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Abstract

®

CrossMark

The effect of different spacer materials (MgO, W, and Pt) on the magnetic coupling in FePt/
spacer/FePt trilayers has been carefully investigated. MgO results in magnetically coupled
FePt layers with perpendicular magnetic anisotropy (PMA); W gives rise to a magnetically
coupled system consisting of layers with PMA and in-plane magnetic anisotropy whereas
Pt results in magnetically decoupled FePt layers with PMA. The trilayer microstructure is

essential for explaining the obtained results. The growth mode of the top FePt layer is strongly
affected by the underlying non-magnetic spacer, with occurrence of different morphologies; in
particular, L1y FePt islands grow on MgO, a continuous FePt layer with fcc crystal structure is
obtained on W, whereas a continuous layer with L1 structure is observed when the top layer
is deposited on Pt.

Keywords: 3D magnetic recording, L1oFePt, magnetic coupling, XRD, magnetometry, TEM,
MFM

(Some figures may appear in colour only in the online journal)

1. Introduction

There is a constant demand for increasing data storage
capacity of hard disk drives, beyond the limit of 1 Tbit in—2
recording areal density of state-of-the-art technologies [1].
A promising route for achieving this goal is 3-dimensional
(3D) magnetic recording, where magnetically decoupled fer-
romagnetic layers with different magnetic properties are
vertically stacked and separated by a non-magnetic spacer.
By so doing multi-level data storage may be implemented
[2, 3], thus allowing increasing data storage density while main-
taining adequately large magnetic bits for long-term storage.
In the past, a 4-level magnetic signal has been experimentally
demonstrated in Co/Pd-spacer-Co/Pd magnetic trilayer dot
arrays [4], while recently an 8-level signal has been demon-
strated in Co/Pt-spacer-Co/Pd-spacer-Co/Pd multilayers [5].

1361-6463/17/445002+8$33.00

Layer-selective writing and readout methods were proposed
for realizing this technology [6, 7] and recently experimentally
demonstrated in CoFeB-spacer-CoPt trilayers [8, 9].

In this work we have studied the magnetic properties of
FePt/spacer/FePt trilayers for exploring their potential as 3D
magnetic recording media. The chemically ordered fct FePt
phase (usually dubbed L1y) with perpendicular magnetic
anisotropy (PMA) is currently considered the best candidate
for next generation magnetic recording media due to its high
uniaxial magnetic anisotropy (K, ~ 5 x 107 erg cm~?), which
allows smaller thermally stable grains, ultimately down to
4nm [10, 11, 12, 13]. One of the mandatory requirements
for implementing 3D magnetic recording is to obtain magn-
etically decoupled ferromagnetic layers for independently
controlling the magnetisation of each layer. Moreover, the
magnetic coupling in FePt/spacer/FePt trilayers with PMA is

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) XRD 6-26 diffractograms (solid lines represent fits to the data and stars indicate Bragg peaks of the MgO substrate) and (b)
room temperature hysteresis cycles (the magnetic field was applied perpendicularly to the sample surface) of the 10 and 20 nm single FePt

films.

of interest for other applications, such as pseudo-spin-valves
and magnetic tunnel junctions and it has been already studied
using MgO [14], Pt and Pd [15], Ag [16], and TiN [17] as
spacer materials. In these works the magnetic coupling was
found to depend on spacer thickness and type (insulating
versus metallic), magnetic layer, as well as on its magnetic
microstructure. In the present work, three spacer materials
have been studied—W, MgO, and Pt—yielding trilayers with
different magnetic behaviour, which is explained in terms of
the crystallographic structure and microstructure of the stacks.

