-1- DUAL WIRE INTEGRATED WAMR/HAMR WRITING HEAD
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT [0001] This inventiorr was made with United States
Government support under Agreement No. 70NANBIH3056 awarded by the
Nationah{naiityip RESIRTERStS-ANE D TRANHIOA MBI RT rendiied States
Government has certain rights in the invention. FIELD OF THE INVENTION
[0002] This invention relates to data storage devices and more particularly to
suchTAgats NeREEIAR B FOO PEBERNS | WireprNY i RE M RESESREFP 0N
(WAMR) and heat assisted magnetic recording (HAMR). BACKGROUND OF
THE INVENTION [0003] In them%iﬁptical/magnetic data storage,
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temperatures, and the heated area in the storage medium determines the
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coercivity so that an applied magnetic writing field can more easily direct the
magnetization of the rec&@@n&a@%@%ﬂ%poraw magnetic
softeong capsiednidnhtitn haatesauigaa Shrageelisivihs ahthadnegivid@brly to such
ambient temperature can he much _higher than the coercivity durin

deyices A Ut ByCORMNALCS: A% & rame! Hed RSt RasHRg ﬁ’&%@f@) and

hedleRsittes dagnaith sembaiditealmR)1eat assisted magnetic recording can be
applied to any type of magnetic storage media, including longitudinal media,
perpendicular mediaS4td s 3R AP Rin IS YRR AP A sisted magnetic
repouod)g has BeemangpesrieiPoprtantingiiR aseaksrggatfionsidyiad bits are
m gnetic disk dri%es tol Tb/in@, or higher. Ogne of the enablers for this )
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thedgtivgingetiahh @é&f@git@sihﬁef@@@f?iﬂﬁim@ﬁﬁwm_ iM@&E@ii@fﬂfmagnetig recording
appr. XImately to the dimensions o0 e etic mark to be recorqed, I.e., at
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medijum, which lowers its coergcivity, Magnetic switching of the bitin .
magnetization oI‘ the recording medlumydurln tﬁe temporarygmagnetlc so?tenlng caused

by the heat source. The coercivity of the medium at ambient temperature can be much
higher than the coercivity during recording, thereby enabling stability of the recorded bits
at higher storage densities and with smaller bit cells. Heat assisted magnetic recording
can be applied to any type of magnetic storage media, including longitudinal media,
perpendicular media and patterned media.

[0004] Heat assisted magnetic recording has been proposed for extending the
areal storage density of magnetic disk drives to 1 Th/in? or higher. One of the enablers for
this technology is an optical transducer (OT) which is capable of efficiently delivering
light energy to the recording medium in a spot confined approximately to the dimensions
of the magnetic mark to be recorded, i.e., at dimensions well below the diffraction limit
around the visible region of the electromagnetic spectrum. The light energy heats up the
magnetic recording medium, which lowers its coercivity. Magnetic switching of the bit in

the media can then be achieved by applying a magnetic field in the desired direction. To



the media can then be achieved by applying a magnetic field in the desired
direction. To -2- produce this magnetic field it is necessary to integrate
metallic and/or magnetic structures ihl.?o'the recording head and to place
them in close proximity to the optical transducer. The combination of a
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transducer results in a complex structure. In addition, every metallic structure
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near the optical transducer to a minimum. [0005] Furthermore, if a thin film
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freely propagating, and further diminish the optical energy density at the

thegpiaEa desHABIR (0 KeRROHE MEGREARC 7S AEREsTRoHIBEHGEEsIeaY the optical

traMéageeintdRaesmasngtic write field is produced by, and/or amplified by, a wire
positioned adjacent to a write pole at an air bearing surfa%,a&ABS) of the
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poffreNtienatitaader theeviiee JhisipeondiigheadvirveiRitrAlioAg alsdiginder the
. amplified magnetic recording (WAMR) head. The flux density from the wire
light{{958 Highy BIRRGgARRa e WO AUR NG PSR SasL AERty-ydhsgptical
trafdigcapagnetize a write pole and generate additional flux density with an
appropriate field direction and spatial profile to augment the write field.
[0
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poIaelpaﬁ)nagEjlgt(lejr;seFa(%(rer1 géldslltrl](%g]q J)% ate%rs? eWith an appropriate field direction and spatial
profile to augment the write field.

[0007] It would be desirable to combine the WAMR magnetic field delivery
concept with the optical requirements of a HAMR head.

SUMMARY OF THE INVENTION

[0008]  This invention provides an apparatus comprising a waveguide, an optical

transducer for coupling electromagnetic radiation from the waveguide to a point adjacent
to an air bearing surface to heat a portion of a storage medium, and a first wire positioned
adjacent to the air bearing surface, wherein current in the wire produces a magnetic field
in the heated portion of the storage medium.

[0009] The invention also encompasses an apparatus comprising a data storage
medium, a recording head for writing data to the data storage medium, and an arm for
positioning the recording head adjacent to the data storage medium, wherein the recording

head includes a waveguide, an optical transducer for coupling electromagnetic radiation



medium, a recording head for writing data to the data storage medium, and
an arm for positioning the recording head adjacent to the data storage
medium, wherein the recording head includes a waveguide, an optical
transducer for coupling electromagnetic radiation -3- from the waveguide to a
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medium, and a first wire posmoned adjacent to the air bearing surface,
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method of fabrlcatlng a recording head, the method comprising: forming a
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rec@VdJﬁBJ%aﬁn%@ﬁﬁéﬂ%ﬂ‘@dﬁ{@ﬂﬁiﬁ@'atﬁ)ﬁﬂﬁq%q@t fRire afR¥UREAtR@ent to an
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constructed in accordance W|th the mventlon 0012] FIG. 2 is an air bearing
surface (ABS) vieR sEremmetSIonhin b= (STIVbEYEl HAMR recording
head1iQ013¢I4G1 3d5a3p$ﬁbﬁﬁ]aﬁébfé§éfﬂ§ﬁ6ﬁa@f)ﬂ1@f MBcARtIRAl (HRRBEMGT a disc

and two adjacent wires. [0014] FIG. 4 is a graph that illustrates the optical

driye, High GRR e FRASHEG 1SS 'Q WHBWSM%Q%WQEQ”[OMS] FIG. 5 is a graph

thf@@'ilzﬁitfatﬁﬂhg @@Hﬁ&iltfﬂéﬁ%@@mﬁ&@l%%ﬁ/i@mﬂmcél@@lmf MrBessIaRiRtirror
16} FIG. 6 is an isometric view of two wires and associated conductors.

(SIMD Passel HAMR dpCRIGMERAiew of a wire and associated conductors.
[0Qd@3FIGsFRs 9 angl 4 Gerengiaphenédiidisetibesaorofralruahsr e two

53019 FIG. | I is an isometric view of an optical transducer and a magnetic
digesat 0] FIG. 12 shows demagnetization curves for pin- shaped

magmetic pates. 0823] drieh iBahosatbysteresitelniafeduer-sifpedcy as a

0022] FIGs. 14 and 15 are graphs of a field profile versus
f“'ﬁg\ﬁﬁ éﬂf %’E{{B?FS 10023] FIG. 16 is a graph of field intensity versus

SPROE) betweENzs aptigabh that illustrates the optical transducer efficiency as a

function of wire spacing.

[0016] FIG. 6 is an isometric view of two wires and associated conductors.

[0017]  FIG. 7 is an isometric view of a wire and associated conductors.

[0018]  FIGs. 8,9 and 10 are graphs of field profiles for the structure of FIG. 7.

[0019] FIG. 11 is an isometric view of an optical transducer and a magnetic pole.

[0020] FIG. 12 shows demagnetization curves for pin-shaped magnetic poles.

[0021]  FIG. 13 shows a hysteresis curve for pin-shaped magnetic poles.

[0022]  FIGs. 14 and 15 are graphs of a field profile versus downtrack direction.

[0023] FIG. 16 is a graph of field intensity versus spacing between an optical
transducer and a magnetic pole.

[0024] FIG. 17 is an air bearing surface view of a write head constructed in
accordance with the invention.

