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1.  Introduction  

 
Magnetic recording development involves intense technology development with large 

teams of people often exploring very different approaches to solve a common problem.  
In many cases the optimal solution for one company will not work for another due to the 
choice of components and manufacturing process differences.  In the late 1990’s the areal 
density growth of magnetic recording was much greater than 60% annually and in 1999 
through 2001 it exceeded 100% per year.  Such significant areal density growth 
accompanied rapid reductions in the prices of hard disk drives.  The net result was that 
the $/GB for hard disk drives achieved astoundingly low levels.  With high capacities 
available at low costs new applications for hard disk drives were enabled such as low cost 
ATA storage systems and mobile and fixed consumer electronics. 
 

Keepered media technology was initially developed in the late 1980s at Ampex but 
only after the original paper was published in 1991 did research in the greater industry 
begin.  In the early 1990’s Conner Peripherals explored using the technology and in 1995 
Ampex again began to explore commercialization of the technology.  Ampex hired me to 
come in and help the company work with hard drive companies and run the technical 
development program for keepered media.   
 

Alliances were formed with the drive companies, HMT and Marvell to test heads and 
disks, create keepered media disks on production sputtering equipment and to create the 
special DC read bias preamp that keepered media required.  By mid-1997 Ampex built up 
its own keepered media development capability that it was using for development work, 
especially for keepered media with MR heads. 
 

Keepered media was closest to commercialization at Maxtor as an alternative to using 
more expensive MR head technology.  Ampex was able to show with Maxtor that is was 
possible to boost the linear density by 20% with somewhat greater areal density increase 
in the final product.  Maxtor completed engineering validation testing on the keepered 
medium product until the company made a decision to convert all disk drive programs 
from inductive to MR heads. 

 
Keepered media taught many useful lessons to the hard disk drive industry.  It 

informed the industry on properties of soft magnetic layers utilized in magnetic recording 
media that helped in the design of perpendicular recording media.  Perpendicular 
recording drives are now starting to ramp into industrial production.  Understanding 
keepered media and its ability to reduce thermal magnetic media decay helped the 
industry understand the role of soft magnetic layers in reducing medium demagnetization 
and improving thermal stability in keepered perpendicular as well as longitudinal media.  
Keepered media probably inspired synthetic antiferrimagnetic media which has been used 
for commercial disk production of longitudinal recording media for several years.  
Keepered media also paved the way for new media concepts e.g. Exchange Spring Media. 
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2.  Background of this work 

2-1.  Digital storage capacity and technology development 
 
Figure 2-1 shows quarterly increases in two measures of disk drive technology 

development from calendar 2000 through calendar 2006.  The top curve shows the date in 
which laboratory technology demonstrations have been publicly announced by 
(primarily) hard disk drive companies in terms of announced areal density.  The lower 
curve shows the date by quarter in which disk drive product announcements with new 
records for magnetic recording areal density have been made.  These announcements 
were for different form factors and different applications but they represent a leading 
indicator of technology introduction by HDD companies.  Volume ramps of these 
announced products typically follow the date of announcement by one or two quarters.  
 
 As can be seen in Figure 2-1 areal density advances announced in the laboratory or 
introduced into the market do not follow smooth mathematically definable curves.  
Instead the areal density developments show erratic technology developments with 
apparent periods of intense new product and technology introductions followed by 
refractory periods in which areal density of new products does not increase for many 
quarters.  Borrowing a phrase used by the late Stephan J. Gould to describe the way plant 
and animal evolution seems to follow spurts of rapid change followed by periods of little 
change. This irregular technology development is an example of a “punctuated 
equilibrium.”  
 

Technologies are not introduced until their development makes them available and/or 
competitive pressures force their introduction so that a HDD company can remain 
competitive.  Until these factors come into alignment new technologies either cannot or 
are not brought onto the market.  In the period from the first quarter of 2000 thorough the 
third quarter of 2006 there were approximately 4 periods of several quarters of relative 
areal density stability and 4 periods of relatively rapid technology development (there is 
some evidence that there may be some seasonality in these introductions). 
 
 Figure 2-2 shows a comparison of the actual quarter by quarter areal density 
introduction curve in Figure 2-1 vs. several Cumulative Annual Capacity Growth Rate 
(CAGR) lines starting from the areal density in the first calendar quarter of 2000.  The 
CAGR line shows the expected annual increase in areal density if the same rate of 
increase happens annually.  The logarithmic vertical scale is often used to show areal 
density development over several years.  These CAGR curves can be plotted with the 
historical data on such a scale to compare historical technology introductions vs. smooth 
technology development curves.  As can be seen from this figure one can get a partial fit 
of the actual announcement data to one or another CAGR curves (perhaps the best overall 
fit is for 60% CAGR) but the fit is never that good and doesn’t represent the rich 
complexity of actual technology development.  History involves human beings and the 
behavior of people is not predictable at any given point of time. 
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Figure  2-1.  HDD public technology demonstrations and highest areal density of 

announced HDD products from 2000 through 2006 
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2-2.  The development of magnetic recording media 
  
 Initially hard disk drive recording media was made with iron oxide dispersions in a 
plastic matrix.  The plastic mix containing the magnetic particles was spun on the 
aluminum alloy disk in a liquid state and then allowed to dry.  In an effort to increase the 
crystalline anisotropy (and thus the magnetic coercivity) of the magnetic particles they 
were often impregnated with elements such as cobalt.  This “oxide” media dominated 
hard disk drives from 1956 until the late 1980’s.   
 
 Starting in the early 1980’s several companies began to develop thin magnetic films 
for the magnetic recording media.  These films were deposited by plating, evaporation or 
sputtering.  The revived development of perpendicular recording media starting in the 
late 1970’s led to great interest in sputtered Co alloys, particularly those containing Cr 
[6][7].  If the Cr concentration in the alloy was decreased from that used for 
perpendicular media the magnetization of the alloy increased and the resulting film would 
not develop overall perpendicular anisotropy because the demagnetization was greater 
than the perpendicular anisotropy.   The resulting longitudinal anisotropy Co-Cr alloy had 
good magnetic anisotropy resulting in higher magnetic coercivity and excellent corrosion 
resistance.   
 
 It was found that if a Cr under layer with the proper crystalline anisotropy was used 
beneath the Co-Cr alloy the magnetocrystalline orientation of the Co-Cr alloy was in the 
magnetic film plane[15][16].  The resulting combination of high magnetocrystalline 
anisotropy, higher net magnetization than “oxide” media (and thus higher SNR from the 
resulting recording) and good environmental resistance of the Co-Cr alloy (note that 
some of these films were tertiary alloys containing an additional element such as Ta) 
caused almost all hard disk drives to shift to thin film media by the early 1990’s [19].   
Figure 2-3 (a) shows what magnetic recording media in the early 1990’s looked like.   
 
 Thin film media developed over the course of the 1990’s.  The magnetic layer alloy 
became more complicated with Co-Cr and one, two or even more elements added to 
enhance magnetic isolation of the film grains (such as Ta, W, Si, B, etc) and others added 
to enhance the magnetocrystalline anisotropy of the alloys (such as Pt).  Intermediate 
layers between the Cr and the recording layer or other alloy under layers reduced the 
transition layer effect in the magnetic layer so that thinner magnetic layers were possible 
with good magnetic properties.  Often a seed layer was deposited between the substrate 
and the Cr or other alloy under layer in order to promote the proper crystalline orientation 
of the under layer so that the Co alloy magnetic layer would have its magnetocrystalline 
anisotropy in the film plane.  Under layers were often required for glass substrate media 
as well since glass and glass ceramic substrates could not be coated with the hard NiP 
layer that was used on aluminum alloy substrates.  Figure 2-3 (b) shows what thin film 
media often looked like by 1999.  
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Figure  2-3. Representations of conventional longitudinal thin film magnetic 

recording media through the 1990s. (a) 1990 Co-alloy thin film recording medium, 
(b) 1999 Co-alloy thin film recording medium 

 
 
 In the mid-1990’s Stanley Charap [30] and others began to point out that at the 
current rate of increase in areal density the size of the magnetic regions in the hard 
magnetic recording layer would soon reach a point where the magnetization would be 
thermally unstable at room temperatures.  When this phenomenon occurred the recorded 
transitions would start to spontaneously switch at room temperatures.  Thermal decay 
would occur rapidly when the magnetic anisotropy energy density times the volume of 
the magnetized region divided by the product of Boltzmann’s constant times the ambient 
temperature (KuV/kT) fell below 60.  Initial estimates indicated that with the current 
approaches to magnetic media design this factor would become significant by about 40 
Gbpsi areal density. 
 
 Keepered media development mostly occurred between 1991 and 1998.  The 
technology was invented by Ampex Corporation and offered a way to increase the areal 
density of recording of thin film magnetic recording media.  In 1995 and 1996 it became 
clear that one of the advantages of keepered media was in reducing the demagnetization 
of the recorded transitions in the magnetic media.  By reducing the demagnetization of 
the media transitions keepered media increased the effective volume of the magnetized 
regions in the media and thus increased the KuV/kT of the recording media above what it 
would be without the keeper layer.  As a consequence keepered media would be more 
thermally stable than unkeepered media (at least initially).   
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 By reducing the demagnetization of the media, narrower transitions could also result 
and the keeper layer also resulted in narrower recorded tracks with less track edge noise.  
The result was that keepered media increased the possible recording areal density by a 
combination of a narrower transition and reduced transition noise.  These effects were 
greater than the non-linear effects introduced by the interaction of the DC-bias required 
in the inductive read head and the magnetic fields from the recorded transitions.  As a 
consequence a net increase in areal density for a given error rate could be achieved.  This 
effect could be enhanced further by the use of a special non-linear transform in the 
recording channel that could compensate for the non-linear bit-shift introduced by the 
DC-read bias. 
 
 Keepered media was close to introduction in a marketed hard disk drive.  Maxtor was 
working with Ampex in combination with HMT and Marvell to introduce a hard disk 
drive using an inductive Read-Rite (Censtor design) “tail-dragger” head with a keepered 
media and a special DC-bias during read preamplifier.  The Maxtor Diamond Max 
85120A product reached completion of EVT and keepered media was shown to increase 
the available storage capacity by about 20%.  Maxtor was ready to launch initial 
production but then the company decided to switch all of their new products to AMR 
heads instead including this one. 
 
 Keepered media was initially developed for inductive read heads and during the time 
available at Ampex there were not sufficient resources or time to see if a method of 
biasing a keepered media could be developed for MR heads.  Some work was done that 
showed using MR heads some of the beneficial effects that were seen with keepered 
media and inductive heads occurred.  However the soft magnetic keeper layer shunted the 
flux so much that the resulting signal at the MR sensor was reduced too much to take 
advantage of the narrow transitions and track edge noise reduction.  As a consequence, 
when the hard disk industry moved to MR heads keepered media was not able to boost 
the areal density of the recording.  However, the results from keepered media research 
were to influence media development leading to such products as synthetic 
antiferrimagnetic media and perpendicular recording media.  More recently approaches 
such as Exchange Spring Media use a soft magnetic region in the media (to induce 
reversal of the harder magnetic component) harkening back to the structure of keepered 
media. 
 
 By the end of the 1990’s hard disk drives had moved from inductive read heads to 
AMR and eventually GMR heads.  Areal Densities increased considerably and by the end 
of the decade and the beginnings of the 2000’s areal densities were increasing by over 
100% per year.  In order to avoid thermal media instability in 1999 IBM and Fujitsu 
introduced Synthetic Anti-Ferrimagnetic Media (AFM) where antiferromagnetic coupling 
induced between two hard magnetic layers by an intermediate layer of Ru reduced the 
demagnetization of the resulting media similar to that observed in keepered media 
[53,54].  Since one layer has greater magnetization than the other the effect of the 
antiferromagnetic coupling is an induced ferrimagnetism hence the term synthetic 
antiferrimagnetism.  The first level result was that the magnetic media had an effective 
volume that was greater than that observed without antiferromagnetic coupling between 
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the layers.  This phenomenon is directly analogous to that observed with keepered media.  
By the early 2000’s AFM media was being used by all the major manufacturers of hard 
disk drives.  A schematic of an AFM medium is shown in Figure 2-4. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2-4.  Synthetic antiferrimagnetic media 
 
 

After over 20 years of active research perpendicular recording became a commercial 
product in 2005 when Toshiba and then Seagate introduced 2.5-inch disk drives using 
this technology.  Figure 2-5 is a schematic of a perpendicular recording media.  In 
commercial perpendicular recording media there are soft magnetic layer(s) underneath 
the hard magnetic recording layer.  These soft magnetic layer(s) image the field from the 
single pole write head so that larger write fields can be induced to write on the magnetic 
recording media.  Keepered media led to improvements in our understanding of imaging 
using soft magnetic layers and also led to greater understanding of some of the noise 
mechanisms that could be observed with soft magnetic films incorporated in magnetic 
recording media. 
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Figure  2-5.  Schematic of a perpendicular recording media 
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3. Keepered media, a key step in the development of modern 
magnetic recording media 

 

3-1.  Initial work on keepered media 
 

The concept of keepered recording arose in 1984 as one of a series of intriguing 
innovations arising from the work of Bev Gooch at Ampex Corporation [17][18].  Thin 
layers of soft saturable film were proposed in a variety of applications ranging from 
electronic track-following to low wear-rate rotary scanners [20] [21][22][23]. 
 

In the following years, however, work on keepered recording paused as activities on 
hard disk drives at Ampex ceased.  Interest was revived at various times from 1990 to 
1996 particularly by Conner Peripherals where the technology was seen as an alternative 
to MR heads [24][20].  In academia, the University of Minnesota maintained an ongoing 
activity in both the theory and the implementation of keepered recording [27][28][32].  J. 
Loven observed many of the non-linear effects for keepered media in dynamic electrical 
parameters as a function of DC-bias. 
 

In some ways, the concept of keepered recording was anticipated by the work of 
Sawazaki in which it was proposed that soft magnetic material be included into the tape 
medium but that AC-bias (rather than a DC-bias) be used in a parametric read back mode 
[9][10].  Also Mallary proposed using a thick underlying soft film spaced away from the 
hard film as a means of reducing side reading effects [25]. 
 

In an interesting analog of keepered recording, Murakami et al. [29] describe a 
magneto-optical system giving super resolution in which the anisotropy of a soft over 
layer is switched by heat from an incident laser spot.  

3-2.  Description of keepered media operation 
 

Interest in keepered media technology was rekindled in about 1995 by the recognition 
that this storage mode is intrinsically very stable.  At very high areal densities 
approaching the superparamagnetic limit, magnetization decay can occur just from 
thermal excitation.  The keeper dramatically reduces the internal demagnetizing fields 
and thus reduces the rate of decay.  The keeper also reduces the extent of side writing 
effects and is thus very compatible with recording at low bit-aspect ratio and very high 
track-density.  Because of the greater thermal stability and narrower signal pulses 
keepered media with an inductive recording head could achieve higher areal density than 
a non-keepered media. 
 

Keepered recording is a novel approach which changes the storage and read back 
modes considerably from conventional longitudinal magnetic recording.  As in 
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perpendicular recording, the recording medium includes a soft film.  In keepered media, 
however, the soft film plays a very different role.  In the typical keepered media 
configuration, an additional thin layer of magnetically soft film (a "keeper") is deposited 
adjacent to an otherwise conventional longitudinal medium.  In Figure 3-1 is shown three 
orientations of keepered media, keeper over-layer, a keeper under-layer and a 
combination of over and under layer to make a medium sandwich (for maximum 
reduction in demagnetization of the recording medium).  In order to recover the recorded 
information, a small DC bias current must be applied to the inductive read back head.  
Because of the bias, the thin soft film saturates locally in the proximity of the head gap.  
The nonlinear behavior of the soft film provides the mechanism for super-resolution in 
the read back process.  The reproduced pulses are found not only to be narrower but also 
to have increased amplitude. 
 

The most common configuration for keepered recording consists of a ring head and a 
medium made up of a magnetically hard recording layer and a soft "keeper" layer above 
it (keeper over layer).  Figure 3-2 represents schematically a typical system.  The 
recording and keeper layers are separated by a thin break layer to prevent exchange 
coupling between the two layers. The soft layer should have reasonably high 
permeability and have a thickness saturation-magnetization product similar to the 
thickness remanence product of the hard layer. 
 

