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A soft/hard FePt/Fe/FePtAg and Fe/FePt/FePtAg trilayers with perpendicular magnetization were prepared on a glass substrate.
Inserting disordered FePt layer allowed modification of magnetic anisotropy of the Fe/FePtAg sharp interface to Fe/FePt/FePtAg
stepwise interface. The out-of-plane coercivity field was modulated as a function of the FePt thickness because of the interface
coupling attenuation between Fe and FePtAg. The coercivity was inversely proportional to the FePt thickness as evidenced by the
pinning effect at the stepwise interface. Additionally, the out-of-plane magnetization was controlled by domain wall pinning effect.
The in-plane magnetization reversal processes occurred in two steps like in exchange spring systems and attributed to the domain
wall nucleation and its propagation from Fe/FePt layer into FePtAg layer.

1. Introduction

Exchange spring media and exchange coupled composite
(ECC) media were introduced to reduce the write field
requirement and maintain the same thermal stability and
greater tolerance to easy axis distribution. ECC media and
exchange spring media seem to be methods of achieving
area densities of several (Tbit/in2) [1–5]. In ECC composite
media, an intermediate nonmagnetic layer modulates the
exchange coupling between the hard and soft phase. In
exchange spring media, a direct exchange coupling between
hard and soft phase occurs where the interface between
hard- and soft-magnetic materials can be ideal or graded
[6, 7]. Theoretically, the coercivity field is proportional to
the gradient of the densities of domain wall energy [8–
11]. In graded media, the switching field can be tuned and
thus enhance the exchange coupling between the hard- and
soft-magnetic layer. In experimental studies, the exchange-
spring soft/hard bilayer has been discussed extensively in
Fe/L10 FePt bilayer systems [12–16].

This work discusses, first, the Fe magnetic interlayer
thickness effects on magnetic properties of (disordered
FePt)/Fe/(ordered FePtAg) trilayer. Although, the addition of
a ferromagnetic intermediate layer in not suitable to tailor
the coupling efficiency of an exchange-coupled bilayer, this

study focuses on the effect of an additional soft magnetic
layer and its effect on perpendicular magnetic anisotropy
features. The interface effects are studied with the variations
of in-plane and out-of-plane magnetic hysteresis loops.
Second this work addresses the disordered FePt thickness
effects on the magnetic properties of Fe/FePt/FePtAg trilayer.
The variation of the out-of-plane coercivity was fitted by
a model considering domain wall pinning and nucleation.
The shape of in-plane demagnetization curves is varying
with FePt thickness and correlated with inverse domain
nucleation and corresponding domain wall propagation.

2. Experimental Procedures

The FePt(2 nm)/Fe(t)/FePtAg(10 nm) (t = 0, 0.5, 1, 2, 3,
5 nm) and Fe(2 nm)/FePt(t nm)/(FePtAg)(10 nm) (t =
0, 1, 3, 5, 7 nm) trilayers were fabricated with DC (direct
current) magnetron sputtering. The base pressure of the
sputtering system was 2 × 10−8 Torr and the working
pressure was 1.5 × 10−3 Torr under high purity argon gas.
The FePt alloy target and Ag element target were used
and the Ag(1 nm)/FePt(10 nm) bilayer was deposited on a
glass substrate. The film chemical composition was Fe48Pt52

measured by energy dispersive spectroscopy (EDS). After
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Figure 1: GID patterns of (a) FePt/FePtAg film, FePt/Fe(t)/
(FePtAg) film, (b) t = 0.5 nm, (c) t = 1 nm, (d) t = 2 nm, (e)
t = 3 nm, (f) t = 5 nm.

deposition, the films were annealed by a rapid thermal
process (RTP) at 800◦C for 3 minutes and formed the
FePtAg alloy film. There are two types of soft magnetic
structures fabricated following two different procedures.
Procedure I : Fe layer with different thicknesses from 0.5 nm
to 5 nm was deposited on L10FePtAg at room temperature
and capped with 2 nm of a disordered FePt layer. Finally,
the FePt/Fe/FePtAg sandwich layer structure was formed.
Procedure II: FePt layer was deposited on L10FePtAg layer
and finally Fe layer with thickness of 2 nm was deposited
on disordered FePt (t nm) layer at room temperature. The
crystal structure of the samples was identified using grazing
incident X-ray diffraction (GID) with Cu Kα radiation and a
standard X-ray diffraction (XRD) technique (BRUKER, D8
Discover). Magnetic hysteresis loops were measured at room
temperature using a vibration sample magnetometer (VSM,
Lakeshore 7400) with a maximum magnetic field of 2 Tesla.
The film microstructure was observed using transmission
electron microscopy (TEM, Philips Tecnai F30).

