminum oxide, aluminum mnitride, S10,, B1,0;, MgF,,
CaF, Sr110,, AlLaO,, and A—N—0O.

An area resistance value of the tunnel insulating layer has
to be controlled to several tens Qum> or less from the
viewpoint of obtaining a current density necessary for
inverting the magnetization direction of the memory layer
17 by the spin torque magnetization inversion.

Then, 1 the tunnel msulating layer formed of the MgO
film, the film thickness of the MgO film has to be set to 1.5
nm or less so that the area resistance value 1s 1n the range
described above.

Moreover, 1n the embodiment of the present disclosure, a
cap layer 18 1s disposed adjacent to the memory layer 17,
and the cap layer may form an oxide layer.

As the oxade of the cap layer 18, MgQO, aluminum oxide,
T10,, S10,, B1,0,, Sr110,, AlLaO,, or AI—N—O may be
used, for example.

Moreover, it 1s desirable to make the memory element
small 1n size to easily invert the magnetization direction of
the memory layer 17 with a small current.

Therefore, the area of the memory element 1s favorably
set to 0.01 um~ or less.

It 1s fovarable that the film thickness of each of the
magnetization-fixed layer 15 and the memory layer 17 be 0.5
nm to 30 nm.

Other configurations of the memory element may be the
same as the configuration of a memory element that records
information by the spin torque magnetization mversion in
the related art.

The magnetization-fixed layer 15 may be configured 1n
such a manner that the magnetization direction 1s fixed by
only a ferromagnetic layer or by using an antiferromagnetic
coupling of an antiferromagnetic layer and a ferromagnetic
layer.

Moreover, the magnetization-fixed layer 15 may have a
configuration of a single ferromagnetic layer, or a laminated
ferri-pinned structure 1n which a plurality of ferromagnetic
layers are laminated via a non-magnetic layer.

As a matenal of the ferromagnetic layer making up the
magnetization-fixed layer 15 having the laminated ferri-
pinned structure, Co, CoFe, CoFeB, or the like may be used.
Moreover, as a material of the non-magnetic layer, Ru, Re,
Ir, Os, or the like may be used.

As a material of the antiferromagnetic layer, a magnetic
material such as an FeMn alloy, a PtMn alloy, a PtCrMn
alloy, an NiMn alloy, an IrMn alloy, N1O, and Fe,O, may be
exemplified.

Moreover, magnetic properties may be adjusted by adding
a non-magnetic element such as Ag, Cu, Au, Al, S1, B1, Ta,
B, C, O, N, Pd, Pt, Zr, Hf, Ir, W, Mo, and Nb to these
magnetic materials, or in addition to this, a crystalline
structure or various physical properties such as a crystalline
property and a stability of a substance may be adjusted.

Moreover, 1 relation to a film configuration of the
memory element, there 1s no problem 11 the memory layer 17
may be disposed at the lower side of the magnetization-fixed
layer 15. In this case, the role of the above-described
conductive oxide cap layer 1s made by a conductive oxide
underlying layer.
<3. Specific Configuration of Embodiment™>

Next, a specific configuration of the embodiment will be
described.

The memory apparatus includes the memory element 3,
which 1s capable of holding information based on a mag-
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netization state, disposed 1n the vicinity of the intersection
point of the two kinds of address interconnections 1 and 6
(c.g., a word line and a bit line) that are perpendicular to
each other, as shown in FIGS. 1 and 2.

Then, when a current in the vertical direction 1s applied to
the memory element 3 through the two types of address
interconnections 1 and 6, the magnetization direction of the
memory layer 17 can be mverted by the spin torque mag-
netization mversion.

FIGS. 3A and 3B each show an example of the layered
structure of the memory element (ST-MRAM) of the
embodiment.

As described above, in the memory element 3 shown 1n
FIG. 3A, an underlying layer 14, the magnetization-fixed
layer 15, the intermediate layer 16, the memory layer 17, and
the cap layer 18 are laminated 1n the stated order from the
lower layer side.

In this case, the magnetization-fixed layer 135 1s disposed
under the memory layer 17 in which the direction of the
magnetization M17 1s mverted by the spin mjection.

In the spin mjection-type memory, “0” and “1” of infor-
mation are defined by a relative angle between the magne-
tization M17 of the memory layer 17 and the magnetization
M135 of the magnetization-fixed layer 15.

The intermediate layer 16 that serves as a tunnel barrier
layer (tunnel insulating layer) i1s provided between the
memory layer 17 and the magnetization-fixed layer 135, and
an MT]J element 1s configured by the memory layer 17 and
the magnetization-fixed layer 15. Moreover, the underlying
layer 14 1s provided under the magnetization-fixed layer 15.