2. Experimental details

Sample deposition has been performed in an ultra-high vacuum
(base pressure 1.5 x 10~° Torr) magnetron sputtering system
(AJA ATC-2200-V) in diode configuration. FePt(20nm)/
spacer(5 nm)/FePt(10nm) trilayer stacks have been deposited
on commercial monocrystalline (00 1) MgO substrates with low
surface roughness (~0.1 nm), which would favour the formation
of the L1y FePt phase with a (001) texture (i.e. c-axis, corre-
sponding to the magnetic easy-axis, perpendicular to the film
plane) [18]. Homogeneous deposition was ensured by rotating
the substrates around their normal axis. The source material
was a round 50mm diameter FesqPts, target. High purity Ar
(99.999%) was used as sputtering gas at 3 mTorr pressure. The
applied DC power was 2 W cm™2, yielding a deposition rate of
0.041nm s~ !. The substrates were kept at 500 °C during deposi-
tion for promoting the formation of the magnetically hard L1,
fct phase with alternate stacking of (0 O 1) planes of Fe and Pt
instead of the softer fcc phase (labelled A1) [19]. The spacers
were also deposited at 500 °C, using pure metallic W or Pt tar-
gets, or a stoichiometric MgO target; RF power was used in
the latter case. In order to support the investigation of trilayers,
single FePt films with a nominal thickness of 10 and 20nm
were also deposited using the same experimental conditions.
X-ray diffraction (XRD) structural analysis has been per-
formed using a Siemens D500 diffractometer with Cu-K,,

radiation, in steps of 0.03° and counting time 6 s/step. -260 scans
were obtained in the 18°-120° range. Transmission Electron
Microscopy (TEM) analyses have been carried out by a Philips
CM200 microscope operating at 200kV and equipped with a
LaBg filament. High resolution TEM (HRTEM) observations
have been performed using a 200kV JEOL 2011 microscope
(point resolution 0.19nm, Cs = 0.4mm). For TEM observa-
tions, samples have been prepared by mechanical grinding,
comprising dimpling and/or tripod polishing. Final thinning
was carried out by ion milling in a Gatan PIPS using 5kV Ar*
ions. Superconducting quantum interference device (SQUID)
magnetometry has been performed using a Quantum Design
MPMS instrument, equipped with a superconducting 50 kOe
magnet.

Magnetic force microscopy (MFM) has been performed
using a Bruker Dimension Icon microscope and commercial
probes from Bruker (MESP-HM). Probes were magnetized
along their axis, which is perpendicular to the sample sur-
face; thus, the obtained magnetic contrast originated from the
magnetic poles at the surface, which can be ascribed to magn-
etic domains with perpendicular magnetization. The samples
were demagnetized using an alternating out-of-plane field
with decreasing amplitude prior imaging. MFM images were
obtained using the phase imaging double-pass tapping-mode:
surface topography was recorded during the first pass and then
the tip was lifted at a certain height above the sample and the
phase shift induced by the magnetic interaction between tip
and sample was recorded. All microscopy images have been
processed using the WSxM software [20].

3. Results and discussion

3.1. Single FePt fims

Figure 1(a) shows XRD 6-26 graphs of single 10 and 20nm
thick FePt layers. In both cases, the fundamental (002) and
(004) and the superlattice (001) and (003) Bragg peaks of
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Figure 2. HRTEM images of the 10nm thick (a) and 20 nm thick
(b) single FePt layers.

the L1y FePt structure can be clearly detected. The strong
Bragg peaks produced by the MgO (00 1) substrate are also
apparent. The chemical ordering parameter S of the films is
calculated by taking into account the integrated intensities of
the (001) and (002) peaks; pseudo-Voigt fits to the data are
employed [21]. High chemical ordering is obtained in both the
samples, as the S parameter is 0.72 £ 0.06 and 0.71 £ 0.06 at
the 10 and 20 nm thick films, respectively. The calculated lat-
tice constant is ¢ = 0.37 & 0.02nm and the d(02) spacing is
0.187 £ 0.009 nm, in both cases.

Figure 1(b) shows room temperature SQUID magnetom-
etry hysteresis cycles of the single FePt layers, obtained with
the magnetic field applied perpendicularly to the samples’
surface. A saturation magnetization value of 1100 = 15 emu
cm™3, was measured for both the films, being it very close to
the bulk L1y FePt value [22]. The coercive field (Hc) greatly
decreases from 11.0 kOe at the 10nm thick film to 4.7 kOe
at the 20nm thick film. The larger Hc of the thinner film is
attributed to its non-continuous microstructure [14, 18, 23]
(see figure 2).

