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a  b  s  t  r  a  c  t

For  the  first  time,  nanoporous  Al2O3 templates  with  smoothed  surface  relief  characterized  by  flattened
interpore  areas  were  used  in  the  fabrication  of  Co/Pd  and Co/Pt  multilayers  (MLs)  with  strong  perpendicu-
lar  magnetic  anisotropy  (PMA).  Alternating  gradient  magnetometry  (AGM)  revealed  perfectly  conserved
PMA  in  the Co/Pd  and  Co/Pt  porous  MLs  (antidot  arrays)  with  a  ratio  of  remanent  magnetization  (Mr) to
saturation  magnetization  (MS) of  about  0.99, anisotropy  fields  (Ha) of  up  to 2.6  kOe,  and  a small  devia-
tion  angle  of  8◦ between  the easy  magnetization  axis  and  the normal  to the  film  surface.  The  sufficient
erpendicular magnetic anisotropy
ercolated perpendicular media
o/Pd multilayers
o/Pt multilayers
orous anodic aluminum oxide templates

magnetic  hardening  of  the  porous  MLs  with  enhanced  coercive  field  HC of  up  to  ∼1.9 kOe  for  Co/Pd  and
∼1.5  kOe  for  Co/Pt  MLs,  as  compared  to the  continuous  reference  samples  (∼1.5–2  times),  is  associated
with  the  pinning  of  the  magnetic  moments  on  the  nanopore  edges.  Application  of  the  Stoner–Wohlfarth
model  for  fitting  the experimental  M/MS(H)  curves  yielded  clear  evidence  of  the predominantly  coherent
rotation  mechanism  of magnetization  reversal  in the  porous  films.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanopatterned Co/Pd and Co/Pt multilayers (MLs) possess-
ng perpendicular magnetic anisotropy offer great opportunities
or basic studies of nanomagnetism [1–5], as well as for var-
ous applications, such as magnetic sensors, magnetic random
ccess memory, magnetic logic devices, and media for high-density
ecording [6–11]. However, attempts to fabricate high-density per-
endicular recording media face serious limitations because of the
uperparamagnetic effect — that is, the undesirable thermal fluc-
uations of magnetic moments when the grain size falls to a few

anometers [12]. The formation of percolated perpendicular media
ontaining exchange-coupled MLs  with densely distributed pin-

∗ Corresponding author at: Institute of Materials Science, Vietnam Academy of
cience and Technology, 18 Hoang Quoc Viet, Hanoi, Viet Nam.

E-mail address: ngocanhnt.vn@gmail.com (T.N.A. Nguyen).

ttp://dx.doi.org/10.1016/j.apsusc.2017.08.238
169-4332/© 2017 Elsevier B.V. All rights reserved.
ning centers (nanopores) allows this restriction to be overcome
[13,14].

The fabrication of nanopatterned thin films by means of litho-
graphic techniques requires expensive equipment and multiple
processing steps [9,15–18], which may  not be suitable for large-
scale device fabrication. Another approach to nanopatterning
that utilizes anodized porous templates (Al2O3, ZrO2, and TiO2)
appears to be particularly encouraging for the fabrication of porous
exchange-coupled MLs  [19,20]. It has been well established that
Co/Pd and Co/Pt MLs  fabricated on porous templates with a devel-
oped U-shape morphology (Al2O3, nanospheres) typically have
disturbed magnetic anisotropy and a poor ratio between rema-
nent Mr and saturation MS magnetizations, originating from local
misalignment of perpendicularly oriented magnetic moments on
curved surfaces [21,22]. With respect to this, the deposition of MLs
on smoothed-relief porous templates results in better conserva-

tion and adjustment of PMA  in nanoporous MLs. To that end, we
deposited Co/Pt and Co/Pd MLs  on the templates of Al2O3, where
specifically selected anodization regimes and subsequent surface

dx.doi.org/10.1016/j.apsusc.2017.08.238
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.08.238&domain=pdf
mailto:ngocanhnt.vn@gmail.com
dx.doi.org/10.1016/j.apsusc.2017.08.238
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ig. 1. SEM image of the initial template of anodized Al2O3 taken at an angle of
5◦ with respect to the sample surface; the inset shows a top-view image of the
emplate surface.

r ion etching allow the interpore areas to be flattened and the
elief gradient to be reduced.

