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Abstract

Polarized neutron reflectometry (PNR) has recently been applied to study lateral magnetic structures such as regular

micron-sized magnetic arrays on a surface. To date, however, there is a lack of detailed accounts of the features

observed in the scattered intensity map in the special case of time-of-flight (TOF) PNR. We present here preliminary

measurement results on lithographically produced arrays of micron-sized rectangular permalloy magnetic bars. The

measurements demonstrate the potential of the method to provide detailed structural information on a laterally

patterned sample, as well as on its magnetic characteristics. The information can be obtained by analyzing the specular

reflection along with three off-specular Bragg sheets. Most of the features seen experimentally can be interpreted by

using simple heuristic arguments. In addition, we also present results of a study of lateral magnetic domains in an

exchange-biased Co/CoO bilayer film to illustrate the capability of TOF PNR in the study of large lateral magnetic

domains in the case when almost no off-specular scattering is detected.

r 2003 Elsevier Science B.V. All rights reserved.
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One of the techniques used to study magnetic
surfaces and thin films is polarized neutron
reflectometry (PNR) [1–3]. PNR has convention-
ally been applied for studying systems in which the
magnetic structure consists of a stack of laterally

uniform magnetic layers. The measurements reveal
the depth dependence of the magnetization, in
magnitude as well as in direction. Recently, there
has been increasing interest in developing the
techniques to measure systems with lateral struc-
tures such as arrays of magnetic elements on a
surface fabricated by lithography.
In a time-of-flight (TOF) PNR experiment, a

polarized neutron beam impinges on a surface at a
glancing angle. The reflected neutron intensity is
measured as a function of neutron wavelength l
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and scattering angle 2y ¼ yf þ yi; where yi and yf
are the incident and reflected angles, respectively.
The scattering plane is perpendicular to the surface
and the beam is usually not well collimated in the
direction perpendicular to the scattering plane. In
general, the scattering cross-section is a function of
the incident beam’s wave vector ki and the
scattered neutron’s wave vector kf separately. In
the Born approximation (BA) where the scattering
is weak, the scattered intensity can be written as a
function of the wave vector transfer, q ¼ ki � kf ¼
qzz þ qxx; where z is a unit vector perpendicular to
the sample surface and x is a unit vector on the
intersection line between the sample surface and
the scattering plane. The lateral projection of q is
qx ¼ ð2p=lÞ(cos yi � cos yf ) and its component
normal to the surface, qz ¼ ð2p=l)(sin yi þ sin yf ).
For grazing incidence at a surface, however, the
BA often fails. Nevertheless, the truncation
effect of the surface plane allows us to write
the scattered intensity in terms of the lateral
projection qx; x and the two projections,
pi ¼ ð2p=lÞ sin yi and pf ¼ ð2p=lÞ sin yf of ki and
kf ; respectively. The scattered intensities of neu-
tron beams polarized parallel and anti-parallel to
the applied field direction are different. Their
contrast reveals the magnetism of the surface
structure.
Layers laterally uniform within the in-plane

projection of the coherence length give rise to
specular reflection only, with qx ¼ 0; i.e. yi ¼ yf : In
this case, the scattering cross-section contains the
d-function dðqxÞ; which provides the conservation
of the neutron momentum along the ideally flat
infinite surface. The proportionality coefficient at
the d-function is the reflectivity RðqzÞ; which
depends only on qz ¼ ð4p=lÞ sin yi:
For systems with chemical and/or magnetic

structures that are not uniform across the surface,
if the length scale of the variation is smaller than
or comparable to the projection of the coherence
length of the neutron beam along x (typically in
the order of microns to tens of microns),
significant off-specular scattering may occur. Such
scattering has non-zero qx component, and both
specular and off-specular components must be
analyzed to obtain the laterally resolved chemical/
magnetic profile of the sample [4–6].

To illustrate the case of scattering from a surface
with small length-scale lateral magnetic structures,
we present here results of measurements on an
array of rectangular permalloy (Ni80Fe20) bars
patterned on a silicon substrate. An AFM image
of the sample is shown in Fig. 1. The bars are
100 (A thick, 2 mm� 10 mm in lateral dimension and
are separated by 2 mm. The coercive and saturation
fields along the long axis (easy axis) of the bars are
12 and 30Oe, respectively. This system is interest-
ing as the magnetic domain size of permalloy is of
the order of microns and therefore comparable to
the element size. At saturation, on the other hand,
it provides us with a simple magnetic system that
produces many scattering features we are inter-
ested in. The measurements were performed with
H ¼ 50Oe applied along the easy axis perpendi-
cular to the scattering plane. Fig. 2 shows the
scattered intensity as a function of neutron
wavelength and scattering angle 2y ¼ yf þ yi for
(a) spin-up and (b) spin-down incident beam. The
measurements were carried out at a TOF polarized
reflectometer, POSY 1 at the Intense Pulsed
Neutron Source, Argonne National Laboratory.
There was no polarization analysis of the reflected
neutrons. The incident angle was yi ¼ 1:08� and
the specular reflection can be seen at 2y ¼ 2yi ¼
2:16�: Two off-specular scattering fringes are
evident: one at angles above the specular reflection
ridge and the other between the specular ridge and
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Fig. 1. AFM image of the micron-sized magnetic elements on a

silicon surface.
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the 1.08� horizon. The fringes extend along lines
given by