Figure 2 shows cross-section TEM images of single
nominally 10 and 20nm thick FePt layers grown on (001)
MgO substrates. Strikingly different growth morphology is
observed in the two cases. The nominally 20 nm thick film is
continuous, with a real thickness equal to 22 4+ 1 nm. In the
case of the nominally 10 nm thick film, the film morphology is
discontinuous with partially coalesced elongated islands with
average real thickness equal to 14 &+ 2nm. This behaviour
shows a 3D growth mode whereby the initially formed islands
extend laterally with increasing thickness, and finally coalesce
into a continuous film. In the continuous film, introduction
of inclined twins and stacking faults on {111} planes (see
arrows on the image) appears to be promoted by the interfacial
roughness in addition to the 8.5% misfit with the substrate.

Figure 3 shows high magnification cross-sectional HRTEM
images of selected grains in each sample, along with their
corresponding diffractograms obtained by fast Fourier trans-
form (FFT). The image of the 10nm thick film was obtained
along the [100]MgO//[100]FePt direction, whereas the
image of the 20nm thick film was obtained along the [110]
zone axis. In both cases, highly textured (001) FePt films
with a L1 crystal structure form, although, in the case of the

Figure 3. HRTEM images and corresponding FFT diffractograms
of the nominally 10nm thick ((a) and (b)) and 20 nm thick ((c) and
(d)) FePt single layers.

20nm thick film, the presence of twins introduce some local
deviations of the growth axis from the [00 1] direction. The
MgO/FePt interface roughness is higher in the case of the
thicker film, indicating a more severe intermixing; this could
be attributed to the longer time spent at 500 °C by the interface
during the deposition of the 20nm thick FePt layer. The FFT
diffractograms show superlattice reflections due to L1y FePt
ordering.

3.2. FePt/spacer/FePt trilayers

Due to its continuous nature, the magnetic trilayers have been
fabricated using a 20nm thick bottom FePt layer. On top, a
non-magnetic spacer was deposited, followed by a 10nm
thick top FePt layer, whose thickness is such that a different
Hc with respect to the bottom layer is expected.

TEM analysis has been performed to investigate the
morphology and structure of the trilayers. Figure 4(a) shows
a typical TEM bright-field image of the trilayer having a 5nm
thick MgO spacer. Both the bottom FePt layer and the MgO
spacer grow forming a continuous and uniform film. The two
layers have thicknesses in agreement with the nominal values
and their interface roughness is low. The FePt top layer, on the
other hand, exhibits an island growth. The morphology and
size of the islands are completely similar to those observed
in the single 10nm thick FePt layer deposited directly on the
MgO substrate. In figure 4(b) the corresponding SAED pat-
tern is reported. Diffraction spots of the L1y ordered FePt
phase in the (1 0 0) zone axis orientation are identified (dashed
cell). Furthermore, diffraction spots of the MgO in the (100)
zone axis are also clearly visible (dotted cell). Considering
that other diffraction spots are not present and that the large
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Figure 4. TEM analysis of the FePt/MgO/FePt trilayer. (a) Bright-field image. (b) Corresponding SAED pattern: rectangular dashed cell
corresponds to the L1 phase in [100] orientation; squared dotted cell corresponds to the MgO phase in [100] orientation; the large arrow
indicates the direction perpendicular to the substrate. Dark-field image obtained selecting: (c) the (02 1) L1, reflection; (d) the (0 —2 —2)

MgO reflection.