[0025]  FIG. 18 is an isometric view of an alternative pin/pole configuration.



transducer and a magnetic pole. [0024] FIG. 17 is an air bearing surface view
of a write head constructed in accordance with the invention. [0025] FIG. 18
is an isometric view of an alternative pih/pole configuration. -4- [0026] FIGs.
19 and 20 show in top view a portion of one possible mask design used to
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ABS area is shown. [0027] FIG. 21 is a schematic representation similar to
used) @setel HigaSlY! FHectdieiniRile MavR@EdFatowrnl Hie aib R thk final
AH8shiieatiomelivo wires in downtrack direction. DETAILED DESCRIPTION

OF THE INVENTION [0028] Referring to the_drav_vin_%fl;, FIG. | is a pictorial
ref8&EhtatiolPokhds meeheAR patitsrnGlioRistulvda b st d8napd 20. The

alt&PREVRICKIN eteRdansRvith thrs invendigsivg iBedin®HEbeoMcdidgsa wires in
housing 12 (with the upper portion removed and the lower portion visible in
doyRRKAIreE3idn-and configured to contain the various components of the disc

drive. The disc gryain¢edps scripdironaer fi4fangtatmacy least one data
storage medium 16 within the housing, in this case a magnetic disc. At least

orl@Q4#h 18 RefRBHgiINR S Wit ol Ag 425 vitRIERERbFPIS UMY LT the
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end 24 pivotally mounted on a shaft by a bearin?ﬁ?& An actuator motor
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disc 16. The actuator motor 28 is controlled by a controller that is not shown

Of [H&SHSCHBNE- [00Bof It AYRIMRIUASE 3R R dTRICH G ORI ING: HiRashaag data

stolaghipeaiansimiclitrenfeiciReling flepfsamagnehgiesialion, M lexaomerm 18 is
ultraviolet, infrared or. visible light, onto a surface of the recordin n}]edium to.
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andlt readive hEgr dhisidestOd, dhecetgcireniagsiottrgdnbiomndg mferwetcy a
as light. A recording pole, or write pole, then subjects the heated pPrtion of

beqHag: &L 18 AURTEG RIS ko A% AR iPCiGRIbMOtor 28, s located at the

arm's second end 24, for pivoting the arm 18 to position the head 22 over a desired sector

of the disc 16. The actuator motor 28 is controlled by a controller that is not shown in this
view.

[0029] In a HAMR disc drive, the recording head, or write head, includes a
structure for directing electromagnetic radiation, for example ultraviolet, infrared or
visible light, onto a surface of the recording medium to heat a portion of the medium,
thereby reducing the magnetic coercivity of that portion. For this description, the
electromagnetic radiation is referred to as light. A recording pole, or write pole, then
subjects the heated portion of the medium to a magnetic field to affect the direction of
magnetization of the heated portion. The structure for directing electromagnetic radiation
can be, for example, a solid immersion lens, a solid immersion mirror, or waveguide for
focusing the light to a small spot, and an associated optical transducer that is used to
further decrease the size of the light spot. Light can be produced using a light source such

as a laser, and transmitted to the slider using an optical fiber or by free space transmission.



magnetization of the heated portion. The structure for directing
electromagnetic radiation can be, for example, a solid immersion lens, a
solid immersion mirror, or waveguide for focusing the light to a small spot,
and an associated optical transducer that is used to further decrease the

TheizRIRf a8 BighdcupmidLisf! sRNReRIPEUeRH USIDHA IERhRACESHERSaS drating
laser, and transmitted to the slider using an optical fiber or by free space

Coypd®fsmission. -5- The light can be coupled into the structure using known
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recording head 40 showing the air bearing surface (ABSZ of the recording
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46, 48. An optical transducer 50 is positioned in the Waveé%uide. Atip 52 of
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of iR EpeRHlingheRdeFiStRaHisesPndjaleplita Qi ekvi de agigdeeat Sipksthe
56 and 58 are_positione posite sides of the SIM. A first wire 60
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podiaRay Gvdpeesitehiideanst iakrt plecieRy varndoaiiengadstiheal 3ikei82 and

and 64 are alsqg positioned on ofgposite sides of the SIM.. A second wire 66
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transducer. A magnetic gole piece 68 is Positioned between the wires. Each
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an insulating. layer 74. However, in other embodiments, the leads 58 and 64
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0031] The two metallic wires run along the downtrack direction and ¢ CPe
condyctiy; t 8 iments,
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witieCarrohts et Hre Supphed By the ik Tl RO R e A TN BRReate sides of the
waveguide. If the currents through the metallic wires flow in opposite directions, the
magnetic field between the wires has a strong component perpendicular to the ABS,
which makes it most suitable for perpendicular recording systems. If the currents through
the wires flow in the same direction, the magnetic field has a strong in-plane component
parallel to the ABS, which makes it most suitable for longitudinal recording systems. The
leads also work as heat sinks. In this example, the optical transducer is located outside the
core layer of the waveguide and adjacent to the magnetic pole structure. The magnetic
pole is placed close to the optical transducer in order to maximize the overlap between the
magnetic field of the magnetic pole and the heat spot of the optical transducer. However,
a too small distance between the optical transducer and a metallic magnetic pole reduces

the efficiency of the optical transducer. Both, the optical transducer and the magnetic pole



parallel to the ABS, which makes it most suitable for longitudinal recording
systems. The leads also work as heat sinks. In this example, the optical
transducer is located outside the coré%yer of the waveguide and adjacent to
the magnetic pole structure. The magnetic pole is placed close to the optical

arel"RF8EHHERH IhOTABSILMAIRIZR ihRiPeehiarfRgWeRs thQashagagle felstioh with
the magnetic pole and the heat spot of the optical transducer. However, a
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transducer and the magnetic pole -6- are adjacent to the ABS to maximize
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or M6l apthéih neseeatdedhelspse layer of the waveguide depends on their
individual shapes and the materials used. For some shapes and materials it
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(ABBYRIfreqiAie theptpcaaRggsetRofRef i erodusidening corfelayier tieQ8RENISThe

invention uses one or more metallic wires at the air bearing surface (ABS) of
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the o%gal transducer. The magnetic pole is positioned in the waveguide to
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desired spacing with respect to the optical transducer and/or the core layer

traflsuee HRNFEY TSI YR IHBIBIE dRE Sole can have an arbitrary shape. For
sifisaly. it sRiprd tiehsve &e spne shanstashehaiicatdranairstyinit is

FIG. 2. Furthermore, the magnetic pole can be positioned anywhere inside
R DRI e SAREASRER A HISORHRA SFATSHIRSEH lfared chmiermore, the
ma@ﬁ@iﬂpﬁ@ﬁh %hmmisbsad;?r@% g athes $iﬁﬁj@ftﬂﬁe\m@g§ﬁd@fmceﬂi t®&cond pole

increase, the magnetic flux density. The truncatiop in the wire causes current.
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in a cross-track direction, the truncated portion would be
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magusA|c fieldsiferibeabhitMincapplpeation.of the wires can have dimensions on the
order of microns in a cross-track direction, the truncated portion would be on the order of
several tens of nanometers in order to produce high enough magnetic fields for the HAMR
application.

[0035] FIG. 3 is a schematic representation of an optical transducer 80 and two
adjacent wires 82 and 84, positioned on opposite sides of the optical transducer. In this
example, the optical transducer includes a circularly shaped disk 86 and a rectangular or
cylindrical extension 88 having an end 90 that would be positioned adjacent to the air
bearing surface 92 of the write head. In this example, the width of the wires is the
dimension in a direction 94 parallel to the air bearing surface and the thickness is the
dimension in a direction 96 perpendicular to the air bearing surface. The wire spacing is
the distance between the wires as illustrated by arrow 98.