The memory layer 17 1s composed of a ferromagnetic
material having a magnetic moment 1n which the direction
of the magnetization M17 1s freely changed 1n a direction
perpendicular to a layer face. The magnetization-fixed layer
15 1s composed of a ferromagnetic material having a mag-
netic moment 1n which the magnetization M15 1s fixed 1n a
direction perpendicular to a film face.

Information 1s recorded by the magnetization direction of
the memory layer 15 having uniaxial anisotropy. Writing 1s
performed by applying a current in the direction perpen-
dicular to the film face, and inducing the spin torque
magnetization inversion. Thus, the magnetization-fixed
layer 15 1s disposed under the memory layer 15 1n which the
magnetization direction 1s imnverted by the spin injection, and
1s to serve as the base of the stored information (magneti-
zation direction) of the memory layer 17.

Because the magnetization-fixed layer 15 i1s the base of
the mformation, the magnetization direction should not be
changed by recording or reading-out. However, the magne-
tization-fixed layer 15 does not necessarily need to be fixed
to the specific direction, and only needs to be dithicult to
move by increasing the coercive force, the film thickness, or
the magnetic damping constant as compared with the
memory layer 17.

The intermediate layer 16 1s formed of a magnesium
oxide (MgQ) layer, for example. In this case, it 1s possible
to make a magnetoresistance change ratio (MR ratio) high.

When the MR ratio 1s thus made to be high, the spin
injection ethiciency 1s improved, and therefore it 1s possible
to decrease the current density necessary for inverting the
direction of the magnetization M17 of the memory layer 17.

It should be noted that the intermediate layer 16 may be
configured by using, for example, various nsulating mate-
rials, dielectric materials, and semiconductors such as alu-
minum oxide, aluminum nitride, $10,, B1,0,, MgF,, CaF,
Sr110,, AlLaO,, and Al—N—O, as well as magnesium
oxide.
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As the underlying layer 14 and the cap layer 18, a variety
of metals such as Ta, T1, W, and Ru and a conductive nitride
such as TiN can be used. Moreover, the underlying layer 14
and the cap layer 18 may include a single layer or a plurality
of layers 1n which different materials are laminated.

The structure of the memory element 20 shown 1n FIG.
3B 1s diflerent from that of the memory element 3 1n the
structure of the memory layer 17. The memory layer 17 of
the memory element 20 includes a multilayer structure layer

in which an oxide layer 22 and a non-magnetic layer 21 are
laminated.

Such a multilayer structure layer of the oxide layer 22 and
the non-magnetic material layer 21 1s not limited to one layer
as shown i FIG. 3B, and may be formed of two or more
layers.

As the oxade 22, at least one of silicon oxide, magnesium
oxide, tantalum oxide, aluminum oxide, cobalt oxide, zir-
conium oxide, titanium oxide, and chromium oxide can be
selected.

As the non-magnetic material, at least one of Cu, Ag, Au,

V, Ta, Zr, Nb, Hf, W, Mo, and Cr can be selected.

The memory layer 17 includes a multilayer structure layer
formed of the non-magnetic layer 21 and the oxide layer 22,
which represents that a heating mechanism in which the
temperature rise ol the memory layer 17 1s increased as
compared to a given environment temperature 1s provided.

Therefore, 1n the case where the above-mentioned heating,
mechanism having a high thermal conductivity provides the
same temperature rise, the mversion of the magnetization of
the memory layer 17 of the memory element 20 according
to the embodiment 1s enhanced and it 1s possible to decrease
the recording current. Furthermore, in a viewpoint of the
thermal stability, a magnetic anisotropy 1s increased and
holding properties (capacity to hold information) are
improved.

According to the above-described embodiment shown 1n
FIGS. 3A and 3B, particularly, the composition of the
memory layer 17 of the memory element 1s adjusted 1n such
a manner that the magmtude of the effective diamagnetic
field that the memory layer 17 receives 1s smaller than the

saturated magnetization amount Ms of the memory layer 17.

In other words, the eflective diamagnetic field that the
memory layer 17 recerves 1s decreased to be smaller than the
saturated magnetization amount Ms of the memory layer 17
by selecting the ferromagnetic material Co—Fe—B com-
position of the memory layer 17.

The memory elements 3 and 20 of the embodiment can be
manufactured by continuously forming from the underlying
layer 14 to the cap layer 18 1n a vacuum apparatus, and then
by forming a pattern of the memory elements 3 and 20 by
processing such as etching.