The aim of this work is to investigate the effect of the flat-surface
orphology of Al2O3 templates on the magnetic characteristics of

o/Pd and Co/Pt MLs  fabricated over such matrices.

. Experimental

Templates of nanoporous Al2O3 were fabricated by two-stage
nodization of Al film (0.4 �m)  in 2% sulfuric acid aqueous solution
t room temperature. Al foil was deposited over Si wafer by mag-
etron sputtering. The anodization voltage was linearly increased

rom zero to 25 V at 1 V/s and then held constant for the total
nodization time, which was no longer than 35 min. The end of the
nodization process was monitored by the drop of the anodic cur-
ent below 30% of its maximum value. Subsequent Ar ion-plasma
tching for 60 min  was used to additionally flatten the surface relief.

Co/Pd and Co/Pt MLs  with nominal composition
d15nm/[Co0.5nm/Pd1nm]х5/Pd3nm and Pt15nm/[Co0.4nm/Pt0.8nm]
5/Pt3nm, and with 5 nm Ta buffer and capping layers, were
eposited over anodized Al2O3 templates. In addition to the

anopatterned samples, the same MLs  were also deposited on
i/SiO2 substrates in order to obtain continuous films as refer-
nces. These MLs  were fabricated using an ultra-high vacuum
agnetron sputtering system (AJA International, Inc., USA) with a

ig. 2. Top-view SEM images of Co/Pd (a) and Co/Pt (b) porous MLs  deposited over Al2O3

urface.
 Science 427 (2018) 649–655

base pressure below 3 × 10−8 Torr. The Ar gas pressure was  kept at
5 mTorr during sputtering for the Co, Pt, and Pd layers and at 2 mT
for the Ta layers. All layers were deposited at room temperature,
with deposition rates of 0.2, 0.35, 0.3, and 0.7 Å/s for Co, Pt, Pd,
and Ta, respectively. The Pd/Ta and Pt/Ta bilayers were used as
capping layers for preventing oxidation of the MLs, while the Ta/Pd
and Ta/Pt bilayers were applied to promote the (111) texture of
the MLs  [23,24]. The layer thicknesses were determined from the
deposition time and calibrated deposition rates.

The surface morphology and cross-sectional microstructure of
the templates and films were examined using a Hitachi S-4800
scanning electron microscope (SEM) at a voltage of 15 kV and an
NT-MDT Solver-Pro 47 atomic force microscope (AFM) using an
NSG01 DLC supersharp diamondlike carbon tip with a curvature
radius below 3 nm.  The chemical composition of the films was
examined using X-ray photoelectron spectroscopy (XPS) with a K
Alpha spectrometer (Thermo Fisher Scientific) with a base pres-
sure in the chamber of 7 × 10−7 Pa. Photoelectrons were excited
by Al-K� (1486 eV) with a beam diameter of 400 �m.  All samples
were etched using an Ar+ ion beam with an energy of 200 eV to
remove carbon and oxygen contamination from the surface. The
spectra were analyzed using Avantage software (Thermo Fisher
Scientific). The films structure was  examined by X-ray powder
diffraction (XRD) using an X’pert Pro X-ray diffractometer at a volt-
age of 45 kV and a current of 40 mA with Cu-K� X-ray radiation
(� = 0.15418 nm). The magnetic properties of the patterned and
unpatterned PMA  films were characterized using an alternating
gradient magnetometer (AGM) up to 1.4 T at room temperature.

3. Results and discussion

The surface morphology of the nanoporous Al2O3 templates
was examined by SEM. Fig. 1 shows an SEM image of the initial
template of anodized Al2O3 taken at an angle of 45◦ with respect
to the sample surface; the inset is a top-view SEM image. These
images clearly illustrate that nanopores with an average diameter
D of about 20 nm are homogeneously distributed over the perfectly
smoothed surface of anodized Al2O3. It is worth noticing that the
surface morphology obtained, with its flattened interpore areas, is
very different from the pronounced U-shaped relief (with surface
roughness of up to 20 nm)  of the Al2O3 templates that are typically
used in the preparation of arrays of magnetic antidots [25].
SEM images of the Co/Pd and Co/Pt fabricated over the Al2O3
templates are presented in Fig. 2 (a) and (b), respectively; they
show the porous structure of the magnetic MLs  with average esti-
mated D values of about 20 nm.  Generally, the morphology of Co/Pd