[0035] FIG. 3 is a schematic representation of an optical transducer 80 and
two adjacent wires 82 and 84, positioned on opposite sides of the optical
transducer. In this example, the optical transducer includes a circularly
shaped disk 86 and a rectangular or cylindrical extension 88 having an end

9Qdagbyvouithegpsiienrd arigertirifie ais bRaRRtaHARES SROhiMMRence of

write head. In this example, the width of the wires is the dimension in a

thediYHEEGR &2¢ jpatigndIttantflichr BEiGieRFY IRk EREd NS Miekhdssifupdion of wire

thiskmessien i wifkirepHoNP &Pt ndiculaste dherireearinghs utfaces TRgrudrith
_spacing is the distance between the wires as illustrated by arrow 98. -7-
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function of wire thickness for a wire spacing of 300 nm. As can be seen from
effieiency; virdri fRpaing Il @b 5 Kiel SRBS LMoY R LghieshaR tesentisal
tratRgueBtistdiamsducer efficiency. FIG. 5 shows the influence of the wire

spacing on the optical transducer efficiency. A wire spacing of 250 nm or
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cofdzidrdsian, isopatte &F@M%,W@Wéﬁsoéjiﬁoﬁmédlﬁ,a%@@éﬁ@m Plane 122
conductors 114, 116, 118 and 120, that can be included in a recarding head.
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FIbeads Aharitinedtiaottfitéurs, iﬁ/ﬁé?éﬂi&ﬁ@@ﬂi@ﬁeiﬁé'lU@BJfﬁstV\ﬂ@#f@ﬁstmmV\éﬁG5126
include f_irstéﬁortion_s 124 and 126 on a first side of the air beariné%:urface
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secontiangepiENBe Rar theas g Surrdel RO URb A e MeB ghduSHT0VGOABPHRGremoved
0 era}tégn. FIG. 7 is.an isometric view of wire 110.and a%ssociated conductors
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In the structure of FIG..6, the two wires can b(re‘l\ﬁ%eg arated b
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elebebNRE MPpNGOdidetO(E)LEEY) . belfahexarnpige2dinf| Eorahese Mimensiensan be
the wires shown in FIG. 6 have a resistance of R = U/l = 0.775 Q (assumjn

seratpisiRYsRgtaRF o 107 8820PIe Gty arRthibsidsaHBAbSRARhvire (the distance
betRRRERECHREREIS) ARS 1R, th6r GSRIRPREBVERRN  For these dimensions, the wires

shown in FIG. 6 have a resistance of R = U/l = 0.775 Q (assuming Cu bulk resistivity p =
1.786x10® Om) and the field component perpendicular to the ABS in the center between
the two wires is Hy = 0.028 T for a current of 100 mA, where the current flows in opposite
direction through the two wires.

[0039] During lapping, the front portion of the wires is ground away and, in one
example, the resistance increases to R = 4.1 QQ, when the wires have reached their final
cross section, which is 100x100 nm?.

[0040] If the distance between the wires is reduced to 200 nm, the perpendicular
field increases to Hy = 0.22 T for a current of 100 mA. At a distance of 10 nm from the
ABS, the field reaches 0.2 T.

[0041] FIGs. 8, 9 and 10 show the downtrack and cross-track magnetic field

profiles as well as the field as a function of distance from the ABS. FIGs. 8, 9 and 10



the two wires is HY = 0.028 T for a current of 100 mA, where the current
flows in opposite direction through the_two wires. [00391 During lapping, the
front portion of the wires is ground aV\'/%/'and, in one example, the resistance
increases to R = 4.1 Q, when the wires have reached their final cross

shRRUORUINBIChdRI1NBRROQO AmIARAPIHE tA@ distansedRiVEan the Yesa%tpy of
reduced to 200 nm, the peb;%endlcular field increases to HY = 0.22 T for a

FIGBrdit ¥fitooni 0B N dliianee REMEEAIW KM the ABS, the field reaches
02084190411 3serB. aIY Senric CmwaNeagh s £rasrienek sBRoRiche
e

fi profiles as well as the field as a function of distance from the ABS.
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wires. [0042] In order to ampli%the field of the wires, a magnetic pole can be
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carPiPeliHesTRE anifieles: RAIeAVPHE sdugasea extindsical diskopgrtionowithm The
diameter of 200 nm and a throat portion with variable Ie%gth (throat hejght, th

folloygng yeateHahPARNHE Yt Urpled Bist: Metiidkheks orifopdieward A =

13vénied pgtween L = 50 and 100 nm. The following material parameters for
FeCo were used: M, =2.4 T, K, =-4800 J/m 3, and A 13 x 10- " J/m. [004311
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The pole includes a disk shaped portion 144 and a throat portion 146. The

inchisiesaptipls hiaaedimartings eiﬁa@waayaaéo?ammyﬁndpﬁ%m&icsbttﬁamducer
inchRfs QA4 éﬁhﬁé@ﬁfﬁ_ﬁ?ﬁ%@ﬁ‘d@!ﬁrémbﬂV@w%‘@fOﬁt height of th = 120 nm

and a thickness of L = 100 nm. FIG. 12 shows demagnetization curves for

théBiftbhagB PP IREBRIEI AN RORifR iR YRR thieRtt Telthafth and2difetd 2

thitRitR@TIES 10D AMagNeliZatian f B iteindtioH airs relaEeomeHABEd poles
were calculated with a finite element micromagnetics code using the ener

of Ri@inbatiBh AiEeTeet freaplaroiiesttRaddtEesntibetnsesshtnlX q‘@gr}ﬁt,l%gtion
cumas the lqv@stdiredrsiitl petiontsleationehieltatAaddT .with a finite element

micromagnetics code using the energy minimization method. The pole with the longest
throat height (t, = 120 nm) has the lowest (but still positive) nucleation field of 0.27 T,
because its shape anisotropy helps to keep the pole saturated. As a result, it also requires
the lowest field to reach saturation (-0.3 T). The shortest throat leads to an almost linear
hysteresis curve with a nucleation and saturation field of 0.48 T.

[0045]  FIG. 13 is a hysteresis curve and magnetization distribution snapshots for
a pin-shaped pole with a throat length of t, = 20 nm and a thickness of L = 100 nm. The
magnetization is perpendicular to the ABS. The hysteresis curve is almost linear for a
thick pole with a short throat. The flux closure state (vortex state), which is found in
remanence in soft magnetic "nanodots”, is typical of soft magnetic cylindrical
nanostructures. Thus, in the remanent state these poles generate very little field.

[0046] Downtrack field profiles of the perpendicular field component of the
saturated state (in a homogeneous external field) for different pole shapes are shown in
FIG. 14. FIG. 14 shows the calculated downtrack field profiles at 20 nm from the ABS



because its shape anisotropy helps to keep the pole saturated. As a result, it
also requires the lowest field to reach Lg,iaturation (-0.3 T). The shortest throat
leads to an almost linear hysteresis curve with a nucleation and saturation
field of 0.48 T. [0045] FIG. 13 is a hysteresis curve and magnetization
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nm and a thickness of L = 100 nm. The magnetization is er%endicular to the
[
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magnetic "nanodots”, is typical of soft magnetic cylindrical nanostructures.
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state (in a homogeneous external field) for different pole shapes are shown in
angfes "1RaghRtic S8%hows the calculated downtrack field profiles at 20 nm from
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thicknesses L. The thick pole with the shortest throat length generates the
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Thus, a magnetic pole with the design shown above needs to be located
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wifbcaglon-rrEgNEsiclaas biedwfent ihleapet® @it pole on the optical performance of

the optical transducer as a function of spacing between the optical transducer and the pole.
When the spacing is zero, the recording pole is directly laminated to the optical
transducer. For this simulation, the optical properties of the recording pole were chosen to
be those of bulk iron, although there is very little difference between iron, cobalt, and
nickel at a wavelength of 830 nm. The coupling efficiency measured by the peak field
intensity inside the recording layer drops quickly for spacings below 40 nm. Several
recording pole thicknesses are graphed. As the pole thickness increases the coupling
efficiency drops, but the effect is not sizable. Therefore, for 50 nm spacings and greater,
the recording pole can be made as thick as desired. A second pole can be placed on the
opposite side of the optical transducer. This arrangement might be useful in a ring head
geometry for tilting the net field at the recording location within the medium. However,

the second pole should not be located inside the core layer, where it would substantially



the pin, and a "composite" head having a low moment (I T) magnetic material
in the gap. [0049] FIG. 16 shows the effect of a recording pole on the optical
performance of the optical transducérgs a function of spacing between the
optical transducer and the pole. When the spacing is zero, the recording pole

