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Understanding how interactions within magnetic systems affect the reversal process is critical to the development of magnetic
recording media. Using the first-order reversal curve (FORC) method we demonstrate an ability to map out and uniquely identify
magnetic recording media. We evaluate the interactions and intrinsic switching field distribution (SFD) in single layer and exchange
coupled composite granular recording media. Landau-Lifshitz—Gilbert-based simulations are used to probe the roles lateral and
vertical exchange interactions have on the distribution of reversal events. We find that there is an optimal value for these terms which

maximizes homogeneity of the reversal behavior.

Index Terms—Composite media, first-order reversal curve (FORC), inhomogeneities, micromagnetics.

I. INTRODUCTION

S perpendicular magnetic recording reaches maturity it

has become apparent that, due to the limitations of the
magnetic properties of CoCrPt-based granular films, the reduc-
tion of grain size is very challenging; consequently advances in
areal density are driven more by a better control of the switching
field distribution (SFD) of the media. SFD is typically evalu-
ated by magnetometry measurements, such as vibrating sample
magnetometry or magneto-optical Kerr effect (MOKE), where
the entire sample is subject to a magnetic field. Switching of
a particular grain depends on both its intrinsic anisotropy and
its interactions with neighboring grains. The interaction fields
during such measurement are different from those experienced
by grains during recording under a local magnetic field. Thus,
it is imperative to separate the interactions from the switching
field, namely to obtain an intrinsic SFD. The method proposed
by Berger et al. [1] uses a collection of minor loops, in addition
to the major loop, to address this very issue: the differences be-
tween each minor loop and the major loop at various constant
magnetization M values are calculated and the interaction field
is eliminated. The distribution of the grains’ switching fields in
the absence of interactions is obtained [2], and can be used to
optimize recording media [3].

First-order reversal curve (FORC) analysis presents an alter-
native method to evaluate the intrinsic properties of the sample,
as well as the intrasample interactions. The FORC method is a
mathematical process based on the Preisach model, which uses
a family of partial hysteresis loops to characterize switching
events in hysteretic systems [4]-[9]. It can reveal more infor-
mation than a traditional 1-D SFD: it maps out the distribution
of switching events in terms of the coercivity distribution and
the interaction fields. This makes it particularly useful to finger-
print the switching events in recording media.

This characterization has become more relevant as magnetic
recording media have become more complex. In recent years
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recording media design migrated from a recording stack con-
sisting of a single layer of magnetic grains isolated by nonmag-
netic grain boundaries, to a multilayer stack, with one or more
granular layers at the bottom covered by a continuous layer at
the top [10]. The layers have different anisotropy field (Hy)
values, as well as different intergranular exchange values. This
is done in order to reduce the switching field while maintaining
thermal stability [11], [12]. The reversal mechanism in these
multilayer films differs from the Stoner—Wohlfarth model, and
proceeds through incoherent rotation of magnetization in the
various layers (exchange coupled composite media effect [13],
or vertical domain wall motion reversal [14]).

In this work, we report on the large qualitative differences
between the measured FORC distributions of various types of
recording media. To deconstruct these diagrams we use micro-
magnetics to simulate the minor and major loops of multilayer
structures in which magnetic properties are varied in a con-
trolled way. In Section II, we review the literature that presents
the FORC diagrams in light of the interacting hysterons model.
Section III describes how we measured the experimental FORC
distributions for various recording media designs. Section IV
briefly describes first our micromagnetic model. Then, we use
the FORC distributions modeled for a set of varying micro-
magnetic parameters to explain the features of the experimental
FORC:s. Section V concludes the paper.

II. THE FORC METHOD

The FORC method can capture the distribution of irreversible
switching events in a hysteretic system. A FORC distribution
is experimentally derived by first collecting a family of minor
loops that always start from positive saturation. These minor
loops can be seen as a 2-D map of magnetization M (H,, H,.)
(see Fig. 1), where H,, is the applied field and H,. is the return
field along each minor loop. The ascending branch of each
minor loop, known as a first-order reversal curve, is then
extracted. We then apply a mixed second-order derivative to
the magnetization with respect to H, and H,., and develop the
FORC distribution

10°M(H,, H,)
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0018-9464/$26.00 © 2011 IEEE



VALCU et al.: FINGERPRINTING INHOMOGENEITIES IN RECORDING MEDIA USING THE FIRST ORDER REVERSAL CURVE METHOD

1F = /

M/M;
>
T
s,
.
e,

2

/
‘/
—H— M(H,, H,)
z ,/

'—1 1 L 1
10 0 10

H, (kOe)
Fig. 1. Family of FORCs for a simulated two-layer recording media stack.