2y ¼ yi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2i þ 2nl=d

q
ð1Þ

of the Bragg equation qx ¼ 2pn=d for the two first-
order (n ¼ 71) diffraction above the horizon.
Diffraction patterns can also be seen below the
horizon, where the first-order Bragg diffraction is
positioned along the line given by

2y ¼ yi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2i þ 2nl=d �Nb l2=p

q
; ð2Þ

where n ¼ �1; and Nb ¼ 2:15� 10�6 (A�2 is the
scattering length density (SLD) of silicon. Since
the diffracted beam leaves the sample through the
side edge of the substrate, the term Nb l2=p in
Eq. (2) is needed in order to account for the
refraction of the diffracted neutrons through the
silicon substrate. In Fig. 2, the dotted lines passing
through the off-specular scattering and the dif-
fraction fringes were calculated using these equa-
tions with the d=4 mm period of the array.
The intensity distribution of the off-specular

scattering can be described [4–6] in terms of the
distorted-wave Born Approximation (DWBA),
which properly takes into account optical effects
totally ignored in Born Approximation. The
importance of the optical effects is clearly seen in
Fig. 2, where the diffraction effect is substantially
enhanced in the vicinity of the total reflection

edges. The distortions of incident waves are due to
specular reflection from and refraction into the
mean optical potential of the layers and the
substrate averaged over their lateral structure.
The deviations from the mean potential caused
by lateral patterning, interfacial roughness, etc.,
are then considered as a perturbation, which
scatters the refracted incident and reflected waves.
In the vicinity of the total reflection edges, the
refracted–reflected waves have amplitudes com-
parable with the refracted–incident waves and
their constructive interference provides the Yone-
da-type enhancement in the off-specular scattering
including the Bragg diffraction from periodic
lateral patterns.
The reflection critical edges, indicated in Fig. 2

by the dashed lines above the horizon, follow the
equations below:

2y ¼ yi þ l=lc7; ð3Þ

where lc7 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p=Nbc7

p
are the critical neutron

wavelengths of the total reflection at normal

incidence, and Nbc7 are the SLD for the posi-
tive/negative spin projection onto the mean
magnetization. For silicon, Nb ¼ 2:15� 10�6 (A�2

and one finds lc ¼ 1:2� 103 (A. For saturated
permalloy, Nbcþ¼ 11:5� 10�6 (A�2 and Nbc�¼
7:3� 10�6 (A�2. Taking into account the coverage
fraction c ¼ 0:4 of the permalloy bars over the
surface, the mean optical potentials are
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Fig. 2. Log-scale intensity map for (a) spin-up and (b) spin-down incident neutrons scattered from an array of micron-sized magnetic

elements on a silicon surface. The solid line at 1.08� is the horizon. The dotted lines are calculated locations of: (1) specular reflection;

(2, 3) off-specular reflections; and (4) diffraction. The dashed lines are the critical edges (from the horizon to higher/lower angles): the

silicon edge (above the horizon only) and the permalloy edges corresponding to SLD Nbc+ and Nbc�.
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/NbcþS ¼ 4:6� 10�6 (A�2 and /NbcþS=2.9�
10�6 (A�2, and correspondingly, lcþ ¼ 0:8� 103 (A
and lc� ¼ 1:0� 103 (A. From Fig. 2, one sees that
the off-specular scattering intensities indeed re-
ceives appreciable enhancement near the intersec-
tions of the off-specular scattering ridge (dotted
lines) and the reflection critical edges (dashed
lines), while the intensity of the Bragg reflection
above the specular ridge is not enhanced. Because
the diffracted beam leaves the sample through the
side edge of the substrate, the diffraction critical
edges below the horizon, as determined by the
optical contrast between the mean potentials of the
permalloy and the substrate, are smaller than
those above the horizon. These critical edges obey
the equations

