Improved magnetic information storage using return-point memory
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The traditional magnetic storage mechanigbwth analog and digitahpply an external field signal
H(t) to a hysteretic magnetic material, and read the remanent magneti2d{jon which is
(roughly) proportional toH(t). We propose a new analog method of recovering the signal from the
magnetic material, making use of the shape of the hysteresisMddf). The fieldH, “stored” in

a region withN domains or particles, can be recovered with fluctuations of ordéuging the new
method—much superior to the X fluctuations in traditional analog storage. ¥97 American
Institute of Physicg.S0021-897@7)02503-4

I. INTRODUCTION terials with large domains will magnetize through the depin-

ning of sections of their domain walls, whi¢roughly) jump

H_OW can one best store a song on a magnet!c tap(_a‘? Thfom one pinning center to another. For our purposes, these
traditional analog method converts the sound signal into Yetails are not crucial—we mostly care about the number

magnetic fieldH(t), and then uses it to magnetize the tape.,\ of these pinning centers or particles. We refer to these
being pulled at a velocity. The remanent magnetization lumps, imprecisely, adomains
M (the magnetization left on the tape after the field has Having more, smaller domains leads to a higher infor-

dropped to zerpis roughly linear inH, mation density. Averaging oveX domains will reduce the

M (X) =M (vt)=C,H(t) + CoH2(t) + 7(x). (1) fluctuation in the average magnetization by a factor of

1/JN (presuming the interactions between domains are not

Here C, represents the nonlinearity of the remanent magneimportany. Thus, the number of different values Bf that
tization at high fieldgwhen recording, one turns down the can be distinguished in the remanent magnetization scales
gain until the needle during the loudest sections stops mouike |/N. If we subdivide the slice int® portions, and mag-
ing into the red, and » represents noiséne turns up the petize each portion separately, we can staf/Q)® differ-
gain as far as possible so quiet portions do nohigtu-  ent signals. Optimizing, we findQ=N/e, and we store
ally, there are nonlinearities between the remanent magnetN/2e gjstinguishable signals. This is precisely what makes
zation and the signafi(t) for low fields as wel[not shown ipe binary “digital” recording so effective: @ strings ofQ
in Eq.(1)]. When real magnetic tapes are recorded, the signalits are stored, and our formula suggests that four domains
H(t) is convolved with a high-frequency, large amplitude can store one bit@=N/4). Of course, substantial error cor-
signal~ in order to remove these distortiotac biasing.  rection would be needed in order to keep the accuracy high
This, however, does not affect the new method for analogy this scale.

storage that we propose. There are times when one is stuck with an analog signal.
Two other excellent methods have been developed t9mportant recordings have been made with these outdated
cope with the noise and nonlinearity in the remanent magnéethods(Beatles’ mastejsand potentially one might want
tization. (There are other sources of noise in a magnetic reg, reconstruct signals imposed by natural procegsason-
cording and readmg process, €.g., interference, electronigycting the stress history of a plastically deformed mate-
noise, and head noi €°ln this article, we address only the ja)). We show here that one can do substantially better than
noise relevant to the magnetic material: the magnetic Noiseihe traditional analog retrieval, by using the portion of the
Dolby noise reduction does a nonlinear transformation Ofmagnetization curveM (H) near the applied fielH gy
H(t) to boost quiet sections and dampen loud sections: Thgs 4 'y the tape head during recordingither than just the
inverse transformation is gpplled at _playback. Digital recordyemanent magnetization at zero fis#i(0). We discuss the
ings are even more effective. The signal carllbeearly and  54yantages within the context of two models: the Preféch
accurately encoded as a stream of bits, and these bits can bgioge| of noninteracting hysteretic domaitwhich despite
recorded and reproduced without noise or d|sto_rt|lon. its simplistic assumptions is a standard 8@ the engineer-
_ How does the analog method compare to digital recordyg community, and the zero-temperature random-field Ising
ing, in terms of the amount of information that one can storgy,gqel (RFIM)!L12 (a more realistic model incorporating
on a given piece of magnetic tape? One mpoi‘téﬁwur’ce _nearest-neighbor couplings between domains with different
of noise is the Iumpl_ness of th(_a irreversible magnetizationn esnold fields In the end, we improve our resolution by
changes in the material. Magnetic tapes are often made up ofy (from the 14/N resolution of the remanent magnetization
single-domain particles; if the field is strong enough, somg, 1N), which for a typical slice of magnetic tape with
particles will rotate their magnetizations to the crystallo-N— 106 gomains per wavelengttsee Sec. VIl produces a
graphic axis closest to the direction of the fiél@ther ma- large improvement in fidelity. Our method also suffers much
less from nonlinearity: Although the fidelity decreases at
dElectronic mail: sethna@msc.cornell.edu large magnetizations, the signature tracks the applied field
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Magnetic Field (H) FIG. 2. The external field is increased g,y and then decreased to zero
(dashed curve In the traditional analog storage the information is stored in
gl .
FIG. 1. MagnetizatioM of a ferromagnet as a function of the external field the remanent magnetizatiadz?"*. In the new method, which uses the
H. The hysteresis curve appears due to a lag between the magnetization affurn-point memory property, the information is stored as the f&igha
the field. Mg denotes the saturation magnetizatithy, the remanent mag- itself, read by increasing the external field from zero and finding a kink in
netization, andH the coercivity. The subloog—b—e—a shows the theM—H curve(solid curve.