The FORC distribution maps the hysteretic reversal events
in terms of their reversal field and saturation field. It does
this by expanding the physical hysteresis loop into a weighted
sum of elemental square hysteresis loops called hysterons [7].
Each hysteron has a unit magnetization (£1), with a well-de-
fined reversal field (“switch-down” field H.) and saturation
field (“switch-up” field H,); the FORC distribution maps the
weight function for the hysterons. For a single hysteron the
FORC distribution is the product of two delta Dirac functions:
8(H,)8(H,). The coordinate space spanning the reversal and
saturation fields does not describe the intrinsic properties of the
sample. Using a simple transformation

Hy,=(H,+H.)/2, H.=(H,—H,)/2 2)
the FORC distribution can instead map the reversal events in
terms of a bias field H, and local coercivity H,.. The local coer-
civity describes the intrinsic properties of the system, while the
bias axis generally describes the interaction fields.

Elementary FORC distributions were modeled in [7] and [15]
for an ensemble of hysterons which experience an interaction
field in addition to the applied field. The loops are simulated as
follows. Initially, all the hysterons have a magnetization equal to
+1; subsequently, the field is decreased in small steps, and the
interaction field for each hysteron is calculated. If the applied
field plus the interaction field is larger than the coercivity of a
hysteron, that hysteron changes magnetization to — 1. The field
is decreased to the next step and iteration proceeds [7].

If the interaction field is equal to {(— - M), where M is the av-
erage magnetization and « is a constant, and all hysterons have
the same coercivity H,., then the FORC distribution is a narrow
vertical band parallel to the H, axis, extending from Hy = —«
to +a at H.. (This has been experimentally observed in ar-
rays of magnetic nanowires where the interaction field is dipolar
[16].) If there is no interaction field but a distribution in the co-
ercivities of the hysterons, then the FORC diagram is a narrow
horizontal band parallel to the H,. axis at H, = 0. This would
represent the intrinsic SFD. Finally, if there are both interactions
and an H, distribution, a wishbone shape is generated, as seen
in [7]. The upper branch of the wishbone has a strong peak at
the intercept with the vertical branch. Similar FORC diagrams
are also generated in [15].

III. EXPERIMENTAL FORC

We have measured families of FORCs using a fast MOKE.
The applied field is swept from positive maximum to negative
minimum in approximately 1 s, with field amplitude of around
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Fig.2. (a) FORC distribution from single-layer magnetic recording media sim-
ilar to those developed in the early days of perpendicular recording, which ex-
hibits the well-understood “wishbone” structure. (b) FORC distribution for a
multilayer magnetic recording media more closely related to modern recording
media. The tail of the “wishbone” structure is largely suppressed as a result of
the multilayer coupling.

2 Tesla. The MOKE is limited by the penetration depth of the
probing laser, thus magnetometry data reflect only the recording
stack. After acquisition the loops are resampled so that the field
step is constant, 200 Oe. To calculate the FORC distribution
we use the technique described in [5]: seven consecutive minor
loops are used at a time to fit M (H,. I,.) to a third-order poly-
nomial. Once the polynomial coefficients are known, the second
derivative needed for the FORC distribution (1) is easily cal-
culated. The function p(H,, FI) is shown as a colored sur-
face plot; contours are added for a more quantitative descrip-
tion. Typically, we acquire 75 minor loops for each family of
FORCGC:s, so that we have a small enough step in H,.. This en-
sures a high resolution for the maps. Following these methods
we have evaluated the FORC distribution for two examples of
recording media.