According to this embodiment, because the memory layer
17 of the memory elements 3 and 20 1s a perpendicular
magnetization film, 1t 1s possible to decrease the amount of
writing current necessary for inverting the direction of the
magnetization M17 of the memory layer 17.

As described above, because the thermal stability, which
1s an 1information holding capacity, can be sufliciently
secured, 1t 1s possible to configure the memory elements 3
and 20 having well-balanced properties.

Accordingly, operation errors can be eliminated, and the
operation margins can be sufliciently obtained. Thus, 1t 1s
possible to cause it to stably operate.

Accordingly, 1t 1s possible to realize a memory apparatus
that stably operates with a high reliability.
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Moreover, it 1s possible to decrease the writing current
and to decrease the power consumption when performing
writing.

In particular, in the memory layer 20 including a multi-
layer structure layer in which the oxide layer 22 and the
non-magnetic layer 21 are laminated, because the multilayer
structure layer serves as a heating mechanism, the inversion
of the magnetization 1s enhanced and the recording current
1s decreased. Furthermore, 1n a viewpoint of the thermal
stability, a magnetic anisotropy 1s increased and holding
properties (capacity to hold information) are improved

Therelore, 1t 1s possible to decrease the power consump-
tion of the entire memory apparatus including the memory
clements 3 and 20 of this embodiment.

Moreover, the memory apparatus that includes the
memory elements 3 and 20 shown i FIG. 3 and has a
configuration shown 1n FIG. 1 has an advantage 1n that a
general semiconductor MOS forming process may be
applied when the memory apparatus 1s manufactured. There-
fore, 1t 1s possible to apply the memory apparatus of this
embodiment as a general purpose memory.
<4. BExperiment Regarding Embodiment>

Here, in regard to the configuration of the memory
clements 3 and 20 of this embodiment shown in FIG. 3A and
FIG. 3B, experiments 1n which samples were prepared and
then characteristics thereol were examined were conducted.

The conducted experiments are an experiment 1 and an
experiment 2. The experiment 1 was conducted to obtain the
temperature change of perpendicular anisotropy. The experi-
ment 2 was conducted to calculate the value of thermal
stability index by the measurement of a magnetic resistance
curve and to measure the value of an inversion current.

In an actual memory apparatus, as shown 1n FIG. 1, a
semiconductor circuit for switching or the like 1s present 1n
addition to the memory elements 3 and 20, but here, the
examination was conducted on a waler in which only a
memory element 1s formed 1n order to check the magneti-
zation inversion properties of the memory layer 17 adjacent
to the cap layer 18.

As the sample of a memory element for experiments, as
shown 1n FIG. 4, with the common layers of:

Underlying layer 14: Laminated film of a Ta film having

a film thickness of 10 nm and an Ru film having a film

thickness of 10 nm;
Magnetization-fixed layer 15: Laminated film of CoPt:2
nm/Ru:0.7 nm/[Co20Fe80]70B30:1.2 nm;
Intermediate layer (tunnel msulating layer) 16: MgO film
having a film thickness of 1.0 nm; and
Cap layer 18: /Ta:5 nm film/,
the memory layer 17 has the following layered structure, and

7 types of samples are prepared.
As shown 1n FIG. 4A to G,

Sample 1 (FIG. 4A) Memory layer 17: [Co20Fe80]70B30
having a film thickness of 2.2 nm

Sample 2 (FIG. 4B) Memory layer 17: [Co20Fe80]70B30
having a film thickness of 1.1 nm/Ta having a film
thickness of 0.2 nm/[Co20Fe80]70B30 having a film
thickness of 1.1 nm

Sample 3 (FIG. 4C) Memory layer 17: [Co20Fe80]80B20
having a film thickness of 1.1 nm/Layered structure of
magnesium oxide having a film thickness of 0.1 nm and
Ta having a film thickness of 0.1 nm/[Co20Fe80]
80B20 having a film thickness of 1.1 nm

Sample 4 (FI1G. 4D) Memory layer 17: [Co20Fe80]80B20

having a film thickness of 1.1 nm/aluminum oxide
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having a film thickness of 0.1 nm and Ta having a film
thickness of 0.1 nm/[Co20Fe80]80B20 having a film
thickness of 1.1 nm

Sample 5 (FIG. 4E) Memory layer 17: [Co20Fe80]830B20
having a film thickness of 1.1 nm/MgO having a film
thickness of 0.1 nm and Cr film having a film thickness
of 0.1 nm/[ Co20Fe80]80B20 having a film thickness of
1.1 nm