decPefiEe ol byTEAREMitRHG OPTRE, WIRNSMiSEe RS M SIBpHBAIORaHIBURBFE8! the
properties of the recording pole were chosen to be those of bulk iron,
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intensity inside the recording layer drops quickly for spacings below 40 nm.
Polgeveral recording pole thicknesses are graphed. As the pole thickness

ingpeaeps thacouplind pitieiay droppobisines aliest iBdaghsizabigee of another
Therefore, for 50 nm Sé)acings and greater, the recording pole can be made
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eometry for tilting the net field at the recording location within the medium.
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from the optical transducer to the second pole would be larger. than that
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pole. [0050] FIG. 17 is a Elan view of a portion of an air bearing surface of
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cotivdonarp sitalliasideaneapecdged énto thee wake guittatidas eho s ABShEOSmbEre
.Truncated partions 188 and 190 of the wires concentrate the magnetic field
wirs, Ao RSN AAEV P R0 e ORHAA) TR HUIFRL SRR A AaTE camysently

adjesaplehthadviieag ofriiicalag Suoludhaire inaximoms rmgnejendiatd walily a
whkc))f!eI(\)/é\:rai'([e%(/]I giI devices by shifting the nano-wires with respect to the pole and optical
transducer along one slider bar. Also, the wires would be formed before the ABS pattern,
and the wires will get coated with a protective layer.

[0052] FIG. 18 is an isometric view of an alternative pin/pole configuration. In
this configuration a low moment pole 200 is positioned between an optical transducer 202
and a high moment pole 204.

[0053] The high moment magnetic pole can be made of, for example, FeCo,
FeCoNi, or FeCoCu. The low moment magnetic pole can be made of, for example, ferrite
or garnet. In order to reduce the influence of the magnetic pole on the optical transducer
performance, the pole material should be optically transparent. The wires and conductive

heat sinks can be made of, for example, Cu, Ag, Al, Au, or AuTa multilayers. The optical



the magnetic pole. Other geometries are conceivable, for instance, the
magnetic pole could be located inside the core layer, etc. The wire
truncation, the shape of the ampere wire, and its position relative to the pole
and optical transducer can also be conveniently adjusted. The advantage of

traf3tRICABRrSH AiHAN ST, ifotalPRACoMd AENEs2ER easilyR WARIGLYAS BN B made

devices by shifting the nano-wires with respect to the pole and optical
of, fandiprieafng oldiderBarSikeo?%¥EWires would be formed before the
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18 is an isometric view of an alternative pin/pole configuration. In this
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magnetic pole can be made of, for example, FeCo, FeCoNi, or FeCoCu. The
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performance, the pole material should be optically transparent. The wires and
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Ag, or Cu. The waveguide can be made_ of, for example, A1203, Ti02,
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inceRd fiesiame FhgoeptinMepirchoice depends on various parameters of the
final design, e.g. the best material for the optical transducer depends on the
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further reduction in fabrication complexity of the entire device can
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wafers are processed to the end. The ABS is generated by cutting the wafers into bars and
lapping these bars just to the desired SIM opening. If the sidewall of the device is
metallized and the shape of the photomask adjusted, it is possible to lap the device such
that a part of the metal is kept at the ABS surface.

[0057] FIGs. 19, 20 and 21 show intermediate structures used in the fabrication
method of the invention to obtain metallic structures at the ABS. A side wall 210 is
etched and subsequently metallized 212. A lapping process illustrated by arrows 214
removes material up to a line 216 to stop inside the sidewall metallization.

[0058] FIG. 21 is a schematic representation of the ABS area of a mask pattern
220 that can be used to fabricate two wires 222 and 224 in the downtrack direction. Only
the necessary features to fabricate the wires are shown, along with the final ABS line 226.
After the etch, the sidewalls need to be metallized before the devices are finally lapped to



stack substrate simultaneously. The pattern printed is a groove structure that
protects the SIM surface with some syjtable masking material while the
surroundings are deep etched into thik/v'aveguide material. It is beneficial to
obtain vertical sidewalls during this process. The sidewalls are then

thetigtizrg, 1e8SRP LI PR IR SUL MR NAL RicRAESENSHIYRFErS IR Qvires can be

processed to the end. The ABS is generated by cutting the wafers into bars
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ap the device such that a part of the metal is kept at the ABS surface.
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side wall 210 is etched and subsequently metallized 212. A lapping process
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ABS area of a mask pattern 220 that can be used to fabricate two wires 222
heaghppHIo WA BIERIHEEEK direction. Only the necessary features to fabricate
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planiiespnRestisedras glecthikCIEBRINgONIdSS [aeentien thsh|aFPiRG device for
process.ggow The wire dimensions in cross-track direction can be arbitrarily
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fabrication of the leads, the wires can be used as electrical lapping guides.
o SRR SOy e Bl SRR AP oy EEEL BERS the

corRpRilRPieDtheytthenirare, the overall complexity of the entire head build

1d he reduced. [0060] Thy ide stack wauld be placed on thick
Ui 1 AU ISARE RE I G 1 Bor RSB APLE A BEREIRD s e

wagstdhecslitbehe Aftesceiaing pee &I Msiafidaphasnlcrng Aereistajur@hene tickiders
o R e o T e
carppetigss @b thedeadsat ibeedsBS stwiiastonn thesilisirptasisisanphesa fideused ion
beam (FIB) tool to manipulate the wires by cutting out pieces of the wire in the desired
locations. Another approach is to produce the entire wires, not with the technique
described above, but with lithography, etching and lift-off techniques.

[0062] The wires can be patterned at the ABS generation point using ebeam
lithography plus etching. Alternatively, e-beam lithography plus lift-off can be used. The
entire wire can be made by connecting to the leads on top and bottom. FIB structuring
can also be used.

[0063]  While the invention has been described in terms of several examples, it
will be apparent to those skilled in the art that various changes can be made to the
described examples without departing from the scope of the invention as set forth in the

following claims.



leads are separated. However they can also be shorted together to further
reduce the complexity of the structure. J0061] To obtain the desired wires
with dimensions on a nanometer sca]el, he wafers need to be sliced and
lapped to their final positions. At the stage where the sliders usually undergo
wihe ABRipatgEning, ebearn lithography followed by an etching process can
be used to produce the necessary truncation. It is also possible to use a
focused iontbeamARIEIPHBIUS GHFRIRIREe the wires by cutting out pieces of
the wire in theslrsjiggk: locations. Another approach is to produce the entire
wires, not with the technique described above, but with lithography, etching

and lift-off tBBhPRYEL. [BDEBICThd Wik BHADL & peliemigaeiiqHadigign from the
wARRBIAEAD ROMBINSHEhelRAM althndrRBIMGPLuPrats o hetltarpatiitYor LaBFage

lithography plus lift-off can be used. The entire wire can be made by
MeHAE @Y to the leads on top and bottom. FIB structuring can also be used.

[0063] Whilg et iavenpssithnedagaceses irg i tesanm@kardesalesp @frent

it will be apparent to those skilled in the art that various changes can be
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invention ag set forthdndhgarkRllovanachiaing, -Ukerdiinahis ¢laimeagris:ikclbies a
apparatus comprising: a waveguide; an optical transducer for coupling

et YRR RIS e ARtERL WRatRkSIde to a point adjacent to an air

bearing surface to rabgpRetienPtiaifiarFaeheredmpriang a first wire
positioned ad&acent_to the air bearing surface, wherein current in the first

wire produceDa0RRIGRAR FREIGARCAIL HLA dBeIBREBRUS 6 storage medium.

2. The apparatus of igdaafipdratvieesedlding Brsiieiarinek degfetituportesseparated
fr@gr ion%zéld'%fent to the optical transducer. 3. The apparatus of claim 1, further

ic pole for concentrating the magnetic field.
5. The apparatus of claim 3, further comprising:

a low moment pole positioned between the magnetic pole and the optical
transducer.

6. The apparatus of claim 5, wherein the low moment pole comprises
a ferrite or garnet.

7. The apparatus of claim 3, further comprising:

a second magnetic pole positioned on a side of the optical transducer
opposite to the first magnetic pole.