In a magnetic recording system the head is subjected to a DC-bias current during 
reading in order to saturate the soft magnetic layer and allow the flux from the hard 
magnetic media layer to escape and be detected as shown in Figure 3-3.  A special circuit 
is required to supply this DC bias current while allowing reading of the recorded 
magnetic signal.  Writing the keepered media is done using conventional write currents 
although the write current is somewhat higher in order to saturate the soft magnetic layer. 
 

3-3.  Fundamental Concepts  
 

3-3-1.  Flux Aperture or Virtual Gap 
 

Operation of keepered recording may be understood in terms of a “virtual gap” 
induced by the DC bias current applied during read back.  The virtual gap forms in the 
soft layer in a region under the head gap where the applied bias field is strong enough to 
saturate the soft layer as shown in Figure 3-4.  The saturated region of the keeper layer 
must be smaller than the actual head gap both along and across the track.  The 
incremental permeability in the saturated virtual gap is very low and, from the 
perspective of the signal flux from the hard layer, it appears as a magnetic gap.  This 
virtual gap is fixed in position relative to the head as it scans over the recorded data. The 
resulting geometry may thus be thought of as a composite head made up of the ring head 
plus the soft layer with its virtual gap.  This composite head has infinitely long pole 
lengths and is in very close contact with the recording medium.  In theory therefore, the 
read back spacing loss is negligible.  The overall efficiency of the composite head is 
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reduced by the reluctance of the two additional internal gaps (between the keeper and the 
pole-tips).  If the keeper is highly permeable and the pole-tips are long the reduction in 
efficiency will be small. 
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Figure  3-1.  Keepered media configurations 
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Figure  3-2.  Over layer keepered media structure 

 
 

 
Figure  3-3.  Keepered recording system diagram.  Read connection provides DC-

bias current in the head coil to produce virtual gap in keeper layer during playback 
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Figure  3-4.  Formation of Keepered Media Flux Aperture 
 
 

3-3-2.  Magnetic Imaging 
 

Another important element in understanding the read back process in keepered media 
is the importance of imaging of the hard magnetic layer recorded transitions due to the 
soft magnetic layer.  This imaging is effective in reducing the demagnetization of both 
perpendicular and longitudinal magnetic recording media [5][42]. 
 
Fields due to magnetic charges near soft magnetic layers are readily treated using 
imaging techniques [1][55][64]. The simplest case is a point charge in free space located 
near a semi-infinite soft layer of relative permeability µ.  As shown in Figure 3-5, the 
inhomogeneous region (a) can be broken down into two configurations.  Each region is 
now homogeneous, and the field is determined – either inside the soft layer (b) or in free 
space (c) – by the appropriate set of image charges.  The amplitude and polarity of the 
charges are chosen as shown so that the two field solutions match the boundary 
conditions of tangential H and normal B on the surface of the soft magnetic layer.  When 
the soft layer has finite thickness, boundary conditions on both surfaces must be satisfied, 
and an infinite set of images is required. 
 

Using appropriate image charges, fields in non-homogeneous regions (a) can be 
calculated in the homogeneous regions: (b) y > 0 in the soft material and (c) y < 0 in free 
space.  A finite soft layer of thickness t is indicated by the dotted lines. 
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Figure  3-5. Geometry for a point charge source Q below a semi-infinite soft 
magnetic region with permeability µs. 

 
 

The total field from all of the images can be expressed in Equation 1 as [11][55]: 
 
 

 
           [eq. 1] 
 

 
Where HQ(x,y) is the field from the point charge Q, and t is the thickness of the soft 

magnetic layer.  By superposition, HQ(x,y) can be generalized to the field from any 
charge distribution. 
 

For a sinusoidal charge distribution, the Fourier Transform property that 
displacements in y transform into factors of e-ky can be used to express Equation 1 as in 
Equation 2: 
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Where k is the wave number and Hm is the field from the charge produced by a 
sinusoidal distribution of magnetization. 

The field below the soft layer relates to the demagnetizing field in a storage medium.  
To find this field, the original charge and an infinite set of images derived in similar 
fashion to that described above must be used.  The first additional image is spaced 2t 
further away from the bottom surface of the layer than the image charge of Fig. 1(c), and 
the image charge is multiplied by the factor 4 µ / (µ + 1)2.  Each successive image is 
multiplied by the factor (µ -1)2 / (µ + 1)2 and spaced 2t away from its predecessor.  For a 
point charge Q (Where d is the spacing between the charge and the soft magnetic layer), 
the total field is given in Equation 3. 

 
         [eq. 3] 
 

 
For sinusoidal charge distributions, the closed form expression for the field is 

Equation 4. 
 
 
 
                  [eq. 4] 
 
 
 

The field expressions derived above can be used to study the effects of soft magnetic 
layers adjacent to recorded media. Equations 1 and 2 express the reduction in field 
strength or shielding by the soft layer, while Equations 3 and 4 give the effects on 
demagnetizing fields in the medium.  Note from Equation 4 that the reduction in 
demagnetizing fields caused by the presence of a high permeability, semi-infinite layer is 
reduced when the layer is of finite thickness. 
 

Although bulk permeability measurements are essential for characterizing soft 
magnetic layers, this parameter is often not fully representational of soft layer 
applications.  Let us define an effective permeability that has proved useful for 
characterizing soft magnetic layers used in keepered recording media applications.  To 
characterize the fields in the storage medium below the soft layer (demagnetizing fields), 
an effective permeability is defined so that the field produced by the single image in a 
semi-infinite layer with effective permeability µeff is identical to the summed fields from 
the infinite set of images of the finite layer.  This allows the far simpler expression for a 
single image to be used in analysis of demagnetizing effects.  In this characterization, 
where U is a convenient intermediate variable, µeff  is given by Equation 5:  
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Figure 3-6 shows plots of effective permeability vs. soft layer permeability obtained from 
Equation 5. The relation between µeff  and the permeability of the soft layer with thickness t is a 
function of kt, the ratio of layer thickness to wavelength.  This characterization was used in a 
study of thermal decay in recorded media in the presence of a soft magnetic layer [57] that gave 
good agreement with experimental data [46]. 
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Figure  3-6. Effective permeability for a semi-infinite layer to represent a layer of 
thickness t.  Recorded magnetization is sinusoidal with wave number k. 

Experimental point from reference [40]. 
 

3-3-3.  Write Process  
 

In keepered recording, the analysis of the write process is complicated by the 
saturable, soft magnetic keeper layer.  Ideally, a complete, self-consistent write model, 
incorporating head, keeper, and recording layer behavior should be used.  Considerable 
insight can be developed by using a simpler, Williams-Comstock [4] approach to find the 
final arctangent transition parameter, a2.  First a1 is calculated, this is the initial “a” 
parameter still in the presence of the head writing field. The value a1 then relaxes to a2 as 
the transition moves away from the head.  In ultra-high density recording applications, a1 
is limited by the head field gradient at the center of the recording layer at the point where 
the transition is written, which is where the head field equals the coercivity.  It is 
assumed that the keeper layer has very little effect on this initial write process because it 
is heavily saturated in the vicinity of the transition so that no soft magnetic material 
remains near the medium recording transition (see Figure 3-7 where keepered and 
unkeepered write are compared).  The keeper layer, however, will significantly affect the 
relaxation from a1 to a2.  Normally the transition’s own demagnetizing fields will cause it 

k = wavenumber 
t = thickness of soft mag. layer 
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to broaden as it moves away from the head. In the presence of the keeper layer, the 
demagnetizing fields are significantly reduced and the relaxation from a1 to the final a2 is 
less pronounced (see Figure 3-8 showing how the demagnetizing field of the magnetic 
recording layer transitions are reduced by the presence of the keeper layer). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure  3-7.  Keepered medium write process showing keeper write saturation effect 
 

 
Figure  3-8.  Reduction in demagnetization of magnetic medium transitions due to 

the presence of a keeper layer. 
 
 

Modifying the augmented Williams-Comstock derivation (Eqn. (5) in [33]) to include 
the presence of the keeper, one can get the following equation which can be solved 
iteratively for a2: 
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                [eq. 6] 
 
 
 

 
where � � Mr/4Hc is the Williams-Comstock approximation for the minor loop 
susceptibility of the recording layer, t is the hard layer thickness, � is relative 
permeability of the keeper layer, � is break layer thickness, and S* is the coercivity 
squareness of the recording layer.  It is assumed that the keeper layer is infinitely thick, 
and the image fields from the keeper are determined by Potter's expression for the field 
from an arctangent transition [3].   
 

Assume a 15 nm keeper with permeability of 100, a break-layer of 1 nm, and a 100 
Kbit/inch inductive head recording system: Mrt = 1.9 memu/cm2 (Mr= 560 emu/cc, t = 34 
nm), Hc = 2000 Oe, S* = 0.8.   The results for keeper over, no keeper and keeper under 
configurations are shown in Table 3-1. 
 
 
Table  3-1.  Comparison of William-Comstock transition lengths for unkeepered and 
various keepered media configurations 
 

Configuration a1 (nm) a2 (nm) (a2 –a1) (nm) 
Keeper Over layer 58.5 66.6 8.1 

Unkeepered 52.0 62.5 10.5 
Keeper Under layer 52.0 59.9 7.9 
 

3-3-3.  Read Process  
 

The two basic approaches for analyzing the read process, reciprocity and direct 
calculation of read flux in the head, are also applicable to keepered recording. 
 

Analysis by reciprocity requires linearity.  Because the keepered recording system is 
inherently non-linear, the read process must be linearized by a small-signal expansion 
about the bias current, Ibias.  Using a simple finite difference model, Gooch, et al., [18] 
calculated �Hx(x)/�Ibias around the optimum bias point and showed significant 
sharpening of the small-signal head sensitivity function.  
 

Study of the large-signal read process involves direct calculation of the flux in the 
head while including non-linear saturation effects in the keeper layer.  Loven, et al., [27] 
used a non-linear boundary element method to study read back pulses from isolated step 
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transitions of magnetization in a longitudinal recording medium.  They found that the 
pulse sharpening of keepered recording observed by Gooch, et al. can be accompanied by 
time-shifts and time asymmetries.  Work by Coughlin et al. [34][35] also revealed 
asymmetric pulse amplitude.   
 

These nonlinearities are apparently caused by the relatively large fields produced in 
the keeper layer by the recorded transition, Figure 3-9.  The longitudinal component of 
these fields changes sign at the transition location.  Consequently, it adds to or subtracts 
from the bias field to change the shape and location of the virtual gap.  The result is a 
disturbance of the read back pulse timing and amplitude depending on the sign and 
location of the recorded transitions.  Mian, et al. measured the timing shifts in a keepered 
recording system using time-domain correlation techniques and found the shifts to be a 
significant fraction of a bit-cell [26].  Wilson, et al. modeled these effects as arising from 
a signal-dependent modulation of the head efficiency.  Based on this model, they were 
able to derive an effective nonlinear equalization technique [47]. 
 

 
 

Figure  3-9. Illustrating the origins of the time and amplitude asymmetries in 
keepered recording. 

 

3-4.  Demonstration of improved magnetic performance with keepered 
media 
 

3-4-1.  Keepered Medium Materials 
 

Keepered disks are typically composed of a conventional longitudinally-oriented hard 
medium overlain by a magnetically soft (high permeability) layer.  The soft film is 
deposited by RF or DC magnetron sputtering.  Early longitudinal keepered media work 
was done using permalloy (NiFe alloy) films [11][24][26][27]. Later, very thin DC or RF 
magnetron sputtered films of Sendust (Fe-Si-Al alloys) were found to give better 
performance [32][34][35][36].  Other soft magnetic materials have been explored as 
keeper layers including Co-Zr-Nb alloys [39].    Figure 3-10 shows experimental SNR 
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gains achieved for Sendust and Co-Zr-Nb keeper layers as a function of keeper layer 
thickness.  Note that although the Co-Zr-Nb films showed peak gain at lower thickness 
the PW50 was not reduced nearly as much as for the Sendust keeper. 

 
It has been found to be beneficial to have a non-magnetic layer between the hard and 

soft films.  This “exchange break” ensures that the soft film has low coercivity (high 
permeability) and responds only to magnetostatic coupling.  Typical materials include 
DC magnetron sputtered Cr, C or Si or RF sputtered insulators such as Al2O3.   A layer as 
thin as 1.0 to 2.0 nm is found to be effective with the effect usually increasing with 
thinner break layers until the break layer becomes discontinuous somewhere below 1.0 
nm. 

 
The best inductive head performance is observed when the saturation-thickness 

product, Mstk, for the keeper is comparable to or slightly less than the remanence-
thickness product of the hard magnetic recording layer, Mrth.  Sendust films which have 
been circumferentially oriented are found to give more output than radially oriented films.  
Measured coercivities, which are around 40 Oe on a magneto-optical magnetometer, are 
several times higher than for similar films deposited without the hard layer.  This may 
indicate some magnetic interaction between the two layers creating an induced magnetic 
anisotropy.  This magnetic interaction may anticipate coupling used in new perpendicular 
media as well as keeper layer domain stabilization. 

 

 
Figure  3-10.  Keeper gain vs. composition and thickness 
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In Figure 3-11 isolated pulses for a keepered medium are compared to an unkeepered 
medium used with an inductive read head (from Kao et al. [24]). This early work 
illustrates several features which quickly attracted attention: larger signals, better 
resolution, and the elimination of the troublesome “undershoots” for the outside edges of 
the poles-tips with inductive read heads.   

 
The lack of a negative undershoot as well as the apparent narrower read gap is also 

shown in Figure 3-12 where it is shown that the keepered medium frequency roll-off 
curve is smoother and also appears to roll-off at a higher frequency that the unkeepered 
medium case. 
 

Figure 3-13 comes from the original keepered media paper from Ampex [18].  It 
shows that the roll-off curve for keepered media appears to have a gap null that is at 
higher linear density that the unkeepered media.  This result is in agreement with the flux 
aperture theory of keepered media. 
 

   
 

Figure  3-11. Isolated pulse responses for keepered vs. unkeepered media 

 

3-4-2.  Linear Density Effects 
 
The gains from keepered recording are a strong function of the bias field.  Figure 3-12 
shows parametrics such as amplitude gain, PW50 and error rate for a keepered medium 
as a function of read-back bias.   Figure 3-13 shows error rates for optimally read biased 
keepered media vs. unkeepered media with a pseudorandom (PR) recording. Figure 3-14 
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shows the gain in amplitude and resolution as a function of bias. This figure also shows 
that the gains are accompanied by significant asymmetries in amplitude and timing.  At 
zero bias there is only a very small diffuse response.  As the bias is increased, the read 
back pulse starts to rise but exhibits large timing asymmetry.  As the bias is increased 
further, the PW50 reaches a minimum and at slightly higher bias the amplitude reaches a 
maximum.  Just beyond this point, the asymmetry becomes smallest and the best system 
error-rates are obtained. 

 
 

 

 
 

Figure  3-12.  Frequency Roll-Off Curves for Comparable Keepered and 
Unkeepered Media 

 

3-4-3.  Off-Track Effects 
 

During writing, the fields near the head-gap are largely unaffected by the presence of 
the keeper, which saturates heavily.  Off the sides of the head, however, the reluctance of 
the intervening air gap and the shunting effect of the keeper cause the fields to drop more 
rapidly than normal.  Measurements of track-profiles reveal a reduction in write-width of 
5% [28].   Table 2 gives some information on measured write and read widths for 
keepered and unkeepered media using Seagate Hunter heads. 
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Figure  3-13.  Gap null plots for keepered and unkeepered medium, permalloy 
keeper. 

