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Introduction 

 Magnetic recording currently is the major data storage technology. Conventional magnetic media 
implement continuous magnetic layers consisting of microscopic grains. Such media have constraints of 
thermal instability due to the superparamagnetic effect, which occurs when the magnetic grains become too 
small. The superparamagnetic effect may set the fundamental limit of about 0.5Tbit/in2on achievable  
densities of storage. Overcoming this constraint is one of the key challenges in the modern hard drive  
industry.  

 One of the most promising solutions to overcome the superparamagetic effect is to use patterned 
magnetic media, which comprise arrays of physically separated magnetic elements with perpendicular  
anisotropy [1-4]. Patterned media allow eliminating any transition noise and are intended to support area 
densities of storage of more than 1Tbit/in2. Further improvements can be achieved by using composite 
structures, where every medium element is composed of two or more layers with different anisotropy that 
are ferromagnetically coupled through their common interfaces [5-9]. Such media allow switching hard 
layers with very high anisotropy, thus enhancing the thermal stability. 

 The goal of this work is to pursue a thorough study of reversal mechanisms in individual and  
arrayed elements of composite patterned media for a variety of reasonable magnetic and geometric  
parameters and to assess effects of these parameters on magnetic recording, including the investigation of 
the sensitivity of reversal field to timing errors and synchronization margins. The analysis is based on  
accurate micromagnetic simulations that make no assumptions on the medium parameters. 

Structure configurations and method of analysis 

The reversal mechanisms are modeled by the Landau-Lifshitz equation [10]:  

    (1) 
where m=M/Ms is the magnetization M normalized by the saturation magnetization Ms , t is time, γ is the 
gyromagnetic ratio, and α is the damping coefficient. The first and second terms in the right hand side of 
Eq. (1) represent gyromagnetic precession and torque components. The effective field Heff is normalized by 
the element crystalline anisotropy Hk and is given by  
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                                             (2) 
where the first, second, third, and fourth terms represent the normalized perpendicular uniaxial  
anisotropy field, external (reversal) field,  exchange field, and magnetostatic field, respectively.  
In addition, lex = A½/Ms is the exchange length with A the exchange constant. 
 

 For numerical implementation, the patterned medium elements are discretized into small cells. 
The magnetostatic field Hstat is determined by allowing for non-uniform magnetization in each cell. All 
differential operators are evaluated using the second order finite difference scheme. The computation of 
the magnetostatic field can be accelerated by non-uniform grid algorithms [11, 12]. The techniques  
developed were used to study basic reversal mechanisms occurring in composite patterned media with 
perpendicular anisotropy under uniform and non-uniform reversal fields.  

Simulation results 

 To demonstrate properties of composite patterned media, consider a configuration  
comprising an array of dual layer magnetic dots, recording head, and soft underlayer (SUL) (Fig. 1(a)). In 
the horizontal cross-section, the dots are square and have size w. In the vertical dimension, every dot is 
composed of two layers of identical thickness th = ts = w/2. The bottom and top layers are magnetically 
hard (high Kh) and soft (Ks = 0), respectively (Fig. 1(b)). The two layers are coupled through their  
common interface with an exchange energy per surface area Js. 
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Fig. 1: (a) Dual layer patterned medium. (b) Dual layer dot near an SUL under a moving recording head  



 First, consider a model where Hext = Hext (x) ŷ is applied to a single dot. The field is  
applied uniformly across the width (z dimension in Fig. 1(b)) and through the height  
( y dimension) of the dot, but only over varying percentages of the length (x) direction. Figure 2(a) 
plots the normalized reversal field  Hr / Hk versus normalized exchange coupling per area  
Js/(2Khth). Two phenomena are observed. First, for all curves, there exists an optimal value of  
Js / (Khth) ≈ 0.32 leading to the minimal reversal field, which agrees qualitatively with approximate 
results of recent analytical works [8, 9]. Second, the reversal fields for smaller percentages of  the dot 
coverage increased only by a relatively small amount. The weak increase is associated with highly 
non-uniform reversal mechanism [4]. It is worthwhile mentioning that all (scaled) results in Fig. 2(a) 
remain valid for any value of the damping constant α ranging from very small (e.g. a = 0.01) to very 
large (e.g. a = 1). 