2y ¼ y� l=l0c7; ð4Þ

where the critical wavelength is now given by
l0c7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p=ðNbc7 �NbÞ

p
; with Nbc7 and Nb being

the SLD for permalloy and silicon, respectively, as
discussed above. The diffraction critical edges have
a slope smaller then those above the horizon.
Some scattering intensities along the critical edge
lines, both above and below the horizon, are
evident. The scattering originated from interfacial
roughness or other lateral irregularities, and
received an enhancement (Yoneda effect) in the
vicinity of the total reflection. Above the horizon,
the Yoneda scattering begins at 2y ¼ yi at l ¼ 0
and ends at 2y ¼ 2yi at l ¼ lc7; where the critical
edge meets the specular ridge.
No higher orders of the Bragg diffraction were

detected. One of the reasons is that the even-order
reflections are suppressed: Starting from an edge
of a permalloy bar, as we move along the x-
direction on the surface, the deviation of the
potential from its mean value changes sign every
2 mm while having the same amplitude. Even
orders of the Bragg diffraction are forbidden if
the spacing between the stripes equals the stripe
width, as it is the case in our sample. For the same
reason, the zero-order diffraction does not inter-
fere with the reflection from the mean potential,
which can easily be calculated exactly [4–6].
The measurement accuracy is not sufficient to

detect any spin splitting of the critical edges due to
birefringence. We cannot distinguish between lcþ

and lc�—neither above, nor below the horizon.
However, the difference in the spin-up and spin-
down intensities is a clear indication of the
magnetic dependence of the SLD. More detailed
comparison with theoretical calculations is cur-
rently underway.
In the above discussions, we focus on lateral

magnetic structures that are small or comparable
to the lateral coherence length of the neutron
beam. Lateral magnetic structures, such as do-
mains in a ferromagnetic thin film, can be large
and there is little off-specular intensity. In this
case, as detailed in a previous work [7], informa-
tion on the lateral distribution of the magnetic
domain orientations can still be obtained from the
specular reflections. The normalized mean magne-
tization /cos jS and the domain dispersion,
w2 ¼ /cos2 jS—/cos2 jS2; where j is a do-
main’s magnetization angle measured from the
applied field direction, is related to the reflectivities
through the following relations:

Rþþ � R��

Rþþ
S � R��

S

¼
Rþ � R�

Rþ
S � R�

S

¼ ocos j >; ð5Þ

R�þ

R�þ
S ð90�Þ

¼ osin2 j >; ð6Þ

where the superscripts of the reflectivity R follow
the usual convention for representing the polariza-
tion of the incident and reflected neutrons. The
subscript S denotes values obtained at saturation,
and R�þ

S ð90�Þ is obtained when the magnetization
of the saturated sample is turned perpendicular to
the field H guiding the polarization. The disper-
sion provides a measurement of the width of the
domain orientation distribution. The analysis was
previously applied to an exchange-biased bilayer
CoO(45 (A)/Co(130 (A) to study magnetization re-
versal processes at the reversal points [7]. The
hysteresis loop is shown in the inset of Fig 3a. The
interpretation of the data was simplified by having
/cos jS ¼ 0 at the reversal points. In the current
paper, the capability of the analysis is illustrated
further in measurements made at locations other
than the reversal. Reflectivities measured at loca-
tions before and after reversal, at +200 and
+450Oe, respectively, are presented in Fig. 3a
and b. The magnetizations at the two fields are
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plotted in the inset of Fig. 3a. These values were
obtained by applying Eq. (5) to the data and they
are in agreement with measurements obtained using
a standard magnetometer. The domain dispersions
at the two fields are shown in Fig. 3c (data at the
reversal are also plotted for comparison). While it

may be intuitive to expect the dispersion to increase
as the applied field increases towards the coercive
field, and to decrease after passing the reversal
point, quantitative measurements allow us to make
concise comparison with theory such as the Stoner–
Wohlfarth theory of magnetic domains [8]. Cur-
rently, there are few techniques beside PNR that
allow us to obtain the lateral domain dispersion.
In conclusion, we have shown how PNR-TOF

can be applied to study lateral magnetic structures
on a surface. For structures with small length
scales, we evaluate the off-specular scattering from
array of micron-sized magnetic elements. For large
length-scale structures, we illustrate how to obtain
the ferromagnetic domain dispersion of an ex-
change biasing CoO/Co bilayer film along the
hysteresis loop.
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Fig. 3. Reflectivities of an exchange-biased CoO/Co bilayer at

10K: (a) Rþ (filled symbols) and R� (open symbols) at

H=+200Oe (circle), +450Oe (square), and +5kOe (lower

triangle); (b) R�þ at H ¼ þ200Oe (filled circle), +450Oe

(square), +5kOe (lower triangle), and R�þð90�Þ (upper

triangle). The inset in (a) shows the hysteresis (solid line) at

10K and the normalized magnetization obtained from Rþ and

R�: (c) Magnetic domain dispersion w2 of the CoO/Co bilayer

at 10K and H=+200Oe (filled circle), and +450Oe (square).

Data taken at reversal at +350Oe is included for comparison

(upper triangle).
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