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Cross-Reference to Related Application

[0001] This application claims the benefit of priority of Singapore Patent
Application No. 201000386-1, filed 19 January 2010, the contents of which being

hereby incorporated by reference it its entirety for all purposes.

Technical Field

[0002] The invention relates to a magnetic recording medium, and in particular, to a

heat-assisted magnetic recording medium comprising a switchable coupling layer.

Background

[0003] In conventional magnetic recording media, high magnetic anisotropy is
required to overcome the so-called super-paramagnetic effect. However, high magnetic
anisotropy places a tremendous burden on the write requirements and the current write
pole material is unable to generate fields that are sufficiently strong to enable recordings
on such materials. Heat-assisted magnetic recording (HAMR) and composite media
including exchange-coupled hard/soft magnetic layers are attractive approaches to attain
high-areal density. The use of alloys such as iron platinum (FePt)/iron rhodium (FeRh)
bilayer composite media for heat-assisted recording (composite HAMR media) has been
proposed. Unlike conventional composite media composition, FeRh was chosen
because it exhibits meta-magnetic transition. FeRh is anti-ferromagnetic at room
temperature and undergoes a transition to the ferromagnetic state at temperatures around

150-200 °C. Therefore, the FePt/FeRh bilayer can provide additional thermal stability at



[0003]In conventional magnetic recording media, high magnetic anisotropy is required to overcome the
so-called super-paramagnetic effect. However, high magnetic anisotropy places a tremendous burden
on the write requirements and the current write pole material is unable to generate fields that are
sufficiently strong to enable recordings on such materials. Heat-assisted magnetic recording (HAMR)

and composite media including exchange-coupled hard/soft magnetic layers are attractive approaches
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transition. FeRh is anti-ferromagnetic at room temperature and undergoes a transition to the
ferromagnetic state at temperatures around 150-200 C. Therefore, the FePt/FeRh bilayer can provide
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and the FeRh coupling layer may re € switching Tield after the’meta-magnetic transition.

[0004]H0W2ﬁ§5r% gﬂ%]ﬁ%‘@ﬂﬂ?i?dgrﬁnb{'ﬁ%éa iénoabﬁ@%l&i@y@éé}?YAS}%%@%'B@%%H‘QESJQ%% nm is

often need the entire FeRh layer has to be heated above the transition temperature which may
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the microstructure of the FePt recording layer tor recording purposes difficult. Summary [0005]Various
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alleviates, the above problems.
recording layer for recording purposes difficult.

Summary

[0005] Various embodiments provide for a HAMR medium with a reduced

switching field, which overcomes, or at least alleviates, the above problems.

[0006] Various embodiments provide for a magnetic structure that allows a low
switching field by use of a coupling layer having a thickness less than 30 nm, and

preferably less than 10 nm.

[0007] Various embodiments provide a magnetic structure. The magnetic structure
may include:

a first magnetic layer including a soft magnetic material,

a second magnetic layer including a hard magnetic material; and

a coupling layer between the first magnetic layer and the second magnetic layer,
wherein the coupling layer includes a material that switches from an anti-ferromagnetic

state to a ferromagnetic state upon heating above a transition temperature.



[0006]Various embodiments provide for a magnetic structure that allows a low switching field by use of
a coupling layer having a thickness less than 30 nm, and preferably less than 10 nm. [0007]Various
embodiments provide a magnetic structure. The magnetic structure may include: a first magnetic layer
including a soft magnetic material; a second magnetic layer including a hard magnetic material; and a

coupling la tweep the first magnetic layer and the second magnetic layer, wherein the coupling
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heating above agLransitign tem eratlljrg. _[0008]Various embodiments provide a magnetic recording
medium. THEHIUReREdIUM may thclude:

a substrate; and

a magnetic structure including a first magnetic layer comprising a soft magnetic
material; a second magnetic layer including a hard magnetic material; and a coupling
layer between the first magnetic layer and the second magnetic layer, wherein the
coupling layer includes a material that switches from an anti-ferromagnetic state to a
ferromagnetic state upon heating above a transition temperature,

wherein the first magnetic layer is formed on the substrate.

[0009] Various embodiments provide a method of manufacturing a magnetic
recording medium. The method may include:

forming a first magnetic layer on a substrate, wherein the first magnetic layer includes a
soft magnetic material;

forming a coupling layer on the first magnetic layer, wherein the coupling layer includes
a material that switches from an anti-ferromagnetic state to a ferromagnetic state upon
heating above a transition temperature; and

forming a second magnetic layer on the coupling layer, wherein the second magnetic

layer includes a hard magnetic material.

Brief Description of the Drawings

[0010] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily drawn to scale,

emphasis instead generally being placed upon illustrating the principles of various



recording medium may include: a substrate; and a magnetic structure including a first magnetic layer
comprising a soft magnetic material; a second magnetic layer including a hard magnetic material; and
a coupling layer between the first magnetic layer and the second magnetic layer, wherein the coupling
layer includes a material that switches from an anti-ferromagnetic state to a ferromagnetic state upon

heati b ition t ture, in the first tic | [ d on th bstrate.
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method may include: f(% ming a first ma ﬁtic layer on.a substrate, wherein the first magnetic layer
includes a 8ﬁCH%§]\gf| ﬁ?%%%%ﬁ%mﬁé g‘é’fﬂﬁ) F%Y‘ﬁ'&&%r on the first magnetic layer, wherein the

coupling layer includes a material that switches from an anti-ferromagnetic state to a ferromagnetic
state upon heating above a transition temperature; and forming a second magnetic layer on the

coupling laygh,rereiphe; SRER% MAGRFHERYEL G SRS ARG RS IL OB /i ments.