8. The apparatus of claim 1, further comprising:

a second wire positioned adjacent to the air bearing surface on a side of the
waveguide opposite to the first wire.

9. The apparatus of claim 8, further comprising:

first and second electrically conductive leads positioned on opposite sides
of the waveguide and electrically connected to the first wire; and

third and fourth electrically conductive leads positioned on opposite sides
of the waveguide and electrically connected to the second wire.

10. An apparatus comprising:



4. The apparatus of claim 3, wherein the magnetic pole is separated from the
optical transducer. 5. The apparatus of claim 3, further comprising: a low
moment pole positioned between the 4a'gneti(: pole and the optical
transducer. 6. The apparatus of claim 5, wherein the low moment pole

comprises @Jg[rgigq)pg?gaﬁggtu%; The apparatus of claim 3, further comprising:
a second magnetic pole positioned on a side of the optical transducer

opposite to dHBRFSIHAAGAGTRMIVIEINY date A paraiasioragsimediyiRag
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side of the waveguide opposite to the first wire. 9. The apparatus of claim 8,
MedHBY comprising: first and second electrically conductive leads positioned

on opposite,ggesn MdhecHANegHIdR arduatecinsalkgerranteptiaftrlisslcer for
wire; and third and fourth electrically conductive leads positioned on opfosite

COMRRIAT SHRAEMANBGHFIERL R Wl BPaleCWRNERYR {0 RUBD AGIARRDT 18 athair

beaRRG ik @O PEaiNOpotorpdiat YaraaerayRdbERiLA efRr difgsh oAk febsitioned
writing data to the data storage medium; and an arm for positioning the
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fiél@Wtiﬁé:Hé@l{%ﬁj@Wﬁ&ﬁ@'ﬂ%@o@fﬁ@ﬁiﬁ@bﬁﬁ@é@ﬁd#ﬁef for coupling
electromagnetic radiation from the waveguide to a point adjacent to an air

bearing surfdce to hR&tRRRATH Bf thlighd &t ovage iR sintieniselvdes @

trurRadanReti g rjecdiodhheadpbeartrsaitaee, wherein current in the first
wire produces a ma%netic field in the heated Fortion of the data storage

medium. it. Fhe appRFRRAHG LA P\ P EHPRIM includes a

a magnetic pole for concentrating the magnetic field.

13. The apparatus of claim 12, wherein the magnetic pole is separated
from the optical transducer.

14. The apparatus of claim 12, further comprising:

a low moment pole positioned between the magnetic pole and the optical
transducer.

15. The apparatus of claim 14, wherein the low moment pole
comprises a ferrite or garnet.

16. The apparatus of claim 11, further comprising:

a second magnetic pole positioned on a side of the optical transducer
opposite to the first magnetic pole.

17. The apparatus of claim 10, further comprising:

a second wire positioned adjacent to the air bearing surface on a side of the
waveguide opposite to the first wire.

18. The apparatus of claim 17, further comprising:

first and second electrically conductive leads positioned on opposite sides
of the waveguide and electrically connected to the first wire; and

third and fourth electrically conductive leads positioned on opposite sides

of the waveguide and electrically connected to the second wire.



truncated portion adjacent to the optical transducer. 12. The apparatus of
claim 10, further comprising: a magr\ll\t-;;lr%c pole for concentrating the magnetic
field. 13. The apparatus of claim 12, wherein the magnetic pole is separated
from the optical transducer. 14. The apparatus of claim 12, further

comprising:1@ low MAeRSPOITRPRAREE REBHARE HBSITAEARIARPIBHAPAsIng:

the optical transducer. 15. The apparatus of claim 14, wherein the low_

moment pol@ BGMpfisBESh YaFRtsBIYHM LIt HE APpariteal o¥ayaaHida in an
infediies 48 RANSING: angecond magnetic pole positioned on a side of the optical

transducer opposite to the first ma%netic pole. 17. The apparatus of claim 10,

further com{SHEIRG: ReEERIREAIHE PBYRibI® defRcamptbiFRI IR Bekafsg using the

filstiines9Brrereedpicheppiay gaidele opposite to the first wire. 18. The
apparatus of claim_17, further comprising: first and second electricall

conductive ads pbBRigHEECInd aelSiqudersit g dregvilie 4nd the optical
walestiicalyeFonnesehtaigr fitpoyisghpsgshird and fourth electrically

conductive leads positioned on opposite sides of the waveguide and

electrically connected to the second wire. - 15 19. A method of fabricating a

recording head, the method comprising: forming a first wire structure

adjacent to an optical waveguide in an intermediate structure; and lapping

the intermediate structure to form an air bearing surface, using the first wire

as an electronic lapping guide. 20. The method of claim 19, wherein the first

wire and the optical waveguide are formed in a single lithography step.
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DUAL WIRE INTEGRATED WAMR/HAMR WRITING HEAD


STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT


       [0001]     This invention was made with United States Government support under Agreement No. 70NANB1H3056 awarded by the National Institute of Standards and Technology (NIST).  The United States Government has certain rights in the invention.


FIELD OF THE INVENTION


       [0002]     This invention relates to data storage devices and more particularly to such devices that utilize a combination of wire amplified magnetic recording (WAMR) and heat assisted magnetic recording (HAMR).


BACKGROUND OF THE INVENTION


       [0003]     In thermally assisted optical/magnetic data storage, information bits are recorded on a layer of a storage medium at elevated temperatures, and the heated area in the storage medium determines the data bit dimension.  Heat assisted magnetic recording (HAMR) generally refers to the concept of locally heating a recording medium to reduce the coercivity so that an applied magnetic writing field can more easily direct the magnetization of the recording medium during the temporary magnetic softening caused by the heat source.  The coercivity of the medium at ambient temperature can be much higher than the coercivity during recording, thereby enabling stability of the recorded bits at higher storage densities and with smaller bit cells.  Heat assisted magnetic recording can be applied to any type of magnetic storage media, including longitudinal media, perpendicular media and patterned media. 


       [0004]     Heat assisted magnetic recording has been proposed for extending the areal storage density of magnetic disk drives to 1 Tb/in2 or higher.  One of the enablers for this technology is an optical transducer (OT) which is capable of efficiently delivering light energy to the recording medium in a spot confined approximately to the dimensions of the magnetic mark to be recorded, i.e., at dimensions well below the diffraction limit around the visible region of the electromagnetic spectrum.  The light energy heats up the magnetic recording medium, which lowers its coercivity.  Magnetic switching of the bit in the media can then be achieved by applying a magnetic field in the desired direction.  To produce this magnetic field it is necessary to integrate metallic and/or magnetic structures into the recording head and to place them in close proximity to the optical transducer.  The combination of a conventional "pole" based magnetic recording head structure and an optical transducer results in a complex structure.  In addition, every metallic structure close to the optical transducer negatively influences its optical performance.  It is therefore desirable to keep the number and size of the metallic structures near the optical transducer to a minimum.


       [0005]     Furthermore, if a thin film optical waveguide is used to deliver the optical power to the transducer, metallic structures inside this waveguide would also hinder the light from freely propagating, and further diminish the optical energy density at the optical transducer.  


       [0006]     Magnetic write heads have been proposed wherein the magnetic write field is produced by, and/or amplified by, a wire positioned adjacent to a write pole at an air bearing surface (ABS) of the head.  The wire can generate large local magnetic fields by way of large current densities in the wire.  This recording head is referred to as a wire amplified magnetic recording (WAMR) head.  The flux density from the wire can be high enough to affect the magnetization of an adjacent storage disc, or to magnetize a write pole and generate additional flux density with an appropriate field direction and spatial profile to augment the write field.


       [0007]     It would be desirable to combine the WAMR magnetic field delivery concept with the optical requirements of a HAMR head.


SUMMARY OF THE INVENTION


       [0008]     This invention provides an apparatus comprising a waveguide, an optical transducer for coupling electromagnetic radiation from the waveguide to a point adjacent to an air bearing surface to heat a portion of a storage medium, and a first wire positioned adjacent to the air bearing surface, wherein current in the wire produces a magnetic field in the heated portion of the storage medium.