 
 

 
Table  3-2.  Comparison of write and read widths of keepered and unkeepered media  
 
 Unkeepered (nm) Keepered (nm) 
Write Width 135 129 
Read Width 126 118 
Read/Write Width 0.93 0.91 
 
 

More significantly, the side erase-bands [41] have been measured to drop by about a 
factor of two as shown in Figure 3-17.  These results can be deduced from triple- track 
profile measurements [14] at 1700 flux-changes/mm with 120 mA pk-pk into a 15-turn 
head with a 0.7 µm gap.  The coercivity of the medium is 2450 Oe and the Mrt is 0.8 
memu/cm2.  Figure 3-18 shows the three track frequencies in a triple-track profile 
measurement as well as one position of the read during reading signals as it moves across 
the tracks. 
 

dBn 

Linear Density (kFCI)

Speed = 500 ips (12.7 m/s) 
Flying Height  = 6 µ-in (0.150 µm)  

Head Current = 11 mA

Head Current = 21 mA 
Head Bias = 2 5 mA
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On read back, it has been noted that the virtual gap for an inductive head has a finite 
width (cross-track) as well as length (down-track). Off the ends of the virtual gap the 
keeper is unsaturated and highly permeable and might be expected to significantly reduce 
side reading in a similar manner to that proposed by Mallory [25] although with an over-
layer keeper.  Figure 3-19 is a plot of side reading attenuation vs. displacement off track  
for keepered and unkeepered media.  The head has a track width of about 3 microns.  
When the read head is a half track width away from the adjacent track the keepered 
medium signal is reduced by about 2 dB compared to the unkeepered medium adjacent 
track signal. In the region of interest 20-30 dB of attenuation, the level of side reading is 
reduced by about ~1.5 dB. 
 

Figure 3-20 plots a PRML error rate curve for a keepered disk at about 20% higher 
areal density than an unkeepered disk showing a comparatively narrower effective track 
width as would be expected with a cleaner track edge. 
 
 

 
 
Figure  3-14.  Keepered media recording parameters as a function of read-back bias. 
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Figure  3-15.   Comparison of unkeepered and optimally read-biased keeper bit 
error rate 

 

3-4-4.  Signal to Noise Improvements with Keepered Media 
 

It was observed that when the keeper layer was present the magnetic medium 
transition noise was lowered, the magnetic profile was sharper at the track edges and the 
negative undershoots due to finite head pole thickness was suppressed.  It was also 
observed that head domain stability was improved with keepered media where this was 
observed to be a problem with conventional longitudinal media. 
 

Figure 3-21 shows MFM images of low frequency recorded unkeepered and keepered 
magnetic media in order to show isolated pulses.  The MFM images show that keepered 
media has somewhat less transition noise as well as reduction in the hooks at the track 
edges due to the erase bands. 
 

Figure 3-22 is micro-magnetic modeling results showing smoothing of the recording 
transition as a function of keeper over layer thickness [41].  The model shows that as the 
keeper layer increased in thickness the magnetic transition between oppositely 
magnetized regions in the medium became significantly smoother.  Smoother transitions 
should result in lower transition noise. 
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The reduction in RMS media transition noise for a keepered vs. a comparable 
unkeepered medium is illustrated in Figure 3-23.  Also one can see the keepered medium 
shows a slight shift in the peak transition noise as a function of the reverse DC erase 
current used for the noise measurement.  This is a reflection of the DC bias current 
required to saturate the keeper layer before the medium layer can be erased (in this case 
the current off-set was about 0.15 mA). 
 

Figure 3-24 shows raw spectral data from unkeepered media as well as for keepered 
media with several different read back bias levels.   The spectral plot has been magnified 
to emphasize the differences in the integrated medium (and keeper) noise.  It is obvious 
that the keepered medium with bias appears to suppress the lower frequency peak 
associated with medium transition noise, but as the bias increases there is an increase in 
the apparent pedestal noise that results in increasing integrated noise at higher read-back 
bias levels.  These plots have been truncated at 1 MHz.  Below this frequency the 
keepered medium noise tends to be higher than the unkeepered medium noise due to 
effects discussed below. 
 

The integrated broadband noise level is determined by integrating the spectral signal 
everywhere but at the signal peak.  In Figure 3-25 the unkeepered medium has a signal 
level of 30 dB and an integrated noise level of about 1.78 dB.  As the keepered medium 
read-back bias is varied from 0.1 to 0.9 mA it is apparent that at low bias the signal boost 
can be as high as 2.6 dB while the integrated noise is reduced by as much as 3.2 dB at 
low DC read-back bias (0.1 to 0.2 mA).  At the higher read-back DC bias the signal boost 
decreases and the integrated noise increases as well.  The optimal error rate bias level 
was about 0.55 to 0.70 mA since this was the bias required to minimize the timing 
asymmetry.  If a way could be find to reduce the pulse shifts at lower DC bias levels the 
net keepered SNR could be increased by about 3 dB. 
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Figure  3-16. Amplitude, PW50, and timing as a function  of bias MMF.  
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Figure  3-17.  Normalized Track Profile of Keepered and Unkeepered Media (0.5 
and 1.0 nm keeper layer thicknesses) 
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Figure  3-18.  Cross-Talk Measurement 
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Figure  3-19.  Read back signal vs. displacement off track for keepered and 

unkeepered media.  The density is 400 flux-changes/mm.  The head has a track 
width of about 3 microns. 
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Figure  3-20.  Off-Track Error Rate Performance Keepered and Unkeepered Disk, 

Inductive Head, PR4 16/17 Channel 
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          (a) Unkeepered                          (b) Keepered 
 
Figure  3-21.  MFM Images of Isolated Pulses on (a) Unkeepered and (b)Keepered 
Media 

 
 

 

No Keeper Keeper= 50 A Keeper= 150 A      Keeper= 250 ANo Keeper Keeper= 50 A Keeper= 150 A      Keeper= 250 A  
 
  

Figure  3-22.  Micromagnetic model of keepered and unkeepered magnetic 
transitions (note that the transition length decreases as keeper thickness increases) 

 
Magneto-optical magnetic hysteresis measurements showed that the keeper layer 

tended to have a circumferential magnetic orientation, that is the easy magnetic axis was 
in the circumferential direction on the disk.  The measured magnetic medium coercivities 
were about 2,200 Oe while the Sendust layer coercivities were measured at about 20 Oe 
(not the classical soft magnetic film with less than 1 Oe coercivity and permeabilities of 
>10,000). 

λ

(a) (b) (c) (d) 
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Playback noise from soft magnetic layers has been reported in thick permalloy keeper 
layers used for perpendicular recording media as well as in early keepered media work.  
The use of a higher moment soft magnetic material such as Sendust (FeAlSi) allows the 
use of a thinner keeper layer for equivalent effects but results in lower noise from the 
keeper layer. 

 
There are several types of magnetic domains that occur depending upon film 

magnetic properties and thickness.  Classical domain configurations are Bloch wall 
domains, Cross-tie wall domains and Neel wall domains.  For permalloy (a NiFe alloy) 
films less than 40 nm thick the minimum energy magnetic state is a Neel or cross tie wall 
domain.  Above this thickness the minimum energy magnetic state is a Bloch wall.  In a 
Neel wall the film is so thin that the perpendicular demagnetizing fields constrain the 
magnetization to reverse within the film plane while in Bloch wall domains the 
magnetization can reverse out of the film plane since the perpendicular demagnetization 
is much less. 

      
The Neel wall becomes thicker as the magnetic film thickness is reduced making the 

spatial effect of the domain magnetization rotation more diffuse.  For Bloch walls 
magnetization reversal through clear domain motion predominates.  Thus the magnetic 
flux changes generated above a reversing Bloch wall domain are much more dramatic 
than is the case above a reversing Neel wall domain and consequently the effective 
magnetic noise generated by the domain wall motion is much greater for the Bloch wall 
than for the Neel wall.  For Neel walls the thinner the magnetic film the wider the domain 
wall width and the more diffuse the flux changes generated by the film magnetic reversal.  
As the rate of magnetization reversal increases the resulting Neel wall domain noise is 
reduced so the domain noise component is highest at lower spectral frequencies, peaking 
at DC.   

 

 
Figure  3-23.  RMS Transition Noise vs. DC Erase Current for a Keepered and 

Unkeepered Medium 
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Figure  3-24.  Keepered and Unkeepered Medium Spectra with signal vs. bias 
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Figure  3-25.  Signal and noise vs. bias for a Keepered Medium vs. a Comparable 

Unkeepered Medium 

Frequency (MHz) 
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This is why the noise close to DC is higher for Sendust keepered media since all of 

the Sendust keepered media work has been done for Sendust films that are thin enough 
that they remain in the Neel state.  A near DC base-line shift component is evident for the 
keepered medium when the medium is DC erased while for the reverse DC demagnetized 
medium the total variation in the signal is less (probably due to reduced transition noise). 
 

Figure 3-26 shows broad band integrated medium noise for a common unkeepered 
and keepered magnetic recording layer and with the same break layer thickness (2.5 nm) 
but various keeper layer thicknesses, including an unkeepered medium (all of the 
keepered media data was taken at the optimal bias for best error rate performance).  It is 
clear that the keeper layer increased the total integrated medium noise, especially for the 
lower recording densities.  As the keeper layer increased in thickness so does the 
integrated noise .  It appears that the biggest increase in the keepered medium noise 
occurs at the lower recording densities where the larger DC noise component for the 
keepered media would predominate.  This data is consistent with the theory that the Neel 
wall width is decreasing as the Sendust thickness increases resulting in more significant 
magnetic flux being generated above the magnetic keeper layer as it reverses 
magnetization. 
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Figure  3-26.  Integrated media noise vs. recording density for various keeper 
thicknesses. 
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3-4-5.  Measured Areal Density Improvement 
 

Error-rate measurements with peak detect channels have shown linear density 
improvements of 20% for keepered media [30].  For a PR4ML channel, Figure 3-27 
shows a so- called “747” off-track margin plot [40] for keepered and unkeepered media 
at a 10-5 bit error rate [36].  Although the keepered media is recorded at 23% higher 
linear density, its off-track margin and squeeze failure point are the same or better than 
for unkeepered media.  The head is a 42-turn planar head with a gap-length of 0.2 �m, a 
track-width of 3.5 �m, and a 27 nm flying height.  The disk is CoCrTa with a coercivity 
of 2,200 Oe and a Mrt of 2.25 memu/cm2. The added keeper layer is 15nm of sputtered 
Sendust. 

 

 
 

Figure  3-27. “747” curve showing off-track capability vs. adjacent-track squeeze for 
a PRML channel. The keepered disk is tested at 137 Kbpi versus 112 Kbpi for the 

unkeepered disk 
 
 
Figure 3-28 shows “bath-tub” error rate plots comparing keepered and unkeepered 

media for a 42-turn, thin-film proximity recording head taken on a spin-stand and 
detected with an EPR4 channel emulation.  The head and disk parameters are the same as 
described above, except that the flying height is 25 nm and the track-width is 3.2 �m.  
The results are taken at a linear velocity of 12 m/s. Gap-length is 0.2 �m. The 
measurement does not include adjacent interfering tracks - just a dc-erase background.  It 
is to be noted that the keepered disk was evaluated at 24% higher linear density (constant 
velocity) and yet had the same off-track performance capability. 
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Figure  3-28. Error-rate vs. off-track position with an EPR4 channel emulation (0,4,4 
code) for keepered and unkeepered disks.  The keepered disk is operating at 24 % 

higher linear density than the unkeepered disk. 

 

3-4-6.  Nonlinear Equalization 
 
As mentioned above, keepered recording exhibits distinctive nonlinear effects.  If these 
could be compensated, the read back process could be operated a lower bias currents 
where the gains in amplitude and resolution are greatest.  Wilson et al. [47] have 
proposed using a non-linear equalization technique to correct keepered media timing and 
amplitude asymmetries.  The read back waveform is first integrated, passed through a 
memoryless nonlinearity, and then differentiated to recover a corrected version of the 
original waveform.  Dipulse extraction before and after equalization show that this non-
linear equalization technique eliminates almost all the nonlinear distortion [47].   Figure 
3-29 reproduced from [47] shows the Sampled Amplitude Margin plot [30] for a PRML 
channel before and after this linearization.  An improvement of approximately 10% in 
margin is observed.  Further results from Hoinville [41] suggest that the onset of partial 
erasure may be moved to higher density by the presence of the keeper. 
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Figure  3-29. Sampled Amplitude Margin plot before and after nonlinearity 
correction 

 
 

3-6.  Improved thermal stability with keepered media 
 
There is a fundamental limit to recording density due to the superparamagnetic effect.  

At this limit, the thermal activation energy is comparable with the energy required to 
switch the magnetic grains of the recording medium. In this situation, the recorded 
information will decay rapidly with time [31].  This decay is more severe if there are 
large internal demagnetizing fields within the medium. The limit does permit a trade-off 
between signal-to-noise and ultimate density.  Because of this, it is found more 
advantageous to operate on very narrow tracks at low bit aspect ratios.      
 

To obtain large outputs from traditional recording systems every effort is made to 
maximize the field strength coming out of the surface of the medium.  Unfortunately, 
high external fields imply high internal demagnetizing fields.  In both perpendicular and 
longitudinal systems the internal fields approach the coercivity of the medium.  It is quite 
easy therefore for the recorded patterns to demagnetize further under the influence of 
stray fields, mechanical stress, or, in the ultimate limit, just due to thermal activation [31].  
  

In contrast, the storage mode for keepered recording is intrinsically initially very 
stable.  Large demagnetizing fields are only present during writing and reading.  At all 
other times the keeper layer acts to dramatically reduce the demagnetizing fields.  
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Figure 3-30 shows thermal decay rates for keepered and unkeepered media measured 

by J. Chen, J. H. Judy and T. M. Coughlin [46].  The results were taken at 5,000 flux-
changes/mm on media with a low Mrt of 0.6 memu/cm2.  The unkeepered media shows a 
decay in signal of 2.8% per decade of time vs. 1.1% per decade of time for the keepered 
media.   

 
Figure 3-31 gives results from J. Chen et al. for another series of keepered and 

unkeepered films [46].  In this case the Mrt is  0.49 emu/cm2 and the recording density is 
6,000 fr/mm.  In this case the unkeepered medium is even less stable.  The unkeepered 
medium has a decay of ~7% per decade while the 5.0 nm keeper decays at ~4% per 
decade and the 10.0 nm keeper decays at ~2% per decade.  The thicker Sendust keeper 
has lower coercivity and higher moment and thus less likelihood to partially saturate 
above the magnetic transitions.  Thus the thicker keeper reduces the demagnetization of 
the media better and thus reduces the thermal decay of the medium. 
 

 
 

Figure  3-30. Measured thermal decay for keepered and unkeepered 0.6 memu/cm2 
Mrt media at 5,000 frpmm (150 kfci).  
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Figure  3-31.  Thermal stability of keepered vs. unkeepered media (Mrt=0.49 

memu/cm2, Hc=2,400 Oe) [46] 
 

3-7.  Keepered media and other recording configurations 
 
Almost all the work done to date on keepered recording has employed an inductive 

ring head and has placed the keeper layer on top of the hard layer.  There are, however, a 
number of other possible configurations which are also of interest: keeper layer under 
instead of over the hard layer, MR read back instead of inductive, perpendicular hard 
layer instead of longitudinal.   
 

Tests with MR heads confirm that signals can easily be recovered from conventional 
“over layer” keepered media at normal bias currents.  The observed improvements in 
resolution are not large but neither are the reductions in amplitude. Interestingly, as for 
inductive heads, similar reductions are seen in effective written track width for the 
keepered media.  
 

It was acknowledged in the original work that the keeper may perform better 
underneath rather than on top of the hard layer [18]. For practical reasons of fabrication, 
however, all of the early work was done with the keeper layer on top of the hard layer.  
During research in conjunction with MR heads it was demonstrated that the “keeper 
under” configuration is also very viable.   
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With respect to magneto-resistive heads, one might suspect by analogy with the inductive 
ring head that a single-gap yoke type MR sensor should work well with keepered media.  
However, it is not as clear that a conventional double-gap shielded MR head would work 
well.   However it is found that good signals can be obtained from a conventional double-
shielded MR head without any further special provisions for bias fields.  
 