3. Results and Discussion

From standard XRD pattern in previous work, the (001)
superlattice diffraction peak and the (002) fundamental
reflection of the L10 FePt are clearly observed in FePtAg
film [17, 18]. The XRD profiles suggest that the L10

FePt crystal has a [001] texture. The ordering param-
eter, S can be estimated from 0.492[I(001)/I(002)]1/2,
{[(I(001)/I(002) ]obs/[I(001)/I002]cal}1/2 or is proportional
to the ratio I(001)/I(002) [19]. The GID was used to
tailor the surface structure variation of Fe/(disordered FePt)
or (disordered FePt)/Fe layer. Figure 1 show GID patterns

Figure 2: GID patterns of (a) Fe/(FePtAg) film, Fe/FePt(t nm)/
(FePtAg) film, (b) t = 1 nm, (c) t = 3 nm, (d) t = 5 nm, (e)
t = 7 nm.

of FePt/Fe(t)/(FePtAg) (t = 0, 0.5, 1, 2, 3, 5 nm) films. In
Figure 1(a), the FePt/FePtAg bilayer was preferred oriented
at [001] direction and the relative intensity of (111) peak
was low. Without the intermediate Fe layer, the interface
anisotropy variation between FePt and FePtAg layer was
expected to be sharp. In Figures 1(b)–1(f), the Fe layer
with thickness 0.5, 1, 2, 3, or 5 nm was inserted between
FePt/FePtAg bilayer. The relative intensity of diffraction
peaks were almost not changed when the Fe layer was
inserted. The FePt/Fe/FePtAg trilayers have (001) texture
and the (111) diffraction peaks were the summation of
disordered FePt and ordered FePtAg layers. Figure 2 show
GID patterns of Fe(2 nm)/FePt(t nm)/(FePtAg)(10 nm) (t =
0, 1, 3, 5, 7 nm) films. In Figures 2(a)-2(b), the FePtAg
single layer and Fe/FePtAg bilayer was preferred oriented
at [001] direction and the relative intensity of (111) peak
was low. Without disordered FePt intermediate layer, it
is supposed that the interface anisotropy between Fe and
FePtAg layer was sharp. In Figures 2(c)–2(f), the FePt
layer with thickness of 1, 3, 5 or 7 nm was inserted between
Fe/FePtAg bilayer. When the thickness of disordered FePt
layer increased to 3, 5, 7 nm, the (111) diffraction peak was
become rough and the full width of half maximum (FWHM)
of (111) peak was increased. The disordered FePt phase
existed and was proved in the variation of (111) peak. The
interface anisotropy was stepwise from ordered FePtAg to
disordered FePt and Fe layer. To prove the layer structure of
films, the cross-section TEM images of Fe/FePtAg bilayer and
Fe/FePt(3, 5 nm)/FePtAg trilayers were shown in Figure 3.
With increased FePt thickness, the interface between Fe/FePt
bilayer became rough but the smooth interface between
FePt/FePtAg was maintained as shown in Figures 3(b)-3(c).
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Figure 3: Cross-section TEM images of (a) Fe/FePtAg bilayer, (b) Fe/FePt(3 nm)/FePtAg trilayer, and (c) Fe/FePt(5 nm)/FePtAg trilayer.

From morphology, the reversed domain wall may originate
from the rough interface between soft Fe/FePt. Based on
the different magnetocrystalline anisotropy in Fe, FePt, and
FePtAg individual layer, the magnetization was reversed
stepwise from soft- to hard-magnetic layer. The coercivity
was influenced more in Fe/FePt thickness and less in interface
morphology.