Sample 6 (FIG. 4F) Memory layer 17: [Co20Fe80]80B20
having a film thickness of 0.8 nm/MgO having a film
thickness of 0.1 nm and Ta having a film thickness of
0.1 nm/[Co20Fe80]80B20 having a film thickness of
0.7 nm/MgO having a film thickness of 0.1 nm and Ta

having a film thickness of 0.1 nm/[Co20Fe80]80B20

having a film thickness of 0.7 nm

Sample 7 (FIG. 4G) Memory layer 17: [Co20Fe80]80B20
having a film thickness of 0.8 nm/MgO having a film
thickness of 0.1 nm and Ta having a film thickness of
0.1 nm/Co20Fe80B30 having a film thickness of 0.7
nm/Ta having a film thickness of 0.1 nm and MgO

having a film thickness of 0.1 nm/[Co20Fe80]80B20

having a film thickness of 0.7 nm (structure sand-
wiched from up and down by MgO layers)

A thermally-oxidized film having a thickness of 300 nm
was formed on a silicon substrate having a thickness of
0.725 mm, and each sample of the memory element having
the above-described configuration was formed thereon.
Moreover, a Cu film (to be a word line) having a film
thickness of 100 nm, which was not shown, was provided
between the underlying layer and the silicon substrate.

Each layer other than the insulating layer was formed
using a DC magnetron sputtering method. The insulating
layer using an oxide was oxidized 1n an oxidation chamber
after a metal layer was formed using an RF magnetron
sputtering method or a DC magnetron sputtering method.
After each layer of the memory element was formed, heat
treatment was performed at 300° C. for 1 hour 1n a magnetic
field heat treatment furnace.

EXPERIMENT 1

This experiment was conducted to obtain the temperature
change of perpendicular anisotropy of each sample
described above.

The magnetization curve of the memory element 1s mea-
sured by magnetic kerr eflect measurement and a Vibrating
Sample Magnetometer to obtain the temperature change of
the perpendicular anisotropy. For the measurement, not the
clement after being subject to minute processing but a bulk
f1lm portion having a size of about 8 mmx8 mm, which was
specially provided on a waler for magnetization curve
evaluation, was used. Moreover, the measurement magnetic
field was applied in the direction perpendicular to a film
face.

FIG. § shows the obtained change of the perpendicular
magnetic anisotropy of the samples 1 to 5 with respect to
environment temperature. The temperature change of the
magnetic anisotropy of the sample 2 and the samples 3 to 5
1s larger than that of the sample 1. However, even in this
case, there 1s no problem because the perpendicular mag-
netic anisotropy of the sample 2 and the samples 3 to 5 1s
sufliciently larger than that of the sample 1.

Moreover, when the sample 2 1s compared with the
samples 3 to 5, the behavior of the magnetic anisotropy of
being larger than that of the sample 2 at the environment
temperature of about 60° C. 1 the example and conversely,
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being lower than that of the sample 2 at the environment
temperature of about 100° C. 1s observed.

This provides a thought that the multilayer structure layer
of the non-magnetic layer and the oxide layer in the memory
layer 17 functions as a heating mechanism that increases the 5
temperature rise ol the memory layer 17 as compared to a
given environment temperature (hereinaiter, heater layer).

The reason of the larger temperature rise can be consid-
ered as follows. Normally, the non-magnetic layer that
functions as the heater layer in the memory layer 17 1s 10
distributed 1n a uniform layer form. Here, it 1s estimated that
if the oxide layer of an ultrashallow film 1s simultaneously
formed 1n the memory layer 17, the heater layer 1s distrib-
uted by the oxide layer having relatively large concavity and
convexity and the surface area thereof that 1s in contact with 15
the magnetic material 1n the memory layer 17 1s increased,
thereby improving the eflect as the heater layer.

The principle of the STT-MRAM 1s based on magnetiza-
tion 1nversion by spin torque injection. However, 1t 1s
estimated that in an actual element, the temperature of the 20
memory layer 17 1s increased by 100° C. or more by the
current flowing durmg the inversion. In the case where the
samples 3 to 5 1n which the heater layer having a high
thermal conductivity 1s mtroduced are given the same tem-
perature rise as that of a normal element, the magnetization 25
inversion 1s enhanced because the magnetic amisotropy 1s
significantly changed. Therefore, 1t 1s considered possible to
decrease the recording current.