arrow in figure 4(b) indicates the direction perpendicular to the
substrate, the following growth orientations for the different
layers can be deduced: MgO substrate || {001}L1, || {001}
MgO || || {00 1}L1y. In particular, SAED measurements indi-
cate the same orientation and structure for the two FePt layers
as well as for the MgO spacer and substrate. To confirm these
last results, dark field imaging was also performed. A typical
dark field image obtained selecting the (02 1) L1, diffraction
spot of figure 4(b) is shown in figure 4(c). In the image, the
crystalline areas of the sample responsible of that particular
diffraction spot appear brighter, thus revealing that both the
FePt layers have the same L1 structure and crystallographic
orientation. The dark field image of figure 4(d) is obtained
selecting the (0—2—2) MgO reflection of figure 4(b). The
MgO spacer and substrate appear brighter in the figure con-
firming the same crystallographic orientation and structure.
Striking differences are observed when W is used as the
non-magnetic spacer. Figure 5(a) shows a TEM bright-field
image of the FePt(20nm)/W(5nm)/FePt(10nm) trilayer. All
three layers grow forming continuous and uniform films with
thicknesses in good agreement with the nominal values. The
interfaces among the layers are well detectable and show low
roughness. The corresponding SAED pattern is shown in
figure 5(b). Diffraction spots of the L1, ordered FePt phase
in the (1 00) zone axis orientation are identified (dashed cell),
together with diffraction spots of the cubic A1 disordered FePt
phase in the (1 10) zone axis (dotted cell). Other intense dif-
fraction spots are visible in the image and can be attributed
to the W and MgO grains oriented in the (100) zone axis.
For sake of clarity, the corresponding cells are not reported
in figure 5(b) and only the (01 1)W and the (002)MgO dif-
fraction spots are indicated. Considering that in figure 5(b),
the large arrow indicates the direction perpendicular to the

substrate, SAED measurements give the following growth
orientations for the different layers: MgO substrate || {001}
Lig|[{o11}W | {111}AL

To spatially identify the position of the two FePt phases,
dark field images were performed using the corresponding
reflections. Figure 5(c), obtained selecting the L1y (001)
reflection of figure 5(b), shows that the FePt layer in con-
tact with the MgO substrate has the ordered L1 structure.
Selecting the A1 (1—1 1) reflection, the image of figure 5(d) is
obtained. The top FePt layer has the A1 structure. In this case,
even the W layer appears lighter in the image. This effect is
related to the objective aperture used to select the (1—11)A1l
diffraction spot. The finite dimension of the aperture does not
prevent that other diffracted signals go through the aperture.
In particular, very close to the (1—11)A1 diffraction spot, the
reflection coming from the {011} W lattice planes is present
and also the W layer appears bright.

TEM analysis of the FePt(20nm)/Pt(5 nm)/FePt(10nm)
trilayer is summarized in figure 6. Bright field images do not
allow the different layers to be distinguished. Only a single
continuous and uniform film is visible in figure 6(a) having a
thickness of about 36 nm, in good agreement with the sum of
the three layers’ nominal thicknesses. A typical SAED pattern
of the sample is shown in figure 6(b). Diffraction spots of the
L1, ordered FePt phase in the (1 00) zone axis orientation are
identified (rectangular dashed cell), together with diffraction
spots of the cubic MgO phase in the (1 00) zone axis (not indi-
cated in figure 6(b)). Reflections coming from the Pt phase are
not clearly visible because they are positioned between the
MgO and L1, spots. In particular, the squared dotted cell of
figure 6(b) shows the position of the diffraction spots coming
from the Pt phase in (100) zone axis. SAED measurements
indicate the same orientation and structure for the two FePt
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Figure 5. TEM analysis of the FePt/W/FePt trilayer. (a) Bright-field image. (b) Corresponding SAED pattern: rectangular dashed cell
corresponds to the L1 phase in [100] orientation; rhombohedral dotted cell corresponds to the Al phase in [1 1 0] orientation; the large
arrow indicates the direction perpendicular to the substrate. Dark-field image obtained selecting: (c) the (00 1) L1, reflection; (d) the

(1—11) Al reflection.
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Figure 6. TEM analysis of the FePt/Pt/FePt trilayer. (a) Bright-field image. (b) Corresponding SAED pattern: rectangular dashed cell
corresponds to the L1 phase in [100] orientation; squared dotted cell corresponds to the Pt phase in [100] orientation; the large arrow
indicates the direction perpendicular to the substrate. Dark-field image obtained selecting: (c) the (02 1) L1, reflection; (d) the (002) L1,

reflection.