3-8.  MR head measurements and under-layer keeper results  
 

It was speculated that the theory of a virtual gap can also be applied to read back with 
an at the time conventional double-shielded soft-adjacent-layer magneto-resistive 
element.  Acting as a one-turn head, the normal levels of MR bias current should create 
sufficient field across the gap between the shields to saturate the keeper layer.  In this 
case however, the unsaturated areas of keeper on either side of this virtual gap are now 
effectively extensions of the shields.  The equivalent magnetic structure is now an MR 
head with its shields in contact with the hard recording layer but with a deeply recessed 
sensor.   This concept is shown in Figure 3-32 where the dark region in the keeper is 
saturated.   Furthermore, in contrast to an inductive head, the virtual gap will extend the 
full width (across-track) of the shields and will thus be much greater than the width of the 
MR element.  With this model in mind, one expects MR heads to show similar 
improvements in resolution but to have reduced output levels and to show no 
improvement in side reading.  
 

There were also some experimental investigations done on the use of keepered media 
with dual stripe heads where it was felt that the second stripe might help in the keeper 
layer saturation at lower bias currents.  A modeling paper by F. Z. Wang et al. explored 
keepered media reproduction with dual-stripe MR heads [45]. 
        

Dynamic electrical tests were run on a Guzik spin stand using commercial MR heads. 
Waveforms were captured using a LeCroy digital oscilloscope at 500 MHz.  Initial tests 
were run on a series of under-keepered disks with thin under-keeper and break layers 
(each about 10nm).  These thin under-keeper layers could be easily saturated with the 
MR read current.   Figure 3-33 shows amplitude from a keepered (crosses) and 
unkeepered (circles) disk [43]. The under-keepered media amplitudes are lower than the 
non-keepered media amplitudes at low currents, but become equivalent as the keeper 
layer is saturated. The solid line shows the ratio between these two. At low currents, 
below about 5 mA, the keeper layer almost completely screens the medium. At high 
currents (greater than 10 mA), the MR head current is sufficient to saturate the keeper, 
allowing the medium fields to fringe into the MR element. Reasonable MR bias currents 
(e.g. 10-15 mA) resulted in performance similar to unkeepered disks. 
 

Another series of disks were made with thicker break layers and keeper layers (each 
in the range of 10-50nm). These changes shifted the amplitude vs. read current curves to 
the right and also reduced the magnitude of the screening. With these thicker unsaturated 
keeper layers, reduced pulse amplitudes and pulse widths were observed.  It was found 
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that PW5Os are reduced by 10% or more for break layers between 2 and 50nm (assuming 
the keeper layers have sufficient M,t), while amplitudes were decreased by 10-30% for 
the same conditions. 
 

Figure 3-34 shows isolated pulses with and without an under layer keeper with an 
Mstk of 0.7 memu/cm2.  The hard layer was CoCrTa with Hc=1,800 Oe and Mrt=0.7 
memu/cm2.  An  MR head with a wide shield-shield gap of 1.1 �m was used.  An 18% 
reduction in PW5O can be seen with the under layer keeper compared to an unkeepered 
media as is expected per the analysis of the write process summarized in Table 3-1.  In 
the case of an under layer keeper the reduced pulse width is a result of the smaller final 
transition length. The reduction of the skirts of the isolated pulses is even larger than the 
PW50 reduction.  Improved noise performance is also observed with the reduction 
principally at lower frequencies [43].  
 

Frequency roll-off curves for unkeepered and various thicknesses of under-keepered 
media are shown in Figure 3-35.  One can see the general result that keepered films have 
less low frequency amplitude but greater high frequency amplitude and that the 
amplitude levels tend to be less for thicker keeper layer thicknesses.  This result is 
probably due to the reduction of demagnetization in the keeper layer causing the pulse 
width to decrease and consequently greater recording resolution.  
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Figure  3-32.  Under layer keepered media with MR head (dark region is magnetically saturated 
keeper layer) 
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Figure  3-33.  Dependence of MR output on MR Bias for keepered and 
unkeepered media 

 
 

   
Figure  3-34.  Isolated pulses for MR read back of keepered media where the keeper 

layer is placed below the hard recording layer. 
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Figure 3-36 shows spectral curves in the presence of signals for under-keepered and 

unkeepered media as well as an inset graph of the under-keepered to unkeepered spectral 
ratios.  It is interesting that the under-keepered media shows lower low frequency noise 
(above the 1/f noise region).  This interesting phenomena may be due to reduced 
transition noise similar to that observed for longitudinal recording.  As a consequence the 
integrated noise is lower for the under-keepered media compared to the unkeepered 
media.  Reduced integrated noise combined with amplitude increase at higher recorded 
frequencies gave SNR gains at higher recording densities as shown in Figure 3-35 [43]. 
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Figure  3-35.  Modeled amplitude vs. density and keeper thickness 



 

 54 

 
Figure  3-36.  Under layer keepered media noise suppression 
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Figure  3-37.  Keepered media SNR gain vs. linear density 
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Chapter 4:  Preparation and 
characterization of keepered media



 

 57 

 
4. Preparation and characterization of keepered media 
 

4-1.  Preparation of keepered media 
 

Keepered media consists of a soft magnetic layer close to the hard magnetic digital 
storage area in a disk medium.  The soft films could be deposited by various processes 
such as plating, evaporation and sputtering.  In the data discussed here the films in the 
magnetic recording media are deposited by sputtering since sputtering allows very good 
controls on the composition and properties of the resulting films. 
 

In the course of this work keepered media was deposited initially using a Perkin 
Elmer 2400 single sided sputtering machine at Ampex.  As other companies became 
involved in the development effort and as Ampex made its own investment in a keepered 
media deposition laboratory this work moved to production sputtering equipment.  HMT 
was a disk sputtering company that eventually merged with Komag in the late 1990’s.  
HMT made several depositions of keepered media lots for experimentation and 
development and was worked with Ampex and Maxtor in development of a commercial 
disk drive using the technology.  HMT indicated that they would support keepered media 
development if a commercial disk drive product was produced.  There was also some 
keepered media work done with WD at the WD media production facility in Santa Clara 
before it closed down.   
 

Keepered media required two more deposition chambers in conventional disk 
sputtering equipment.  It required a break layer and a soft magnetic layer deposition.  
Depending upon whether these components were added before or after the magnetic 
media deposition a keeper under layer or keeper over layer medium was produced.  
Between work done at HMT and the keeper media laboratory at Ampex keepered media 
films were deposited using Intevac 250B sputtering machines (at HMT) and on a Balzers 
Circullus sputtering machine (at Ampex). 
 

The initial work on keepered media at Ampex, Conner Peripherals and at the 
University of Minnesota used NiFe (Permalloy) soft magnetic films.  At Ampex and later 
at the University of Minnesota other soft magnetic materials were tried including Sendust 
and Co-based amorphous soft magnetic alloys (such as CoZrNb).  Sendust was ultimately 
chosen for most sputtered media due to the corrosion resistance of the product, lower 
noise and higher moment (compared to Permalloy).   
 

Several magnetic exchange break layers were also tried including Si, C, Cr and some 
other transition metals.  Cr was ultimately chosen for most of the work due to its general 
use in media as an under-layer for the Co-alloy hard magnetic layer and because it seems 
to provide good continuous thin films.  Also Cr as a metal had a higher sputtering rate 
than C or Si and thus could be deposited faster. 



 

 58 

 
All of the films deposited by HMT for product development used Cr break layers and 

Sendust keeper layer.  Most of the films deposited at Ampex for keepered media 
development for inductive as well as MR heads was also done with Cr under-layers and 
Sendust keeper layers. 
 

Keepered media required a special preamplifier that could apply a DC-bias to the 
head during the read back process.  Initially Ampex made a special preamplifier board 
that worked with commercial amplifiers to create a DC-bias source that allowed reading 
HF data off the disks.  As it became clear that there was commercial interest in the 
technology on the part of Maxtor and other disk drive companies it became clear that 
Ampex needed a source for special keeper amplifiers.  Several companies were 
approached regarding making disk drive preamps and it was finally decided to work with 
a then new company, Marvell Semiconductor, to design and build an integrated DC read 
bias chip for keepered media drives. 
 

In late 1996 Ampex began to create its own magnetic media laboratory to develop 
keepered media.  Over the course of 1997 this laboratory was put together and by mid-
year Ampex began to produce our own keepered media samples.  All of the under-layer 
keepered media for MR head testing was made in the Ampex keepered media laboratory.  
The laboratory took sputter ready substrates through to full media production including 
disk cleaning, sputtering and disk lubrication, burnish, glide and test.  All the equipment 
was obtained used from various auctions and equipment vendor sales/leases. 

 

4-2.  Characterization of keepered media  
 

Keepered media required various types of testing and analysis for its development.  
This section describes the theory behind the keeper layer material magnetic properties as 
well as measurements using magnetic measurement equipment and dynamical testing.  It 
also gives examples of the dynamic electrical measurements of keepered media showing 
how the electrical characteristics vary with magnetic and media layer thickness.  

 

4-2-1.  Soft magnetic layer measurements and theory  
 

Magnetic measurements were made of keepered media using Kerr Magnetometers 
(magneto-optical), BH Loopers and Vibrating Sample Magnetometers (VSMs).  
Measurements of effective permeability could also be made using dynamic measurements 
on keepered media.  The results of these measurements are summarized below. 

 
Figure 4-1 shows the magnetic hysteresis loops for an unkeepered as well as a 

keepered medium from VSM measurements [from 1996 University of Minnesota MINT 
review].  The hard magnetic media layer for both hysteresis loops are the same with the 
keepered loop including a constriction at the low field region due to the much lower 
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coercivity of the keeper layer superimposed on the hard magnetic layer hysteresis loop.  
This two-phase loop indicates that the two layers are in fact magnetically separated since 
if they are strongly exchange coupled one would only get a single loop that was neither as 
hard (high Hc) as the hard magnetic layer nor as soft (low Hc) as the soft magnetic layer.  
Separating the magnetic properties of the keeper layer from the hard magnetic layer 
requires a special measurement technique.  This can be done by low field VSM loops 
although this requires demagnetizing the electromagnet poles between each leg of the 
loop (to keep the remnant magnetization of the poles from overwhelming the film signal) 
or using air coils to generate the low field required.  A second VSM approach is to 
deconvolve the individual layer loops into their constituents.  The deconvolution 
approach only approximates the soft layer coercivity unless the low field measurements 
are done with very fine resolution (and thus longer measurement time).  
 

 
Figure  4-1.  Unkeepered and keepered media VSM loops, same hard magnetic layer 

in both cases. 
 
 

Kerr magnetometry measures magnetic properties by rotation of the polarization of 
reflected electromagnetic radiation.  Since the radiation only penetrates a short distance 
(about 10 nm) into the media it allows measurement only of the material closest to the 
surface with sensitivity dropping exponentially with penetration distance.  One has to be 
careful interpreting the data since it may be dominated by surface effects if these are 
significant.  Figure 4-2 includes two Kerr Magnetometer hysteresis loops of an over-layer 
keepered media.  One of the loops is taken along the circumferential direction in the 
medium and the other in the radial direction in the medium.    
 

The soft magnetic layers used in keepered media tended to have coercivities that were 
greater than 1 Oe unlike traditional soft magnetic layers.  These films were essentially 
semi-soft magnetic layers with permeabilities often less than 100.  In fact as show in the 
measurements that follow our film coercivities were often greater than 10 Oe with 
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permeabilities less than 100.  Despite the relatively low permeability the deposited keeper 
layers provided adequate imaging of the magnetic transitions in the hard magnetic media.  
Figure 4-3 shows an important factor called the imaging efficiency that is a first order 
indication of the ability of the keeper layer to image the magnetic media and thus reduce 
the medium demagnetization.  The actual imaging is somewhat more complex since it is 
actually an infinite series of images that must be calculated.  It is pretty clear from this 
that a permeability of 100 or less still provides effective imaging of the magnetic 
transitions.  Thus a semi-soft keeper layer is an effective keeper layer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  4-2.  Magneto-optical BH loops of keeper layer on a medium showing 
circumferential and radial hysteresis loops. 

 
 

It was found that many of our films had the easy axis aligned along the 
circumferential direction.  This may be caused by the stray magnetic field from the DC 
magnetron sputtering machines used for sputter deposition of the keeper films.  Some 
research was done to create various keeper layer magnetic orientation using a new device.  
This device used post deposition magnetic annealing to orient the soft magnetic layer 
with the anisotropy in the radial as well as the circumferential direction.  Figure 4-4 
shows dynamic electrical measurements showing the fundamental frequency amplitude 
gain for circumferential and radial keeper orientation.  The data shows that the 
circumferential orientation in the soft magnetic layer gave the highest gain.  
 

In order to understand the coercivity and permeability of keepered media soft 
magnetic layers the reader must understand the magnetic domain structure of the soft 
magnetic materials.  This data also helps us understand the special noise characteristics of 
keepered media (which can apply to perpendicular as well as longitudinal keepered 
media). 
 

For relatively thick soft magnetic films the demagnetization due to the film geometry 
isn’t very large and thus the domain structure is similar to that in bulk magnetic materials.  
As a consequence domains can reverse relatively easily with the magnetization able to go 
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out of the film plane.  The domain wall (the transition region between magnetic domains) 
structure formed under these conditions is called a Bloch wall after Felix Bloch, who first 
described them.  Figure 4-5 gives an illustration of the Bloch wall domain structure 
showing domain walls with a significant perpendicular magnetization component [2]. 
 

Efficiency = (µ-1)/(µ+1)Efficiency = (µ-1)/(µ+1)

 
 

Figure  4-3.  Magnetic keeper imaging efficiency vs. permeability 
 
 

 
Figure  4-4.  Fundamental frequency amplitude for unkeepered media and optimally 

biased circumferentially and radially oriented keepered media. 

Relative Permeability

Linear Density (kFCI)



 

 62 

 

Figure  4-5.  Ellipsoidal cylinder approximation to a Bloch wall 
 
 

As a soft magnetic film is made thinner the film geometry starts to dominate the 
magnetic domain structure.  As the film surfaces approach each other the shape 
demagnetization increases preventing the magnetization from rotating out of the plane in 
domain reversal.  Figure 4-6 shows this type of domain structure.  The resulting domain 
walls are called Neel walls after Louis Neel who first described them [2]. 

 
Thin films can reverse by an additional mechanism with a domain wall structure as 

shown in Figure 4-7.  These types of domain walls separating magnetically oriented 
domains are called cross-tie walls after the shape of the domain wall.  In cross-tie walls 
the main wall is cut at regular intervals by short, right angle “cross-ties” which terminate 
in free single ends [2].  The cross-tie period and length are dependent upon film thickness 
with both decreasing as the thickness decreases.  In a cross-tie wall the spins spiral about 
the axis of the wall to reduce the magnetostatic energy.  Note that for very thin films 
cross-tie walls approach Neel walls in the limit.  It is believed that cross-tie walls occur 
when uniaxial anisotropy in the film allows the cross-tie walls to decrease magnetostatic 
energy.  Permalloy Cross-tie walls seem to occur in the thickness range of 40-90 nm [2]. 

 
Figure 4-8 shows domain wall energy as a function of film thickness for Neel, Cross-

tie and Bloch wall domains.  Below about 35 nm Neel walls are more favorable than 
Bloch walls.   Since the keeper films are 25 nm or less Neel wall domains will be more 
favorable and cross-tie walls in this thickness regime are rare and were not observed. 