[0012] Fig. 2 shows a magnetic recording medium in accordance with various

embodiments.

[0013] Fig. 3 shows a graph showing hysteresis loops at 300 K (dashed line) and

473 K (solid line) for the magnetic recording medium of Fig. 2.

[0014] Fig. 4 shows a graph showing the coercivity as a function of exchange-

coupling in the magnetic recording medium of Fig. 2.

[0015] Fig. 5 shows a graph showing the coercivity as a function of the FeCo layer

thickness in the magnetic recording medium of Fig. 2.

Description

[0016] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practised. These embodiments are described in sufficient detail to enable those
skilled in the art to practise the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope

of the invention. The various embodiments are not necessarily mutually exclusive, as



Brief Description of the Drawings [0010]In the drawings, like reference characters generally refer to
the same parts throughout the different views. The drawings are not necessarily drawn to scale,
emphasis instead generally being placed upon illustrating the principles of various embodiments. In
the following description, various embodiments of the invention are described with reference to the
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embodiments.

[0017] An exemplary embodiment of one aspect of the present invention relates to
a magnetic structure 12 having a basic structure composed of three layers 12a, 12b, 12c
as shown in Fig. 1. A coupling layer 12b is formed and sandwiched between a first
magnetic layer 12c and a second magnetic layer 12a. Advantageously, each respective

layer 12a, 12b, 12c has a different magnetic property.

[0018] In various embodiments, the first magnetic layer 12c may include a soft
magnetic material having a high magnetization saturation, and functions both as an
assist writing layer and a soft magnetic underlayer in a magnetic recording medium.
Suitable soft magnetic materials include, but are not limited to, Fe materials and alloys
such as Fe, FeCo, FeNi, FeNiCo, and FeCrCo. Other suitable materials will depend on
the materials included in the second magnetic layer 12a and will be apparent to a person
skilled in the art. In one embodiment, the magnetic material included in the second
magnetic layer 12a has a (001) orientation and Fe alloys with Body-Centered Cubic
(BCC) structures are suitable materials for the first magnetic layer 12c since (002)
oriented BCC structure has a similar atomic arrangement with that of a (001) oriented
structure in the second magnetic layer 12a, which is essential to induce the (001)
orientation in the second magnetic layer 12a. In various embodiments, the first magnetic
layer 12c may have a layer thickness in the range from about 10 nm to about 100 nm,
e.g. a layer thickness in the range from about 10 nm to about 80 nm, e.g. a layer

thickness in the range from about 10 nm to about 50 nm.



[0013]Fig. 3 shows a graph showing hysteresis loops at 300 K (dashed line) and 473 K (solid line) for
the magnetic recording medium of Fig. 2. [0014]Fig. 4 shows a graph showing the coercivity as a
function of exchange- coupling in the magnetic recording medium of Fig. 2. [0015]Fig. 5 shows a graph
showing the coercivity as a function of the FeCo layer thickness in the magnetic recording medium of
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the invention
magnetic material having small and magnetically isolated grains, and functions as a

recording layer in a magnetic recording medium. The hard magnetic material is a high
anisotropy material with a room temperature coercivity so high that it is incapable of
being written by a conventional write head, and may be perpendicular type recording
material. Suitable hard magnetic materials include, but are not limited to, FePt or CoPt
with its c-axis substantially out-of-plane with respect to a magnetic recording medium
substrate for perpendicular recording. Chemically-ordered alloys of FePt and CoPt, in
their bulk form, are known as tetragonal L1o-ordered phase materials (also called
CuAu(l) materials). Such L1, phase materials are known for their high magneto-
crystalline anisotropy and magnetic moment, properties that are desirable for high
density magnetic recording materials. The hard magnetic materials may also include
alloys based on the FePt and CoPt L1, phase, i.e. FePt-Y and CoPt-Y where Y may be
Ni, Au, Cu, Pd, or Ag, as well as with composite oxide materials such as TiO,, SiO,,
Ta,0s, Zr0O,, ZrO, MgO . and B,03, or with elemental Ag, Cu, Ta, and C. While these
materials in general have similar high anisotropy as the binary alloy FePt and CoPt, they
allow additional control over the magnetic and structural properties of the magnetic
recording medium. Other materials with perpendicular magnetic anisotropy include Co-
Pt, Co-Pd, Fe-Pt, and Fe-Pd multi-layers. In various embodiments, the second magnetic
layer 12a may have a layer thickness in the range from about 7 nm to about 20 nm, e.g.
a layer thickness in the range from about 7 nm to about 15 nm, e.g. a layer thickness in

the range from about 7 nm to about 12 nm.