 
 Next, consider a structure that, in addition to the dual layer magnetic dots, incorporates a 
semi-infinite head moving leftward with a velocity v (Fig. 1(b)). The head field is given by Hr = Hr0ψ
(x - vt,y) f (t), where Hr0 is the head (reversal) field  magnitude, ψ(x,y) represents the spatial  
distribution of the head field [13], f(t) = (1-erfc[(t - t0)/τ]) is the function describing the head time  
dependence with rise time τ and switching time t0 (i.e. the instant of time when the head switches its 
field to become positive; t0 = 0 corresponds to the head corner located at the dot center). Figure 2(b) 
depicts the reversal field vs. normalized time Δt0 = vt0/w for different normalized rise times Δr = vt0/w  
and different damping constants α. Large positive Δt0 correspond to the dot being in the uniform  
vertical head field so that the reversal is achieved for low Hr0. Negative values of Δt0 correspond to 
the head’s corner being shifted left to the dot so that the reversal can be achieved only for high values 
of Hr0. It is further evident that larger values of τ lead to higher Hr0 as the dot is exposed to a larger 
field for a shorter time. It is worthwhile mentioning that for small τ, there is a significant difference in 
the reversal field in the high damping (α = 1) and low damping (α = 0.01) regimes, whereas in the 
case of large τ the difference is minor. The  reason for the difference is ultra-fast precessional  
switching occurring when applied fields have tilted components, the damping parameter is low, and 
the applied field rise time is short [14]. Note that every curve in Fig. 2(b) is a border between the  
values of Hr0 and t0 that allow reversal (the region to the right of the curve) and does not allow the 
reversal (the region to the left of the curve). These results are important for phase margin assessments 
for patterned media. 

Fig. 2: (a) Normalized reversal field vs. normalized exchange surface coupling for non-uniform re-
versal fields applied for different area percentages of the composite dot. (b) Normalized reversal field 
vs. normalized starting time for different switching rise times. In all simulations, the structure pa-
rameters were Ms = 500 emu/cc, Hk = 15kOe, lex = w, and  v/w = 109 s-1.  



Summary 

 Magnetization reversal mechanisms in dual (soft and hard) layer elements with  
parameters suitable for patterned media recording at more than 1Tbit/in2 have been studied under 
uniform and non-uniform fields by means of accurate micromagnetic simulations based on the 
Landau-Lifshitz equation. Optimal ferromagnetic coupling between the soft and hard layers was 
found that lead to small reversal fields even for very large anisotropy in the hard layer. Under 
non-uniform fields, only a slight increase of the applied field was required for reversal. In  
addition, results for timing margins and head fields allowing reversal of the dual layer elements 
were obtained for a moving semi-infinite head for reasonable medium and head parameters. The 
effects identified have important consequences in magnetic recording for both down track and 
cross track phenomena. 

References 

 

[1] R. L. White, R. M. H. New, and R. F. W. Pease, Patterned media: A viable route to  
50 Gbit/in2 and up for magnetic recording?, IEEE Trans. Magn., 33, 990 (1997). 

 
[2] S. Y. Chou, M. S. Wei, P. R. Krauss, and P. B. Fischer, Single-domain magnetic pillar array 
of 35-Nm diameter and 65-Gbits/in2 density for ultrahigh density quantum magnetic storage, J. 
Appl. Phys., 76, 6673 (1994). 
 
[3] H. N. Bertram and M. Williams, SNR and density limit estimates: A comparison of  
longitudinal and perpendicular recording, IEEE Trans. Magn., 36, 4 (2000). 
 
[4] V. Lomakin, B. Livshitz, and H. N. Bertram, Magnetization reversal in patterned media, 
IEEE Trans. Magn., 43,  2154, (2007) 
 
[5] R. H. Victora and X. Shen, Composite media for perpendicular magnetic recording, IEEE 
Trans. Magn. 41, 537 (2005). 
 

[6] D. Suess, T. Schrefl, R. Dittrich, M. Kirschner, F. Dorfbauer, G. Hrkac, and J. Fidler, Ex-
change spring recording media for areal densities up to 10 Tbit/in2,  J. Magn. Magn. Mater., 
290, 551 (2005). 
 

[7] K. Yu. Guslienko, O. Chubykalo-Fesenko, O. Mryasov, R. Chantrell, and D. Weller, Mag-
netization reversal via perpendicular exchange spring in FePt/FeRh bilayer films, Phys. Rev. B, 
70, 104405 (2004). 
 
[8] H. J. Richter and A. Yu. Dobin, Analysis of magnetization processes in composite media 
grains, J. Appl. Phys., 99, 08Q905 (2006). 
 
[9] H. N. Bertram and B. Lengsfield, Energy barrier in composite media grains, IEEE Trans. 
Magn., 43,  2145, (2007). 



[10] L. D. Landau and E. Lifshitz, On the theory of the dispersion of magnetic permeability in  
ferromagnetic bodies, Phys. Z. Sowjetunion, 8, 153 (1935). 
 
[11] A. Boag and B. Livshitz, Adaptive non-uniform grid (NG) algorithm for fast capacitance  
extraction, IEEE Trans. Microwave Theory Tech., 54, 3565 (2006). 
 
[12] A. Boag, V. Lomakin, and E. Michielssen, Non-uniform grid time domain (NGTD) algorithm 
for fast evaluation of transient wave fields, IEEE Trans. Antennas Propagat., 54, 1943 (2006). 
 
[13] H. N. Bertram, Theory of Magnetic Recording, Cambridge, UK: Cambridge University Press, 
April 1994. 
 
[14] L. He, W.D. Doyle and H. Fujiwara, High speed coherent switching below the Stoner-
Wohlfarth limit, IEEE Trans. Magnet., 30, 4086 (1994). 
 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