 
As thin films decrease in thickness their coercivity goes up and the permeability goes 

down.  Figure 4-9 shows typical measurements of coercivity vs. film thickness for 
Permalloy [2].  Note that for permalloy films the coercivity in the range of keeper 
thicknesses that were used is greater than 10 Oe.  This matches well with the results often 
seen for keepered media. 
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Figure  4-6.  Ellipsoidal cylinder approximation to a Neel wall 
 
 

 
 

Figure  4-7.   Cross-tie wall domains 
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Figure  4-8.   Domain wall widths as a function of film thickness 
 
 
Figure 4-10 shows some experimental measurements of keeper layer coercivity for 
different Sendust keeper layer thicknesses when the magnetic soft films were deposited 
alone.  On the far right of the chart is the circumferential and radial coercivity for 15 nm 
Sendust when deposited on a hard magnetic recording medium as measured by a Kerr 
Magnetometer.  Note that the circumferential coercivity of the Sendust layers from 5 to 
20 nm is about 10 Oe and when deposited upon a hard magnetic media the keeper layer 
coercivity rises about 4 times to about 40 Oe.  This interesting phenomena may be due to 
some sort of magnetostatic effect between the soft and hard magnetic film or it may relate 
to some sort of exchange interaction between the layers (which increased the effective 
coercivity of the films) as suggested by delta-M measurements reported in the section 
discussing the possible relationship between keepered media and AFM media.   Since 
these are over-layer keepered media an alternative explanation is that the keeper 
deposited on the media has some additional anisotropy introduced by film stresses or 
physical surface phenomena that raise the film’s coercivity.  Testing with an under-layer  
keeper would help determine if this was a factor. 
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Figure  4-9.  Coercivity vs. thickness for 81%Ni/19%Fe (Permalloy) films 

 
 

4-2-2.  Influence of break layer thickness 
 

The thickness of the break layer between the hard magnetic layer and the soft 
magnetic keeper layer had a great influence on the gain of the keepered media compared 
to unkeepered media.  As this thickness decreased the imaging effect became stronger 
between the medium and the soft magnetic layer.  In Figure 4-11 is shown the optimal 
bias fundamental frequency amplitude gain for a 17 nm Sendust keeper layer vs. an 
unkeepered media as a function of Cr break layer thickness.  As the keeper layer 
decreased in thickness the amplitude gain increased.  Although not shown in this figure 
the amplitude gain continued to somewhere below 10 nm.  For less than 5 nm keeper 
films there is generally not adequate magnetic isolation from the hard magnetic layer and 
the two films had strong exchange coupling and acted magnetically as a single film. 
 

 
 

Hc (Oe) 
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Figure  4-10.  Kerr magnetometry measurements of circumferential and radial 
keeper layer coercivity for single keeper layer films and for the case of a 15 nm 

keeper layer deposited on a hard magnetic recording medium. 
 

 
 

Figure  4-11.  17 nm Sendust keeper fundamental frequency gain as a function of Cr 
break layer thickness. 
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Figure 4-12 shows the error rate from recording measurements at optimal bias as a 
function of break layer thickness.  Error rates improve as the break layer thickness 
creases down to 10 nm.  The total improvement in error rate is almost an order of 
magnitude. 
 

 
Figure  4-12.  Error rate vs.  Cr break layer thickness, Medium Mrt = 2.15 

memu/cm2 and Hc = 2,220 Oe, EPR4 channel at 1.1 Gb/in2 

 
 

Turn to Figure 4-13 for an interesting plot allowing a gauge of what the keeper layer 
thickness must be to avoid saturation of the keeper layer for a given hard magnetic film 
thickness.  In this figure is plotted the amplitude read back from the disk as a function of 
keeper layer thickness with no bias current applied.  Without bias current one can only 
measure leakage fields through the keeper layer at regions where the keeper film is 
nearing or at magnetic saturation.  The amplitude representing the fringing field 
amplitude decreases with keeper thickness until above 20 nm.  If saturation occurred at 
20 nm the Sendust keeper saturation magnetization would be about Ms (Sendust) = 2.06 
memu/cm2/20 nm = 1,030 emu/cc which is about right for Sendust.  For lower Mrt of the 
hard magnetic layer the Sendust keeper layer thickness required to avoid saturation by the 
recording layer transitions is smaller.  Since this should occur where Mrt (Keeper) ~ Mrt 
(Medium), one comes up with the following table, Table 4-1. 
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Table  4-1.  Relationship between Sendust keeper layer thickness and media Mrt to 
avoid keeper saturation by the magnetic transitions. 

 
Media Mrt (memu/cm2) Sendust Thickness (nm) 

2.00 20 
1.00 10 
0.75 7.5 
0.50 5.0 

 
 

 
 
Figure  4-13.  Amplitude vs. keeper thickness, 2.06 memu/cm2 Mrt, Tripad head FH 

= 1.2 microinches, G = 8 microinch, TW = 130 microinch. 
 

4-2-3.  Measurement of soft layer effective permeability 
 

Another way that used to measure soft magnetic layer permeability was using magnetic 
recording and the method of effective permeability referred to earlier.   Using an inductive 
recording head (Tri-Pad head with 0.2 micron gap-length, 3.25 micron track width and 30 nm 
flying height) without an applied biasing field during playback, signal measurements were made 
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at various recording frequencies using longitudinal magnetic recording media (Hc= 2,400 Oe, 
Mrt= 1.26 memu/cm2) covered with a 2.5 nm Cr break layer and a Sendust soft magnetic layer 
(thickness’ were 0, 50, 100 and 150 nm).  The disk rotational speed was 14.35 m/s.  The magnetic 
recording system is shown in Figure 4-14.   
 

Low pass filtering limited detection to the fundamental sine wave. Using Equation (4), the 
signal from a sinusoidal recorded medium can be determined with and without the presence of the 
soft layer. µ  is then determined by fitting Equation (5) to the experimental data. Figure 5-15 
shows the measured permeability vs. the soft magnetic layer thickness and the record frequency. 
 

In this technique, the effect of the magnetic core of the head on the shielded field is not taken 
into account.  To first order, it was assumed this effect is the same for all soft layer thicknesses, 0-
15 nm, and hence is cancelled out. 
 

Head

Substrate Magnetic Recording Layer

Soft Magnetic Layer Overcoat

Leakage
Flux

 
 

Figure  4-14.  Experimental recording system for thin film permeability 
measurement. 
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Figure  4-15. Permeability contours measured from shielding data vs. soft layer 

thickness and frequency. 
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4-2-4.  Dynamic electrical testing of keepered media 
 

The following section shows data taken from a series of keepered and unkeepered 
media made by Hitachi Metals Trimedia (HMT) for keepered media testing at Maxtor 
and other companies [34].  The list of films and some properties are shown in Figure 4-16.   
The first group of media  is a list of keepered and unkeepered films with lower hard 
magnetic layer Mrt of 1.26, 1.02, 0.75 and 0.49 memu/cm2 and keeper thicknesses of 0, 5, 
10 and 15 nm (these films were deposited for MR head testing) where Mr is the residual 
magnetization.   The bottom group of media compares some higher Mrt media with 15 
nm keeper deposited by two different processes (more conventional higher Mrt inductive 
head media).  In all there were 800 disks in this list with 770 lower Mrt media and 30 
higher Mrt media.  Note that the lowest Mrt media were thermally unstable and some of 
this media was used to compare keepered and unkeepered medium thermal stability (such 
as in Figure 4-29). 
 

Figures 4-17 through 4-31 are dynamic electrical test results for the set of lower Mrt 
media with various keeper layer thicknesses using inductive TriPad heads from Read Rite.  
The data shows parametric test results as a function of the head DC bias during reading.  
High frequency (HF) density was 70 kfci and low frequency (LF) density was 18 kfci. 
 

In Figure 4-17 are plotted the high frequency amplitude for the unkeepered media as a 
function of Mrt.  The expected trend of linearly increasing HF amplitude as media Mrt 
increases is generally supported although there is a small aberration for the 1.26 
memu/cm2 medium. 
 

Figure 4-18 shows the keepered media data for HF amplitude and 5 nm keeper disks 
as a function of medium Mrt and bias.  The bias level for peak signal appears to increase 
as the Mrt increases, which trend is seen for all the keeper thicknesses (such as shown in 
Figure 4-19 and Figure 4-20).  This trend indicates that as the media Mrt is decreased the 
field from the media into the keeper film is reduced and so the head DC bias field 
required for peak signal is reduced.  This trend is due to the balance between the fields 
from the media and the head for optimal bias (for peak signal).  In Figure 4-20 is plotted 
the data for HMT keeper experiment 13 with 1.89 memu/cm2 Mrt indicating that even the 
higher Mrt disks show this trend.  It is interesting that for Figure 4-19 and Figure 4-20 the 
difference in amplitude at higher bias levels between the 1.02 and 1.26 memu/cm2 Mrt 
media is smaller than between the lower Mrt media. 
 

Unkeepered LF amplitude vs. media Mrt undergoes an increase in signal level as Mrt 
increases, Figure 4-21.  The raw data shows the same general trends for LF amplitude 
that was seen for HF amplitude vs. bias, media Mrt and keeper thickness.  The higher Mrt 
media requires higher bias for peak keeper amplitude and the peak amplitude increases 
with the Mrt of the media.  The 1.89 memu/cm2 Mrt media (HMT experiment 13) shows a 
much delayed bias required for peak amplitude compared to the lower Mrt media. 
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Figure  4-16.  Memo on a series of HMT keepered and unkeepered media.  One set of 
media had lower media Mrt for MR head and thermal stability testing and the other 

set of media had higher Mrt for inductive head testing. 
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Figure  4-17.  HMT Series HF amplitude vs. Mrt unkeepered media. 
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Figure  4-18.  HMT experiment series HF amplitude vs. bias and Mrt for 5 nm 

keeper 



 

 73 

 
 

Figure  4-19.  HMT experiment series HF Amplitude vs. bias and Mrt for 10 nm 
keeper 
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Figure  4-20.  HMT experiment Series HF amplitude vs. bias and Mrt for 15 nm 

keeper. 
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Figure  4-21.  HMT series LF amplitude vs. Mrt for unkeepered media 

 
 

Figure 4-22 shows the negative DC erased timing asymmetry measured for the 
unkeepered media as a function of media Mrt.  The lower Mrt media (below 1.02 
memu/cm2) show greater timing asymmetry than the higher Mrt media.  These 
asymmetries are very important for channel performance (minimum asymmetry bias is 
often close to the optimal bias for channel performance in peak detect channels as well as 
PRML channels) and appear to be a very complex function of the Mrt, keeper thickness 
and bias.  Similar trends are seen for the positive DC erased timing asymmetry data.   
 

A series of PW50 measurements is represented by the data in Figure 4-23.  This chart 
plots unkeepered PW50 vs. Mrt.  The data for the lowest Mrt (0.49 memu/cm2) is believed 
to be in error because of problems measuring PW50 for the low amplitude signals from 
this medium.  The actual PW50 for 0.49 memu/cm2 Mrt should be smaller than for the 
0.76 memu/cm2 Mrt media and the trend of PW50 vs. Mrt should be a gradual increase in 
PW50 for increasing Mrt as indicated by the dashed line.  Figures 4-24 shows PW50 vs. 
bias and Mrt for 10 nm keeper thickness.  Except for the data for 0.49 memu/cm2 Mrt the 
bias for minimum PW50 seems to increase with media Mrt similar to the effect of bias on 
peak amplitudes described earlier.  Also the keeper PW50 seems to be less for lower 
media Mrt except for the 0.49 memu/cm2 data. 
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Figure  4-22.  HMT series neg. asymmetry vs. Mrt for unkeepered media 
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Figure  4-23.  HMT series PW50 vs. Mrt for unkeepered media 
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Figure  4-24.  HMT experiment series PW50 vs. bias and Mrt for 10 nm keeper. 
 
 

4-3.  Keepered Media and the Effect of Soft Magnetic Layers on 
Recording Media Stability 
 

A soft magnetic layer adjacent to a magnetic recording medium reduces the 
demagnetization of both perpendicular and longitudinal recording media.  While studying 
the causes of thermal stability improvement for longitudinal keepered media an 
investigation was made on thermal stability in general for keepered media with 
perpendicular or longitudinal orientation.  The following discussion is based upon a paper 
by R. Wood, J. Monson and T. Coughlin [57].  The results are generally instructive and 
help to understand thermal stability at a deeper level for all types of keepered magnetic 
media.  Other authors have studied the thermal stability of keepered vs. unkeepered 
media and found similar enhancements of keepered media thermal stability [60] [63]  
 

The Arrhennius-Neel model of thermally activated magnetization reversals over a 
fixed energy barrier gives rise to a recorded magnetization decaying exponentially with 
time.  The time constant that describes this decay is a function of the energy barrier.  
Introducing a distribution of energy barriers into the model produces a logarithmic decay 
of magnetization with time which is the behavior observed experimentally.  Logarithmic 
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magnetization decay will also be observed if the energy barrier is fixed and 
demagnetization effects are included. 
 

It was found that for a keepered medium the soft film affects both the demagnetizing 
fields and the anisotropy of the medium.  In perpendicular keepered media, thermal 
stability is improved and the logarithmic decay rate has a simple form.  In the case of 
longitudinal recording media the behavior is more complicated.  The energy barrier in a 
longitudinal keepered medium involves the coupling of grain orientation, induced 
anisotropy, and demagnetization.  Overall a soft keeper film results in significant 
improvement in the thermal stability of the medium. 
 

Figure 4-25 shows the primary effect of the soft magnetic keeper layer on hard 
magnetic films.  The imaging of the fields from the grains in the medium reduces the 
demagnetization of the medium. 
 
 

 

No soft film

With soft film

 

No soft film

With soft film

 
 
Figure  4-25.  Reduction of perpendicular and longitudinal demagnetizing fields due 

to an adjacent soft magnetic keeper layer 
 

A secondary effect of the soft magnetic layer is that it induces a weak perpendicular 
anisotropy to a perpendicular or longitudinal magnetic medium as shown in Figure 4-26.  
This perpendicular anisotropy is also caused by the imaging of recording medium film 
grain dipoles in the soft magnetic layer.  This image produces a torque on the grain dipole 
out of the film plane.  The energy of this torque is mgH/2 where H is the field from the 
image of the dipole in the keeper layer and mg is the grain dipole moment.  The resulting 
anisotropy is uniaxial out of the film plane and adds directly to the magnetocrystalline 

No keeper layer 

With keeper layer 
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anisotropy of the magnetic medium in the case of perpendicular recording.  The induced 
anisotropy acts orthogonally to the anisotropy of longitudinal media leading to more 
complicated thermal decay behavior. 

 
For the cylindrical equiaxed grain in Figure 4-26 the induced perpendicular anisotropy 
energy density is: 
 

                                                            [eq. 7]     
 
For the case of perpendicular recording media the effect of the reduction in 
demagnetization fields due to the keeper is to improve the thermal stability of the 
recording medium.  The induced perpendicular anisotropy acts in the same direction as 
the magnetocrystalline anisotropy reinforces that anisotropy.  However due to the small 
size of the induced anisotropy it has very little effect on thermal stability. 
 

Figure 4-27 illustrates the energy barrier that must be overcome for switching in a 
keepered longitudinal medium. 

 

Cylindrical Grain

 
 

Figure  4-26.  Induced perpendicular anisotropy in a keepered medium 
 
 

The model shows that for longitudinal recording the reduction of demagnetization 
due to a keeper layer in the medium decreases thermal decay initially compared to an 
equivalent unkeepered medium.  However after the decay has proceeded quite a way the 
induced anisotropy acts to cause the medium thermal decay to accelerate right near the 
end of the process. As shown in Figure 4-28 longitudinal keepered media has delayed 
thermal decay but once begun it will complete faster than unkeepered longitudinal media.  
The model was for the case of 40 Gbpsi areal density. 
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Figure  4-27.  Minimum energy barrier including effect of induced perpendicular 
anisotropy for a keepered longitudinal recording medium 

 
 

The model was used to analyze measured thermal stability measurements to 
determine the keeper layer permeability that gave a curve that best matched the observed 
data.  Figure 4-29 shows the fitted data.  In this model Mr = 290 emu/cc, Ku = 125 KJ/m2, 
grain diameter = 10.1 nm, a-parameter = 20 nm and the first 3 odd harmonics are used to 
calculate the demagnetization field.  The 5.0 nm keepered medium thermal decay rate is 
best matched by a permeability of about 3 while the 10.0 nm keepered medium thermal 
decay rate is best matched by a permeability of about 30. 
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Figure  4-28.  Model of keepered and unkeepered longitudinal thermal decay 
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Figure  4-29.  Matching of thermal stability measurements for unkeepered and keepered media with various keeper thicknesses 

in terms of keeper permeability 
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5. The influence of keepered media technology on the 

development of modern magnetic recording media 
 

5-1.  Keepered Media and the development of the HDD technology 
roadmap 
 

Keepered media represented a transitional technology in magnetic recording as 
illustrated in Figure 5-1.  Blending some aspects of perpendicular recording and inductive 
head longitudinal recording it came at a time when thermal stability of future magnetic 
recording media was uncertain and when many companies were debating when to 
introduce MR head technology or continue to use inductive thin film heads.  Keepered 
media pointed the way to more thermally stable recording and a better understanding of 
the properties of magnetic media incorporating both hard and soft magnetic films.   