[0020] In various embodiments, a coupling layer 12b may be sandwiched between

the first magnetic layer 12c and the second magnetic layer 12a and may include a



may be practised. These embodiments are described in sufficient detail to enable those skilled in the
art to practise the invention. Other embodiments may be utilized and structural, logical, and electrical
changes may be made without departing from the scope of the invention. The various embodiments
are not necessarily mutually exclusive, as some embodiments can be combined with one or more
other embodiment E) form new embodiments. %L%An.exen&plargs?mbodiment of one aspect of the
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Body-Centered Cubic (BCC) Structures are suitable materials for the first magnetic layer 12c since
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in the second magnetic layer 12a, which is essential to induce the (001) orientation in the second
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in the range from about 10 nm to about 100 nm, e.g. a layer thickness in the range from about 10 nm
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atoms present in FeRhX. Other possible phase switchable materials include MnZn,

Smzn, GdZn, TbZn, DyZn, HoZn, and ErZn. In various embodiments, the coupling

layer 12b may have a layer thickness in the range from about 3 nm to about 10 nm, e.g.

a layer thickness in the range from about 3 nm to about 8 nm, e.g. a layer thickness in

the range from about 3 nm to about 5 nm.

[0021] In one embodiment, the magnetic structure may include FeCo included in
the first magnetic layer 12c; FePt included in the second magnetic layer 12a; and FeRh
included in the coupling layer 12b. In Fig. 1, the orientations of moments (spins) in
each respective layer 12a, 12b, 12c are shown by respective arrows 22a, 22b, 22c. Prior
to heating, the FeCo layer 12c is an in-plane magnetization film in which the
magnetization direction is in parallel to the major plane thereof whereas the FePt layer
12a is a perpendicular magnetization film in which the magnetization direction is
perpendicular to the major plane. The spins 22c, 22a in the FeCo layer 12c¢ and the FePt
layer 12a are shown to be orientated substantially orthogonal to each other. The FeRh

alloy material in the coupling layer 12b is in anti-ferromagnetic state at room



[0019]In various embodiments, the second magnetic layer 12a may include a hard magnetic material
having small and magnetically isolated grains, and functions as a recording layer in a magnetic
recording medium. The hard magnetic material is a high anisotropy material with a room temperature
coercivity so high that it is incapable of being written by a conventional write head, and may be
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anisotropy include Co-Pt, Co-Pd, Fe-Pt, and Fe-Pd multi-layers. In various embodiments, the second
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layer thickness in the range from about 7 nm to about 15 nm, e.g. a layer thickness in the range from
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layer 12c fropa then $eagrect ipagnedd. |ayin ddevadrtewingiiaty frsdoileie feedraingilgyetarpearature. The
coupling layer 12b is ferromagnetic and magnetically exchange-couples the first magnetic layer 12c
and the sedwatima@vedicftayeritila mféempipnainrgs abordithelisensitarcéarperaloneasSib@able phase
switchable materials for the coupling layer 12b include, but are not limited to, FeRh and FeRhX where
X is an eleraedt’6el€oted duohivthef ghewgvitohsigtiied cofsl ptiPihRel] RUhR exchrmd@sspiingpeffepresent at
less than about 10 at.% based on the total number of atoms present in FeRhX. Other possible phase
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about 10 nrieglay Ahayenatingknrisbdptneidandy frbeatnpateBant socaiasut Bsem, Tdg heatayey thickness
in the range from about 3 nm to about 5 nm. [0021]In one embodiment, the magnetic structure may
include Fed® irinayed inchéfirSeRiagaentingylayand2Pemayneasddd in thrapasabiiel RedeMehe layer 12a;
and FeRh included in the coupling layer 12b. In Fig. 1, the orientations of moments (spins) in each
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meta-magnetic transition of the FeRh coupling layer 12b by heating to 150-200 C, the FePt recording
layer 12a and the FeCo assist writing layer 12c are exchange-coupled together through the
ferromagnej Rh coupling layer 12b. The spins 22¢, 22a in the E layer 12c.and the FePt layer
128 are ahountel have anben ot s S oot e o a0 st
the switching fj ti it i recarding. a can be greatly reduced.
With a Iowgr% éﬁh%%%?@ﬁﬂ%%%ﬁ%@%y ﬁf@:g ﬁ%ﬂ%@v@fg writing information in the
recording layer 12a can be as low as 150- 200 C. The reduction of the switching field is attributed to
the exchange-spring effects and the demagnetizing effects of FeCo due to its high magnetization value
of 2.45 Tesla. The heating may be provided by a heating element such as a laser. The heat may be
removed and the FeRh coupling layer 12b may cool to a temperature below the transition temperature,
with the magnetization of the FePt recording layer 12a remaining in its reversed state. In this way, the
magnetic structure 12 can be used for recording bigary data. In various embodiments, the transition
temperature may be in the range from about 100 C to about 300 C, e.g. in the range from about 100 C
to about 250 C, e.g. a transition temperature in the range from about 100 C to about 200 C.



[0022]Various embodiments relate to a magnetic recording medium 10 including a substrate 16 and
the magnetic structure 12 of Fig. 1 as shown in Fig. 2. [0023]As outlined above, the magnetic
structure 12 may include the first magnetic layer 12a including a soft magnetic material; the second
magnetic layer 12c including the hard magnetic material; and the coupling layer 12b between the first
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adhesion control layer 1
heating above a transition temperature. The first magnetic layer 12c may be formed

directly or indirectly on (in general may be disposed over) the substrate 16.