templates; the insets show surface images taken at an angle of 45◦ to the sample
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Fig. 3. 3D AFM images of Co/Pd (a, c) and Co/Pt (b, d) MLs  deposited over flat Si/SiO2 wafers (a, b) and porous Al2O3 templates (c, d); the �R parameter indicates the average
surface  roughness of the films.
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Fig. 4. Survey XPS spectra of Co/Pd (a) and Co/Pt (b) MLs 

orous films is quite smooth due to the lower relief of the initial
emplate. However, the surface of the Co/Pt MLs  is characterized by
rregularly distributed flattened grains with spatial sizes of about
0–100 nm in the film plane.

The relief of Co/Pd and Co/Pt MLs  fabricated over flat Si/SiO2
afers and porous anodized Al2O3 templates was  analyzed using
FM (Fig. 3). As shown in Fig. 3(a) and (b), the surface of multilay-
red films on Si/SiO2 wafers is characterized by smoothed relief and
ow average roughness �R  of 0.3 nm for Co/Pd and 0.4 nm for Co/Pt
ystems. The AFM images of the corresponding porous systems
resented in Fig. 3(c) and (d) reveal more complicated film mor-
hology, including detectable pores and surface inhomogeneities,

n agreement with SEM data. Nevertheless, the average surface
oughness of the porous systems is rather low (�R = 2.5 nm and

.7 nm for Co/Pd and Co/Pt porous films) indicating that a reason-
bly flat surface could be obtained by deposition on porous Al2O3
emplates.
ited over flat Si/SiO2 wafers and porous Al2O3 templates.

The chemical composition of the multilayered Co/Pd and Co/Pt
films fabricated over flat Si/SiO2 wafers and porous anodized Al2O3
templates was analyzed layer by layer by XPS. The corresponding
spectra were detected after etching approximately every 0.3 nm of
the films. Typical survey spectra obtained after etching Ta and Pd
(or Pt) capping layers — that is, “inside” the Co/Pd and Co/Pt MLs  —
are presented in Fig. 4. As can be seen, Pd (or Pt) and Co are the dom-
inating elements in both the Co/Pd and Co/Pt MLs. Their estimated
atomic ratio equals n(Co):n(Pd) = 52:48 at.% and n(Co):n(Pt) = 24:76
at.%. Following etching, the Co concentration decreases and is grad-
ually eliminated when the Pd (or Pt) buffer layer is reached.

High resolution XPS spectra in the region of the Co2p line are
shown in Fig. 5 for Co/Pd and Co/Pt MLs. The positions of Co2p3/2
and Co2p3/2 lines at 778.2 eV and 793.3 eV, respectively, indicate

that Co is in a metallic state in both the Co/Pd and Co/Pt system
[26]. It should be emphasized that the positions of the Co2p lines
coincide excellently for the continuous and porous films.
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Fig. 5. High-resolution XPS spectra in the region of the Co2p line for Co/Pd (a) and Co/Pt (b) MLs  deposited over flat Si/SiO2 wafers and porous Al2O3 templates; the shaded
regions correspond to literature data on Co2p line positions of bulk Co [26].
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ig. 6. High-resolution XPS spectra in the region of Pd3d and Pt4f lines for Co/Pd (
haded  regions correspond to literature data on Pd3d and Pt4f line positions of bulk

Fig. 6 shows the high resolution XPS spectra in the region of
he Pd3d and Pt4f lines, obtained “inside” the Co/Pd and Co/Pt MLs
s well as after Co/Pd and Co/Pt MLs  etching — that is, in pure Pd
nd Pt buffer layers. Comparison of these spectra allows changes
o be revealed in the local surrounding of Pd (or Pt) atoms inside
he MLs  system, as compared to the pure Pd (or Pt). As can be seen
rom Fig. 6, there is an evident shift of Pd (and Pt) lines towards
igher energies with respect to pure Pd (or Pt), which occurs in
he spectra obtained inside the MLs, both in continuous and porous
lms. This shift indicates CoPd (or CoPt) alloy formation [27,28]. The
oincidence of the Co2p3/2 line position with the bulk metallic Co
26], accompanied with the shift in the Pd3d and Pt4f lines, points
o polarization of Pd and Pt by Co atoms in the CoPd (or CoPt) alloy.
The experimental XRD patterns of both antidots and continuous
reference sample) Co/Pd and Co/Pt MLs  are presented in Fig. 7(a)
nd (b), respectively. As Fig. 7(a) shows, the continuous Co/Pd film
emonstrates two clear intense diffraction lines at 39.9◦ and 41.1◦,
 Co/Pt (b) MLs  deposited over flat Si/SiO2 wafers and porous Al2O3 templates; the
d Pt [26].

