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X-ray magnetic circular dichroism (XMCD) was used to directly probe the depth-dependent
magnetization reversal of CoPtCr-SiO,-based exchange-coupled-composite media with laminated
soft layers. A thin Fe-marker layer in the soft layer was used as the indicator of local magnetization.
Element-specific XMCD loops of Fe-marker layers confirmed the transition of the magnetization
reversal from rigid magnets to exchange-spring magnets with increasing thickness of the soft layer.
The micromagnetic simulations revealed the importance of the reduced exchange constant (A*°™") by
laminating the soft layer for domain-wall assisting reversal. By comparing XMCD loops with
simulations, we can deduce the effective A*". © 2011 American Institute of Physics.

[do0i:10.1063/1.3603945]

Exchange-coupled-composite (ECC) media, in which
the columnar grains consist of a magnetically hard layer
(HL) and a soft layer (SL), have been proposed to overcome
the so-called magnetic recording “trilemma”.' Various
works have been demonstrated that the composite magnets
enable us to improve writability without compromising ther-
mal stability,®> and to achieve superior recording perform-
ance.”> To fully utilize the advantages of ECC media,
complete understanding of the magnetization reversal mech-
anism is needed to optimize the layer structure. Several theo-
retical works have revealed that the transition from a rigid
magnet (RM) to an exchange-spring magnet (ES) occurs as
the SL thickness is increased.®’ To experimentally verify the
reversal behavior of composite magnets, and to explore do-
main-wall (DW) assisting reversal of ES magnets, depth-
dependent magnetization-probing techniques are required.

Several attempts have been made to probe magnetiza-
tion in composite magnets or multilayers. Choi et al.® used
the element-specific loops of x-ray resonant magnetic scat-
tering to differentiate the incoherent reversal in each layer of
the SmCo/Fe system. Kim et al. employed the x-ray mag-
netic circular dichroism (XMCD) with the standing wave
modulation to study the depth-sensitive magnetization reor-
ientation of Co/Pd interface,9 and utilized the soft x-ray reso-
nant magneto-optical Kerr effect to investigate the element-
and interface-resolved magnetization reversal in exchange
biased NiFe/FeMn/Co.'® However, among these techniques,
only the in-plane magnetization could be characterized. On
the other hand, polarized neutron reflectometry (PNR) was
used to reveal the domain wall formation in the perpendicu-
lar composite magnets,'! however, modeling processes are
required to interpret the PNR data and the magnetization
configuration was typically obtained only at specific applied
fields instead of sweeping fields. Consequently, a full rever-
sal loop may not be provided by this technique.
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In addition to understanding the magnetization reversal,
to control the reversal behavior in ECC media, we may need
to optimize the saturation magnetization (M), anisotropy
constant (K,,), and exchange constant (A) of the HL and SL.6
The M, and the K,, can be tuned by changing the materials;'?
however, very few works have been focused on the influence
and manipulation of the exchange constant of the SL (A*°™),
because the range of A*°™ among ferromagnetic materials is
relatively limited.

In this letter, we report that we can directly probe the
depth-dependent magnetization reversal in ECC media by
using XMCD with a magnetization marker in the SL. We
clearly demonstrate the transition of the reversal mode from
RM to ES with respect to the SL thickness. In addition,
results from micromagnetic simulations are consistent with
the ES behavior observed in the XMCD loops. By comparing
the results of simulations and XMCD loops, we further
deduce the effective A*°" of the laminated SL, and show the
importance of reduced A*°" on ES behavior.

All samples were prepared by DC magnetron sputtering.
The magnetic layer, CoPtCr-SiO, (CPCS), was deposited
with Ar+ O, (0.5%) to ensure good grain isolation. The
layer structure of the single-phase magnet, conventional per-
pendicular magnetic recording (called c-PMR hereafter)
media, is substrate/Ta 3/Pt 7/Ru 15/CPCS 12/capped Pt 2
(unit: nm). The structure of the ECC media is substrate/Ta 3/
Pt 7/Ru 15/CPCS 12/[Pt 0.7/CPCS 1.1]n/capped Pt 2 (N =3,
5, 7), in which CPCS and [CPCS/Pt]y are the HL and the
SL, respectively. The laminated SL ([Pt 0.7/CPCS 1.1]x)
possesses the tunable inter-layer coupling and the controlla-
ble anisotropy by changing the Pt thickness.'* To reveal the
local reversal behavior, the magnetization marker layer
(called Fe-marker layer hereafter) is inserted at different
locations of SL by co-sputtering the CPCS (0.7 nm) and the
Fe (0.4 nm). Since the Fe is strongly coupled to the CPCS
layer, the out-of-plane XMCD loops of the Fe-marker layer,
measured at Fe L; edge with the fluorescence yield mode,
can reveal the local magnetization reversal of the SL. The