Moreover, 1n a viewpoint of the thermal stability, the
samples 3 to 5 1 which the heater layer having a high 30
thermal conductivity is introduced have significantly differ-
ent magnetic anisotropies at about 60° C. Because the
interfacial anisotropy of the oxide layer contributes to the
perpendicular magnetization i a Co—Fe—B alloy or the
like, this further increases the perpendicular magnetic 35
anisotropy 1n the holding temperature range. From this, 1t
can be said that those in which the heater layer having a high
thermal conductivity 1s introduced have advantages in also
the holding properties.

Furthermore, a plurality of multilaver structure layers 40
may be formed 1n the memory layer as a method of enhanc-
ing the eflect of the heater layer. FIG. 6 shows the tempera-
ture change of the perpendicular magnetic anisotropies of
the samples 3 and the samples 6 and 7. In the samples 6 and
7 having a plurality of multilayer structure layers of the 45
non-magnetic layer and the oxide layer, the decrease 1n the
perpendicular magnetic anisotropy with respect to the heat-
ing temperature 1s larger and the recording current is
expected to be lower than those having one multilayer
structure layer. 50

In addition, 1n the sample 7, the decrease 1n the perpen-
dicular magnetic anisotropy 1s larger than that 1n the sample
6. This 1s because the non-magnetic layers (Ta) to be the
heater layer are disposed symmetrically with respect to the
center of the memory layer and the magnetic material in the 55
memory layer sandwiched between the heater layers 1s
cihiciently affected by the plurality of heater layers, 1n the
example 7. It 1s considered that as a result, the change of the
perpendicular magnetic anisotropy of the entire memory
layer 1s increased. 60

As a result of various studies, if the multilayer structure
layer of the non-magnetic layer and the oxide layer is
formed, the eflect of the heater layer can be efliciently
exerted.

The material of the non-magnetic layer can be selected 65
from at least one of Cu, Ag, Au, V, Ta, Zr, Nb, Hf, W, Mo,

and Cr, and, on the other hand, the oxide layer can be
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selected from at least one of silicon oxide, magnesium
oxide, tantalum oxide, aluminum oxide, cobalt oxide, zir-
conium oxide, titanium oxide, and chromium oxide. More-
over, 1n the experiment, the composition of CO—Fe—B
may be changed from about 20 to 40% from a viewpoint of
the TMR value or the heat resistance.

EXPERIMENT 2

In this experiment, in order to evaluate the writing prop-
erties of the memory element, the calculation of the value of
the thermal stability index by the measurement of the
magnetoresistance curve and the measurement of the mver-
sion current value are performed in each sample described
above.

A current with a pulse width of 10 us to 100 ms was
applied to the memory element, and the subsequent resis-
tance value of the memory element was measured. Further-
more, the amount of currents applied to the memory element
was changed, and the current value at which the direction of
the magnetization of the memory layer of the memory
clement 1s 1nverted was obtained.

Moreover, the distribution of the coercive force obtained
by measuring the magnetoresistance curve of the memory
clement a plurality of times corresponds to the index (A) of
the holding properties (thermal stability) of the memory
clement. As the measured distribution of the coercive force
1s less, a higher A value 1s obtained. Then, 1n order to take
into account the varability between memory elements,
about 20 memory elements having the same configuration
were prepared, and the above-mentioned measurement was
performed. Thus, the inversion current value and the average
value of the index A of the thermal stability were obtained.

TABLE 1

Index of thermal stability (A) Inversion current (MA/cm?)

Sample 1 2% 4.2
Sample 2 45 4.1
Sample 6 48 3.7
Sample 7 45 3.5

In Table 1, evaluation of the magnetization inversion
properties 1 writing by a current in the samples 1, 2, 6, and
7 was collected. A difference in the thermal stablhtles 1S
caused between the samples 1 and 2 by reflecting the
adjustment of the magnetic properties due to the existence or
non-existence of the non-magnetic layer.

In the samples 6 and 7, the inversion current density 1s
decreased by about 10% while maintaiming the thermal
stability, which exemplifies the results of the experiment 1.
In the sample 7 particularly, it 1s considered that because the
magnetic material in the memory layer sandwiched between
the heater layers by the lamination adding layer 1s inten-
sively heated, the temperature dependency of the anisotropy
of the portion 1s further increased and the magnetization 1s
inverted preferentially.

Furthermore, the mverted layer transmits the inversion
over the entire memory layer via the magnetic coupling,
thereby further decreasing the inversion current density.

The additional laminated structure of the non-magnetic
layer and the oxide layer 1s not limited to the laminated
structure 1n the samples 6 and 7 and may be changed 1n the
cllective range shown 1n the experiment 1.