[0024] The substrate 16 may be a disk substrate and is typically glass, although any

conventional disk substrate material may also be suitable.

[0025] An adhesion control layer 14 may optionally be formed on and positioned
adjacent to a disk substrate 16. Suitable materials for the adhesion control layer 14
include, but are not limited to, Ti and Ta with a thickness of approximately 3 to 5 nm.
Conventional thin film deposition techniques such as RF or DC magnetron sputtering,
ion beam deposition, or molecular beam epitaxy may be used to form the adhesion

control layer 14.

[0026] A seed layer or underlayer 18 of a small grain size may optionally be
formed on and positioned adjacent to the adhesion control layer 14 for the purpose of
downsizing and/or for orientation control of the crystal grains of the second magnetic
layer 12a (i.e. the recording layer). Suitable seed layer or underlayer 18 materials
include, but are not limited to, Cr alloys such as CrRu, CrMo, CrW, RuAl, TiN and
MgO with a thickness of about 30 to about 100 nm, e.g. a layer thickness in the range

from about 30 nm to about 60 nm. Conventional thin film deposition techniques such as



[0026]A seed layer or underlayer 18 of a small grain size may optionally be formed on and positioned
adjacent to the adhesion control layer 14 for the purpose of downsizing and/or for orientation control of
the crystal grains of the second magnetic layer 12a (i.e. the recording layer). Suitable seed layer or
underlayer 18 materials include, but are not limited to, Cr alloys such as CrRu, CrMo, CrW, RuAl, TiN
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sputtering, jon be EJPe osition, or molecula bgam itaxy may be used to form the seed layer or
underlayer \i%ufﬁggé] ﬁ% ﬁ?gtsﬁij%etfcolra%(ie{ g%fﬁ?ding the soft magnetic material may be formed
and positioned adjacent to the seed or underlayer 18. In various embodiments, the first magnetic layer
12c functions both as an assist writing layer and a soft magnetic underlayer. Thickness of the first
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ion beam deposition, or molecular beam epitaxy may be use rm the first magnetic layér 12c.
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ferromagnetic state upon heating above a transition temperature may be formed and positioned
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techniques such as RE or DC magnetron sputtering, ion beam deposition, or molecular beam epitaxy
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magnetic material may be
thin film deposition techniques such as RF or DC magnetron sputtering, ion beam

deposition, or molecular beam epitaxy may be used to form the first magnetic layer 12c.

[0028] The coupling layer 12b including the material that switches from an anti-
ferromagnetic state to a ferromagnetic state upon heating above a transition temperature
may be formed and positioned adjacent to the first magnetic layer 12c. The thickness of
the coupling layer 12b may be in the range from about 3 nm to about 10 nm, e.g. a layer
thickness in the range from about 3 nm to about 8 nm, e.g. a layer thickness in the range
from about 3 nm to about 5 nm. Conventional thin film deposition techniques such as
RF or DC magnetron sputtering, ion beam deposition, or molecular beam epitaxy may

be used to form the coupling layer 12b.

[0029] The second magnetic layer 12a including the hard magnetic material may be
formed and positioned adjacent to the coupling layer 12b. The second magnetic layer
12a forms a recording layer of the magnetic recording medium 10. The thickness of the

recording layer 12a may be in the range from about 7 nm to about 20 nm, e.g. a layer

10



formed and positioned adjacent to the coupling layer 12b. The second magnetic layer 12a forms a
recording layer of the magnetic recording medium 10. The thickness of the recording layer 12a may be
in the range from about 7 nm to about 20 nm, e.g. a layer thickness in the range from about 7 nm to
about 15 nm, e.g. a layer thickness in the range from about 7 nm to about 12 nm. For recording
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the range from about 0.3 nm to about 0.6 nm, e.g. a layer thickness in the range front about 0.3 nm to

about 0.5 nggMABEiS MafAIhSAREWIIeRNBIMNEERAAR SoHRIDSRcirskmagnRliflaners 12b,

12c to control the magnetic coupling and to reduce interlayer diffusion between between the two layers
12b, 12¢. second magnetic layer 12a.

[0030] A protective overcoat 20, which may include a lubricant layer, may be
formed and positioned adjacent to the second magnetic layer 12a. The overcoat 20 may
be diamond-like amorphous carbon or nitrogenated carbon, or any other conventional
disk overcoat. Conventional thin film deposition techniques such as RF or DC
magnetron sputtering, ion beam deposition, or molecular beam epitaxy may be used to

form the overcoat 20.

[0031] In one embodiment (not shown), a layer of MgO, Pt, Ru, Ta, or TiN having
a thickness in the range from about 0.3 nm to about 0.8 nm, e.g. a layer thickness in the
range from about 0.3 nm to about 0.6 nm, e.g. a layer thickness in the range from about
0.3 nm to about 0.5 nm, may be formed and sandwiched between the coupling and first
magnetic layers 12b, 12c to control the magnetic coupling and to reduce interlayer

diffusion between between the two layers 12b, 12c.

