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We describe a polarized neutron reflectometry investigation of Co/Pt mulitlayers patterned via deposition
onto nanoporous alumina host matrices. Despite the porosity and corresponding lack of in-plane uniformity
or long-range order, we observe robust spin-dependent reflectivities, providing strong sensitivity to both the
nuclear and magnetic depth profiles. The determined nuclear profiles show excellent agreement with cross-
sectional transmission electron microscopy, consistent with uniform pore coverage. The magnetic profiles
resolve distinct surface and subsurface magnetizations, and show an increase in sub-surface magnetization
with increased sample porosity. These results pave the way for depth-resolved studies of novel magnetic
multilayers systems with lateral dimensions controlled by methods that do not yield long-range in-plane

order.

PACS numbers: 75.70.Cn, 78.70.Nx, 61.05.fj

Arrays of nanoscale magnetic elements not only have
important applications in patterned recording medial
and other spintronic devices,? but also facilitate funda-
mental studies of spatially confined magnetism.>* Depo-
sition of magnetic multilayers onto porous host matrices
has been shown as a simple and cost-effective method
for achieving such arrays over macroscopic areas.® For
such structures, the magnetic properties are strongly in-
fluenced by patterning in the lateral direction as well as
structural variations and magnetic coupling along the
film depth. The amount of material deposited on top
of the porous template (surface layer) vs. that inside
the pores critically depends on the host pore aspect ra-
tio A = h/ D, where D is the pore diameter, and h is
the pore depth. Along the lateral direction, the effect
of patterning is manifested in the magnetization rever-
sal mechanisms.> On the other hand, resolving depth-
dependent magnetic characteristics in such patterned
nanostructures is much more challenging, as conventional
magnetometry only gives the convoluted responses from
all components. Polarized neutron reflectometry (PNR)
is a technique that can provide such spatial resolution,
but as it is sensitive to the in-plane average of the the
magnetic depth profile, it is most commonly used to
study films or multilayers that are either composition-
ally continuous in the plane, or are patterned to exhibit
long-range in-plane order. In this work we describe PNR
measurements of samples that are highly heterogeneous
in the plane, Co/Pt multilayers deposited on nanoporous
alumina. These results demonstrate the utility of PNR
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for resolving the structural and magnetic depth profiles
of magnetic multilayers laterally confined by a porous
matrix.

Nanoporous anodized alumina (AAO) matrices with
pores of varying aspect ratio were produced by anodic
oxidation of a 50 nm Al film on a Ti-capped Si sub-
strate, and multilayers of 8 nm Pt seed / [0.5 nm Co
/ 2 nm Pt]; were deposited onto the porous matrices
via dc magnetron sputtering.® Transmission electron mi-
croscopy (TEM) showed that for templates with high A,
most of the sputtered films were on top of the AAQO;
with decreasing A, more material was deposited on side
walls of the pores, and eventually inside the pores. Mag-
netometry demonstrated that each of the samples as a
whole exhibits strong perpendicular-to-plane magnetic
anisotropy, with reversal behavior dependent on A. For
this work, it is convenient to distinguish samples in terms
of surface porosity p (the fraction of the surface covered
by pores), as determined by TEM.?

PNR experiments were conducted using the NG1 Re-
flectometer at the NIST Center for Neutron Research.
Of particular interest are two samples with p ~ 11% (D
~ 13 nm, h ~ 41 nm, A = 3.2), and p = 53% (D =~ 28
nm, h ~ 20 nm, A ~ 0.7). A monochromatic cold neu-
tron beam was spin polarized up or down with respect to
an applied magnetic field, and was incident on the sam-
ple. The specularly reflected beam was measured as a
function of scattering vector ), using a point detector.
Scans were conducted for spin-up and spin-down non-
spin-flip scattering, and for spin-flip scattering. The ob-
tained data were corrected for background, beam polar-
ization, and beam footprint. No significant off-specular
or spin-flip scattering was observed for any measurement,
thus we discuss only the spin-up and spin-down non-spin-
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FIG. 1. Fitted spin-down (a), and spin-up (b) reflectivities
for p ~ 11% and p = 53% samples. Panels c-d show the data
and fits plotted as spin asymmetry. Error bars correspond to
+/- 1 o, and are smaller than the point size for much of the
data shown. Insets are TEM images of the sample surfaces.

flip specular reflectivities. After saturating the samples
along the sample normal direction, and then applying
an 840 mT in-plane field, room temperature PNR mea-
surements were conducted as a function of reduced field
between 820-5 mT.