       [0009]     The invention also encompasses an apparatus comprising a data storage medium, a recording head for writing data to the data storage medium, and an arm for positioning the recording head adjacent to the data storage medium, wherein the recording head includes a waveguide, an optical transducer for coupling electromagnetic radiation from the waveguide to a point adjacent to an air bearing surface to heat a portion of a storage medium, and a first wire positioned adjacent to the air bearing surface, wherein current in the wire produces a magnetic field in the heated portion of the storage medium.


       [00010]     In another aspect, the invention provides a method of fabricating a recording head, the method comprising:  forming a first wire structure adjacent to an optical waveguide in an intermediate structure; and lapping the intermediate structure to form an air bearing surface, using the first wire as an electronic lapping guide.


BRIEF DESCRIPTION OF THE DRAWINGS


       [00011]     FIG. 1 is a pictorial representation of the mechanical portion of a disc drive that can be constructed in accordance with the invention.  

       [00012]     FIG. 2 is an air bearing surface (ABS) view of a solid immersion mirror (SIM) based HAMR recording head.  


       [00013]     FIG. 3 is a schematic representation of an optical transducer and two adjacent wires.


       [00014]     FIG. 4 is a graph that illustrates the optical transducer efficiency as a function of wire thickness.  


       [00015]     FIG. 5 is a graph that illustrates the optical transducer efficiency as a function of wire spacing.  


       [00016]     FIG. 6 is an isometric view of two wires and associated conductors.


       [00017]     FIG. 7 is an isometric view of a wire and associated conductors.


       [00018]     FIGs. 8, 9 and 10 are graphs of field profiles for the structure of FIG. 7.


       [00019]     FIG. 11 is an isometric view of an optical transducer and a magnetic pole.


       [00020]     FIG. 12 shows demagnetization curves for pin-shaped magnetic poles.


       [00021]     FIG. 13 shows a hysteresis curve for pin-shaped magnetic poles.


       [00022]     FIGs. 14 and 15 are graphs of a field profile versus downtrack direction.


       [00023]     FIG. 16 is a graph of field intensity versus spacing between an optical transducer and a magnetic pole.


       [00024]     FIG. 17 is an air bearing surface view of a write head constructed in accordance with the invention.


       [00025]     FIG. 18 is an isometric view of an alternative pin/pole configuration.


       [00026]     FIGs. 19 and 20 show in top view a portion of one possible mask design used to etch the SIM structure into the waveguide stack.  Only the vicinity of the final ABS area is shown.


       [00027]     FIG. 21 is a schematic representation similar to FIGS. 19 and 20.  The alternative mask design shown in FIG. 21 allows the fabrication of two wires in downtrack direction.


DETAILED DESCRIPTION OF THE INVENTION

       [00028]     Referring to the drawings, FIG. 1 is a pictorial representation of the mechanical portion of a disc drive 10 that can be constructed in accordance with the invention.  The disc drive includes a housing 12 (with the upper portion removed and the lower portion visible in this view) sized and configured to contain the various components of the disc drive.  The disc drive includes a spindle motor 14 for rotating at least one data storage medium 16 within the housing, in this case a magnetic disc.  At least one arm 18 is contained within the housing 12, with each arm 18 having a first end 20 with a recording and/or reading head or slider 22, and a second end 24 pivotally mounted on a shaft by a bearing 26.  An actuator motor, which may be a voice coil motor 28, is located at the arm's second end 24, for pivoting the arm 18 to position the head 22 over a desired sector of the disc 16.  The actuator motor 28 is controlled by a controller that is not shown in this view.

       [00029]     In a HAMR disc drive, the recording head, or write head, includes a structure for directing electromagnetic radiation, for example ultraviolet, infrared or visible light, onto a surface of the recording medium to heat a portion of the medium, thereby reducing the magnetic coercivity of that portion.  For this description, the electromagnetic radiation is referred to as light.  A recording pole, or write pole, then subjects the heated portion of the medium to a magnetic field to affect the direction of magnetization of the heated portion.  The structure for directing electromagnetic radiation can be, for example, a solid immersion lens, a solid immersion mirror, or waveguide for focusing the light to a small spot, and an associated optical transducer that is used to further decrease the size of the light spot.  Light can be produced using a light source such as a laser, and transmitted to the slider using an optical fiber or by free space transmission.  The light can be coupled into the structure using known techniques, such as a grating coupler.


       [00030]     FIG. 2 is an isometric view of a recording head 40 showing the air bearing surface (ABS) of the recording head.  The recording head includes a solid immersion mirror (SIM) 42 formed by a planar waveguide having a core layer 44 between two cladding layers 46, 48.  An optical transducer 50 is positioned in the waveguide.  A tip 52 of the optical transducer is positioned adjacent to the air bearing surface 54 of the recording head.  First and second electrically conductive leads/heat sinks 56 and 58 are positioned on opposite sides of the SIM.  A first wire 60 extends between the first and second conductive leads adjacent to the air bearing surface.  Third and fourth electrically conductive leads/heat sinks 62 and 64 are also positioned on opposite sides of the SIM.  A second wire 66 extends between the third and fourth conductive leads adjacent to the air bearing surface.  The wires are positioned on opposite sides of the optical transducer.  A magnetic pole piece 68 is positioned between the wires.  Each of the wires includes a truncated portion 70 and 72 in the vicinity of the magnetic pole piece.  In this example, the conductive leads are separated by an insulating layer 74.  However, in other embodiments, the leads 58 and 64 or the leads 54 and 56 can be electrically and physically connected to each other by means of a conductor through, atop or below the insulating layer 74.

       [00031]     The two metallic wires run along the downtrack direction and can be fed with currents that are supplied by the thick metallic leads located on opposite sides of the waveguide.  If the currents through the metallic wires flow in opposite directions, the magnetic field between the wires has a strong component perpendicular to the ABS, which makes it most suitable for perpendicular recording systems.  If the currents through the wires flow in the same direction, the magnetic field has a strong in-plane component parallel to the ABS, which makes it most suitable for longitudinal recording systems.  The leads also work as heat sinks.  In this example, the optical transducer is located outside the core layer of the waveguide and adjacent to the magnetic pole structure.  The magnetic pole is placed close to the optical transducer in order to maximize the overlap between the magnetic field of the magnetic pole and the heat spot of the optical transducer.  However, a too small distance between the optical transducer and a metallic magnetic pole reduces the efficiency of the optical transducer.  Both, the optical transducer and the magnetic pole are adjacent to the ABS to maximize their efficiency.  Their exact relative position with respect to each other as well as with respect to the core layer of the waveguide depends on their individual shapes and the materials used.  For some shapes and materials it might be useful to place both outside the core layer whereas other cases might require to place one or both of them inside the core layer.

       [00032]     This invention uses one or more metallic wires at the air bearing surface (ABS) of a write head.  A magnetic field is produced by a current in the wire(s).  The wires are positioned to locate this field at a desired position with respect to the optical transducer.  The magnetic pole is positioned in the waveguide to enhance the magnetic field at the optical transducer position.  The magnetic pole structure can be located in contact with the optical transducer or at any desired spacing with respect to the optical transducer and/or the core layer in the device.  


       [00033]     In principle, the pole can have an arbitrary shape.  For simplicity, it is depicted to have the same shape as the optical transducer in FIG. 2.  Furthermore, the magnetic pole can be positioned anywhere inside the waveguide stack.  A second pole (not shown in this figure) can be positioned symmetrically on the other side of the optical transducer to increase the magnetic flux density.  The truncation in the wire causes current crowding to produce a relatively strong magnetic field in the truncated area.  

       [00034]     While the non-truncated portion of the wires can have dimensions on the order of microns in a cross-track direction, the truncated portion would be on the order of several tens of nanometers in order to produce high enough magnetic fields for the HAMR application.

       [00035]     FIG. 3 is a schematic representation of an optical transducer 80 and two adjacent wires 82 and 84, positioned on opposite sides of the optical transducer.  In this example, the optical transducer includes a circularly shaped disk 86 and a rectangular or cylindrical extension 88 having an end 90 that would be positioned adjacent to the air bearing surface 92 of the write head.  In this example, the width of the wires is the dimension in a direction 94 parallel to the air bearing surface and the thickness is the dimension in a direction 96 perpendicular to the air bearing surface.  The wire spacing is the distance between the wires as illustrated by arrow 98.