Figure 4 show the in-plane and out-of-plane magnetic
hysteresis loops of FePt/Fe/FePtAg films measured at room
temperature. The in-plane and out-of-plane magnetization
of glass substrate was linear with negative slope and the
diamagnetic effect in FePt/glass films was computationally
subtracted. In Figure 4(a), the FePt/FePtAg bilayer shows
perpendicular magnetization and the out-of-plane Hc is
10.5 kOe. The disordered FePt layer with thickness of 2 nm
contributed both to magnetization, in-plane and out-of-
plane coercivity in FePt/FePtAg bilayer. The amount of soft-
magnetic phase (FePt/Fe) increased with Fe layer thickness.

The in-plane and out-of-plane coercivities decreased with
amount of soft magnetic phase (FePt/Fe) or Fe layer thick-
ness. In Figure 4(b), the Fe layer with thickness of 0.5 nm
was inserted and the magnetic properties were similar to
Figure 4(a). Figure 4(c) shows magnetic hysteresis loops of
FePt/Fe(1 nm)/FePtAg film. For a soft magnetic Fe layer with
1 nm thickness, the out-of-plane Hc is 11.1 kOe and in-plane
Hc is 3.2 kOe. The in-plane hysteresis loop is near linear
and the out-of-plane hysteresis shows high perpendicular
magnetization but not better than coupling of Fe/FePt bilayer
in previous work [15]. The FePt/Fe/FePtAg trilayer was
coupled with rigid magnetization in remanence (Mr). The
remanence ratio measured at 2T is 0.72 high enough but
relatively smaller than 0.98 presented in previous work on
bilayer [15].

In Figures 4(d)–4(f), the FePt/Fe(2, 3, 5 nm)/FePtAg
film maintains perpendicular magnetization but in-plane
hysteresis also appears. The slight shoulders were measured
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Figure 4: In-plane and out-of-plane magnetic hysteresis loops of (a) FePt/FePtAg film, FePt/Fe(t)/(FePtAg) film, (b) t = 0.5 nm, (c) t =
1 nm, (d) t = 2 nm, (e) t = 3 nm, (f) t = 5 nm.
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Figure 5: In-plane and out-of-plane magnetic hysteresis loops of (a) FePtAg film, (b) Fe(2 nm)/FePtAg film, and Fe/FePt(t)/(FePtAg) trilayer,
(c) t = 1 nm, (d) t = 3 nm, (e) t = 5 nm, (f) t = 7 nm.
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Figure 6: The out-of-plane Hc, as a function of (a) Fe/FePt thickness, (b) 1/t (t: thickness of disordered FePt layer).

in the Mr of out-of-plane hysteresis loops. The nucleation
field (HN ), the switching fields of soft magnetic FePt/Fe
layer (HA) and hard magnetic FePtAg layer (HB), and the
magnetization change (ΔM) from HN to HA be marked in
Figures 4(c)–4(f). The HA and HB mean the applied field of
point A and B in Figures 4(c)–4(f). In the in-plane hysteresis
loops, the magnetization reversal process seems to change
to two-step reversal processes. The reversal domain wall
was first nucleated at nucleation field (HN ) in soft-magnetic
FePt/Fe layer and the magnetization of FePt/Fe was reversed
at HA field. Then the domain wall was propagated from the
FePt/Fe layer into the FePtAg layer. The magnetization of
FePtAg layer was switched at HB field. Moreover, the values
of positive HN and ΔM were increased with inserted Fe
layer thickness due to the amount of soft magnetic phase
FePt/Fe(t). The Fe layer was used to test the maximum
amount of soft phase FePt/Fe. Above the limited Fe layer
thickness, the two steps magnetization reversal was appeared
in in-plane loop and the shoulder or remanence declination
was evidenced in out-of-plane loop.