return-point memory. The system comes back to the same &tate the
external field is switched off and then back on.

nence and coercivity to prevent unwanted demagnetization.

Therefore, magnetic materials used in recording will in gen-
directly. There is a drawback to our new method, though: Byeral have “square” hysteresis loops. By sweeping from very
measuring the response curve, the original signal is necess&mall to very large magnetic fields, one explores this satu-
ily erased. rated, “outer” hysteresis looM .., (also called the major

We should mention another method for dealing with thehysteresis loop Any other field history will typically be

random noise in magnetic films that has been developediscussed in terms of subloogsr minor hysteresis loops
recently® by Des Mapps of Plymouth University in England. (see Fig. 1
Instead of the usual two heads used in recordimige for Before recording, the magnetic tape is demagnetized.
demagnetizing the magnetic material and the other to record@his involves imposing a slowly decaying, oscillatory field
the signal, a third head is added, which reads the signal rightH(t) which leaves the material in a well-defined, reproduc-
after it has been recorded, and sends it to a computer fdble state with no remanent magnetizati@p to the noisg
analysis. Since the computer “knows” what the initial signal Analog recording takes us from this particular demagnetized
was, it can adjust for the inherent noise in the magnetic mastate to a magnetized state under an external Figjgh,: In
terial, record the now “modulated” signal, and leave a sig-real recording this is done by adding an oscillating field to
nature of what it has done. This provides the information tathe signal(see Sec.)| but initially we consider a monotoni-
the “reading” head of how to compensate, during the read-cally increasing field, leading to an increasing magnetization
ing process. Similar techniques have been independently d&impin(H). Releasing the external field, the magnetization
veloped by Indeck and Muller from Washington University M ej.c@gain drops, but to a nonzero remankt#"@ (Fig. 2).

in St. Louis!® MeasuringM 33" gives information abou ggng-
We are also interested in théc.5,£H) curve, formed
by starting from the magnetized stau9" and raising the
Il. HYSTERESIS LOOPS, SUBLOOPS, KINKS, AND . . . . .
RETURN-POINT MEMORY field again. As one sees from Fig. 2, as the external field is

decreased from the original sigrid;y,, and then increased

We review briefly the various kinds &fl (H) hysteresis again, the magnetization forms a subloop. As the external
curves relevant to our discussidiThere are many different field passesi g4, there will be very generally a kink in the
curves, of course, since the response depends on the mag-,c.sukH) curve(Fig. 2). This follows in a direct way, for
netic history of the materigl.A ferromagnetic material has example, for models exhibiting return-point memdr¢also
the property that its magnetizativ lags behind the exter- known as wiping ouf.
nal magnetic fieldH, as the field is change@Fig. 1). This is For these systems the subloop closes exactly: The sys-
called hysteresigwhich means to lag or fall behindThe  tem returns atgjgn, to precisely the same state it was in at
largest magnetization the material can h@be aligning all  the peak of its recording fiel@wiping out all information
the magnetic domains in the direction of the external fieldabout the excursion to lower fieldsThe curveM easuéH)
H) is called the saturation magnetizatibhy. When the field aboveHjqn, thus necessarily extends smoothly the original
is switched off, the remaining magnetization is the remanenturve Miyyin(H), while below Hggnq it disagrees with
magnetizationMg, while the field necessary to bring the Mjy,ini; hence, it must have a nonanalyticity Bitign,-
magnetization to zero is called the coerciity. . Variations  Magnetic recording materials often wipe out rather well: De-
in the values of these properties in different ferromagnetgreasing the field fromHgg,, (and, hence, repeating the
make magnetic materials useful for different applicationsloop) will reproduce the same sublogmcluding even the
For example, magnetic recording materials have high remanoise to a good extent® On the other hand, magnetic
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. L . ) IG. 4. The triangular region is the region it {,H,) space where the
FIG. 3. Hysteresis loop for one domain in the Preisach model. The field agveighting functionp is defined(outside of it p=0). The shape of this