Specular PNR is sensitive to the nuclear and magnetic
depth profiles of multilayer thin films, probing along the
surface normal (z) direction while averaging over planar
features.”® Specular reflection occurs at interfaces be-
tween regions with differing index of refraction (a func-
tion of nuclear composition and magnetization), and as
such, sharp interfaces yield reflectivity features that are,
in general, easier to detect and interpret. The porous
samples in this study clearly deviate from this PNR ideal,
illustrated by the plan-view TEM images of the sam-
ples, shown in the Fig. la inset. While there is a sig-
nificant body of work showing the utility of PNR for
characterization of patterned surfaces® !, such work has
primarily focused on off-specular diffraction from large
(um scale) elements with long-range order. Although
the cratered surfaces and non-discrete interfaces inher-
ent to our porous samples present a challenge for specular
PNR, we demonstrate that the technique is still a pow-
erful probe of the buried magnetic and nuclear structure.
A key point is that the pore diameters are 3-4 orders
of magnitude smaller than the in-plane neutron coher-
ence length for this experiment.'? Thus, each neutron
interacts with both porous and non-porous regions, and
the specular scattering is representative of the average
in-plane composition as a function of depth. While in-
discrete interfaces are also non-ideal, previous work has
demonstrated the utility of PNR for characterizing mag-
netic samples with highly graded interfaces.!314

p (104 nm2)

FIG. 2. Nuclear (dashed, left axis) and field-dependent mag-
netic (solid, right axis) depth profiles for p ~ 11% (a), and
p ~ 53% (b) samples. For each sample, from top to bottom,
the four magnetic profiles correspond to 820, 400, 100, and 5
mT, respectively.

Fig. 1 shows the low @, spin-down (a) and spin-up
(b) reflectivities for each sample, measured in an in-
plane field of 820 mT, clearly demonstrating the sensitiv-
ity to depth profiles of these porous samples. The pro-
nounced oscillations indicate interfaces discrete enough
to be distinguished, while sample-dependent differences
demonstrate sensitivity to variations in porosity. The
spin-down (-) and spin-up (+) reflectivities are functions
of the scattering length density depth profile p* (z) =
pN £ pM77’8 where the nuclear component py = ¥; N;b;
(where the N is the number density, b is the isotope char-
acteristic scattering length'®, and the summation is over
each isotope in the system), and the magnetic compo-
nent ppy = CM (where M is the in-plane projection of
the sample magnetization parallel to the applied field,
and C is a constant'®). Therefore, the sample magne-
tization is manifest as a splitting between the spin-up
and spin-down reflectivities - a quantity displayed in Fig.
1 c-d by plotting the reflectivity data as spin asymme-
try = (spin-up - spin-down) / (spin-up + spin-down).
For both porosities, a clearly oscillating, non-zero spin
asymmetry is observed, establishing a sensitivity to the
magnetic depth profiles of these porous layers.

Model-fitting of the data in Fig. 1 (lines) and
lower field data (not shown) using exact dynamical
calculations”® reveals the nuclear (dashed lines) and
field-dependent magnetic (solid lines) scattering length
density profiles of the samples, shown in Fig. 2. From



top to bottom, the magnetic profiles correspond to fields
of 820, 400, 100, and 5 mT, respectively. Scaled cross-
sectional TEM images from Ref. 5 are shown in the back-
ground, and show excellent agreement with the nuclear
profiles. Rather than confining the models to a guessed
number of expected layers, the approach taken here is
to freely vary parameters in the profile, while using the
fewest possible layers that can account for the data.!”
While our primary interest is in the porous Co/Pt mul-
tilayer near the sample surface, the highly penetrating
neutron beam is sensitive to the entire sample, including
the non-porous portion of the Al;O3 and the Ti adhesion
layer, both of which contribute strongly to the scattering.
The profiles for these near-substrate regions are similar
for both samples, with py that agree well with expected
values'8, except for that of the non-porous alumina base,
which is reduced by approximately 25% (likely indicating
reduced density due to the anodization process).