 
Keepered media helped pave the path to synthetic antiferrimagnetic coupled media as 

well as perpendicular recording media since many of the features of these recording 
media were anticipated by keepered media.  These technology developments have fueled 
the areal density growth that has been and will be required to allow hard disk drives to 
remain competitive vs. alternative storage devices.  Although not itself commercialized, 
keepered media anticipated and influenced the development of commercial media 
products such as antiferrimagnetic coupled media, perpendicular recording, Exchange 
Coupled Composite media and Exchange Spring Media. 

 
From the 1950’s through much of the 1980’s hard disk drives used iron oxide-based 

impregnated plastic magnetic recording media with a structure like that in Figure 5-2. 
 
By the early 1990’s thin film magnetic recording media had clearly taken over from 

the older oxide dispersion media.  As the decade progressed thin film magnetic media 
evolved with greater complexity to enable higher capacity data storage.  Figure 5-3 shows 
a thin film magnetic recording medium structure at about the time the keepered media 
work described here was completed.  Keepered longitudinal media was initially 
discovered in the late 1980’s at Ampex.  This work was suspended when Ampex got out 
of magnetic disk media in about 1990.  By 1994 Ampex as well as contractors outside the 
company began to explore keepered media again.  By 1996 Ampex had launched a full 
scale program to commercialize keepered media.   
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Figure  5-1.  Temporal position of keepered media in magnetic recording media 
development 
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Figure  5-2.  Oxide recording medium showing magnetic transition 
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Figure  5-3.  Thin film recording medium showing magnetic transition 
 
 
Keepered media was developed at a key point in the history of magnetic media.  

Warnings of problems with superparamagnetism were being made by Lu & Charap et. al 
[31] and others and significant research was underway to find ways to avoid the 
thermally driven spontaneous erasure of information in magnetic media at higher 
recording densities.  Keepered media influenced the development of both longitudinal 
and perpendicular media.  Figure 5-4 shows the structure of the over layer keepered 
media that were used for the majority of the research in this thesis.  Note that the real 
transition in the magnetic medium layer is imaged or mirrored by the soft magnetic 
keeper layer. 

 
  After 1999 magnetic media manufacturers began to produce advanced longitudinal 
magnetic recording media using antiferrimagnetic coupled (AFC) magnetic layers such as 
shown in Figure 5-5.  Note the similarity in the layer structure to keepered media 
(including the use of two magnetic layers).  Also the two magnetic layers are made to 
create images of each other during playback by means of the antiferrimagnetic coupling 
layer which reduces the medium magnetization in a similar fashion to keepered media. 
 

       Figure 5-6 is a schematic of a perpendicular magnetic recording medium (such as 
an CGC medium).  The complexity of the magnetic medium is even greater than is the 
case for AFC longitudinal media and the keeper layers in the perpendicular recording 
medium serve a somewhat similar function during playback as they did for keepered 
longitudinal recording medium.  The soft magnetic layers reduce the demagnetization of 
the recording layer.  The biggest reason for a keeper layer in perpendicular re   cording is, 
of course, to help the head write on the perpendicular magnetic medium layer. 
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Figure  5-4.  Keepered thin film recording medium showing magnetic transition 
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Figure  5-5.  Antiferrimagnetic Coupled (AFC) recording medium showing magnetic 

transition and exchange “demagnetization” 
 



 

 87 

Substrate

Soft Underlayer 1

Break Layer

Seed Layer

Overcoat
Lubricant

Magnetic Media Layer
Reactive Magnetic Layer

Soft Underlayer 2

Interlayer 1
Interlayer 2

Pinning Layer

Substrate

Soft Underlayer 1

Break Layer

Seed Layer

Overcoat
Lubricant

Magnetic Media Layer
Reactive Magnetic Layer

Soft Underlayer 2

Interlayer 1
Interlayer 2

Pinning Layer

 
 

Figure  5-6.  Perpendicular magnetic recording medium showing magnetic transition 
and imaging in the soft magnetic keeper layer 

 
The following summarizes the important influences keepered media had on magnetic 

media development: 
 

1. Before Keepered media there were no commercial products taking advantage of 
magnetic coupling or interaction between different types of magnetic films in a 
recording media.  Prior commercial magnetic recording medium consisted of a 
simple recording layer and other non-magnetic layers. 

2. Keepered media broadened the concept of an intentional “exchange” break layer 
in recording media.  This concept has become popular in perpendicular recording 
media.  In addition using a thin layer to affect the exchange characteristics of 
multiple magnetic layers anticipated the basic idea behind synthetic 
antiferrimagnetic media as well as keeper layer noise reduction in perpendicular 
magnetic recording. 

3. Keepered media utilized a soft magnetic keeper layer similar to perpendicular 
recording media.  Development of keepered longitudinal magnetic media 
anticipated the commercial introduction of keepered perpendicular magnetic 
media. 

4. The study of longitudinal keeper media noise sources led to a better understanding 
and means to control the noise of keepered perpendicular recording media.  This 
helped in the commercialization of perpendicular recording media. 

5. Keepered media utilized two very different magnetic layers; a magnetically semi-
soft keeper layer and a magnetically hard magnetic layer.  Studying the 
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interaction of these layers and their influence on the reading and writing process 
was probably one of the inspirations for Exchange Coupled Composite (ECC) 
Media and Exchange Spring Media. 

6. Keepered media showed the industry a way to extend recording areal density for 
thin film inductive heads.  This interested many of the disk drive companies.  
Maxtor was working actively on a keepered media drive with Ampex in a tail 
dragger inductive thin film head program when the company decided to convert 
all of their products to MR heads. 

7. Keepered media was shown to retard the onset of superparamagnetism.  Studies 
of the affects of keepered longitudinal media played an important role in 
understanding the affect of the soft magnetic layer in perpendicular recording 
media.  

 
The following sections of this chapter explore the influence of keepered media 
technology on current longitudinal and perpendicular recording media. 
 

5-2.  Synthetic antiferrimagnetic media 
 

In a synthetic antiferrimagnetic recording media there are two hard magnetic layers 
that are separated by a layer that induces antiferrimagnetic coupling between the two 
layers.  The layer between the hard magnetic layers is usually Ruthenium although the 
effect can also be observed with some other elements close to Ru on the period table.  
The Ru layer causes the magnetization in the two layers to oppose each other after the 
media is written.  The Ru layer is typically less than 1 nm thick.  
 

Figure 5-1 shows some examples of synthetic AFC media with two hard magnetic 
layers separated by a Ru layer as well as three hard magnetic layers separated by Ru 
layers.  SAF technology was first introduced commercially on glass and glass ceramic 
disks since they couldn’t be textured to give higher coercivity longitudinal recording 
media.  Eventually the technology was used in almost all longitudinal recording media. 

 
Figure  5-7.  Synthetic antiferromagnetic media where L2 is the magnetic recording 
media and with (a) one L1 antiferromagnetically coupled layer and (b) two L11 and 
L12 antiferromagnetically coupled layers.   Cr and CoCr are seed layers and the Ru 

layers which induce the antiferromagnetic coupling are 0.7 nm thick [77]. 
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The antiferrimagnetic coupling reduces the demagnetization of the combined hard 
magnetic layers since the recorded magnetization in the layers oppose each other.  The 
result is a magnetic medium with a net magnetization that is the difference between the 
two layer magnetizations while the effective volume of the magnetic recording media is 
the sum of the volume of the two layers.  This allows higher magnetic recording density 
while providing a more thermally stable magnetic recording.  This is a simplified 
explanation, since it ignores the dynamic processes in writing where the layers are 
reversed together and then one of the layers switches to create the synthetic 
antiferrimagnet.  The use of ferrimagnetic coupling was adopted for magnetic media from 
the use of this technology in the design of GMR recording heads.   
 

For the two hard magnetic layer case this effect is similar to the reduction of 
demagnetization from a keepered recording media where the soft magnetic “keeper” 
layer reduces the demagnetization of the hard magnetic layer due to magnetic imaging.  
Synthetic AFC media work began after the work on keepered media had been published.    
 

It is our belief that synthetic AFC media was inspired in part by keepered media as a 
way to provide similar mechanisms for improvement in the thermal stability of 
longitudinal magnetic recording for MR head drive systems where the shunting effects of 
the soft magnetic layer caused signal loss and distortions and application of independent 
DC-bias of the soft magnetic layer during read back is difficult to implement.   

 
In addition, in some keepered media samples there was measured coupling between 

the soft magnetic layer and the hard magnetic layer through the Cr break layer (note that 
Cr is one of the elements that can induce antiferrimagnetism, Ru is another) which may 
have anticipated synthetic antiferrimagnetic coupling [52][62].   In Figure 5-2 are shown 
delta-M measurements for a keepered and unkeepered medium showing significant 
increase in the intergranular coupling compared to the unkeepered medium.  This 
increased intergranular coupling may be due to exchange coupling via the under layer or 
a dipolar effect [62]. 
 

Synthetic AFMC media is a technique that has been used in several generations of 
longitudinal recording by most companies including Hitachi GST and Fujitsu.  The 
original technology was announced in 1999 by Fujitsu  and in 2000 by IBM (whose hard 
disk drive assets were purchased by Hitachi to form Hitachi Global Storage 
Technologies) [53][54].  
 

5-3.  Perpendicular recording media 
 

In two-layer perpendicular media a soft magnetic film is placed below the hard 
storage layer.  This film, which is relatively thick, serves to reinforce and ‘focus’ the 
fields during write and also improves the head-efficiency during read.  Keepered media 
contributed to the development of perpendicular media by getting companies used to 
working with soft and hard magnetic materials in the same disk medium and in 
understanding the sources of noise in the soft magnetic layer.  
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Imaging calculations made initially with keepered media have been successfully 

extended to perpendicular recording media [64][67].  Many papers and patents on 
perpendicular recording have included references to research done with keepered media 
[58][62][63][64][65][66][67][70][72]. 
 

In the last few years’ new perpendicular media technology have been announced in 
order to boost the areal density of magnetic recording.  Some of these technologies may 
have been influenced by some of the work done earlier on keepered media.  One of the 
new perpendicular medium configurations is called Exchange Coupled Composite Media 
(ECC media) which has some interesting similarities to keepered media.  These medium 
technologies combine a soft and hard magnetic region as in keepered media, in this case 
within single grains.  It is likely that one of these new medium technologies will find its 
way into production in the next few years. 
 

In exchange coupled composite media (ECC) exchange decoupled grains are 
composed of two components [75].  One region of the grain is magnetically hard and the 
other magnetically soft.  The idea behind this medium is that the soft region of the grains 
will switch first due to an external field and apply a magnetic torque due to the exchange 
coupling to switch the hard region of the grain.   
 

Another approach called Exchange Spring Media uses strong Zeeman energy from 
the soft region of the grain to help switch the hard region of the grain.  Experimental 
samples of both types of exchange coupled media are reported [77].   

 
 

Figure  5-8.  Delta-M curves taken with longitudinal CoCrPt films with and without 
a soft under layer keeper 

∆M 
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These films often use a non-magnetic spacing layer between the hard and soft regions 

similar to the break layer used in a keepered medium.  When this non-magnetic layer in 
the grains is thin (<0.5 nm) very strong exchange coupling occurs in which case pure 
Zeeman contributions enhance the magnetic switching of the hard region.  When the 
layer is a bit thicker (closer to 1 nm) the switching is mainly due to dynamic tilting 
switching. 
 
 

5-4.  Application for keepered media in a hard disk drive product—
Maxtor’s last non-MR hard disk drive 
 

The work at Ampex included testing and evaluation of keepered media technology at 
most of the major hard disk drive vendors including Seagate, Maxtor, Quantum, Western 
Digital, and IBM.  Ampex also worked closely with many component suppliers in the 
industry including Komag, HMT, Read Rite, Headway and Marvell.  Testing was also 
done at sponsored programs at the University of Minnesota, Stanford University and the 
University of York (UK).  This testing went to various levels at these companies and 
universities but all of them seriously evaluated the technology.  Much internal discussion 
on the technology occurred and several papers were published, most of which Coughlin 
co-authored [34][35][36][37][38][39][41][42][43][44][45][46][47][52][55][56]][57][60].  
As pointed out below, keepered media was seen by some companies as an answer to 
converting to MR heads products.  At the time of this work there was intense competition 
between those people that supported continuing the inductive read head programs that 
had dominated the hard disk drive industry since its inception or move programs to those 
that wanted to use magnetic recording heads with MR read sensors. 

 
Keepered media technology came close to implementation on a commercial product 

with a Maxtor program to use inductive tail-dragger heads with keepered media in 1996 
and 1997.  Ampex worked very closely with Maxtor in this effort with HMT supplying 
keepered media and Marvell supplying the special preamplifier needed to apply DC bias 
to the head during read back.  Read Rite supplied the low flying inductive heads used in 
this program. 
 

A few thousand disks were made by HMT as part of this qualification effort and it 
was anticipated that HMT would supply keepered disks in production for the Maxtor 
drive program.  Marvell designed and produced several hundred specially designed 
preamplifiers to an Ampex specification that were supplied to Maxtor for the product 
design and qualification effort. 
 

Maxtor observed that more than a 20% increase in areal density of recording (with 
equivalent data error rates) was possible with the keepered media vs. equivalent 
unkeepered media using the special Marvell preamps.  This storage capacity 
improvement was felt by Maxtor management to be sufficient to justify the drive 



 

 92 

program and was seen as Maxtor’s response to the increasing use of MR heads in other 
manufacturer’s disk drive programs at the time.   
 

However as the project advanced, MR head drives gained more and more ground in 
the market.  Although the keepered media HDD product reached completion of 
engineering validation testing (EVT) at Maxtor and was ready to move into pre-
production, Maxtor decided to move to MR technology for all future products.  Since 
keepered media and MR heads didn’t show the same areal density improvements as 
inductive heads at the time, keepered media was not used in the final product which had 
MR heads.   
 

Unfortunately Ampex had not made the investments needed to adequately research 
how keepered media could be advantageously combined with MR heads before this 
became an issue.   As a consequence Ampex was not able to respond to potential 
customers such as Maxtor with a keepered media solution to use with MR heads.  
Although work on MR heads and keepered media was given priority at Ampex after the 
Maxtor switch and the company continued to work with hard disk drive and component 
companies on the technology Ampex was never again as close to a commercial product 
and by 1998 Ampex was shutting down the keepered media program. 
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6. On-going developments in storage 
 

6-1.  Growth trends in human content and storage 
 

The historical record left for future generations will increasingly be a digital record.  
Technical developments and lower prices for all sorts of digital storage devices combined 
with advancements and proliferation of ever increasing ways to create and distribute 
digital content has made it easy for commercial and personal digital data retention and 
access.  In 1999 and again in 2003 the Haas Business School at the University of 
California, Berkeley published a report on the growth of unique human content 
(photographs, movies, videos, music, computer files, etc.) in terms of Exabytes of data 
(1018 bytes).  They reported that as of 2002 mankind was creating 5 Exabytes of unique 
information per year [68].  Using the data from the Berkeley study one can make a 
projection of annual data creation.  The resulting projection of unique information growth 
is shown in Figure 6-1.  Using this projection, in 2006 about 10 Exabytes of unique 
information will be created and by the end of the next decade this number could grow to 
over 100 Exabytes of unique information created annually. 
 

These estimates and projections are first instance information and do not include the 
capacity required to create multiple copies and backup copies of content.  Also the earlier 
information creation includes digital equivalents to what was primarily analog data while 
the recent data and the future projections will be almost entirely digital data.  If one 
include copies of the original content including mass distribution of commercial content 
such as movies and music then the total storage capacity used per year is probably 5-7 
times the unique content, making new storage capacity requirements in 2006 in the range 
of 50-70 Exabytes.   