Figure 5 shows in-plane and out-of-plane magnetic
hysteresis loops of FePtAg film and Fe/FePt(t nm)/(FePtAg)
trilayer measured at room temperature. In Figure 5(a), the
FePtAg film shows perpendicular magnetization and the
out-of-plane Hc is 12.8 kOe. Figure 5(b) shows magnetic
hysteresis loops of Fe(2 nm)/(FePtAg) bilayer. The out-of-
plane Hc is 11.7 kOe and in-plane Hc is 0.12 kOe. Without
disordered FePt layer, the in-plane loop is linear shape due to
less amount of soft magnetic phase. Both in-plane and out-
of-plane coercivity deceased with the thickness of disordered
FePt layer. The in in-plane hysteresis loops deviated from
a linear shape, indicating that the amount of soft-magnetic
phase Fe/FePt(t) increased and the magnetization turns
easily to the in-plane direction under an applied field.
In Figures 5(c)–5(f), the interface coupling was changed
to exchange-spring like behavior in the in-plane hysteresis
loops. The magnetization reversal process was changed
from a single switching field to two-step reversal processes.
The reversed domain wall appeared in positive nucleation

field (HN ) and the magnetization of soft Fe/FePt layer was
switched at HA field. The varied magnetization in-between
HN and HA increased with the thickness disordered FePt.
Finally, the domain walls were propagated from the Fe/FePt
layer into the FePtAg layer. The magnetization of hard
FePtAg layer was reversed at HB field.

Figure 6(a) shows the soft magnetic layer (Fe/(disordered
FePt)) thickness effect on the out-of-plane coercivity
field of Fe/FePt/FePtAg composite films. The coercivity
is reduced from 12.8 kOe to 6.5 kOe for FePtAg film
and Fe/FePt(7 nm)/FePtAg composite film, respectively. The
coercivity field is reduced drastically by a factor of 2
when the total thickness of Fe(2 nm)/FePt(7 nm) bilayer
reaches 9 nm. This behavior is a typical two-phase system
in which the soft layer thickness exceeds the Bloch wall
domain wall width of hard phase [3, 9]. According to the
analytical result with modified coefficients, Hc(Fe/FePt) =
[10.5/(t1.27

soft + 8.6) + 0.17], the measured coercivities were
fitted approximately by a 1/t1.27

soft relation [6, 7]. The measured
coercivities were fitted by a 1/d1.27

soft relation. In Figure 6(b),
the out-of-plane coercivity of Fe/FePt/FePtAg film is plotted
against (1/tFePt). The linear relationship is optimally obtained
in Hc versus (1/tFePt) curve which was due to pinning at
stepwise interface created by disordered FePt layer. The
slope of line is given by 4.34. The value of the saturation
magnetization (Ms) and the exchange stiffness constant
(A) were assumed to be 1600 emu/cm3 and 10−6 erg/cm3.
The maximum hard phase magnetocrystalline anisotropy
energy (Ku) is 2.7 × 106 erg/cm3 that derived from slope in
Figure 6(b) with equation (AK)1/2/(2Ms) [4, 9]. Nucleation
controlled magnetization reversal is expected in 1/t2

s law and
the magnetization reversal of Fe/FePt/FePtAg film is suppose
to follow 1/tFePt law evidenced in Figure 6.

The results obtained previously by Kronmüller and Goll
[8] for the thickness dependence of the nucleation fields
are 1/d and 1/d2. Fullerton et al. [12] clearly show that
the coercivity field decreased strongly by a factor of 3 or 4
for soft-magnetic layer thickness up to 4 nm. Experimental
results of the thickness dependence of the coercivity field of
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composite films have been determined by Goll and Breitling
[6, 7] for the ledge-type Fe/FePt system indicating a d−1.38

law for the thickness dependence.

4. Conclusions

In conclusion, FePt/Fe/FePtAg and Fe/FePt/FePtAg films
with perpendicular magnetization were prepared on glass
substrate. The Fe interlayer thickness increased the amount
of soft magnetic phase in (disordered FePt)/Fe/(L10 FePt-
Ag) film. When the thickness of Fe layer is kept under
1 nm, the perpendicular anisotropy was maintained. In
Fe/FePt/FePtAg trilayer, the disordered FePt layer was
inserted as pinning layer and actually reduced the coupling
between Fe and FePtAg. The coercivity field was modu-
lated and found inversely proportional to the thickness of
FePt layer. The in-plane magnetization reversal process of
exchange spring like Fe/FePt/FePtAg film was interpreted
by domain wall-assisted depinning and motion around the
hard/soft interface. Finally, the inserted disordered FePt or
Fe layer only increased the amount of soft magnetic phase
and acted as an attenuating mechanism of the perpendicular
magnetization of bilayer revealing thickness-dependent vari-
ations of magnetic properties.
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