corresponding well to the position of the main (111) peaks of the
fcc structure of Pd (2�∼40◦) [25,29] and of the CoxPd1-x quasi-alloy
(2�∼40.7–41.1◦) [25,30–32]. The partial overlap of these diffraction
lines, as well as some intermediate peaks at 2�∼40.3◦, should be
pointed out. The dominating Pd (111) line is mainly from the Pd
buffer and capping layers, whereas the additional diffraction lines
at higher 2� values correspond to the phase that appears as the
result of interface mixed layer among the Co and Pd layers, and the
incorporation of Co into the Pd layers [25,33]. The presence of two
additional reflections at 2� = 40.3◦ and 41.1◦ indicates the possible
formation of CoxPd1-x quasi-alloy with variable composition and
lattice parameter a [30]. Similar results were also observed in the
nanoporous Co/Pd MLs. The diffraction peaks at 2�∼39.9–41.1◦ can

reasonably be associated with the formation of a CoxPd1-x quasi-
alloy [30]. The XRD patterns of the continuous and porous Co/Pt
MLs  (see Fig. 7(b)) have the most intense diffraction line at 39.8◦;
this corresponds to the bulk fcc Pt (111) (2�∼39.7◦–40.0◦ [34,35])
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Fig. 7. XRD patterns of Co/Pd (a) and Co/Pt (b) multilayered films on porous anodized Al2O3 templates (solid lines) and flat Si/SiO2 wafers (dashed lines).
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ig. 8. Normalized magnetization curves of Co/Pd (a) and Co/Pt (b) MLs  on nanopor
hows  approximations of experimental M/MS(H) curves of the porous films in acco

iffraction line. Another wide peak at 40.5◦ overlaps with the Pt
111) line and is associated with the (111) diffraction line of the
cc CoPt (111) alloy (2�∼40.5◦ [36]). The intense diffraction line at
�∼39.4◦ indicates a disordered Pt phase [37].

Fig. 8(a) and (b) shows the experimental field dependencies
f the normalized magnetization M/MS(H) for nanoporous (black
ots) and continuous (red lines) Co/Pd and Co/Pt films, measured

n an external magnetic field H applied along the normal to the
lm surface. The magnetization curves of the continuous films
emonstrate high values for the magnetic squareness ratio Mr/MS,
qualing 0.96 for the Co/Pd system and 0.87 for the Co/Pt film. This
bservation, coupled with the sufficiently high coercive field HC of
he films in this direction of about 1.1 kOe, indicates that the films
re characterized by pronounced PMA  [25,33].

Remarkably, Fig. 8 reveals that both the Co/Pd and Co/Pt porous
Ls  also possess a perfect Mr/MS value of 0.99, which provides evi-

ence of conservation of PMA, despite the engraved nanoporous
tructure of their surfaces. Additionally, compared with the con-
inuous films grown on silicon, the nanoporous films exhibit much
arger values for the coercive force. HC increases from 1.1 kOe (con-
inuous film) to ∼1.9 kOe (nanoporous film) for Co/Pd MLs, and from
.2 kOe (continuous film) to 1.5 kOe (nanoporous film) for Co/Pt
Ls, revealing significant magnetic hardening for the porous MLs.

he increase by a factor of ∼1.5–2 in the HC of the porous films
s governed by i) hindering of the propagation of the domain wall

otion [39] and ii) change in the magnetization reversal process

33], both of which are induced by the films’ porosity. It is generally
ccepted that the increase of HC in nanoporous films is associated
ith the pinning of the magnetic moments at the nanopore edges

uring magnetization reversal [39]. The change in the magnetiza-
odized Al2O3 templates (dots) and flat Si/SiO2 wafers (dashed lines); the solid lines
e with the Stoner–Wohlfarth model [38].

tion reversal mechanism is often observed in various porous films
characterized by nanosized pores with small distances between
them [33,39]. It is well established that continuous multilayered
films with PMA  demonstrate domain wall motion as their domi-
nant magnetization reversal mechanism. This is well described by
the modified Kondorski model [40]. Nanostructured porous films
formed as the result of sputtering on porous substrates are often
characterized by rotational mechanisms of magnetization reversal
(coherent or incoherent rotation of magnetic moments) [33,39] or
a combination of rotational mechanisms with domain wall motion.