[0032] In another embodiment (not shown), a layer of MgO, Pt, Ru, Ta, or TiN

having a thickness in the range from about 0.3 nm to about 0.8 nm, e.g. a layer thickness

11



[0032]In another embodiment (not shown), a layer of MgO, Pt, Ru, Ta, or TiN having a thickness in the
range from about 0.3 nm to about 0.8 nm, e.g. a layer thickness in the range from about 0.3 nm to
about 0.6 nm, e.g. a layer thickness in the range from about 0.3 nm to about 0.5 nm, may be formed
and sandwiched between the coupling and second magnetic layers 12b, 12a to control the magnetic

li d d hei | diffusion b h | 2b, 12a. [0033]l furth
o bod o G B R A AP 5t v oA S AT i
h f 0.3 0.8 ,e.q al ick i b 0.3
abonr o6 niou R o e B SR B e R R bR vovicton
The first M P , TiN | i d h i fi i
yers 120 A ceed R B BT R e A S 0T

layers 12D, ii"l?e(f‘la E\”Sﬁﬂ%@‘;@%&ﬁ@?ﬁeFt’\kyﬁb&y&ég%[ﬁ'ﬁdayef may be sandwiched between the

coupling and second mag ayers to’control the magnetic coupling and to reduce the
interlayer diffusion between the two layers 12b, 12a. The MgO, Pt, Ru, Ta, or TiN layer may be formed
by conventional thin film deposition techniques such as RE or DC magnetron sputtering, ion beam

deposition, glecuipy baarhePiaNsARA B ANAPIGS siaLE BIESAVEBOPE iR sructure in

a magnetic recording medium is that a higher heating efficiency may be ‘achieved'since only a very

thin (3-10 niry, ePHRNGAERYRIIP LIHIERESSinerdMde PESBIRA 6Ba4R tHavBeia8 nm, e.g.

a layer thickness in the range from about 0.3 nm to about 0.6 nm, e.g. a layer thickness
in the range from about 0.3 nm to about 0.5 nm, may be provided. The first MgO, Pt,
Ru, Ta, or TiN layer may be sandwiched between the coupling and first magnetic layers
12b, 12c to control the magnetic coupling and to reduce interlayer diffusion between the
two layers 12b, 12c, while the second MgO, Pt, Ru, Ta, or TiN layer may be
sandwiched between the coupling and second magnetic layers layers to control the
magnetic coupling and to reduce the interlayer diffusion between the two layers 12b,
12a. The MgO, Pt, Ru, Ta, or TiN layer may be formed by conventional thin film
deposition techniques such as RF or DC magnetron sputtering, ion beam deposition, or

molecular beam epitaxy.

[0034] An advantage of using the present magnetic structure in a magnetic
recording medium is that a higher heating efficiency may be achieved since only a very
thin (3-10 nm) coupling layer 12b of FeRh is needed to be heated above the meta-
magnetic transition temperature. In addition, the first magnetic layer 12c of FeCo
provides a higher magnetic moment which further reduces the switching field as
compared to conventional FePt/FeRh bilayer. The first magnetic layer 12c of FeCo also
functions as a soft magnetic underlayer to enhance writing. Moreover, the present

12



magnetic transition temperature. In addition, the first magnetic layer 12c of FeCo provides a higher
magnetic moment which further reduces the switching field as compared to conventional FePt/FeRh
bilayer. The first magnetic layer 12c of FeCo also functions as a soft magnetic underlayer to enhance
writing. Moreover, the present 12 magnetic structure has the same thermal stability at room
temperature as conventignal PEFeRh blb% tthe resent magnetlc structure js considerably

cheaper as BORIEAFet K5 LGP ERIOR AP EERVREE SAHULY Sh I RS REGTE B RS AR
0035]V di I hod f f di
comprising TR MOReGTR i?fet‘;ysr?e?rtﬁsé’@ﬁ@é”&%%ﬁc?ﬁcﬁ‘ér'Sa% : m??ﬁf»ﬁ%éﬁ@i’.%s%ﬁ@? ludes a
soft magnefc majeyial E8Fu%ﬂﬁo%§ﬁ°¢’é?—l ARG Sk magnsliclavetharelo-fre coupiing layer

includes a ma hat'switches from an an magnetic erromagnetlc State upon
heating above a transition temperature; and formlng a second magnetic layer on the coupling layer,
wherein the second magnetic layer includes a hard magnetic material. [0036]In one embodiment, a

thin layer ofJd | aPProgie¥mdoum¥its WRISR: to a method of manufacturing a magnetic

recording medium, comprising forming a first magnetic layer on a substrate, wherein
the first magnetic layer includes a soft magnetic material; forming a coupling layer on
the first magnetic layer, wherein the coupling layer includes a material that switches
from an anti-ferromagnetic state to a ferromagnetic state upon heating above a transition
temperature; and forming a second magnetic layer on the coupling layer, wherein the

second magnetic layer includes a hard magnetic material.