which the domai'n. fIipsfup i, anﬁ :jhe figldhat Whlch it _ﬂlps dor\]/vn N region is in practice much more general, and depends on the properties of
Hq. A superposition of many such domain hysteresis gives a ystere5|fhe magnetic materigRef. 21 but the region is usually symmetric around

curve as in Fig. 1. theH,= —Hy line. As the field is raised from a large negative value of the
field to Hgigna (S€€ Fig. ], the domains in the shaded region flip up. The
magnetization is obtained from E(R).

materials—especially those like spin glasses with important

antiferromagnetic couplings—can exhibit “reptation,”

where repeated cycles lead to a slow drift in magnetization. . .

Many other systemée.g., martensites prepared with parallel Pendent domains, each with an upper field and a lower
twin boundaries%8helium capillary condensing in a porous field Hq, at which the domain changes sigor direction).
material®® and superconductors in external magnetic ff@ds Each domain therefore has its own square hysteresis loop
can exhibit the return-point memory to various extents; seéSee Fig. 3 and the superposition of all these loops gives a
the work by Amenguakt al® for an experiment reproduc- hysteresis loop as in Fig. 1. In general, the upper and lower
ing incredible fine structure within repeated loops. Referencd€lds are not equal and opposite, but the magnetization per
11 discusses three conditidfigpartial ordering, no passing, domainmg is assumed constant. The Preisach model has the
and adiabaticity which suffice to produce a perfect return- Necessary properties for its hysteresis loop to exhibit return-

point memory. The models studied here possess these proBeint memory and is quite useful because of its simplicity,
erties: antiferromagnetic couplings violate “no passing.” ut since there are no interactions between the domains, the

For the purposes of this article, the kink in modeling of real systems is more limited. The RF#v2on
M neasurelH) is easily explained. As the field is raised a sec-the other hand, includes nearest-neighbor interactions.
ond time, the domains which flipped upon the first rise dur- ~ We first review the elements of the Preisach model that
ing imprinting and which did not flip back upon relaxing are W& need. To calculate the magnetization in the Preisach
not active. WherH crossesH g, New, “virgin” domains ~ Model, a weight functiop(Hq,H,) (H,=Hq) needs to be
are explored: More domains will flip per unit field, leading to defined. p_has the units of magnetization per unit field
a discontinuity in the slope. It is precisely this slope discon-Squared. For systems with time-reversal symmetrig, sym-
tinuity in the magnetization curve which we propose to usemetric around the linéd,=Hg in the (Hq,H,) plané”® (see
in information storage. Since the slope discontinuity is at™ig- 4. If all the domains are pointing down, and we in-
Hesignar We are saved from the nonlinearity and distortioncrease the external field from a large negative value to
which occurs with only measuring the remanent magnetizatisignai in Fig. 1, the domains whose field, fall in the
tion. We see in the following section that we also suppres$haded area of Fig. 4 will flip up. The magnetization of the

the noise greatly. system is then given by
lll. THE PREISACH AND RANDOM-FIELD ISING sz f p(Hq,H ) dH, de—J j p(Hq,H,)dH, dHy,
MODELS u D

2
The comparison between the “traditional” magnetic @
analog storage method, in which the magnetization carrieshere the first integration is over the area where the domains
the information, with the new method where the whole hys-are pointing up(U), and the second is over the area where
teresis loop is retrieved and the information is stored directlythe domains are pointing dowi). If the system follows the
in the magnetic field, is done using the Preisach model angdath depicted in Fig. 1(from a large negative field to
RFIM. The Preisach mod&! consists of a system of inde- Hsignai 1o Hp to He), we obtain a “step” of flipped spins in
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FIG. 6. (8 The ac magnetic field used to demagnetize the tape before
storing the analog signalb) The demagnetization process in thé,(H,)

plane. The staircase occurs after taking the system through smaller and
smaller loops.