For a more thorough understanding of the underlying mag-
netization mechanism, a theoretical approach was  taken. The
Stoner–Wohlfarth (SW) model, or coherent rotation model, is the
simplest model for describing magnetization reversal processes by
the rotation of magnetic moments. It has been successfully used
for numerous multilayered systems [41], including porous films
[33,42,43] and was applied here to simulate the hysteresis loops
[38]. The results of approximation of the experimental M/MS(H)
dependencies of the Co/Pd and Co/Pt porous films, using this model,
are presented in Fig. 8. Details of approximation are described in
[33]. In accordance with the Stoner–Wohlfarth model, the M/MS(H)
curve can be fitted with a theoretical dependence cos �(h), which
is the solution of the equation [38]:

h · sin� + 1
2

sin
(

2
(
� − ˛

))
= 0,
where h = H/Ha is the normalized magnetic field, Ha is the effective
anisotropy field of the films, � is the angle between the magnetic
moment of the films and the external magnetic field H, and � is
the angle between the films’ easy magnetization axis and H (i.e. the



6 urface

fi
a
t
a
r
o
t
2
t
a
r
i
T
m
e

4

b
b
a
i
p
M
s

p
b
A
t
t
m

M
w
a
r
a
f
c
p

A

n
V
d
P
t
t
m
F
a
Å
S
G
F

R

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

54 T.N.A. Nguyen et al. / Applied S

lm’s normal). Fig. 8 shows the perfect agreement of experimental
nd modeled curves for both Co/Pd and Co/Pt MLs. This indicates
he applicability of this model to the porous MLs  being examined
nd the presence of the rotational modes in their magnetization
eversal process. Moreover, the approximation allows estimation
f the value of the anisotropy field Ha characterizing the PMA  of
he porous films. Calculations show that Ha = 2.6 kOe for Co/Pd and
.0 kOe for Co/Pt porous MLs. The average angle � of deviation of
he easy magnetization axis of the porous films from their normals
ppears to be 8◦ for both systems, according to the approximation
esults. The origin of such deviations lies in the local morphology
nhomogeneities of the porous films related to nanopore edges [33].
hus, the rather low value of the � parameter extracted from the
odeled curves confirms the perfect conservation of the high PMA

ffect in the porous MLs  examined here.

. Summary

For the first time, flat-surface porous templates of Al2O3 have
een used in the fabrication of Co/Pd and Co/Pt MLs  characterized
y strong PMA. SEM characterization of porous Al2O3 templates
nodized under specifically selected regimes with subsequent Ar
on etching confirms the flattening of interpore areas on the tem-
late surface, leading to smoothed morphology of Co/Pd and Co/Pt
Ls. The phase composition of porous MLs  studied by XRD and XPS

hows the formation of CoPd and CoPt alloys.
The magnetization curves M/MS(H) recorded under an external

erpendicular magnetic field reveal a perfectly conserved PMA  in
oth porous MLs. That is shown by the high value of Mr/MS ≈ 0.99.
n increase by a factor of about two in the coercive field HC , up to

he 1.9 kOe observed in porous Co/Pd and Co/Pt MLs  with respect
o their continuous counterparts is related to the pinning of the

agnetic moments at the nanopore edges.
The experimental M/MS(H) dependencies recorded for porous

Ls  were successfully approximated with theoretical curves
ithin the frame of the Stoner–Wohlfarth model, which indicates

 predominantly coherent rotation mechanism of magnetization
eversal. In addition, the high anisotropy fields Ha (of up to 2.6 kOe)
nd small deviation angle � (up to 8◦) of the easy magnetization axis
rom normal to the film surface extracted from the fitted curves
onfirm that deposition of MLs  over flat-surface porous Al2O3 tem-
lates promotes the conservation of PMA  in porous MLs.
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