[0036] In one embodiment, a thin layer of Ti of approximately 3 to 5 nm, which
may act as an adhesion control layer 14, may be deposited onto a glass substrate 16 at
room temperature using magnetron sputtering. On the adhesion control layer 14, a
seed/underlayer 18 of CrRu having a thickness in the range from about 30 nm to about
100 nm, e.g. a layer thickness in the range from about 30 nm to about 70 nm, e.g. a
layer thickness in the range from about 30 nm to about 50 nm, may be deposited at 250
to 350 °C. This is an interlayer used for orientation control. After that, a first magnetic
layer 12c of FeCo having a thickness in the range from about 10 nm to about 100 nm,
e.g. a layer thickness in the range from about 10 nm to about 80 nm, e.g. a layer
thickness in the range from about 10 nm to about 50 nm may be deposited at 300 °C or
above using magnetron sputtering. This layer may work both as a soft underlayer and an
assist writing layer. On top of the first magnetic layer 12c, the coupling layer 12b of

FeRh for phase transition temperature control having a thickness in the range from
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may act as an adhesion control layer 14, may be deposited onto a glass substrate 16 at room

temperature using magnetron sputtering. On the adhesion control layer 14, a seed/underlayer 18 of

CrRu having a thickness in the range from about 30 nm to about 100 nm, e.g. a layer thickness in the

range from about 30 nm to about 70 nm, e.g. a layer thickness in the range from about 30 nm to about

50 nm, may pe dgposited at 25% to 350 C. This i@a[ﬁ] interlaﬁr used for orientation contigl. After that, a
§

st magneEaHy B THi0 GPEHCI U EUEHHeRRelh NG R BB ARS8 100
.g.al hick inth f bout 10 b I hick in th

rom about 10 &9 aBoc o HHEHED 6 BEpOHE B S0 b a P G R tering.
This | d | iting | , f | '
yor 126, ARSI 50r AoEear e Tor e ot I e o SR B ciness

in the rangeoé'iﬂ@eﬁ‘b[%t %@@n%ﬁ%ﬁgm ﬁé’aﬁ‘d"'%rQWP@&%@@%%&P%&O%&??H& 3nm to

about 8 nm, e g a layer ess range from about 3 nm to a may be deposited at 350

to 500 C. Thizdru SRIANGCTHENING iRy 8RN LD SRt BeteR BUDE Fanp s ffeidarlayer 12¢

and the FePt recor ayer 12a. Then the recording layer 12a of FePt having a thickness In the

range from ghoulty’ AR, ARRURS N 1k 3 AGRYREIISKBEST Mt ranak IpMmRLoYt £ ppfo about 15

nm, e g a layer thickness in the range from about 7 nm to about 12 nm may be deposited at a

temperaturerjiythess2poenEoR-RoHb AP AeP ADAME APQIeT s IaKeTimfobthadRsstsling:of

information. Finally, an overcoat 20 of diamond-like carbon with variable thickness and temperature

may be depgsitReandha rt%or%?g IRYRT EDAIPIENS the taysrs HngsIRatiT Hisl GARF1 Y sserasis loops for

the magnetic recording medium 10 with the magnetic structure 12 in accordance with various

embodimerisatddilY ¢t arferthaBidh armangvenioveigod: I efrRGMSHE IkeUeiHbBnL ¢ ithayain@ude a first
magnetic layer 12c of FeCo; a coupling layer 12b of FeRh; and a second magnetic layer 12a of FePt.

Magnetic reviesiaalsstarns tenipersofemegrissidgdpysitedasming redyriirky gy clom pirvtve thehiapens external
field is applied. This wall propagates towards and penetrates the hard magnetic layer, assisting in the
switching. Andemhéétithie FeRh layer 12b is still anti-ferromagnetic and the magnetic structure 12
exhibits two distinct switching states. The FeRh layer 12b is ferromagnetic at elevated temperature of
473 K and allows the propagation of the domain wall into the FePt layer 12a, facilitating a single state
reversal at lower switching fields. increment of exchange constant C* (normalized exchange coupling
strength bef@@®] the FaGlerasisl lPeps lkyels) fregndi2Facotdihgethadasnhkd cudhncthizyniag aetactor of 2.
Subsequent increase of exchange coupling only yields smaller changes to the coercivity. Therefore, a
sufficiently straeigredipimacberdenee leijfe rsigusamabodinenisl il Knard/érsS 12braistiovat jwould be
required to significantly reduce the switching field of the recording layer 12a. [0039]Fig. 5 shows the
coercivity akid-f@ndiftihroagnetie shjustursickh &y Snbsiartidirsbanagnstiofaner cbisraiViteean de
achieved with increasing FeCo layer thickness. However, when the FeCo layer reaches about 20 nm
or thicker, tReUpHpgclayatHePe@fidtRithofafd awitsANsy Melneldedaves htreakihgRf-sMadnetigicating that

the FeCo layer need not be too thick. [0040]The inventions illustratively described herein may suitably
be practiceéeifgrsal starts in the soft magnetic layer, forming a Neel-type” domain wall when an

external field is applied. This wall propagates towards and penetrates the hard magnetic
layer, assisting in the switching. At 300 K, the FeRh layer 12b is still anti-ferromagnetic
and the magnetic structure 12 exhibits two distinct switching states. The FeRh layer 12b
is ferromagnetic at elevated temperature of 473 K and allows the propagation of the
domain wall into the FePt layer 12a, facilitating a single state reversal at lower

switching fields.
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the absence of any element or elements, limitation or limitations, not specifically disclosed herein.