 
Figure  6-1.  Projections for annual new data production in petabytes (1015 Bytes) 
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To put this storage demand in perspective the reader should look at the expected 
storage capacity that is projected to be shipped for different data storage media.  Figure 6-
2 shows projected shipping capacity for hard disk drives and flash memory from 1997 out 
to 2010.  Note that the vertical units in Figure 6-2 are in Exabytes (1018 bytes).  HDD 
data from Coughlin Associates and Flash Memory from Objective Analysis. 
 

Today most digital storage capacity is consumed with commercial and other 
professional content because historically the cost of making and distributing content has 
generally been rather high.  It is expected that the digital storage used for the creation and 
distribution of commercial content, such as entertainment to increase.  Figure 6-3 shows 
my projections for the growth of storage capacity for many roles in entertainment content 
creation, distribution and preservation [73] [74]. 
 

Ever lower priced storage capacity is expected for many storage media.   Combined 
with lower costs of distributing and sharing content using the internet and with the rise of 
social networking and personal content sharing one could see a dramatic increase in 
personal content.  These factors driving the growth of personal content could change the 
balance of commercial vs. personal digital content over the next ten years.   
 

Figure 6-4 shows that by 2010 a technology savvy home could easily have an 
accumulated mass of digital content that approaches 4.5 Terabytes.  Close to 50% of this 
accumulated content is estimated to be personal (photographs, home videos, computer 
files, etc.) versus commercial content (DVDs, CDs, music or video downloads, etc.) [76].  
The accumulation of digital content and ultimately its preservation and use will become 
major challenges for ordinary people and will drive considerable innovation and 
commercial opportunities to protect and preserve this content.  
 

The ease of creating content possible today and the rise of social networking and 
sharing content over the internet will drive the growth of personal content at a rate far 
exceeding that of commercial content over the next ten years.  Ultimately is expected that 
a growing segment of people that may effectively record their lives as they happen.  Such 
“life-logs” would demand very large storage capacity to store them as well as more 
advanced technologies to organize, index and cross-reference the content so that it can be 
useful to us.  Figure 6-5 shows my projection for the growth of accumulated first copy 
digital content in a technology savvy home assuming that one family member starts to 
record his/her life at a certain rate and at a certain resolution.  The data used to create 
Figures 6-4 and 6-5 are shown in Table 6-1.  In this table the shaded area shows the 
impact of a “life-log” on accumulated first instance content storage capacity. 
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Figure  6-2.  Annual shipped capacity estimates and projections for hard disk drives and flash memo
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Figure  6-3.  Professional video capacity growth projections. 
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Figure  6-4.  Technology savvy household accumulated content estimate and 
projection. 

 
 

Furthermore as several factors come together such as lower cost high storage capacity, 
longer mobile power source life (such as is available with the use of fuel cells) and more 
powerful computers in mobile and home devices with more effective ways to organize 
and use data, people will probably see the resolution and use of this personal content 
increase.  It is expected that ultimately the digital content created by individual human 
beings in the course of their daily lives could become the dominant consumer of digital 
storage and will also play a very large role in the uses and growth of commercial content.  
By 2015 there could well be devices putting a Terabyte of digital storage in your pocket, 
a Petabyte in your home and Exabytes in commercial data centers. 

Year 
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Figure  6-5.  Extended projection from figure 6-3 showing the impact of life-logs on cumulative personal content generation in 

a technology savvy hom
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Table  6-1.  Calculation of first instance digital content in a technology savvy home. 
 
 
 
 

Year 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Photographs
Average Storage/Picture (GB) 0.003 0.003 0.003 0.003 0.004 0.004 0.005 0.005 0.006 0.006 0.007 0.007
Number of Pictures Per Year 500.0 550.0 605.0 665.5 732.1 805.3 885.8 974.4 1071.8 1179.0 1296.9 1426.6
Annual Photograph Capacity (GB) 1.3 1.6 1.9 2.3 2.8 3.4 4.1 4.9 6.0 7.2 8.7 10.6

Home Video
GB/Hour 13.0 14.3 15.7 17.3 19.0 20.9 23.0 25.3 27.9 30.7 33.7 37.1
Number of Hours 11.1 12.2 13.4 14.8 16.3 17.9 19.7 21.6 23.8 26.2 28.8 31.7
Annual Video Capacity (GB) 144.3 174.6 211.3 255.6 309.3 374.3 452.9 548.0 663.1 802.3 970.8 1174.6

Documents
Average Capacity/Document (GB) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Number of Documents/Year 20.0 22.0 24.2 26.6 29.3 32.2 35.4 39.0 42.9 47.2 51.9 57.1
Annual Document Capacity (GB) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1

Life-Log/Personal Diary/PMA
Sampling Rate (seconds between Samples) 300.0 255.0 216.8 184.2 156.6
Sampling Time (seconds) 30.0 33.0 36.3 39.9 43.9
Resolution (GB/s) 0.002 0.003 0.005 0.007 0.010
Life-Log Accumulated Capacity (GB) 3,154 6,122 11,883 23,068 44,778

Total Capacity Per Year (GB) 146 176 213 258 312 378 457 3,707 6,791 12,693 24,047 45,964

Cumulative Capacity (GB) 322 535 793 1,105 1,483 1,940 5,646 12,437 25,130 49,177 95,141  
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6-2.  Changing digital storage hierarchies and choices in storage devices 
 

Traditional digital storage or memory hierarchies compare various memory products 
as a function of speed to data and price per capacity.   The digital storage hierarchies 
developing around new storage applications include these factors as well as several others. 
Figure 6-6 shows one depiction of a home memory hierarchy for static (i.e. usually fixed 
location) consumer devices such as digital video recorders [80].  Going outward from the 
center the cost of the storage device in $/GB and data throughput declines.  In this figure 
the arrows cover the storage devices used in the identified static consumer product 
(DRAM, Optical media, hard disk drives and even tape).   Using the prior example a 
digital video recorder using DRAM and a hard disk drive  as the storage elements. 
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Figure  6-6.  Static consumer digital storage/memory hierarchy. 

 
Figure 6-7 shows a digital storage hierarchy for mobile consumer products with 

several other factors indicated in addition to data rate and price per GB.  The data used to 
construct this graph were from the early part of 2006 [81]. 
 

Recently there has developed intense competition between hard disk drives and flash 
memory for mobile consumer applications such as MP3 music players.  In order to 
understand the role that small form factor hard disk drives and flash memory may play in 
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consumer products it is important to look at the important factors governing the choice of 
one storage product vs. another.  One of these factors is the cost of digital storage.   
 

Flash memory is manufactured using semiconductor processes and the minimum 
price for a flash memory device in order to pay for the cost of manufacturing is only a 
few dollars.  On the other hand hard disk drives have a higher “fixed” cost that is 
probably in the range of $30-$40.  Thus lower capacity flash memory will have a lower 
cost than the minimum capacity hard disk drive (with one head and one disk surface 
used).  As the capacity of flash memory increases more chips are used and the price 
increases.  At a given point in time one may compare the price of flash memory with 
various form factor hard disk drives vs. storage capacity as shown in Figure 6-8 [81].   
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Figure  6-7.  Mobile consumer electronic product storage/memory hierarchy. 
 

At any point in time there would be a similar set of curves describing the price of 
flash memory and the price of hard disk drives of different form factors.  Note that if one 
extends the hard disk drive price line to zero capacity (straight extrapolation from the 
price of the minimum drive configuration) one can find a cross-over point where the price 
of the hypothetical hard disk drive and flash memory are the same.  Figure 6-9 shows 
projections for this “cross-over” point as well as the minimum 1-inch form factor hard 
disk drive capacity (one head on one disk surface) vs. time out to 2010 [81]. 
 

This analysis allows us to make some conclusions concerning the economics of 
storage choices between hard disk drives and flash memory for an application.  Just based 
upon economics, if the application requires lower digital storage capacity (less than or 
close to the cross-over point between hard disk drives and flash memory) then flash 
memory is the probable winner, but if the application requires larger storage capacity 
then hard disk drives may be a more economical solution.  Since flash memory enabled 
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devices have the ability to be much lower in cost than hard disk drives the lower end of 
the market (and the higher unit number market) will probably always be dominated by 
flash memory enabled products.  On the other hand, products requiring greater storage 
capacity will favor using small form factor hard disk drives.  Between these two market 
regions is the area where flash and hard disk drives will struggle for market share.  Figure 
6-10 represents this market division on the basis of price and capacity. 
 

For example a convergence mobile device that contains photographs, music and video 
could use a considerable storage capacity depending upon the resolution and quantity of 
content on the device.   Following are some examples of the amount of storage required 
for a given quantity of content of a specific resolution. 

• A 4-MPixel photo viewer with 20,000 images needs 20 GB 
• A combination camera and photo viewer with 8 MPixel Resolution and 20,000 

images needs 40 GB 
• 10,000 MP3 songs MP3 requires 40 GB 
• 10,000 loss-less compressed songs needs 140 GB 
• 10,000 CD-quality songs  uses 280 GB 
• 100 VGA-resolution movies needs 70 GB 
• 100 DVD-resolution movies requires 417 GB 

 
If multiple functions are included on a single device the required digital storage 

capacity can be quite large.  For instance: 
• A player that can contain a combination of 20,000 4-Mpixel photos, 10,000 MP3 

songs and 100 VGA movies requires 130 GB 
• A player that can contain a combination 20,000 8-Mpixel photos, 10,000 loss-less 

compressed songs and 100 DVD movies needs 597 GB 
• The hypothetical “life-log” containing proxy lower-resolution copies of historical 

content as well as the ability to record new content could easily require a TB or 
more of local mobile storage with several hundred TB to a PB of storage at home 
for the master copies of the logs. 

 
Hard disk drives will have the digital storage capacity to support these storage-

intensive applications thanks to storage technologies, including those technologies that 
have been influenced by keepered media.  Figure 6-11 shows hard drive storage capacity 
for several form factors vs. the capacity needed for 10,000 lossy-compressed MP3 (lower 
horizontal dashed line) and 10,000 non-lossy compressed music (upper horizontal dashed 
line) tracks.   The higher resolution music (loss-less compressed music tracks) requires 
much higher storage capacity and thus favors hard disk drives. 
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Figure  6-8.  Comparison of the OEM price of flash memory and hard disk drives of various form factors at a point in time 

(early 2006)
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Figure  6-9.  Minimum 1-inch drive capacity and flash vs. HDD price cross-over 
point with time. 

 
 

Market Volume

Price/Features

Flash Only
•Lower 
storage 
needs

Flash or HDD
•Moderate 
storage needs
•Features and 
environmental 
factor trade-
offs

HDD Only
•Rich media
•Convergence 
device
•High storage 
needs
•Highest 
margins

Market Volume

Price/Features

Flash Only
•Lower 
storage 
needs

Flash or HDD
•Moderate 
storage needs
•Features and 
environmental 
factor trade-
offs

HDD Only
•Rich media
•Convergence 
device
•High storage 
needs
•Highest 
margins

 
 

Figure  6-10.  Market niches for flash memory and small form factor hard disk 
drives 

 

Year 



 

 106 

Table 6-2 Shows evaluation of several computer as well as consumer applications in 
terms of digital storage requirements and the role of flash as well as hard disk drives in 
providing this storage. 
 

Digital hard disk drives were first introduced by IBM in 1956 as the mass storage 
device for the RAMAC computer.  Over the 50 year history of hard disk drives the 
industry has grown enormously.  By 2004 over 2 billion hard disk drives had been 
shipped as shown in Figure 6-12 [71].  By 2008 the industry may ship close to another 2 
billion drives. 
 

The estimated total shipments of hard disk drives will be about 445 million units in 
2006 (T. M. Coughlin).  Table 6-3 shows the breakdown of hard disk drives by 
application while Table 6-4 gives the projected breakdown by form factor.  
 
 

6-3.  Hard disk drive industry shipment growth trends 
 
 

Table   6-2.  Projected shipments of hard disk drives by applications for 2006 
(Million Units). 

 
Company Mobile CE Desktop Ent. ATA Enterprise Total
Seagate 16.1 24.3 82.1 4.5 15.7 142.7
Western Digital 7.7 9.9 68.2 0.9 0.0 86.7
Maxtor 0.0 2.2 14.3 2.0 1.6 20.1
Samsung 12.7 12.1 25.9 0.0 0.0 50.7
Hitachi 34.1 7.7 24.5 0.4 4.1 70.8
Fujitsu 22.6 0.3 0.0 0.0 6.6 29.4
Toshiba 18.6 23.4 0.0 0.0 0.0 42.0
Cornice 0.0 2.9 0.0 0.0 0.0 2.9
GS Magicstor 0.0 0.0 0.0 0.0 0.0 0.0

Total 111.8 82.7 214.9 7.9 28.0 445.2  
 
 

Figure 6-13 Shows my projections for overall hard disk drive volumes out to 2010.  
The high estimate and low estimate show the overall uncertainty in these projection 
which increase over time as would be expected.  The median estimate gives my best 
guess of projected hard disk drive shipments.  Note that in 2006 Coughlin Associates 
expects 445 M hard disk drives to ship and that by the next decade there will probably be 
over a billion hard disk drives shipped annually. 
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Figure  6-11.  1 Disk/2 head capacity vs. HDD form factor (50% A.D. CAGR) and flash memory for ~$55 OEM 
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Figure  6-12.  Disk drive shipments per year to 2004. 
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Figure 6-14 gives median projections for annual hard disk drive shipments broken 

down by application.  Note that after 2008 mobile computer and consumer applications 
will be over 50% total hard drive shipments.  Figure 6-15 shows median projections for 
annual hard disk drive shipments vs. form factor.  After 2009 2.5-inch and smaller form 
factor hard disk drives will exceed 3.5-inch drive annual shipments. 
 

Hard disk drive unit growth will also drive the growth of the components used in hard 
disk drives such as heads and disks.  Tables 6-5 and Table 6-6 give my projections for the 
growth of heads and disks respectively vs. disk drive form factor. 

 
The growth in hard disk drive and component volumes as well as the transition to 

new recording technology required to support required areal density growth such as 
perpendicular recording combined with the current profitability of the hard disk drive 
industry have fueled a rise in capital equipment spending by the industry.  Table 6-7 
compares expected hard disk drive company revenues and capital equipment spending.  
By 2010 capital equipment spending will be about 10% of the total hard disk company 
revenue [79].  Total hard drive company revenues from 2005 to 2010 will total ~$240 B. 

 
Figure 6-16 gives my breakdown for capital equipment spending trends for 

production process, production test and support metrology.  There is a growing trend to 
control product quality by process control rather than testing and this is the major focus 
of industry capital equipment spending. 
 

Capital equipment spending is expected to break down by major operation at about 
39% for heads, 36% for media and 25% for hard disk drive. 
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Table   6-3.  Storage device choices vs. computer and consumer applications. 
 