The PNR data are also quite sensitive to porous mul-
tilayer regions of the samples. Since the @, range being
probed is well below where we would be sensitive to the
individual Co and Pt layers in the multilayer stacks (Q.
~ 2.5 nm~2) those multilayers are treated collectively as
Cog.2Pto.g alloys.!920 The px values of Co (2.2 x 1074
nm~2) and Pt (6.3 x 1074 nm~2) are known,'® thus to
facilitate interpretation of the porous surface regions, we
define a porosity corrected expected nuclear scattering
length density p’ = (1-p)pn, where py = 5.5 x 10~ 4nm 2
is the expected value for Cog oPtg 5.

For the p = 11% sample (Fig. 2a), the surface region
pn is consistent with the expected p’ = 4.9 x 10~% nm 2,
evidence that the porosity determined by TEM is indeed
representative of the average over the entire surface. The
round edges for the magnetic profiles in this surface re-
gion are highly consistent with the curved multilayers
indicated by TEM, and are also consistent with strongly
exchange coupled magnetic components. Moving right
from the surface region, there is an increase in py cor-
responding to the depth of the porous Pt seed, followed
by a region of non-magnetic, slowly decreasing py, in-
dicative of seed layer Pt that dripped down the alumina
pore walls. As only the surface region shows any magne-
tization, we can conclude that the sample’s net magnetic
moment (as would be measured in a standard magne-
tometer) is indeed indicative of the patterned multilayer
surface.

The p = 53% sample (Fig. 2b) is significantly different,
with profiles indicative of a surface network of multilay-
ers perforated by completely filled, strongly magnetized
pores. For this sample, the surface py is significantly
larger than the expected p’ = 2.6 x 1074 nm~2 - indicat-
ing that in the cross-sectional average being probed, we
are sensitive to significant overlap between surface mul-
tilayers, and multilayers within the pores. The abrupt
increase (decrease) in nuclear (magnetic) p near z ~ 15
nm corresponds to the bottom of the surface Co/Pt mul-
tilayer deposited on top of the AAQO. Materials at depths
of 30 > z > 15 nm correspond to Co/Pt multilayers de-

posited at the bottom of the pores, averaged with the
surface multilayer’s Pt seed layer (at lower z) and the
AAO matrix (at higher z). The two-step magnetic pro-
file evident in Fig. 2b shows that the net magnetic mo-
ment of this sample does not correspond to a single multi-
layer, but is instead a convolution of moment originating
from Co/Pt stacked on the AAO surface and that stacked
inside the pores. These two components are physically
and magnetically decoupled, in contrast to the p ~ 11%
sample which shows largely a single magnetic component
with a continuous magnetic depth profile (Fig. 2a ). For
both samples, the agreement between the py profiles and
the TEM images is excellent, a strong validation of the
fitting results.

In summary, we have used PNR to resolve the nuclear
and magnetic depth profiles of a series of Co/Pt multi-
layers deposited onto nanoporous AAO templates with
different aspect ratio and porosity. The nuclear profiles
agree well with TEM images, and are consistent with
a uniform porosity across the sample surface. The mag-
netic profiles resolve surface and subsurface contributions
to the net magnetization, and show a clear increase in
sub-surface magnetization with increased porosity (de-
creased pore aspect ratio). These results demonstrate the
utility of PNR for investigation of porous magnetic me-
dia, and pave the way for future studies of novel magnetic
multilayers tuned by confinement in a porous matrix.
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