Moreover, the underlying layer 14 or the cap layer 18 may
include a single material or may have a laminated structure
of a plurality of materials.
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Moreover, the magnetization-fixed layer 15 may be a
single layer or may have a laminated ferri-pinned structure
including two ferromagnetic layers and a non-magnetic
layer. Moreover, 1t may have a structure obtained by adding
an anti-ferromagnetic film to a laminated ferri-pinned struc-
ture film.

<5. Modified Example>

The memory element 3 or the memory element 20 of the
present disclosure has a configuration of the magnetoresis-
tive eflect element such as a TMR element. The magnetore-
sistive eflect element as the TMR element can be applied to
a variety of electronic apparatuses, electric appliances, and
the like including a magnetic head, a hard disk drive
equipped with the magnetic head, an integrated circuit chip,
a personal computer, a portable terminal, a mobile phone,
and a magnetic sensor device, as well as the above-described
memory apparatus.

As an example, FIGS. 7A and 7B each show an applica-
tion of a magnetoresistive eflect element 101 having the
structure of the above-described memory elements 3 and 20
to a composite magnetic head 100. It should be noted that
FIG. 7A 1s a perspective view shown by cutting some parts
of the composite magnetic head 100 for discerning the
internal configuration, and FIG. 7B 1s a cross-sectional view
of the composite magnetic head 100.

The composite magnetic head 100 1s a magnetic head
used for a hard disk apparatus or the like, and 1s obtained by
forming the magnetoresistive effect magnetic head to which
the technique of the present disclosure 1s applied on a
substrate 122. On the magnetoresistive eflect magnetic head,
an 1inductive magnetic head 1s laminated and thus the com-
posite magnetic head 100 1s formed. Here, the magnetore-
sistive eflect magnetic head operates as a reproducing head,
and the inductive magnetic head operates as a recording
head. That 1s, the composite magnetic head 100 1s configured
by combining the reproducing head and the recording head.

The magnetoresistive eflect magnetic head mounted on
the composite magnetic head 100 1s a so-called shielded MR
head, and 1ncludes a first magnetic shield 125 formed on the
substrate 122 via an mnsulating layer 123, the magnetoresis-
tive eflect element 101 formed on the first magnetic shield
125 via the msulating layer 123, and a second magnetic
shueld 127 formed on the magnetoresistive el

ect element
101 via the msulating layer 123. The insulating layer 123
includes an insulating material such as Al,O; and $10.,.

The first magnetic shield 125 is for magnetically shielding
a lower side of the magnetoresistive effect element 101, and
includes a soit magnetic material such as Ni—Fe. On the
first magnetic shield 125, the magnetoresistive eflect ele-
ment 101 1s formed via the msulating layer 123.

The magnetoresistive eflect element 101 functions as a
magnetosensitive element for detecting a magnetic signal
from the magnetic recording medium in the magnetoresis-
tive effect magnetic head. Then, the magnetoresistive eflect
clement 101 may have the similar film configuration to the
above-described memory element 3 or the memory element
20.

The magnetoresistive effect element 101 1s formed 1n an
almost rectangular shape, and has one side that 1s exposed to
an opposite surface of the magnetic recording medium.
Then, at both ends of the magnetoresistive eflect element
101, bias layers 128 and 129 are disposed. Moreover,
connection terminals 130 and 131 that are connected to the
bias layers 128 and 129 are formed. A sense current i1s
supplied to the magnetoresistive effect element 101 via the
connection terminals 130 and 131.
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Furthermore, above the bias layers 128 and 129, the
second magnetic shield 127 1s disposed via the insulating
layer 123.

The inductive magnetic head laminated and formed on the
above-described magnetoresistive eflect magnetic head
includes a magnetic core including the second magnetic
shield 127 and an upper core 132, and a thin film coil 133
formed so as to be wound around the magnetic core.

The upper core 132 forms a closed magnetic path together
with the second magnetic shield 122, 1s to be the magnetic
core of the inductive magnetic head, and includes a soft
magnetic material such as Ni—Fe. Here, the second mag-
netic shield 127 and the upper core 132 are formed such that
front end portions thereof are exposed to an opposite surface
of the magnetic recording medium, and the second magnetic
shield 127 and the upper core 132 come nto contact with
cach other at back end portions thereof. Here, the front end
portions of the second magnetic shueld 127 and the upper
core 132 are formed at the opposite surface of the magnetic
recording medium such that the second magnetic shield 127
and the upper core 132 are spaced apart by a predetermined
24ap 2.

That 1s, 1n the composite magnetic head 100, the second
magnetic shield 127 not only magnetically shields the upper
layer side of the magnetoresistive eflect element 126, but
functions as the magnetic core of the imnductive magnetic
head. The second magnetic shield 127 and the upper core
132 configure the magnetic core of the inductive magnetic
head. Then, the gap g 1s to be a recording magnetic gap of
the inductive magnetic head.