layers and considering that in figure 6(b) the large arrow
indicates the direction perpendicular to the substrate, the
following growth orientations for the different layers can be
deduced: MgO substrate ||{001}L1, || {001}Pt||{001}L1,.
In figure 6(c), a dark field image of the trilayer obtained by
selecting the L1 (02 1) reflection is illustrated. The different
layers can be now easily distinguished, confirming the same
L1y crystallographic structure and orientation for the two FePt
layers. If the L1y (002) reflection is selected, the dark field

image of figure 6(d) is obtained. All the three layers appear
brighter in this case because the finite dimension of the objec-
tive aperture used to obtain the dark field image cannot pre-
vent the Pt {002} reflection to contribute to the image.
Figure 7(a) shows the demagnetizing branch of hysteresis
loops measured at room temperature with the external field
applied along the direction perpendicular to film plane. The
corresponding field derivative dM/dH curves are shown in
figure 7(b). A nearly-single magnetisation switching occurs
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Figure 7. Demagnetizing branch of hysteresis loops (left panel) and its field derivative dM/dH (right panel; the curves are shifted at the
vertical axis for clarity purposes) of the FePt(20 nm)/spacer(5 nm)/FePt(10nm) trilayers and the single 20 nm thick FePt layer.
The hysteresis loops were recorded at room temperature with the filed applied perpendicularly to the film plane.

when W and MgO are used as spacers, while a two-step
magnetisation switching is clearly observed in the FePt/Pt/
FePt sample. Moreover, a decrease of the saturation magnet-
isation (M) of the trilayer samples compared to the single FePt
layers is observed. The lowest Mg is found when MgO spacer
is used (860 emu cm~?), whereas larger values are obtained
for W and Pt spacers (940 and 970 emu cm 3, respectively).
The decreased Mg of the trilayers may be attributed to interface
mixing at the top and bottom FePt/spacer interfaces, which
leads to the creation of a magnetic dead layer. It is assumed
that the presence of MgO should lead to a strong interface
mixing which is expected to be weaker in the case of W and Pt.

The shape of the hysteresis curves also shows differences
between the samples. When MgO is used as spacer, the hys-
teresis curve shows an initial abrupt magnetisation decay
followed by a very slow magnetisation reversal. The initial
abrupt decrease is observed at a field lower than the coercivity
of the corresponding single layers, thus suggesting that the
two FePt layers are magnetically coupled. Both the bottom
and the top layers have an L1 structure and exhibit PMA;
however their different morphology (continuous versus dis-
continuous) would result in a different coercivity, which is
expected to be larger for the discontinuous top layer. In pre-
vious works, it has been shown that the magnetic coupling
between two layers with PMA [11, 18] is greatly affected by
the magnetic microstructure of the hardest magnetic layer, as
the stray-field emanating from the domain-walls was found
to strongly enhance magnetostatic coupling [14]. In our sam-
ples, the stray fields emanating at the edges of the top FePt
islands should be large enough to initiate the reversal of the
bottom FePt layer. In such a case, the reversal is expected to
occur through the formation of vertically correlated magnetic
domains; the initial abrupt magnetisation decay and the fol-
lowing slow magnetisation variation (observed in the field-
dependent magnetization curve) should be interpreted as the
nucleation and the annihilation of vertically correlated reverse
domains [24].

A similar hysteresis curve shape is obtained at the W-spacer
trilayer: the two FePt layers appear to be magnetically cou-
pled, although they are both morphologically continuous.
RKKY interaction between the two layers can be excluded
due to the large thickness of the W spacer layer. Furthermore,
TEM analysis shows no presence of structural pinholes in
the W spacer that could lead to direct exchange coupling.
However, the bottom FePt layer has an L1 structure and it is
magnetically hard with PMA, whereas the top FePt layer has
a fce structure and is magnetically soft with an in-plane aniso-
tropy. The occurrence of such a mixing of magnetic aniso-
tropy of different type [25], results in stray fields (emanating
from the bottom layer) large enough to initiate the reversal of
the top layer, leading to the observed coupled magnetisation
reversal of the two FePt layers via vertically coupled magnetic
domains [24, 26, 27].