without limitation. Additionally, the terms and expressions employed herein have been used as terms
of description and not of limitation, and there is no intention in the use of such terms and expressions
of excludin equivlg{ent of the features shown and describe orégortions the(ieof, ut it is

e

recognized arious'tho iﬁ@%’én %r8°85%¥|81e6\§/iﬁ1iwmg% € lfﬁ@%v%%? W%Iai%téﬂ Thus, it
hould b d d [though ' ion has b ifically disclosed b ifi
o B D SR e o oy e
e aeCRECELRARE ISR Etkia ol s Bk iz A e e A odicargps and

variations are considered to e scope of this invention. Invention has been

variations edof e SCope _ .
flling withis e e St a Ve e ey YSTS Shener fadta: RLIRsastAy Pros

falling w eneric sl . ot the inve . . -
ens. g T g B b otner
embodiments g jptha fallowing HAR R HiRAdY AR MRSHRIIPAIMIES SRR IR Bpeption are

described in terms of Markush groups, those skilled’in the art will recognize thatthe invention is also
thereby desgpbrant IgPg LS any individual member or subgroup of members of the Markush group.
Claims

[0039] Fig. 5 shows the coercivity as a function of FeCo layer thickness.
Substantial reduction of the coercivity can be achieved with increasing FeCo layer
thickness. However, when the FeCo layer reaches about 20 nm or thicker, the impact on
the reduction of the switching field becomes increasingly small, indicating that the

FeCo layer need not be too thick.

[0040] The inventions illustratively described herein may suitably be practiced in
the absence of any element or elements, limitation or limitations, not specifically
disclosed herein. Thus, for example, the terms "comprising”, "including”, “containing",
etc. shall be read expansively and without limitation. Additionally, the terms and
expressions employed herein have been used as terms of description and not of
limitation, and there is no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and described or portions thereof, but it
is recognized that various modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the present invention has been
specifically disclosed by specific embodiments and optional features, modification and

variation of the inventions embodied therein herein disclosed may be resorted to by
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1. A magnetic structure comprising: a first magnetic layer comprising a soft magnetic material; a
second magnetic layer comprising a hard magnetic material; and a coupling layer between the first
magnetic layer and the second magnetic layer, wherein the coupling layer comprises a material that
switches from an anti-ferromagnetic state to a ferromagnetic state upon heating above a transition

t ture. 2. Th { f clajm 1, wherein t ling, | i ti-f ti d
magnetcall 6 AL T Ao gHEIRAL s T B eLo0 A AL BT AL TR s below
The strycture of claim 1, wherein the coupling layer is ferromagnetic and

the transition.é@mﬂfrature.
magneticall‘{yI th ﬁj&%’&? HQ%H}W# 'Ppnagnetic layer and the second magnetic layer at

temperatures above the transition temperature. 4. The structure of any one of claims 1 to 3, wherein
the coupling layer comprises Fe Rh. 5. The structure of any one of claims 1 to 3, wherein the coupling

I ' Rh ' f isti I Pd, Ru,
e, and 008 Hhe st e L pF Sl et e Hr 8 e G e e b o
based on thedotal AHEREEQEALAMSUBERRENE IGrEGHIS falling within the generic disclosure also

form part of the invention. This includes the generic description of the invention with a

proviso or negative limitation removing any subject matter from the genus, regardless of

whether or not the excised material is specifically recited herein.

[0042] Other embodiments are in the following claims. In addition, where features
or aspects of the invention are described in terms of Markush groups, those skilled in
the art will recognize that the invention is also thereby described in terms of any

individual member or subgroup of members of the Markush group.
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17 comprises an alloy of Fe. 8. The structure of claim 7, wherein the soft magnetic material
comprises FeCo. 9. The structure of claim 7, wherein the soft magnetic material comprises FeNiCo.
10. The structure of any one of claims 1 to 9, wherein the hard magnetic material comprises FePt. 11.
The structure of any one of claims 1 to 9, wherein the hard magnet material comprises CoPt. 12. The
structure of ¢Jaim 10 or 11, wherein the hard magnetic material further comprises a material selected
from the gr ' sisting of Ti02, Si02, Ta205, Zr02, ZrO, MgO, B203, Ni, Au, Ag, Cu, Pd, Ta, and C.
13. The structure of any one of claims 1 to 12, further comprising a first interlayer between the first
magnetic layer and\tMegelis| it Riyeercomprising:

a first magnetic layer comprising a soft magnetic material,

a second magnetic layer comprising a hard magnetic material; and

a coupling layer between the first magnetic layer and the second magnetic layer,

wherein the coupling layer comprises a material that switches from an anti-

ferromagnetic state to a ferromagnetic state upon heating above a transition temperature.

2. The structure of claim 1, wherein the coupling layer is anti-ferromagnetic and
magnetically isolates the first magnetic layer from the second magnetic layer at

temperatures below the transition temperature.

3. The structure of claim 1, wherein the coupling layer is ferromagnetic and
magnetically exchange-couples the first magnetic layer and the second magnetic layer at

temperatures above the transition temperature.

4. The structure of any one of claims 1 to 3, wherein the coupling layer comprises
FeRh.
5. The structure of any one of claims 1 to 3, wherein the coupling layer comprises

FeRhX, where X is an element selected from the group consisting of Ir, Pt, Pd, Ru, Re,

and Os.