In addition, above the second magnetic shield 127, thin
f1lm coils 133 buried in the msulation layer 123 are formed.
Here, the thin film coils 133 are formed to wind around the
magnetic core including the second magnetic shield 127 and
the upper core 132. Although not shown, both ends of the
thin {ilm coils 133 are exposed to the outside, and terminals
formed on the both ends of the thin film coil 133 are to be
external connection terminals of the inductive magnetic
head. That 1s, when a magnetic signal 1s recorded on the
magnetic recording medium, a recording current will be
supplied from the external connection terminals to the thin
film coil 132.

The composite magnetic head 121 as described above 1s
equipped with the magnetoresistive eflect magnetic head as
the reproducing head. The magnetoresistive eflect magnetic
head 1s equipped, as the magnetosensitive element that
detects a magnetic signal from the magnetic recording
medium, with the magnetoresistive efl

ect element 101 to
which the technology of the present disclosure 1s applied.
Then, as the magnetoresistive effect element 101 to which
the technology of the present disclosure 1s applied shows the
excellent properties as described above, the magnetoresis-
tive eflect magnetic head can achieve further high recording
density ol magnetic recording.
It should be noted that the present disclosure may also
have the following configurations.
(1) A memory element, including
a layered structure including
a memory layer having magnetization perpendicular to
a 1llm face 1 which a direction of the magnetization
1s changed depending on information, the memory
layer including a multilayer structure layer 1n which
a non-magnetic material and an oxide are laminated,
the direction of the magnetization of the memory
layer being changed by applying a current in a
lamination direction of the layered structure to
record the information in the memory layer,
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a magnetization-fixed layer having magnetization per-
pendicular to the film face, which becomes a base of
the information stored in the memory layer, and

an intermediate layer that 1s formed of a non-magnetic
material and 1s provided between the memory layer
and the magnetization-fixed layer.

(2) The memory element according to (1) above, in which
the non-magnetic material includes at least one of Cu, Ag,

Au, V, Ta, Zr, Nb, Hf, W, Mo, and Cr.

(3) The memory element according to (1) or (2) above, 1n
which
the oxide includes at least one of silicon oxide, magne-
situm oxide, tantalum oxide, aluminum oxide, cobalt
oxide, zirconium oxide, titanium oxide, and chromium
oxide.
(4) The memory element according to any one of (1) to (3)
above, 1n which
at least two multilayer structure layers including the
non-magnetic material and the oxide are formed 1n the
memory layer.
(5) The memory element according to any one of (1) to (4)
above, 1n which
a ferromagnetic material forming the memory layer 1s

Co—Fe—DB.

DESCRIPTION OF REFERENCE NUMERALS

1 gate electrode

2 element 1solation layer

3 memory element

4 contact layer

6 bit line

7 source area

8 drain area

9 interconnection

10 semiconductor substrate
14 underlying layer

15 magnetization-fixed layer
16 intermediate layer

17 memory layer

18 cap layer

21 oxiade layer

22 non-magnetic layer

100 composite magnetic head
122 substrate

123 insulating layer

125 first magnetic shield
127 second magnetic shield
128 129 bias layer

130 131 connection terminal
132 upper core

133 thin film coil

What 1s claimed 1s:

1. A memory device, comprising:

a memory layer with a plurality of ferromagnetic matenal
layers, a non-magnetic layer, and a non-magnetic oxide
layer;

a magnetization-fixed layer; and

an intermediate layer between the memory layer and the
magnetization-fixed layer,

wherein,
the plurality of ferromagnetic material layers include a

first ferromagnetic maternial layer and a second fer-

romagnetic material layer,
the non-magnetic layer is in direct contact with the first
ferromagnetic material layer and the non-magnetic
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oxide laver 1s i direct contact with the second
ferromagnetic material layer,

the non-magnetic layer and the non-magnetic oxide
layer are in direct contact with each other and are
between the first ferromagnetic material layer and
the second ferromagnetic material layer,

the memory layer includes a magnetization perpendicus-
lar to a film face of the memory layer and parallel to
a thickness direction of the memory device, a direc-
tion of the magnetization being changeable, and

wherein a perpendicular direction of the magnetization
of the memory layer 1s changeable by applying a
current 1 the thickness direction of the memory
device to record information in the memory layer,
the first and second ferromagnetic material layers
comprising a same ferromagnetic material and hav-
ing a same direction of magnetization.