       [00036]     The performance of this structure has been simulated.  The influence of the wires on the optical transducer efficiency is illustrated in FIG. 4 as a function of wire thickness for a wire spacing of 300 nm.  As can be seen from FIG. 4, wires with thicknesses of 50 nm and below do not significantly disturb the optical transducer efficiency.  FIG. 5 shows the influence of the wire spacing on the optical transducer efficiency.  A wire spacing of 250 nm or wider does not significantly influence the optical transducer efficiency.


       [00037]     FIG. 6 is an isometric view of two wires 110 and 112, and associated conductors 114, 116, 118 and 120, that can be included in a recording head.  Plane 122 represents the position of the air bearing surface of the recording head.  The structure of FIG. 6 is an intermediate structure, wherein the wires include first portions 124 and 126 on a first side of the air bearing surface plane, and second portions 128 and 130 on a second side of the air bearing surface plane.  Portions 128 and 130 would be removed using a lapping operation.  FIG. 7 is an isometric view of wire 110 and associated conductors 114 and 116, after the lapping operation.


       [00038]     FIG. 6 shows the wires before lapping, when they can also be used as electronic lapping guides (ELGs).  In the structure of FIG. 6, the two wires can be separated by a distance of, for example, 2 (m, and the length of each wire (the distance between the conductors) can be, for example, 2 (m.  For these dimensions, the wires shown in FIG. 6 have a resistance of R = U/I = 0.775 ( (assuming Cu bulk resistivity ( = 1.786x10-8 (m) and the field component perpendicular to the ABS in the center between the two wires is Hy = 0.028 T for a current of 100 mA, where the current flows in opposite direction through the two wires.

       [00039]     During lapping, the front portion of the wires is ground away and, in one example, the resistance increases to R = 4.1 (, when the wires have reached their final cross section, which is 100(100 nm2.


       [00040]     If the distance between the wires is reduced to 200 nm, the perpendicular field increases to Hy = 0.22 T for a current of 100 mA.  At a distance of 10 nm from the ABS, the field reaches 0.2 T.


       [00041]     FIGs. 8, 9 and 10 show the downtrack and cross-track magnetic field profiles as well as the field as a function of distance from the ABS.  FIGs. 8, 9 and 10 show calculated field profiles at 10 nm from the ABS, for two wires in the geometry of FIG. 6, but with only 200 nm distance between wires.


       [00042]     In order to amplify the field of the wires, a magnetic pole can be integrated into the head structure.  Micromagnetic simulations of the magnetic properties of an FeCo pole, which includes a cylindrical disk portion with a diameter of 200 nm and a throat portion with variable length (throat height, th = {20, 70, 120} nm), have been carried out.  The thickness of the pole was varied between L = 50 and 100 nm.  The following material parameters for FeCo were used:  Ms = 2.4 T, K1 = -4800 J/m3, and A = 13(10-12 J/m.


       [00043]     FIG. 11 illustrates the geometry of a magnetic pole 140, which has a shape similar to the optical transducer, or pin, 142 of some HAMR head designs.  The pole includes a disk shaped portion 144 and a throat portion 146.  The optical transducer includes a disk shaped portion 148 and a throat portion 150.


       [00044]     In one example, the pole can have a throat height of th = 120 nm and a thickness of L = 100 nm.  FIG. 12 shows demagnetization curves for the pin-shaped poles of FIG. 11, with different throat lengths th and different thicknesses L.  Demagnetization curves for four different pole geometries were calculated with a finite element micromagnetics code using the energy minimization method.  The pole with the longest throat height (th = 120 nm) has the lowest (but still positive) nucleation field of 0.27 T, because its shape anisotropy helps to keep the pole saturated.  As a result, it also requires the lowest field to reach saturation (-0.3 T).  The shortest throat leads to an almost linear hysteresis curve with a nucleation and saturation field of 0.48 T.


       [00045]     FIG. 13 is a hysteresis curve and magnetization distribution snapshots for a pin-shaped pole with a throat length of th = 20 nm and a thickness of L = 100 nm.  The magnetization is perpendicular to the ABS.  The hysteresis curve is almost linear for a thick pole with a short throat.  The flux closure state (vortex state), which is found in remanence in soft magnetic "nanodots", is typical of soft magnetic cylindrical nanostructures.  Thus, in the remanent state these poles generate very little field.


       [00046]     Downtrack field profiles of the perpendicular field component of the saturated state (in a homogeneous external field) for different pole shapes are shown in FIG. 14.  FIG. 14 shows the calculated downtrack field profiles at 20 nm from the ABS for pin-shaped poles with different throat lengths th and thicknesses L.  The thick pole with the shortest throat length generates the largest field of about 0.7 T at a distance of 20 nm from the ABS.  However, the field decays very quickly for increasing downtrack distance from the pole.  Thus, a magnetic pole with the design shown above needs to be located very close to the pin in order to get maximum overlap between the optical spot and the "magnetic spot".


       [00047]     A metallic magnetic pole needs to be separated by a certain distance from the optical pin to avoid interference with the optical properties of the optical transducer.  Alternatively, ferrites or garnets, which have a considerably higher optical transmission coefficient than metals, may be used for the pole.


       [00048]     An alternative structure includes an optical pin, a metallic magnetic pole with high saturation magnetization at a certain distance from the pin (>50 nm), and an optically less intrusive, low moment magnetic material pole (e.g., a ferrite or garnet) sandwiched between the optical pin and the metallic pole.  FIG. 15 shows the calculated field profile for a uniform head structure with and without a low-moment magnetic material sandwiched between the main pole and the pin.  FIG. 15 shows downtrack field profiles for a "uniform" 150 nm thick pole with a non-magnetic gap between the pole and the pin, and a "composite" head having a low moment (1 T) magnetic material in the gap.


       [00049]     FIG. 16 shows the effect of a recording pole on the optical performance of the optical transducer as a function of spacing between the optical transducer and the pole.  When the spacing is zero, the recording pole is directly laminated to the optical transducer.  For this simulation, the optical properties of the recording pole were chosen to be those of bulk iron, although there is very little difference between iron, cobalt, and nickel at a wavelength of 830 nm.  The coupling efficiency measured by the peak field intensity inside the recording layer drops quickly for spacings below 40 nm.  Several recording pole thicknesses are graphed.  As the pole thickness increases the coupling efficiency drops, but the effect is not sizable.  Therefore, for 50 nm spacings and greater, the recording pole can be made as thick as desired.  A second pole can be placed on the opposite side of the optical transducer.  This arrangement might be useful in a ring head geometry for tilting the net field at the recording location within the medium.  However, the second pole should not be located inside the core layer, where it would substantially decrease the optical efficiency.  Thus, the distance from the optical transducer to the second pole would be larger than that between the optical transducer and the first pole and only very little perpendicular magnetic field could be delivered by the second magnetic pole.


       [00050]     FIG. 17 is a plan view of a portion of an air bearing surface of another write head 170 constructed in accordance with the invention.  Wires 172 and 174 are positioned on opposite sides of a waveguide 176 having a core layer 178 and cladding layers 180 and 182 on opposite sides of the core layer.  An optical transducer 184 is positioned in the waveguide adjacent to the core layer.  A magnetic pole 186 is also positioned in the waveguide.  The waveguide includes the inner cladding, core and outer cladding layers.  The optical transducer and the pole do not interrupt the stack because these two are small and are embedded into the waveguide close to the ABS. 


       [00051]     Truncated portions 188 and 190 of the wires concentrate the magnetic field produced by current in the wires, in the vicinity of the magnetic pole.  In this example, the wires are truncated such that the maximum magnetic field will be located at the magnetic pole.  Other geometries are conceivable, for instance, the magnetic pole could be located inside the core layer, etc.  The wire truncation, the shape of the ampere wire, and its position relative to the pole and optical transducer can also be conveniently adjusted.  The advantage of this "ABS-structuring" is that one could generate easily a whole variety of devices by shifting the nano-wires with respect to the pole and optical transducer along one slider bar.  Also, the wires would be formed before the ABS pattern, and the wires will get coated with a protective layer.