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Hysteresis loops and (b) normalized angular de-
pendence of remanent coercivity H.(0)/H.(0) on c-PMR and ECC with
N=3,5,7 (H.(0) is measured at the out-of-plane direction.)

XMCD measurements of the Fe-marker layer were per-
formed at the Dragon beam line 11A at the National Syn-
chrotron Radiation Research Center. The hysteresis loops
and remanent coercivity (H,,) of ECC media were measured
by using a vibration sample magnetometer (VSM).

The perpendicular hysteresis loops of ECC media with
various SL thicknesses (N number) are presented in Fig.
1(a). The coercivity (H.) and saturation field (H,) in ECC
media are reduced with increasing N. Figure 1(b) shows the
angular dependence of normalized remanent coercivity
H.(0)/H.(0) for the samples with the N from N=0
(c-PMR) to N =7. For c-PMR, the curve can be characterized
by a typical Stoner-Wohlfarth (SW)-like behavior that shows
a symmetric curve with respect to 45°. The curve of ECC
media with N=23 (ECC-N3) is similar to that of the c-PMR,
indicating that ECC-N3 exhibits a coherent switching, corre-
sponding to the RM behavior. In contrast, ECC media with
thicker SLs (N=5 and N=7) show angular dependences
deviating from the SW model, which are often ascribed to the
onset of the incoherent reversal.>

The element-specific XMCD provides a straightforward
probing of the local Fe-marker, which enables us to investi-
gate the depth-dependent magnetization reversal in the SL.
The Fe-marker layer was inserted in the various designated
locations in ECC-N3 and ECC-N7. We experimentally con-
firmed the ECC media behaved identically for samples with
and without Fe-marker due to very limited amount of Fe. As
schematically shown in the insets of Fig. 2, the green and red
layers represent the CPCS layers with and without Fe-
marker, respectively.

Figure 2(a) shows the hysteresis loops measured by
VSM and XMCD for the ECC-N3 with the Fe-marker layer
located at the 3rd layer of the SL (the top of the SL). Both
the HL and the SL contribute to the signal of the VSM loop;
the XMCD signal is only contributed from the Fe-marker
layer so the XMCD loop is relatively noisy due to very lim-
ited amount of Fe. The XMCD loop reveals good coinci-
dence with the VSM result, shown in Fig. 2(a), clearly
demonstrating that even the top magnetization of SL is
switched coherently with the whole ECC layers, correspond-
ing to the RM behavior.

In Figs. 2(b)-2(d), XMCD and VSM loops are presented
for the ECC-N7 with the Fe-marker layer located at various
positions from the 1st to 7th layer. The VSM loops are all
the same regardless of the position of Fe-marker layer. On
the other hand, the XMCD loops taken from samples with
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FIG. 2. (Color online) XMCD and VSM loops of (a) ECC-N3 with the Fe-
marker in the 3rd layer, and of ECC-N7 with the Fe-marker in (b) 1st layer,
(c) 3rd layer, and (d) 7th layer. Insets schematically show the CPCS layer
with and without Fe-marker in different colors.

the Fe-marker at different positions show depth-dependent
switching behavior. The XMCD loop of the 1st layer (Fig.
2(b)) is nearly identical to the VSM one, indicating the
strong coupling between the HL and the bottom of the SL.
The XMCD loop of the 3rd layer (Fig. 2(c)) shows slightly
reduced H,. compared to the VSM loop because the coupling
to the HL is weakened. The distinctly different XMCD loop
(Fig. 2(d)) is observed for the 7th layer (top of the SL); the
sheared loop and the significantly reduced H,. confirm that
the top of the SL is reversed at a lower field, providing the
DW nucleation site to promote the DW assisting reversal.
These results directly demonstrate the ES reversal along the
depth-direction of the SL in the ECC-N7.