In the Pt-spacer case, TEM and SAED data show that both
layers are continuous and have an L1 crystal structure with
the c-axis oriented perpendicularly to the film surface. From
the amplitude of the first jump in the hysteresis loops, it can
be deduced that the lowest Hc (2.7 kOe) corresponds to the
top layer, since its thickness is half of that of the bottom layer.
Moreover, the highest Hc value is 5 kOe, which is compa-
rable to that of the single 20nm thick layer sample, thus sup-
porting that the second jump at Hc = 5.2 kOe, corresponds
to the 20nm thick bottom layer. It is interesting to note that
the Hc value of the top layer is much lower than that of the
single 10nm thick sample due to the different morphology
(continuous versus discontinuous) and its value is also lower
than that of the thicker bottom FePt layer, likely because the
Pt will lead to a lower amount of defects that behaves as pin-
ning points. Although the coercivity of the top layer is lower
than that of the bottom layer, it is sufficiently high to reduce or
even suppress the stray-field-induced magnetic coupling and
the two layers can reverse their magnetization independently.

Figure 8 shows AFM and MFM images of the trilayers. The
morphology obtained using AFM is in qualitative agreement
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Figure 8. AFM images of the trilayers with (a) MgO spacer, (b) W spacer, and (c) Pt spacer. The vertical scale is 10nm in all AFM images.
Corresponding MFM phase images of the trilayers with (d) MgO spacer, (e) W spacer, and (f) Pt spacer. The vertical scale is 8° in all MFM

images. All AFM and MFM images have the same horizontal scale.

to TEM observations: MgO spacer yields a trilayer surface
with higher roughness (1.4 nm), while the grainy morphology
is clearly apparent. The trilayer surface is smoother in the
two other cases and the roughness is 0.7 nm for W spacer and
0.8 nm for Pt spacer. MFM reveals a demagnetized magnetic
structure with magnetic domains several hundred of nm large,
much bigger than the average grain size which is a few tens of
nm; this indicates a strong magnetic coupling between grains
in the films [28]. A striking difference is observed between
the magnetic structure of the trilayers using MgO or W spacer
and the one of the trilayer with Pt spacer: although a two-level
contrast (dark/bright) is observed in the former case, a three-
level contrast (dark/intermediate/bright) is observed in the
latter case. This indicates a magnetically decoupled configu-
ration in the Pt spacer case; as it has been shown in studies of
similar magnetic trilayer systems with PMA [29], the apparent
intermediate contrast results from partial overlapping of
magnetic domains in each layer with anti-parallel magnetiza-
tion direction. The absence of any intermediate contrast in the
case of MgO or W spacer indicates strong magnetic coupling
between the two layers and a complete magnetic domain rep-
lication [30], with a non-homogeneous distribution of magn-
etic domains as suggested by slight prevalence of ‘dark’ or
‘bright’ contrast in figures (d) and (e).

4. Summary and conclusions

To summarise, striking differences of the top FePt layer growth
mode is observed for each spacer material: L1y FePt islands
develop on MgO, a continuous FePt layer with fcc crystal
structure is found for W, whereas a continuous layer with
L1y structure is observed when top layer is deposited on Pt.
Subsequently, MgO results in magnetically coupled FePt layers

with perpendicular magnetic anisotropy (PMA), W gives rise
to a magnetically coupled system consisting of layers with both
PMA and in-plane magnetic anisotropy, whereas Pt results in
magnetically decoupled FePt layers with PMA. Independent
switching of the magnetisation of the two FePt layers is observed
only when Pt spacer is used. Taking the above into account,
one of the mandatory requirements for 3D magnetic recording
media, i.e. an independent control of single layer magnetisation,
can be fulfilled by choosing a Pt spacer which yields magn-
etically decoupled ferromagnetic layers in the final stack.
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