FIG. 5. (8 The (Hq,H,) plane after the field has been increasedig,
(from a large negative valyieand then decreased to a valdg (see Fig. 1

The shaded area corresponds to sfdmaing that have flippedand not  neighbors: Avalanches of spins are possible. This model

fipped bach. (b) The field has now been increased to a vaile Mare gives rise to a hysteresis loop and has the return-point
spins have flipped, and we find a “step” in the Preisach plane. Severa

1
subloops would give a staircafsee, for example, Fig.(B)]. memory property: _ _ _
We use the Preisach model with a constant magnetiza-

tion my per domain, to calculate the relative fluctuations in
the (Hq,H,) plane[Figs. 5a) and 5b)]. (Several subloops the signal for the traditional analog magnetic storage and the
would give a staircaseThe magnetization is again obtained New_method. The weight functiop can be written as

using Eq.(2). Nmgp with p being the probability distribution for the do-
The zero-temperature RFIM has the following Mmainsinthe fy,H,) plane. We also simulate magnetic sys-
Hamiltoniantt12 tems of different sizes using the RFIM. These are then com-

pared to the analytical results.

7 <.E,> Jisis Z (H*hos. ® IV. TRADITIONAL ANALOG MAGNETIC STORAGE
where J;; is the nearest-neighbor interaction between spins In the traditional analog recording, the tafsystem is
(domaing s; ands; (we set allJ;j=J=1), H is the uniform  first demagnetized by applying a strong ac field which is
external magnetic field, and; is a random field at sits; gradually reduced to zerFig. 6(@]. In Fig. 6b), the de-
given by a Gaussian probability distribution. The dynamicsmagnetization process is shown in théy(H,) plane for the
is such that a spirs; will flip when its “effective” field Preisach model. In the limit of a very fine staircaiee ac
h$ﬁ=J2jsj+ H+h; changes sign. A spin that flips can trig- field needs to drop off very slow)ythe magnetization of the
ger other spins to flip due to the interaction between neareslystem become zero.
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FIG. 7. Recording the signal as the remanent magnetizigh”, starting  FiG. g, storage of information in the field gignal USING the return-point

from a demagnetized systeﬁmlthe Preisach planeThe shaded area rep-  memory effect, as seen in the Preisach plane. The shaded area represents the
resents the system M =Mg¥"" andH=0. The average value of the rem- gygtem atM =M% and H=0. As the field is increased, spins in the

anent magnetizatioM 3" can be calculated using E¢). cross-hatched region flip up. Atggnq there is a discontinuity in the number
of spins flipping per unit field. This appears as a kink in MeH curve.
The integral of the weight functiop over the black horizontal strip is
(f@—£1), and over the white strip i§™).
The tape is now ready to be recorded. The external field
is raised from zero to a valul g, (below the saturation
value of the systeimand then switched off. At zero field the V. NEW METHOD FOR ANALOG MAGNETIC

tape stays magnetized with the remanent magnetizatioﬁ-'—ORAGE

MR (Fig. 2). The magnetizatioMg°"* can be calculated With the new method for analog storage, the information
from Fig. 7 using Eq(2). However, we can calculate the s stored in the value of the external fiettdgq at which the
magnetization differently if we notice that the probability for kink in the hysteresis occurs. Similarly to the traditional ana-

a domain to be pointing up is given by log storage, we have a limitation on how well the informa-
tion can be retrieved given by a value proportional to
p:J f B(Hg,H,)dH, dHg, (4) AHgignal/Hc, whereA_Hsigna|give§ t_he fluctuation around the
u value Hgjgna andHc is the coercivity.