       [00052]     FIG. 18 is an isometric view of an alternative pin/pole configuration.  In this configuration a low moment pole 200 is positioned between an optical transducer 202 and a high moment pole 204.


       [00053]     The high moment magnetic pole can be made of, for example, FeCo, FeCoNi, or FeCoCu.  The low moment magnetic pole can be made of, for example, ferrite or garnet.  In order to reduce the influence of the magnetic pole on the optical transducer performance, the pole material should be optically transparent.  The wires and conductive heat sinks can be made of, for example, Cu, Ag, Al, Au, or AuTa multilayers.  The optical transducer can be made of, for example, Au, Al, Ag, or Cu.  The waveguide can be made of, for example, Al2O3, TiO2, Ta2O5, SiO2, or ZrO2.


       [00054]     All materials listed above are suitable for this head design.  The optimum choice depends on various parameters of the final design, e.g. the best material for the optical transducer depends on the wavelength of the light.

       [00055]     These recording heads can be manufactured using a self-aligning process to produce wires with the desired thickness.  A further reduction in fabrication complexity of the entire device can be achieved by abolishing electric lapping guides (ELGs) and using the wires for the same purpose.  The truncation in the wires can be formed by several methods.  From a processing point of view, it would be easy to make a pole, which includes the same shape as the pin.  

       [00056]     The recording heads of this invention can be fabricated by defining the wires in a lithography step that is also used to define the solid immersion mirror.  Fabricating the SIM devices requires etching about 2 microns deep into the waveguide stack substrate simultaneously.  The pattern printed is a groove structure that protects the SIM surface with some suitable masking material while the surroundings are deep etched into the waveguide material.  It is beneficial to obtain vertical sidewalls during this process.  The sidewalls are then metallized, the gap refilled with suitable material, and the wafers are processed to the end.  The ABS is generated by cutting the wafers into bars and lapping these bars just to the desired SIM opening.  If the sidewall of the device is metallized and the shape of the photomask adjusted, it is possible to lap the device such that a part of the metal is kept at the ABS surface.  


       [00057]     FIGs. 19, 20 and 21 show intermediate structures used in the fabrication method of the invention to obtain metallic structures at the ABS.  A side wall 210 is etched and subsequently metallized 212.  A lapping process illustrated by arrows 214 removes material up to a line 216 to stop inside the sidewall metallization.


       [00058]     FIG. 21 is a schematic representation of the ABS area of a mask pattern 220 that can be used to fabricate two wires 222 and 224 in the downtrack direction.  Only the necessary features to fabricate the wires are shown, along with the final ABS line 226.  After the etch, the sidewalls need to be metallized before the devices are finally lapped to the target line, leaving two wires with a predefined thickness behind.  The wires can be used as electronic lapping guides to control the lapping process.


       [00059]     The wire dimensions in cross-track direction can be arbitrarily chosen, i.e., they can be on the order of one micron, such that conventional photolithography techniques can be used to print the patterns.  During fabrication of the leads, the wires can be used as electrical lapping guides.  This would produce very precise wire thicknesses and a very accurate ABS positioning.  Furthermore, the overall complexity of the entire head build would be reduced.


       [00060]     The waveguide stack would be placed on thick metal leads to heat sink the wires and to connect the wires to bonding pads on the slider.  After etching the SIMs and planarizing the structure, the thick leads would be placed on top of the device for electrical connection.  These leads can be recessed with respect to the ABS in order to avoid having portions of the leads at the ABS surface.  In the illustrated examples, the leads are separated.  However they can also be shorted together to further reduce the complexity of the structure.


       [00061]     To obtain the desired wires with dimensions on a nanometer scale, the wafers need to be sliced and lapped to their final positions.  At the stage where the sliders usually undergo the ABS patterning, ebeam lithography followed by an etching process can be used to produce the necessary truncation.  It is also possible to use a focused ion beam (FIB) tool to manipulate the wires by cutting out pieces of the wire in the desired locations.  Another approach is to produce the entire wires, not with the technique described above, but with lithography, etching and lift-off techniques.


       [00062]     The wires can be patterned at the ABS generation point using ebeam lithography plus etching.  Alternatively, e-beam lithography plus lift-off can be used.  The entire wire can be made by connecting to the leads on top and bottom.  FIB structuring can also be used.


       [00063]     While the invention has been described in terms of several examples, it will be apparent to those skilled in the art that various changes can be made to the described examples without departing from the scope of the invention as set forth in the following claims.


What is claimed is:


1.
An apparatus comprising:


a waveguide;


an optical transducer for coupling electromagnetic radiation from the waveguide to a point adjacent to an air bearing surface to heat a portion of a storage medium; and


a first wire positioned adjacent to the air bearing surface, wherein current in the first wire produces a magnetic field in the heated portion of the storage medium.


2.
The apparatus of claim 1, wherein the first wire includes a truncated portion adjacent to the optical transducer.


3.
The apparatus of claim 1, further comprising:


a magnetic pole for concentrating the magnetic field.


4.
The apparatus of claim 3, wherein the magnetic pole is separated from the optical transducer.


5.
The apparatus of claim 3, further comprising:


a low moment pole positioned between the magnetic pole and the optical transducer.


6.
The apparatus of claim 5, wherein the low moment pole comprises a ferrite or garnet.


7.
The apparatus of claim 3, further comprising:


a second magnetic pole positioned on a side of the optical transducer opposite to the first magnetic pole.


8.
The apparatus of claim 1, further comprising:


a second wire positioned adjacent to the air bearing surface on a side of the waveguide opposite to the first wire.


9.
The apparatus of claim 8, further comprising:


first and second electrically conductive leads positioned on opposite sides of the waveguide and electrically connected to the first wire; and


third and fourth electrically conductive leads positioned on opposite sides of the waveguide and electrically connected to the second wire.


10.
An apparatus comprising:


a data storage medium;


a recording head for writing data to the data storage medium; and


an arm for positioning the recording head adjacent to the data storage medium;


wherein the recording head includes a waveguide, an optical transducer for coupling electromagnetic radiation from the waveguide to a point adjacent to an air bearing surface to heat a portion of the data storage medium, and a first wire positioned adjacent to the air bearing surface, wherein current in the first wire produces a magnetic field in the heated portion of the data storage medium.


11.
The apparatus of claim 10, wherein the first wire includes a truncated portion adjacent to the optical transducer.


12.
The apparatus of claim 10, further comprising:


a magnetic pole for concentrating the magnetic field.


13.
The apparatus of claim 12, wherein the magnetic pole is separated from the optical transducer.


14.
The apparatus of claim 12, further comprising:


a low moment pole positioned between the magnetic pole and the optical transducer.


15.
The apparatus of claim 14, wherein the low moment pole comprises a ferrite or garnet.


16.
The apparatus of claim 11, further comprising:


a second magnetic pole positioned on a side of the optical transducer opposite to the first magnetic pole.


17.
The apparatus of claim 10, further comprising:


a second wire positioned adjacent to the air bearing surface on a side of the waveguide opposite to the first wire. 


18.
The apparatus of claim 17, further comprising:


first and second electrically conductive leads positioned on opposite sides of the waveguide and electrically connected to the first wire; and


third and fourth electrically conductive leads positioned on opposite sides of the waveguide and electrically connected to the second wire.


19.
A method of fabricating a recording head, the method comprising:


forming a first wire structure adjacent to an optical waveguide in an intermediate structure; and


lapping the intermediate structure to form an air bearing surface, using the first wire as an electronic lapping guide.


20.
The method of claim 19, wherein the first wire and the optical waveguide are formed in a single lithography step.


ABSTRACT OF THE DISCLOSURE


DUAL WIRE INTEGRATED WAMR/HAMR WRITING HEAD


An apparatus comprises a waveguide, an optical transducer for coupling electromagnetic radiation from the waveguide to a point adjacent to an air bearing surface to heat a portion of a storage medium, and a first wire positioned adjacent to the air bearing surface, wherein current in the wire produces a magnetic field in the heated portion of the storage medium.


FIGURE 2