Fig. 2(a) presents the experimentally determined FORC dis-
tribution for a medium used in the early days of perpendicular
recording. The recording stack comprised only a single granular
layer. The FORC distribution illustrates the wishbone shape,
with the vertical band positioned at /. = 5 kOe, and a strong
peak at Hy = 2 kOe. The interaction field in perpendicular
media encourages antiparallel alignment between neighboring
grains, defining a demagnetizing interaction. Together with the
distribution in the grains switching fields (.. distribution), the
demagnetizing interactions generate the wishbone structure de-
scribed in the hysteron model.

Very interestingly, the measured diagram for the newer media
design [Fig. 2(b)], which structurally has many layers of var-
ious H}, values, has a much less pronounced wishbone shape,
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approaching essentially a narrow vertical band shape. This ver-
tical band has the higher peak at negative value of the interac-
tion field H, = —3 kOe, as opposed to that at H; = 2 kOe in
Fig. 2(a); this experimental fact cannot be explained by the hys-
teron model.

The differences between the FORC distributions of these two
media are apparent; the FORC distribution has allowed us to
uniquely fingerprint each of our recording media and extract
useful information about the reversal process.

IV. MICROMAGNETIC MODEL AND FORC DISTRIBUTIONS

To simulate the hysteresis loops of the multilayer recording
media we have employed standard micromagnetics [17]. In our
model, the medium is divided into many layers, to which we as-
sign measured magnetic properties (anisotropy K, saturation
magnetization M). There are 6000 grains per layer, and each
grain is divided further into many subgrains. The vertical cou-
pling between layers is controlled by the parameter .J, expressed
as a fraction of the bulk exchange. The intergranular exchange
H,. may have different values in the various layers, to mimic
the difference between the granular and continuous layers.

Hysteresis loops are calculated in the usual way: for each
value of the field H the magnetization of each grain precesses
until equilibrium is reached in a total effective field comprising
the applied field, anisotropy field, exchange field, and a magne-
tostatic dipolar interaction field .
ot = F, + Hi(F-m)f + %

(nn)
+M, 3" D(F— ). (3)
0

Here m indicates the magnetization of the grain of interest,
while 73/ are the magnetizations of the neighbor grains. B is
the demagnetizing tensor [18]. The intergranular exchange con-
stant A, between neighbor grains in the same vertical layer, is
a fraction of the bulk exchange constant A = 10~ erg/cm, due
to the presence of the nonmagnetic boundaries. We introduce a
film-averaged exchange field as

A 1
o= (2(53) 17 Y

and use H.y as an input parameter in micromagnetics. The ex-
change interaction between neighbor grains in two adjacent ver-
tical layers, across an exchange break layer, has a similar ex-
pression. The scaling factor 2A4* /D? is in this case replaced by
Jsurface/thickness, where Jgyrface 1S measured in erg/ch, and
the thickness characterizes the layer of interest. We introduce a
1-D parameter .J, with 0 < J < 1, to reflect how strongly the
exchange interaction is reduced from the bulk value, due to the
presence of the vertical break layer.

Dynamics follows the Landau-Lifshitz—Gilbert equation. No
thermal fluctuations are considered (these are " = 0 K or short-
time loops).

The sample has a large number of grains, and the computation
is very time consuming, even when computer clusters are used.
We are able to accelerate our simulation significantly by running
it on the graphical processing unit, rather than on the computer’s
central processing unit (CPU). This allowed the simulation of 75
FORC branches per sample, giving good resolution.
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Fig. 3. Simulated FORC distributions for two-layer perpendicular recording
media with lateral granular exchange (Hex) of 1 kOe, and vertical exchange
coupling (J) of (a) 0.1 (b) 0.2, and (c) 0.5. The effect of lateral intergranular
exchange coupling is studied by fixing the vertical coupling constantat J = 0.3
and vary H., to (d) 1 kOe, (e) 4 kOe, and (f) 6 kOe. For the weak vertical
coupling (a) we see the two phases reverse separately, but for the case of larger
coupling they reverse together, and the coupling manifests in the homogeneity
of the ridge. For the weak lateral coupling the distribution has a well defined
peak offset in the positive H;, direction. As the lateral coupling increases the
feature becomes more homogeneous, then breaks again into discrete peaks.