As before, we start with the taggeystem demagnetized,
where the integration is over the shaded region in Fig. 7. Foand increase the field up to a valbigig,y, smaller than the
N independent domains, the probabil(n;N,p) for ob-  saturation field. The external field is then switched (.
servingn up domains out of a total o is given by the  2) The system will be magnetized with a remanent magne-

binomial distributior?? tization MS9"¥ When the information needs to be recov-
| ered, instead of “reading off” the value of the remanent

P(N;N,p)= — N! pr(1—p)N (5) magr)etizatiori\/lag”a', the external field is increased until a
n!(N—n)! kink in the M—H curve is found. If the system exhibits the

i o return-point memory property, the field at which the kink
Then, the average number of domains that are &piswith . rs iSHignai- In the (Hq,Hy) plane (Fig. 8 the kink is
a rms fluctuation ofyNp(1-p). seen as a discontinuous increase in the number of domains
_Sln_ce we are interested in t_he _meas_urement of the Maglinped as the field is increased P&kligna. (If the original
netization, the average magnetization will beN@-N)mo.  gignal is ac biased, as in audio signals, there is a discontinu-
If we take the rms to be our measure of t_he fluctuatlonity in the Preisach plar‘ieatafield shifted up front ggng by
around the average, then the fluctuation relative to the satuyqyt the amplitude of the ac bifsee Figs. @) and 9b)].

ration magnetization Is The retrieval of this value is otherwise analogous to the pre-
signal sentation that follows.
|AME™ _ mo2VNp(1-p) :2\/9(1_ P) © To observe the kink, we can take the derivative of the
(M| Nmy JN hysteresis curve with respect to the fi¢ldand observe the

discontinuity. In general the data will need to be smoothed
wherep has a value between zero and one. The siz&1df  over some rangdH, which will help in finding the discon-
this relative fluctuation limits the amount of information that tinuity in the slope, but will introduce fluctuations around
can be stored using the traditional analog magnetic storagé] g, of the order ofAH. The discontinuity in the slope can
in a system withN domains. be observed if the difference between the number of domains
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2.0 | A signar AH> =Gy gz )

From Fig. 8, in the H4,H,) plane,f® is
| Hsignal —_
1.0 Nmof_ P(HdiHsignaDde

Hsignal
and the differencef(?— @) is

Magnetic Field (H)

0
NmOJ P(HdaHsignaDde-
_Hsignal

‘1'00_0 10 2:0 30 4.0 Then, the fluctuation in the fielH gy, relative to the coer-

civity H. is:
(a) (2) Hsignal -
|AHsignaI 1 (1-p )f*Hsi p(HdrHsignal)de

gnal

H A Fd N THT e, P Hagadig? 00
The ratio multiplying 1N in Eq. (10) is of order one as long
as the signal is not too small. For sméil;gn,, this ratio
diverges since in the Preisach model nédr<0, H=0), the
M—H curve is quadratic, and the differencé?— f(*)) be-
tween the two slopes is negligible. This divergence can be
avoided if the signal is stored after the system has been satu-
rated (instead of starting with a demagnetized system

- Therefore, away from NI=0,H=0), the “number” of
H— fields that can be used to store information scalebl.as

d

Time

VI. RANDOM-FIELD ISING MODEL SIMULATION

(b) RESULTS

In the previous two sections we have obtained the scal-
ing with the system siz&l of the relative fluctuations in the
. . _ magnetization(for the traditional storage methpénd the
FIG. 9. (a) Magnetic field as “seen” by a magnetic tape moving past a .. d (for th t thodrh Vsi d f
recording head with an ac-biased field superimposed on a constant fiel_t:ie (for the new s gragg methadrhe an.a ysIs was One. or
Hsigna- () The Preisach plane after the ac-biased signalajnhas been independent domainping. We now simulate the storing

“stored.” If the field is now increasedfrom H,=0), there is a discontinu- and reading process for both methods, using the RFIM,

ity in the number of domain flips per unit field as we pass the “large” step. which includes nearest-neighbor interactions.