 

Maybe for very 
high resolution 
requirements

Yes, bulk of 
market (match 
for lower cost for 
flash)

Bulk of market 
will work with 
flash memory

HDD:  up to 60+ 
GB
Flash:  up to 32 
GB

HDD:  up to 12 
GB
Flash:  up to 8 
GB

Digital Still 
Camera

Best bet is a 
HDD

Storage 
capacities of 1 
TB possible

Personal Life 
Recorder

Yes for high end, 
rich feature set 
products

Yes for bulk of 
market

Capacity 
depends upon 
application

HDD:  up to 60+ 
GB
Flash:  up to 32 
GB

HDD:  up to 12 
GB
Flash:  up to 8 
GB

Cell Phone

Yes for high end, 
high resolution 
products

Yes for low end 
products selling 
evantually for 
less than $200

Depending upon 
desired 
resolution, flash 
could open up 
low end of 
market <$200

HDD:  up to 
several hundred 
GB
Flash:  up to 32 
GB

HDD:  up to 80 
GB
Flash:  up to 8 
GB

Digital 
Camcorder

HDDs could help 
define and create 
this market since 
they have the 
required capacity 
at the right price

Limited use of 
flash for this 
market by 2010

Unlimited if 
resolution limits 
expand and 
DVR/PVR 
included

HDD:  up to 
several hundred 
GB
Flash:  up to 32 
GB

HDD:  up to 80 
GB
Flash:  up to 8 
GB

Advanced AV 
Player (PMP)

HDDs will 
eventually be 
displace in pure 
MP3 players

Yes, dominate 
internal mass 
storage

40 GB is 
probably enough 
for the maximum 
capacity of a 
pure MP3 player

HDD:  up to 60+ 
GB
Flash:  up to 32 
GB

HDD:  up to 12 
GB
Flash:  up to 8 
GB

MP3 Player

Yes, internal 
mass storage 
(could be 3.5” or 
even 2.5”)

Maybe for 
Camcorder 
input—
removable 
device

Unlimited (HDTV 
and future high 
definition 
formats, no limit 
to hours desired)

HDD:  up to 
several TB

HDD:  up to 750 
GB

DVR/PVR

Yes, internal 
mass storage for 
most notebooks

Yes, USB drives, 
hybrid HDDs, 
some high 
performance low 
capacity ultralight
notebooks

Unlimited (rapid 
growth due to 
rich applications 
and SW growth)

HDD:  up to 1 TB
SSD:  up to 200 
GB

HDD:  up to 200 
GB
SSD:  up to 32 
GB

Notebook 
Computer

Yes, for internal 
mass storage

Yes, USB drives, 
other removable, 
Hybrid HDDs

Unlimited (rapid 
growth due to 
rich applications 
and SW growth)

HDD: up to 
several TB

HDD:  up to 750 
GB

Desktop 
Computer

Yes, For 
Performance or 
Capacity 
Applications

Yes, For very 
High 
Performance 
Applications

Unlimited
(rapid growth for 
compliance and 
content)

HDD:  up to 1 TB 
(SCSI/FC)
SSD:  up to 100’s 
of GB

HDD:  up to 300 
GB (SCSI/FC)
SSD:  up to 10’s 
of GBs

Enterprise 
Storage

HDD 
Application

Flash 
Application

Long Term 
Capacity 
Potential

2010 
Storage 
Capacity

2006 
Storage 
Capacity

Application

Maybe for very 
high resolution 
requirements

Yes, bulk of 
market (match 
for lower cost for 
flash)

Bulk of market 
will work with 
flash memory

HDD:  up to 60+ 
GB
Flash:  up to 32 
GB

HDD:  up to 12 
GB
Flash:  up to 8 
GB

Digital Still 
Camera

Best bet is a 
HDD

Storage 
capacities of 1 
TB possible

Personal Life 
Recorder

Yes for high end, 
rich feature set 
products

Yes for bulk of 
market

Capacity 
depends upon 
application

HDD:  up to 60+ 
GB
Flash:  up to 32 
GB

HDD:  up to 12 
GB
Flash:  up to 8 
GB

Cell Phone

Yes for high end, 
high resolution 
products

Yes for low end 
products selling 
evantually for 
less than $200

Depending upon 
desired 
resolution, flash 
could open up 
low end of 
market <$200

HDD:  up to 
several hundred 
GB
Flash:  up to 32 
GB

HDD:  up to 80 
GB
Flash:  up to 8 
GB

Digital 
Camcorder

HDDs could help 
define and create 
this market since 
they have the 
required capacity 
at the right price

Limited use of 
flash for this 
market by 2010

Unlimited if 
resolution limits 
expand and 
DVR/PVR 
included

HDD:  up to 
several hundred 
GB
Flash:  up to 32 
GB

HDD:  up to 80 
GB
Flash:  up to 8 
GB

Advanced AV 
Player (PMP)

HDDs will 
eventually be 
displace in pure 
MP3 players

Yes, dominate 
internal mass 
storage

40 GB is 
probably enough 
for the maximum 
capacity of a 
pure MP3 player

HDD:  up to 60+ 
GB
Flash:  up to 32 
GB

HDD:  up to 12 
GB
Flash:  up to 8 
GB

MP3 Player

Yes, internal 
mass storage 
(could be 3.5” or 
even 2.5”)

Maybe for 
Camcorder 
input—
removable 
device

Unlimited (HDTV 
and future high 
definition 
formats, no limit 
to hours desired)

HDD:  up to 
several TB

HDD:  up to 750 
GB

DVR/PVR

Yes, internal 
mass storage for 
most notebooks

Yes, USB drives, 
hybrid HDDs, 
some high 
performance low 
capacity ultralight
notebooks

Unlimited (rapid 
growth due to 
rich applications 
and SW growth)

HDD:  up to 1 TB
SSD:  up to 200 
GB

HDD:  up to 200 
GB
SSD:  up to 32 
GB

Notebook 
Computer

Yes, for internal 
mass storage

Yes, USB drives, 
other removable, 
Hybrid HDDs

Unlimited (rapid 
growth due to 
rich applications 
and SW growth)

HDD: up to 
several TB

HDD:  up to 750 
GB

Desktop 
Computer

Yes, For 
Performance or 
Capacity 
Applications

Yes, For very 
High 
Performance 
Applications

Unlimited
(rapid growth for 
compliance and 
content)

HDD:  up to 1 TB 
(SCSI/FC)
SSD:  up to 100’s 
of GB

HDD:  up to 300 
GB (SCSI/FC)
SSD:  up to 10’s 
of GBs

Enterprise 
Storage

HDD 
Application

Flash 
Application

Long Term 
Capacity 
Potential

2010 
Storage 
Capacity

2006 
Storage 
Capacity

Application
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Table   6-4.  Projected shipments of hard disk drives by form factor for 2006 (Million 
Units). 

 
Company 0.85 inch 1 inch 1.8 inch 2.5 inch 3.5 inch Total
Seagate 0.0 3.6 0.1 16.1 122.8 142.5
Western Digital 0.0 0.0 0.0 7.7 78.9 86.7
Maxtor 0.0 0.0 0.0 0.0 20.1 20.1
Samsung 0.0 0.0 0.0 12.7 37.9 50.6
Hitachi 0.0 1.2 5.3 34.4 29.9 71.0
Fujitsu 0.0 0.0 0.0 29.4 0.0 29.4
Toshiba 1.1 0.0 21.6 19.3 0.0 42.1
Cornice 0.0 2.9 0.0 0.0 0.0 2.8
GS Magicstor 0.0 0.0 0.0 0.0 0.0 0.0

Total 1.1 7.6 27.0 119.7 289.5 445.2  
 
 

Table   6-5.  Magnetic disk drive head shipment projections by drive form factor 
(units in thousands). 

 
2004 2005 2006 2007 2008 2009 2010

3.5 INCH 577,808 593,628 610,349 603,453 635,860 683,317 703,772

2.5 INCH 176,858 280,065 386,420 464,099 549,110 658,916 744,071

1.8> INCH 27,886 65,101 60,483 102,497 148,483 209,520 294,280

TOTALS 782,552 938,794 1,057,252 1,170,049 1,333,453 1,551,753 1,742,122  
 
 
Table   6-6.  Magnetic disk drive medium shipment projections by drive form factor 

(units in thousands). 
 

2004 2005 2006 2007 2008 2009 2010

3.5 INCH 361,384 373,482 406,900 428,452 448,281 478,322 492,640

2.5 INCH 114,102 175,041 241,512 291,933 347,770 406,332 461,837

1.8> INCH 17,708 34,490 33,669 60,353 87,430 123,371 173,279

TOTALS 493,194 583,013 682,081 780,738 883,481 1,008,024 1,127,756
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Figure  6-13.  High, median and low projections for annual hard disk drive unit shipments (units in thousands)
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Figure  6-14.  Median projection of annual shipments of HDDs by application. 

Year 
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Figure  6-15.  Median projection of annual shipments of HDDs by form factor. 

Year 
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Table   6-7.  Capital equipment spending estimates vs. total drive company revenues. 
 

10.6%$5.68 B$53.6 B2010
10.1% (avg.)$23.65 B$239.9 BTotal (2006-

2010)

8.9%$2.87 B$32.4 B2006
9.9%$3.62 B$36.6 B2007
10.3%$4.29 B$41.5 B2008
10.4%$4.96 B$47.7 B2009

7.9%$2.23 B$28.1 B2005

Percentage Capital 
Equipment 
Spending/    
Revenue

Total HDD 
Industry Capital 
Est. Equipment 
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Revenue

Year
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Figure  6-16.  Projected capital equipment spending summary. 
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6-4.  Projections for Hard Disk Drive Continued Development. 
 

As hard disk drive unit volumes have increased and the technology become more 
mature these devices have become ever more reliable with an expected useable life of 
about 5 years [78] and expected data retention that exceeds 10 years.  This is despite 
average areal density growth that is on the order of at least 60% annually since 1997 
(with some years higher and some years lower—see earlier comments on the irregular 
pace of HDD technology development.  Disk drives have also become more intelligent 
and capable of new capabilities such as enhanced error correction and self-sanitization of 
user data [61]. 
 

One of the major technology developments of the last couple of years is the 
introduction of perpendicular recording.  This technology was initially explored in the 
late 1950’s, again in the late 1970’s and during the 1980’s as a way to increase the areal 
density of magnetic recording.  In the late 1970’s and early 1980’s T. Coughlin was 
involved in early research on perpendicular recording media [6][7].  By the end of the 
1990’s it was clear that new recording technologies were required to improve the thermal 
stability of magnetic recording which led to a re-focus on perpendicular technology (as 
well as the findings of thermal stability improvement with keepered media).   Figure 6-17 
shows projections for announced product areal densities and several generations of 
perpendicular magnetic recording media. 

 
These perpendicular recording product generations include introductions of other 

technologies to continue the increase in areal density and hence the storage capacity of 
hard disk drives. 

• Generation 1:  Initial product introductions by Toshiba and then Seagate 
• Generation 2:  Current product generation—incremental improvements in PMR, 

greater use of TMR (Tunneling Magnetoresistive) readers 
• Generation 3:  Further improvements including discrete track and/or dual-stage 

actuator 
• Generation 4:  TAR/HAMR (Thermally or Heat Assisted Magnetic Recording) or 

Patterned Media with more advanced read sensors, dual-stage actuators 
 

In 2003 and again in 2006 a group under the National (now International) Electronic 
Manufacturers Initiative (NEMI, now iNEMI) created road maps for various storage 
technologies such as hard disk drives, magnetic tape, optical disks and flash memory 
[69][82].  This work led to extensive documents created by industry experts laying out 
the trends and expected developments for each of these storage technologies.  An 
example of a chart from the resulting work showing our expected hard disk drive 
development is shown in Table 6-8 [82].  The rapid pace of magnetic hard disk drive 
technology development is apparent in the group’s findings. 
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Figure  6-17.  Generations of PMR projected product announcements. 
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Table  6-8.  Magnetic mass data storage technology roadmap—HDD 
 

 Unit 2005 2007 2009 2011 2017 

 Industry Metrics       

 Form Factor 
(dominant form 
factor is bold) 

inches 3.5, 2.5, 
1.8,1.0 

3.5, 2.5, 1.8, 
1.3, 1.0 

3.5, 2.5, 1.8, 
1.3, 1.0 

3.5, 2.5, 1.8, 
1.3, 1.0 

2.5, 1.8,1.0,1.3 

 Capacity GB 4-500 8-1,000 12-2,000 20-4,000 20-10,000 

 Market Size units (M) 380 547 788 1135 2823 

 Cost/GB (avg.) $/GB .56 <.40 <..27 <.20 <0.5 

 Design/Performance       

 Areal Density Gb/in2 132 >172 >300 >400 >1000 

 Rotational Latency ms 2-12 2-12 2-12 2-12 2-12 

 Seek Time* ms 3-5 3-5 3-5 2-5 2-5 

 RPM  4.3-15k 4.3-15k 3.6-15k 3.6-15k+ 3.6-15k+ 

 Data rate Mb/sec 10-900 10-1300 10-1700 10-1700 10-1700 

 Power watts 2–12 2–12 2-10 1-10 0.5-8 

 Reliability Spec. MTTF/AFR MTTF/AFR New Spec New Spec New Spec 

 Key Component 
Requirements 

      

  Read Head type GMR GMR/TMR GMR/ TMR CPP-CCP CPP-CCP 

 Slider type & size 
(% of  micro, 3.86 

mm3) 

10%/7% 
 

20% 5% 5% <5% 

  Fly ht. nm 7.5 <5 <5 <5 <5 

 Disk type AlMag, Glass AlMag, Glass AlMag, Glass AlMag, Glass AlMag, Glass 

 Disk Static Coercivity Oe 5000-6000 7000 9000 11000 15000-20000 

 Magnetic Recording 
Technology 

 Longitudinal/ 
Perpendicular 

Perpendicular Perpendicular Perpendicular, 
HAMR 

Perpendicular, 
HAMR, 
Patterned Media 

 Electronics/Channel type Noise 
Predictive 
GPR 

Noise 
Predictive GPR 

Pattern 
Dependent 
Noise 
Predictive 
GPR 

LDPC Iterative 
GPR (Turbo) 

Soft ECC 

 Channel Bandwidth MHz 80-1200 80-2000 80-2000 80-2000 >2000 

 SNR dB 20 <20 <20 <20 <20 

 Actuator type Conventional/
Micro 

 
Conventional/M
icro 

 
Conventional/
Micro 

 
Conventional/
Micro 

 
Conventional/Mi
cro 

 Spindle type Fluid Fluid Fluid Fluid Fluid 
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7. Conclusions 
 

Keepered media represented a transitional technology in magnetic recording as 
illustrated in Figure 7-1.  Blending some aspects of perpendicular recording and inductive 
head longitudinal recording it came at a time when thermal stability of future magnetic 
recording media was uncertain and when many companies were debating when to 
introduce MR head technology or continue to use inductive thin film heads.  Keepered 
media pointed the way to more thermally stable recording and a better understanding of 
the properties of magnetic media incorporating both hard and soft magnetic films.   

 
Keepered media helped pave the path to synthetic antiferrimagnetic coupled media as 

well as perpendicular recording media since many of the features of these recording 
media were anticipated by keepered media.  These technology developments have fueled 
the areal density growth that has been and will be required to allow hard disk drives to 
remain competitive vs. alternative storage devices.  Although not itself commercialized 
keepered media anticipated and influenced the development of commercial media 
products such as antiferrimagnetic coupled media, perpendicular recording, Exchange 
Coupled Composite media and Exchange Spring Media. 
 

The following summarizes the important influences keepered media had on magnetic 
media development: 
 

1. Before Keepered media there were no commercial products taking advantage of 
magnetic coupling or interaction between different types of magnetic films in a 
recording media.  Prior commercial magnetic recording medium consisted of a 
simple recording layer and other non-magnetic layers. 

2. Keepered media broadened the concept of an intentional “exchange” break layer 
in recording media.  This concept has become popular in perpendicular recording 
media.  In addition using a thin layer to affect the exchange characteristics of 
multiple magnetic layers anticipated the basic idea behind synthetic 
antiferrimagnetic media as well as keeper layer noise reduction in perpendicular 
magnetic recording. 

3. Keepered media utilized a soft magnetic keeper layer similar to perpendicular 
recording media.  Development of keepered longitudinal magnetic media 
anticipated the commercial introduction of keepered perpendicular magnetic 
media. 

4. The study of longitudinal keeper media noise sources led to a better understanding 
and means to control the noise of keepered perpendicular recording media.  This 
helped in the commercialization of perpendicular recording media. 

5. Keepered media utilized two very different magnetic layers; a magnetically semi-
soft keeper layer and a magnetically hard magnetic layer.  Studying the 
interaction of these layers and their influence on the reading and writing process 
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was probably one of the inspirations for Exchange Coupled Composite (ECC) 
Media and Exchange Spring Media. 

6. Keepered media showed the industry a way to extend recording areal density for 
thin film inductive heads.  This interested many of the disk drive companies.  
Maxtor was working actively on a keepered media drive with Ampex in a tail 
dragger inductive thin film head program when the company decided to convert 
all of their products to MR heads. 

7. Keepered media was shown to retard the onset of superparamagnetism.  Studies 
of the affects of keepered longitudinal media played an important role in 
understanding the affect of the soft magnetic layer in perpendicular recording 
media.  

8. By influencing the development of other recording media technology keepered 
media has helped create the huge growth in hard disk drives and their applications 
into new and fast growing markets. 
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Figure  7-1.  Temporal position of keepered media in magnetic recording media development 
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