We present here results for a media that has two layers, where
each layer has a different anisotropy. To simplify the physics,
we assumed that the intergranular exchange ( H ) has the same
value in both layers.

A. Effect of Vertical Exchange Coupling J

In a first simulation, we keep H., at a low value, 1 kQOe:
both layers are granular, with well-separated grains. The bottom
layer has a high anisotropy value, while the top layer has signif-
icantly lower anisotropy. These designs explore the exchange
coupled composite media concept: the grain in the softer layer
will switch first, pulling down the moments of the grains in the
hard layer; the resulting overall switching field is significantly
lower than what the average anisotropy would indicate [13]. We
control the reversal of the magnetization by varying the vertical
coupling .J between the hard and soft layers. If the coupling is
low [J = 0.1, Fig. 3(a)] the grains in the soft layer will reverse
almost completely before the grains in the hard layer start to
switch. Thus, the FORC diagrams consists of two distinct “is-
lands,” one at low coercivity H,. = 4 kOe corresponding to the
soft layer, and the other at high coercivity H,. = 12 kOe. Very in-
terestingly, the distribution corresponding to the soft layer (left
side) has negative values for the bias field H}: since the grains
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in the hard layer point up while the grains in the soft layer at-
tempt to switch, the field needed for reversal is higher, thus the
bias field is negative. This peak in the distribution function at
Hy, < 0 helps us understand the origin of the strong peak at
Hy < 0 in the experimental FORC distribution [Fig. 2(b)]: its
presence is due to the soft-on-hard media composition.

As the vertical coupling is increased to J = 0.2 [Fig. 3(b)]
the two islands merge together, and the resulting vertical band
at H. = 10 kOe has a ridge-like structure, with a significant
number of switching events at negative interaction field values
(e.g., Hy = —3 kOe). This pattern closely resembles that seen
in bilayer exchange spring magnet films of FeNi/FePt [19].

Further, increasing .J to 0.5 [Fig. 3(c)] leads to the disappear-
ance of the switching events at negative Hy: the FORC diagram
migrates to the wishbone shape. If the hard layer and soft layer
are too strongly coupled vertically the exchange spring is too
stiff, and the system behaves in the conventional Stoner—Wohl-
farth way.

B. Effect of Lateral Intergranular Exchange Coupling H .

In a second simulation, we keep the value of the vertical cou-
pling constant at J = 0.3 and vary the intergranular exchange
H.. The vertical branch of the FORC distribution has a promi-
nent peak at positive H;, = 2 kOe, when ., = 1kOe [Fig. 3(d)]
and becomes more ridge-like with peaks equally distributed be-
tween H, = —2 kOe and H, = +2 kOe when H., = 4 kOe
[Fig. 3(e)]. If the exchange is increased to H., = 6 kOe the
ridge-like vertical feature splits into two prominent peaks, at
H, = =1 kOe [Fig. 3(f)]. There is an optimum value of ex-
change for which the FORC distribution has a smooth depen-
dence in H;,. The FORC distribution also indicates a reduction
in media coercivity H,. with increased exchange. This correla-
tion is associated with the coupled-granular-continuous (CGC)
effect [11], [20]. It is clear that the modeled FORC distribu-
tion in Fig. 3(e), corresponding to a soft-on-hard structure with
J = 0.3 and H.; = 4 kOe, largely reproduces the features of
the experimental FORC distribution measured for the multilayer
media design in Fig. 2(b).

V. CONCLUSION

Variations of physical characteristics in the recording media
can be conveniently captured by FORC analysis. The FORC
diagram for a single-layer granular perpendicular medium has
a wishbone shape, well understood within the hysteron model,
when a distribution of coercivity values, as well as dipolar in-
teractions are considered. Composite media have a FORC dia-
gram very different qualitatively: the upper branch of the wish-
bone largely disappears, and the remaining vertical band has a
ridge-like structure. This leads us to conclude the vertical in-
teraction between the layers of different Hj, plays a significant
role in determining the structure of the FORC distribution. The
specific features of this ridge are highly influenced by the inter-
granular lateral exchange.
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