2. The memory device according to claim 1, wherein the
non-magnetic layer 1s made of a metallic material layer and
1s not an oxide layer.

3. The memory device according to claim 1, wherein the
non-magnetic layer of the memory layer includes at least

one selected from the group consisting of Cu, Ag, Au, V, Ta,
Zr, Nb, Hf, W, Mo, and Cr.

4. The memory device according to claim 1, wherein the
magnetization-fixed layer has a fixed magnetization perpen-
dicular to the film face and parallel to the thickness direction
of the memory device.

5. The memory device according to claim 1, wherein the
non-magnetic oxide layer includes at least one selected from
the group consisting of silicon oxide, magnesium oxide,
tantalum oxide, aluminum oxide, cobalt oxide, zirconium
oxide, titanium oxide, and chromium oxide.

6. The memory device according to claim 1, wherein the
first and second ferromagnetic matenial layers include a
composition of Co, Fe, and B.

7. The memory device according to claim 1, wherein a
thickness of the non-magnetic layer 1s equal to a thickness
of the non-magnetic oxide layer.

8. The memory device according to claim 1, wherein the
first and second ferromagnetic material layers have a same
thickness.

9. The memory device according to claim 1, wherein the
memory layer further comprises a third ferromagnetic mate-
rial layer, a second non-magnetic layer, and a second non-
magnetic oxide layer, the second non-magnetic layer and the
second non-magnetic oxide layer between the third ferro-
magnetic material layer and the first or second ferromagnetic
matenal layer.

10. The memory device according to claim 9, wherein the
second non-magnetic layer 1s 1n direct contact with the first
or second ferromagnetic material layer and the second
non-magnetic oxide layer 1s 1 direct contact with the third
ferromagnetic material layer.

11. The memory device according to claim 9, wherein the
second non-magnetic oxide layer 1s 1n direct contact with the
third ferromagnetic material layer.

12. A memory device, comprising:

a first magnetization laver including a plurality of ferro-
magnetic material layers, a non-magnetic layer, and a
non-magnetic oxide layer;

a second magnetization layer including a magnetic layer
with a fixed magnetization direction; and

an intermediate layver between the first magnetization
laver and the second magnetization layer,

wherein,
the plurality of ferromagnetic material layers include a

fivst fervomagnetic material layer and a second fer-

romagnetic material layer,
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the non-magnetic layer is in direct contact with the first
ferromagnetic material layer and the non-magnetic
oxide laver is in dirvect contact with the second
ferromagnetic material laver,

the non-magnetic layer and the non-magnetic oxide
layer are in direct contact with each other and are
between the first ferromagnetic material layer and
the second ferromagnetic material layer,

the first magnetization layer includes a magnetization
perpendicular to a film face of the first magnetization
laver and parallel to a thickness divection of the
memory device, a direction of the magnetization
being changeable, and

wherein a perpendicular divection of the magnetization
of the first magnetization layver is changeable by
applving a currvent in the thickness direction of the
memory device to rvecovd information in the first
magnetization layer, the first and second ferromag-

10

15

netic material layers each comprising a same ferro- 20

magnetic element and having a same dirvection of
magnetization.

13. The memory device according to claim 12, wherein the
non-magnetic layer includes a metallic material layer and is
not an oxide layer.

14. The memory device according to claim 12, wherein the
intermediate laver includes magnesium oxide.

25

24

15. The memory device according to claim 12, wherein the
second magnetization layer has a fixed magnetization pevr-
pendicular to the film face and parallel to the thickness
dirvection of the memory device.

16. The memory device accorvding to claim 12, wherein the
non-magnetic oxide layer includes at least one selected from
the group consisting of silicon oxide, magnesium oxide,
tantalum oxide, aluminum oxide, cobalt oxide, zirconium
oxide, titanium oxide, and chromium oxide.

17. The memory device according to claim 12, wherein at
least one of the first and second ferromagnetic material
layers includes a composition of Co, Fe, and B.

18. The memory device according to claim 12, wherein a
thickness of the second magnetization layer is larger than a
thickness of the first magnetization layer.

19. The memory device according to claim 12, wherein the
second magnetization laver includes a Ru layer.

20. The memory device according to claim 19, wherein the
second magnetization layer further includes a CoPt layer,
and wherein the CoPt layer is in direct contact with the Ru
layer.

21. The memory device according to claim 20, wherein a
thickness of the CoPt layer is larger than the Ru layer.

22. The memory device according to claim 12, wherein the
memory device further includes an underlyving laver, and
wherein the underlying layer further includes a 1a layer.
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