That value of the field corresponds to approximately,,, shifted by the s . .
amplitude of the ac bias. For the traditional storage method we increase the field

up to a valueH g, (from a large negative valjiand then
turn it off. We then measure the average magnetization

L , M(H=0) for up to 100 initial random-field configurations,
that flip in a rangeAH, below and abovesigna, IS larger  4ng measure the standard deviatioh $9". We define the
than the standard deviation in the number of domains flippega|ative fluctuation aaAM9 M whereMp is the rema-

in AH aboveHigna, nent magnetization, and is equal to about 0\@2hin 4%)
AN(TZ)_AN(TI)> \/W (7) fora disorder. 0R=_3 (recgll thatR is the gtandard deviation
of the Gaussian distribution of random fields
where the superscripts (1) and (2) indicate measurements \vjith the new method we store the information the same
below and abovéH g, respectively, ang® is the prob-  way, but instead of reading ofI(H=0) we increase the
ability that a domain flips from down to up in a rangéd,  external field until a kink in the magnetization curve is
just aboveHggna. [IN general we should require that the found. The field at which the kink occurs should be the field
difference be larger than the fluctuations just above and bq=|signa|. Figure 10a) shows the reading process. We define
low Hggna, but since the fluctuations belowgg.a are  the relative fluctuation as the difference between the field

smaller, we can use E(7).] Note thatNp@=AN{. Ifthe  read off H,eq, and the “real” field Hggna divided by the
interval AH is small enough that the slofje=dM/dH of the  coercivity Hc (which is about 1.21 foR=3).

M—H curve can be considered close to constant, we have To find H,,y We note that the smaller slope of

(F@—§0)y £(2) 12 dM/dH inside the subloop reflects the smaller size of the
—AH>(—AH(1—p(2>)> (8)  jumps in the magnetization, or avalanches. Therefore, the
Mo Mo field H,qaqis the field at which some “threshold” magneti-

Thus, the uncertainty in the measurddn, is zation jump(or avalanche sizes reachedFig. 1Qb)].
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FIG. 11. Relative fluctuations for the fieldiamond$ and the magnetiza-
103 tion (squarg, at several system sizes. The solid line showsNaldghavior,
and the dashed line 4~ Y2 behavior, where\ is the system size.
O
N
Cﬁ 10° For analog storage we can estimate the number of do-
S mains per cycles. The typical ferromagnetic grain sizes
§ found in particulate media magnetic tapes are frd in
S 10 length and 0.Jum in diameter;?>?*and the area covered by
< one grain is about 10 1° cn?. The grains used in mag-
netic recording are usually too small to contain a domain
10° wall and can therefore be considered as single domain
0.98 1.00 1.02 particles’ The packing on the tape is usually less than
Magnetic Field (H) b) 40%. If we assume the percentage to be 35%, then the sur-

face grain(domain density is 7<10% grains per crh The
FIG. 10. (a Simulation of the reading process for the new method of analogmaQne'[IC _tapes are typically 1.28 cm wid@5 in), and
storage, for a 100system size and disord&=3. The kink in theM —H therefore in 1 C.n('n length of tape there are about>91(_)8
curve corresponds to the fietdggna- (b) Number of spins flipping at the ~ grains. For typical consumer tapes the speed at which the
field H (avalanche sizefor the data in(@) nearHgg,, (Which is ong. The  tape is moved is close to 5 cn¥&® Therefore, the number of
field Hgigna is found when a threshold avalanche sikere 13) is reached. grains (domaing per cycle is 7.X% 10’ for a 60 Hz signal,

and 2<10° for a 20 kHz signal. Professional tapes have

speeds of up to 76 cm/s and the number of grainser cycle

Figure 11 shows the results of our simulation. The dia-is 1x 10° and 3x 1CP, respectively, for the two frequencies.

monds correspond to the relative fluctuations in the field agherefore, sincé\ is large, a/N drop in the signal fluctua-
defined above, with a threshold of 13 spins in an avalancheion is quite significant(For digital storage, the recording
Note that the behavior follows the N/scaling (solid line), densities are as large as 20 million bits per£rf® which
while the relative fluctuations in the magnetizatimguares  for a polycrystalline thin-film medium gives-5000 grains
follow the 1A/N scaling (dashed ling The simulation was per bit of information, for a 10° um? grain size) As for
done for 26, 3¢%, 50°, 80°, and 108 spins. The figure sug- the erasure of the stored information as it is retrieved, the
gests a crossover at a system size of 100 spins, below whicddded fidelity and linearity should compensate for having to
the relative fluctuations for the magnetization will becomerewrite the tape after it is read.
smaller than for the field.
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