6. The structure of claim 5, wherein element X is present at less than about 10 at.%

based on the total number of atoms present in FeRhX.
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14. The structure of claim 13, wherein the first interlayer comprises a material selected from the group
consisting of MgO, Pt, Ru, Ta, and TiN. interlayer between the coupling layer and the second
magnetic layer. 16. The structure of claim 15, wherein the second interlayer comprises a material
selected from the group consisting of MgO, Pt, Ru, Ta, and TiN. 17. The structure of any one of
claims 1 to 16, wherein the coupling layer has a thickness of between 3 and 10 nm. 18. The structure
of any one of claims 1 to 17, wherein the first magnetic layer has a thickness of between 10 and 100

nm. 19. The structyre of any one of claims 1 tp .18, wherein the second magnetic, layer has a

thickness of betwellt FURGSE RhAMSE T SRICE b G G BHE BRBTARAR. 109 K01 e the
transition te rature is. abo om temperature. 21. The structure of claim 20, wherein the

transition te%%@r@%srérisa@g v}éggrg'loo and 300 C.

8. The structure of claim 7, wherein the soft magnetic material comprises FeCo.
9. The structure of claim 7, wherein the soft magnetic material comprises FeNiCo.

10.  The structure of any one of claims 1 to 9, wherein the hard magnetic material

comprises FePt.

11.  The structure of any one of claims 1 to 9, wherein the hard magnet material

comprises CoPt.
12.  The structure of claim 10 or 11, wherein the hard magnetic material further
comprises a material selected from the group consisting of TiO,, SiO,, Ta,0s, ZrO,,

ZrO, MgO, B,03, Ni, Au, Ag, Cu, Pd, Ta, and C.

13.  The structure of any one of claims 1 to 12, further comprising a first interlayer

between the first magnetic layer and the coupling layer.

14.  The structure of claim 13, wherein the first interlayer comprises a material

selected from the group consisting of MgO, Pt, Ru, Ta, and TiN.
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22. A magnetic recording medium comprising: a substrate; and the magnetic structure of any one of
claims 1 to 21, wherein the first magnetic layer is formed on the substrate. and the first magnetic
layer. 24. The medium of claim 23, wherein the seed layer comprises a material selected from the
group consisting of CrRu, CrMo, CrW, RuAl, TiN and MgO. 25. The medium of claim 23 or 24,

h th d h thi f bet 30 26. Th di f f
bbbt vagys e vl i oo o s o M VT oo Bl

ayer. 27 The PSSR 2SS A R AR G LY R gomerises Tror Ta

16.  The structure of claim 15, wherein the second interlayer comprises a material

selected from the group consisting of MgO, Pt, Ru, Ta, and TiN.

17.  The structure of any one of claims 1 to 16, wherein the coupling layer has a

thickness of between 3 and 10 nm.

18.  The structure of any one of claims 1 to 17, wherein the first magnetic layer has a

thickness of between 10 and 100 nm.

19.  The structure of any one of claims 1 to 18, wherein the second magnetic layer

has a thickness of between 7 and 20 nm.

20.  The structure of any one of claims 1 to 19, wherein the transition temperature is

above room temperature.

21.  The structure of claim 20, wherein the transition temperature is between 100 and

300 °C.

22. A magnetic recording medium comprising:
a substrate; and
the magnetic structure of any one of claims 1 to 21, wherein the first magnetic layer is

formed on the substrate.
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28. The medium of claim 26 or 27, wherein the adhesion control layer has a thickness of between 3
and 5 nm. 29. A method of manufacturing a magnetic recording medium, comprising: forming a first
magnetic layer on a substrate, wherein the first magnetic layer comprises a soft magnetic material;
forming a coupling layer on the first magnetic layer, wherein the coupling layer comprises a material
that switches from an anti-ferromagnetic state to a ferromagnetic state upon heating above a transition
temperature; and forming a second magnetic layer on the coupling layer, wherein the second

magnetic layer comprises,a hard magngtic.material. . .
g ayg '?r?e medium of ¢ alr% ﬂ further comprising a seed layer between the substrate

and the first magnetic layer.

24.  The medium of claim 23, wherein the seed layer comprises a material selected

from the group consisting of CrRu, CrMo, CrW, RuAl, TiN and MgO.

25.  The medium of claim 23 or 24, wherein the seed layer has a thickness of

between 30 and 100 nm.

26.  The medium of any one of claims 23 to 25, further comprising an adhesion

control layer between the substrate and the seed layer.
27.  The medium of claim 26, wherein the adhesion control layer comprises Ti or Ta.

28.  The medium of claim 26 or 27, wherein the adhesion control layer has a

thickness of between 3 and 5 nm.

29. A method of manufacturing a magnetic recording medium, comprising:

forming a first magnetic layer on a substrate, wherein the first magnetic layer comprises
a soft magnetic material;

forming a coupling layer on the first magnetic layer, wherein the coupling layer
comprises a material that switches from an anti-ferromagnetic state to a ferromagnetic

state upon heating above a transition temperature; and
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forming a second magnetic layer on the coupling layer, wherein the second magnetic

layer comprises a hard magnetic material.
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