To further clarify the DW assisting reversal behavior,
micromagnetic simulations were performed by using the sim-
ulation package FEMME.” Since the well isolated granular
structures were observed in our ECC media, the simulations
only considered the granular system with a weak inter-granu-
lar exchange coupling of A;p, = 1 x 107 erg/cm. The transient
states at various applied fields with A*°™ of 0.35 x 107° erg/
cm, shown in Fig. 3(a), depict the reversal of the ECC-N7.
The following simulation parameters, corresponding to the
film conditions, were considered: M., =550 emu/cm’,
M *°" =302 emu/cm?’, thickness "= 12 nm, #°"=12.6 nm
(N=7), K" =44 % 10° erg/em?, K,>°" = — 0.15 x 10° erg/
em®, AP =10 x 107 erg/em, and A" =0.1, 0.35, 0.5, and
1.0 (x 107° erg/cm). The anisotropy has a distribution of
*10% and an angular distribution about the c-axis of 3°.
Since the magnetic properties of ECC media are essentially
the same regardless of the presence of the Fe-marker, it is
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FIG. 3. (Color online) Simulation results of the ECC-N7 (a) transient states
of the multi-grains at various fields in the case of A**"=0.35x 107° erg/
cm; the descending branches of hysteresis loop of the entire film (same as
VSM curve in Fig. 2) and of the 1st, 3rd, and 7th layer in the SL of ECC-N7
with (b) A*"=1x10"% erg/em, (c) A*°"=0.5x107° erg/em, (d) A®"
=0.35x107° erg/cm, and (e) AP =0.1x 107° erg/cm; (f) magnetization
configuration at various fields of the ECC-N7 with A*" = 0.35 x 10~ erg/cm.

concluded that Fe played a negligible role. The effect of Fe-
marker was not taken into account in the simulations.

It is worth mentioning that the laminated SL used in this
study exhibits a tunable effective exchange constant because
of the reduced interlayer coupling between successive CPCS
layers through the Pt layer.'* Figures 3(b)-3(e) show the
ECC-N7 media with varied A*°" of 0.1, 0.35, 0.5, and 1
(x 107° erg/cm). The magnetization reversals of the three
specific layers were captured in the simulations, correspond-
ing to the 1st, 3rd, and 7th layer, similar to the experimental
XMCD measurements. For the A*" =1 x 107° erg/cm, iden-
tical to the A", all three layers show negative nucleation
fields (H,,) and slightly reduced switching fields, which devi-
ate from the XMCD results. According to Ref. 7, we esti-
mated the required #*°" to form a full DW to be 21.2 nm for
A =1 % 107 erg/cm; however, #*°" (12.6 nm) for N=7 is
smaller than the calculated value. This implies that the A*°"
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should be much less than 1 x 10~° erg/cm. In Figs. 3(c)—
3(e), simulations show that further reducing A*°" leads to
more variations between the reversal curves of the SL taken
from varied locations. If A*" is reduced to 0.1 x 10~° erg/
cm (Fig. 3(e)), the exchange constant is so weak that only
the bottom of the SL strongly couples to HL, revealing an
extremely low H for the top (7th) layer. On the other hand,
in Figs. 3(c) and 3(d), simulations show the positive H,, the
significantly reduced H, and the comparable H, between the
entire film and the 7th layer, similar to the observed XMCD
loops. From this, we deduce that the A% in the laminated
SL ranges between 0.35 and 0.5 (x 10~° erg/cm), which is
lower than the typical single SL. With the deduced A™™
value of 0.35 x 107 erg/cm, Fig. 3(f) clearly shows that the
DW nucleation, compression, and propagation take place in
one of the ECC grains at varied fields.

In summary, we demonstrate direct evidence of the DW
assisting reversal of ECC media by using XMCD measure-
ments. Micromagnetic simulations confirm the onset of DW
assisting reversal in the thinner SL is due to the reduced
exchange constant by laminating the SL.
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